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WELCOME AND OPENING

The study of the impact of the various human activities on the environment is more
and more linked to the developments of these activities.
The contrails that can be observed by everyone as well as the fact that supersonic
flights take place at altitudes where the ozone concentration - which protective role is
well known - is maximum, have increased the public awareness on potential negative
effects of aviation.
The study of the effect of aircraft on atmosphere is now a new challenge that the
scientific community has to face. In fact, the answer to the question: "what is and
what will be in the future the impact on atmosphere of the emissions of both
subsonic and supersonic aircraft" is very complex. All the chemistry of the
atmosphere is controlled by species at very low concentration and according to non
linear laws. A large number of relevant parameters are unknown or uncertain so that
the models - which are the only mean for a scientist to predict the future - remain
fragile. Apart from the scientific challenge they represent, the results of these studies
will have an essential economical impact since they will lead to a new regulation.
Moreover, taking into account the usually large time delay between the decisions
which are taken and their visible effects, it is clear that the error is not allowed.
In order to review and evaluate ongoing investigations in this particular field, the best
specialists in the world are present in this meeting: 13 different countries are
represented in this assembly of 200 participants. One fourth of them being from
United States. During the next four days, and with a heavily loaded programme, the
various talks will allow you to debate of the most recent investigations.
So, I would like to welcome you again and to wish you a successful meeting. I now
leave my place to J. Carpentier who will introduce the subject in more details.

M. Scheller
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IMPACT OF AVIATION UPON THE ATMOSPHERE
INTRODUCTION
Jean CARPENTIER
COMITE AVION-OZONE (Paris)

1. - The air traffic
Although the commercial aviation was bom in 1919, just after the World War 1, its
real expansion took place at the mid-century. During the 1950’s, aircraft powered by four
piston engines driving propellers could operate non-stop flights over the Atlantic ocean, at
a cruising speed of about 500 km/h.
A new era was opened in 1958, when the first commercial jet aircraft Boeing 707 was
brought into service. This aircraft and its competitor the Douglas DCS cruise over the
Atlantic at a speed of 900 km/h. Their commercial success led to phasing out the older
propeller-driven aircraft. With the advent of commercial jet aircraft, the air traffic increased
at an annual rate of 10 - 20 % during the 1961 - 1970 decade and of 10 % during the 1971 1980 decade. During the 1980 s, the average growth was still 6 % per annum.
A continuing expansion at nearly the same rate (5 to 6 % per annum) is expected up
to the year 2000.
Within these estimates, the passenger traffic would double in fifteen years. The freight
traffic would double in eleven years with an expected growth rate of 6,5 % par annum.
Long-term forecast established from estimation of the global Gross Domestic Product
(GDP) growth, leads to a demand for air transport multiplied by a factor of 10 by the year
2050. Within this global expansion, the part of traffic from, to and in Asia will be increasing:
its own growth rate is expected to be 8 or 9 % per annum.
0

The commerciaftraffic. either for business or for tourism, between USA and Asia and
between Europe and Asia will induce aspecial increase of long haul flights, with cruising
altitudes of about 10 to 12 km. These altitudes correspond to the upper troposphere for the
low latitudes (tropical zones) and to the lower strastosphere for middle and high latitudes,
Now a large part of subsonic commercial aircraft are already cruising within the stratosphere.
This is the case particularly for the long haul flights over the Arctic.
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In order to reduce the duration of long distance flights, the aircraft industry (airframes
and aeroengines) is exploring the ways towards a 2nd generation supersonic transport aircraft
(SST). The cruise altitude would be 15 to 18 km for a Mach 2 aircraft (such as Concorde)
or 18 to 20 km for a Mach 2.4 aircraft. This range of altitudes is not far from :
- the peak of the ozone concentration (about 24 km),
- the altitudes of the Polar Stratospheric Clouds (PSCs) which extend over the poles
(about 20 km).
Whether SST aircraft enter in service or not, The prospect of a world air traffic
multipliedJbv-aJactor 2 within the next fifteen years, withan increasingpart of thelong^Eaul
flights, raises the problem of the impact of aircraft emissions on thg upper troposphere and
on theToweFstratospherel

2. - The air transport fuel consumption.
The aeronautical firms as well as the airlines have to face a very hard competition.
To satisfy this contraints and to meet an ever growing demand, the industry is investing
heavily in new technology and in novel aircraft designs. Technical performances are steadily
improved with accompanying improvements in safety, reliability and efficiency. A final and
essential result is a reduced cost to the consumer.
Progress in the fields of aerodynamics and materials for airframes jointly with engine
technology improvements have led to a significant reduction of the fuel consumption per
passenger-kilometre (about by a factor 2) since the advent of jet transport aircraft. In
particular, turbojets dramatically progressed when high-by-pass ratio engines were developed.
During the 1960’s, long-haul aircraft such as B707 and DCS and the short-medium haul
aircraft such as Caravelle were equipped with single flux engines. During the cruising phase,
the specific fuel consumption (SCF) of these engines was about 1,2 kg/daN.h (kilogram of
kerosene / decanewton of thrust per hour).
The SFC of the double flux engines mounted cm the present aircraft it about 0.63. By
the year 2010, with a still higher by-pass ratio, the SFC could be as low as 0.5.
According to sources such as ICAO (International Civil Aviation Organization) and
IATA (International Air Transport Association), the airline energy efficiency has improved
at an average annual rate of 3-4 percent since the mid 1970 s. Aircraft fuel efficiency (as
measured by the amount of revenue passenger - kilometres RPK per litre of kerosene) has
almost doubled over the last twenty years. The earlier Boeing 737 and the Douglas DC9
carried 15-20 RPK per litre of kerosene (30-40 seat-miles per gallon). Their successors such
as Airbus A320, Boeing 737-300 and McDonnell Douglas MD80 carry 30-35 RPK per litre
(60-70 seat-miles per gallon). The estimations of airlines such as Air France or Lufthansa for
the whole of their fleet consumption are about 0,5 litre per tonne-kilometre or 5 litres per 100
passenger-kilometre.
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ICAO estimates that fuel consumption per tonne-kilometre could decrease at an
average annual rate of about 2,5 - 3,0 percent during the next ten years. The decrease would
still be 1 - 2 percent annually in the following decade.
Taking into account these gains in fuel efficiency, the ICAO forecasts that the total
aviation jet fuel consumption will grow at an average annual rate of about 2,5 percent
between 1990 and 2010. With this total increase of 65 percent, the annual jet fuel
consumption would reach the level of 220 million tonnes by year 2010 (without the benefit
of improvement in fuel productivity, the consumption would follow the growth in air traffic
with an increase of about 180 perceht).
But, for taking the full advantages from the aircraft technology progress, it is
mandatory to master the air traffic congestion problem. Congestion in the air requires
multinational cooperation for coordinating the air traffic control (ATC) systems. The
implementation of the Future Air Navigation System (FANS) using precise localization by
satellites will increase airspace capacity. Congestion at airports is also a hard problem which
can only be solved at the local level, for it varies from airport to airport.
By adding the expected results of the present and future efforts concerning
aeronautical technology, aircraft design, navigation and air traffic control, airport services,
the fuel consumption could increase at 2,5 percent (the same annual rate as the global GDP)
in spite of a larger increase of the air traffic itself (about 5 percent).

3. - The air traffic emissions
The aircraft exhaust emissions include (see fig. 1) :
- the products of complete combustion : CO%, H20
- the products of uncomplete combustion : CO, C(smoke)
- unbumed hydrocarbons : HC
- the combustion products of a part of the sulfur existing in the fuel (and kept for its
lubricatin properties) : S02 and sulfates
- the products of a partial reaction between the two main constituents of the air
(Nitrogen N2, Oxygen 02) when they are brought together at high temperature : NO and N02.
The two main effluents (C02 and H20) are emitted in proportion to the fuel
consumption, which is about 3 % of the total fossil fuel burned each year, due to human
activities (2 % if deforestation effects are included). Furthermore, the atmospheric absorption
band is nearly saturated in respect to C02: if the C02 concentration was doubled, the extra
warning flux would be only 4 w.m'2, bringing the C02 greenhouse effect from 50 to 54 w.m2.
So the the air traffic annual contribution (550 Mt/yr) to the C02 anthropogenic injection
(about 30 Gt/yr including the deforestation effect) has a quite negligible impact on the Earth’s
surface temperature. Moreover, C02 is nearly perfectly mixed within the natural atmosphere :
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the C02 relative concentration does not vary significantly with the altitude (about 350 ppmv).
So the C02 exhaust from aircraft does not produce a specific in-situ effect.
Unlike C02 effect, the other major effluent H20 effect cannot be considered on a
global basis. The water vapor relative concentration is highly dependent on the altitude.
Above 9 000 m, the air is cold (below - 40° C), it can absorb a very small amount of water
vapor. The water vapor content (mixing ratio) decreases very rapidly from the ground to the
tropopause level. Contrails form when the vapor pressure exceeds the vapor pressure of
supercooled water and they persist if the air is satured with respect to ice. Contrails, as well
as natural cirrus, enhance both the albedo effect and, up to a slightly higher level, the
greenhouse effect. At the cruise altitude of subsonic aircraft, a slight increase (about 2 %)
of the cloud cover could be due to contrails, over countries where air traffic is intense.
Within the stratosphere, water vapor emitted by aircraft enhances formation of the
PSCs and consequently favours heterogenous reactions on their surface.
Furthermore, water vapor could play a significant role in the exhaust gas chemistry:
during the wake regime, there occur physical and chemical changes. The key factors are the
temperature level and the presence of water vapor and nitrogen oxides. At the end of the
wake regime, the dispersion regime brings the gas to the atmospheric conditions.
Chemical reactions occur on the surface and soot particles, particularly in the presence
of water. So the impact of water emissions from aircraft must be considered in detail for
possible in-situ effects, such as the eventual effects of other solid and liquid particles such as
soot and sulfates particles.
The minor constituants of aircraft emissions are at a very low mass level, in
comparison with the other emissions either natural or anthropogenic.
The continuous progress in turbojet technology (see fig. 2) have led to a combustion
efficiency exceeding 99 % at idle regime and near 99.9 % at high power (take-off, climb and
cruise). So, the products of uncomplets combustion (CO, C) as well as the unbumed
hydrocarbons (HC) are in very small quantity in comparison with the natural or anthropogenic
emissions of the same chemical species.
The problem for reducing NOx emissions is quite different. Their formation depends
on local gas temperatures within the combustor and on the time spent at these temperatures,
higher NOx formation rates occur when combustion is near stoichiometric fuel-air ratio
(0.068). The large Research and Technology effort towards high compressor pressure ratios
and high turbine blade temperatures, in order to reduce specific fuel consumption, is
favouring NOx production. Since 1984, aeroengine manufacturers have focused their research
efforts on designing combustors with lower NOx emissions.
The goal is a value of 5 g NOx per kilogram of fuel burned at cruise, about one third
of the emission index (El) of the today’s best engines. In the stage combustion concept, the
pilot zone and the main zone operate with lean local fuel-air ratios.
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With the lean premixed/prevaporized concept the flame temperatures could be still
lower, but the challenge is avoiding auto-ignition.
Another approach is that of the rich bum/quick quench combustor in which the small
residence time prevents the formation of NOx. The challenge is relative to the cooling and the
materials in the primary section.
Owing to these R and D efforts, the increase in NOx aircraft emissions will be less
than the fuel consumption growth rate. The ratio to the global NOx production from natural
and anthropogenic sources could decrease down to 1 - 2 % at the end of the next decade.
The sulfur content of kerosene is generally less than 0.1%, except for some airports
where it can reach 0.25 %. A content of about 0.1 % is accepted by engine manufacturers,
for these traces of sulfur are favouring the lubrication of some parts of the engines such as
the pumps. But too much sulfur could enhance turbine blades corrosion.
The S02 emitted by the world air traffic is less than 0.2 Mt/year. On a quantitative
basis, it seems negligible by comparison with S02 emitted by natural or other anthropogenic
sources. As an example, the Mount Pinatubo eruption in June 1991 injected about 20 Mt S02
with a peak between 17 and 26 km altitudes.

4. - The effects of aircraft emissions on the atmospheric constituents.
As seen before, the air traffic emissions are negligible if they are compared, on a
quantitative basis, with the natural or the other anthropogenic emissions. The corresponding
ratio does not exceed 2 - 3 % for C02 and H2 emissions. As far as NOx are concerned, the
present and future research effort could lead to a ratio of about 1 %.
So, on a global basis, aircraft emissions cannot be perceived in the atmospheric
fluctuations due to natural or other anthropogenic sources.
The only possible effects of the aircraft exhausts are the local modifications of the
atmosphere which could be induced in situ.
For a close examination, it is necessary to proceed with different approaches
depending on the altitude ranges.

4.1- Effects on the very low atmosphere
At very low altitudes, the emissions from aircraft engines during approach, landing,
taxiing, take-off and initial climb have to be compared with those from surface transports,
manufacturing industries, power stations, etc.
The aircraft contribution to overall airport pollution is minor. Including aircraft
servicing (engineering and maintenance) as well as ground handling on the parking ramp this
contribution is about 5 percent.

35

Present estimations suggest that the air quality situation at the airports will remain
constant or improve between now and year 2010. The main problem is the traffic congestion,
whether in the air or on the ground.
An IATA recent study estimated that the economic penalty of congestion in Europe
amounted to US $ 1.4 billion in 1992 and could rise to about US $ 6 billion (1992 dollars)
by the year 2000.
The related environmental penalties are increases in the noise level and in the fuel
bum and emissions. Stacking aircraft waiting to land bum up to 4 percent of their weight in
fuel per hour. A B747 idling on a runway bums about 225 kilograms of fuel every five
minutes. If all these deficiencies were tackled, savings of about 10 percent on fuel could be
achieved.
Since 1981, ICAO standards are mandatory for fuel venting, smoke and gaseous
emissions from newly manufactured turbojets during the Landing and Take-Off (LTO) cycle.
For NOx, more stringent standards (20 percent reduction) apply to new engines in year 1996
and to all types of engines in year 2000. Another Nox reduction between 10 and 20 percent
is considered for applying to new engines in year 2000.

4.2 - Effects on the upper troposphere
At the cruising altitudes of subsonic aircraft over low latitude regions, corresponding
to the upper troposphere, the aircraft emissions have to be compared with the local content
of the atmosphere and with the other in-situ emissions. Natural in-situ NOx emissions are
produced by lightnings within high altitude clouds in the tropics. Observations of the electric
activity of tropical clouds in conjunction with measurement of NOx amount within the upper
troposphere are necessary to in order to evaluate the relative importance of this natural source
of NOx with respect to aircraft emission. Another natural source of pollution in the
tropospheric atmosphere is the great volcanic eruptions.
Observations from satellites are not very accurate in this altitude range. Measurements
from aircraft would be much more appropriate. An excellent example is the MOZAIC
(Measurement of Ozone on Airbus In-service aircraft Campaign) an European environmental
research programme. Automatic equipment measuring concentrations of ozone and water
vapour have been installed on five Airbus A340 aircraft in normal airline service, the
coverage includes Europe, North America and, partially, South America, Africa and Asia.
Within the upper troposphere, atmospheric ozone is produced by :
- transfer from the stratosphere where there is a natural production of ozone
- in-situ chemistry.
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The in-situ chemistry leads to :
- ozone production which is driven by NOx acting as catalyst for combustions of
species such as CO or CH4. The NOx action is effective in the presence of sunlight, in the
same process as near the ground when some climatic conditions are combined with NOx
emissions from human activities such as surface transportation and manufacturing
- ozone destruction, by a chemical reaction between CO and 03 or between CH4 and
03 in the absence of sunlight.
This phenomena result from homogeneous gas chemistry. In fact, heterogeneous
chemistry plays a significant role within tropospheric processes. For example, in tropospheric
clouds, tiie insoluble NO separates from the soluble HO^ and the photochemical production
of ozone 03 is reduced severely.Furthermore, during the night, N205 produced by reaction
between NOx and 03 is converted into nitric acid HN03 which, being highly soluble, is
removed by deposition processes. So, within tropospheric clouds, there is a simultaneous
destruction of ozone and of nitrogen oxides, through heterogeneous chemistry between gas
and aqueous phases.
Heterogeneous chemistry does not only occur inside tropospheric clouds. It also takes
place at the surface of solid or liquid particles such as sulfates, soot, unbumed hydrocarbons
injected by aircraft. In spite of their small global mass, their tiny size generates a relatively
large surface.
The water vapor emitted by jet engines enhances the chemical reactions. Such is the
case for heterogeneous chemistry on the surface aerosols, either from natural sources or from
anthropogenic sources. When water vapor condenses on their surface, fast chemical reactions
can occur in the liquid phase.
Solid or liquid particles play another role : as condensation nuclei (CN), they take part
to the formation of clouds from tiny water droplets. The very small size of these droplets
prevents a rapid dispersal of these clouds which have a rather long life.
The result of heterogeneous chemistry within the tropospheric atmosphere is less
important than the effect of homogeneous chemistry. So the global impact of NOx on
tropospheric ozone is an increase ; the exact value of this increase depends on the amount of
the particles and on the water content of the atmosphere.

4.3 - Effects on the lower stratosphere.
When cruising at 10-12 km altitude over mid and high latitude regions, subsonic
transport aircraft are flying in the lowest part of the stratosphere. The cruise altitude of
Concorde and of its potential successors is within the range from 15 to 24 km.
For both types of aircraft, their emissions take place in an atmosphere which
significantly differs from the troposphere. The main characteristics of the lower stratosphere
are a full vertical stability and a great importance of the photochemical processes. These
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processes are at the origin of the "ozone layer". In fact, the ozone profile corresponds to an
evolutive increase up to a peak at about 24 km altitude. It is the solar radiation absorption by
ozone which creates the inversion of the thermal gradient above tropopause, which is the limit
between troposphere and stratosphere. Over the poles, the altitude of tropopause is, on an
annual average, about 8 km.
Over the North Atlantic ocean, about 50% of the subsonic transport aircraft emissions
are produced within the lower stratosphere.
Owing to the ozone profile, a Mach 2 SST fleet flying between 15 km and 18 km
altitudes as the Anglo-French, supersonic Concorde already does, would have a smaller
impact on the stratospheric ozone than a Mach 3 SST fleet which would have to fly between
20 and 24 km altitudes. This latter range of altitudes corresponds not only to the peak of the
ozone concentration, but also to :
- the altitudes of the Polar Stratospheric Clouds (PSCs) which are present above the Earth’s
poles at about 20 km altitude, with a several kilometers thickness.
- the altitudes of the sulfate aerosols layers, such as the Junge layer which is between 15 and
25 km altitudes. This is worth remembering that the peak of the aerosols which were
injected by the Mount Pinatubo eruption was between 17 and 26 km.
Heterogeneous chemistry occurs on the surface of the polar stratospheric clouds PSC I
(nitric acid trihydrate NAT) or PSC II (ice) which appear over the poles when stratospheric
temperature is below 192 K or 187 K, respectively. This heterogeneous chemistry explains
the irruption of the springtime Antarctic ozone hole, observed since the late 1970’s. Within
these chemical reactions, active chlorine species resulting from chlorofluorocarbons (CFC)
dissociation play a major role.
Sulfate aerosols, either from natural sources or from aircraft or other anthropogenic
sources, could assist the formation of the PSCs. They could act as condensation nuclei as well
as chemical agents. Ternary solutions H2SO4/HNO3/H2O (STS), in liquid phase, could form
another type of PSC.
On the surface of PSCs, there are :
- chlorine activation and, consequently, ozone destruction
- NOx elimination, through HN03 sedimentation.
Similar phenomena occur on the surface of sulfate aerosols either over the poles or
at lower latitudes.
The potential impact, on ozone, from projected fleets of supersonic aircraft has been
examined by different organizations. The High Speed Research Program under NASA
sponsorship predicts a very small decrease of the ozone column (between 0 and 1 percent)
for a fleet of 500 transport aircraft cruising at Mach 2.4, 20 km altitude with an annual
consumption of 82 Mt/year and an NOx emission index from 5 to 15. The computational
models incorporate heterogeneous reactions occuring on PSCs and on sulfate aerosols.
In France, similar results have been obtained by Aerospatiale, ONERA, SNECMA
within the Comite Avion-Ozone program : for a fleet of 430 SST cruising at Mach 2 with an
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annual consumption of 30 Mt/year and an average NOx emission index of 10, the decrease
of the ozone column would be less than 0.3 percent. This approach takes into account the
evolution of the chlorine content of the atmosphere and the result corresponds to the year
2050.

Both results are in favour of SST cruise altitudes of about 18 km.
Atmospheric measurements have been made at mid latitudes and in the 16-20 km
altitude range by a NASA’s ER-2 aircraft, during the Stratospheric Photochemistry Aerosols
and Dynamics Expedition (SPADE) in 1993. The results point out:
- 50% of the ozone reduction is due to the reaction between the H02 radical and ozone,
- one-third of the ozone reduction is caused by CfO and Bro radicals,
- less than 20% are relevant to NOx.
These results are valid for the atmopheric contents which existed during SPADE
campaign. Generally it can be said that :
- when atmospheric content in NOx is low, they offset the destruction ozone which would
result from HO2 and CTO radicals,
- when atmosphere content in NOx is high, their direct reaction with ozone leads to ozone
depletion.
There is a value of the content in NOx for which the ozone depletion is minimized (see
fig. 3). This value depends on the altitude.
Concerning the emissions of the subsonic aircraft cruising at 10-12 km altitudes within
the lowest part of the stratosphere (over the poles or at high and mid-latitudes), a major role
could be played also by the heterogeneous chemistry reactions on the surface of aerosols. For
low NOx content, the main effect on ozone result from HO2 and OH radicals. Their existence
is related with the tropopause proximity and the exchanges with the troposphere in which the
water vapor content is higher. The exact nature and the precise value of the natural exchanges
between troposphere and stratosphere have still to determined. It could be the matter of
specific experimentation campaigns. The systematic exploitation of in-service subsonic aircraft
flight measurements - such as the MOZAIC programme has begun to do - would be too of
a particular interest.
Up to now, there is a general consensus that present air transport makes a very small
contribution to atmospheric pollution. The recent Montreal Protocol assessment data suggest
that subsonic aircraft are not a significant factor in stratospheric ozone depletion. There is still
concern about the possible impact of a future SST fleet.

5. - Aircraft emissions and global warming.
In 1988, the United Nations Environment Programme (UNEP) and the World
Meteorological Organization (WMO) jointly set up the Intergovernmental Panel on Climate
Change (IPCC). The successive IPCC reports have addressed the effects of greenhouse gases
in altering the energy balance of the earth-atmosphere system.
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Several international protocols and agreements are dealing with stratospheric ozone
depletion and with climate change :
- the Vienna Convention on Protection of the Ozone Layer (1985),
- the Montreal Protocol on Substances that Deplete the Ozone Layer (1987) and its
associated amendments (London 1990, Copenhagen 1992),
- the Framework Convention on Climate Change (1992),
- the Convention on Long-Range Transboundary Air Pollution (1979) and its supporting
Sofia Protocol (1988).
In 1992, the United Nations Conference on Environment and Development (UNCED)
better known as the "Earth Summit" placed the issue of "sustainable development" on the
global environmental concern.
The United Nations Framework Convention on Climate Change (FCCC) was signed
by over 150 States. UNCED also adopted the Rio Declaration on Environment and
Development with Agenda 21, which includes ambitious global environmental actions.
Then, the International Negotiating Committee, (INC) which had drafted the FCCC,
prepared recommendations regarding its implementation. These were considered at the Berlin
Conference (1995).
The United Nations has also established the Commission on Sustainable Development
(CSD) for monitoring the implementation of Agenda 21. In this context, environmental taxes,
including "taxes on air travel", are considered.
For its part, ICAO - as the UN specialised agency with overall responsibility for
international aviation matters - provides information about the environmental problems
associated with air traffic. ICAO may also provide advice on proposed policy measures.
Concerns about the impact of transport aircraft on the atmospheric constituents have
shifted from direct pollution problems to the possible effects on global warming.
IPCC estimates that "aircraft produce about three percent of total carbon dioxide
emissions from fossil fuel consumption" and conjectures that "the impact of aircraft: emissions
of nitrogen oxides could be of similar magnitude".
Extrapolating from the existing air traffic consumption, from air traffic growth, and
from aircraft engineering, air traffic control, and airport organization improvements, the
situation in the year 2010 is predictable (see fig. 4)
C02 emissions scenarios are longer term than the current extrapolations from
aeronautical sources. Those scenarii cover a period of a hundred years. Within them, the
estimations of the aviation’s share of global anthropogenic carbon dioxide emissions extend
from 4 percent to 14 percent in the year 2100. These estimates are in phase with the common
opinion of aviation emissions growing faster than for other energy users. In fact, as seen
before, it can be expected that progress in the different aeronautical fields will maintain the
aviation fuel consumption increase at the rate of the global GDP growth. So the growth rate
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in C02 emissions would be the same, and the ratio of aircraft aviation’s share of global
anthropogenic C02 emissions would remain at the level of less than 3 percent.
Still for a long time, aviation will depend on fossil fuel sources. When world reserves
of oil are exhausted, it will be possible to produce keresene from natural gas by synthesis
process.
Utilization of gaseous fuels, such as hydrogen and methane, raises heavy technical and
operational constraints (see fig. 5).
Even in the liquid phase, hydrogen requires large tanks with an efficient thermal
insulation. The design of the airframe would have to be totally new. Other problems would
be related to the supply system within the airports. Safety, as well on ground as in flight,
would be of concern. Furthermore, as regards the global warming, the large amount of water
produced by hydrogen combustion offsets the absence of carbon dioxide. Owing to risks of
spontaneous combustion and to rapid flame propagation of hydrogen, the NOx exhausts could
be larger than with kerosene.
Another potential fuel could be methane. On a technical point of view, this solution
would be in between, if compared with kerosene and hydrogen solutions. For environmental
considerations, the C02 exhausts are 20 percent smaller than with kerosene, but water
exhausts are 50 percent larger. For economical comparison, it is cheaper to liquefy methane
than hydrogen. Methane could be easily produced from natural gas. Airframe design as well
as safety constraints would be less stringent than with hydrogen.
To sum up, the impact of C02 emissions from aircraft on the Earth global warming
will remain at the level of less than 3 percent of the total anthropogenic emissions. This
conclusion would remain valid in case of using fossil fuels other than kerosene. Replacing
kerosene by hydrogen would raise huge problems concerning supply and safety, the impact
on atmosphere would not be clearly in favour of hydrogen which produces a large amont of
water vapor.

5.1 - Effects of water vapor emissions.
From a global point of view, the amount of water vapor emitted by aircraft
(220 Mt/yr) is without significance. The ratio to the amount of water vapor produced by the
total fossil fuel used each year and by the forests burning is only 2 to 3 %. The natural water
flux created by evaporation at the sea surface and at the soil surface is about 450 Gt/yr, i.e
2000 times greater than the water flux from aircraft.
But, as we have seen before, unlike CC^ effect, H20 effect cannot be considered on
a global basis. Within the natural atmosphere, the water vapor mixing ratio is very small at
the cruise altitudes of aircraft. At latitudes exceeding 40°N, the air traffic could contribute
to 15-20 percent of the water vapor amount between 10 and 13 km altitudes. This
contribution would result in an extra warming of 0.2 W.m"2. So, for the whole of the Earth,
the air traffic contribution to the water vapor warming effect (100 W.m"2) would be in the
order of a few 104.
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When the pressure of aircraft water vapor exceeds the local condensation pressure,
contrails are formed. They persist if the air is saturated. At the cruise altitude of subsonic
aircraft, a slight increase (about 2%) of the cloud cover could be due to contrails, over
countries where air traffic is intense. Contrails, as well as natural cirrus, induce both an
albedo effect and a greenhouse effect. On the contrary, water vapor induces a greenhouse
effect only. So the presence of contrails does not clearly lead to an increase of Earth
warming.
From a global point of view, the impact of water vapor exhausts from aircraft is
without significance. It remains within the natural fluctuations of the Earth’s global warming.

5.2 - Effects of NO. emissions.
The NOx emitted by aircraft can have an impact on Earth Surface temperature,
through their effect on atmospheric ozone. Tropospheric ozone exerts a greenhouse effect.
So, the tropospheric ozone increase due to NOx emitted by aircraft enhances the greenhouse
effect of the atmosphere.
Within the stratosphere, the observed global losses of ozone cause an increase in the
solar forcing of the surface-troposphere system. The stratospheric ozone depletion may offset
a significant fraction of the infra-red radiative forcing due to increases of greenhouse gases.
So, if the NOx emissions from aircraft in the lower stratosphere were creating a slight ozone
destruction, the result would be a small reduction in the global Earth warming. Consequently,
as well for tropospheric flights as for stratospheric flights, the global impact of NOx emissions
from aircraft on the atmosphere radiative properties is negligible.

6 - Conclusion.
The air traffic growth which is forecast for the next two decades as well as for long
term will be larger than the GDP growth. But technical progress concerning airframes,
engines, navigation systems and improvements of air traffic control aqdjrirpprts will keep the^
aircraft emissions "growth aran^ctrwhjch^wilinibrexceed^the^DP growthTfateTSo^he^
^iation^Jshar&^of-^lobaLantBroBQgemc emissions wilTfemainJower than 3 {xarceiyt. Tfie~
regulations-xelated to NChjamissions_from aircraft will reduce the aviations rs~share~of
^Nitrogen oxides^omhuman^qurces^Tri^l^fT^ercen^
~
These regulations will lead to a significant reduction of the aircraft emissions impact
at low altitude.
For the cruising conditions, either within the upper troposphere or within the lower
stratosphere, the air traffic impact is the matter of a large research effort.
The first studies began in the 1970’s. They were spurred on by concerns about an
eventual impact of a Concorde fleet on stratospheric ozone. These studies took into account
homogeneous chemistry only. According to their results, NOx emitted by a large supersonic
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fleet would reduce stratospheric ozone which is essential to prevent skin cancers and to
protect plankton development.
On the other hand, within the upper troposphere, NOx emitted by subsonic aircraft
would increase tropospheric ozone which is a source of hazards for human health.
But nowadays, heterogeneous chemistry has changed the understanding of aircraft
impact considerably.
Within the lower stratosphere, the factor which seems now as playing the major role
is the presence of active chlorine species. These species are the product of CFC photolyses.
They reduce the NOx effect significantly, through heterogeneous chemistry reactions.
The results of present calculations which take heterogeneous chemistry reactions into
account point out that the NOx emission from a projected fleet of supersonic aircraft would
have a very small impact on stratospheric ozone.
Within the upper troposphere, other heterogeneous chemistry reactions occur on the
surface of aerosols or inside clouds. The water vapor emitted by aircraft could enhance the
efficiency of heterogeneous chemistry reactions at the surface of aerosols such as soot or
sulfate particles.
If compared with other aerosols, produced either by natural sources or by human
sources, aircraft-emitted aerosols are negligible in terms of mass quantities.
However, it must be emphasized that aerosols can act according three ways : as
chemical agents, as condensation nuclei, as support for chemical reactions. Though they are
in small mass quantity, the tiny particles which are emitted by aircraft could generate a
relatively significant amount of condensation nuclei and a rather large surface for chemical
reactions.
So there is still a major research effort to be undertaken on heterogeneous chemistry
at the surface of aircraft-emitted aerosols, as well within the upper troposphere as within the
lower stratosphere. A potential risk could be the aircraft trigger of natural phenomena when
atmospheric conditions are critical. If these assumptions were confirmed, air traffic
regulations should be issued in order to avoid flying in critical atmospheric conditions.
Modifications of routes and altitudes could be prescribed. Special airborne instruments could
be required in order to avoid penetrating the critical zones. An optimal flight route could be
envisaged from a global point of view taking environmental concern as well as economical
point of view into account.
Nevertheless, there are still many open questions concerning the atmosphere
characteristics as well as the atmospheric impact of the air traffic. A better knowledge of the
atmosphere has to be obtained by a joint effort of the scientific community and of the
aeronautical community. High altitude aircraft are the more suitable platforms for in-situ
scientific measurements. Campaigns with dedicated aircraft have provided many scientific
results. They have to be pursued and intensified. The systematic utilization of in-service
transport aircraft could be the source of a lot of experimental data.
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A fair balance between the necessary expansion of the air transport and the general
environmental concern will be obtained through rapid progress in atmosphere science as well
as in aeronautical technology.
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AIRCRAFT ENGINES - CONSUMPTION AND EMISSIONS
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Introduction

Aircraft^ engines release in the troposphere and lower stratosphere a number of chemical
compounds (NO^TCO^. CO. EUOThydrocarbons, sulphur, soot, etc.) which could potentially
affectTthe ozone layer and the climate through chemical, dynamical and radiative changes.
Over the last decades, air traffic has increased substantially, but, as a result of improving
technologies, fuel consumption and pollutant emissions by aircraft engines have increased less
rapidly than traffic. The global amount of gases and particles emitted by current subsonic and
projected supersonic~aircfaft fleets can be estimated, but significant uncertainties remain
about theTfate oOhese emissions in the atmospEereT~Moreover, the magnitude of the
atmospheric changes caused by aircraft emissions depends not only on these anthropogenic
perturbations, but also on natural sources and processes which are not yet well quantified.
The European efforts concerning these potential atmospheric impacts of aircraft emissions
are conducted by the Environment and Climate Research Programme of the European
CommissionTEO as well as by national programmes of the Member States of the European
Union (ElTL.The objective of this research is to improve our understanding and our ability
to predict any changes in the ozone layer and in the atmospheric composition caused by the
aircraft emissions. Research activities, complementary to the atmospheric aircraft impacts,
on engine technologies for reducing the aircraft emissions are supported by the EC Industrial
and Material Technologies (IMT) Research Programme (Area 3: Aeronautics). Both
programmes are part of the multi-annual Framework Programmes of the DG XII/EC for
RTD activities in Europe.
The European research activities in this field, which are described, here, eaasfee divided for
practicaTreasons ltTlwo periods. TheHrst includes activities supported under the 3rd
Framework Programme for R&D activities which mveredlhe period from 1992 up to 1996,
while the second penodTias~started in early 1996 and is supported under the~4th Framework
Programme. These current activities will be supplemented by additional efforts as result of
the second call for proposals of the Environment and Climate Programme launched by the
EC in September 1996, with possible start of the projects in mid-1997.
Third Framework Programme

Taking into consideration the U.S. programme on supersonic transport effects, the European
efforts have been concentrated since 1992 on the effects of subsonic transport with increasing
support. For the first time, an integrated study aiming to a better understanding of the
atmospheric effects of emission of subsonic aircrafts, the AERONOX project 1992-1994, was
supported under the Environment Research Programme (Schumann, 1995). After the
initiation of AERONOX, further research activities have been supported by the EC dealing
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mainly with field measurements such as the POLINAT, STREAM, MOZAIC and
AEROTRACE projects. At a national level, a considerable number of individual programmes
on aircraft impacts have also been initiated, such as the "Comite Avion Ozone" in France,
the "Pollutants from Air Traffic, Effects and Prevention" in Germany, the "Air Traffic and
Pollution (Lulu)" in the Netherlands, the "Flight levels" in the United Kingdom, etc. In
parallel, trans-national cooperation of aircraft programmes, mainly on technological aspects,
has been started by the creation of the Association of European Research Establishments in
Aeronautics (AEREA).
The AERONOX project has dealt mainly with NOx engine exhaust emissions, physics and
chemistry in the aircraft wake and global atmospheric modelling simulations. AERONOX
resulted in improved estimates to determine NOx emissions at cruise conditions based on
available data for aircraft/engine combinations and NOx emission measurements on two
engines (Rolls-Royce RB211 and Pratt-Whitney PW305) in cruise conditions. This
information was combined with a traffic database by the ANCAT-group (Abatement of
Nuisances Caused by Air Traffic) of the European Civil Aviation Conference (ECAC), which
was supported by DG XI (Environmental Policy) of the EC to provide detailed information
on global air traffic pathways and to enable the establishment of the ANCAT/EC NOx
emission inventory. AERONOX studies of wake processes found that only minor chemical
changes occur in the vortex regime of the emission plume. The speciation of NOx emissions
was shown to remain essentially unchanged for about one kilometre, corresponding to a 4
seconds time period, beyond aircraft engine exits, at least when the ambient air is not
saturated with ice and contrails do not persist. AERONOX has employed a variety of global
3-D models to investigate the changes in NOx concentrations and photochemistry. Ittie models
showed that aviation contributes a large fraction to the concentrations of NOx in the upper
troposphere, in particular north of 30°N. The resulting tropospheric ozone increase depends
in a strongly nonlinear manner on the NOx concentration level, and its sensibility to NOx
emissions is larger in remote clean areas, but smaller in northern mid-latitudes where already
strong contributions to NOx levels from other sources occur. The maximum 03 change was
found in the northern-hemisphere with increases up to 10 % depending on season. The results
of AERONOX contributed in the WMO/UNEP Scientific Assessment of Ozone Depletion
1994, Chapter on Subsonic and Supersonic Aircraft Emissions.
The POLINAT project (Pollution from aircraft emissions in the North Atlantic flight
corridor) carried out two measurement campaigns west of Ireland in November 1994 and July
1995 using a Dassault Falcon aircraft. POLINAT studied the composition, the spatial and
temporal distribution and the transformation of pollutants emitted from jet engines of
subsonic air traffic at cruise altitudes near the tropopause within the eastern part of the North
Atlantic flight corridor. Emissions from air traffic in terms of NOx, HN03, SO ,, H20 and
particles were measured (Schumann, 1996). Some plumes exhibit peak concentrations of
nitrogen oxides and aerosols composed of soot or sulphuric acid particles that are more than
a factor of 10 above normal background values. Measured concentration levels of S02,
acetone, and particles were much higher than can be expected from air traffic emissions. It
was possible to measure water vapour and to clearly identify the relative saturation of air
with respect to ice. Large-scale persistent contrails were observed under these conditions. A
considerable fraction, more than 70 per cent, of the emissions west of Ireland in November
1994 occurred above the tropopause in the lower stratosphere.
The STREAM project (Stratosphere Troposphere Exchange Study by Aircraft Measurements)
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performed two campaigns using a Cessna Citation aircraft : one in July 1994 in westerly
direction from Amsterdam to study vertical exchange processes in cold fronts from the North
Atlantic Ocean and the other in February 1995 in the Northern Sweden to study local
denitrification of the lower stratosphere through heterogeneous processes. Observations from
STREAM indicated that transport of 03 from the stratosphere and in situ photochemical
formation are roughly equal sources of 03 in the troposphere. The high HN03 measured
levels are induced by reactive nitrogen concentrations in the midlatitude lower stratosphere
which are higher than those from chemistry-transport models. Moreover, during the winter
1994-1995, denitrification of the lower Arctic stratosphere has occurred on a large scale.
The MOZAIC (Measurements of OZone by Airbus In-service airCraft) project continue to
perform large scale continuous in-situ measurements of ozone and water vapour aboard 5
Airbus A340 in-service aircraft of four airlines. Its objective is to constitute a databank on
atmospheric composition at altitudes 0-13 km and to study the impact of subsonic aircraft on
the atmosphere by improving basic knowledge of atmospheric chemistry.
The AEROTRACE project (Measurements of trace species in the exhaust from aero-engines),
still operational, provides quantitative data on the emissions of trace species (particulates,
nitrogen species, speciated hydrocarbons) from aircraft engines over the entire flight cycle,
using available and established on-line and off-line analytical techniques in combination with
gas sampling.
Fourth Framework Programme

The EC reinforced its activities in the field of aircraft impacts on the atmosphere within the
4th Framework Programme. Seven projects in the Environment and Climate Programme
(POLINATII, STREAM II, CARIBIC, AEROCHEM, MOZAIC II, AEROCONTRAIL and
TOASTE-C) and one in the IMT Programme (AEROJET) have started in early 1996 (Table
1). These eight projects compose a cluster which complement research activities at European
level on stratospheric ozone depletion (Amanatidis and Ott, 1995; Amanatidis and Harris,
1996) and on tropospheric chemistry (Angeletti and Amanatidis, 1996). Coordination of
these activities is implemented through the EC Advisory Science Panels on stratospheric
ozone and on atmospheric chemistry (tropospheric issues) and the European Ozone Research
Coordinating Unit located in Cambridge, UK. The coordination strategy which was
developed during the last years ensures that projects directly concerned with aircraft impact
studies are strongly linked with many other projects devoted to a better understanding of the
basic properties of the atmosphere, in order to maximize the mutual scientific benefit.
This cluster of eight projects is contributing also to the objectives of the EC Aeronautic Task
Force "Next generation aircraft" which aims to implement a strategic and integrated approach
in the whole aeronautics chain. The Task Force is designed to encourage the development
of technologies which will help both to improve the quality of life and increase the industrial
competitiveness in the EU. It will contribute also to the better coordination within the various
specific EC RTD Programmes (IMT, Transport, Telematics, Environment and Climate, etc.)
having impact in aeronautics. The objectives of the Task Force include the application of
advanced technologies, reduction of cost and time scales, demonstration and validation of
technologies which improve the overall efficiency of aircraft, reduce noise and emissions of
aircraft and, finally, minimise the impacts of aircraft emissions in the atmosphere.
Finally, in order to review the present state of knowledge (based not only to the EC funded

53

Table 1. List of EC projects 1996-1997
POLINAT II (Pollution from aircraft emissions in the North Atlantic flight corridor)
Performance of in situ measurements in the eastern part of the North Atlantic flight corridor using a
Dassault Falcon aircraft which will combined with simultaneous measurements on board a Swissair
Boeing 747 flying within the corridor. These POLINAT/EC measurements will be coordinated in
Summer 1997 with those of SONEX/NASA which will be carried out in the western part of the
corridor.
STREAM II (Stratosphere troposphere exchange studies by aircraft measurements)
It involves instrument improvements, two measurement campaigns and associated modelling studies.
The aircraft measurements will be coordinated with balloon soundings to study a) pollutant transports
in extratropical cyclones that advance over Europe from the Atlantic Ocean and b) southward
transport of 03 depleted air in the lower stratosphere after breakup of the Arctic vortex.
CARIBIC (Civil aircraft for remote sensing and in-situ measurements in troposphere and lower
stratosphere based on the instrumentation container concept)
Development and deployment of an automatic multiphase measuring system, which will fly regularly
on a in-service aircraft of LTU over various parts of the globe. The measurements include a suite of
trace gases together with aerosol size distribution and chemical composition : CO, 03, CxHy, COS,
SF6, particles, etc.
AEROC HEM (Modelling of the impact on ozone and other chemical compounds in the
atmosphere from airplane emissions)
It is to study how past, present and future aircraft emissions affect ozone in the upper troposphere
and lower stratosphere. The main tools will be global 3-D chemical tracer models were large scale
ozone distribution and changes due to aircrafts are calculated. These models will be supplemented
by regional 2-D model studies. Results from these model calculations will contribute to the under
preparation European Assessment.
MOZAIC II (Measurements of ozone by Airbus in-service aircraft)
It is a continuation of MOZAIC I (5 in-service aircrafts, 03 and H20). Feasibility study of new
airborne devices (NOy chemiluminescence and CO resonance fluorescence) is also foreseen. The
project includes interpretation of both MOZAIC I and n data and model validation studies to gain
better understanding of atmospheric chemistry and dynamics.
AEROCONTRAIL (Formation processes and radiative properties of
particles in aircraft wakes)
It intends to provide further knowledge on the interaction between aircraft emissions, cloud and
particle formation (contrails) and radiative energy transfer in the upper troposphere. The project
combines aircraft "in situ" observations (Dassault Falcon) in the wake, ground based observations by
lidar and numerical modelling.
TOASTE-C (Transport of ozone and stratosphere troposphere exchange)
It will investigate the physical and chemical processes involved in stratosphere troposphere exchange
in extra-tropics by series of field measurements and model case studies. Measurements will be
carried out by an airborne ozone lidar (in a F27 aircraft), ground-based ozone and temperature
lidars, radars and ozone sondes while the modelling capability includes GCM, mesoscale,
mechanistic and chemical models.
AEROJET (Non-intrusive measurements of aircraft engine exhaust emissions)
The Fourier Transform Infrared and Narrow-Band Spectroscopy will be used as non-intnisive
measurement technique for analysis of aircraft engine exhaust emissions in industrial test rigs. The
objective is to identify the most appropriate and versatile non-intrusive technique and instrumentation
to replace the current conventional methods for industrial operational use.

54

research) the EC initiated an assessment on the atmospheric impact of both subsonic and
supersonic aircraft emissions on the upper troposphere and the lower stratosphere (Brasseur
et al., 1997). The assessment includes the open questions relevant to the aircraft problem,
the key physical and chemical processes occurring in the atmosphere, estimates of air traffic
and aircraft emissions, the effects on the chemical composition of the atmosphere at local,
regional and global scale and finally the effects on climate forcing. The goal is to provide
the best scientific information available for making appropriate decisions regarding the future
development of aircraft operations.
Conclusions

As a result of these European research efforts, as well as of those in the United States and
elsewhere, new and significant information has been obtained in recent years. For example,
our understanding of tropospheric and stratospheric processes controlling the ozone levels,
including the role played by heterogeneous reactions has improved substantially. Moreover,
global databases providing the three-dimensional distribution of aircraft emissions have been
established with comparisons between predicted and measured data. However, in spite of
considerable progress made to better quantify the atmospheric impact of present and future
fleet of aircraft, many uncertainties remain.
By undertaking scientific research in the field of aircraft impact in the atmosphere, the EC
contributes to the improvement of the current understanding of the atmospheric changes at
local, regional and global scale and to the reduction of uncertainties in predicting the
consequences of such changes in the coming years. Through the results of existing and
planned research efforts, it should be possible to provide a firm scientific basis for aircraft
technological and industrial development and future policy actions in this field.
Due to the increasing need for political decisions and the rapidly advancing research
information, a joint endeavour at international level (UNEPAVMO, DPCC, ICAO) is in
preparation with the involvement of the EC, NASA, etc. It concerns an international
assessment on aircraft impact which could serve several needs (stratospheric ozone, climate
change, etc.) as it was agreed in the 1996 Virginia Beach Symposium. This assessment will
be based on the EC and NASA assessments scheduled to finish early 1997, when a scoping
meeting is planned, while the completion of this international assessment is scheduled for late
1998.
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Atmospheric Effects of Aviation: Bringing Together Science, Technology
and Policy
Howard L. Wesoky and Randall R. Friedl
National Aeronautics & Space Administration
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Abstract: Sustained growth of the aviation industry could be threatened by
environmental concerns. But collaboration of scientists, technologists and
policy makers is helping to assess potential problems, and to consider
appropriate measures for control of aircraft emissions. The structure of that
collaboration is discussed along with status of the scientific assessments.
Introduction: Growth of aviation has become an environmental concern because
constituents of engine emissions are known to affect atmospheric chemistry and climate.
Governments, as well as industrial and public organizations, are seeking to understand and
control those emissions through various means. But the preferred procedure utilizes
international scientific assessments for achieving common, substantive knowledge of the
relevant phenomena. The assessments can then serve as a basis for considering necessary
limits on aircraft fleet emissions through agreements such as the Montreal Protocol and UN
Framework Convention on Climate Change. In turn, resulting budgets for emissions could
be utilized by individual governments or the International Civil Aviation Organization to
consider regulatory criteria for individual aircraft or engines. Emissions related technology
and certification issues, along with scientific assessment of the atmospheric effects of
aircraft emissions at altitude, are now the highest priorities of the ICAO Committee on
Aviation Environmental Protection (CAEP, 1996).
Current international assessments (Houghton etal., 1996, WMO, 1995) indicate that
aircraft could be a problem, but that significant uncertainty exists in quantitative measures.
However, scientific knowledge will likely improve in the next few years, and a more
focused international assessment of aviation is now planned for 1998 (Figure 1). This has
resulted from the Montreal Protocol Parties inviting ICAO cooperation with its Scientific
Assessment Panel and the Intergovernmental Panel on Climate Change agreeing to prepare
a special report on aviation.
Science Programs: Complexity of the endeavors makes it very difficult to fully
coordinate research with international assessments and regulatory considerations, and much
work will likely be necessary after 1998. But Figure 1 shows that the organizational
structure is in place for the scenario discussed above. Success will obviously require rapid
improvement in scientific understanding. And although aviation related atmospheric
research sponsored throughout the world (Wesoky etal., 1996) will be utilized in
international assessments, special responsibility resides with broad programs sponsored in
Europe and the United States. For it is only through such large, systematic efforts that
progress will likely occur quickly enough to assist policy makers in a desirable timeframe.
It is also in the interests of Europe and the US to conduct such research because most large
jet aircraft are manufactured there, and later papers will show that the heaviest concentration
of emissions occurs in the skies above these countries.
Although organized and managed somewhat differently, US and European efforts
include the inter-related topics indicated in Figure 2. Both programs recognize that
successful assessments require collaboration between scientists and technologists. Two
topics - Emissions Characterization and Operational Scenarios- are primarily the
responsibility of technologists, and Near Field Interactions is heavily related to engineering
fluid mechanics and related technical fields. Thus, management organizations include both
engineers and scientists who have generally worked together in a productive manner.
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Status and structure of the European assessment has been described in earlier papers
(Brasseur, 1996, Amanatidis, 1996). The US Atmospheric Effects of Aviation Project is
cosponsored by the NASA Office of Aeronautics and the Federal Aviation Administration,
and involves significant collaboration with the NASA Office of Mission to Planet Earth,
National Oceanic and Atmospheric Administration, National Center for Atmospheric
Research, university and industrial organizations. Investigators are selected through a peer
review process, with proposals solicited by a NASA Research Announcement. Researchers
from outside the US are participating, with financial resources normally provided by their
own governments.
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Figure 1. Schedule of activities and reports.
A Steering Committee, with members from participating industry, scientific and
regulatory organizations, insures cognizance of AEAP by those engaged in related
activities, promotes research coordination, provides guidance on partitioning of project
funds, and recommends new research tasks. The National Research Council’s Panel on
Atmospheric Effects of Aviation evaluates the project research plan, accuracy of results
relative to current state of scientific knowledge, and identification of key uncertainties. In
addition, the Panel suggests other research likely to reduce uncertainties prior to and after
the end of the planned effort in 2001.
Research Status: Typical of coordination of AEAP scientific results with technology
programs is prediction of ozone depletion by proposed second generation supersonic
transport (AKA high-speed civil transport) aircraft. Early in the NASA High-Speed
Research Program (Yackovetsky, 1996), it was decided that such predictions for a. Mach
3.2 cruise speed would likely make those aircraft unacceptable. The current assessment
(Stolarski et al., 1995) continues to predict that ozone depletion would be small for low
emission combustors (i.e. EInox=5X but increase with cruise altitude or Mach number.
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Sensitivity studies have also investigated (Table 1) fleet size, background chlorine level,
and NOx emission index.

Near Field
Interactions

Operational
Scenarios

Atmospheric
* Observations

Figure 2. Inter-relationship of assessment research topics.
Characterization of emissions from actual aircraft engines is being accomplished within
the NASA Advanced Subsonic Technology Program (Thompson et al., 1996). With
similar data from the European program (Schumann, 1995), results (Howard, 1996) have
confirmed validity of ICAO engine certification data and will assist extrapolation of ground
based NOx measurements to cruise conditions for application in atmospheric models. But
US data from both ground based and in-flight measurements of engine exhaust have
indicated 3 to 30 times greater volatile aerosol than predicted by models, which particularly
complicates related climate studies. This problem is addressed by a number of papers in
later sessions of this colloquium.
Within the US program, research associated with subsonic aviation’s atmospheric
impact is being included in a first assessment report (Friedl, 1996) summarized in Table 2.
The impact of aircraft NOx on climate, through changes in ozone, is comparable to that of
aircraft CO2 emissions. Qualitatively, model studies of ozone change show greatest
sensitivity to uncertainties in the magnitude of the lightning source of NOx and
identification of relevant heterogeneous and non-methane hydrocarbon chemistry. They
also indicate that ozone, and associated radiative forcing, increase nearly linearly with
increases in aircraft fleet size. Accordingly, a two-fold increase in airline traffic, as
anticipated by the year 2015, should result in an approximate doubling of ozone and
radiative forcing changes due to aircraft.
Climate impacts due to water, sulfur, and soot are judged to be potentially significant
but remain unquantified at this time. Correlated increases in observed cloud frequency and
jet fuel usage suggest a significant climate connection, however, there is a great deal of
uncertainty regarding both the magnitude and sign of radiative forcing associated with
contrail and cirrus increases. Existing climate models have difficulty incorporating cloud
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microphysical details and an adequate observational database has not yet been compiled to
test simplifying parameterizations employed in the models. An important addition to that
database is the Subsonic Aircraft Contrail and Cloud Effects Special Study which is
discussed in a later paper (Toon, 1996). Additional related experiments, including more
detailed characterization of engine exhaust chemistry, are planned in the US program.
Table 1. Calculated steady-state total column ozone change (%) in the Northern
Hemisphere averaged over a year for several HSCT fleet scenarios.
Scenario
Mach number

2-D model results

ElNOx (g N°2/kg
fuel)

Number of
aircraft

Ozone change (%)a

(ppbv)
2.4

3

0

500

-0.3 to -0.1

2.4

3

5

500

-0.3 to +0.1

2.4

3

5

1000

-0.7 to +0.03

2.4

3

10

500

-0.5 to 0.0

2.4

3

15

500

-1.0 to -0.02

2.4

3

15

1000

-2.7 to -0.6

2.4 Cruise +1 km

3

5

500

-0.5 to +0.02

2.4 Cruise -2 km

3

5

500

-0.06 to +0.1

2.4

2b

5

500

-0.4 to +0.02

Cly

a Range of average values obtained from the five 2-D models used in this assessment.
^Expected in a 2050 atmosphere.

Conclusion: In closing, it seems important to note the true dimensions of aviation’s
possible atmospheric impacts may be obscured by the time horizon chosen for the primarily
technology programs, such as the NASA AST and HSR efforts. For example, a report
from the Environmental Defense Fund (Vedantham and Oppenheimer, 1994) indicates that
aviation’s contribution to global CO2 from use of fossil fuels could grow from the present
3 percent to about 10 percent by the middle of the next century, even when normal
advancement of technology is recognized. Figure 3, borrowed from that report, shows
how both demand and fuel consumption (i.e. a surrogate for CO2) may grow as correlated
with scenarios for climate change developed by the IPCC. For further reference, a Boeing
and McDonnell Douglas projection (Stolarski and Wesoky, 1993) of fuel use is also
shown. It surely seems that this scenario will challenge scientists, technologists and policy
makers if growth of aviation is to be sustained.
But this colloquium and similar recent meetings show that we now have appropriate
organizational structures and relationships to meet the challenge. Results of related
scientific research summarized in this paper and presented in detail in remaining sessions of
the colloquium show that a substantial scientific assessment capability is developing. What
remains is for technologists to react with developments within the constraints suggested as
necessary by science and implemented by policy makers. The historical record suggests
that necessary technology advances will occur and that sustained growth of the important
aviation industry will continue.
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Table 2. Summary of estimated atmospheric impacts of current subsonic aircraft emissions.
Emittant

Impact

Impact Estimate
(Global Ave.)

Uncertainty

NO.

0, Column
Direct Radiative
Forcing
Indirect Rad.
Forcing

+ 0.1 %
+10-’Wra';

500%, NO, sources poorly quantified
small

+ 0.01 Wm'2

500%, NO, sources poorly quantified

O, Column
Direct Radiative
Forcing
Indirect Rad.
Forcing

negligible
+ 0.03 W m'2
(over 30 vears)
negligible

small
30%, mainly due to model uncertainties

H,0

O, Column
Direct Radiative
Forcing
Indirect Rad.
Forcing

small
significant, sign
uncertain
small

large, depends on PSC details
large, radiative transfer properties of
contrails poorlv known
small, unless involved in plume SO,
oxidation or PSC/O, process

Sulfur

03 Column

small

Direct Radiative
Forcing
Indirect Rad.
Forcing

10"4 W m'2

large, sources inadequately defined, size
distribution poorlv known
moderate, sources inadequately defined, size
distribution poorlv known
large, interaction with aircraft soot and role
as CCN/IN poorlv defined

CO,

Soot

Hydrocarbons

0, Column
Direct Radiative
Forcing
Indirect Rad.
Forcing
0, Column
Direct Radiative
Forcing
Indirect Rad.
Forcing

potentially
significant
small
+ 0.003 W m2
unknown

small

small
moderate, size distribution and single
particle albedo uncertain
large, depends on # that are coated with
sulfur and act as CCN or IN

small
negligible

small
small

negligible

small
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POLLUTION FROM AIRCRAFT EMISSIONS IN THE NORTH
ATLANTIC FLIGHT CORRIDOR - OVERVIEW ON THE
RESULTS OF THE POLINAT PROJECT
U. Schumann,1 F. Arnold,1
2 B. Droste-Franke,2 T. Durbeck,1 C. Feigl,1 F. Flat0y,9 I. J. Ford,7
D.E. Hagen,11 G.D. Hayman,5 A.R. Hopkins,11^. Hov,8 H. Huntrieser,1 I.S.A. Isaksen,10 C.E.
Johnson,6 J.E. Jonson,10 *H. Kelder,3 G. Kirchner,2 M. Klemm,2 I. Kohler,1 P. Konopka,1 A.
Kraabpl,8 H. Ovarlez,4 J. Ovarlez,4 J. Paladino,11 R. Sausen,1 H. Schlager,1 J. Schneider,2 P.
Schulte,1 D.S. Stevenson,6 F. Stordal,8 H. Teitelbaum,3,4 P. van Velthoven,3 W. Wauben,3 P.D.
Whitefield,11 and H. Ziereis1
>
The POLINAT project (phase 1) was performed 1994 to 1996 within the Environment
Research Programme of the European Commission. POLINAT-2 is being performed now since
April 1996. This paper describes pie objectives of POLINAT-1 and -2, the methods used, the
measurements, and some selected results^ Details are given on the measured background con
centrations, the emission indices of several aircraft, comparisons between modelled and meas
ured data, and the impact of the emissions within the North Atlantic flight corridor.

Abstract.

V

1. INTRODUCTION

The AERONOX project (Schumann, 1995, 1997) predicted large aircraft contributions (20 to
70%, depending on season) to the concentrations of NOx in the upper troposphere north of 30°N
(Kohler et al., 1997; Velthoven et al., 1997). Global (Wauben et al., 1997) and regional (Flat0y
and Hov, 1996) chemical transport models (CTM) predict photochemical ozone generation of
the order of 4 to 10% of background concentrations in the upper troposphere due to the aircraft
NOx. Additional ozone near the tropopause increases the radiative forcing of the atmosphere
(greenhouse effect). Aircraft also emit particles and cause contrails and aerosol trails. Models
predict a small climate response for present contrail coverage estimates (Ponater et al., 1996).
However, model results depend on background concentrations, emission data, mixing assump
tions, and many other input. Very few measured data exist to test the model predictions.
Therefore, the project POLINAT was performed. The project concentrates on the North
Atlantic flight corridor (NAFC), an area with strong impact from aircraft emissions while other
sources are remote with less direct impact. About 600 to 900 aircraft pass the NAFC daily in
both directions within a corridor of about 1000 km width and 2 km height. About 30 to 70%
of this traffic (depending on season) is flying in the lower stratosphere. The air traffic in the
oceanic region is organized along discrete flight tracks with 2000 feet vertical and one degree
latitude separation. Individual aircraft fly with typically 20 minutes time separation along the
discrete tracks. This organized structure enables focussed measurements and tests of models.
POLINAT-1 was performed from January 1994 to August 1996 within the Environment
Research Programme of the European Commission. POLINAT-2 extends from April 1996 to
1998. The objectives are to determine the composition, spatial and temporal distribution and
transformation of pollutants emitted from jet engines of subsonic air traffic at cruise altitudes
1 Deutsche Forschungsanstalt fur Luft- und Raumfahrt (DLR), Oberpfaffenhofen, Wessling, Germany
2 Max-Planck-Institut fur Kernphysik (MPI), Heidelberg, Germany
3 Koninklijk Nederlands Meteorologisch Instituut (KNMI), de Bill, The Netherlands
4 Laboratoire de Meteorologie (LMD) du CNRS, Palaiseau, France
5 National Environmental Technology Centre, AEA Technology (AEA), Culham, Abingdon, UK
6 Meteorological Office (UK Met. O), Bracknell, UK
7 University College, London, UK
8 Norsk institut for luftforskning (NILU), Lillestrom, Norway
9 University of Bergen (UIB), Institute of Geophysics, Norway
10 University of Oslo (UIO), Department of Geophysics, Norway
“ University of Missouri-Rolla (UMR), Laboratory for Cloud and Aerosol Sciences, Rolla, Missouri, USA
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near the tropopause within the eastern part of the NAFC (Fig. 1.). POLINAT-1 covered the
cross-scales of the flight corridor and exhaust plumes at ages in between minutes and several
hours. POLINAT-2 will extend over the whole NAFC and its environment.

Figure 1. (a) The measurement areas of POLINAT-1 and -2. (b) The Falcon tracks in Nov. 94
(full) and June/July 95 (dashed).
2. METHODS
Measurements were made with the research aircraft “Falcon” of DLR, building on experiences
from previous related measurements (Arnold et al., 1992; Schumann et al., 1995; Schulte and
Schlager, 1996; Hagen et al., 1996; Ovarlez et al., 1996), with instruments as listed in Table
1. The Falcon has now a ceiling of 13.7 km, and a range of 5 hours (more than 3000 km).
Within POLINAT-2, also a Swissair B-747 Combi is planned to be used as platform to measure
NO, N02, 03, and HzO along the NAFC (Brunner et al., 1994). This system has been success
fully used within the Swiss NOXAR project to measure NO, N02 and 03. As far as possible,
the measurements are coordinated with other European (MOZAIC) and American (SONEX)
experiments. Preliminary comparisons have shown good agreement for 03 but less, agreement
for H20 data from MOZAIC and POLINAT.
Species

Measuring technique

Group

o3, co2
NO, N02, NO,
H20
hno3, hno2, so2, h2so4,
(CH3)2CO( acetone), HCN
Particulates
Wind, Temperature, pressure
Position

UV-absorption, IR-absorption
Chemiluminescence
Frost point hygrometer
Chemical ionisation mass spectrometry

DLR
DLR
LMD

Table 1.

CN-counter, Electrostatic aerosol classifier
Standard meteorological instrumentation,
INS and GPS navigation system

MPI
UMR
DLR

Experimental techniques used on board the Falcon

For analysis of the data and for interpretation, models are used as listed in Table 2. Meteor
ological data and trajectory analysis were provided by KNMI, based on ECMWF data, for
operational planning and for analysis of the experiments.
The measurements were made west of Ireland (see Fig. lb) within the air traffic radar control
zone of Shannon, Ireland, mainly along north-south flight legs of 300 km length at altitudes
between 8 and 12 km, crossing the corridor. The two sets of experiments in winter 1994 and
summer 1995 are listed in Table 3. During some of the flights more than 100 airliners passed
the measurement area at flight levels between 8.2 and 13 km. All measured data and some of
the analysis data are in a common data bank at DLR.
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Name
CTMK
STOCHEM
ECHAM
HIREAM
-CTM
FLOW3D
-

KTM
DISTUF
GAUSS
Table 2.

Type
3d, global, CTM, 8x10° 9 layers up to 10 hPa
3d, global, CTM, 4° x 5 °, 15 levels up to 30hPa
3d, global, Lagrangian CTM, 10x10°, 20000 particles
3d, global, GCM, T21
3d regional NWP, 50km x 50 km cells, 16 levels up to 25 hPa
3d CTM, North Atlantic, 10 layers <100 hPa, 50-100 km grid
3d flow field and dilution in jet plume, 1 m to 1 km
Plume chemistry with aerosols and HC, 2d
Trajectory model, ECMWF analysis
3d LES of turbulent plume mixing, 30 x 30 x 30 m
3d Gaussian plume model, 500 km x 500 km x 5 km
puff-model with gas and aerosol chemistry

Global, regional, and plume models used for POLINAT

Flight, date
FI, Nov. 2, 1994
F2, Nov. 3
F3, Nov. 5
F4, Nov. 6
F5, Nov. 8
F6, Nov. 10
F7, Nov. 11
F8, Nov. 13
PI, June 21, 1995
P2, June 24
P3a, June 26
P3b,June 26
P4, June 28
P5,June 30
P6, July 1
P7, July 3
P8, July 5
Table 3.

Group
UiO
KNMI
UK Met. Off.
DLR
KNMI
UiB/NILU
AEA
AEA
KNMI
DLR
DLR
NILU

Time (UTC)
13.30 - 16.30
06.30 - 09.30
09.00 - 13.00
06.00 - 10.00
06.45 - 10.45
12.00 - 15.30
12.30 - 16.00
13.00 - 16.00
12.30 - 15.30
13.30 - 16.30
09.30 - 12.30
13.15 - 16.15
13.00 - 16.30
13.00 - 16.00
14.00 - 17.00
13.00 - 16.30
02.00 - 05.00

Objective / Observations
Instrument/flight procedure tests, air traffic plumes
Corridor measurements, air traffic plumes
Tropopause fold crossing
Corridor measurements, airtraffic plumes
Detection of boundary layer air at tropopause
Corridor measurements, airtraffic plumes
Near-field plume measurements
Near-field plume measurements
Corridor measurements, aircraft plumes
Accumulations in stagnant anticyclone
Flight to Spain, large scale trace gas distribution +
Accumulations in stagnant anticyclone
Accumulations in stagnant anticyclone
Near-field plume measurements (day-time conditions)
Thunderstorm signatures
Near-field plume measurements (day-time conditions)
Near-field plume measurements (night-time conditions)

Flight summary, winter 1994 and summer 1995

3. SELECTED RESULTS
3.1 Background concentrations:
Background abundances of NO, N02, HN03, S02, (CH3)2CO (acetone), H2Os and aerosols
were measured. The concentrations varied strongly, see Fig. 2, e.g„ Median NOx mixing ratios
at 10.5 to 11.5 km altitude were between 75 and 125 pptv in winter and summer, respectively.
The NO data showed a local maximum at the altitudes of maximum air traffic, possibly
reflecting the aviation impact. Ozone mixing ratios and PV (potential vorticity from ECMWF
analysis) were correlated with correlation coefficients of 0.89 and 0.91, and slopes 33 and 28
ppbv/PV, in the summer and winter campaigns, respectively. Other abundances were as follows.
HN03: 0.01 to 3 ppbv; S02: 0.01 to 1 ppbv; (CH3)2CO: 0.1 to 2 ppbv. The results are of high
importance for chemical transport models. Acetone is considered to be a possible source for
HOx. HN03 may act as an perhaps underestimated source for NOx in the upper troposphere.
The HNOyTSfOx ratio (between 3.3 and 7.0 in 4 cases, 18 in one case) appears to be smaller than
thought before. The temperature values were found to be close to the ECMWF analysis values;
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for H20 data, the analysis shows the same structure but some differences in the mean values
(Ovarlez and Velthoven, 1996). Persistent contrails where observed at several occasions with
ambient humidity of 100 to 150% relative to ice.
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Figure 2. Summary of NO measurements of all POLINAT flights versus altitude in (a) winter

and (b) summer. Data are 3 min. mean values.
3.2 Signals of airtraffic emissions
The data show aircraft traces in terms of NOx, C02, CN (condensation nuclei with diameters
3 to 300 nm), H20, S02, HN02, and HN03 (Schlager et al., 1996). The signals compare quite
well with simple Gaussian multiple plume models. The NO and CN fields are very spotty, as
predicted (Schumann and Konopka, 1994). Concentration peaks become diluted to the level of
background variability within 3 to 10 hours, during which the plumes disperse typically 200
m vertically and 15 km horizontally (Durbeck and Gerz, 1995, 1996, Schlager et al., 1996).
The measured dilution factors follow N(t) = 7000 r08 for 0.01 < r< 104 s to a reasonable
approximation. The measured CN/NOx ratio of 300 cm'3/ppbv implies a concentration increase
of CN by about 30 cm"3 in regions where air traffic cause 100 pptv increase of NOx abundances.
Concentration changes at the corridor scale are difficult to identify in general. However, the
measurements between June 21 and June 28, 1995, occurred within a stagnant anticyclone,
where the aviation emissions dominated the concentration changes. The measurements (Schlager
et al., this volume) show strong increases of NO, 03 and CN abundances during this period,
with definite contributions from aviation emissions, but possibly also from thunderstorms. This
shows experimentally a positive correlation between NOx and 03 concentrations near the tropopause.
3.3 Effective emission indices
For ten wide-bodied aircraft the effective emission indices of NOx, S02, HNOz, HN03, and
CN particles were measured based on simultaneous measurements of the abundances of these
emissions and of C02 behind aircraft at 50 to 150 s plume ages (Schulte et al., 1996). Table 4
lists effective measured El values of NOx (bracketed values include computed N02 fraction),
S02, HN02, HN03, and CN (total and non-volatile fractions), and measured values of
y = N02/NOx at plume age % of about 100 s (for further data see Schulte et al., 1996). The
measured El values for NOx are larger than those for medium sized jet aircraft (Schulte and
Schlager, 1996). The El of S02 vary for different aircraft, presumably because of different fuel
sulphur contents and are slightly smaller than usually assumed (1 g kg'1). They are large enough
to exclude a near 100% conversion of S02 to H2SQ4. The measured El values imply that less
than 10% of NOx gets converted to NOy in young plumes, in agreement with models (Kraabpl
et al., 1996). The last two columns of Table 4 show model results (details to be described
elsewhere) of the initial values of y(0) and of the El of OH radicals at engine exit, els required
to explain the measured values of HN02 and HN03 abundances, where available; otherwise
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7(0) is determined such that the model fits the measured N02/N0x ratio in the aged plume. We
find initial N02/NOX ratios of order 0 to 0.15, and hydroxyl (OH) El values between 0.1 and
1.5 g kg"1, corresponding to OH mixing ratios of 1.5 to 38 ppmv at engine exit. In some cases,
the measured HN0a/HN02 ratio implies larger y(0) values than the measured N02ZN0 ratio in
the aged plume. The high variability for EI(OH) and y(0) remains to be explained. Some
uncertainty comes from unknown amplification of photolysis rates of NOz over clouds.
Case Type

1

Engine

El
NOx
g/kg

B747 CF6-80C2B1F 12.3
B747
JT9D-7A
(19.8)
B747
JT9D-7A
(22.0)
B747
CF6-50E2
(14.6)
23.7
B747
JT9D-7J
DC10
19.7
CF6-50C
30.4
B747
JT9D-7J
21.0
B747
JT9D-7A
17.0
B747
CF6-50E2
A340 CFM56-5C2
16.2

2

3
4
5
6

7
8

9
10

Table 4.

El
SO,
g/kg

hno2

0.82
0.27

0.81
0.44

-

-

0.48
0.53
0.52

0.14

0.20

0.10

-

-

-

-

El
g/kg

El
El CN El CN no2/
HNO3 total nonvol. NO,
g/kg lO'-Vkg 1015/kg = YCc)
0.06
0.80
0.89
0.17
0.33
0.54
0.15
5.8
0.09
0.27
0.13
0.11
4.5
0.46
0.33
9.9
0.06
0.45
0.06
0.81
0.07
0.57
1.8
0.23
0.53
1.6
0.22
2.9
-

-

-

-

-

0.30

no2/

NO,
= 7(0)

El OH
g/kg

0.03
0.15

_

-

-

-

-

0.11

-

-

(0.07)

-

-

_

1.54
0.30
-

0.15
0.07
0.15
0.13
0.15

0.24
0.28
0.06

0.10

-

0.11

-

Effective emission indices (El)

3.4 Magnitude of emissions impact
The CN emissions are huge. For an effective CN emission index of order 1016 kg"1, and for
typical values of the fuel consumption within the corridor, one computes again a mean CN
concentration increase in the NAFC of order 30 cm"3. This is a large disturbance for typical
background values of 100 to 300 cm"3. Most of the CN particles are volatile (volatility ratio
50:1 in the aged plumes, 3:1 in background air, small fractions of totally insoluble particles in
plume air) (Hagen et al., 1996), suggesting strong homogeneous H2S04-H20 nucleation. Aged
plumes show a loss of small particles, below 30 nm, with peak concentrations in the range 30
- 60 nm. Young plumes show a Junge type distribution. This indicates strong coagulation of
particles, but changes in the particle number in an individual plume with plume age or differ
ences between daytime and nighttime cases are small. Night-time ion measurements show vir
tually zero H2S04 increases above background in a plume of 100 s age.
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Figure 3. Time series of measured (dashed) and modelled (full, CTMK model) results of (a)
03 and (b) NO concentrations for 2 November 1994.

The models cannot yet resolve the measured highly variable NOx fields while they compare
quite well with the 03 data, see Fig. 3. Using the ANCAT emissions data, the models predict
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significant increases in N0X concentrations due to airtraffic in the NAFC (up to 70% in summer
and 50% in winter). The different CTM models compute a maximum ozone increase due to
aviation NOx in this region of 7 to 10 ppbv (<10% of upper tropospheric ozone) in summer.
In winter, the effects are about half these values. A detailed analysis of the traffic within the
Shannon and Prestwick radio controlled airspace of the NAFC revealed emissions which are a
factor 0.52 to 0.64 smaller than given by the ANCAT dataset in this area. This implies smaller
NOx and 03 changes. Further results are reported in Schumann (1996) and several papers in this
volume.
Support by CEC-DG12, contract EV5V-CT93-0310, is gratefully acknowledged.
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AEROTRACE - MEASUREMENT OF TRACE SPECIES
IN THE EXHAUST OF AERO ENGINES
(CEC Contract AERA-CT94-0003)
R V Cottington
DRA, Famborough, UK
Abstract
There is growing evidence that trace species, both gaseous and particulate, play an important role in the
chemistry of the atmosphere. Very little is currently known about the nature and concentration of these
species emitted by aircraft engines. The purpose of AEROTRACE, therefore, is to make representative
measurements of trace species emissions, such as particulates, hydrocarbon constituents and various
nitrogen compounds, from engine combustors over the entire flight altitude range from ground level to
cruise conditions. This-papcrpreseats/fen overview of the programme and progress to dat<^
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1.

pr

INTRODUCTION

Aircraft emissions deposited in the upper troposphere and lower stratosphere continue to give
rise to important questions over potential environmental impact. Although these emissions are
small compared to anthropogenic surface emissions, they are introduced directly into the upper
atmosphere. It is this aspect, together with the project growth of the commercial subsonic
aircraft fleet which cruise in this region, that is the cause of increasing concern over the possible
impact on the levels of ozone and consequences for climate changes.
Current emphasis has been largely concentrated upon the contribution of NOx emissions. This
has been researched under AERONOX, which addressed the impact of NOx on the atmosphere at
the cruising altitude of 8-15km of the present subsonic aircraft fleet. Measurements were made
of the emissions from both combustion chambers and engine exhaust and correlations derived for
NOx as a function of flight and engine conditions. This information provided data input to
downstream plume prediction models describing the physical and chemical changes taking place
prior to final dispersion into the global scale atmosphere.
There is growing evidence from research into the atmospheric impact of aircraft emissions that
trace species, both gaseous and particulate, play an important role in these physical and chemical
atmospheric processes. Although some measurements of trace species were made in
AERONOX, these were very exploratory and pointed to the need for a research project
concentrated on acquiring fundamental information on their composition and concentrations.
AEROTRACE was therefore proposed to address this specific need.
2.

THE PROBLEM

Engine emissions from the operation of high-flying aircraft may alter background concentrations
of atmospheric trace gases. Besides the emission of NOx (NO and N02), a comprehensive
knowledge of NOy (NO, N02, N03, N205, HN04, HN03, HN02, organic nitrates etc), non
methane hydrocarbons and their partial oxidised products, and particulates is also essential for
the correct modelling of the engine exhaust plume chemistry. Specifically, a better knowledge of
NOy emissions is needed because of the potential influence of these species on stratospheric and
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tropospheric ozone, (eg heterogeneous conversion of N02 to HN03 on sulphuric acid aerosols,
photochemical oxidation processes in the exhaust plume, HN03 contribution to the formation of
Polar Stratospheric Clouds (PSC), Nitric Acid Trihydrate (NAT) at low temperatures.
The emission of non-methane hydrocarbons arises from unbumt or partially oxidised fuel and
consists of a large variety of different species. However, the largest emissions of non-methane
hydrocarbons are probably in the form of ethene, propene, acetylene, formaldehyde,
acetylaldehyde and small aromatic hydrocarbons such as benzene and toluene. Detailed
knowledge of the emission of these species is important, in particular, because of their high
reactivity which may lead to chemical reactions in the immediate wake of aircraft. These species
may act via complex chemical reactions, eg as a sequester for N02 leading to the formation of
organic nitrates, in particular, peroxynitrates.
A more reliable quantitative understanding of particulate emission, eg soot, is important because
these species may contribute directly to climate change because of their scattering/absorption
properties. Furthermore, particulates may act as additional condensation nuclei which lead to
significant aerosol formation.
Techniques, based on intrusive sampling, for making emissions measurements at ithe engine
exhaust or at the outlet of combustor rigs are well established for the principal gaseous species,
namely, C02, CO, H20, total hydrocarbons (HC) and NOx. However, this is not the case for
measuring trace species. While high sensitivity instruments exist which are capable of making
such measurements, their application to engine exhaust and combustor rigs have been very
limited. It is necessary, therefore, to identify and adapt suitable measurement techniques and to
develop the necessary methodology to make accurate and reliable trace species measurements in
the presence of the very high C02 and H20 levels present in combustor and engine e>:hausts. It
is considered essential that these techniques must be sufficiently well validated to generate the
necessary confidence, in terms of accuracy etc, in the resulting data.
3.

TECHNICAL PROGRAMME

3.1

General Description

AEROTRACE was designed to address as wide a range of trace species as possible from engine
combustors installed in research rigs in order to determine the contents of the actual source
emissions. This is considered as the first step in determining the composition of trace species
that eventually emerge from the engine and are transported downstream in the aircraft wake.
Use, therefore, has been made of separate combustion test facilities available amongst the
partners to characterise the trace species over a range of conditions typical of engine operation
from sea level to cruise altitude. This has allowed not only the sensitivity of the different species
groups, namely, particulates, nitrogen species and speciated hydrocarbons, to combustion
conditions to be studied but also the influence of combustor design to be assessed. Finally, a
combined test on an engine combustor installed in a high pressure test facility has been
conducted with simultaneous measurement of all the trace species groups. This has generated a
unique set of data which will provide the necessary validation of the above sensitivity data.
Intrusive sampling was used throughout the test programme in order to build on a wellestablished approach. Furthermore, measurements of all principal emissions were made in
addition to the trace species under consideration.
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3.2

Objectives

The primary objectives of AEROTRACE can be summarised as follows:a)

to identify and adapt techniques for measuring the emissions of the three principal trace
species groups, namely, particulates, nitrogen compounds and speciated hydrocarbons,
from aircraft engine combustors

b)

to assess their sensitivity to engine operation over the flight envelope and to provide a
basis for extending the flight emissions database initiated under AERONOX

c)

to quantify the physical and chemical properties of the fuels used to provide baseline
reference data for the sensitivity analysis

3.3

Programme Organisation

The programme commenced on 1 December 1994 and is likely to run for 2Vi years. Its partners
consist of DRA, DLR, ONERA, INTA, Rolls-Royce, Snecma, MTU and BU-GH Wuppertal.
Each of the three project proposers are responsible for the measurement of one particular trace
species group as follows:DRA
ONERA
DLR

Particulates
Nitrogen species (NOy)
Speciated hydrocarbons

The fuel characterisation work is assigned to INTA, making use of their specialised capability in
this area.
The overall programme structure consists of six tasks and is shown in Figure 1.
AEROTRACE
P reject
C o-o rd in atio n
DRA

Measurement of
Particulates
DRA

M easurem ent of
Nitrogen Species (NOy)
ONERA

Task 3
M easurem ent of
Speciated Hydrocarbons
DLR

Combined Measurements
from a Single Source
DRA

Sensitivity Data
Analysis
DLR

Figure 1 AEROTRACE Project Organisation
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Task 4
Assessment
INTA

3.3.1

Task 1 : Measurement of Particulates

The aim of this task is to characterise particulate emissions in terms of particle size and number
distribution and to assess the potential of particulates to act as condensation nuclei. The
Scanning Mobility Particle Sizer (SMPS) is capable of making such measurements. However,
because of its complexity, it is difficult to interface with test facilities and requires a specialist
operator. Therefore, it has been used to calibrate two simpler instruments, namely, a
Condensation Nuclei Counter (CNC) to measure particle number density and an SAE smoke
Number (SN) instrument to measure total particulate mass, for use on the combustion rigs.
Since conventional sampling methods were to be used to transfer the particulate emissions from
the combustor to the measuring instruments, an assessment was made of the sample line losses in
relation to line dimensions, sample transfer velocity and smoke level.
Measurements of the particular size and distribution have been made in a number of different rig
combustors, corrected for sample line losses and correlated with combustor operating conditions,
particularly inlet pressure, temperature and overall air/fuel ratio.
A particle hydration system is being designed and used to examine the relationship between
particle size distribution and hydration coefficient. This will provide information on the
hydrophilic and/or hydrophobic nature of carbon particulates.
3.3.2

Task 2 : Measurement of Nitrogen Species (NOy)

The aim of this task is to investigate the methodology for making measurements of the NOy
species, ie the components of NO and N02, as well as other nitrogen components which act as a
reservoir for the active NOx species. Emphasis is also placed on the measurement of nitric acid,
HN03 and nitrous acid, HN02. The classical chemiluminescence method was used for NO and
NOx measurements with luminescence characterisation of N02. For HN03 and HN02
measurement, the extracted sample is passed through a system of filter papers impregnated with
NaCl and Na2C03, respectively. A key aspect of this work has been to determine the optimum
filter pack configuration in order to achieve high precision measurements using the minimum
volume of extracted sample.
Having established the methodology, measurements were made of NOy in the exhaust gases of a
tubular combustor operated over a range of pressures and temperatures in the ONERA high
pressure, high temperature test facility.
3.3.3

Task 3 : Measurement of Spectated Hydrocarbons

To measure the range of individual hydrocarbons and oxygenated hydrocarbon compounds
present in the exhaust of a rig combustor, it was necessary to adopt off-line sampling and
analysis. The gas sampling system was tested for sampling losses using mixtures of different
hydrocarbons,. The off-line analytical techniques used included thermal desorption, gas
chromatography and mass spectroscopy. The emission of partially oxidised hydrocarbons, eg
aldehydes and other organic carbonyl compounds such as ketones were analysed by converting
them to the corresponding dinitrophenylhydrazones and detecting them by high performance
liquid chromatography.
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Parametric tests were conducted on a combustion rig to determine the dependences of organic
emissions on combustor operating conditions of pressure, temperature and overall air/fuel ratio.
3.3.4

Task 4 : Fuel Quality Assessment

All the fuels used in the combustion rig tests are to be characterised as detailed in the AVTUR
specification DERD 2494. The analysis will be extended to include the measurement of the
hydrogen and naphthalene contents. These analyses will provide baseline reference data.
3.3.5

Task 5 : Combined Measurements from a Single Source

The measurement and analyses of the emissions of particulates, NOy and organic species were
made separately on exhaust samples from several different combustion systems. While detailed
knowledge has been gained on the appropriate measurement methodology and the sensitivity of a
trace species group to the operating conditions of a particular combustor, it is necessary to
determine the interdependence between these groups. This has been achieved by conducting a
combined test on a tubo-annular combustor at DRA, at which measurements of all three species
groups were taken simultaneously together with the principal emissions. Figure 2 shows the test
arrangement used. Samples were obtained from a common source point within the exhaust gas
stream from the combustor and fed individually to on-line analysers or to storage vessels for off
line analysis.
PTFE LINE
HN03 and HN02

COMBUSTOR

NO and N02

SPECIATEO

OXYGENATED

PARTICULATES

C02, CO, Total HC.
NOx and Smoke

Figure 2 Instrumentation Layoutfor combined test

Although kerosene fuel was used for most of the combustor tests, the opportunity was taken to
repeat some tests using diesel fuel in order to investigate the influence on the trace species
generated of dramatic changes in fuel properties.
3.3.6 Task 6: Sensitivity Data Analysis
This task is aimed at bringing together all the measured data, whether generated from Task 1-3,
or from the combined tests of Task 5, in order to determine the sensitivity of trace emissions to
changes in combustor operating conditions, such as pressure, temperature and overall air/fuel
ratio, which can be correlated with aircraft flight conditions. Such relationships, potentially, can
form the basis for predicting trace species emissions at various points in the flight envelope.
4.

ACHIEVEMENTS

Most of the experimental work has now been completed and effort is concentrated on analysing
measured data, estimating their accuracy and assessing their sensitivity to engine operating
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conditions. The measurement techniques and results obtained for each of the three tr ace species
groups are covered in separate presentations at the symposium. However, key highlights will be
summarised below.
The effect of transporting smoke samples down sample lines has been investigated. The
mechanism of smoke particle deposition on sample line walls has been elucidated which has
made it possible to predict with confidence smoke losses in both stainless steel and PTFE lines.
Rig testing to determine the dependence on combustor operating conditions of the to tal number
of smoke particles emitted has been completed. The operating conditions varied were, pressure,
inlet air temperature and air/fuel ratio. All three variables affected the number of smoke particles
emitted in a concerted and reproducible way.
For NOy measurements using the filter pack method, the accuracy of the results is highly
dependent on the volume of the sampled gas. To achieve sufficient accuracy required very long
sampling times, up to 30 minutes per test point. This clearly limited the total number of test
points that could be covered. Preliminary results showed HN03 concentrations to be less than
0.3% of total NOy and HN02 concentration to be less than 1.6% of total NOy. Maximum N02
production was associated with maximum HN03 products.
Of the individual hydrocarbons and oxygenated hydrocarbons, the main compounds were
formaldehyde, acetaldehyde and acrolein. The highest emissions were from aldehydes which
peaked at 17ppm at the idle test condition. The concentration of unsaturated hydrocarbons such
as alkenes and alkynes was much greater than the concentration of saturated hydrocarbons. This
is an important observation because the former are much more reactive in the atmosphere, thus
having a higher potential for forming ozone than do the latter. Although a large number of
different species were detected in the exhaust, it was observed that only a small number of 8 to
10 hydrocarbons contribute up to 80% of the total hydrocarbon emission.
5.

RECOMMENDATIONS

Further research into appropriate trace species measurement methodology is essential if accurate
and credible technical information is to be made available to the atmospheric science community
for assessing the impact of aviation.
Trace species measurements should be made on other combustor types, in particular, those being
developed for ultra-low emissions applications such as the lean bum, premixed, pre vaporised
combustor.
Research should be conducted into the possible changes in trace species composition as the
combustor exhaust emissions are transported through to the engine exit.
Remote sensing methods must be established with the ultimate aim of making engine exhaust
measurements of both principal and trace species under flight conditions. This clearly is a
substantial step, since it is vital to establish a creditable audit trail back to well-proven sampling
methods.
© Crown copyright 1996
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Aircraft Emission Inventories for Scheduled Air Traffic for the
1976-92 Time Period: Historical Trends
Steven L. Baughcum, Stephen C. Henderson, and Terrance G. Tritz
The Boeing Company
P. O. Box 3707, MS 6H-FC, Seattle, WA 98124 USA

Emission inventories of fuel burned, NOx, CO, and hydrocarbons have been calculated
for scheduled air traffic in 1976,1984, 1990, and 1992 on a 1° latitude x 1° longitude x 1 km
pressure altitude grid. Using this database, the seasonal variation and historical trends in
aircraft emissions have been calculated for selected geographical regions (e.g., North Atlantic,
Europe, North America, North Pacific). The trend in emissions is a combination of the effects
of passenger demand growth, improved aircraft efficiency, changes in combustor
haracteristics, and aircraft size.
1.

Introduction

Detailed inventories of aircraft emissions are required to evaluate the atmospheric effects
of aircraft emissions. As part of the NASA Atmospheric Effects of Aviation Project, we have
developed emission inventories from scheduled air traffic for 1976, 1984, 1990, and 1992 [14]. Scheduled air traffic is defined here as passenger jet, cargo, and turboprop flights listed in
the Official Airline Guide (OAG). In a parallel study, researchers at McDonnell Douglas have
been developing inventories for air traffic due to charter, military, and air traffic within the
former USSR and China not listed in the OAG [1,5-6].
In this paper, we present an overview of the calculated results for the 1976-92 time
period.
2.

Methodology

The schedule of aircraft frequencies between cities (i.e., city pair) for each aircraft type
is extracted from the Official Airline Guide (OAG). Specifying the exact aircraft/engine
combination for a given flight involves matching the OAG aircraft code with the aircraft models
and engines used by that airline. It also requires eliminating duplicate flights for the same
airline and adjusting for code sharing of flights between two airlines (shown as two flight
numbers but with only one flight).
The aircraft/engine combinations used by the airlines are matched to a list of aircraft for
which detailed performance data is available. This performance database relates fuel bum and
optimum flight altitude to weight of the aircraft. Typically, the available performance dataset is
a much smaller subset of the total number of aircraft/engine combinations in use by the airline.
For 1992 air traffic, approximately 230 aircraft/engine combinations in use by the airlines were
matched to a performance dataset consisting of 76 aircraft/engine combinations. For each
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engine type considered in the dataset, a file of emission indices as a function of fuel flow is
obtained from the ICAO Engine Exhaust Emissions Databank [7].
For each flight, the takeoff gross weight of the aircraft is calculated from the flight
distance (assuming great circle routing), including fuel reserves and an assumed 70%
passenger load factor. The altitude as a function of distance is determined from the gross
aircraft weight for the mission. The fuel bum rate is calculated from the performance data as a
function of distance. From the fuel bum rate, the emission indices are calculated using an
emission fuel flow methodology [3], with corrections for ambient conditions. The mission
profile is then projected onto a three-dimensional grid (1° latitude x V longitude x 1 km
pressure altitude resolution). This process is then repeated for all flights (approximately
55,000 departures/day for 1992).
3.

Results

The results of these calculations are described in detail elsewhere [3-4]. Table 1
summarizes the global fuel burned and emissions calculated for each month of the analysis.
The results for 1992 illustrate the seasonal variation in air traffic, peaking in the summer with a
minimum in the winter. The amplitude of the seasonal variation varies with geographical
regions. Aircraft emissions in the North Atlantic are calculated to have an amplitude of ± 18%
over the seasonal cycle, while emissions over North America and Europe have an amplitude of
± 6%.
Over the 1976-92 time period, global fuel use by scheduled air traffic is calculated to
have approximately doubled. Global NOx emissions were calculated to have increased by a
factor of approximately 2.5. By contrast, increased combustor efficiency resulted in a decrease
in global hydrocarbon emissions while global carbon monoxide (CO) emissions increased by
approximately 21%.
The majority of aircraft fuel burned and NOx occurs at cruise altitudes (9-13 km) (see
Figure 1). By contrast, hydrocarbon and carbon monoxide emissions occur predominantly on
the ground during taxi operations. As Figure 1 illustrates, global fuel burned and NOx
increased at all altitudes over the 1976-1992 period. For hydrocarbon emissions, global
emissions at ground level decreased monotonically over the time period. At cruise altitudes,
CO and hydrocarbon emissions were calculated to drop between 1976 and 1984 and then
increase between 1984 and 1992.
Growth in air traffic in specific regions has occurred at different rates [8]. The
emissions within a geographical band depend on the number of flights and the types of aircraft
being used. Use of more efficient aircraft can offset, at least partially, an increase in air traffic.
To examine, this more closely emissions in selected geographical regions were summed within
a specified geographical box and altitude band. The fraction of global fuel within the different
geographical regions is shown in Table 2 which illustrates that air traffic has grown faster in
some regions (e.g., the North Pacific) than in others. (The coordinates of the geographical
regions used here are given in Reference 4).
Figure 2 shows such the calculated NOx emissions at cruise altitudes (9-13 kilometers)
for eight geographical regions [4]. The solid line is the result of a least squares fit to an
exponential growth curve. The most dramatic growth is in the North Pacific region. Increases
in NOx emissions are a function of both increased air traffic and changes in airplane/engine
technology. Modem engines have achieved higher efficiencies by operating at higher

76

Table 1.
Month

Calculated fuel burned and emissions from scheduled air traffic.
NOx
Fuel
Hydrocarbons
CO
(10^ kg/day)
(10** kg/day)
(10& kg/day)
CIO** kg/day)

1.17
1.28
Feb. 1976
1.26
1.36
May 1976
1.49
1.35
Aug. 1976
Nov. 1976
1.22
1.33
2.04
Feb. 1984
1.66
1.74
May 1984
2.15
Aug. 1984
1.86
2.31
1.74
Nov. 1984
2.15
3.14
May 1990
2.45
Jan. 1992
2.35
3.05
3.22
Feb. 1992
2.49
Mar. 1992
3.26
2.51
2.54
Apr. 1992
3.30
May 1992
2.59
3.36
3.49
June 1992
2.68
2.74
July 1992
3.57
2.74
Aug. 1992
3.58
Sept. 1992
3.47
2.66
Oct. 1992
3.38
2.60
Nov. 1992
2.61
3.40
Dec. 1992
2.59
3.37
Note: NOx is reported as gram equivalent NO2.

1.04
1.13
1.19
1.08
1.08
1.11
1.16
1.09
1.36
1.18
1.33
1.34
1.35
1.37
1.40
1.43
1.43
1.40
1.37
1.38
1.36

0.67
0.76
0.79
0.70
0.54
0.56
0.57
0.54
0.57
0.43
0.54
0.54
0.54
0.55
0.55
0.56
0.56
0.55
0.53
0.53
0.52

Table 2. Fraction of global fuel use occurring within the geographical region.
Region/Date
May 1992
May 1976
May 1984
Northern Hemisphere
Southern Hemisphere
Continental United States
Europe
North America
North Atlantic
North Pacific

92.6%
7.4%
43.7%
13.6%
45.1%
7.0%
6.7%

92.5%
7.5%
41.5%
12.1%
43.0%
6.8%
8.2%

92.3%
7.7%
33.7%
12.9%
35.5%
7.5%
10.1%

temperatures and pressures, which can lead to higher NOx emission indices (grams of NOx/kg
fuel burned) unless the engine is designed for low-NOx emissions.
Growth curves for CO and hydrocarbon emissions at cruise altitudes are markedly
different [4]. Carbon monoxide emissions were calculated to decrease in all of these major
regions between 1976 and 1984 and then increased between 1984 and 1992 as air traffic grew.
Hydrocarbon emissions were calculated to drop dramatically between 1976 and 1984 and then
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increase to less than 1976 levels in most major regions. The exception to this was in the North
Pacific where the increase in air traffic overwhelmed the changes in technology as older, lessefficient aircraft were removed from the fleets.
4.

Conclusions

Three-dimensional emission inventories of aircraft emissions from scheduled
commercial aircraft have been developed for selected months of 1976,1984, and 1992. While
fuel burned and NOx emissions at cruise altitudes have been increasing at rates comparable to
the increases in passenger demand, carbon monoxide and hydrocarbon emissions have
increased slowly, if at all. The trends in emissions reflect the combination of increases in
passenger flow between regions, changes in aircraft technology (size, range, and efficiency),
and changes in engine technology (efficiency and emission characteristics). These calculations
have assumed that the aircraft operated according to designed performance on great circle
routes; thus, the calculated trends do not reflect changes in the efficiency of the air traffic
system during this time period.
These datasets, when combined with similar inventories of emissions from military,
charter, and non-OAG scheduled traffic in the former USSR and China, should provide a
sound basis for evaluations of the effects of aircraft emissions relative to other natural and
anthropogenic NOx sources.
The aircraft emission inventories will be available through the NASA Atmospheric
Effects of Aviation Project
5.
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Figure 1. Comparison of fuel burned and emissions as a function of altitude
for May 1976 (dotted line), May 1984 (dashed line), and May 1992 (solid line)
for scheduled air traffic.
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Figure 2. Calculated NOx emissions as a function of year for the
time period 1976-1992 in the 9-13 kilometer altitude band. The solid line
is the fit to an exponential growth curve.
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A GLOBAL INVENTORY OF AIRCRAFT NOx
EMISSIONS (ANCAT/EC 2)
A revised inventory (1996) by the ECAC/ANCAT & EC working group
R. M. Gardner et al
Abstract
The ANCAT/EC 2 inventory in the base year, 1991/92, has accounted for a total fuel bum of 132.5 Tg/yr
and a NOx mass of 1.82 Tg/yr. The civil subsonic fleet average emissions index is El NOx 13.9. The
inventory has accounted for 80% of the IEA JTf refined jet fuel total for 1992. The forecast 2015
inventory accounts for 289.4 Tg/yr fuel and 3.48 Tg/yr NOx, increases of 118% and 91% respectively.
Both datasets will be reported fully in the next few months.
INTRODUCTION

ris-paper-repeds Results of me /ANCAT/EC 2 inventory produced by the European
JCAT/EC emissions inventory group// The base year inventory has been completed and is
^currently being written up for report publication.
--------------------------- —------1.2. The initial aircraft NOx emissions dataset produced by the group in support of the
AERONOX aircraft emissions research project was reported in 1995 [2] and became known as
ANCAT/EC 1A. In the context of work undertaken in the work programme of ICAO’s
committee on aviation environmental protection the ANCAT/EC group produced, but did not
publish, a further partial dataset known as ANCAT/EC IB which included some model
developments. These inventories and the work of comparison and analysis of available datasets
is included in the reports of the CAEP/ Emissions Inventory Sub Group [3] and the Databases
and Forecasting Sub Group [4].
2.

STRUCTURE OF ANCAT/EC 2

2.1

Traffic database

2.1.1. The movement database was constructed for four individual months, July and October
1991 and January and April 1992, the most recent for which data were available, to illustrate the
seasonality of air traffic. Seasonality was illustrated previously in ANCAT/EC 1A. The key
source of data on civil aircraft movements is Air Traffic Control (ATC) data supplemented with
data drawn from published timetable sources, especially the ABC airline timetable guide. ATC
data are considered to be more comprehensive as these will include any non-scheduled data
including charter, freight, business jet (bizjet), maintenance, positioning and postal flights.
Owing to the unavailability of ATC data for the US, timetable data had to be used for this
significant portion of global traffic. Data for internal flights in the states in the CIS area are from
the Aeroflot timetable, the content of which was assumed to have been shadowed if not precisely
flown. Internal flights for China are taken from an Chinese study of movements for a one month
period. Turboprops are not represented in the inventory though these are estimated to represent
about 1-2% of global fuel use. However, the altitudes at which these aircraft fly are less
sensitive to NOx emissions.
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2.2

Representation of aircraft types and profiling

2.2.1 The database includes over 300 aircraft types which can not be individually modelled for
lack of flight profile data and logistical reasons. Representative aircraft types have been
modelled using PIANO, a parametric aircraft design model, which also predicts fuel
consumption throughout the flight cycle. A total of 16 representative civil subsonic jet airliners
have been used and these have generic engines typical of the technology, thrust requirements of
the class and taking into account the engine population of the aircraft selected. Additionally
three representative bizjets and Concorde have been modelled. PIANO generates fuel profiles
for all the representative types covering the entire flight cycle including steps in cruise. Fuel
during taxi is based upon the ICAO certification timings [5].
2.3

Emissions calculation

2.3.1 Analysis and comparison of inventory products undertaken by ICAO has suggested that,
in the absence of manufacturers data on engine operating parameters, fuel flow based NOx
correlations offer a better means of representing emissions performance at altitude than engine
performance models. The ANCAT/EC 2 inventory therefore uses a NOx correlation based on
fuel flow (Mf) developed by DLR to predict emissions at altitude. Ambient pressure and
temperature data are taken from standard atmosphere tables and speed from the PIANO flight
profiles. All calculations have been conducted with atmospheric humidity gradients represented.
Other NOx emissions prediction methodologies based upon fuel flow (Boeing 1 and Boeing 2)
have also been used to provide comparative analysis and calculations have been undertaken with
and without the humidity corrections.
2.4

The inventory model

2.4.1 The inventory has been constructed on a model representing all stages of the flight cycle,
including taxi, for all city pairs worldwide. Flights have been plotted using great circle routings.
Mass fuel and NOx totals for global civil jet air traffic have been plotted at a resolution of 1 ° x 1 °
x 1km with an upper altitude of 17km.. The simple schematic chart at Fig.l shows the basic
elements of the ANCAT/EC 2 inventory product.
PIANO
Fuel and altitude
model for aircraft

Airport
locations

Emissions certification
data for generic aircraft

Prediction of El NOx
from Mf

computer program

Aircraft
movements

NOx (kg) per cell

Fuel (kg) per cell

Figure. 1 - Main inventory components for civilflights
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World's airspace
divided into cells

3.

MILITARY FUEL AND EMISSIONS

3.1

The original military inventory has been revised and now has three components:

i) Regional fleets by aircraft category, including number of engines and hours flown per annum.
For consistency, the regions match those used in the ANCAT/EC civil forecast. Seven
categories of aircraft are included: low and high thrust combat, jet and turboprop trainer, large
and small tanker/transport and other.
ii) Fuel flows by aircraft category and altitude band in units of mass of fuel consumed per engine
per hour.
iii) El NOx ratios by type and altitude band (low, medium and high).
3.2
Data for i) were provided by BAe Defence from company databases, and for ii) and iii)
were compiled by BAe Airbus from data provided by US EPA, Swiss Air Force and Dutch NLR.
3.3
Each region’s contribution to the overall fuel and NOx is calculated from the number of
engine hours flown per annum, taking account of the estimated proportion of aircraft in regular
service, rather than the nominal total fleet. The resulting engine hours are multiplied by the
appropriate fuel flow rate to obtain total fuel consumption. NOx emissions are then calculated
using the appropriate El NOx ratio. These data have been plotted on a grid scale and added to
the civil data.
4.

BASE YEAR RESULTS

4.1
The summary figures for the main categories of the inventory in the 1991/92 base case
are as follows:

Civil commercial
(subsonic)
Bizjet
Military
Concorde

Fuel (Tg/yr)
115.196

NOx (Tg/yr)
1.605

El (g/kg)
13.9

0.065
17.078
0.202

0.00059
0.207
0.0031

9.1
12.1
15.6 (mission)
19.9 (cruise)

Total

132.541

1.815

5.

CHANGES IN ANCAT/EC 2 COMPARED WITH ANCAT/EC 1A

5.1
The ANCAT/EC 2 inventory for the base year 1991/92 comprises several changed
elements compared with the initial and interim products - these are set out in summary in
Appendix A. Three significant changes account for the bulk of the difference between
ANCAT/EC 1A and ANCAT/EC 2. A fuel flow based correlation equation has been used to
calculate NOx emissions in place of an engine performance model, a new model has been used to
profile fuel consumption, and the aircraft movement database used in ANCAT 1A has been
modified to remove double-counted traffic in Europe. ANCAT/EC 2 also incorporates a number
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of other changes including the use of generic aircraft to represent the types in the movement
database, representation of step climb in cruise and the addition of taxi emissions. Military
emissions have been calculated on a bottom up basis rather than the top-down approach adopted
inANCAT 1A.
6.

COMPARISONS

6.1
Fuel and NOx mass figures are significantly lower than those for ANCAT/EC 1A as a
comparison of the two datasets shows. The latest NASA results and those for the DLR2
inventory (which is a related development of the ANCAT/EC 1A inventory and shares the same
database as ANCAT/EC2) are also given for completeness.
Fuel Tg/yr
ANCAT/EC2
ANCAT/
EC1A
DLR2
NASA 1992

7.

NOx (Tg/yr)

El (g/kg)

132.54
165.3

Fuel match (%
of IEA [1]
79.7
99

1.815
2.78

13.9
16.8

129.46
135.7

77.8
81.6

1.848
1.51

14.6
11.1

2015 FORECAST

7.1
The civil inventory is based on an aggregated city-pair forecast of passenger traffic with
estimates for the Former Soviet Union, Eastern Europe and non-Europe charter traffic. Forecasts
for dedicated freight, business jets and military movements have also been constructed. The
civil forecast uses “traffic efficiency” (amount of capacity offered per unit of fuel consumed e.g. ASK/Kg) to compute the civil fuel inventory and an estimate of fuel consumption rates for
the military inventory. In both cases emissions are computed using El ratios. In order to
disaggregate the forecast to the cellular grid it is necessary to scale up the base year city-pair
data. Thus, the group has not explicitly forecast the growth in city pair traffic, but the regional
patterns in growth. The base year of the forecast was aligned to the 1992 inventory prior to
computing the scaling factors.
7.2

The preliminary results of ANCAT/EC2 forecast 2015 inventory are:

Civil
Military
Total

Fuel (Tg/yr)
274.5
14.9
289.4

NOx (Tg/yr)
3.3
0.18
3.48

El NOx (g/kg)
12.3
12.1

The fuel and NOx mass totals have increased over the base case by 118% and 91% respectively.
The forecast figures are currently being run on the grid inventory.
7.3
The growth in fuel and emissions is at a lower rate than the growth in air traffic over the
period. This is because forecast estimates of future improvements in fleet fuel efficiency have
been built in as well as an emissions stringency scenario which brings in, for all new deliveries
of aircraft, the increase in NOx stringency agreed by ICAO to take effect from 2000 and that
recommended to take effect from 2008.
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8.

FUTURE WORK

8.1
The fairly advanced state of aircraft inventory development was acknowledged by the
scientific and aviation communities at the Virginia Beach Symposium in April 1996. The need
for significant further work was questioned.
8.2
It has been agreed by the parent group in ECAC that further effort should only be
committed by the ANCATZEC group:
in the short term to maintenance and minor revision/updating of the inventory and to
comparison of results with NASA and DLR, and
in the longer term to generating inventories for other emission species in accordance with
the requirements of the scientific community and appropriate linkage with research
projects such as on longer term scenarios.

9.

CONCLUSIONS

9.1

The key messages to be drawn from this new work and the resultant analyses are that:

• the 20% reduction in fuel and 35% reduction in NOx in ANCAT/EC2 compared with the
earlier ANCAT/EC 1A inventory were expected and are mainly due to use of a different
methodology for predicting NOx at altitude, a new flight and fuel profiling model, and also to
removal of the double-counted traffic data;
• the forecast result lines up well with that of other groups. The growth in fuel and emissions in
the forecast is slower than the growth in air traffic because of assumptions about improving
fuel and NOx emissions efficiency;
• all major new inventory products appear to range between 77% to 82% of the refined jet fuel
total for 1992 (the accuracy of which is questionable), a scatter of around 5%. These results
permit the modelling community to have some confidence in source emissions data used in
modelling the impact of aviation upon the atmosphere;
• the gap between calculated fuel and the refined fuel total could be narrowed but it becomes an
issue of diminishing returns: better knowledge of US, FSU and Chinese movements, inclusion
of turbo-prop emissions and examination of systematics such as using actual instead of great
circle routings would, it is estimated, perhaps add up to a further 10% to the calculated fuel
total.

10.
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DEVELOPMENT OF ANCAT NOx BURDEN PROGRAMS - CIVIL AIRCRAFT
|

ANCAT la

|

ANCAT lb

ANCAT 2

|

AIRCRAFT
Aircraft/engines

28 specific plus 5 generic aircraft/engine
combinations

28 specific plus 5 generic aircraft/engine
combinations

Payload

100% capacity (passengers plus freight) Fuel
for mission, no reserves

100% capacity (passengers plus freight)
Fuel for mission, no reserves

16 specific aircraft - engines weighted for population
to give 16 aircraft fitted with ‘average’ engines, plus
3 bizjets and Concorde
70% capacity (passengers plus freight)
Fuel for mission, standard reserves

DLR aircraft/engine performance program
DLR aircraft/engine performance program

DLR aircraft/engine performance program
DLR aircraft/engine performance program

ICAO & PIANO, flight profile from airlines
ICAO & PIANO, flight profile from airlines

DLR aircraft/engine performance program,
Breguet formula (relationship between fuel
consumed, distance flown, speed, lift/drag
ratio & specific fuel consumption)
Maximum cruise
Value at start of cruise used for whole cruise

DLR aircraft/engine performance program,
Breguet formula, but cruise split into segments for
greater accuracy

PIANO
Fuel (and distance) apportioned at up to three
altitudes according to BAe model, verified by airlines

Maximum cruise
Value at mid cruise point used for whole cruise

Long range cruise
Average fuel consumption at each altitude

DLR aircraft/engine performance program
DLR aircraft/engine performance program

DLR aircraft/engine performance program
DLR aircraft/engine performance program

PIANO
ICAO & PIANO, flight profile from airlines

Taxi-out & taxi-in excluded

Taxi-out & taxi-in excluded

Included

AERONOX Formula 1, ALT T3, P3, Ma
data referenced SL ICAO 100% with respect
to EINOx & corresponding T3, P3 & Ma;
data from DLR thermodynamic model
Sea level standard used throughout

AERONOX Formula 1, ALT P3 & Ma referenced
to SL ICAO at same T3 with respect to EINOx, &
corresponding P3 & Ma; data from DLR
thermodynamic model
Adjusted for altitude

DLR fuel-flow method, ambient Pressure &
Temperature from standard atmosphere tables,
aircraft Mach No from flight profile

CLIMB

Fuel flow
Speed
CRUISE

Fuel flow

Speed
EINOx
calculation point
DESCENT

Fuel flow
Speed
LTO

ICAO Annex 16
calculation
EINOx calculation method

Basic method

Ambient humidity

Adjusted for altitude

NOx burden calculation

| Product of relevant EINOx & cell fuel

| Product of relevant EINOx & cell fuel

| Product of relevant EINOx & cell fuel

ecac\ecac038s 10 October 1996

Appendix A

NOTES:
SL = Sea Level
ALT= Altitude
T3= Combustor inlet temperature
P3 = Combustor inlet pressure
Ma = Combustor air mass flow
EINOx = Emission index of NOx measured in g NOx per kg fuel
PIANO = DTI ‘Project Interactive Analysis and Optimisation’ preliminary design study tool for aircraft simulation validated against CAPRA program used by BA

Research on aircraft emissions - Need for future work
Alf Schmitt
DLR, German Aerospace Establishment, Transport Research Division
D-51140 Cologne, Germany
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highest priority) scenario-writing for the lon^-term development in aircraft emissions/to be able
to include into the decision making process the aspect of in-time-reaction against unwanted
future^. Besides that, a steady monitoring of global aircraft emissions will be necessary.

1. Important findings of the research on aircraft emissions and their impacts
upon the atmosphere

There are two summarizing major results of the research on the global atmospheric effects of
aviation:
* There is no indication, that emissions of subsonic aircraft are responsable
for the origin and/or the increase of the ozone depletion;
* via several processes aircraft emissions can contribute to the greenhouse effect and to ozone
production in the upper atmosphere.
Based on aircraft emissions inventories calculated by NASA and ANCAT for the baseyears
1991/1992 as input for global climate models, the effects of the current air traffic could be
estimated. The results show (with effect-depending confidence levels) that the magnitudes of
different impacts causedby present aviation emissions -especially CO2, NOx, H2O, SOx and
particulate matter as soot- are non-negligible. Strong efforts should be made, to reduce the
emissions and/or to diminish their possible nuisances. Single effects from emissions of current air
traffic are in the order of natural fluctuation. Therefore, present results are not justifying extreme
reactions.
Available air traffic forecasts up to the year 2015 are expecting average global growth rates of
aircraft movements of about 5%. Meanwhile NASA and ANCAT have also developed emissions
inventories for 2015. (Last versions of the forecasts will be made available in autumn 1996.)
Following these forecasts, fuel consumption will be about 75% higher than in the baseyear (1992),
causing an increase in the different components of aircraft emissions depending on their respective
emissions indices. No larger changes in the structure of the 3-d distribution of the aircraft
emissions are expected.
Calculations based on actual global climate models give no indications, that the scene would
dramatically change by an increase of aircraft emissions with a factor of about two and only small
simultaneous changes in the structure of the distribution.

89

Given that findings, what are the consequences for the future work programme of research on
aircraft emissions? In the following main task-fields resulting from an analysis of the current status
of research are described.

2.

Comparison of most important emissions inventories

To be able to assess the accuracy and completeness of presently available results and to identify
remaining uncertainties and missing elements the newest versions for the emissions inventories
- for current air traffic (baseyears 1991/1992; most important NASA[1], ANCA.T
[2] and DLR [3]),
- for future years (NASA, ANCAT/DTI),
- historical years (new results of NASA[4], DLR)
should be compared. Results of airborne measuremants (as Polinat) can be used (to some extent)
for validation.
This work is planned to be done (e.g.) by ICAO/CAEP4.

3.

Sensitivity studies and work on required extensions

Calculations of emission inventories are performed using sets of simplifying assumptions,
satisfactorily valid for average flights.
* It has to be studied what would be the changes in results, if calculations for
individual flights would take into account more realistic conditions.
(E.g., studies on the deviations of the great-circle-assumption, on the influence
of weather conditions, etc.)
Recently research on the global atmospheric effects of aviation has given more attention to
aircraft emissions not explicitely addressed in present emissions inventories:
* emissions of soot,
* emissions of sulphur (SO2).
Depending on the necessity and feasibility (especially considering the availability of respective
data) either emissions indices or more sophisticated information to calculate the respective global
3-d distributions of these emissions ought to be derived.
For different reasons atmospheric research is asking for information on
* diurnal cyclus of aircraft emissions,
which is not available up to now.
Parts of the wanted sensitivity work has been done by NASA. In Europe some related projects are
started on national levels. The results should be discussed and more detailed and complete work
should be done on the European (and worldwide) level.

90

4. Long-term scenarios of the development of aircraft emissions

There a widespread agreement that the impacts of emissions caused by current air traffic and air
traffic predicted for 2015 are not justifying incisive cuts into the aviation system. But what will
happen if air traffic will grow in the next century, beyond 2015, by factors of 4, of 8 or even
more? What would be the impact upon the atmosphere under those circumstances?
It is quite obvious, that at least first answers to the question of the long-term development must
be given now: In many cases/scenarios it might be too late, to start thinking and reacting at the
time when a critical level of aircraft emissions has already been reached.
Therefore main stress in further research on aircraft emissions should go to studies on the long
term development.
On account of the fact, that uncertainty about the future is strongly increasing with the time
horizon, the adequate way to study long-term developments is scenario-writing.
Taking into account already available studies (e.g.[5]), a scenario work programme concerning
the long-term development of aicraft emissions should include the following task fields:
a) Long-term development in air traffic:

•

Studying the potentials and limitations for world air traffic demand depending on
global and regional features of eg.:
* development in politics, society, international relations and other comparable
fields, influencing air traffic demand,
* growth rates of population, income and other factors determining air traffic
demand,
* development in travel behavior (inch attitude towards mobility, flying etc.),
* developments in the whole transport system, and developments with respect
to the integration of aviation into the total system,
* development in aviation technology (regarding demand related supply
aspects as frequencies, travel cost, travel time, comfort etc.),
* development in technologies which could decrease air traffic demand (high
speed trains, telecommunication, others).

•

Studying the potentials and limitations to meet the demand:
*
*
*
*

•

new aviation technologies for aircraft, air traffic control, aviation system,
limitations in capacity, energy (fuel), financing, others,
contraints due to increasing environmental problems,
policy related restrictions.

Drawing air traffic scenarios:
* describing the related fleet mix, and other parameters needed to calculate
the related air traffic database (using existing forecast models for global air
traffic),
* describing the related features of flight performance (routes, profiles, etc ),
* calculating the air traffic database (with adequate resolution).
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Checking:
* the consistency of results using different approaches (global forecasts vs.
airport related forecasts; top down vs. bottom up forecasts etc.),
* the compatibility of the air traffic scenarios with respective scenarios for total
traffic, economy etc.,
* other plausibility aspects.

•

Selecting a set of scenarios,
representing a suitable sample for the long-term development of air traffic.
(The selection should be made using different decision relevant criteria including
especially environmental aspects.)

b) Long-term development in aircraft emissions
•

Studying the emission related features of
* new aviation technologies of engines and airframe, air traffic control systems,
etc.,
* alternative fuels,
* new developments in flight operation characteristics.

• Drawing the characteristical features of a trend scenario,
which describes a future situation to compare with (reference scenario).
• Drawing a set of long-term scenarios for aircraft emissions,
by combining the scenario set for future air traffic system and demand and the
possible long-term developments in specific emissions of air transport, taking into
account the consistency aspect and
* describing determinating factors (descriptors),
* calculating the respective emission inventory (using existing performance
computer programmes).
As far as possible the following characteristics, aspects and results should be derived for all
scenarios:
* changes in total global volume (growth rates) and the structure of the 3-d dis
tribution of aircraft emissions compared to
- the situation in the baseyear (1991/1992),
- the reference scenario,
* respective time horizons of the scenarios,
* time periods after which critical global and/or regional emissions levels (to be
derived by atmospheric research) will be reached,
* typical points in time when reactions have to be started to avoid an increase
to critical levels.
Work on long-term scenarios of future aircaft scenarios has been started in the States and -on
national levels- in Europe. Again, best results could be reached, if efforts are combined in
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international co-opertation. ICAO/CAEP4 has established a focal point to foster and to monitor
the scenario work.

5. Monitoring the development in aircraft emissionsFurther steady improvement/extension of emissions inventories

To be able to use the information given by the results of the scenario-writing for concrete in-timereactions a consistent monitoring of the globally exhausted aircraft emissions will be necessary.
Global emission inventories should be calculated every 3-5 years.
Future calculations of the global 3-d distribution of aircraft emissions should be based on a
worldwide agreed common air traffic database (to be developed maybe by ICAO, ICAO/CAEP).
Use of different approaches to calculate the inventories based on this air traffic data can be
tolerated, if those methods have a certified high level in accuracy.
As requirements of climate modelists on accuracy, detail, completeness will increase with time,
there will be a permanent challenge for a further improvement of the calculations of emissions
inventories for future baseyears.

6.

Support for definition and assessing of measures to reduce aircraft
emissions

After more than five years of intensive research on aircraft emissions and their impacts on climate
and the ozone balance, in the near future the main attention of the society will turn to the question
which lessons can be learned from that research, and what are the most necessary adjustments and
the most effective and most suitable measures, to bring a viable air traffic system into a
sustainable balance with environmental requirements.
For both tasks, to define adequate reactions and to assess and rank proposed measures, the
amount and distribution of related aircraft emissions will be a essential input information.
Future results of the scenario-writing on the long-term development of aircraft emissions in
combination with the monitoring process will deliver decisive additional criteria for efficient
solutions.
Suitable methologies for the estimation of measure-related aircraft emissions should be developed,
using approaches which allow to reach the -measure dependent- required level in resolution and
accuracy involving an adequate amount of work, taking into account restrictions in data
availability.
Two example for the started work in that field are the socalled „Long-term burden studies" (DTI,
UK), aimed to estimate assumption-dependent total volumens of future emissions and the AERO
model (MLR, Netherlands), aimed to calculate measure-depending effects on the aviation system
and the impacts of the corresponding aircraft emissions upon the atmosphere. Germany and other
European nations have started respective work, too.
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ABSTRACT
The objective ef-this research is to establish, an understanding of primary pollutant, trace species, and
aerosol chemical evolution as engine exhaust travels through the nonuniform, unsteady flowfields of the
turbine and exhaust nozzle. An understanding of such processes is necessary to provide accurate inputs for
plume-wake modeling efforts and is therefore a critical element ip an assessment of the atmospheric effects
of both current and future aircraft. To perform these studies. a numerical tool was developed combining the
calculation of chemical kinetics and one-, two-, or three-dimensional (1 -D, 2-D, 3-D) Reynolds-averaged
flow equations.
J

Using a chemistry model that includes HO„ NO,, SO,, and CO, reactions, several 1-D parametric analyses
were conducted for the entire turbine and exhaust nozZle flowpath of a typical advanced subsonic engine to
understand the effects of various flow and chemistry uncertainties on a baseline 1-fo result. These
calculations were also used to determine parametric criteria for judging 1-D, 2-D, and 3-D modeling
requirements as well-as to provide information about chemical speciation at the nozzle exit plane.
-==3Tmensional, single turbine blade row calculations were used to determine the potentialjjnpacr'offlow
nonuniformities that cannot be captured directly or modeled simply through l-D_analysgsTComparisons of
1-D approximations to the 2-D turbine solutions also helped_detemwteTfie''extent to which current 1-D
modeling capabilities can resolve changes inchgmieaUcomposition. This research constitutes the first
parametric investigation of chemical processesm the turbine and exhaust nozzle using a numerical tool with
1-D, ^Drand^DcapabUities.

1. MOTIVATION, OBJECTIVE, AND APPROACH
Several aircraft engine exhaust constituents can induce significant perturbations to background
atmospheric concentrations and subsequently alter the normal balance of atmospheric processes.
Not only are traditional pollutants such as NO, important, but several trace species have been
observed to play a role in chemical processes occurring in the exhaust plume and aircraft wake [I].
Because several of these species undergo significant change between the combustor and nozzle exit
plane, an understanding of the primary and trace speciation of aircraft exhaust focusing on the
evolution of HO,, NOy, and SO, chemistry is important. Towards this end, computational
modeling of fluid-chemical processes in the turbine and exhaust nozzle can be used to examine the
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extent of chemical change and to assist in the evaluation of experimental results [2], Particularly,
the potential for early SO, and NOy oxidation the turbine and exhaust nozzle can be assessed.
Modeling efforts can also be a useful supplement to experimental studies of trace species
chemistry. The expense of ground-based, in situ, and altitude-cell tests as well as proprietary and
regulatory-based concerns limit the number and relevance of engine tests. There are a restricted
number of exhaust studies and data sets useful to the atmospheric effects of aviation research
effort. Further, less experimental data is available for trace species than for primary pollutants and
future studies will address only a few measurable species at the engine exit plane. Although more
extensive test programs are being undertaken to expand available trace species data,
instrumentation requirements, lack of test opportunities, and inadequate understanding of trace
species evolution generally limit the applicability of these tests to the assessment effort.
The objective of this research was to establish a method and tools through which to conduct
modeling studies of post-combustor chemistry and to demonstrate the usefulness of the tools
through applications in a few areas of current technical concern. Specific research questions
addressed were:
1. What level of computational modeling is required to capture post-combustor chemical change
with an accuracy appropriate for downstream predictions of plume/wake chemistry?
2. What do preliminary results reveal about the extent of changes in speciation and the relative
importance of these changes to the atmospheric impact assessment process?
A significant portion of this research effort concentrated on the development of a flexible
numerical tool capable of providing useful information at various levels of modeling detail. This
effort has resulted in the development and application of the CNEWT code. CNEWT combines a
well-established turbomachinery code, NEWT [3], a chemical kinetics solver VODE [4]. and
support routines from the CHEMKIN-II library [5] within a structure currently capable of calculating
passively reacting internal flows where chemistry has no influence on the course of the flow
solution. Subsequent investigations constitute the first broad parametric investigation of chemical
processes in the turbine and exhaust nozzle using a numerical tool with 1-D, 2-D, and 3-D
capabilities.
NEWT employs a vertex-centered, finite-volume solution method incorporating a four-stage

Runge-Kutta time discretization scheme to solve the full Reynolds-averaged Navier-Stokes. mass,
and energy equations for 3-D geometries. The steady version of NEWT, with quasi-unsteady inlet
boundary condition capabilities, was augmented to provide for calculation of an arbitrary number
of species equations. The species equation source term was used to incorporate chemistry for any
desired mechanism. An explicit, operator-splitting algorithm was implemented to couple the
species flow and chemistry calculations. Rates of chemical evolution likely to be encountered in the
stiff fluid-chemical system of the turbine and exhaust nozzle can be resolved using a practical
mesh resolution. An additional 1-D kinetics capability, used for solving along averaged profiles of
relevant flow parameters, extends the CNEWT code to all dimensions. Refer to [6] for validation
exercises and further information about CNEWT.

2. RESULTS
Three computational elements were used to conduct this study:
1.

1-D, full turbine and exhaust nozzle flowpath calculations using average profiles for the time
evolution of static temperature and pressure, Ts(t) and Ps(t), through a representative, advanced
subsonic engine (ASE).
2. 2-D, representative, single blade row calculations based on the high-pressure turbine (HPT)
inlet temperature of a representative ASE.
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3.

I-D calculations using averaged Ts(t) and Ps(t) profiles obtained from the 2-D turbine solutions.

Flow parameters for the representative ASE were based on a cycle deck for a two-spool turbofan
engine with a bypass ratio of 10, a cruise thrust of 27.9 kN (6800 lbs), and a projected entry-intoservice date of 2005 [7]. All parameters were obtained for the cruise condition.
Using a chemistry model that includes HO,, NOy, SOv and COx reactions, several 1-D parametric
analyses for the entire turbine and exhaust nozzle flowpath were conducted to understand the
effects of various flow and chemistry uncertainties on a baseline 1-D result for a typical advanced
subsonic engine [6]. Uncertainties in chemical specifications for the initial condition at the
combustor exit were investigated by comparing results based on equilibrium initial conditions to
results employing nonequilibrium NO, and CO, levels established using estimated emission
indices. The effects of other probable uncertainties were investigated by altering the NO/NO, ratio
to 100%, changing the SOVSO, ratio to 70% and 100%, and multiplying the OH concentration by
a factor of 3 separately within the nonequilibrium initial specification.
Uncertainties in specified flow parameters were also considered including the typical range of
combustor exit temperatures due to spatial nonuniformity and temporal fluctuations, the typical
range of changes in fluid residence time resulting from flow nonuniformities, and the effect of
mass addition resulting from the injection of cooling air from HPT blades. Combustor exit
temperatures (T^) were varied from 1460 to 1820 K. with the T,(t) profiles scaled by a constant
factor equal to the ratio of the specified Ta, to the baseline Tx of 1608 K (e.g. Figure la), and
making necessary changes to the combustor exit speciation. Temperature calculations were also
combined to model the nonuniform radial temperature profile. T,(r). typical of the combustor exit.
Residence time was varied ±31% by applying a single scaling factor to the velocity specification
between each data point interval of the V,(t) profile. The 25% mass addition due to HPT cooling
was removed in one test, without change in the Ts(t) profile, to infer the dilution and subsequent
kinetic effect of cooling air addition. Table 1 presents the initial speciation and exit results for a
baseline calculation through the ASE post-combustor flowpath. Parametric tests are compared to
the baseline nozzle exit result as a range of changes realized for eight important species.
Table 1. 1-D Parametric Results
SPECIES

BASELINE
Initial
Exit
ppmv ppmv

NO
NO,
HNO,
HNOj
OH
SO,
SO,
H,SOj

129.68
14.47
0.14
0.0005
60.00
10.62
0.33
.00002

95.58
10.38
1.21
0.07
0.20
7.46
0.64
0.04

CHANGE AT EXIT PLANE FOR PARAMETER VARIATIONS (in PPMV)
Use
NO/NO, Vary IC Ratios
Varv Ts
Radial Ts(r)
Varv time
Equil.
= 100%
1460 to 1820
Profile at
and Levels for
residence
ICs
SO. and OH
K
±31%
Comb. Exit
-0.57
1130.42
0.01 to 0.28
-1.67 to 1.27
17.62
-4.83 to 3.00
18.17
1.41 to-1.07
0.48
1.05
-0.30 to -0.01
4.42 to -2.66
0.07
0.75
0.07
0.00 to 0.003
0.31 to -0.07
0.22 to -0.17
-0.06
-0.01
-0.002 to 0.00
0.04 to -0.02
0.04 to -0.02
0.01
-0.20
0.07
-0.06 -0.001 to 0.00
-0.18 to 1.36
0.25 to -0.10
0.004
0.04
0.25
-0.02 to 0.01
-0.03 to 0.10
0.01 to -0.02
-0.23
-0.02 -0.003 to 0.01
-0.03
-0.17 to 0.01
-0.003 to 0.01
0.003
-0.02
-0.001
0.00 to 0.001
-0.03 to 0.05
-0.01 to 0.01

Several conclusions were drawn from these studies:
•

•

The baseline result shows that significant changes in trace and pollutant species occur through
the turbine and exhaust nozzle flowpath (Cols. 2,3). Results from mass addition tests (not
shown, see [6]) indicate that the baseline change for NO is primarily due to dilution while there
is a significant additional kinetic effect for other species listed in Table 1.
Considering all 1-D parametric calculations, perhaps 2.7-5.0% and 0.1-1.1% additional SO,
oxidation to SO, and H,S04, respectively, may occur in the ASE post-combustor flowpath
resulting in a combined 8.3% oxidation for the baseline case. For NO,, 0.8-1.4% and 0.0-0.1 %
additional NOy oxidation to HNO: and HNO„ respectively, may occur for a total baseline NO,
oxidation of 1.5% at the nozzle exit. The range of OH levels at the exit was 0.10 to 1.56 ppmv.
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•

•

•

•

Comparing 1-D calculations using different initial conditions {Col. 4) indicates that the
specification of nonequilibrium NOx (and COx) initial conditions has a significant impact on
the exit result. Changing the NO/NO, ratio to 100% instead of the 90% nonequilibrium
baseline specification had an impact primarily for NO (Col. 5). Additional simulated
uncertainties in combustor trace species exit conditions (Col 6), including an increase in the
OH concentration by a factor of 3, and changing the S02/S0X ratio to 70% and 100% had
minimal impact.
Of the various flow-based parametric investigations, varying the combustor exit temperature
had the most significant kinetic effect (Col. 7). An example of the changes in species chemical
evolution due to differences in
and the associated change in species initial, condition is
shown in Figure 1 for the two extreme temperature values 1460 K and 1820 K. Figure la
shows flowpath profiles for Ts(t) and Figure lb compares the evolution of OH, HNO,, and
H,S04 through the turbine and exhaust nozzle of the ASE cycle. Calculations for variation in
residence time showed less overall impact than for temperature variations (Col. 8).
Whereas oxidation of NOv and of SOx to H,S04 exhibited monotonic increases with
decreasing combustor exit temperature, SOx oxidation to S03 showed a dependency peaking at
T* -1675 K.
A simulated radial, combustor exit temperature profile, Ts(r) (Col. 9), showed that such an inlet
nonuniformity would enhance S03, HN02, and HNO-. oxidation, but have relatively little effect
on the exit result. This indicates that such a nonuniformity would not have a significant effect
on current 1-D turbine and exhaust nozzle flowpath calculations.
Chemistry Evolution

Static Temperature Profiles
Exhaust
Nozzle

1820K

1460K

Time (ms)

Time (ms)

Figure 1. Temperature Effects on Species Evolution Through the Turbine and Exhaust Nozzle
Preliminary 2-D, single turbine blade row calculations were used to judge the potential impact of
flow nonuniformities that cannot be captured directly or modeled simply through 1-D analyses [6].
Comparisons of 1-D approximations to the 2-D turbine solutions also helped determine the extent
to which current 1-D modeling capabilities can be used to resolve changes in chemical
composition. ASE HPT inlet conditions at the cruise condition were used to specify a representative
single turbine blade row solution. This solution was constructed using a 2-D mesh for the mid
span of a 50% reaction rotor typical of a low-pressure turbine. An original low temperature and
pressure solution was scaled to the HPT inlet temperature (Ts = 1605 K) by maintaining the
performance of the blade row to ensure a viable solution comparable to previous flow calculations
[3,8,9]. This process resulted in a -55% lower inlet total pressure. 1-D tests based on HSCT initial
chemical speciation and turbine Ts(t) and Ps(t) profiles discussed in [1] indicate that the likely effect
of the reduced pressure is to lower the chemical reactivity through the blade row.
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Two representative 2-D turbine cases were calculated using a chemical mechanism consisting of
HOx, NO , SOx, and COx chemistry. The baseline solution used adiabatic blade surfaces and
contained flow nonuniformity due to potential blade flow effects and wake shedding from the
blunt trailing edge of the turbine blade. The second solution replaced the adiabatic surface with a
uniform temperature of 1000 K. Table 2 lists inlet/initial conditions used for the 1-D and 2-D
calculations, compares the mass-averaged exit speciation of the 2-D nonadiabatic to the 2-D
adiabatic solution, and compares the total species change predicted by approximate 1-D
calculations to the average total change predicted by the 2-D solutions between the inlet and exit of
the turbine geometry.
Table 2. 2-D Calculation Results and Comparisons with 1-D Approximations (Single Blade Row)
Species

NO
NO,
HNO,
hno3
OH
SO,
SO,
H,SO,

1-D and 2-D
Inlet / Initial
Speciation
(ppmv)

2-D Comparison of
Adiabatic to
Nonadiabatic Solutions
at Grid Exit Plane

% Difference in 1-D vs.
2-D Blade Row Change
Adiabatic Case

% Difference in 1-D vs.
2-D Blade Row Change
Nonadiabatic Case

105.69
11.78
0.009
0.0002
69.16
10.71
0.24
0.000008

-0.33%
30.84%
16.84%
62.35%
-11.51%
-0.63%
24.64%
47.89%

0.93%
033%
0.49%
1.18%
-24.36%
16.67%
7.46%
1.28%

2.88%
2.62%
0.94%
8.28%
334.55%
-47.62%
-47.31%
-41.47%

Comparing the 2-D solutions, general chemical trends appear correct as the decreased temperatures
of the nonadiabatic solution increased oxidation in comparison to the adiabatic case (Col. 3). A
possibly large kinetic impact of flow nonuniformities is suggested by the large differences between
the 2-D solution results and the 1-D results. Even with the limited nonuniformity (i.e. no turbine
cooling or 3-D effects) of the adiabatic turbine solution, significant differences between the 2-D
species solution and its 1-D approximation exist. The 1-D approximation captures the change over
a blade row (Col. 4), to within 25% for all species. However, when the blade surface is given a
temperature of 1000 K, leading to more intense temperature gradients across the blade passage, the
overall change is poorly approximated, noted particularly by the overprediction of OH change of
>300%. These discrepancies indicate that two- and three-dimensional nonuniformities need to be
addressed, at least for the HPT, to capture the chemical changes that occur before the nozzle exit.

3. DISCUSSION
Changes in trace species levels through the turbine and exhaust nozzle, notably enhanced SOx and
NOy oxidation, are significant. The need for further emphasis on methods and/or data to set
initial/inlet conditions is suggested by the large impact of nonequilibrium species concentrations at
the combustor exit. In comparison, the relative insensitivity of the baseline calculation to
representative parametric uncertainties (Table /) and large potential equilibrium levels of oxidation
products at intra-engine temperatures and pressures indicates that post-combustion chemistry is
kinetically limited by high rates of change in temperature and pressure, short residence times, and
the nonequilibrium levels of reactive radicals at the combustor exit. Further amounts of oxidized
SOx or NOy may be generated in the combustor, through catalytic phenomena within the engine, or
through heterogeneous reactions immediately exterior to engine.
The extent to which flow nonuniformities and unsteady phenomena would change the amount of
oxidation realized in the 1-D computations cannot be assessed at present. However, initial 2-D
turbine calculations indicate a potentially large effect from flow nonuniformities. The turbine
computations presented include only basic flow features and do not include 3-D effects or
unsteady phenomena. By demonstrating the potential for significant effects due to nonuniformities,
the results shown in Table 2 indicate the need to continue more detailed modeling exercises. 2D/3-D analyses can be useful for understanding the effects of flow nonuniformities and
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unsteadiness on 1-D calculations and are thus important to improving the 1-D capability. These
1-D models provide the flexibility for performing simplified simulations of relevant flow
phenomena and can address the entire post-combustor flowpath, providing a more direct
methodology with which to isolate the important overall influences on turbine and exhaust nozzle
chemistry. Without extensive computational resources and a set of blade-row specific engine cycle
parameters with related 2-D/3-D component geometrical data, the direct applicability of solutions
containing more detailed flow phenomena is hindered.
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MEASUREMENT OF NITROGEN SPECIES NOy
AT THE EXHAUST OF AN AIRCRAFT ENGINE COMBUSTOR
( CEC Contract AERA-CT94-0003 )
A. RISTORI - ONERA Palaiseau, C. BAUDOIN - Snecma Villaroche

Abstract - A research programme named AEROTRACEywas supported by the EC (CEC contract AERACT94-0003) in order to investigate trace species measurements at the exhaust of aero-engines. Within this
project, we-havenneastired NOy, NO, HN03 and MONO "at the exhaust of aircraft engine combustors. Major
species (NOy, NO) were measured by using a chemiluminescence instrument. Minor species (HNO^HONO)
were measured by usingfilter packs. Two combustors were tested under various running conditions; the first
one at ONERA (Taslpf) and the second one at DRA (Task 5). Results show that EINOy < 50 g/kg,
EIHNo3< 0-2 g/kg and Er^j0< 0.55 g/kg. M^we»$fNO^|faO)J<0.5 % a»d(HONC|/|<K)y|< 8%. We-have^
foundAat^fONOy^O,^ 19.2%,and (kNO3y^0^0.8%A
'

1. INTRODUCTION

J(<r05.

Measurements of nitrogen oxiaes are very important, especially with regard to the acid
production [1] and the physiological effects of nitrates particles or the effects of gaseous nitrogen
oxides upon human health [2]. Engine emissions from the operation of subsonic aircraft may alter
the background concentration of atmospheric trace gases. While major emissions can be easily
evaluated, the minor species have to be identified and concentrations have to be measured.
The aim of the AEROTRACE program is to determine the detailed composition of
combustion gas emissions first at the exhaust of a Snecma tubular combustor at ONERA Palaiseau
(Task 2 of the project), then behind a Rolls Royce combustor at DRA Pyestock (Task 5 of the
project). For this project, ONERA and Snecma are in charge of the NOy species measurements
including the evaluation of the concentration of the major components NO, N02, usually designate
as NOx species and the evaluation of the minor nitrogen species. More specifically, the work has
been concentrated on the nitric acid HN03 and nitrous acid MONO identification.
Measurements of NO and NOy are made by using the chemiluminescence technique.
Measurements of nitric acid HN03 and nitrous acid HONO are made by using a filter sampling
method. This method is currently being used for the separation and collection of particulate and
gaseous nitric acid HN03 [2, 3,4] and nitrous acid HONO [5].
This paper describes the apparatus and techniques used and reports the results of the tests
made in Task 2 and Task 5 of the AEROTRACE project.

2. EXPERIMENTAL TECHNIQUES
2.1. Nitric oxide NO and total reactive nitrogen NOy measurements
Measurements of NO and NOy are made by using the chemiluminescence technique. The
NO concentration measurement method is based on the measurement of the radiation intensity
emitted during the reaction of the NO contained in the sample with added 03. The NOy concentration
measurement is based on the conversion of the higher nitrogen oxides to NO in a molybdenum
converter. According to Fahey and al. [1], various test results using a molybdenum converter
indicate that many NOy components are converted to NO with a very high efficiency. The instrument
detection limits are 0.1 ppm for both NO and NOy; the accuracy limits are 1 % of the measured value.
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2.2. Nitric acid HN03 and nitrous acid HONO measurements
Measurements of nitric acid HN03 and nitrous acid HONO are made by using a filter
sampling method. This method consists in sampling a known volume of gas which passes through
several filters [3,6] controlled by electro-valves ( Figure 1). The sampled volume is measured by
a gas volume meter at known pressure and temperature. During sampling tests, the flowrate is
adjusted to 71/min in order to increase the accuracy and to avoid filters breaking. The filters pack
needs to be heated in order to prevent water condensation and reactions such as N0+N02+H20 ~>
2HONO or 2NO 2+H 20 --> HONO+HNO 3 [7]. The normal formation of HONO is caused by the
reaction NO+OH --> HONO.
The nitric acid HN03 is measured by the nitrate NO 3" collected on NaCl 5%W/Viinpregnated
cellulose filters after removal of particulate matter with a Teflon prefilter [2,3,4]. The nitrous acid
HONO is measured by the nitrite N02 collected on Na2C0310% W/V coated glass fiber filters after
removal of particulate matter with a Teflon prefilter [5]. The coating solution was prepared with lOg
Na2C03, 10 ml glycerol, 25 ml methanol and distilled water to 100 ml total volume. After the
sampling, N03 and NO," are extracted from each filter with distilled water and analysed by ion
chromatography which gives the mass of N03" and N02" collected on each filter. By knowing the
sample volume, it is easy to determine the nitrate and nitrite (particules) emissions (pg/m3) and the
gaseous nitric and nitrous acid molar concentrations (ppb or ppm). The detection limits are
approximately 10 ppb for both HN03 and HONO ( for 100 liters volume sampled ). The accuracy
limits are about 5% of the measured value.
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Figure 1 - Schematic diagram of the filters pack system and of the sampling-analysis method.
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3. RESULTS AND DISCUSSION
3.1. Description of tests and results
The running conditions of the combustors ( Table I) have been defined in order to estimate
the effects of air-fuel-ratio AFR, inlet temperature T and pressure P on NOy emissions. A tubular
combustor (Figure 2 ) provided by Snecma has been tested (Task 2) at ONERA Palaiseau on a highpressure high-temperature test rig [8] which is able to operate at conditions up to 40 bar and 900 K.
test.pomt

T (K)

p(bar)

AFR

mair (kg/s)

Task 2 tests: Snecma combustor tested at ONERA

testpoint I p(bar)

T (K)

(kg/s)

AFR

Task 5 tests: Rolls Royce combustor tested at DRA

si
s2

10.5

607

0.79

22.1

11.2

900

0.78

s3

10.5

792

0.90

s4

10.8

892

s5

10.3

s6

1

4.33

402

1.29

55.4

22.8

5.46

497

1.46

57.5

46.2

5.46

556

1.38

55.7

0.87

41.0

1.99

567

0.51

56.1

900

0.78

32.9

7.99

555

1.97

55.8

10.8

915

0.82

32.9

10

5.42

560

1.35

101.3

s7

25.2

788

1.80

21.4

11

5.48

555

1.40

39.9

s8

20.6

786

1.73

43.5

12

6.10

526

1.85

73.3

s9

22.5

788

1.73

30.8

13*

6.14

522

1.86

74.1

slO

40

787

3.42

42.3

15

7.03

544

2.10

70.5

14*

7.18

542

2.17

72.4
71.4

16

8.03

556

2.32

17'

7.96

557

2.30

72

19

8.75

566

2.57

71.4

20

5.40

552

1.38

58.3

21

5.39

693

1.23

56.4

23

5.03

545

1.27

56.3

24

5.48

557

1.37

45.6

25

4.09

557

1.03

54.9

26

6.63

553

1.70

56.2

27

7.97

556

227

70.3

* : diesel fuel

other test points: kerosene fuel

Table I: Task 2 & 5 running conditions

Results of gas sampling analysis for NOy, HN03 and HONO are detailed on Table II. The Emission
Index of NOy species could be correlated with the engine parameter TAU where:

El,NO

|[VOy]| molar concentration unit: ppm

.|[V0^]|.(1 -i-AF7?),10"3

=

* (g/fcg)

29

with
63

EI„
(ntg/fcg)

Elhono ( /k )

.\[ffN03]\.(l +AFR). 10*3

0"

\[HNOz]\ molar concentration unit: ppb

29
= ^.\[HONO]\.{\+AFR)

"%**/,)' vr<*>

TAU

MNQi = 46 g/mole

(bar)

\\HONO]\ molar concentration unit: ppm

Task 2 : F=0.881 10~3 m3
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,Task 5 : F=4.I63 10 3 m3

NOy
ppm

test
point

HNO,
PPb

El NO,
g/kg

EIHNO,
mg/kg

test
point

NOy
ppm

Task 2 tests: Snecma combustor tested at ONERA

EIHNO,
mg/kg

El HONO
mg/kg

319

704

12

35

1

45

53

3.12

4.1

6.5

285

s2

1266

1616

48

84

3

64

72

2.42

6.0

9.2

229

s3

218

331

17

34

4

92

: -71

1.92

8.4

8.8

177

s4

421

653

28

60

6

62

,

44

1.52

5.7

5.5

141

s5

600

1060

32

78

8

115

91

4.00

10.4

11.2

368

s6

662

1112

36

82

10

45

39

1.56

7.4

8.7

259

si

1244

2383

44

116

11

113

65

1.24

7.4

5.8

82

sS

336

28

24

3

12

47

51

1.73

7.1

8.3

208

s9

639

106

32

7

13*

58

83

4.25

6.9

13.5

517

slO

466

1937

32

182

15

64

81

1.11

7.2

12.6

129

14*

67

83

4.11

7.8

13.2

489

16

75

49

1.45

8.7

7.6

170

17*

82

54

2.26

9.5

8.5

268

19

82

71
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Figure 4: El No v versus Temperature, Pressure, Air-Fuel-Ratio (Task 5 results)
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3.2. NOy Emission Index
Task 2 and Task 5 results show that El NOy is well correlated with the engine parameter
TAU ( Figure 3 ). Variation of parameters during Task 5 tests shows that El NOy increase when
temperature or pressure increase but is rather independent on AFR ( Figure 4 ). This last point
justifies the use of a correlation which is not dependant of AFR (Figure 3 ). El NOy with diesel fuel
is slightly higher than El NOy with kerosene fuel ( Table II).
The correlation [9] which results from Task 2 and Task 5 is: EINOy (g/kg) = 1209. TAU'1233

3.3. HN03 and HONO Emission Index
As El HN03 has a small dependence with AFR as does NOy, it is possible to find a
correlation with TAU: El HN03 (g/kg) =2. TAU ~r308 ( Figure 5 ). The correlation coefficient is
however not very good (0.715 for HN03 instead of 0.986 for NOy).
El HONO increases when AFR increases, so it is not possible to have a correlation between
HONO and TAU (Figure 5).
Usually, N02 is calculated by N(>2=NOx-NO. From the result of measurements, N02 was
calculated as follow: N02=N0y-N0 because it is N0y(=N0x+HN03+H0N0) which is measured by
the chemiluminescence device and not NOx. In fact N02 represents the total nitrogen species except
NO. Then, the real nitrogen dioxide is N02'=N0y-N0-HN03-H0N0. If we plot N02' versus N02
for measurements of Task 5 (Figure 6), we find that |NO2'|=0.8 |N02| (r = 0.96 ). This result leads
to |HN03|+|H0N0| = 0.2 |N02|. We also found |HN03| = 0.008 |N02| and |HONO| = 0.192 |NO 2|.
El HONO (g/Kg) = f (TAU)

EIHN03 (g/Kg) = f (TAU)
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4. CONCLUSIONS

Within the AEROTRACE project, we have measured NOy, NO, HNO3 and HONO at the
exhaust of aircraft engine combustors. Major species (NOy, NO) were measured by using a
chemiluminescence instrument. Minor species (HN03, HONO) were measured by using filter packs
techniques. Two combustors were tested under various running conditions; the first one at ONERA
(Task!) and the second one at DRA (Task 5).
NOy Emission Index is correlated (correlation factor r=0.986 ) with the engine parameter
TAU with the following correlation: ElNOy (g/kg) = 1209. TAU'um .
Such a correlation is not possible for El HONO and has been set for El HN03 with an inferior
correlation factor (r=0.715): ElHN03 (g/kg) = 2. TAU’1308.
Results show that for all measurements of Task 2 and Task 5 we have: EINOy <50 g/kg,
EIHN03 < 0.2 g/kg, E1hono< 0.55 g/kg, \HNO3\/\NOy\<0.5% and \HONO\/\NOy\<8%.
The maximum NO 2 production is linked with the maximum HN03 and HONO production.
Task 5 measurements lead to a correlation (correlation factor r =0.96) between nitrogen species
where: (|N0y|-|N0|-|HN03|-|H0N0|) = 0.8 (|NO J-|NO|) ,this gives: \HONO\*0.192 (NO \-\NO\) and
\HN03\*0.008 (NOy\-\NO\).

Researches described in this paper were supported by the CEE under the AEROTRACE
project n° AERA-CT94-003.
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MEASUREMENT OF TRACE SPECIES IN THE EXHAUST OF A
REVERSE FLOW COMBUSTOR
C.Wahl, M.Kapernaum DLR-Stuttgart, Germany
P.Wiesen, J.Kleffmann, R.Kurtenbach BUGH Wuppertal, Germany

1. Abstract:This work has been carried out as a subtask of the EU-project
AEROTRACE. BUGH Wuppertal has measured the emission of hydrocarbon species
and nitrous oxide. Unstable and reactive carbonyl compounds like aldehydes and
ketones were measured by DLR-Stuttgart. For methane and N2O stainless steel
containers were used. Hydrocarbons were trapped on special adsorbent materials.
Carbonyl compounds were stabilized as hydrazones. Analytical methods used were
GC-MS, IR-diode laser absorption spectroscopy and HPLC with Photo Diode
Array Detector.

2. Combustor test at DLR Cologne
Samples were taken during the rig tests carried out in March and May 1995 at
the DLR test facility in Cologne. MTU did tests with an existing combustor
wich was used to simulate the emissions of a small fan engine. Extensively
high emissions of HC and CO have been measured at idle conditions. This is
because the combustor was designed for the operating conditions of a
helicopter engine and not modified for the new application.
3. Carbonyl compound measurements (DLR-Stuttgart)
3.1 Introduction
Aldehydes and ketones are reactive compounds. Therefore, special sampling
cartridges for carbonyl compounds were used. During probe sampling a
derivatization reaction takes place and the carbonyls are fixed as stable
molecules in the cartridge. The silica material in the sampling cartridge is
coated with DNPH (2,4-dinitrophenyIhydrazine). All carbonyl compounds
form stable hydrazones with the DNPH. The hydrazones have characteristic

Carbonyl Compound

Fig. 1

2,4-Dinitroghen^lhydrazii

Derivatization Reaction
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DNPH Derivative
(a hydrazone)

UV-absorption spectra with high extinction coefficients. Fig. 1 shows the
derivatization reaction. The analysis can be done up to two weeks after
sampling without changing the measured concentrations. The HPLC was
connected to a Photo Diode Array Detector.
3.2 Test Method Development
In order to built an absorption spectra library, 27 relevant carbonyldinitrophenylhydrazones were prepared. Each component was calibrated,
using 9-anthracenealdehyde-DNPH as inner standard. To separate all this
hydrazones by HPLC, it was necessary to develop a HPLC gradient separation
method, i.e., the polarity of the HPLC solvent has to change from, polar to
nonpolar during HPLC run.
Fig.2 shows a typical HPLC chromatogram. For each peak in the
chromatogram the UV-VIS absorption spectra (200-600nm) are stored in the
computer. The Carbonyl-DNPH-Compounds are identified by the retention
time and the absorption spectra. Fig.3 shows a typical measured absorption
spectra in compairison with a library absorption spectra.
HPLC Chromatogram
COMBUSTOR TEST at DLR COLOGNE
test point: SW75A
carbonyl compound : 7.72 vppm

Fig.2

HPLC - Chromatogram

GL Y OX AL-DNPH

Fig.3

Absorption and Library Spectra of Glyoxal-DNPH
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The
following
carbonyl
compounds
were
detected:
formaldehyde,
acetaldehyde,
propanal,
acrolein,
methacrolein,
crotonaldehyde,
benzaldehyde, glyoxal, methylglyoxal, acetone and butanone. Chemical
structures are shown in Fig. 4

H—C4

sO

h3c-c=*

A

A
formaldehyde
(methanal)

Vt°

acetaldehyde
(ethana!)
H
h3c-c-c^°
H

acrolein
(propenal)
A'

H.

SH

glyoxal
(ethanedial)

methyl glyoxal
(propane,1-al,2-one)

0
II
HaC^CHs

H

propanal
H
H3CX ^C—C^°
£

H
methacrolein
(acrolein, 2-methyl)

H

H3C/CxCt<CH3

acetone
(propanone)

A

o

crotonaldehyde
(2-butenal)

O

i

butanone

H

benzaldehyde
Fig. 4 Chemical Structures of the Identified. Carbonyl Compounds

The main carbonyl compounds are formaldehyde, acetaldeyde and acrolein. In
each test point small amounts of glyoxal were detected.
test point

'idle"
approach
cruise
climb
take off

sum of carbonyl compound
concentration
>19 ppmv
2.7 - 4.56 ppmv
1.76 - 1.94 ppmv
0.19 - 0.28 ppmv
0.18 ppmv

thrust

< 7%
30%
18.5%
85%
100%

It should be pointed out, that the "idle" point is not the ICAO idle! The high
emissions at "idle" result from a very low thrust!
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4. Nitrous oxide and hydrocarbon measurements (BUGH Wuppertal)
4.1. Methane and nitrous oxide measurements

The sampling gas for the methane and nitrous oxide measurements was
pumped through a heated filter in order to remove particles. The sample gas
was dried by passing it through a condenser whose temperature was always
kept below 3°C. The remaining water vapor was removed by a MgfClO^
packed column. Special care was taken to remove SO2 from the samples in.
order to avoid artificial formation of N2O by reaction of sulfur dioxide with
NO during storage of the cylinders. This was achieved by passing the sample
through a KOH solution. However this also leads to a removal of CO2.
Therefore the measured N2O and CH4 concentrations were corrected by using
the CO2 concentration in the exhaust which was measured continuously
during the test.
The N2O and CH4 concentrations in the gas samples were monitored by long
path infrared absorption spectroscopy by expanding the exhaust gas from the
sample container into a White cell. The infrared absorption of N2O and CH4
was monitored by means of a tunable diode laser using vibration-rotation
lines in the range 1254 - 1255 cm-1. Concentrations were determined either
by using calibration gas mixtures, tabulated absorption coefficients or air as a
standard reference. Concentrations of methane and nitons oxide are shown in
Table 1.

4.2. Saturated and unsaturated hydrocarbon measurements

A special gas sampling system was used, wich was carefully tested for
sampling losses using mixtures of different hydrocarbons.
Briefly, the exhaust gases were pumped through a mixing unit in order to cool
the gas from 150°C down to 25°C. Special care was taken to avoid water
condensation in the mixing unit by adding clean synthetic air to the exhaust
gas. The hydrocarbons were adsorbed by passing the sampling gas through
different adsorber columns containing different materials such as Carbosieve S-III, Carboxen-596, Carbotrap, Carbotrap C.
The loaded adsorptions columns were flash evaporated by a thermal
desorption unit into a gas chromatograph with two different detectors, a flame
ionization detector (FID) and a mass detector (MS). The analytical equipment
was tested and a calibration of the system in connection with the gas
sampling system was performed for various hydrocarbons.
The gas sampling system and the analytical equipment were used for
measuring the emission of speciated hydrocarbons from a
combustor
under various operating conditions. The results of the experiments are shown
in Tables 1-3.
The concentration of the different hydrocarbons investigated were found to be
strongly dependent on the operating conditions of the combustor. Under
"idle" running conditions, e.g. the concentration of propene was found to be
~120ppm whereas under take-off conditions the propene concentration was
~0.016ppm. It should be pointed out that the concentration of unsaturated
hydrocarbons such as alkenes and alkynes was always much greater than the
concentration of the saturated hydrocarbons. Although a large number of
different species were detected in the exhaust, it was observed that under
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certain conditions only a small number of 8-10 hydrocarbons contribute up to
80% of the total hydrocarbon emission.
5. Conclusion
From the experiments it can be concluded that the emissions of the species
investigated are strongly dependent on the operating conditions of the
combustor. However, the implications of the present results on atmospheric
chemistry, in particular, ozone formation have still to be evaluated.
Further experiments with different types of combustors or engines such as
low-NOx combusters are necessary to set-up a reliable data base for the
emission of trace species from aero engines.

it thrust level
J
/note
|| background
| Idle T817
Idle T924
Idle
Idle
max. Cruise
max. Cruise
Approach
Approach
Climb out
Take off
—
—
—

max. THC
max. THC -5°
max. THC-10°
max. THC-15°

Methane
[ppm]

Propane
[ppm]

1.92
14.7
19.0
11.2
15.6
1.22
0.47
1.58
1.09
0.23
0.15
0.32
0.07
<0.1
0.52
2.40
1.56
0.60
0.34

0.002
0.338
0.036
0.095
0.160
0.010
0.005
0.006
0.004
<0.001
0.002
<0.001
0.002
<0.001
C
b
b
0.002
0.002

iso-Butane
[ppm]
0.011
0.204
0.086
0.071
b
0.020
0.026
0.023
0.035
< 0.011
0.017
<0.009
0.024
< 0.016
C
b
b
0.021
0.017

n-Butanc
[ppm]
0.013
0.174
0.108
0.070
b
0.028
0.032
0.026
0.045
<0.011
0.022
<0.009
0.032
< 0.016
c
b
< 0.015
0.025
0.021

Nitrous oxide
[ppm]
0.32
0.56
0.70
1.05
0.75
0.67
1.03
0.69
0.79
1.10
1.51
1.04
1.23
2.04
1.20
1.24
1.53
2.14
1.58

a = not detectable (tube overload), b = only qualitatively detectable, c = no sampling

Table 1: Emissions of Alkane Hydrocarbons and Nitrous Oxide from a
Combustor Test at DLR, Cologne.
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THC
[ppm]
—

1376.0
1251.7
313.4
952.5
32.4
8.91
16.89
11.74
0.62
0.53
0.27
0.29
0.25
4.3
27.14
17.5
5.54
2.35

thrust level
/note
background
Idle T817
Idle T924
Idle
Idle
max. Cruise
max. Cruise
Approach
Approach
Climb out
Take off
--....-------------- -max. THC
max.THC -5°
max. THC-10°
max. THC-15°

Ethene
[PPm]
<0.004
£ 16.0
b
3.40
>8.56
1.06
0.196
0.187
< ,0.006
< 0.005
<0.005
<0.004
<0.008
<0.007
C

1.08
0.264
0.111
0.057

Propene
[ppm]
0.018
£ 120.0
£20.0
£ 15.1
£22.9
1.32
0.290
0.901
0.293
< 0.014
< 0.016
< 0.012
< 0.026
< 0.021
c
0.558
0.690
0.066
0.035

1-Butene
[ppm]
0.031
5.10
8.05
3.12
4.04
0.867
0.237
0.211
0.211
0.043
0.061
< 0.034
0.102
0.058
c
0.056
0.155
0.091
0.070

iso-Butenc
[ppm]
0.113
7.84
6.97
1.63
4.46
0.312
0.167
0.211
0.132
0.045
0.175
0.027
0.395
0.065
c
0.079
0.147
0.272
0.197

THC
[ppm]
1376.0
1251.7
313.4
952.5
32.4
8.91
16.89
11.74
0.62 .
0.53
0.27
0.29
0.25
4.3
27.14
17.5
5.54
2.35

a = not detectable (tube overload), b = only qualitatively detectable, c = no sampling

Table 2: Emissions of Alkene Hydrocarbons from a Combustor Test
at DLR, Cologne.
thrust level
/ note
background
Idle T817
Idle T924
Idle
Idle
max. Cruise
max. Cruise
Approach
Approach
Climb out
Take off
------—--------max. THC
max. THC -5°
max. THC-10°
max. THC -15°

Benzene
[ppm]
<0.001
a
a
0.732
0.256
0.122
0.021
0.010
0.030
<0.002
<0.002
0.018
0.060
0.019
0.028
0.258
0.078
0.026

Toluene
[ppm]
< 0.002
a
a
0.097
0.148
0.021
0.013
0.010
0.012
<0.002
0.004
0.023
0.074
0.027
0.038
0.014
0.008
0.007

m/p-Xylcne
[ppm]
<0.001
a
a
a
a
<0.001
<0.001
<0.001
<0.001
0.010
0.025
0.045
0.114
0.067
0.161
0.006
0.017
0.079

o-Xylcne
[ppm]
< 0.001
a
a
a
a
<0.001
<0.001
<0.001
<0.001
<0.001
0.002
0.003
0.012
0.006
0.043 •
0.002
0.002
0.012

THC
[ppm]
-- ----1376.0
1251.7
952.5
313.4
32.4
8.91
16.89
11.74
0.62
0.53
0.27
0.29
0.25
27.14
17.5
5.54
2.35

a = not detectable (tube overload)

Table 3: Emissions of Aromatic Hydrocarbons from a Combustor Test
at DLR, Cologne.
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AEROTRACE - MEASUREMENT OF PARTICULATES FROM AN
ENGINE COMBUSTOR
(CEC Contract AERA-CT94-0003)
C. D. Hurley
DRA, Famborough, UK
Abstract
The effect of gas turbine operating conditions, inlet temperature, pressure and overall air fuel ratio, on
particulate number density has been measured. Particulate number density was found to be proportional to
combustor inlet pressure and decrease with increasing combustor inlet temperature. The relationship with
air fuel ratio is more complex. The mechanism of particulate loss down sample lines has been elucidated
and equations are presented to predict particulate losses for stainless steel and PTTE sample lines.

1.

INTRODUCTION

The aim of AEROTRACE is to provide data on the exhaust emissions, particularly the trace i.e.
minor exhaust constituents, of the civil air transport fleet. For most commercial air routes the
aircraft spend the majority of their time at altitudes varying between the upper troposphere and
lower stratosphere. The majority of engine exhaust emission data available is for sea level
conditions, and only includes the major constituents of the exhaust. Whilst measurements of
exhaust smoke are routinely made, the Society of Automotive Engineers (SAE) Smoke Number
(SN) technique is a measure of smoke obscuration and therefore provides no information on the
number of particles and their size distribution. Any impact that smoke emissions will have on the
upper atmosphere will be principally due to heterogeneous (surface) chemical reactions, the
assessment of which requires knowledge of the number density and size distribution of the smoke.
To answer some of these questions, DRA and Rolls Royce are making measurements of the
number and size distribution of particulates emitted from a gas turbine combustors operating at
altitude conditions and, to extend the usefulness of this data, to determine how particulate
emissions are effected by combustor operating conditions. Since non-intrusive measurement
techniques are still at the early development stage intrusive sampling must be used. Therefore how
the smoke sample is affected by transportation down heated sample lines must also be determined.
2.

SAMPLE LINE EFFECTS

2.1

Aim

When smoke samples are transported down sample lines some of the smoke is deposited in the
line. The aim of this investigation was to determine the effect of sample lines on smoke
measurements, in particular how they affected the total number of particles emitted and their size
distribution. The variables considered in this investigation were as follows:
a.

Sample line condition.

b.

Sample line dimensions, length and diameter.
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c.

Sample line type.

d.

Sample velocity.

e.

Smoke level.

2.2

Measurements

The obvious smoke source to use for this investigation was an engine combustor however this was
impractical for the following reasons: Hostile environment prior to the sample line e.g. noise,
vibration, temperature and no physical access; limited and unstable range of smoke levels and the
high cost of operation. It was therefore decided to use a laboratory source of smoke which had been
shown [1] to provide representative (of gas turbine smoke), stable and adjustable smoke levels.
Two types of sample line were tested stainless steel (SS) and carbon loaded PTFE of lengths
varying from 4.7 to 35.4m. For a given smoke level measurements of the total number of particles
entering (%) and exiting (n) the sample line were made, with a commercial condensation nucleus
counter (CNC), over a 12 hour period to determine if conditioning of the sample line wall affected
the number of particles lost to the wall . Then similar measurements were made varying line
dimensions, type, sample velocity and smoke level. Measurements were also made of the size
distribution and number density of smoke samples entering and exiting the sample line. Figure 1
shows the assembled apparatus.

_ Ar
_ AIR

Figure 1 Smoke Loss Apparatus

2.3

Results and Discussion

From the above measurements it was found that smoke losses in sample lines were dependent on
line dimensions and sample velocity and independent of smoke level (number of particles), particle
size and sample line condition. Any difference due to line type was masked by their dimensional
differences. Smoke loss was expressed as the ratio of the number of particles entering the line to
those exiting (n/ny). Figure 2 shows the set of results for 7.7mm i.d. SS lines of varying length.
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Figure 2 Smoke Losses in SS Sample Lines

A literature survey revealed that the closest previous research was that by Townsend [2]
investigating the diffusion of ions into gases by passing partially ionised gases through glass
tubes and measuring changes in conductivity. The results were interpreted with the aid of an
approximate series solution to Maxwell’s general equation of motion of two gases diffusing into
each other. Substitution into this equation gave plots of the correct asymptotic shape but with
minute losses. To obtain the observed losses the diffusion coefficient of the smoke had to be
increased by two orders of magnitude. An alternative Lateral Mixing Model was considered
(see Figure 3)
H^
tr

>
'///

h-------

Figure 3 Lateral Mixing Model

Consider a smoke aerosol travelling down a tube. Assume that the particles are well mixed by
lateral turbulence, hence the concentration is always uniform across the radial section
perpendicular to the wall, and axial plug flow pertains. It is also assumed that every particle
which hits the wall sticks to it. Let D be the tube diameter, L its length, V be the axial velocity
of the aerosol and Vr the velocity component of the aerosol perpendicular to the wall. In time dt
all particles within a distance Vrdt will hit the wall. There will be a fractional reduction in the
particle concentration Vjdt/D which is the same everywhere along the tube; thus:
-dn/ny = Vrdt/D since V = dL/dt -dn/ho = VrdL/DV
Integrating both sides between the limits n and %, and 0 and L gives:
ln(n/no =-VrL/DV or n/iio = exp(-VrL/DV)
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At present we know nothing about the radial velocity component Vr but if we plot ln(n/no) vs L for
constant values of V from the slope -V/DV we can calculate Vr. From this analysis it was found
that Vr was a linear function of V or Reynolds Number (Re). This lead to the following equation
for SS sample lines:
n/no = exp(-(3.75E-07Re + 2.28E-04)L/DV)
Figure 4

-1

shows how the predictions (curves) match the measurements (points).

0.40 —

Sample Velocity

Figure 4 Predicted and Actual Smoke Loss

A similar analysis for PTFE lines gave the equation:
n/no = exp(-(2.32E-07Re + 3.15E-04)L/DV)

-2

It can therefore be concluded that smoke particle losses in sample lines are due to the simple
transportation of the particles to the line walls via turbulent eddies in the carrier gas. Differences
between SS and PTFE are probably due to surface effects.
3.

COMBUSTOR MEASUREMENTS

3.1

Test Rig

DRA’s Single Sector/Tuboannular Combustion Rig was used for the tests. The rig is capable of
providing mass flows, pressures and inlet air temperatures of up to 4 kg/s, 10 bar and 780 K
respectively. The combustor chosen for testing had the dual advantages of being of modem design,
having an airblast atomiser, but tuboannular and therefore a self contained combustion unit
avoiding the end wall errors associated with single sectors. Measurements of particulate number
density (in particles/cc) of the combustor exhaust were made with a CNC. Three altitude conditions
formed the basis for the combustor testing. At each of these conditions combustor inlet pressure
(P), inlet air temperature (T) and air fuel ratio (AFR) were varied whilst the combustor flow field
was retained by keeping the parameter MVT/P constant. Table 1 summarises the test conditions
and the variations in brackets of P, T and AFR achieved. The length, type, dimensions and
temperature of the sample line were known, therefore a measurement was made at each test point
of the sample flow rate and thus due allowance could be made for line losses.
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Table 1 Altitude Test Conditions
Condition
Cruise

Altitude
m
9449

Climb

7620

Descent

7620

3.2

Inlet T
K
560
(704-349)
609
(632-391)
399
(654-399)

Pressure
bar
5.46
(9.32-1.99)
7.21
(8.29-2.47)
1.69
(9.00-1.69)

Fuel Flow
Kg/s
0.0243

Air Flow
Kg/s
1.38

0.0340

1.75

0.0069

.510

AFR

MVT/P

56.8
(91-37)
51.5
(102-42)
73.9
(119-40)

5.98
5.99
6.03

Results and Discussion

It has been shown [3] that gas turbine exhaust smoke levels represent only a fraction of the smoke
formed in the combustor primary zone. After formation the smoke is progressively consumed by
oxidation in its passage through the combustor. Typically exhaust smoke levels are less than 0.01%
of the peak values in the primary zone. Therefore at the outset of this project it was not at all
certain that exhaust particulate levels would vary in a concerted way with combustor operating
conditions or be repeatable. Repeatability was confirmed in that the average deviation of repeat
measurements, run to run, was 5% of the mean particulate concentration. Figures 5 to 7 illustrate
the results.
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shows that particle concentration has a linear dependence on P and that the rate of this
dependence is similar for all three altitude conditions. The Climb and Cruise results ;ure similar
since these conditions only differ by pressure.. From Figure 6 it can be seen that increasing inlet
temperature decreases the particle concentration due to enhanced burnout Hence the Descent
results in Figure 5 are displaced to higher values due to lower inlet temperature. The effect of
changing AFR on particle concentration is shown in Figure 7, the plots are puzzling and difficult to
interpret physically. It appears that emissions peak at or near the combustor operating condition.
Figure 5

4.

CONCLUSIONS

Smoke losses in sample lines are affected by line dimensions, type and sample velocity/Re and
unaffected by line condition, smoke size distribution and smoke level. The mechanism of
deposition is physical transport, via the carrier gas, of the particulates to the line wall. An equation
has been derived that adequately predicts line losses for stainless steel; a similar equation has been
derived for PTFE lines. The differences between the two types of line are probably due to surface
effects.
A gas turbine combustor operating at altitude conditions has been shown to emit consistent levels
of particulates. The total number of particulates varies linearly with pressure. Increases in
combustor inlet temperature decrease the number of particles emitted. Variations of 7vFR cause
consistent changes in particulate emissions the maximum emission being at engine operating
condition.
5.
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GROUND BASED MEASUREMENTS OF PARTICULATE EMISSIONS
' FROM SUPERSONIC TRANSPORTS - CONCORDE OLYMPUS ENGINE
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and
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1. INTRODUCTION
Recently, international governmental regulating agencies have begun examination of the effects of
emanations from aircraft engines on the environment with the intent of regulating these emissions at
cruise. Two of the emanations under examination are NOx and soot. For stratospheric aircraft, these
species may contribute to ozone depletion. For tropospheric aircraft, NOx is a greenhouse gas while
soot may contribute to the formation of clouds. As a result of these environmental concerns, NASA ,
working with industry and the scientific community, has established a program to determine the impact
of aircraft on the environment with a goal to develop a new generation of environmentally-friendly
engines.
Measurements of NOx emissions have been made for a number of years on engines during ground
testing. The techniques used for these measurements are relatively mature and adaptation of these
techniques is straightforward. Measurements of soot emissions are not as mature. The industry standard
for soot characterization in jet engine emissions is the "smoke number" technique. This technique is
useful for characterizing the optical density of the soot, but it does not provide the essential
characteristics for environmental impact—total particle and non-volatile particle concentration, size
distribution, and hydration or growth as measured by soluble mass fraction and critical supersaturation
spectrum. These characteristics are needed in order to effectively monitor the environmental impact of
engine emissions. They also represent the input parameters required by models designed to describe the
production and dispersion of engine aerosol emittants from the combustor, through the exhaust nozzle
plane to their eventual equilibration with the ambient atmosphere. The University of Missouri-Rolla and
McDonnell Douglas have formed a team which, with support from NASA, are developing the
methodologies needed to characterize soot aerosols (soot particles coated with water vapor) that are
emitted from engines. In this paper we describe IHe application of a mobile aerosol monitoring facility,
the Mobile Aerosol Sampling System (MASS)fto characterize engine aerosol emissions from the Rolls
Royce Olympus Engine. The multi-configurational MASS has been employed in both ground and
airborne field operations It has been successfully flown on the National Center for Atmospheric
Research (NCAR) Sabreliner resgarch aircraft^, the DLR (German Aerospace Research Establishment)
Falcon research aircraft(3,4), and on the NASA DCS research platform(5). In ground tests the MASS has
participated in numerous jet engine related ground tests.at NASA Lewis, Pratt and Whitney, Arnold
EngmeeringDevelopment Center (AEDC), and McDonnell Douglas(6,7) |pd has been- deployed to tfe
Air Force's Phillips Laboratory to resolve aerosol generation problems in a high power chemical laser
’"s
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y^tpm ^ Tn all cases the measurements were made on samples taken from a harsh physical and chemical
environment, with both high and low temperature and pressure, and in the presence of highly reactive
gases.
2.

EXPERIMENT

A schematic diagram of the MASS (Mobile Aerosol Sampling System) configured for the AEDC
studies is shown in Figure (1). For this test, the MASS was divided into two work stations. The first,
located close to the extractive sampling probe selection manifolds, was used in conjunction with the
extractive sampling system to acquire total CN concentrations for all aerosols in real-time and to fill and
pressurize sample tanks. Exhaust sample was delivered to the MASS from individual and ganged probe
sources. An isobaric cooler for supersaturation pulse simulation, a laser aerosol spectrometer for real
time large diameter aerosol measurement (diameters from 1.0-30 microns), and a needle to grid electric
precipitator for aerosol collection on electron microscope grids, were also located at the first work
station. The second work station consisted of two EAC's (Electrostatic Aerosol Classifier) configured
in series as shown in the figure. With this system the tank samples taken at the first work station were
analyzed for size distribution, and growth and/or hydration (critical supersaturation) information for
aerosols in the submicron range 10 nm to 0.5 microns. The MASS methodology has been described in
detail elsewhere and will not be described here.(3-4,6’9)
Particle emission indices are used to determine the impact ofjet engines on the environment. One
important emission index is defined as the number of particles produced per kilogram of fuel burned.
Under conditions where the particles are sampled at or near the exit plane of the engine, this index can
be determined by (1) measurement of the number of particles emanating from the engine per cm3 gas
in the effluent and (2) a measurement of the weight ratio of the fuel and air that is burned in the engine.
The latter quantity can be simply related to the kilograms of fuel burned for each cm3 of gas that passes
through the engine. Taking the ratio of the particles/cm3 to the kilograms of fuel/cm3 yields the emission
index.
If the particle sampling is performed far enough downstream of the engine such that background
air is entrained in the effluent, the emission index is determined using another method, /dong with the
measurement of particles/cm3, the C02 concentration is measured. As long as the CO, concentration
is significantly above background (300 ppm), the C02 can be assumed to be the product of the
combustion of fuel. The C02 emission index (grams of CO/per kilogram of fuel) does not vary more
than a few percent for most aviation fuels, and can be determined very accurately for any fuel by
chemical analysis of the carbon percentage in the fuel. The particle emission index for the engine exhaust
is then determined by dividing the particle density (partVcm3) in the exhaust by the C02 weight density
(gm-Zcm3) in the exhaust and multiplying the result by the C02 emission index. We have made particle
emission index measurements under varying conditions by employing either or both methods described
above.
3.

RESULTS AND DISCUSSION

We made particle (soot) measurements at two test venues. The first measurements were ground
tests made on a Rolls Royce engine mounted in an Air France Concorde. The second set were in-flight
plume measurements made-by chasing various aircraft in European flight corridors.
3.1 Concorde Measurements. During the week of 31 July 1995 the MDC/UMR. team made
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measurements of particulates emanating from the a Rolls Royce Olympus engine mounted in an Air
France Concorde aircraft during engine run-up tests at Charles de Gaulle Airport near Paris. These tests
were sponsored by NASA since they permitted: (1) an opportunity to provide ground-based emissions
characterization of a supersonic transport engine operating under cruise-like conditions, and (2) they
would provide data to allow a comparison with the results of a recent sampling by the NASA ER-2
research platform of the Concorde exhaust as it cruised supersonically in transit between Fiji and New
Zealand/0 A diagram of the specific test set-up is given in Fig. (3). The aerosol sampling probe was
installed on the engine centerline in a silencing tunnel located at CDG airport. The silencing structure
consisted of two cylindrical tubes (5m dia.) joined at an oblique angle as shown in Fig. (3). The
uncooled particle probe was installed just upstream of the upward turn of the silencing structure. The
separation between probe and exit-plane of the exhaust nozzle on the Concorde was 30 m. This assured
sufficient cooling in the exhaust flow to eliminate the need for active cooling of the probe and that the
exhaust flow velocity was subsonic.
A truck containing the MASS and C02 detector was located outside the silencing structure in the
approximate vicinity of the probe. A sample line (6mm o.d.) was run from the particle probe to the
measurement stations in the truck. Particle-free diluent air was injected into the exhaust sample at the
probe sampling orifice. This air was added to ensure that no condensation could occur in the sample
transit from probe orifice to measurement stations.
The outboard port (number 1) engine was operated at the following nominal thrust settings:
65%(idle), 85% (intermediate) and 100%. When steady-state operation was reached the thrust was held
constant for test periods of typically 5 minute each. During each steady state period the following data
were acquired: total particle concentrations, total and non-volatile size distributions, hydration properties
and C02 concentrations.
3.2 Total particle concentrations. The total particle concentrations ranged from 1010 to 10" particles
cm 3. Using the analysis described above these concentrations correspond to emission indices of
between 5 % 10" and 1 * 1019 particles per kilogram of fuel burned.
3.3 Size distributions. A typical size distribution taken during these measurements in shown in Fig.
(4). This type of distribution is very different from that seen for all other ground-based measurements
made with the MASS to date. All previous ground-based measurements demonstrate log-normal like
distributions similar to those shown in Fig. 5 measured for an engine mounted in a NASA 737 aircraft,
and a G.E. 404 engine (Fig. 2), where a marked decrease in the number of smaller diameter particles
(<40nm) is observed compared to the Olympus engine where there is an ever increasing fraction of
particles with diameters < 100 nm.
3.4 Volatile and non-volatile component: The total particle sample flow was analyzed for its non
volatile component by passing the incoming sample flow through an in-line preheater designed to have
sufficient residence time to raise the particulate sample temperature to 170°C. The results of several
of these experiments are shown in Table 1.
Table 1. Total and Non-volatile Particle Densities
Thrust
NV
Total
Part./cm3
Part./cm3
65%

1.3x10'°

8x10'°

85%

1.3x10"

6x10'°
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3.5 Hydration Properties. The hydration properties represented as the fraction of a given aerosol
sample population as a function of soluble mass fraction were acquired for aerosol dry sizes 20, 50, and
80nm and continue to be deconvolved. The general observation from these data is that many of the
particles measured for the Olympus engine have soluble mass fractions > 10%. The dry sizes of20, 50,
and 80nm were chosen as these sizes tend to encompass the peak in the size distribution typically
observed for aircraft engine soot emissions.
3.6 In-flight Measurements of Emission Indices. During July of 1995 the MASS was installed as
one of several experiments aboard a Falcon aircraft as part of a flight campaign named POLINAT. The
purpose of this campaign is to understand the environmental impact of tropospheric aircraft. Several
times during this campaign the Falcon was used to chase various commercial aircraft including Boeing
747’s, McDonnell Douglas DClO’s, and AirBus 34’s which were powered by engines which are though
to be representative of the fleet. During this time, measurements were made by several groups. These
included soot, NOx and C02 measurements.
The results of two of these plume chasing experiments are shown in Table 2. For these experiments
we simultaneously measured both the total particle density in the plume and the non-volatile component
of the particle density. To accomplish this we employed two particle counters. The contrail was
sampled through a nozzle located on the side of the Falcon aircraft. Air flowed through the nozzle
directly to one of the particle counters which continuously measured the total particle density. Part of
the flow through the nozzle was directed through the second particle counter after passing through a
section of tubing that was heated to 170°C. In this manner the second counter measured the non
volatile component of the particles density. This procedure allowed us to discriminate the pure soot
component of the particles (i.e. non-volatile component) from the volatile component which is thought
to be sulfuric acid aerosol. Sulfuric acid particles are known to form in aircraft wakes.
In a similar manner co-experimenters aboard the aircraft made measurements through another
nozzle sampling port, of the gas-phase species in the air on the side of the aircraft. As the Falcon passed
through a contrail of a commercial aircraft the concentrations of all of these species (both gas-phase and
particles) increased above the background. By integration of the above ambient signals for total
particles, non-volatile particles and C02 we obtained particle emission indices using the procedure
described above.
Table 2. Inflight Measurement of Particle Emission Indices.
Date
July 5 1995
July 5 1995

4.

Time
UTC
2:28
3:28

Plane

Engine

N.V. E.I. part/kg. fuel

Total E.I. part/kg. fuel

747
EA34

CF1-50E2
CFM56-5C2

4.0x10'*
1.3x10"

1.2x10"
2.2x10"

CONCLUSIONS

4.1 Concorde Measurements. The data presented here, on the particle characterization of the
Concorde’s Rolls Royce Olympus Engine are consistent with the following conclusions:
(1) The particle number-based emission index for the Olympus engine is high ranging from 5 % 1017 to
1 x 1019 particles/kg fuel burned. These data are reasonably consistent with the in-flight
measurements of Fahey et al., 1.7-6.5 * 1017.(1) The higher emissions at ground level may reflect
differences in operation at cruise and on the ground. Some consideration should be given to the
influence of the silencing structure on natural exhaust plume dispersion.
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(2) A large fraction (40-50%) of the particles are volatile at 170°C. This result is again consistent with
the in-flight measurements^ and unique in the current database acquired with the MASS. The
hydration data are consistent with the volatility data and tend to support the speculation that a
significant proportion of the fuel sulfur is converted into sulfate particles in the jet/wake regime of
the dispersing exhaust plume.
(3) Compared to subsonic transport engines studied to date the Olympus emissions are unique.
However, it is important to note that in all previous tests measurements were made typically a
distances no greater than 3m, that the plume dispersion did not experience confinement in a silencing
structure and the fuel (Jet A) may have a uniquely high sulfur content. An analysis of the fuel
composition is currently being performed but the data are not available at the time of submission of
this manuscript.
4.2 In-flight Measurements of Particle Emission Indices. Particle emission indices were obtained
for two aircraft, a Boeing 747 and an Airbus EA 34. The non-volatile E.I. for the 747 was 4.0 x 1014
parf/kg fuel and the total E.I. was 1.2 * 1015. The non-volatile E. I. for the EA 34 was 1.3 * 1015 and
the total E. I. was 2.2 % 10'* . These values are similar to the values we have obtained in ground test
measurements6 but are smaller than those obtained for the Concorde engine. More data needs to be
obtained in order to draw any conclusions as to differing E.I.s for different subsonic transport engines.
ACKNOWLEDGMENTS. We are pleased to acknowledge support from NASA under Grants
NAG-1-1632 and NCC3-343. In addition, we gratefully acknowledge the use of the data generated by
Prof. H. Schlager and co-workers in determining the in-flight emission indices.
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FIGURE 1 - Schematic of MASS

FIGURE 3 - Schematic of Concorde test setup.
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FIGURE 4 - Typical size distribution for Concorde measurements.
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FIGURE 5 - Size distribution for an engine from a
NASA 737 aircraft
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The oxidation of fuel sulfur to S(VI) (SO3 + H2SO4) in a supersonic (Concorde) and a subsonic
(ATTAS) aircraft engine is estimated numerically. The results indicate between 2% and 10% of the fuel
sulfur is emitted as S(VI). It is also shown that conversion in the turbine is limited by the level of atomic
oxygen at the combustor exit, resulting in a higher oxidation efficiency as the sulfur mass loading is
decreased. SO2 and SO3 are the primary sulfur oxidation products, with less than 1% of fuel sulfur
converted to H2SO4. For the Concorde, H2SO4 was primarily formed during the supersonic expansion
through the divergent nozzle.

0 Introduction
In-flight aerosol measurements in jet engine exhaust wakes have indicated highly efficient
conversion of the fuel sulfur to volatile aerosols. Hofmann and Rosen[l] reported nearly complete
conversion for an SR-71 aircraft plume at 23 km after 24 hours. Aerosol measurements in the
Concorde wake over New Zealand in late 1994 by instrumentation aboard the ER2, resulted in an
estimate that between 12 % and 45 % of fuel sulfur was in volatile aerosols after 10 to 30 minutes at
an altitude of 16 km. [2] The reported observations for the ATTAS show an increase in the number
density of particles larger than 7 nm and 18 nm with increasing fuel sulfur content[3] and a change
in the number of activated soot particles within 100 m of the engine exit.[4] More recently,
measurements performed as part of the SNIP and SUCCESS campaigns have indicated the rapid
formation of high levels of small volatile aerosols[5] and found a correlation between the volatile
aerosol number density and the sulfur mass loading.[6]
The estimate by Fahey, et al.[2] for the Concorde plume indicates a higher conversion of the
fuel sulfur to sulfuric acid than the 1 % to 2 % conversion expected from gas phase oxidation
kinetics[7-9] in the wake alone. This suggests that current exhaust emission scenarios for sulfur
speciation, at least for some aircraft, do not provide a complete representation of sulfur chemistry in
the engine and exhaust wake. Both oxidation in the engine and heterogeneous oxidation
mechanisms in the wake have been discussed as potential sources of the apparent discrepancy.
Here, we summarize the basic conclusions and present some additional results of a recent analysis

of the percent conversion of fuel sulfur to S(VI) (SO3 + H2SO4) in the engine.[ 10] A study on the
effect of S(VI) emissions at the exhaust exit on aerosol formation and growth in the near field
plume are presented elsewhere.] 11,12]

2.0 Model Results for Sulfur Oxidation in the ATTAS and Concorde Engines
This analysis treats the Concorde and ATTAS engines using cycle deck parameters
corresponding to the ambient conditions associated with recent in-flight measurements. For the
ATTAS, runs were performed for four fuel sulfur mass loadings (2 ppmm, 166 ppmm, 260 ppmm
and 5400 ppmm) used in recently reported in-flight contrail formation observations.[3,4,13] Engine
parameters for the Concorde were supplied by Rolls Royce and the fuel composition was set based
on an analysis of fuel burned during the 1994 flight.[2] Engine parameters and fuel composition for
the ATTAS were adopted from the cycle deck calculation of Deidewig.[14]
The models used in this analysis have been discussed previously.[10] The gas phase
oxidation kinetics was modeled with an extensive kinetic mechanism for CHX, HOx, COx, NOy,
SHX, and SOx chemistry with reactions and rate constants selected from the recommended values in
various reviews of methane , nitramine and sulfur combustion.] 15-19] For the combustor, both a
one-dimensional premixed laminar flame model and a one dimensional flamelet model with
turbulent mixing were used.[20] The turbine flow was modeled as a 1-dimensional, two stream
(film-cooling air + core exhaust) flow. The temperature and pressure profile along the turbine axis
was set by a cycle deck calculation which uses equations for mass and energy balance to determine
gasdynamic properties for the flow.
Numerical results using the premixed laminar flame model indicated on the order of 1%
conversion to SO3 for both aircraft. In contrast, the nonequilibrium flamelet model predicted
between 2% and 6% conversion depending on the degree of turbulent mixing. Thus the flamelet
model resulted in approximately 2% conversion in the flamefront with additional conversion
towards the combustor exit as the turbulent mixing decreased.. In both models, the oxidation in the
flamefront was driven by the reaction with atomic oxygen and the higher percent conversion in the
flamelet model was due to a higher level of atomic oxygen. The increased conversion predicted by
the flamelet model for the flow at the combustor exit was largely due to increased oxidation by
hydroxyl radical. However, the high temperature reaction rate for this reaction is not known. Thus,
while the flamelet model predicted 2% - 6% conversion in the combustor, parametric studies
indicate that the lower value is probably more realistic given the uncertainty in the reaction rates for
high temperature sulfur oxidation.
SOx, atomic oxygen and hydroxyl radical profiles through the ATTAS turbine for fuel
sulfur mass loadings of 2 ppmm and 260 ppmm are shown in Figure 1. The calculations for these
runs were initialized by assuming chemical equilibrium at the combustor exit for all species except
the sulfur oxides. For the latter, it was assumed that between 0.5 % and 1.0 % of the sulfur exits the
combustor as SO3. These results then provide an estimate for the partitioning of sulfur oxides at the
exhaust exit plane even if there were little conversion in the combustor. Both O and OH. initially
increase through the high pressure turbine (ca. 0.75 ms) and subsequently decreases through the low
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pressure turbine. The initial increase is a consequence of the fact the How exiting the combustor
was not at equilibrium. The decrease through the low pressure turbine is primarily in response to
the decreasing pressure and temperature in this region. A reaction flux analysis indicated that the
reaction of SO? with atomic oxygen was the dominant mechanism for the formation of SO3 and
that the drop in hydroxyl radical was due to NOy reactions with only a little contribution from the
further oxidation of SO?. Similar trends were found for fuels with sulfur mass loadings of 166
ppmm and 5400 ppmm. For the latter, atomic oxygen was completely depleted. Because SO?
oxidation was so strongly driven by the reaction with atomic oxygen, the formation of SO3 was
found to, in general, be kinetically limited by the level of atomic oxygen at the combustor exit

time (ms)

time (ms)

Figure /. Species mixing ratios through the high and low pressure ATTAS turbine for a fuel sulfur content of
(a) 2 ppmm and (b) 260 ppmm.
An interesting consequence is that percent conversion to SO3 does not scale linearly with
the fuel sulfur content. This is illustrated in Figure 2 which shows the percent conversion to SO3 +
H2SO4 by volume, Figure 2a, and the mixing ratios of SO?, SO3, H2SO4 and atomic oxygen.
Figure 2b, at the turbine exit for the ATTAS burning fuels with 2, 166, 260 and 5400 ppmm sulfur.
As seen in Figure 2a, the percent conversion decreases as the fuel sulfur content increases. The
range extends from approximately 6% for a fuel sulfur content of 2 ppmm to approximately 1 % for
5400 ppmm. As seen in Figure 2b, there is only approximately a factor of 5 increase in the level of
SO3 when the fuel sulfur content is greater than about 100 ppmm. Additionally, while SO3 mixing
ratio decreases when the fuel sulfur is reduced to 2 ppmm, it is still near the value that has been
predicted for a typical aircraft fuel sulfur content (e.g. 300-500 ppmm) assuming only hydroxyl
radical oxidation in the plume.
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S0X, atomic oxygen and hydroxyl radical profiles through the Concorde turbine and
divergent nozzle are shown in Figure 3 as a further illustration. Here, the combustor exit speciation
was set by the results of the flamelet model. As for the ATT AS. the reaction of SO2 with atomic
oxygen was the dominant mechanism for the formation of SO3 and that the drop in hydroxyl radical
was largely due to NOy reactions . Most notable is the substantial relative increase in H2SO4
during the supersonic expansion through the divergent nozzle (10-11 ms range).
# -2 ppmm

O
cnC\l
X

t
o
CO

c

# -166 ppmm

o
$2
c

o
o
c

8O)

5400

CL

1000 2000 3000 4000 5000

2000

fuel sulfur content (ppmm)

4000

fuel sulfur content (ppmm)

Figure 2. (a) Percent conversion offuel sulfur to SO3 and H2SO4 and (b) SO2, SO3, H2SO4 and O mole
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3.0 Summary
Kinetic models were used to investigate the oxidation of fuel sulfur in modern jet aircraft
engines. Model results presented for the Concorde and ATTAS engines indicated that between 2%
and 10% of the fuel sulfur is emitted at the exhaust exit as S(VI) (SO3 and H2SO4). For the
ATTAS engine burning fuels with a sulfur mass loading between 2 ppmm and 266 ppmm, the
calculated nozzle exit plane mixing ratios of H2SO4 were less than 0.3% of the fuel sulfur. Model
results for the Concorde engine predict H2SO4 emissions on the order of 0.02 ppmv (0.7% of the
total sulfur emission), most of which arises during supersonic expansion through the divergent
nozzle.
Since hydroxyl radical oxidation of exhaust SO2 in the plume is limited to < 1% -2 % [1-3],
oxidation during combustion and flow through the turbine is predicted to at least equal the percent
conversion arising from hydroxyl radical driven gas phase oxidation in the exhaust wake. The
results further indicate that the level of SO3 at the exhaust exit may not vary proportionally to fuel
sulfur mass loading and that, due to kinetic limitations, the percent conversion to S(IV) may
decrease sharply as fuel sulfur is increased. A subsequent analysis of condensation in the ATTAS
plume has found that the latter effect can limit the observable effects of reductions in the mass
loading of fuel sulfur for in-flight measurements with respect to the effect of "low" and "high"
sulfur fuels on the formation of contrails.[12] Given the potential for significant sulfur oxidation in
the engine, reliable experimental data for the partitioning of exhaust sulfur emissions is needed to
fully assess the reported measurements for the Concorde and ATTAS exhaust plumes.
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Abstract

The extent to which fuel sulfur is converted to SO3 during combustion and the
subsequent turbine flow in supersonic and subsonic aircraft engines is estimated numerically.
The analysis is based on: (if a flamelet model with non-equilibrium sulfur chemistry for the
combustor and

a one-dimensional, twostream model with finite rate chemical kinetics for the

turbine . The results indicate that between 2% and 10% of the fuel sulfur is emitted as SO3. It is
also shown that, for a high fuel sulfur mass loading, conversion in the turbine is limited by the
level of atomic oxygen at the combustor exit, leading to higher SO2 oxidation efficiency at lower
fuel sulfur loadings. While SO2 and SO3 are the primary oxidation products, the model results
further indicate H2SO4 levels on the order of 0.1 ppm for supersonic expansions through a
divergent nozzle. This source of fully oxidized S(VI) (SO3 + H2SO4) exceeds previously
calculated S(VI) levels due to oxidation of SO2 by OH in the exhaust plume outside the engine
nozzle.

INTRODUCTION
.Aircraft aerosol emissions can impact the atmosphere by increasing sulfate aerosol levels,
thereby enhancing heterogeneous processing of nitrogen oxide and chlorine reservoir gases, and
by nucleating persistent contrails and cirrus clouds which affect atmospheric photochemistry and
radiative transport [WMO. 1991]. The aerosol emissions of concern are insoluble exhaust soot
panicles formed during combustion, volatile aerosols formed through homogeneous nucieation
and condensation processes in the wake, and aerosols consisting of insoluble and soluble
components arising from heterogeneous nucieation. vapor condensation and aerosol coagulation.
Experimental measurements [Hofmann and Rosen. 1978: Fahey era/.. 1995] and modeling
studies [Miake-Lye et ai, 1993, 1994: Kdrcher et ai. 1994, 1995, Zhao and Turco, 1995, Brown
et ai. 1996] indicate that, besides exhaust water vapor, the sulfuric acid formed by the oxidation
and hydrolysis of fuel sulfur is the most critical component of exhaust aerosols, although nitric
acid may also play a role in the coldest portions of the upper troposphere and lower stratosphere.
The amount of S(VI) (503 + H2S04) present in the plume is critical in the formation of volatile
sulfate aerosols in the aircraft plume/wake flow.

To date, numerical models for the coupled fluid dynamics and gas phase
chemistry in aircraft exhaust plumes have assumed that fuel sulfur is emitted at the exhaust exit
as SO?. As the plume entrains ambient air, 502 is then converted to sulfuric acid according to
SO2 + OH + M = HSO3 + M

(1)

HSO3 +

(2)

02

= SO3 + HO2

SO 3 + 2H20 = H2SO4 + H2O

(3.)

where reaction 3 recognizes that conversion of gas phase SO3 to H2SO4 is second order in water
vapor [Kolb et ai, 1994]. In the sequence above, reaction 1 is the rate limiting step and,
consequently, the oxidation of SO2 is strongly coupled to NOy, C0X, and H0X kinetics which
provide competing OH loss mechanisms. Modeling studies have found that the net conversion of
fuel sulfur to sulfuric acid via reactions 1 -3 is < 1 % - 2%, depending upon the initial level of
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hydroxyl radical [Miake-Lye et ai, 1993. 1994: Kdrcher et al., 1994. 19951. Based on mass
speciromeiric measurements of gaseous negative ions in a jet engine exhaust at ground level

20

m behind the engine. Frenzel and Arnold [ 1994] have estimated that > 0.4% of the fuel sulfur is
undergoes conversion to gaseous H2SO4.
However, recent in-flight measurements of volatile and nonvolatile aerosols in jet engine
exhaust wakes have led to much higher estimates for the percent conversion of the fuel sulfur to
sulfuric acid. Based on aerosol measurements for Concorde wake by the ER2 over New Zealand
in late 1994, it has been estimated that between 12 % and 45 % of fuel sulfur was in aerosols
after 10 to 30 minutes at 16 km [Fahey et al., 1995]. Recent measurements for the T38 plume as
pan of the SNIP campaign have suggested that as much as 70 % of fuel sulfur in aerosols after
10 seconds at 9 km [Anderson, 1996]. Additionally, recently reported results for the SUCCESS
program have indicated a high level of small volatile aerosols whose number density varies
significantly with the fuel mass loading of sulfur [Ballenthin et ai, 1996]. While the analysis of
the SNIP and SUCCESS data is still at a preliminary stage and may be modified with further
analysis, the general trends are consistent with earlier estimates based on the Concorde
measurements. These recent measurements are also consistent with the high level of fuel sulfur
conversion to sulfuric acid in an SR-78 aircraft plume at 23 km as reported by Hoffman and
Rosen [1978]. These field measurements collectively indicate a high level of volatile aerosols
that are formed early in the exhaust plume and whose number density may directly correlate
[Ballenthin et ai, 1996] with the level of fuel sulfur.
These results strongly suggest that current exhaust emission scenarios for sulfur
speciation and the current understanding of kinetic oxidation mechanisms and condensation
processes in the plume do not provide an accurate representation of sulfur chemistry in the
engine and exhaust wake, at least for some aircraft. Here we present an estimates of the percent
conversion fuel sulfur to S(VI) in the engine. A better understanding of sulfur oxidation
mechanisms in the engine is important in addressing the field measurement results and will better
define the extent of sulfur conversion by gas phase or heterogeneous oxidation mechanisms in
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the wake that is required to account for the estimated percent conversion derived from in-flight
measurements.

SULFUR OXIDATION IN INTERNAL ENGINE CYCLES
This analysis treats the Concorde and ATTAS engines, which are the subject of recent
field measurements, using cycle deck parameters corresponding to the ambient conditions
associated with recent in-flight measurements. For the ATTAS, runs for the four fuel sulfur
mass loadings (2 ppmm. 166 ppmm. 260 ppmm and 5400 ppmm) used in recently reported in
flight contrail formation observations were performed [Busen and Schumann, 1995: Schumann et
ai. 1996], Engine parameters for the Concorde were supplied by Rolls Royce and the fuel
composition was set based on an analysis of fuel burned during the 1994 flight [Fahey et. al,
1995], Engine parameters and fuel composition for the ATTAS were adopted from Busen and
Schummann [1995] and Deidewig [1995],
Equilibrium SOx Speciation
Combustion speciation predictions at thermodynamic equilibrium provide a useful
prediction of the major products and the general direction of the chemical kinetics. The general
equilibrium trends for sulfur oxidation by oxygen have been discussed by Hunter [ 1982], Under
fuel rich conditions the primary equilibrium products are COS, H2S, CS, CS], HS, 51 and 5%.
Under oxygen rich conditions the equilibrium is shifted to the oxides SO, SO2, and SO3, as well
as H2SO4 in wet environments at lower temperatures. SO2 is the dominant product at typical
flame temperatures for fuel-to-air mass ratios less than or equal to that required for
stoichiometric combustion. The equilibrium shifts towards SO3 as the temperature decreases.
Below approximately 700 K the equilibrium is again shifted from SO3 to the acid vapor, H2SO4.
Figure 1 illustrates the equilibrium conversion to SO3 as a function of temperature. The
carbon, hydrogen and sulfur fuel mass fractions corresponding to the Concorde fuel composition
during its 1994 flight over New Zealand [Fahey et ai, 1995] and the pressure was set at the
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Concorde combustor outlet pressure of 129.3 psia. The fuel and air mass flow rates for the
Concorde under fully mixed conditions would result to a fuel-to-air mass ratio (F/A) that is 22%
of the ratio required for stoichiometric combustion. However, profiles are displayed for fuel-toair mass ratios ranging from 22% to 100% to indicate the change in the percent conversion to
SO3 as the mixture becomes more oxygen rich. The temperature range was selected to vary
from below the temperature at the Concorde combustor inlet (869 K) to 400 K above the mean
mixture temperature (1400 K) at the combustor exit. The profiles show an increase in the
equilibrium conversion to SO3 as the temperature and F/A ratio decrease. The relative effect of
the latter is strongest near the stoichiometric F/A ratio and decreases as the mixture becomes
more oxygen rich. The profiles in Figure 1 do not include H2SO4 since the percentage of the
fuel sulfur existing as the acid under equilibrium conditions is negligible at typical combustion
temperatures. For the temperature range in Figure 1. the percent conversion to H2SO4 reaches
1.7% by volume at 800 K. nearly 70 K below the temperature at the combustor inlet.
Kinetically Limited Conversion In Hydrocarbon/Sulfur-Air Flames

For the combustor, simple flame models were used to characterize the dominant kinetic
pathways for sulfur oxidation in hydrocarbon/air flames and to estimate the partitioning of SO%
species at the combustor exit. To approximate the initial pyrolized fuel reactants, both
CH4/C2H2/H2S (the dominant equilibrium products from the pyrolysis of CHx/S fuels) and
C4H 10/S mixtures were considered. Both a one-dimensional premixed laminar flame model and

a one dimensional flamelet model with turbulent mixing were used. Neither model treats the
initial vaporization and oxidative pyrolysis of fuel droplets or the three dimensional fluid
dynamics for real combustors with complicated geometries. The models are useful, however, in
identifying the dominant gas phase kinetic oxidation pathways and the flamelet model also
provides a first order estimate for the nonequilibrium partitioning of SOx species at the
combustor exit due to turbulent mixing between fuel and air mass flows.
The most important parameter used in the flamelet model is the scalar dissipation which
characterizes the diffusive fluxes of species to the reaction zone and is a measure of the intensity
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of turbulent mixing [Buriko et al. 1994). In real Hows the scalar dissipation has a distribution
along the combustor chamber with the highest values appropriate for the initial mixing rate for
the condition of stable combustion to lower values at the exit of the combustion chamber. For
the calculations presented here two runs were performed for each aircraft with a constant scalar
dissipation in each case. For the tlamefront. the highest scalar dissipation consistent with
maintaining a stable flame was used, while the lowest value was adopted to characterize the flow
near the combustor exit.
The gas phase oxidation kinetics are modeled with an extensive kinetic mechanism for
CHx, HOx, COx, NOy, SHX, and SOx chemistry. The reaction mechanism describing CHX,
HOx, NOy and COx kinetics was formulated using selected reactions and rate constants for high
temperature methane combustion [Tsang and Hampson, 1986] with additional NOy oxidation
reactions adopted from kinetic mechanisms proposed for propellant combustion systems [Tsang
and Herron,.

1991]. Sulfur oxidation reactions and rate constants were selected from the high

temperature combustion reaction review by Westley et al. [1983] and are summarized in Table 1.
For the reaction between S02 and atomic oxygen, the high temperature rate reported by Smith et
al.

[1982] was used. Since high temperature reaction rate data has not been reported for the

reaction between SO2 and hydroxyl radical, the recommended rate for stratospheric modeling
[DeMore et al.,

1994] was used. Although this low temperature rate is expected too be to large,

it will be shown below that the OH recombination reaction plays only a minor role in. the
oxidation of S02- Additionally, calculations were performed using estimated rate constants that
ranged from 1 to 2 orders of magnitude lower to assess the extent to which the rate constant
listed in Table 1 might overestimate the extent of oxidation in the combustor and turbine. A
review of gas phase sulfur combustion kinetics has been given by Cullis andMulcahy [1972]
discussing elementary reactions, combustion mechanisms and the kinetic behavior in practical
systems.
Numerical results using the premixed laminar flame model indicated on the order of 1%
conversion to SO3. The nonequilibrium flame let model resulted in approximately 2%
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conversion in the flamefront. In both models, the oxidation was driven by the reaction with
atomic oxygen and the higher percent conversion in the flamelet model was due to a higher level
of atomic oxygen. The flamelet model, however, indicated additional conversion towards the
combustor exit as the turbulent mixing decreased in this region largely due to the increased
contribution of the reaction with hydroxyl radical. However, as noted, the high temperature
reaction rate for the latter reaction is not known, but is expected to be significantly slower then
the rate listed in Table 1. Thus, while the flamelet model predicted 2% - 6% conversion for the
both the Concorde and ATTAS combustors, parametric studies indicate that the lower value is
probably more realistic given the uncertainty in the reaction rates for high temperature sulfur
oxidation. Neither the premixed flame model or the nonequilibrium flamelet model indicated
any significant dependence on the fuel sulfur mass loading.
SOx Oxidation in Turbine Flow

The turbine flow was modeled as a 1-dimensional, two stream (bypass air + core exhaust)
flow. The temperature and pressure profile along the turbine axis set by a cycle deck calculation
which uses equations for mass and energy balance to determine gasdyanmic properties for the
flow. The gas phase oxidation kinetics were integrated along the flow assuming the temperature
and pressure were constant over each spatial step. Errors in the latter approximation were
reduced by reducing the spatial step size.
As part of a parametric study of the effect of uncertainties in the speciation at the exhaust
exit, turbine calculations were performed for initial conditions set by (I) equilibrium at the
combustor exit, (2) steady-state kinetics assuming complete mixing of fuel and air mass flows
during combustion and (3) the combustor exit speciation predicted using the flamelet model
described above. In general, the same basic trends were found in all cases. As a representative
example, SOx, atomic oxygen and hydroxyl radical profiles along the 1-dimensional flow are
shown in Figure 2 for the Concorde engine with the combustor exit speciation set by the results
of the flamelet model. Although both O and OH decrease along the flow, a reaction flux analysis
indicated that the reaction of SO% with atomic oxygen was the dominant mechanism for the
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formation of SO3 and that the drop in hydroxyl radical was due to NOv reactions with little
contribution from the further oxidation of SO?.
The general kinetic behavior of these systems is further illustrated in Figure 3 which
shows NOy species (Figure 3a) and SO% species (Figure 3b) profiles for the ATTAS engine
burning a fuel with a sulfur mass loading of 5400 ppmm. The calculations for these runs were
initialized by assuming chemical equilibrium at the combustor exit for all species except the
sulfur oxides. For the latter, it was assumed that between 0.5 % and 1.0 % of the sulfur exits the
combustor as SO3. These results then provide an estimate for the partitioning of sulfur oxides at
the exhaust exit plane even if there were little conversion in the combustor. As seen in Figure
3b, atomic oxygen is completely depleted due to the large fuel sulfur content which exits the
combustor as SO2. Since hydroxyl radical again was found to contribute little to sulfur oxide
conversion in the turbine, the SOx profiles in Figure 3 indicate that the formation of SO3 is
kinetically limited by the level of atomic oxygen at the combustor exit as the fuel sulfur content
is increased.
An interesting consequence is that percent conversion to SO3 does not scale linearly with
the fuel sulfur content To illustrate this effect Figure 4 shows the percent conversion to SO3 +
H2SO4 by volume (Figure 4a) and the mixing ratios of SO2, SO3, H2SO4 and atomic oxygen at
the turbine exit (Figure 4b) for the ATTAS burning fuels with 2 ppmm, 166 ppmm, 260 ppmm
and 5400 ppmm sulfur. As seen in Figure 4a, the percent conversion decreases as the fuel sulfur
content increases. The range extends from approximately 6% for a fuel sulfur content of 2
ppmm to approximately 1% for 5400 ppmm. As seen in Figure 4b, there is only a modest
increase in the level of SO3 when the fuel sulfur content greater than about 100 ppmm.
Additionally, while SO3 mixing ratio decreases when the fuel sulfur is reduced to 2 ppmm, it is
still near the value that has been predicted for a typical aircraft fuel sulfur content (e.g. 300-500
ppmm) assuming only hydroxyl radical oxidation in the plume. Moreover, this level of SO3 is
predicted to occur even if there is only limited SO3 formation in the combustor.
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CONCLUSIONS AND SUMMARY

In this paper, equilibrium and kinetic models were used to investigate the oxidation of
fuel sulfur in modem jet aircraft engines. Model results were presented for the Concorde and
ATTAS engines indicating that between 2% and 10% of the fuel sulfur is emitted at the exhaust
exit as S(VI) (SO3 and H2SO4). This range reflects the variation in emission levels calculated in
parametric studies of the turbulent mixing and chemical kinetics in the combustor, the fuel sulfur
mass loading, and uncertainties in gas phase sulfur oxidation rates. It is also consistent with
measured values for sulfur oxidation in hydrocarbon air flames [Merryman and Levy. 1971] and
gas turbines [Hunter. 1982: Harris. 1990]. For the ATTAS engine bumging fuels with a sulfur
mass loading between 2 ppmm and 266 ppmm. the calculated nozzle exit plane mixing ratios of
H2SO4 were less than 0.01 ppmv. However, model results for the Concorde engine further
H2SO4 emissions on the order of 0.1 ppmv arising during supersonic expansion through its
divergent nozzle.
Since hydroxyl radical oxidation of exhaust SO2 in the plume is limited to < 1% -2 %
[Miake-Lye et aL,

1993, 1994; Karcher et al, 1994, 1995], depending on the level of OH at the

exhaust exit, oxidation during combustion and flow through the turbine is predicted to a least
equal, and most likely exceed, the percent conversion arising from hydroxly radical driven gas
phase oxidation in the exhaust wake. The potential for much higher conversion in the engine
than by hydroxyl radical oxidation in wake will be important for models of aerosol formation and
growth mechanisms in the near field wake.
Futhermore, the thermodynamic and kinetic constraints on sulfur oxidation kinetics
during combustion and flow through the engine turbine are such that the level of SO3 may not
scale linearly with the level of fuel sulfur and the percent conversion may decrease sharply as
fuel sulfur is increased. Consequently, in-flight measurements with respect to the effect of "low"
and "high" sulfur fuels on the formation of contrails or the emission of volatile aerosols require
quantitative data for speciated sulfur oxide emission indices for accurate interpretation.
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Due to the complicated kinetic and fluid dynamical issues associated with modeling the
coupled flow and finite rate kinetics in real combustors and turbines, the numerical results
presented here are far from conclusive. Additionally, the rate constants for sulfur oxidation
reactions, as well as third body efficiencies for the termolecular reaction of S02 with atomic
oxygen and hydroxyl radical, have not been measured over the temperature and pressure range
governing the gas flow through the combustor and turbine. However, the calculations indicate
approximately 2% conversion in the turbine even if it is assumed that there is no conversion in
the combustor and the most pessimistic values for the rate constants for the dominant oxidation
reactions are adopted. Given the potential for significant sulfur oxidation in the engine, reliable
experimental data for exhaust sulfur emissions is needed to assess the reported measurements for
the Concorde exhaust and to assess the impact of aircraft emissions on the atmosphere.
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Table Captions
Table 1. Sulfur Oxidation Mechanism
Figure Captions
Figure 1. Equilibrium percent conversion to SO3 by volume as a function of temperature for the
Concorde fuel (229 ppmm sulfur) and combustor outlet pressure (129.3 psia). Separate profiles
are shown for fuel-to-air equivalence ratios of 1.0.0.9.0.7, and 0.22. The equivalence ratio for
fully mixed fuel and air mass flows is 0.22.

Figure 2. SOx mole fractions for a 1-dimensional, chemically reactive flow through the
Concorde turbine, afterburning duct and divergent nozzle for a fuel sulfur content of 129 ppmm.

Figure 3. Species mole fractions for a 1-dimensional, chemically reactive flow through the high
and low pressure ATTAS turbine for a fuel sulfur content of 5400 ppmm. (a) NOy species, (b)
HOx and SOx species.

Figure 4. (a) Percent conversion of fuel sulfur to S(VI) (SO3 and H2SO4) by volume and (b)
S02, SO3, H2SO4 and 0 mole fractions as a function of fuel sulfur content for the ATTAS
turbine flow.
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Table 1. Sulfur Oxidation Mechanism
reaction

A

n

Ea

SH+0=S0+H

9.64 x 10+13 0.0

0.0

H2S+M=SH+H+M

4.64 x 10+14 0.0

82468.8

H2S+0=OH+SH

4.36 x 10+12 0.0

3300.7

H2S+H=SH+H2

1.08 x 10+13 0.0

2980.8

H2S+0H=SH+H20

4.70 x 10+12 0.0

290.1

SO+02=S02+0

1.44 x 10+11 0.0

4740.0

S0+S03=S02+S02

1.20 x 10+09 0.0

0.0

S0+N02=S02+N0

8.91 x 10+12 0.0

0.0

S0+0H=S02+H

5.06 x 10+13 0.0

0.0

S02+M=S0+0+M

2.90 x 10+16 0.0

117180.0

S02+N02=S03+N0

6.31 x 10+12 0.0

27176.0

S03+M=S02+0+M

3.16 x 10+13 0.0

63750.0

S02+0+M=S03+M

4.40 x 10+14 0.0

6326.0

S03+0+M=S02+02+M

6.50 x 10+14 0.0

10800.0

S02+OH(+M)=HS03(+M)

9.03 x 10+11 0.0

0.0

low pressure limit:

1.63 x 10+25 -3.3

0.0

HS03+02=H02+S03

7.83 x 10+U 0.0

660.0

S03+H20=H2S04

7.23 x 10+08 0.0

0.0

units mole-cm-sec-K-cal
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Figure 1. Equilibrium percent conversion to SO3 by volume as a function of temperature for the
Concorde fuel (229 ppmm sulfur) and combustor outlet pressure (129.3 psia). Separate profiles
are shown for fuel-to-air equivalence ratios of 1.0, 0.9,0.7, and 0.22. The equivalence ratio for
fully mixed fuel and air mass flows is 0.22.
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Figure 2. Selected species mole fractions for a 1 -dimensional, chemically reactive flow through
the Concorde turbine, afterburning duct and divergent nozzle for a fuel sulfur content of 129
ppmm.
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EXPERIMENTS ON CONTRAIL FORMATION
FROM FUELS WITH DIFFERENT SULFUR CONTENT
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Andreas Petzold1, Franz Schroder1, Ulrich Schumann1, Johan Strom2, Phil Whitefield3
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ABSTRACT : A series of both flight tests and''ground experiments has been performed to evaluate the
role of the sulfur contained in kerosene in ^ontrail) formation processes. The results of the first
experiments are compiled briefly. The last SULFUR 4 experiment dealing with the influence of the fuel
sulfur content and different appertaining conditions is described in detail: Different sulfur mass fractions
lead to different particle size spectra. The number of ice particles in the contrail increases by about a
factor of 2 for 3000 ppm instead of 6 ppm sulfur fuel content.

1. INTRODUCTION
Contrails (condensation trails) are formed behind the engines of high-flying aircraft under
thermodynamic atmospheric conditions described first by Schmidt in 1941 and Appleman in
1953 [1]. The fuels burnt in jet engines contain sulfur with typical mass concentrations between
100 and 1000 ppm [2], the maximum specification limit is 3000 ppm. This sulfur leads to the
emission of sulfurous gases in the aircraft exhaust, mostly S02 formed by oxidation of the fuel
sulfur during combustion [3]. At the same time soot particles are formed, and from some
laboratory studies and theoretical studies is appears likely, that soot particles may get activated
by a sulfuric acid coating, and that the amount increases with the sulfur content in the fuel.
Hence impact of sulfur emissions on particle formation is expected but experimental evidence
for such impact in aircraft exhaust plumes is missing. Therefore starting in December 1994 a
series of experiments has been performed using two aircraft each time. A twin-engine jet is used
for the contrail formation, another one for measurements and observations. For the first duty
mostly the ATTAS (Advanced Technologies Testing Aircraft System) of DLR was burning fuels
of different sulfur content in each engine. Also an Airbus A-310 was supplied by Lufthansa for
this purpose. By burning different fuels or switching between the different fuel tanks during
flight any difference arising from different sulfur contents is measured under equivalent
environmental conditions.
Fuel with extremely low sulfur content of about 1 ppm can be purchased. With careful
handling a sulfur content of 2 ppm inside the aircraft fuel tank was attained. For reaching high
sulfur mass mixing ratios dibutylsulfide was used as additive (composition: CgH18S, density: 840
kg m"3, flame point: 62°C, boiling point: 182°C, sulfur mass fraction: 22 % ).
2. RESULTS OF THE EXPERIMENTS SULFUR 1 - SULFUR 3
The first experiment, SULFUR 1, was performed December 13, 1994 with the ATTAS fueled
with sulfur contents of 2 ppm and 250 ppm, respectively. The contrails were observed visually
from a Piper Cheyenne IHA supplied by Lufthansa, photos and videos were taken. Temperature
and humidity were deduced from nearby radiosonde stations and the fuel was analysed [2].
SULFUR 2, flown March 22, 1995, was performed with the ATTAS and with the DLR
research aircraft Falcon as the observing and measuring aircraft. The sulfur mass mixing ratios
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were set to 170 and 5500 ppm this time, and particle properties and turbulence were measured
additionally [4].
During SULFUR 3 ground tests were performed on July 13, 1995. NO, C02, CO, HC, H2S04
+ S03, and soot have been measured and analysed. Sulfur mass mixing ratios of 220 and 3000
ppm have been used. The main results and conclusions of these three experiments are :
• The impact of sulfur emissions on particle formation has been shown experimentally.
• The Schmidt-Appleman-Criterion was extended taking into account the propulsion efficiency
and the mixing of core and bypass air. The threshold temperature increases by 2 K for
77 =14% overall propulsion efficiency.
• No visible effects for 250/2 ppm sulfur, visible effects for 5500/170 ppm sulfur observed.
• Sulfur emissions have little impact on threshold condition for contrail formation.
• Sulfur emissions have impact on CN-particle formation, the total number is increasing with
higher fuel sulfur content, but less than linear for CN > 7 nm in diameter.
• Ambient aerosol and homogeneous nucleation do not explain the observed particle density.
• Soot particles in the size range 10 to 100 nm are important, the smoke number is independent
of sulfur content and engine. For high sulfur levels more soot particles get activated as
condensation nuclei [5].
• An „AerosoI-Trail“ of CCN may impact cirrus cloud formation.
3. THE EXPERIMENT SULFUR 4
The objective of this experiment was to determine the impact of different conditions on the
properties of the contrails. During a one week period (March 11-15, 1996) variations in the fuel
sulfur content (6 to 3000 ppm), in the plume age (0.5 to 25 s), in the ambient relative humidity,
and in the type of aircraft/engine (ATTAS and Airbus A310) could be realized.
For the first time measurements at about 100 m distance behind the leading aircraft with and
without visible contrails could be performed after extensive theoretical studies on the flow field
behind aircraft. They show, that the vortices starting from the wing tips are still very small at
close distance and a strong but steady downward air motion forms.
Characteristic features of the three flights and a ground test are compiled in Table 1.
Table 1: The measurementflights during SULFUR 4: Flight conditions, maximum temperature excess
measured, and specific parameters related to Fig. 2 and 3.
Date

Aircraft

12.3.96

ATTAS
Fig. 2e
Fig. 2f«
A310
Hg:3:T

13.3.96

_

14.3.96
15.3.96

ATTAS
ATTAS
Fig. 2a '
Fig. 2b:
Fig. 2c
Fig. 2d

FL
[hft]
240,310
310
310
350
350
350
ground
310,270
310
310
310
310

rel. Hum.
[%]
low
20 ± 10
20 ± 10
low

T
[°C]

P
[hPa]

-43
-43

284.5
284.5

22 ±10

-58
-58

22 ±10
22 ± 10
high,low
50 ± 10
50 ±10
50 ± 10
50 ± 10

Dist.
[m]
>80

238.4
238.4
1
>100

285.5
285.5
285.5
285.5

150

ATmax
[Kl
4,11

6
>200

-52.3
-52.3
-52.3
-52.3

Sulfur
[ppm]
2830,6
2830
850,240,320,2700
2700
850
2830, 6
2700,6
2700
6

2700
6

1.5

5.5,7

Beside the standard meteorological instrumentation (see [4]) the following special equipment
was installed on the Falcon for these measurements :
•
•
•
•

CPCs (Condensation Particle Counters) of Stockholm University, CN > 7 nm, CN >18 nm
MASS (Mobile Aerosol Sampling System) instrument of the University Rolla / Missouri [6]
AAMAS mass spectrometer of MPI for Nuclear Physics, Heidelberg [8]
PMS spectrometer probes of type FSSP 300 and PCASP and a new developed Multi-Angle
Spectrometer Probe (MASP). Provision of these probes by the Universities of Mainz and
Munich and by NCAR, respectively, is greatly acknowledged.
In addition, emission indices of the ATTAS engines have been measured in flight [10].

The measurements both behind the ATTAS and the A310 were made at two distances, about
100 to 200 m and about 2500 to 3000 m behind the leading aircraft. The ATTAS produced a dry
and invisible trail at lower and a visible contrail at higher altitude, furthermore the fuel was
switched from the normal to the sulfur enriched one for both engines at each measuring level and
distance.
From this procedure an extensive data set has been obtained, which has been evaluated so far
in terms of H,S04 in the gas phase [8], particle spectra and soot properties [7], turbulence and
mixing, and the emission indices of NO, N02, CO, and particles.
In Figure 1 the static air temperature, the
water vapor mixing ratio, and the vertical
component of the air motion is given for a
short segment of the March 12 flight behind
the ATTAS. The time is given in seconds
after midnight, the total plot corresponds to
the time period 13:42 to 14:12 UTC. In this
period three measurements were taken at
flight level 310, different fuels were burnt,
and the distance did vary between 80 and
400 m. The first attempt starts with the first
dip in the w-plot, but the Falcon did not stay
in the wake from the beginning, as there is
no distinct signal in temperature or
humidity. Lateron the successful positioning
of the Falcon can be seen in the temperature
increase of up to 11 K and the humidity
increasing by about a factor of 10. In the
vertical component w the expected
downward air motion of up to 10 m/s is
observed.
The results of the AAMAS measurements
of chemical species are reported in [8], those
of the ground test on March 14 focusing on
soot properties in [7], and the emission
index measurements in [10].

50000

51000

time [s]

Figure 1 : Meteorological parameters in the
wake of the ATTAS at close flight distance.
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Particle diameter [pm]

Figure 2 : PCASP (squares) and FSSP 300 (circles) data from measurements in the exhaust plume of the
ATTAS; the left and right columns correspond to measurements with high (about 3000 ppm) and low
(6 ppm) sulfur content, respectively. The measurement conditions were :
(a) and (b)
(c) and (d)
(e) and (f)

short distance (100-300 m), visible contrail; FL 310, March 15, 1996.
long distance (about 3000 m), visible contrail; FL 310, March 15, 1996.
short distance, no visible contrail, FL 310, March 12, 1996.

Typical temperature differences relative to ambient air in (a) for curves (1) and (2): >1.5 K and <0.15 K
in (b) for curves (1) to (3): >1.5 K, about 0.4 K, < 0.15 K, respectively.
Dashed horizontal and vertical lines serve for orientation and are equivalent in all figures.
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4. ojrjc,viriv JMLOUJUIS Uf MILKUPHYSICAL PARTICLE MEASUREMENTS
Dry accumulation mode particles (0.1 - 1pm) show no significant differences between the
high and low sulfur cases (Fig. 2a and b) as well as between visible and invisible contrails. In the
near field the total number concentration (800-1400 cm'3) is raised one order of magnitude
compared to ambient background. Two miles behind the leading aircraft the plume concentration
is already close to background.
In the near field of visible contrails and in the plume center a distinct mode of primary
produced ice particles is centered around 1.5-2.0 pm in diameter with typical number
concentrations of 103 cm"3 and volume fractions of 1-3-103 pm3 cm'3. With increasing distance
from the plume center the distribution quickly broadens towards smaller particles. This feature is
caused by evaporation effects as indicated by the decreasing temperature difference to the
ambient air. With increasing distance from the aircraft and dilution this leads to almost constant
size distributions with effective diameters below 1 pm (Fig. 2c and d). High fuel sulfur content
results in smaller effective ice crystal diameters and total number concentrations enhanced by
about about a factor of 2 in the submicron range. This remains visible even at longer distances.
In case of an invisible exhaust trail (Fig. 2e and f) no significant differences have been
observed for the burning of high and low sulfur fuel. Total accumulation mode aerosol
concentrations (PCASP) are 300 cm"3 compared to about 10 cm"3 in the background air. FSSP
and MASP show good agreement for total number concentrations typically between 30 and
50 cm3. Further, the measured FSSP size spectra indicate a fraction of coarse particles in the
exhaust aerosol with a concentration of typically 6 cm"3 (background: 0.02 cm"3).
Total CN concentrations deduced from
CPC measurements were found to exceed
105cm"3 in the near field. Two miles behind
the ATTAS exhaust CN peak values ranged
around 104cm"3 for low sulfur and 4-104cm"3
for high sulfur fuel indicating higher
concentrations of fine and ultrafine particles
when high sulfur fuel is burned. This is also
reflected in the slopes X for assumed lunge
type size distributions fitted to MASS data
(high sulfur: -1.3 > X > -2.5; low sulfur: 0.9 > X >-1.3).
Measurements behind the AIRBUS A310
presented in Fig. 3 were carried out within a
visible contrail at distances of 300-700 m
behind jet exit. They show higher
concentrations of dry accumulation mode
particles (2-4-103cm*3) compared to the
ATTAS exhaust in presence of background
Particle diameter [pm]
concentrations of order 20 cm"3. Particles
above 200 nm in size seem to be stronger
Figure 3 : PCASP (squares) and FSSP 300
represented with high sulfur fuel burned
(circles) data from measurements in the exhaust
while the opposite holds for the size fraction
plume of an Airbus A310; the background is
below about 180 nm. No significant
given as full (PCASP) and broken (FSSP) line,
difference was found in the FSSP spectra for
respectively. Full symbols: 3000 ppm, open
high and normal sulfur fuel. These spectra
symbols: 850 ppm, FL 350.
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show effective diameters around 0.6 pm and total volume fractions from 100 to 200 pm3 cm"3.
Possibly they are composed of ice crystals [9]. Total peak concentrations of both the FSSP 300
and the MASP range between several hundreds and 103 cm"3.
Total CN-concentrations exceeded 10s cm'3, the slopes for Junge-distributions fitted to
MASS-data were found around -3.7, thus steeper and suggesting clearly higher total number
concentrations compared with the ATTAS exhaust aerosol.
5. CONCLUSION
In addition to the earlier findings from the first three SULFUR experiments the main results
of SULFUR 4 can be summarized in the following way :
• For the first time in situ measurements flying inside plumes at 80 m minimum distance behind
the engines have been performed.
• A maximum temperature excess of 11 K and a tenfold water vapor mixing ratio were
observed.
• A very low concentration of gaseous sulfuric acid was measured [8].
• The more modem Airbus engines produce less particles (soot) by mass but more particles by
number than the older ATTAS engines.
• The sulfur impact on particle formation for the A310 and ATTAS are similar.
• Fuel sulfur causes a shift to more particles, but the number of particles larger than 7 nm
increases less than linear with the fuel sulfur content.
• Sulfur causes more but smaller ice particles; the increase in number density is about a factor
of 2 for 3000 ppm instead of 6 ppm sulfur fuel content.
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Microphysical properties of contrails and natural cirrus clouds
Bernhard Strauss and Peter Wendling
Deutsche Forschungsanstalt fuer Luft- und Raumfahrt e.V. (DLR),
Oberpfaffenhofen, Germany
YlAbstracr\([n-situ particle measurements by use of an ice replicator are presented for several
contrail and cirrus events. Contrail particles aged about 2 minutes show shapes which are
nearly spherical. Typical sizes are 5 to 10/um. Concentration values reach up to the order
of 1000 cm-3. Aged contrail size distributions are within the variability of those found in
natural cirrus clouds.
( , _,£.

.Co*'
1. Introduction
The radiative properties of aijcontrai^are determined by its microphysical properties. There
fore an understanding of the concentration, size distribution, and shapes of the particles is
lecessary for an estimation of the climatic impact of contrails^Df speciaTintefest are possible differences to natural cirrus cloudsr Furthermore, the development of the microphysical
properties in dependence on the life stage of contrails is important with respect to the change
in the radiative properties.
In situ measurements in contrails as well as in thin cirrus clouds by use of an ice replicator
are presented. This instrument works on the impactor principle. Replica of ice particles
are conserved on a formvar coated film. Shapes can be directly seen by use of a microscope
and size distributions can be obtained by use of subsequent automated pattern recognition.
The lower size resolution is about 3 fim, dependent on the quality of the coating. Particles
greater than approximately 100 nm usually break by impaction.
2.

Measurements

Measurements were carried out by use of an ice replicator. This instrument exposes a film
coated with a formvar chloroform solution to the ice particles in air. The particles produce
impacts (replica) on the film which are conserved after evaporation of the particles. Analysis
is done by use of a microscope and subsequent automated pattern recognition.
Measurements were taken within several campaigns conducted by either DLR or the EUCREX (European cloud and radiation experiment) community. The replicator was installed
on the DLR research aircraft Falcon. Mission flights were conducted in both cirrus and
contrails over Southern Germany and Scotland, see the following table:
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Table 1:

date

cloud type

campaign

area

9 Oct. 1992
15 Oct. 1992
19 Oct. 1992

contrails
cirrus
cirrus
cirrus
cirrus
contrail
contrail

CIRRUS ’92

South Germany
South Germany
South Germany
Scotland
South Germany
South Germany
South Germany

18 Sept. 1993
18 March 1994
21 March 1994
2 May 1996

CIRRUS ’92

CIRRUS ’92
EUCREX '93
CIRRUS ’94
CIRRUS ’94
CONTRAIL ’96

Contrails were measured at two different life stages: A few minutes and approximately half
an hour (Tab. 2). The age of the contrails was in two cases roughly estimated and in one
case (2 May 1996) determined by knowing the exact position and speed of the aircraft that
produced the contrail. Table 2 lists meteorological parameters of the analyzed cirrus and
contrail events including the age of the contrails:3
Table 2:

date

9 Oct. 1992
21 March 1994
2 May 1996

number of contrails
mixture of
persistent contrails
single contrail
single contrail

age
minutes

temperature
°C

pressure
hPa

altitude
km

about 30

-37 to -45

300 to 350

8.4 to 9.3

about 2
2:20 to 3:10

-60
-50
-55 to -58

240

10.5

290
239 to 250
239
249 to 275
345

9.35

15 Oct. 1992
19 Oct. 1992
18 Sept. 1993

-58
-55 to -55

-49

18 March 1994

10.4 to 10.7
10.6 to 10.7
9.8 to 10.5

8.2

3. Results
Fig. 1 shows ice particle replica from the contrail on 2 May 1996. Most of the particles
have sizes about 5 to 10 fim. Shapes are usually slightly apart from spherical. Some parti
cles show shapes between spherical and hexagonal. A comparison with the so called ’doxtrals’
(Thuman and Robinson, 1954) shows large similarities. This indicates that the formation
mechanism is freezing of water droplets.
Fig. 2 shows the mean size distributions of the three contrail events together with those
of the cirrus clouds. Three of the cirrus distributions show values which are comperatively
close to each other. The variability is about one order of magnitude. The cirrus on 18 March
1994, however, shows a significantly higher amount of particles smaller than 15/.un compared
to the other cirrus distributions. The half an hour aged contrails on 9 October 1992 show a
similar size distribution pattern as the three cirrus cases mentioned above. The two ’young’
contrails, however, show a much greater amount of particles in the smaller size regime. The
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Figure 1: Contrail particle replica, aged about 2 minutes

values for particles smaller than lO/zm are even higher than those measured in the cirrus
cloud on 18 March 1993. Furthermore the comparison of the two young contrails shows a
significant difference. On 21 March 1994 much more small particles were measured than on
the 2 May 1996. Concentration values are in the order of 1000 cm-3 on 21 March 1994 and
25 cm-3 on 2 Mai 1996.
For the interpretation of the results, it is important to be aware of the high local variability
of the measured concentrations. In the case of the 21 March 1992, particles were so many
that their replica mostly overlap. In this case the routine analysis by pattern recognition
software could not be used and particles were counted ’by hand’. Therefore, the corre
sponding analyzed volume is very small (0.53 cm3) and the representivity of the measured
concentration value (Fig. 2) is questionable. On 2 May 1996 concentrations were smaller so
that the routine analysis could be used for a significantly part of the data material. However,
on some locations, particle replica again were too dense for automated pattern recognition
and those parts were excluded from analysis in this case. Therefore the size distribution of
this contrail - as shown in Fig. 2 - is likely to give lower boundary values. The analyzed
volume was 240cm3 in this case.
Finally it should be mentioned that the collection efficiency was set to 1 for the analysis
given above. This assumption is quite good for particles greater than approximately 10 pm.
The smaller the particles, the greater is the effect of the collection efficiency and values given
in Fig. 2 underestimate the values of the small particle regime. However, it is anticipated
that this effect is much less significant than the variability within the contrail or cirrus cloud
itself.
Baumgardner and Cooper, 1994, carried out measurements in young contrails, at an even
smaller distance to the producing aircraft than in the cases presented here. They found
values for particles of 10/^m in the order of 10-3cm-3 and for particles of lpm in the order
of 10°cm-3 at a distance of more than 1.5km to the aircraft ahead. Therefore they found
slightly lower values compared to the ones presented here.
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Figure 2: Size distributions in contrails (thick curves: 9 October 1992, half an hour aged,
solid, 2 Mai 1996, dashed, and 21 March 1994, dotted) and natural cirrus clouds (thin curves:
15 October 1992, solid, 18 September 1993, dashed, 19 October 1992, dotted, 18 March 1994,
dash-dotted)

4. Conclusions
Due to the measurements presented here, it is expected that the size distribution in contrails
with ages of 2 to 3 minutes are within the two cases of young contrails given in Fig. 2 . One
must keep in mind the high local variability of these values. Concentrations are in the order
of 10 to 1000 cm-3 .
With respect to an understanding of the radiative properties of contrails more measurements
especially at different life stages of contrails, focusing on persistent ones, are necessary.
Furthermore, a comparison with theoretical models is in preparation.
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Abstract

^rou&iLu.9ockcu

The spatial growth of individua^ontrail^ of commercial aircrafts in the time range from 15 s to 60 min behind
the aircraft is investigated by means of a ground-based scanning backscatter lidar. The growth in width is mainly
governed by wind shear and varies between 18 m/min and 140 m/min. The growth of the cross-section varies
between 3500m^/min nd 25000 m^/min. These values are in agreement with results of model calculations and
former field measurements. The vertical growth is often limited by boundaries of the humid layer at flight level,
but values up to 18 m/min were observed. Optical parameters like-depolarisation, optical depth and lidar ratio, i.e.
the extinction-to-backscatter ratio, have been retrieved from'the measurements at a wavelength of 532 nm. TheirdgppnHpnr-^ nn-tba-aop nf thft-ftfwtfrail fanunmn twe nf yerftnHf.-tn one hour are evaluated The lidacjario-varies
-from-ovef-FOQ-for yuung-eontrnils to values around 25-for older, contrailsi The'linear depolarisation rises from
values as low as 0.06 for a young contrail (10 s old) to values around 0.5, typical for aged contrails. The latter
indicates the transition from non-crystalline to crystalline particles in persistent contrails within a few minutes. The
scatter of depolarisation values measured in individual contrails is narrow, independent of the contrails age, and
suggests a rather uniform growth of the particles inside a contrail.

Measurements and results
Spatial spread
Contrails have been investigated by ground-based lidar remote sensing using a Q-switched Nd:YAG laser as
transmitter, with a pulse energy of 0.55 J @ 532 nm, a pulse width <7 ns, and a pulse repetition rate of 10 Hz.
Backscatter and depolarisation at 532 nm are received with a 52 cm diameter Cassegrain telescope with 0.5 to
6 mrad adjustable FOV, and the analog signals are digitized with 10 bits dynamic range and max. 50 MHz
sampling rate. The laser and the telescope are assembled on a two-axes scanning mount, whose max. turning
velocity is 20°/s in both axes. A CCD video camera is mounted on top of the lidar, aligned with its optical axis, to
support the analysis of the measurements. The contrail's direction can be determined from its image on the CCDarray, and the drift velocity can be calculated by means of two consecutive video images. With computercontrolled scanning routines the contrails are followed while they drift with the wind, and several scans of the
cross-section can be performed as they develop with time. Details of the system are described in Freudenthaler et
al. [1994] and additional details about the measurements in Freudenthaler et al. [1995].
The aircraft flight levels, where contrails have been observed, cover a height range from about 9 km to
12.5 km. Figure 1 shows the top and bottom levels of the detected contrails. They are enclosed by the two
extremes of the temperature profiles during our measurements, taken from the radiosonde ascents in Munich,
100 km north of Garmisch-Partenkirchen. All contrails formed at temperatures below the Appleman threshold for
an environmental relative humidity of 100% with respect to water (right hand solid curve in Figure 1; according to
Appleman [1953]). Their persistence is determined mainly by the relative humidity with respect to ice and the
dilution due to spreading [Knollenberg, 1972; Boin andLevkov, 1994; Gierens, 1995].
Our measurements of contrails cover the time range from about 10 sec to 60 min behind the aircraft, starting
in the vortex regime (10 s - 100 s) of the aircraft's wake and covering the dispersion regime (100 s - 1000 s).
During the vortex regime, the two counter rotating vortices induced by the aircraft move downwards, increasing
the vertical extension of the contrail with little or no horizontal spreading [see eg. Scorer and Davenport, 1970].
The end of the vortex regime is reached when the circulation of the vortices has dissolved in unorganised
turbulence. This turbulence, atmospheric stratification and vertical shear (change of horizontal wind speed with
height) govern the wake's spread in the dispersion regime. The wake regimes are described in detail e.g. in CIAP
[1975].
Figure 2 to 4 display the measured growth in height, width and area, respectively, of 43 cross-sections of 14
contrails under different environmental conditions (see Figure 1). The height and width of the cross-sections are
defined as the distances between the extreme points, where the backscatter signal is just above the maximum
background level. Same symbols in Figures 2 to 4 indicate consecutive cross-section scans of the same contrail.
The vertical extension at the beginning of the dispersion regime ranges from about 150 m to 300 m, and the sub
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sequent vertical growth, ranging to about 18 m/min (Figure 2), is often limited by a dry atmospheric layer.
Minimum and maximum growth, indicated by solid lines in Figures 3 and 4, amount to 18 m/min and 140 m/min
for the width (Fig. 3) and to 3500 m2/min and 25000 m2/min for the area (Figure 4). In Figs. 2 to 4 two sets of
contrails are distinguished by open/solid symbols, marking contrails which grew slowly/fast, respectively. This can
most clearly be seen in the growth of area (Figure 4), where the two sets are separated by the 8000 m2/min dotted
line, and also in the growth of width, with a separation at about 65 m/min. Low/high vertical shear, vertical
limitation by dry layers, and the different amount of relative humidity in the environment are the most probable
reasons for this diversity. The vertical shear s in the plane of the contrail's cross-section, perpendicular to the flight
path, has been estimated from a number of suitable contour plots, ranging between s = 0 and 18 ms'1 km'1. The
absolute shear cannot be inferred from these measurements. The shear was below 3 m s'1 km'1 for all slow
growth cases and above this value for most fast growth cases.

Depolarisation and Lidar Ratio
To achieve fast repetitive scans of young contrails the flight direction and wind drift are already determined
from contrail observations as the aircraft approaches from the horizon. Thus the cross sectional scan can be
started a few seconds (for eye safety reasons) after the aircraft has passed the optimum position for scanning. The
scanning procedure itself requires about 20 seconds for one scan. A second scan can be performed immediately
after the first one. Each scan consists of about 100 to 300 lidar profiles depending on the pre-sets chosen to
achieve best or fastest coverage of the contrail, and single-shot lidar profiles are evaluated.
As an example Fig. 5 shows the backscatter coefficient (A, B) and depolarisation (C, D) in the cross-sections
retrieved from the measurements of a double scan of a contrail. At the aircraft's flight level of 12150 m (msl) the
environmental temperature T was - 60°C. The horizontal distance of successive lidar profiles is about 2 m and the
vertical resolution amounts to about 6 m. By that the cross section is covered by about 600 measurement points.
Considering the width of the laser beam and the laser pulse length, each measurement point represents a sample
volume of about 200 m3. In Figs. 5 A and C the scan started from the right, when the contrail was 6 s old, moved
to the left and out of the contrail 16 s later. The second scan (Figs.SB, D) was performed vice versa from the left
to the right entering the lower part of the contrail at an age of 86 s and leaving it 14 s later. The cross section was
not covered fully at this side, but the inspection of the video images confirms that the main features are captured
and just a few meters have been missed at the upper right comer.
The two vortices can be distinguished in Fig. 5A with a vortex axis separation of ~30 m. The plot shows a
depression of backscatter in each center and enhanced backscatter at the outside and lower parts. This confirms
similar observations by Schumann et al. [1996] during a flight close behind an aircraft. The left vortex in Fig. 5A is
about 10 s older than the right one and shows a larger diameter and higher backscatter but in principle the same
spiral shape, just counter rotating. The horizontal width of the right and left vortex amounts to (21 ± 3) m and (35
± 3) m, respectively, at half of max. intensity. Below 12.15 km height an invisible natural cirrus with optical
thickness of «0.003 extends «200 m downwards. About 80 s later (Fig.5B) the trailing vortices have distributed
the plume over 160m vertically without horizontal spreading leaving a backscatter maximum at the original flight
level. This maximum amounts to about four times the values in the lower part, where the exhausts which had been
trapped in the vortices are expected. Considering the airplane's speed of about 220 m/s, which was retrieved from
successive video images, the above mentioned times correspond to 1.3 km, 3.5 km, 18.9 km and 22.0 km distance
behind the airplane.
The depolarisation 5 of the same cross sections is shown in Figs.5C and D. 8 is defined as the ratio of the
power retrieved in the cross-polarized channel Pc to the power in the parallel channel Pp: 5 = Pc/Pp. As both
components consist of the backscatter from the air molecules Pm, the natural cirrus Pn and the contrail aerosols
Pco, the total depolarisation 5 reads as:

5 = (p m + p^n + p^co)/ (p^m + p^n + p^co)

(1)

The depolarisation from air molecules alone (Pmc/Pmp) is known to be 0.00365 for the central Rayleigh line
1980], whereas ice crystals in cirrus exhibit a depolarisation Pnc/Pnp « 0.5 according to our
measurements [see also Sassen, 1991], As long as Pco is much larger than the other components, Pm and Pn can
be neglected and (I) becomes 5 = Pcoc/Pcop . This is not the case at the edge of the contrail seen in Fig.5 where
its particles mix with the environment and where enhanced 5 values are found. For the calculation of 5-values
averaged over the plume cross-section, 5avg, areas with a contrail backscatter at least 10 times higher than that
from the background have been considered. Thus the depolarisation errors at the mixing borders are less than
±10%. From the right to the left vortex of the first scan (Fig. 5C), 5 increases from less than 0.05 to values
between 0.05 and 0.1 with 5avg of 0.06 over the whole cross section. The 5 values higher than 0.10 at the lower
middle are due to detector saturation in the parallel channel and did not enter the calculation of the average. The
second scan (Fig. 5D) shows a homogeneous distribution of the depolarisation over the cross section ivith 8aVg of
[Young,
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0.17, indicating that the state of growth is similar for all particles inside the cross-section. 8 values corresponding
to backscatter coefficients <0.1 *10"5 /(m*sr) (e g. natural cirrus) are not plotted.
The optical thickness (OT) of the contrails are evaluated by both the shadow-calibration technique, which uses
the lidar-shadow of the contrail onto a stable cloud layer above the contrail, and with the iterative inversion of the
lidar signal assuming a constant extinction to backscatter ratio (lidar ratio, LR) over the contrail range. Both
techniques are described by Ruppersberg and Renger [1991]. The best guess of the LR is reached, when both
techniques result in the same OT.
The mean LR evaluated from 35 (38) almost vertical lidar profiles trough the contrail in Fig.5A (Fig. 5B)
amounts to 110 ± 10 (103 ± 3). The corresponding max. OT is 0.74 ±0.16 (0.47 ±0.08), and the mean OT is 0.34
±0.02 (0.17 ±0.01). The error ranges are due to lidar signal noise, signal offset uncertainties, and actual variations
in the contrail during the scan.
The results from 30 cross sections measured under varying conditions are summarised in Fig.6 to Fig. 10. The
variation of 5avg and LR with the age of the contrails is displayed in Fig. 6 and Fig. 7, respectively. Measurements
of consecutive cross sections of same contrails at different times are connected by dotted lines. In general, 5avg
increases with age to values around 0.5 for persistent contrails, whereas LR decreases to values around 25 for
aged contrails. 5avg values between 0.06 and 0.53 and LR between 110 and 21 are found for ages < 1.6 min. LR
and 5aVg are inversely correlated (Fig.8). Fig.9 and Fig. 10 show a strong dependence of 5aVg and LR on the
environmental temperature T for of ages <1.6 min (crosses and dashed line). Older contrails with age >1.6 min
(circles and dotted line) exhibit 5avg around 0.5 and LR between 18 and 44 at all T. Temperatures T are retrieved
from the closest radiosonde ascent in Munich, about 100 km north of Garmisch-Partenkirchen.

Discussion
Perfect spherical particles like water droplets cause no depolarisation in lidar backscatter signals. Possible
reasons for depolarisation in lidar signals are deviations from sphericity, crystalline particles like ice crystals [see
e.g. Sassen, 1991], and multiple scattering [Weimnarm, 1976; Sun et al, 1989; Wandinger, 1994]. Aspherical
particles have highest depolarisation efficiency at sizes in the range of the lidar wavelength [Asano and Sato,
1980; Mishchenko and Travis, 1994]. As most of the contrails measured in this investigation had been persistent,
we expect the particles to grow continuously by water uptake and coagulation. If only caused by asphericity,
depolarisation should rise until the particles reach about wavelength size and afterward it should decrease again.
We did not observe such a decrease of depolarisation. Crystallisation is certainly the reason for high 5 of about
0.5 for aged contrails as ice crystals have been sampled in situ at contrail age of some minutes [Strauss, 1994]. It
is uncertain, when crystallisation starts, and when it becomes dominant with respect to depolarisation. Multiple
scattering (MS) in clouds of spherical particles enhances depolarisation in lidar signals [Wandinger, 1994]. MS
increases with the droplet size due to enhanced forward scattering. In order to examine the applicability of
literature data to the conditions in young contrails we performed Mie calculations of the lidar ratio for log-normal
size distributions of spherical ice particles with soot cores. Fig. 11 top shows the lidar ratio for ice particle size
distributions with effective radii Reff between 0.1 pm and 2.0pm with modal widths of 1.1, 1.2, 1.4, and 1.6, and a
refractive index of 1.31±0.0i for the ice coating. A soot core with refractive index of 1.75 + 0.45i and a radius of
0.03pm was assumed. According to these calculations LR < 50 referres to Reff > 0.9pm. Thus the particles in
contrails showing LR > 50 must be smaller than 0.9pm, if they are spherical. The effect of a larger soot core
radius on the LR is small, as displayed in Tig. 11 bottom, where core radii of 0.03pm, 0.06pm, and 0.1pm are
assumed for a fixed droplet modal width of 1.2. As model calculations for multiple scattering are usually
performed for Cl-clouds, i.e. water clouds with droplet modal radius of about 5 pm, these calculations are not
transferable to the conditions in young contrails. In case of MS in young contrails the effective LR measured
would be smaller than the single scattering LR calculated assuming Mie-scattering.

Summary
By means of a ground-based scanning lidar the spatial growth of contrails in the vortex and dispersion regime
has been investigated. The spatial structure of rolling up process and downwash of young contrails in the vortex
regime can be resolved. Depolarisation 5 and lidar ratios LR for 10 s to 60 min old contrails have been retrieved.
At low environmental temperature T around -60°C 5 increases with the contrails age from ~0.1 at ~1 min to 0.5
in aged contrails, while LR decreases from -110 to -25. For higher T depolarisation is higher and the LR lower at
the start of our measurements, and at -50°C values typical for aged contrails (8 -0.5, LR -25) are already reached
prior to our measurements. Mie-calculations for log-normal size distributions of spherical ice particles result in LR
> 50 only for particle radii smaller than -0.9pm. Asphericity and starting crystallisation of the particles in this size
range can explain the measured rise of 8 with hte age of the contrails. Multiple scattering effects could add to the
depolarisation and would decrease the effective LR of these particles, but the available data are not sufficient to
estimate the strength of this effect in young contrails.
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1. Introduction

v\/

During the intensive International Cirrus Experiment conducted during fall 1989
(Raschke et al., 1990), natural and contrail-induced cirrus were analyzed from in situ and
remote sensing measurements (lidar and infrared radiometer). The observations presented in
this study were obtained on 13 October 1989 during coordinated Merlin and Do228 flights over
the southern part of the North Sea. The flight pattern of the Merlin consisted of 120-km long
tracks within an air traffic route at different altitude levels corresponding to the cloud depth and
the Do228 followed a similar trajectory at a constant altitude, roughly 1000 m below the cloud
base. ThejUicrophysicaj data were obtained from the Merlin aircraft operated by the Centre
d’Aviation Meteorologique (Mlteo France) equipped with a PMS FSSP-100 for particle
spectrum measurements over the 3 pm to 45 um_dia meter range TPMS 2D-C for particle
size spectrum and~particle shape over the size range from 25 pm to 800 pm and a JohrisonVyjiiiams cloud liquid-wafer probe. At the same timel&diative measurements we~re~o5tained
from a Do228 aircraft,pperated by the German Deutsche Forschungsanstalt fur Luft- und
Raumfart (DLR), which carried the upward looking ALEX-F Lidar (Mori et al., 1981) operating at
a wavelength of 1.06 pm and a Barnes PRT-5 radiometer aligned parallel to the lidar and with a
9 to 11 urn spectral range.
The paper shows that aircraft contrails have significantly different properties to natural
cirrus clouds. Their local and global climate impact cannot be assessed without consideration
gTTthese-aiffepaDces
accuracy of cloud microphysical sensor used in contrail
studies are also discussed with subseguent errors on description of cloud radiative properties.

2. Microphysics of contrails
The flights of the Merlin and Do228 aircraft were conducted within a region
characterized by dense upper level air-traffic. Consequently contrail-induced cirrus was
frequently present, as well as ‘natural’ cirrus, both formed in essentially the same altitude range
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(around 8200 m / -37°C). Compared to natural cirrus, recently formed contrails exhibited
distinctive microphysical and optical properties (Gayet et al., 1996 a). They had greater particle
concentrations (typically 200 I*1 against 60 I'1) and smaller ice crystals (40 jam against 110 pm),
but the most significant difference between these clouds is the dominance of quasi-spherical
particles in the contrail-cirrus, as exemplified in the images shown in Fig. 1. Despite the low
resolution of the 2D-C (pixel size 25 x 25 pm), the data are sufficient to indicate a quasispherical shape for at least the largest particles sampled. Although the particles are spherical
they were ice rather than liquid water particles, since the crew were unable to detect any sign
of the traces of aircraft icing that would result from supercooled cloud water. It was not possible
to confirm this particle phase determination from the Johnson-Williams due to the expected low
values of the signal to noise ratio on bulk parameter measured by this probe.
Since direct vapour deposition as ice would not lead to spherical particles and since
these particles are too small to be aggregates of still smaller particles, we conclude that the
particles were formed by the freezing of (spherical) water droplets. This supports the
hypothesis that the contrail generation process involves the initial formation of liquid water (or
sulfuric acid solution) droplets. The subsequent rapid freezing of droplets would account for the
lack of observed supercooled liquid water and would arise probably by heterogeneous
nucleation on aircraft engine exhaust particles (such as sulfuric acid nuclei or activated soot
particles) as the droplets cool to the ambient temperature (-37°C) (Karcher et al., 1995),
although we note this is close to the spontaneous freezing threshold and the actual freezing
mechanism is unclear.
Given the hypothesized formation process and the earlier contrail observations, it is
reasonable to expect that the smaller particles, observed by the FSSP but not the 2D-C, are
also spherical. These particles can only have been formed during the initial condensation
phase when liquid droplets were produced, as any excess vapour present after this will be
taken up by the growth of existing particles rather than the formation of new ones. Further
growth of the particles after freezing will be preferentially of the larger particles, so the small
particles will remain spherical at least as long as the larger particles are spherical or quasispherical.
The deduction of spherical particles from 2D-C measurements is consistent with remote
measurements performed with the Do228 in the same geographic location (Gayet et al., 1996
a). From the measured lidar and infrared optical parameters we can determine the backscatter
to extinction ratio (k) which is an optical parameter sensitive to the particle shape. The largest
values of k (0.047 sr ) are found in recently formed contrails and are consistent with those
derived theoretically using the Mie algorithm for a cloud composed of spherically shaped small
ice crystals (see Fig. 2). In natural cirrus Gayet et al. (1996 a) found consistently smaller values
of k (0.02 sr'1) as expected for non-spherical particles.

3. Measurement errors in contrail microphysical and optical properties
There appear to be many small ice crystals in cirrus clouds (see among others Strom
and Heintzenberg, 1994). Ignoring the presence of these particles, because their concentration
cannot be quantified with existing instrumentation, can lead to significant errors in radiative
models (Kinne et al., 1992). Yet the cloud radiative properties are usually deduced from the
available 2D-C measurements alone (e.g. Heymsfield et al., 1990). In the case of contrail
formed of quasi-spherical particles it is possible for the first time both to measure the full size
distribution down to 1.5 pm of diameter with high spatial resolution (because the FSSP is
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reliable in this special case, see Gayet et al., 1996 b) and to model the radiative properties of
the particles (Larsen et al., 1996). Figure 3 exemplifies a particle size distribution obtained with
the 2D-C and FSSP probes in contrail-induced cirrus. Table I gives two sets of cloud
parameters calculated from these data : those calculated from particles with diameter larger
than 12.5 pm (2D-C data alone) and those from all particles with diameter larger than 1.5 pm
(both FSSP and 2D-C measurements).
Probes
Size range

2D-C

FSSP+2D-C

(12.5 - 800 pm)

(1.5 - 800 pm)

200

730

26

19

6

8

Particle concentration (I'1)
Effective radius (pm)
IWC (mg m"3)

Table 1

Table I shows that merging in the FSSP measurements introduces considerable
changes, particularly to the ice particle concentration (730 M versus 200 I'1) and to the
effective radius (19 pm against 26 pm), and that the IWC increases by around 33%. These
microphysical changes are reflected in changes to the calculated radiative properties. The
radiative properties calculations are made using the Zdunkowski’s method (1980) by
considering a cirrus cloud above the sea which has a reflectivity of 0.05. The model of aerosol
below the cirrus cloud is assumed to be continental and the cloud infrared emissivity is
calculated assuming no effect of scattering. The results are displayed on Figure 4. Curves (a)
and (b) show the calculated albedo respectively with and without the small particles, while for
(c) there are no small particles but the particle concentrations have been scaled (retaining the
same form of the distribution as in Figure 3) so that the ice water content for this cloud is the
same as that for that represented by (a). Curve (c) is relevant to the situation where the IWC is
independently measured or prescribed by a model rather than being derived from 2D-C
measurements. Not having data on the small particles present (diameter 1.5 to 12.5 pm) leads
to a noticeable decrease in calculated cloud albedo, around 30% between curves (a) and (b),
due to both the radiative properties of small particles and the IWC differences (6 mg m
instead of 8 mg m ). The differences between (a) and (c), which are characterized by a same
IWC, are less (around 20%) but highlight the effect of the cloud ice water being distributed into
smaller particles.
The sensitivity of the longwave radiative properties of cirrus to the the small particles is
seen in Figure 4.b, which shows the infrared emissivity (at a wavelength of 11 pm) as a
function of the cloud geometrical thickness for the three particle distributions used in Figure
4.a. For clouds with the same cloud ice water content, curves (a) and (c), there is a noticeable
increase (about 20%) in the infrared emissivity when the distribution of water substance into the
smaller particle sizes is taken into account. The effect of the small particles is more marked
(reaching 35% in the example of Figure 4.b) if their contribution to the ice water content of the
cloud is not allowed for.
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4. Conclusions
The paper shows that it is essential that the distinctive radiative characteristics of
aircraft contrails be estabished more fully for the local and global climate impacts to be
assessed. The measurements exemplify distinctive microphysical and optical properties
observed in both contrails and natural cirrus primarily formed at the same range of altitude
(8200 m / -37°C). Compared to natural cirrus, recently formed contrails exhibited distinctive
microphysical and optical properties. They had greater particle concentrations and smaller ice
crystals, but the most significant difference between these clouds is the dominance of quasispherical particles in the contrail-cirrus. These results are consistent with remote
measurements from which the backscattering to extinction ratio k is deduced. The largest
values of k are found in a young-life contrail and can be theoretically explained by a spherical
shape of small ice crystals. Using examples of data obtained from aircraft measurement flights
in contrails, we have shown that shortcomings in the usual in-situ microphysical probes can
lead to significant errors (exceeding 30%) in the estimation of the cloud radiative parameters.
These have substantial implications for the use of current data in climate modelling. Attempts
are being made to develop new instrumentation to address these difficulties, a principle need
being for an instrument that can detect the concentration of ice crystals in the range of 3-50
pm diameter.
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Figure 1 : Mean particle-size spectra obtained (a) in natural cirrus and (b) in contrail.
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Figure 2 : Theoretical values of the backscatter-to-extinction ratio K versus the mean diameter
DM of spherical particles. The K-DM dashed areas corresponds to extreme values deduced
from remote and in situ measurements for both natural and contrail-induced cirrus.
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Figure 3 : Distribution of the ice particle size obtained over North Sea during the ICE
experiment. Crosses are relative to the 2D-C probe and triangles to the FSSP probe. The solid
curve is the least square polynomial fit used in the radiative calculations.
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Figure 4 : (a) Calculated cloud albedos as a function of the solar zenith angle for a cloud
geometrical thickness of 2 km and a sea reflectivity ps = 0.05. The curve labelled a refers to
-3

the size distribution including the contribution of the small particles (IWC = 8 mg m ),

the

curve labelled b is relative to the troncated size distribution from 12.5 pm (IWC = 6 mg m ) and
the curve labelled c refers to the troncated size distribution from 12.5 pm which is weighted in
order to get the same ice water content (8 mg m ) of the size distribution including the small
particles.
(b) Calculated cloud infrared emissivity as a function of the geometrical thickness
for the three particle distributions considered on Fig.4.a.
\
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Measurements of C02 and N:0 concentrations are reported and analyzed to investigate
stratospheric transport rates. Temporal variations in tropospheric C02 are observed to
propagate into the stratosphere, showing that tropospheric air enters the lower tropical
stratosphere continuously, ascends, and is transported rapidly (in less than 1 month) to
both hemispheres. The mean agey^e*. of stratospheric air determined from C02 data is
approximately 5 years in the mid-stratosphere. It is shown tlmf^fFml&iematically
equivalent to a conserved tracer analogous to exhaust from stratospheric aircraft.
Comparison of% trom^odels and observations indicates that current model simulations
likely underestimate pollutant concentrations from proposed stratospheric aircraft by 25100%.
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The chemistry of the stratosphere may be strongly perturbed by pollutants as a
result of the long residence times (1-8) for gases and aerosols in the stratosphere. Rates
for transport of pollutants into, within, and out of the stratosphere are thus important
parameters that regulate stratospheric composition. The basic characteristics of
stratospheric circulation are known from observations of trace gases such as H,0 and 03
(/) and of particulates from nuclear tests (8) and volcanic eruptions (9): Air enters the
stratosphere at the tropical tropopause, rises at tropical latitudes, and descends at middle
and high latitudes to return to the troposphere (1,10). However, the rates for transport on
global scales are poorly known, and quantitative information is critically needed to
predict the response of stratospheric ozone to climatic or chemical change (11) or to
exhaust deposited in the stratosphere by proposed High Speed Civil Transports (HSCTs)
(A2).

This paper presents in situ observations of stratospheric C02 and N,0
concentrations which elucidate key aspects of stratospheric transport. Seasonal and
annual variations in tropospheric CO, are shown to propagate into the stratosphere where
CO, behaves as a conserved tracer (75); N20 is nearly invariant in the troposphere and is
removed by photolysis in the upper stratosphere. Together these tracers provide an ideal
probe of transport on time scales of importance in the stratospheric circulation.
Tropospheric CO, concentrations oscillate seasonally reflecting hemispheric
cycles of photosynthesis and respiration; seasonal amplitudes near the surface are 1 ppm
in the south and 3-15 ppm (increasing polewards) in the north, with the two hemispheres
6 months out of phase (14). In addition, CO, increases annually on average by 1.4 ppm
yr"1 due to fossil fuel combustion (15). The five years of near-global scale observations of
CO, reported here reveal that air enters the stratosphere in all seasons and that seasonal
cycles of CO, in the stratosphere have identical phase in the northern and southern
hemispheres. Analysis of the measurements establishes a lower limit for the rate of quasi
horizontal transport from the tropics to midlatitudes of both hemispheres and defines
mean upwelling velocities in the tropics and the mean age of stratospheric air in
midlatitudes. The results also provide critical diagnostics for models of stratospheric
transport.
Simultaneous measurements of CO,, N,0, and other species were obtained
between 9 and 21.5 km altitude from November 1992 to February 1996 using NASA’s
ER-2 aircraft. The longest interval between observations was 5 months, with near
monthly time resolution between February and November 1994. Sampling included
tropical, middle, and high latitudes from 70°S to 61°N (16).
Seasonal and annual changes in tropospheric CO, propagate across the tropical
tropopause and slowly ascend, as shown by vertical profiles of C02 in the tropics (Fig. 1 A). CO,
maxima were observed at a potential temperature, 6, of approximately 435 K (corresponding to a
pressure-altitude of 19 km (77)) in October 1994 and in November 1995. A minimum was
observed at a similar altitude in February 1996. The observed extrema represent the annual
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maxima (or minimum) that entered the stratosphere 3 to 4 months earlier at the tropical
tropopause at 390 K (~16 km). The 2-ppm increase from October 1994 to November 1995
reflects the trend in tropospheric C02over that time interval. The amplitude of the seasonal
variation at 435 K is about 80% of the variation for air entering the stratosphere (see below), a
notably small attenuation indicating that vertical advection dominates both vertical diffusion and
mixing of older air from midlatitudes into the tropics (18-20).
Observations of C02 at northern and southern midlatitudes show that seasonal
variations in C02 are transported rapidly from the tropics polewards. However, the
seasonality at midlatitudes is not as well-preserved with respect to altitude (or 0) as in the
tropics (for example, Fig. IB): planetary-scale waves in the extratropics induce both
large-scale reversible air displacements and horizontal mixing (10), resulting in air
parcels at a given altitude that have a diverse range of transport histories rather than the
relatively narrow range in the tropics (3, 20, 21). Seasonal variations in C02 at
midlatitudes are evident when C02 is plotted against a seasonally-invariant tracer such as
N:0 (for example, Fig. 1C), which removes the variability associated with reversible
displacements (22) and, to some extent, with irreversible mixing (23).
Compact relationships between C02 and N20 as in Fig. 1C were consistently
observed in the extratropics on the 87 flights from 1992 to 1996, defining the seasonal
and interannual evolution of stratospheric C02 concentrations. On several occasions data
w ere obtained in both southern and northern midlatitudes within a 3-week period; the
resulting scatterplots within each period are nearly identical (Fig. 2). Air at midlatitudes
in both hemispheres for which 0=380-400 K and N20=305-310 ppb exhibited C02
seasonal changes identical in phase and amplitude to changes at the tropical tropopause
(Fig. 3A; see also Fig. 1C) (24). These observations indicate (i) that inputs from the
extratropical troposphere to altitudes above 0=380-400 K are insignificant (25); (ii) that
air enters the tropical stratosphere continuously throughout the year; and (iii) that air is
transported rapidly (< 1 month) from the tropics to midlatitudes of both hemispheres at
altitudes near the tropopause (2<5). At higher altitudes (higher 0, lower N20), the C02
cycle is more attenuated at midlatitudes than in the tropics (for example, Fig. 1C) and is
completely damped above 19 km (440K); the complete attenuation may reflect limited
transport of air from the tropics to midlatitudes at these altitudes or simply the dominance
of dispersive mixing.
Several important transport quantities can be derived from the phase velocity of
the CO; seasonal signal and from the time lag of stratospheric C02 concentrations with
respect to the troposphere once the seasonal signals have damped (or averaged) out.
Effective upwelling velocities in the tropics can be derived from the altitudes of the
extrema in the C02 profiles (Fig. 1 A) and the time interval between the observation and
the date when the C02 extrema entered the stratosphere (27), assuming that the locations
of the extrema are not significantly altered by mixing with midlatitude air. The data in
Fig. 3A show that the boundary condition for stratospheric C02 is accurately represented
by the mean of ground-based observations from southern and northern subtropical
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stations (Samoa (14°S) and Mauna Loa (19°N), respectively), retarded by 2 months.
Knowledge of this boundary condition allows estimates of the transit time for seasonal
extrema within ± 2 weeks. The resulting ascent rates (Table 1) are remarkably similar to
seasonally-resolved velocities computed from radiative heating rates using satellite and
climatological data (28), but are independent of radiative transfer models and extend to
lower altitudes into the region near the tropical tropopause where air enters the
stratosphere and heating rates are small.
The mean age (/3) of air at a point in the stratosphere is commonly defined as the
time lag between the observed stratospheric concentration and tropospheric values; for a
conserved tracer with a time-varying concentration in the troposphere, for example, C02
(2,3) or SF6 (7, 29). Hall and Plumb (21) showed that, if the tropospheric concentration
of the trace gas increases linearly with time, this time lag is identical to an average over
the ensemble of transit times from the troposphere and therefore represents the true
average time (or “mean age") since the air entered the stratosphere. We calculated mean
stratospheric ages from C02 data using a linear fit to the deseasonalized boundary
condition in Fig. 3A after correcting for CH4 oxidation (13). For altitudes at which
seasonal variations in C02 have damped out, that is, higher than 3 to 5 km above the
tropopause at midlatitudes (N20 < 280 ppb), remarkably precise ages for a given value of
N:0 were obtained for all observations from 1992 to 1996, including 2.0±0.2 yr for
N:O=275-280 ppb and 4.5±0.2 yr for N2O=170-175 ppb (Fig. 3B), and values exceeding
5 years for low-N:0 air in the polar vortices (Fig. 4A) (30). These ages are in good
agreement with those derived from SF6 (7, 31). The uniformity of the ages derived from
CO: data obtained frequently over a 5-year period and the agreement with ages from SF6
observations indicate that negligible errors are introduced by the C02 seasonal cycle or by
interannual variations in C02 growth rates.
The mean age. a , represents a quantity that is closely related to the mean
residence time for pollutants with stratospheric sources (exhaust from HSCTs, for
example) and that can be accurately determined from atmospheric observations. We show
here that a is mathematically equivalent to a conserved pseudo-tracer with unit
stratospheric input rate and zero tropospheric concentration. The mass continuity
equation for the concentration C of a conserved tracer is
£C/dt

+ V«Oc = 0,

(1)

where d>c is the flux. If C at the tropopause (z=0) increases linearly with time t (C(x,y,0;
t) = C0 + bt) and Oc =0 normal to the upper boundary, we may define 4 = - (C - C0 bt)/b, giving
BHat

+ V*Oa = 1.

(2)

The right hand side of (2) represents a uniform “source” (aging rate), and the
concentration (age) at the lower boundary is xi(x,y,0;t) = 0.
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A simple model that solves equation (2), with the second term computed from the
monthly residual circulation (32) averaged into a tropical and two midlatitude zones,
reproduces the distribution of A in the extratropics derived from CO, (Fig. 4) (JJ). The
agreement is surprising since the residual circulation in the model is completely
advective; it may be explained by noting that model ages are 20% smaller at midlatitudes
and almost 40% smaller in the tropics if the residual circulation is averaged annually
instead of monthly. We therefore infer that fluctuations in the sign and magnitude of the
residual circulation on monthly time scales provide significant mixing in the model on
global scales, sufficient to match the mean ages derived from the observations.
The pseudo-tracer A , constrained by observations, represents a critical parameter
to test models used to predict the distributions of pollutants from HSCTs. For HSCTs
flying at Mach 2.4 with an emission index of 15 g NOx/kg of fuel burned (12), the model
described above predicts peak enhancements in stratospheric nitrogen oxides (ANOy) >5
ppb for 15°-90°N and >3 ppb for 15°N-15°S, or 25 to 100% greater than predicted by
models used in recent assessments (12). This difference is consistent with
underestimation of mean ages derived from SF6 distributions simulated by assessment
models (34). Hence these models likely underestimate ANOy resulting from HCSTs by 25
to 100%.
In summary, measurements of CO, and N:0 provide important quantitative
information on stratospheric transport rates and unique constraints on stratospheric
models, including (I) a lower limit of 1 month on rates for dispersal of tracers from
tropical to midlatitudes of both hemispheres; (II) seasonally-resolved tropical upwelling
velocities in the range 0.2 to 0.3 mm s'1; and (III) accurate mean ages for the lower and
middle stratosphere, including 2 years at 15 km and > 5 years for altitudes above 25 km.
Values for A represent a powerful diagnostic for stratospheric models, readily computed
by using a simple pseudo-tracer; reproducing the observed temporal and spatial evolution
of the relationship between C02 and N,0 represents a further challenging test. This
information can help improve models and provide enhanced confidence in predictions of
environmental effects on stratospheric 03.
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atm; it is conserved in the absence of energy exchange with the environment (as when
air moves adiabatically). On average, 9 increases monotonically with altitude.
18. The attenuations are consistent with a 30 to 50% admixture of midlatitude air into the tropics,
an amount indicated by the studies of C.M. Volk et al, Science 272,1763 (1996), K.
Minschwaner et al,J. Geophys. Res. 101, 9433 (1996), and L. M. Avallone and M.J. Prather,
ibid, p. 1457.
19. A seasonal water vapor cycle has also been shown to persist as air is advected vertically in
the tropics [P.W. Mote et al., J. Geophys. Res. 101, 3989 (1996)]. The phase relationship
between the seasonal cycles of C02 and water vapor is preserved as air is transported to
mid latitudes [K.A. Boering et al., Geophys. Res. Lett. 22,2737 (1995)]. At present, the
boundary condition for H20 concentrations in air entering the stratosphere is not accurately
known due to the complex physical-chemical mechanisms associated with the transport from
the troposphere to the stratosphere.
O.T.M. Hall and D.W. Waugh, submitted, J. Geophys. Res. (1996).
1 .T.M. Hall and R.A. Plumb, J. Geophys. Res. 99, 1059 (1994).
22. D.H. Ehhalt, E.P. Roth, U. Schmidt, J. Atmos. Chem. 1, 27 (1983).
23. The interplay between vertical advection and mixing by planetary-scale waves produces
nearly parallel surfaces of constant mixing ratio for long-lived tracers at midlatitudes,
providing compact scatterplots between pairs of tracers [J.R. Holton, J. Geophys. Res. 91,
2681 (1986); J.D. Mahlman et al, ibid, p. 2687; R.A. Plumb and M.K.W. Ko, J. Geophys.
Res. 97, 10145 (1992)].
24. Potential temperatures 380-400 K divide the stratosphere into the “overworld,” where parcels
moving adiabatically remain above the tropopause at all latitudes, and the “middleworld”
where adiabatic parcels may enter or exit the stratosphere at low latitudes {10). To rise into
the overworld, air must cross 8=380 K in the tropics; thus Fig. 3A shows the boundary
condition for C02 entering the overworld.
25. Note that C02 seasonal variations in the northern extratropical troposphere have amplitudes
that are too large and those in the south have amplitudes that are too small and have the
incorrect phase to be consistent with the stratospheric observations in the overworld (24). The
3D model results of Hall and Prather (J) simulating stratospheric CO, concentrations are
consistent with these features; their model results and the few measurements available to date
[T. Nakazawa, K. Miyashita, S. Aaki, M. Tanaka, Tellus 43B, 106 (1991); H. Matsueda and
H. Inoue, Atm Environ. 30, 1647 (1996)] suggest that seasonal variations in the upper tropical
troposphere are similar to the observed boundary condition in Fig. 3 A.

179

26. Volcanic aerosols from Mt. Pinatubo were rapidly transported from tropical to northern and
southern midlatitudes at altitudes below 21 km (9); C02 data show analogous transport for
gases continuously entering the tropical stratosphere from the troposphere.
27. Modeling of the age spectrum for a conserved tracer with a seasonal cycle (20) indicates that
bulk “modal’’ transit times may be derived from the phase lag time of a propagating periodic
signal in the lower tropical stratosphere since advection dominates dispersion in this region.
28. Eluszkiewicz et al.(32) computed upwelling velocities of 0.23 and 0.30 mm/sec for July-Oct
and Nov-Feb respectively, averaged from the tropopause to 21 km for 15°S-15°N. Velocities
calculated by Rosenlof (5) were 0.34 and 0.09 mm/sec in January and July 1993,
respectively, for upwelling at 50 mb (21 km) from 10°S to 10°N, with an annual mean of 0.21
mm/sec. Uncertainties were estimated to be ±50% in the lower stratosphere and higher near
the tropopause. Tropical C02 profiles (3°S-3°N) obtained in March 1994 up to a maximum
altitude of 460 K decreased monotonically from the tropopause, suggesting that the minimum
had propagated to 0 > 460 K and yielding a mean ascent rate of > 0.56 K/day (or 0.31
mm/sec) over the period 15 November-22 March. The propagation of seasonal cycles in total
hydrogen (H20 + 2 CH4) to higher altitudes from satellite observations led Mote et a!.(19) to
suggest ascent rates of about 0.4 mm/sec for northern winter and about 0.2 mm/sec for the
rest of the year.
29. J.W. Elkins et ol., manuscript in preparation.
30. The mean age for the mid-stratosphere (for example, 5.0 years at N20=110 ppb in Fig. 4A) is
1.5 to 3 times longer than reported values of the turnover time for mass in the stratosphere, rm
= stratospheric mass/flux through the tropical tropopause (5,(5). For example, Rosenlof and
Holton (5) reported values in the range 2 to 3 years from calculations of the residual
circulation in which the velocities for vertical advection were consistent with Table 1. Note,
however, that mean age may differ from the turnover time due to the effect of mixing.
Consider a tube of length, L, that receives air flow with velocity, v, and has a C02
concentration at the inlet which is increasing linearly with time t, C(0)=C0+bt. In the absence
of dispersion, the concentration at point x is C(x,t)= C0+b(t - x/v) and the mean concentration
is Cmcan(t) = C0+b(t-x/2) where t=L/v; in a well-mixed tube, Cmcan(t)= C0+b(t-x). Thus, the
mean ages (that is. the lag times with respect to the boundary concentration) are t/2 and t,
respectively.
31 .Simultaneous measurements of SF6 were obtained in October/November 1994 (29); ages
derived from the time lag between the stratospheric observations, the concentration measured
in the upper tropical troposphere, and the growth rate in the troposphere agree to better than
0.2 years for all ages. Ages derived from the time lags with respect to global surface mean
data for both C02 and SF6 also agree to within 0.3 years but are longer by 0.3 to 0.7 years
than those derived from the apparent boundary conditions for C02 and SF6 in the upper
tropical troposphere.
32.J. Eluszkiewicz et al, J. Atmos. Sci. 53, 217 (1996).
33.A tropical pipe model [R.A. Plumb, J. Geophys. Res. 101,3957 (1996)] was constructed to
include 3 regions, divided at 15°N and 15°S; a detailed model description will be presented
elsewhere.
34.M.K.W. Ko, personal communication, 1996.
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35.Observed ascent rates in Kelvin/day were converted to velocities in ms*1 using National
Meteorological Center temperature profiles from the Halogen Occultation Experiment
temperature retrieval onboard the Upper Atmospheric Research Satellite (B. Pierce, personal
communication, 1996).
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Table 1: Upwelling velocities in the lower tropical stratosphere.

Date of Tropical
Profile
24,26.29 Oct 1994
5 Nov 1995
13 Feb 1996

Potential
Temperature
Range(K)
390-»430±5
390—» 438+4
390-> 440±10

Time Period for
Ascent from
Tropopause
Jul 1 -> Oct 26
Jul 1 -> Nov 5
Nov 15—»Feb 13
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Transit time
(days)
118 ± 14
128±14
90 ± 14

Ascent Rate
(K day"1)
0.34 ± 0.06
0.38 ± 0.07
0.56 ±0.14

Ascent Rate
(lO’W)
WJ)
0.19 ± 18%
0.21 ± 18%
0.31 ±25%
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Fig. 1. (A) Vertical profiles of C02 at tropical latitudes, plotted versus potential
temperature (77) for flights on 24,26, and 29 Oct 1994 [7°S-7°N; 6 profiles], 5 Nov 1995
[2°S-4°N; 2 profiles], and 13 Feb 1996 [2°S-3°N; 2 profiles]. The dotted line denotes the
tropopause at 390 K (~ 16 to 17 km).
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Fig.l (C) Scatterplot of simultaneous measurements of C02 versus N20, with N2() used
as a pseudo-vertical coordinate (see text) for Nov 1995: (o) tropical data from Fig. 1A,
(+) midlatitude data from Fig. IB. Inset: Same data on an expanded scale with C02
averaged in 1-ppb intervals ofN20.
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Fig. 3. (A) The boundary condition for C02 concentrations in air entering the stratosphere
irreversibly, as determined by the mean of C02 in air with N20«310 ppb, €0*30-40 ppb, 6
> 380 K, and location above the tropopause altitude. The symbols denote whether the mean
was obtained from air sampled in the tropics (V) or the northern (+) or southern (open
triangle) extratropics. Curves show the average of monthly mean surface C02
concentrations for Mauna Loa (19°N) and Samoa (14°S) from NOAA CMDL Flask
Network data (dotted) and the average delayed by 2 months (solid). (B) Temporal evolution
of stratospheric C02 concentrations, binned by values of simultaneous N20 measurements,
and the associated mean age of the air: [*], N20»310 ppb, age = “0” (the boundary
condition in Fig. 3A); [solid square], N20 = 275-280 ppb, age = 2.0 yr; [open square], 240245 ppb, age = 3.0 yr; [solid triangle]: 170-175 ppb, age=4.5 yr. Ages have lo standard
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deviations of 0.2 yr. Lines are linear least-squares fits to the C02 concentrations, yielding
growth rates of 1.5, 1.3, and 1.3 ± 0.1 ppm yr'1, respectively.

T ropics

Northern
Midlatitudes

Age (yr)

Fig. 4. (A) [Heavy solid line]: Mean ages of midlatitude air for 1992-1996 derived from
all C02 observations (binned in 2-ppb intervals of N20), plotted against N20 (as a
pseudo-vertical coordinate). Representative standard deviations of ages for a given value
of N20 are shown by horizontal bars and are < 0.2 yrs for N20 < 280 ppb. For N20 < 90
ppb [heavy dashed line], data were obtained in May 1993 and October 1994 only and
represent air which had descended in the polar vortices. The thin lines show results for a
tracer model with transport using a monthly (solid) or annual (dashed) mean residual
circulation. (B) Model results for the tropics (±15°); observations of C02 in lowN20/high-altitude tropical air have not yet been acquired.
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MICROPHYSICS OF AIRCRAFT-GENERATED AEROSOLS AND THEIR
POTENTIAL IMPACT ON HETEROGENEOUS PLUME CHEMISTRY

B. KARCHER & B.P. Luo
Lehrstuhl fur Bioklimatologie und Immissionsforschung, Universitdt Munchen
Hohenbachemstr. 22, D-85354 Freising, Germany

ABSTRACT. Research issues concerning the nucleation of aerosols and their interactions-aaaeng
themselves and with exhaust gases are summarized. Microohvsical properties of contrail ice pareoutrails are examined and possible impScationrfor heterogeneous plume chemistry are discussed.
1. INTRODUCTION

Considerable progress has been made in the past two years in modeling the formation and
evolution of particles in aircraft plumes, and efforts are being made in testing model predic
tions using the growing body of experimental data from in-situ measurements now becoming
V available. In this contribution, we attempt to give first *nswers%o open questions concerning
j ] physico-chemical processes in near-held aircraft plumes,[1,2], wjt.h emphasis on their poten<_/ tial impact on subsequent heterogeneous chemistry. The reader is referred to [3-7] for a more
detailed~analysis of aerosol dynamics and contrafTformation.
2. PLUME AEROSOLS AND THEIR INTERACTIONS

Primary aerosols present in nascent plumes are emitted combustion aerosols (soot), binary
H2SO4/H2O droplets nucleated within the first tenths of a second past after the exhaust
exited the jet engines, and entrained background aerosol. An invisible trail of volatile aerosols
is always formed by binary nucleation. Let us first discuss cases where no visible water ice
contrail forms. This requires that the plume never gets supersaturated with respect to ice.
(a) No visible contrail forms. The freshly nucleated H2SO4/H2O droplets initially grow rapidly
by condensation of H2O and H2SO4 molecules that are not yet nucleated, driven by rapid
plume cooling. The first droplets that nucleate grow fastest since they experience a nearly
undepleted gas phase. Later, growth is mainly driven by coagulation between the droplets.
Coagulational growth, however, is continously slowed down because it has to compete with
ongoing plume dilution. The overall growth rate of the droplets depends strongly on the
H2SO4 level prior to homogeneous nucleation and is very sensitive to the conversion efficiency
r) (see Karcher k. Gerz et al, this issue; hereafter referred to as [KG]). Depending on the
fuel sulfur content and 77, part of them would appear in the CN size range (droplet radius rd
larger than 4 — 5 nm), but most of them stay too small to become detectable. For high SO3
emissions, the fraction of droplets that become detectable can well exceed the non-volatile
fraction (soot). This could offer an explanation for the observed large number density of
volatiles in the Concorde plume [8].
Can these droplets be scavenged by the soot particles or by the background aerosols ?. The
corresponding timescales are given by t^a = l/(ns(t)K(rd,rs)) and t^cba = l/(nbA(rd,rb)),
respectively, where K(r&, rs) = 9 x 10~9 cm3 s-1 and A(rd, rb) = 5 x 10~7 cm3 s-1 are the

corresponding coagulation coefficients [9]. Coagulation between soot particles is neglected
and we use typical sizes rs = 20 nm, rb = 0.2 pm, and rd = 1 nm. We take the evolution of
the soot number density from Ref.[KG]: n$(t) = ns(Q)V(t), with V{t < tm) = 1, V(t > tm) =
(tm/t)a, and nb = const. Inserting the values ns(0) = 106 — 4 x 107 cm-3, tm = 10 — 50ms,
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rib = 20 — 1000 cm-3, and a = 1, we find *fcsa — 56* (for the supersonic Concorde in the
lower stratosphere) up to tg|a = 104t (for the subsonic A310 in the upper troposphere),
and tg^a = 2 x 103 — 105 s, depending on rib- We conclude that interaction of the nucleation

mode droplets with soot is generally weak. Volatile droplets are incorporated into the background
aerosol on time scales of hours to one day. Scavenging by the (larger) background aerosol is
also the main loss pathway for the soot particles. With K(rs, rb) = 2 x 10-7cm3 s-1, we
calculate a corresponding timescale
= l/(^b-K(rs, rb)) = 5 x 103 - 5 x 105 s, indicating
that emitted soot is scavenged by the background aerosol on similar timescales as the volatile

droplets.
(b) Visible contrail formation. There is experimental evidence that soot becomes chemically
activated early in the plume (or even in the combustor) and acquires a full or partial liquid
coating of H2SO4/H2O that dissolves other components such as HNO3 [7]. Model calcula
tions [10] and our estimates in this volume about gaseous sulfur and soot interactions [KG]
support this finding. If the plume gets supersaturated with respect to water, the soot coating
condenses most of the emitted water vapor before the soot surfaces trigger freezing nucle
ation. In contrast to the common notion that water supersaturations are needed to form
visible contrails, our analysis of a contrail experiment [7,11] strongly suggests that visible
contrails form earlier, close to but below water saturation.
What are the microphysical properties of ice particles in nascent contrails ? Figure 1 depicts
the evolution of the optical depths t due to ice particles with given number density n as
a function of the time after freezing, corresponding to a water subsaturated case (ATTAS
experiment, see [7,11]). The horizontal dashed line shows the minimum r ~ 0.03 required for
visibility; the vertical dashed line is drawn at the time past exit when the ATTAS contrail
became visible, a major constraint for the simple model used to obtain Fig.l; ro is the particle
radius prior to freezing. Clearly,
more than 104 ice particles per cm3
TTTTIJ

air must be present in young con
trails to explain this observation.
Whenever the ice particles become
visible, typically at plume ages
tv < 0.3 s, it is very likely that
virtually all of the coated soot
particles are transformed into ice.
These ice particles have initial radii
0.3 — 1 pm and grow further as
long as the ambient air is super
saturated with respect to ice. In
an environment where ice is unsta
time after freezing (s)
ble, contrails evaporate earlier the
lower the humidity, the higher the Fig.l. Optical depths at 0.55pm of the ATTAS contrail
temperature, and the faster dry air versus time after freezing for various ice particle number
is entrained into the wake. The densities n for initial radii ro (solid and short dashed lines).
ATTAS experiment also demon
strated very clearly that there were no visible differences in the characteristics of the ice
particles in cases where the sulfur level in the kerosene was very low (0.002 g S per kg fuel)
or just above average (0.26 g S kg-1). This might indicate that, if sulfur is responsible for
soot activation, even low SOx levels slightly above background concentrations are sufficient
to activate soot in the plume. This may explain why contrail formation triggered by soot is
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not very sensitive to the sulfur content: High emissions of sulfur in the form of SO3 can lead
to sufficient activation even for a low sulfur mass in the fuel [KG].
Does every contrail ice particle contain a soot inclusion ? With decreasing ambient tem
perature Ta, more volatile droplets are nucleated and a successively larger subset grows to
sizes beyond ~ 4 nm. Only for droplets of these and larger sizes the homogeneous freezing
rates become large enough to compete with soot-induced heterogeneous freezing. Conse
quently, the fraction ( of ice particles with soot inclusions relative to the total number
of ice (with and without soot) decreases with decreasing temperature. The dependence
C on Ta is shown in Fig.2a (solid line) for a contrail formed in a B747 wake [6], which
has been obtained assuming an average sulfur emission index El = 0.5 g S kg-1 and no
SO3 emissions, i.e., s = [SOsJo/tSOJo = 0. (For a discussion of the conversion efficiency
of SOx to H2SO4, 77(5), see
[KG]). From the contrail formation
threshold around 224 K down to
215 K, the model predicts that ho
mogeneous freezing does not con
tribute to the contrail’s ice mass,
but all the soot particles are trans
formed into ice.
This changes
significantly if we allow higher
fuel sulfur emissions (increased
10 times, see dot-dashed line in
Fig.2a) or, at Ta = 215 K, a frac
tion s of fuel sulfur to be emit Fig.2. Fraction of contrail ice with soot inclusions relative
ted as SO3 (Fig. 2b). This is be to the total number of ice particles (a) versus Ta (solid
cause binary homogeneous nucle- line: for 0.5 g S per kg fuel and s ~ 0; dot-dashed line: 5
ation and growth rates, and hence, g S kg-1) and (b) versus s at 215 K. Decreasing fractions
C, is also a very sensitive function ( indicate an increasing number of ice particles without a
of the gaseous H2SO4 level. For soot inclusion and an increasing ice mass.
215 K and average EI{S), the ice
mass increases by a factor 3 when s exceeds 0.1 in contrails produced by subsonic aircraft. At
lower temperatures, this increase due to higher H2SO4 levels can be even more pronounced.
(We note that ("-values below unity are hardly found in supersonic plumes.) In summary, de
pending on ambient temperature, relative humidity, fuel sulfur level, and possible emissions
of sulfur in the form of S03, ~ 10 — 30% up to 100% (around contrail threshold formation
conditions) of the ice particles contain a 10 — 30 nm soot inclusion.
We recently argued that ( = 1 in cases where the plume gets supersaturated with respect to
ice but stays below water saturation (i.e., only soot serves as the ice forming agent around
the formation threshold) [7]; our freezing calculations show that this holds even for non-zero
SO3 emissions. Qualitatively, the partitioning of ice particles into those containing soot and
others without soot inclusions is in agreement with in-situ measurements [12] where more
contrail particles were observed in the CN size range at 5.5 g S kg-1 than around 0.5 g S
kg-1. Depolarization measurements of young contrails at different temperatures using optical
lidar also support our findings (Volker Freudenthaler, personal communication, 1996). In
addition, differences in the color of contrails with high and very high H2SO4 levels [13] can
be explained by assuming that more ice particles are produced at very high compared to
average sulfur levels. Their size distribution will then show a somewhat smaller mean radius,
because they compete with the same water vapor reservoir in both cases. So far we find a
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reasonable (though qualitative) interpretation of these observations with our model, and we
plan to make a quantitative analysis in the near future.
Do the volatile H2SO4/H2O droplets interact with contrail ice particles ? As long as the
ice contrail exists the ice particles may scavenge the volatile nucleation mode droplets due
to their relatively large size. The time scale for this coagulation process is given by
=
l/(n\(t)K(r^, rj)), nft) = n\(ty)V(t). With typical values r, = 0.5/mi, K(rd, r;) = 2 x
10~5 cm3 s-1, and n;(tv) = 104 — 106 cm-3, we find
= 0.05 — 5 s. This means that the

freshly nucleated H2SO4/H2O droplets that remain liquid during contrail formation are scavenged
by the ice particles, even in short-lived contrails.
3. UPTAKE OF NITRIC ACID BY LIQUID DROPLETS
Do the strongly perturbed gas phase conditions favor the buildup of ternary H2SO4/HNO3/H2O
mixtures early in the plume ? When visible contrails form, gaseous HNO3 is found to be

strongly supersaturated over sufficiently diluted H2SO4/H2O solutions and can be taken up
by (part of) the volatile droplets and by the soot coating. The unfrozen part of volatile plume
aerosols splits up into a H2SO4/H2O mode at nm-sizes (which is quickly scavenged by the
ice particles, see above) and a nearly pure HNO3/H2O mode centered between 10 — 100 nm
radius [6]. The volatile nitric acid particles form because heterogeneous freezing starts de
pleting water vapor and prevents part of the volatile droplets that also condensed HNO3
and H2O from freezing homogeneously. The decreasing humidity causes H2O to evapo
rate quickly; HNO3 cannot evaporate as rapid due to its lower vapor pressure and stays in
the solution, together with the smaller H2SO4 mass fraction which the droplets acquired
earlier in the plume. The HNO3 mass that condensed onto soot is bound as an impu
rity in the ice, just as the amount of HNO3 in the droplets that froze homogeneously.
We find that HNO3 interacts with
the liquid plume particles and forms
ternary mixtures at low tempera
tures, when transient supersatu
rations with respect to water are
reached in the plume, see Fig.3,
E
v
which shows the time evolution of
HN03 in a B 747 plume [6],
How does the perturbed wake
chemistry control the efficiency of
heterogeneous chemical reactions ?

The described evolution of gaseous
HNO3 is of importance for the in
terpretation of in situ measure
t[s]
ments. The buildup of ternary Fig.3. Evolution of gaseous HNO3 in a subsonic B 747
solutions could be important for plume at various ambient temperatures. Uptake of HNO3
chlorine partitioning in the wake, on liquid H2SO4/H2O aerosol surfaces becomes substantial
because the liquid HNO3 mode when the droplets get sufficiently diluted by uptake of H2O
may activate chlorine via the re prior to contrail formation (for Ta < 220 K).
action CIONO2 + HC1 more ef
ficiently than sulfuric acid/water
aerosols [14]. The HNO3/H2O droplets formed early in the plume are probably of minor
importance when formed below the tropopause, because under typical upper tropospheric
background conditions, the HNO3 component gets sub-saturated already in the young plume,
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and the HNO3/H2O droplets rapidly transform back into a binary H2SO4/H2O solution.
However, under cold lower stratospheric conditions, especially for aircraft flying inside the
polar vortex, the HNO3/H2O mode can persist and may contribute to the formation of solid
PSCs. This issue remains to be investigated in more detail in the future, using accurate
temperature histories along selected airmass trajectories. The enhanced surface area provided
by the volatile aerosols could lead to substantially enhanced processing of CIONO2 with HCI and
H20 for elevated water vapor mixing ratios above unperturbed background values. This is
because reactive uptake coefficients for these heterogeneous reactions (and related reactions
with bromine species) very strongly increase with rising water content in these aerosols [15].
The possible uptake of HNO2 formed early in the plume by the concentrated H2SO4/H2O
aerosols [16] leading to nitrosylsulfuric acid also needs to be addressed.
4. NAT-COATED ICE PARTICLES AND THE LIFETIME OF CONTRAILS
Do the contrail ice particles trigger PSCI formation ? NAT impurities in ice might substan

tially reduce the evaporation rate of small ice particles [17,18]. There is laboratory evidence
that HNO3 vapor condensing on a pure water ice surface inhibits bulk evaporation of H20
[19], even when less than one monolayer of surface coverage. We have recently shown [6]
that NAT particles can be produced in young aircraft plumes, whereby the water ice particles
formed prior to NAT nucleation serve as nuclei. There are two ways that may lead to NAT
coatings, direct condensation of HNO3 (as long as the contrail is saturated with respect to
ice and supersaturated with respect to NAT) and accumulation of trapped NAT clusters at
the surface of evaporating ice particles. Co-condensation of HNO3 and H2O requires both
NAT and ice supersaturations; this can occur in the young jet plume but over too small time
spans to be relevant. A sufficiently thick coating may seal the ice particle surface and thus
considerably slow down (if Ta > Tnat, the NAT thermodynamic equilibrium temperature),
or even prevent (if Ta < Tnat), ice evaporation, as shown below. In this way, aircraft could
trigger persistent NAT contrails (i.e., solid polar stratospheric cloud type I particles) in an en
vironment that is supersaturated with respect to NAT, or lead to a lenghtening of the contrail
lifetime at higher temperatures. Our model indicates, that behind an HSCT flying at 73hPa
and 195 K (205 K), where the atmosphere is NAT supersaturated (sub-saturated), the ice
particles acquire a NAT coating of 2 (1/3) monolayers before H2O starts leaving the ice
(mean radius 0.8/zm). The radius of the ice particles would just have to decrease by a factor
of 2.2 (5) to get a coating which is 10 monolayers thick.
What are the lifetimes of contrail ice particles ? By solving the steady-state diffusion equation
with appropriate boundary conditions for a spherical ice particle of radius surrounded by
a NAT coating of a given thickness 8, we compute the flux jw of H2O molecules evaporating
through the coating at ambient temperature T and pressure p:

iw = jT •r(ri,<5,p,T),

r=

WZ?nAt/-A
5/ri + ITDnat/Av

with the flux j™ of H2O over a pure ice particle (i.e., 8 = 0), the diffusion coefficient for H20
molecules in air Dw (including gas kinetic corrections for sub-micron particles) and through
solid NAT Aat, and a dimensionless Henry’s law constant H relating the H2O concentration
in the gas phase to that in NAT. Because the radial evaporation rate dr\/dt oc jw, evaporation
is markedly slowed down if P <C 1. Figure 4 depicts F at 73hPa for 195 K and 220 K for
ice particles with radii that are expected in stratospheric contrails as a function of the
thickness of the NAT coating (lines without dots: rx = 0.5 /zm, with dots: ri = 0.1 /zm).
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We observe that NAT coatings of a few
monolayers (0.5-1.5 nm) already cause a
substantial reduction of the H2O evapora
tion rate and lead to an enhanced lifetime
of stratospheric contrails. This strong in
hibition of water evaporation is in qual
itative agreement with recent labora
tory experiments [19] investigating the
HNO3/H2O evaporation kinetics in vac
uum. The reduction of j£e becomes in
creasingly efficient with decreasing ra
dius and temperature. There are coun
teracting effects on chemical processing.
Ice contrails appear less frequent with
5 [nm]
increasing flight levels and the average
surface area available for heterogeneous Fig.4. Factor F reducing the H2O evaporation rate
reactions decreases. However, the po from a spherical ice particle with radius t\ = 0.5 pm
tential to form coatings and enhance due to a NAT coating of given thickness 8 for a
the lifetime of the NAT/ice mixtures as contrail behind an HSCT at 73 hPa. Lines with open
compared to pure ice strongly increases circles are for r\ = 0.1 pm.
the higher the aircraft fly. On the other
hand, rate coefficients for the N2O5 and CIONO2 hydrolysis reactions are smaller on NAT
than on ice [15]. The chemical effects of including in large-scale models the in-situ formation
of NAT-PSCs by aircraft cruising within the lower stratosphere polar vortices have not yet
been considered.
ACKNOWLEDGEMENT. This work was performed within the project ‘Impact of Aircraft
Emissions above the Tropopause on Stratospheric Ozone’ supported by the UBA (Berlin, Germany).
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Abstract
The formation of cloud condensation nuclei (CCN) in the jet regime of a B 747 airliner at cruise has been investi
gated by modelling calculations using the BOAT model. Both homogeneous condensation of H20/H2SO4-mixtures and heterogeneous deposition of H20 on soot surfaces activated by H2S04 were taken into account. Whe
reas the heterogeneous condensation jeadstto particles with average diameters of about 1.3 pm, the homogene
ously condensed H20/H2S04 particles are much smaller (< 7 nm) and do not contribute to visible contrail forma
tion. Nevertheless, they contribute to the atmospheric background aerosol. Using different S02 emission indices,
W "boncluddmat the contrail onset is essentially independent of this quantity and depends mainly on ambient
temperature and soot activation kinetics.'

1.

Introduction

Heterogeneous chemical reactions at the surface of atmospheric liquid and solid particles are of great
importance for the chemistry in aircraft wakes and in the atmosphere in general. Prominent examples
of such reactions are the conversions of N205 to HN03 and NOx to N0HS04 [1].
From aircraft-home observations it is well known that the contrail onset of subsonic airliners hardly
depends on the S02 emission index EI(S02) [2], Moreover, recently performed model calculations
have revealed that homogeneous condensation of H20/H2S04 droplets cannot yield sufficient partic
les being capable of forming visible contrails [3]
On the other hand, combustion soot activated with H2S04 is known to support the heterogeneous
condensation of water [4,5]. Compa
ring plumes originating from fuels
with different sulphur contents, one
observes that at high EI(S02) more
particles are generated, having a lo
wer average diameter [2],

2.
2.1.

Model description
Gas-phase chemistry

In the present modelling study we
have used the modified BOAT model
[6,7] in order to calculate all relevant
physical and chemical quantities in the
jet-regime of the plume in a radially
resolved way. The gas-phase reaction
rates used have been published pre
viously [8],
Since all condensation processes de
pend crucially on the partial pressures
Fig. 1: Computed HjS0/S02 ratio as a junction of nozzle of H20 and H2S04, the correct comdistance and plume radius. An OH emission index of putation of the S02 to H2S04 converEI(OH) =0.16 g/kg is assumed.
sion rate and hence the H2S04 gas-
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phase concentration is of prime importance. H2S04 forms by addition of S03 and H20 , where the
conversion of S02 to S03 proceeds by recombination of OH and S02 molecules followed by the
disproportionation of the intermediate HSOs radical in reaction with 02 [9).
Our calculations reveal that the rate and extent of conversion of S02 into H2S04 depends on the
initial OH concentration at the nozzle exit but is essentially independent of EI(S02). Figure 1 shows
the H2S0yS02 ratio as a function of nozzle distance (x) and plume radius (r/r0) for an assumed OH
emission index of EI(OH) = 0.16 g/kg. As can be seen, the H2S04/S02 ratio rises rapidly within the
first 10-20 m behind the nozzle exit and approaches an asymptotic value of about 0.6 %, in agree
ment with an experimental determination of this ratio performed by Reiner and Arnold [10],
2.2.

Homogeneous and heterogeneous condensation

In order to describe the homogeneous formation of H20/H2S04 droplets, we have incorporated clas
sical heteromolecular nucleation and coagulation theory [11] into the BOAT model. Additionally, heteromolecular condensation of gaseous H2S04 and water vapour on these droplets is taken into ac
count. The underlying H2S04 vapour pressures were taken from Gelbard [12] To parameterize the
surface tension of aqueous H2S04 we used the values outlined by Sabinina and Terpugow [13]
The heterogeneous coating of soot by H2S04 and H20 has been modelled in a parameterized manner.
As soon as gaseous H2S04 is available in the early jet regime, it will be rapidly adsorbed by soot
particles. Since the sticking coefficient for H2S04 on freshly generated combustion soot is presently
unknown, an upper limit of y=l has been chosen. Moreover, in order to parameterize soot acti
vation, we have assumed threshold covering degrees between zero (ML = 0) and 1/3 H2S04
monolayer (ML = 0.3, i.e. 1.5* 1014 molecules per cm2) on the surface. Once these threshold values
are reached, the heterogeneous condensation of water will be "switched" on. It should be noted that
the initial H2S04 volume mass content of combustion soot is in the range 0.02 - 0.2 % [S], i.e. 10 100 molecules at the particle surface, which can be neglected in terms of the H2S04 surface coverage
required for water uptake.
As long as the coated soot particles are not frozen, heterogeneous condensation is mainly controlled
by the impingement rate of gaseous H2S04 and H20/H2S04-droplets, respectively (y=l assumed
again). Because of the relatively high partial pressure of H20, its uptake by activated soot can be
simply treated by determining the equilibrium value Nmo s for a given
s. This is done by esti
mating the mole fraction xms04 s = NH2so4V(Nh2so4,s+NH2o,s) leading to a minimum of the particle's
Gibbs free enthalpy, AG.
As soon as the local temperature is sufficiently reduced, the covered soot particles are assumed to
freeze. The freezing temperature is obtained from the melting point curve of ice in aqueous H2S04,
as measured by Gable et al. [14] and is about 230 K for
, = 7%. Due to the soot/acid interface,
freezing is assumed to proceed instantaneously [15] and super-cooling of acid coated soot particles
is neglected.
The water uptake by frozen particles depends only on ice-saturation within the plume and is no
longer restricted by equilibrium conditions due to the surface tension. Because of their rapidly
growing diameters, the frozen particles will also adsorb H2S04, leading to an appreciable depletion
of gaseous H2S04. In absence of experimentally obtained sticking coefficients we have assumed an
upper limit of y=l.

3.
3.1.

Results and Discussion
Input parameters

In the present modelling study we have considered single jet plumes of a B 747 airliner with CF680C2 engines at cruise. Since the jet-regime for such aircraft is about 1,500 m long [6], we have re
stricted our calculations to this length scale. The model runs have been carried out assuming the
following conditions:
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(i)

(ii)

3.2.

External physical parameters (as typical for the upper troposphere): ambient temperature Ta
= 219 to 229 K, p = 285 mbar and p^o = 0.02 mbar (sub-saturated with respect to both wa
ter and ice).
Emission indices: EI(S02) = 0.1 g/kg (51 ppm) to 10 g/kg fuel (5,100 ppm). Whilst the
former limit is an arbitrary value much lower than the average of 250 ppm, the latter one ex
ceeds the specification limit of standard Jet-Al fuel by a factor of 1.7. The emission index of
soot was set to 0.5 g/kg fuel in all model runs. Assuming a uniform diameter of d^, = 60 nm
[2J, the soot number density at the nozzle exit follows to be 2.4* 106 cm"3. As mentioned
above we assume the initial H2S04 surface content of soot to be zero.
Formation of H20/H2S04 droplets by homogeneous condensation

Model runs have been performed for the homogeneous nucleation of H20 and H2S04 in the presence
of soot particles with zero H2S04 surface coverage. All runs led to H20/H2S04 droplets which are
without exception smaller than 7 nm in diameter.
The number densities of the droplets within the size bins of 2.0 - 3.5 nm and 3.5 - 7.0 nm, for ML =
0 and at x = 1,500 m are compiled in table 1. Since for EI(S02) < 1 g/kg no considerable droplet
formation occurs, table 1 is restricted to £1(50^ > 1 g/kg. As can be seen, the number densities
obtained are strongly dependent on the S02 emission index. Comparing the homogeneously conden
sed fraction of H2S04 removed from the gas-phase one notes that it increases from 1.2 % to 54 %
and 83 % for an EI(S02) increase from 0.1 g/kg to 3 g/kg and 10 g/kg, respectively. Moreover, the
number densities of H20/H2S04 droplets are largest in the center of the plume and decrease with
radial distance. This is a result of the fact that the H2S04 abundance in the plume center is largest. In
addition to EI(S02) and r/r0, the H20/H2S04 droplet number densities at the end of the jet-regime
also depend somewhat on temperature with decreasing number densities at decreasing ambient
temperature. This effect is caused by enhanced removal of gaseous H2S04 by competing heterogene
ous condensation on frozen soot particles of larger diameters, see below.
Table 1:

Comparison ofhomogeneously condensed H20/Hf>04 droplets within the size bins 2.0- 3.5

and 3.5 -7.0 nm, respectively, for different sulphur emission indices and ambient tempera
tures (ML = 0)

<3

X

-4

X

o

Number densities in cm 3 of H20/H2S04 droplets 1,500 m behind the nozzle
229 K
219 K
Ta
lOg/kg
EI(S07)
lOg/kg
1 g/kg
.
3 kg
3g/kg
1 #g
r/r0
2 3.5 nm < 7 nm s 3.5 nm < 7nm £ 3.5 nm < 3.5 nm < 7nm ^ 3.5 nm ^ 7 nm ^ 3.5 nm
0.00
3xl08 4x10"
1x10s 1x10" 1,000
8x10" 1x10"
360
2x10s
0.24
3xl08 2x10"
420
0
200
20
3x10s 1x10" 4x10"
0.48
3 x10s 2xl05
0
0
2x10s 3x10" 2xl06
0
0
0
0.72
3x10"
0
1x10"
0
0
4x10s
0
500
0

o

X
<
N

Model runs in which soot activation is subject to threshold conditions (0.1 < ML < 0.3) led to similar
results for £1(80^ > 3 g/kg since the competing heterogeneous condensation is not considerably de
layed. For lower EI(S02) on the other hand, the homogeneously condensed fraction of the total
H2S04 increased by a factor of about five.
Homogeneously condensed particles do not contribute to the visible contrail in the jet and vortex
regimes. Moreover, because of their minute diameters they are not capable of supporting hete
rogeneous reactions at this early stage. In the aged aircraft wake on the other hand, they tend to
coagulate and hence contribute to the background aerosol. As long as their H2S04 content keeps
above 10%, they remain liquid and thus are capable of supporting a number of heterogeneous reac
tions.
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3.3. Heterogeneous condensation of H20 and H2S04 on soot particles
3.3.1. Model runs without threshold conditions (ML = 0)

All model runs have shown that the growth of soot particles upon condensation of H20 and H2S04
and consequently the depletion of gaseous H2S04 is strongly dependent on ambient temperature. The
residual fractions of gaseous H2S04
resulting as a consequence of homo
geneous and heterogeneous conden
sation are shown in figure 2. At Ta =
229 K the freezing condition de
scribed in sec. 2.2 will never be rea
ched and the particles (xffis04 s = 1213 %) remain liquid. Since their dia
meters do not increase appreciably
compared to those of uncovered soot
even at x = 1,500 m, only little H2S04
depletion occurs by heterogeneous
condensation and hence more H2S04
will be available for the homogeneous
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
formation of H20/H2S04-droplets.
normalized plume radius r/r0
Calculations performed at ambient
temperatures between 219 and 224 K Fig. 2: Residual fractions of gaseous HfS04 as a function of
on the other hand led throughout to
plume radius for different EI(SOJ andfor Ta= 219 and
229 K(x = 1,500 m).
frozen soot particles. Besides local
temperature, the freezing onset de
pends both on EI(SC>2) and ML. For ML = 0 and EI(SC>2)= ^ g/kg, freezing starts at a plume radius
of r/r0 = 0.8. The respective nozzle distances are 37 m (Ta = 219 K) and 98 m (Ta= 224 K). For
lower EI(S(>2) freezing occurs at slightly shorter distances since the H2S04 mass content is lower and
the freezing condition holds earlier.
At x = 1,500 m the average particle diameters are 1.39 pm for Ta = 219 K and 1.03 pm for Ta =
224 K, respectively. This difference in particle size for different ambient temperatures is caused by
the different extent of ice supersaturation. Since NH2S04iS varies from 8x 103 for EI(SC>2) == 0.1 g/kg
to 1.7xl05 for 10 g/kg, respectively, and since the number density of soot particles at this stage is
about 35,000 cm"3, the depletion of gas-phase H2S04 by scavenging on soot surfaces is very
efficient.
In figure 3, radially resolved particle
diameters for 100 m < x < 1,500 m are
shown. Because of radial inhomoge
neities in temperature freezing and
x = 500 m
thereby rapid water uptake occur in
the outer region of the plume first.
x = 340 m
This is in agreement with visual obser
vations made recently by Schumann et
al. [2]. Forx > 250 m, enhanced water
x = 200 m
uptake occurs mainly at r/r0 < 0.4, sin
ce the temperature near the plume axis
has been sufficiently relaxed and large
x = 100 m
amounts of water vapour are still avai
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
lable for condensation.
normalized plume radius r/r0
Because of the subsaturation with res
Fig. 3: Average diameters ofcoated soot particles as a function pect to ice, however, the frozen par
ofplume radius andfor different distances from the nozzle ticles start to reevaporate as the plume
exit (Ta = 219 K, EfrSOj = 1 g/kg and ML = 0).
is further diluted.
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1.6

3.3.2. Model runs assuming 0.1 <
ML < 0.3

The characteristic results obtained by
model runs assuming threshold values
for the surface coverage of soot parti
x = 750 m
cles by H2S04 between 0.1 and 0.3
monolayers are summarized in table 2.
As can be seen, the choice of ML has
x = 625 m
a strong impact on soot coverage and
subsequent freezing only for medium
x = 500 m
sulphur emission indices. For EI(S02)
= 0.1 g/kg, the threshold condition is
never fulfilled even at ML = 0.1 and
consequently no water uptake occurs.
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
For medium emission indices, on the other
normalized plume radius r/r0
hand, the variation of ML strongly
Fig. 4: Average diameters ofcoated soot particles as a Junction
affects the onset of water uptake and
ofplume radius andfor different distances from the nozzle
Whereas for ML = 0.1 it is
freezing.
exit (Ta = 219 K, EffSOJ = 1 g/kg andML = 0.2).
not appreciably delayed compared to
ML = 0, for ML = 0.3 it starts only at x > 400 m. Moreover, since at such large nozzle distances the
local temperature even near the plume axis has been almost relaxed and, because of the high H2S04
abundance the threshold condition and hence the freezing onset occur first at r/r0 = 0. Figure 4
shows the temporal and spatial evolution of the average diameters of soot particles for ML = 0.3 and
EI(S02) = 1 g/kg, respectively. As can be seen, the dependence of the particle diameters on plume
radius is stronger compared to ML =
Summary ofparticle diameters, soot surface co
0, even for large nozzle distances. Table 2:
verage and and axial (radial) freezing onset for
For ML = 0.2 the particle growth be
differentML, EfrSOJ and ambient temperatures.
haves similar as for ML = 0.1, but
the particle diameters are slightly
Ta[KJ EI(S02) ML d [um] ■^H2S04,s ^onset (r/r0)onset
smaller for x < 1,500 m.
0.1
1/10 threshold condition never fulfilled
Finally, it should be noted that for
high sulphur emission indices
0.64
1/10
82,000
54
1.39
(EI(S02) > 3 g/kg) the coverage of
1.0
81,000 128
0.32
1/5
soot and consequently the onset of
freezing is nearly independent of ML
79,000 381
0.0
1/3
1.31
219
since H2S04 uptake by soot proceeds
0.76
1/10
129,000 25
rapidly and hence the threshold con
3.0
1/5
1.39
37
0.72
dition will be fulfilled before the local
128,000
temperature has been relaxed even in
0.64
1/3
47
the outer region of the plume.
10.0
same results as for ML = 0
0.1
4.
Conclusions
In the present study it is shown that
soot coating by H2S04 and subse
quent water uptake is the main effect
leading to contrail formation. The
H2S04 content on the surface of the
soot particles is predominantly rea
ched by adsorption from the gas pha
se.
Analyzing the results obtained from

1.0
224

1/10 threshold condition never fulfilled
1/10

1.03

70,000

58

0.72

1/5

1.02

67,000

145

0.44

1/3

0.88

56,000

461

0.0

91,000

89

90,000

63

89,000

53

1/10
3.0

1/5
1/3

10.0
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1.03

same results as for ML = 0

0.72

calculations assuming different threshold conditions, we conclude that soot is activated as soon as
the surface of each particle is covered with less than 1/3 H2S04 monolayer (ML < 0.3). Since the
results obtained from calculations with ML = 0.3 predict an extremely late onset of water uptake and
freezing even for medium sulphur emission indices around 1 g/kg, threshold values between 0.1 and
0.2 H2S04 monolayers seem to be more realistic.
For the purpose of an improved understanding of soot activation kinetics, an experimental study of
several properties of combustion soot is urgently needed. Of major importance is the sticking co
efficient ofH2S04 adsorbed from the gas-phase and the dependence of soot activation on the amount
of H2S04 molecules adsorbed (i.e. ML).
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Aircraft Exhaust Aerosol Formation and Growth
R.C. Brown, R.C. Miake-Lye, M.R. Anderson, and C.E. Kolb
Center for Chemical and Environmental Physics
Aerodyne Research, Inc.
Billerica, MA 01821

Aerosol formation and growth in the exhaust plume of the ATT AS aircraft at an altitude of
approximately 9 km, burning fuels with 2 ppmm sulfur ('low') and 266 ppmm ('high') sulfur has been
modeled using an aerosol dynamics model for nucleation, vapor condensation and coagulation,
coupled to a 2-dimensional, axisymmetric flow code to treat plume dilution and turbulent mixing. For
both the 'low' and 'high' sulfur fuels, approximately 60% of the available water had condensed within
the first 200 m downstream of the exhaust exit. The contrail particle diameters ranged between 0.4 to
1.6 pm. However, the size distributions as a function of radial position for the 'low' sulfur plume were
broader than the corresponding distributions for the 'high' sulfur plume. The model results indicate
for a fuel sulfur mass loading of 2 ppmm, sulfuric acid remains a viable activating agent and-that the
differences in the contrail particle size distributions for sulfur mass loadings between 2, ppmm" and 260
ppmm would be difficult to detect.

T.O Introduction
While the general thermodynamic relations governing aircraft contrail formation are well
understood]!], the specific kinetic processes are less well characterized. Issues regarding embryo
nucleation and growth kinetics, the chemical composition and size distribution of active water
condensation nuclei, phase transitions and the coupling between the particle growth kinetics and
exhaust flow fluid dynamics are all active areas of research.[2-9] This presentation summarizes the
results of a recent numerical study treating the chemical activation of soot emissions by sulfuric acid
and subsequent growth by vapor condensation under conditions supporting the formation of a
visible contrail.[9]
For the present study, model calculations were performed for the ATTAS (Advanced
Technology Testing Aircraft System) under the flight conditions for recently reported field
measurements.[5] For the in situ observations, the two fuel tanks and fuel flow were modified to
enable the simultaneous use of different fuels in the left and right engines. Fuels with 2 ppmm and
250 ppmm sulfur were used and visible and photographic observations indicated no differences in
the contrails formed. The results of additional experiments for fuels with 166 ppmm and 5500
ppmm fuel sulfur have been reported[6] and an analysis of the observationed color changes has been
given by Gierens and Schumann .[7]
2.0 Model Results
The near field plume was modeled using a two dimensional, axisymmetric parabolized
Navier Stokes flow code with a two equation turbulence model and a second order numerical
scheme for the radial direction. Gas phase HOx, NOx and SOx chemistry, binary HoO/HiSOq
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homogeneous and heterogeneous nucieation. acid aerosol-soot coagulation, and acid aerosol growth
by coagulation and vapor condensation was modeled as described previously.[8,9]
For the calculations reported here, tt has been assumed, based on laboratory measurements
for water uptake on samples of carbon black.[10] that heterogeneous homomolecular nucieation on
soot particulates to form a water nucieation embryo is negligible. Rather, the soot particulates are
first nucleated by a sulfuric acid embryo either via direct binary heterogeneous nucieation or sulfuric
acid aerosol-soot coagulation. The acid nucieation sites then continue to grow kinetically via acid
and water vapor condensation. However, the standard equations for diffusion growth are scaled by
the fraction of the soot particle surface area that is covered by an acid component.
The exit plane exhaust flow gasdynamic properties and mixing ratios for gas phase
combustion products for the ATTAS engines under the flight conditions in the recent field
measurements have been estimated previous!y[l 1] using the temperature and pressure profile along
the turbine axis determined from a cycle deck calculation 12] for fuel and engine parameters reported
for the ATTAS.[5,6]
For the numerical calculations presented here, soot particles are taken to be spherical with the
size distribution, Nc, given by
5!^51=Ad«e-Bdl>

(i)

dd
in units of particles/ptm-g where d is the particle diameter. This distribution is then discretized in
equal logarithmic increments in the particle diameter and normalized to yield the appropriate carbon
soot emission index when summed over all particle bins. For the calculations presented here,
A=60,000, a=2.5, B=40, b=2.0 in Equation (1) and the soot emission index was set to 0.5 g/kg
fuel. The mean particle diameter is then 0.06 pm and the resulting particle emission index is
1x10+15 kg-1. This parameterization was based on the discussion by Schumann et al.[6]
Figure 1 shows the fraction of the available water for a given plume streamline that has
condensed on aerosols in the plume as a function of axial distance from the exhaust exit plane.
Profiles are shown for both the plume axis and the streamline corresponding approximately to the
plume midpoint. Water condensation occurs a little earlier for the flow along the plume midpoint,
but also falls off faster with further dilution and mixing. When compared to the plume axis
steamline, the differences between these profiles for the two different fuels is minor with the 'low'
sulfur fuel showing a slightly larger fraction (approximately 2% and 5% larger at 1 km for the axis
and midpoint, respectively) of condensed water relative to the 'high' sulfur fuel.
Representations of the size distribution of plume aerosols are shown for selected axial
stations along the plume axis in Figure 2 for the 2 ppmm and 266 ppmm fuel sulfur runs. In
general, the aerosols in the plume are characterized by the particle radius, the radius of the insoluble
soot core and the sulfuric acid weight percent. Consequently, to simplify the illustrations, the
aerosol distributions in Figure 2 have been mapped onto a sectional representation based only on the
aerosol diameter. Each section then includes all aerosols of a given size irrespective of the radius of
the soot core or the acid weight percent. For narrow distributions, a relatively small sectional
spacing was selected for better resolution.
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Figure 1. Fraction of total water that has condensed on plume aerosols as a function of distance
along the plume axis. Profiles for plume streamlines along the plume axis and midpoint for both the 2
ppmm sulfur and 266 ppmm sulfur fuels are shown.

illustrates that both the number density and size of the aerosols are largest in the
first hundred meters behind the exhaust exit plane, and decreases with increasing downstream
distance as plume undergoes further dilution and condensed water reevaporates. Additionally, the
particles sizes were found to be larger for the flow along the plume axis. Both trends are consistent
the profiles in Figure 1. However, significant differences between the distributions for the low'
and 'high' fuel sulfur cases are seen. Specifically, the size distributions for the high' sulfur fuel
run are highly peaked for a given streamline, whereas the size distributions for the 'low' sulfur fuel
are much broader. Additionally, the size distribution for the low sulfur fuel extends to modestly
larger particle diameters.
It is important to note that because the distributions are so narrow for the 'high' sulfur fuel
run, there is a clear distinctions in the mean aerosol size between the flow along different
streamlines. The opposite is true for the 'low' sulfur fuel. Consequently, averaging over a cross
sectional area of the plume for the 'low' sulfur fuel would tend to result in a distribution resembling
that shown in Figure 2b. Averaging over the radial direction for the 'high' sulfur plume would
amount to adding a set of narrow distributions which are shifted relative to each other with respect to
their mean diameters. Thus, averaging over the plume's cross sectional area would tend to mask the
localized differences depicted in Figure 2.
Figure 2
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Figure 2. Distribution of contrail particles for selected axial stations on a streamlines corresponding
to the plume axis for the ATTAS burning the 266 ppmm (top) and 2 ppmm sulfur fuel (bottom).

The trends in Figure 2 can be correlated with the number density of active water
condensation nuclei and the kinetics in the plume governing particle activation. As the number
density of active water condensation nuclei increases, the growth in individual particles (as measured
by the final diameter for example) decreases. Conversely, decreasing the number density of active
water condensation nuclei increases the size of individual particles. These trends were previously
noted in model calculations for a B707 in the troposphere and an HSCT in the lower stratosphere
where it was assumed that upon reaching the critical saturation, some fraction of the exhaust soot
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panicles were fully activated.[8] While the same general trends apply to the present calculations, the
behavior is more complicated because the activation process is treated kinetically.
Thus, for the ’low' sulfur plume , the number of activated soot particles at a given axial
distance early in the plume is decreased, reducing the number density of competing condensation
sites and resulting in an enhanced growth for particles which are more completely activated. At the
same time, however, soot activation is a kinetic process and for the lower sulfur level soot particles
either require a longer time to be fully activated or remain with only a fraction of the total available
surface area coated by a sulfuric acid component. Both factors tend to limit the particle size obtained
for a fixed time resulting in small diameter tail of distributions shown in Figure 2 for the 'low' sulfur
plume.
In contrast, for the 'high' sulfur plume, all exhaust soot particles are effectively activated
quickly. The increased number density of activated condensation nuclei reduces the larger diameter
tail of the distribution while the rapid and complete (in terms of surface coverage) activation tends to
reduces the small diameter tail of the distribution. The latter is due, in part, to the fact that smaller
particles (if fully activated) grow faster than larger particles because of larger changes to their
diameters for a fixed amount of additional mass. The net result is a substantially narrower
distribution of a given location in the plume.
3.0 Summary
Aerosol formation and growth in the exhaust plume of the ATTAS aircraft at an altitude of
approximately 9 km burning fuels with 2 ppmm sulfur and 266 ppmm sulfur has been modeled
using an aerosol dynamics model for nucleation, vapor condensation and coagulation, coupled to a
2-dimensional, axisymmetric flow code to treat plume dilution and turbulent mixing. The fraction of
the available water that condensed was nearly the same for both the 'low' and 'high' sulfur plumes.
However, the size distributions as a function of radial position for the 'low' sulfur plume were
broader than the corresponding distributions for the 'high' sulfur plume. The differences between
particle distributions for the two plumes is due to (a) the assumption that exhaust carbon soot
requires chemical activation for the formation of a contrail and (b) the kinetic processes governing
that chemical activation. Averaging over cross sectional areas and an improved treatment of radial
mass transport would tend to wash out some of the distinctions between the two plumes. Thus,
obtaining sufficient experimental resolution to observe the differences between the distributions
experimentally would be difficult. Interestingly, it was found that even a relatively low 2 ppmm fuel
sulfur mass loading for the ATTAS under the specified flight conditions generated sufficient sulfuric
acid to activate the exhaust soot particulates. This is conclusion, however, relies on estimated SO3
and H2SO4 levels at the exhaust exit plane formed from gas phase oxidation mechanisms in the
engine.[l 1]
Acknowledgments
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LARGE-EDDY SIMULATION OF CONTRAILS
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.

Abstract. A large eddy simulation (LES) model has been used to investigate the role of
various external parameters and physical processes in the life-cycle of contrails. The model
is applied to conditions that are typical for those under which contrails could be observed,
i.e. in an atmosphere which is supersaturated with respect to ice and at a temperature of
approximately 230 K or colder. The sensitivity runs indicate that the contrail evolution is
controled primarily by humidity, temperature and static stability of the ambient air and sec
ondarily by the baroclinicity of the atmosphere. Moreover, it turns out that the initial ice
particle concentration and radiative processes are of minor importance in the evolution of
contrails at least during the 30 minutes simulation period.

1. INTRODUCTION
During the last decade growing debate about the role of anthropogenic activities in
climate and climate change have also given rise to increasing concern about the pos
sible effects of global air traffic on climate [1-3]. In terms of atmospheric impact of
aviation, there are two key areas of concern. The first issue focuses on chemical
effects and mainly on how the injection of nitrogen oxides (NOx) by aircraft at cruis
ing altitudes may influence the atmospheric ozone chemistry [4]. The second deals
with the perturbations of radiative properties of the atmosphere through contrail
formation. Ice clouds enhance reflection of sunlight as well as thermal emission. The
net effect is uncertain because the competition of solar albedo and IR greenhouse
effects involving ice clouds is dependent on such factors as cloud position, cloud
thickness and microphysical properties. Contrails are expected to enhance the
greenhouse effect, owing to their small thickness [5,6].

2. OBJECTIVES
The objectives of our study have been firstly to investigate the secondary flow
structure within contrails to understand the processes that cause contrails to spread
out to form cirrus clouds. Secondly, to examine the respective roles of external condi
tions, such as temperature, humidity, static stability and baroclinicity of the ambient
atmosphere in the evolution of contrails and to determine the importance of the ini
tial ice particle size and of physical processes such as radiation on the development
of contrails.

3. APPROACH
The approach undertaken is to use a state of the art LES-model [7-9] that incorpo
rates a detailed description of all relevant physical processes. Unlike earlier contrail
models, which were subject to limitations in the ability to resolve the actual eddy
structure, our primary interest is in simulating the temporal development of three

207

dimensional secondary flows within contrails under conditions where latent heat
release and radiative fluxes should have a strong effect. Hence, our study confines to
the simulation of contrails in the so called dispersion regime, which begins at a time
of the order of 100 s after exhaust, because only in this phase large, persistent con
trails can evolve which in turn may have impact on climate. During this phase the
evolution of the contrail is controled by the interaction of the ice cloud with the back
ground turbulence field and self-induced dynamics due to differential radiative heat
ing and due to latent heat release. The general idea underlying the model is that of a
large-eddy model. The model explicitly represents large-scale three-dimensional
motions, while small-scale turbulence is parameterized. The model includes most of
the physical processes occurring in ice clouds in the absence of solar radiation. It
contains a treatment of the sub-grid scale turbulence which incorporates the effects
of stratification, it takes into account infrared radiative cooling in cloudy conditions
(using an effective emissivity model) and the influence of vertical shear of the ambi
ent flow. Moreover, we explicitly resolve the size distribution of ice particles and cal
culate the evolution of the size distributions, including processes such as deposition
growth, sublimation and transport.
The numerical integration scheme is based on an equidistant staggered grid and
finite difference approximations. The spatial domain is specified as an elevated box
which extends over a finite domain of size 640*640*640 nr. The domain is (divided in
643 grid boxes (i.e. Ax=Ay=Az=10 m). For numerical purposes the ice particle distri
bution is subdivided into 12 classes with equidistant grid spacing in logarithmic
scales, resulting in a radius grid that spans from rmjn=l pm to rmax=64 pm. A time
step of 1.5 s was used for all runs.

4. DESIGN OF NUMERICAL EXPERIMENTS
To set up the control run which serves as a reference case, the model is applied to
conditions that are typical for those under which contrails could be observed in the
atmosphere; i. e. we anticipate an air volume at a height of 10550 m (poo=250 hPa)
which is slightly supersaturated with respect to ice 0^=129%) and at a reference
temperature of Tqo=220 K. The initial potential temperature field was assumed to be
horizontal homogenous and initially slightly stable throughout (d9/dz=2.5 K/km).
Based on this temperature field, we choose to initialize the moisture field with a rel
ative humidity of rjenv=l29% in the environment of the contrail. Within the contrail
we assume that phase relaxation has already occurred, i.e. rjCOnt=100%. The contrail
is specified as two parallel cloud bands in the middle of the model domain elongated
in the y-direction. The lateral distance between the two cloud cores forming the con
trail is 50 meters. The initial diameter of each of the two cores of the contrail is 30
meters. The initial ice water content of the contrail is determined by the amount of
water which is emitted by the aircraft due to the combustion of fuel (15 g m"1 for a
B747 aircraft at cruising level) and by the substance of water vapor of environmental
air which has been entrained into the contrail and subsequently converted into ice
during the jet- and the vortex-phase, resulting in (qj)cont=4.26‘10"5 kg/kg. Within the
contrail the ice particle spectra are initialized as mono-disperse distributions, i.e. the
initial ice mass is concentrated in one bin and the mean effective radius was speci
fied as re=2.4 pm, giving a total number of ice particles of Ntot=7-87- 108 kg"1. The
model was run assuming no mean vertical wind shear with the initial condition
taken as an atmosphere at rest except for a constant background wind along the con
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trail, i.e. ug=0 and vg=20 m s'1. The impinging longwave radiative fluxes at the
bottom and the top of the model are specified as Fu(zg)=250 W m"2 and Fd(z^)=30 W
m"2, respectively. To initiate convective motions random temperature perturbations
of small amplitude are imposed at the first time step.
Among the reference case 12 sensitivity runs have been performed to clarify the
influence of external conditions, initial conditions and physical processes in the evo
lution of contrails (Table 1). The sensitivity runs (1) to (2) and (4) to (9) (run (3) refers
to the control run) were different in that one of the external parameters of the con
trol run is varied while the others are fixed. In this way, we investigate the influence
of the ambient temperature Tqq (run (2) and (4)), static stability d8/dz (run (1) and
(5)), relative humidity rw (r,) (run (8) and (9», and mean vertical wind shear dug/dz,
dvg/dz (run (6) and (7)). Run (10) and (11) use the same external parameters as the
control run but elucidate the importance of the radiation term. In simulation (10),
the radiation term is neglected in the droplet growth equation while in run (11) radi
ative heating is not included as well in the droplet growth equation as in the thermo
dynamic equation. Finally, the sensitivity of the numerical results on different
choices of the initial ice particle size is investigated. In run (12) and (13) we set
re=4.8 pm and re=1.7 pm, respectively.
The integrations run over 1200 time steps and each 30 minute simulation required
about 12 hours of CPU time on one processor of a CRAY C916 computer.5

Table 1: Summary of numerical simulations

Run

a-,

96
T*/K 9z
(Tj

A A

VkmJ

1
2
3
4
5
6
7
8
9
10

220
210
220
230
220
220
220
220
220
220

0
2.5
2.5
2.5
5
2.5
2.5
2.5
2.5
2.5

0
0
0
0
0
0
W3
0
0
0

0
0
0
0
0
510"3
0
0
0
0

11
12
13

220
220
220

2.5
2.5
2.5

0
0
0

0
0
0

rw(ri)/
(%)

remarks

control
no radiation term in drop
let growth eq.
65(129) without radiation
65(129) re=4.8 pm
65(129) re= 1.7 pm

65(129)
65(153)
65(129)
65(111)
65(129)
65(129)
65(129)
55(109)
75(149)
65(129)

5. RESULTS
In order to asses the influence of external parameters, initial conditions, and of
radiation on the development of contrails, we have plotted integral quantities, such
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as turbulent kinetic energy (TKE), total ice water content (IWC), and the horizontal
and the vertical spreading of the contrail (ax2 and az2) as function of time for the var
ious model experiments (Figure 1). Based on the results of these experiments the fol
lowing conclusions could be drawn:
1. Persistent contrails can only form in an atmosphere that is supersaturated with
respect to ice.
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Fig. 1. Turbulent kinetic energy, total ice water content, and horizontal and verti
cal spreading of contrails as function of time for the various model experiments

2. The turbulent eddies forming within the contrail are driven by buoyancy. In par
ticular, latent heating due to sublimation provides the significant energy source
while destabilization due to differential radiative heating plays no role owing to the
small optical depth of the contrail.3
3. Contrail evolution is controled primarily by the temperature, humidity and
static stability of the environmental air. It turns out that increasing the relative
humidity or warming the ambient atmosphere, respectively, will produce more vigor-
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ous eddies in the contrail. The physical reason for the enhanced energy levels in both
cases is that the greater the relative humidity and the higher the temperature of the
ambient air, respectively, the greater is the conditionally available potential energy
that could be converted into kinetic energy. On the other hand, reducing the relative
humidity or cooling the ambient atmosphere, respectively, produces less vigorous
eddies. In both cases the conversion rate from water vapor to ice, and hence the
latent heat release is much less than in the reference case owing to the initial
decrease of total water content. The effect of stratification is as follows: In a neu
trally stratified atmosphere enhanced energy levels are observed because the eddies
have to perform no work against buoyancy forces. On the other hand, in a more sta
ble stratified atmosphere, stable stratification counteracts vertical motions so that
mixing is much slower in the vertical than in the horizontal direction. Finally, the
baroclinicity of the atmosphere (i. e. the vertical wind shear of the horizontal mean
flow) is only a control parameter of secondary importance.
4. The initial ice particle size and radiative processes are of minor importance (at
least during the first 30 minutes simulation period) in the evolution of contrails.
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Abstract

Laboratory experiments are described during which the influence of the exhausts of a
kerosene burner on microphysical processes were studied. In one experimental investi
gation the evaporation rates of polluted ice crystals were compared with the evaporation
rates of pure ice crystals. During another experimental investigation the ice nucleating
ability of the exhaust particles was studied. The results show that the evaporation
rate of polluted ice crystals was significantly reduced and also that ice nucleation takes
place between -20 and -38° C.

1. INTRODUCTION

Exhausts from jet aircraft engines form contrail clouds in the upper tropospheric envi
ronment (Appleman, 1953). These contain ice crystals and appear as cirrus like clouds. The
exhausts contain a lot of organic and inorganic pollutants such as oxides of nitrogen, sulfur
dioxide, oxides of carbon, soot, hydrocarbons (Miake-Lye et al., 1993, Schumann, 1994).
In earlier laboratory studies (Mitra et al., 1990, Diehl et al., 1995) we demonstrated
that ice crystals are capable of scavenging significant amounts of trace gases such as sulfur
dioxide, nitric and hydrochloric acid. Therefore it is expected that the ice crystals in the
contrails will take up these pollutants, either by direct adsorption or by riming of polluted
droplets formed during the early phase of contrail condensation. In addition to this our
experiments have shown that ice particles polluted with nitrate have a reduced evaporation
rate in comparison to that of pure ice particles (Diehl, 1995). Therefore we expect that jet
exhaust polluted ice crystals also would exhibit a reduced evaporation rate.
The purpose of this work was to study the influence of kerosene burner exhausts on
microphysical processes, especially on the evaporation rate of ice crystals, and to determine
the nucleating ability of exhaust particles.

2. PRESENT EXPERIMENTS

In a first series of experiments we exposed ice crystals to the exhaust of a kerosene burner
in the Mainz vertical wind tunnel, which is in detail described by Pruppacher (1988). In our
burner we used aviation kerosene to approximately simulate the exhaust characteristics of
jet engines. Before the exhaust entered the wind tunnel it was cooled down to nearly -28°
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c.
Our kerosene burner has two settings of operation. The first setting (I) produced the
following pollutant concentrations in the tunnel: 340 ppbv sulfur dioxide, 0.2 % carbon
dioxide, 260 ppmv carbon monoxide, 250 ppbv hydrocarbons, 1.5 ppmv NOr, 2 ppmv NOs
and 0.3 mg/1 soot. These values compare well with concentrations measured in the exhaust
plume about 300 m behind a jet engine (Miake-Lye, 1993). The second setting (II) pro
duced the following pollutant concentrations in the tunnel: 170 ppbv sulfur dioxide, 0.2 %
carbon dioxide, 26 ppmv carbon monoxide, less than 20 ppbv hydrocarbons, 670 ppbv NOx,
840 ppbv NOy, and 2 figj\ soot. These values compare well with concentrations measured
in the exhaust plume about 600 m behind a jet engine (Miake-Lye, 1993).
Our ice crystals grown in a cold room diffusion chamber by diffusion of water vapor
were exposed to the burner exhaust for 15 minutes. The ice crystals were placed, on a teflon
net in the center of the tunnel and the velocity of air in the tunnel was about 1 m/s which
is approximately the fall velocity of snow crystals. After exposure the crystals were trans
ferred to a freeze box and brought into our walk-in cold chamber where the evaporation
experiments were carried out at -20° .
By means of a small vertical wind tunnel inside our walk-in cold chamber we determined
the evaporation rates of pure ice crystals, of ice crystals previously exposed to the kerosene
burner exhaust at the first operational setting (I), and of ice crystals previously exposed to
the kerosene burner exhaust at the second operational setting (II).
In a second series of experiments we studied the ice nucleating ability of the exhaust
particles. For this we used a closed plexiglas box which was placed in a deep freeze box
cooled down to -40° C. In the lower movable part of the plexiglas box we put a metal ring
with a soap film. The absence of ice nuclei in the box air was ascertained by checking
whether ice crystals form when pure water vapor was introduced. Now the kerosene burner
exhaust was led into the box for some seconds. If particles nucleated they fell down onto the
soap film where they grew to bigger crystals. This we observed for different temperatures
between -40° C and -19° C.

3. RESULTS
Our first series of experiments showed similar results like our earlier experiments with
nitric acid adsorbed ice particles (Diehl, 1995) and with sulfur dioxide adsorbed ice crystals.
In both cases the evaporation rates of the polluted ice particles were reduced in comparison
with the evaporation rates of the pure ice particles. This is demonstrated in Fig. 1 for ice
particles which were polluted with HNOs and in Fig. 2 for ice crystals which were polluted
with S02.
The results of our present work are given in Figs. 3 and 4 which show the evaporation
rates of pure ice crystals and the evaporation rates of polluted ice crystals in two cases of
different operational settings I and II of the kerosene burner. As one can see, the evapo
ration rate's of exhaust polluted ice crystals are significantly reduced in comparison to the
evaporation rates of pure ice crystals. Furthermore we see that the higher the concentra
tion of the pollutants the stronger the reduction of the evaporation rate of the polluted ice
crystals.
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Out second series of experiments showed that ice nucleation caused by exhaust particles
takes place between -20° and -38° C with an increasing efficiency as the temperature lowered.
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4.CONCLUSIONS
Extending these laboratory results to the exhausts of jet engines we conclude:
1. The inorganic and organic pollutants present in the exhaust of jet engines signifi
cantly decrease the evaporation rates of polluted contrail ice crystals, implying a. significant
increase of the lifetime of such polluted ice clouds. An increase of the lifetime of nitric acid
polluted ice particles has been reported already by Diehl (1995).
2. Combustion particles act as ice nuclei already at temperatures much warmer than
the temperatures at which the jet plane cruises. This implies that the drops formed at the
exit of the jet plane freeze immediately not by homogenous but by heterogenous nucleation
and do not need to be supercooled to the temperatures typically prevailing at the cruising
altitude of the jet planes.
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Concentrations- of HOx (OH and HO2) have been obtained in the exhaust plumes of an Air France
Concorde and a NASA ER-2 in the lower stratosphere and the NASA DC-8 in the upper troposphere us
ing instruments aboard the NASA ER-2. These fast-time response in situ measurements are used in
conjunction with simultaneous in situ measurements of other key exhaust species (NO, NO2, NOy, HjO,
and CO) to analyze the emissions of HOx from each aircraft under a variety of conditions. The data are
used to establish a general description of gas phase plume chemistry that is easily implemented in a pho
tochemical model. This model is used to determine the amount of HOx emitted from the engines and the
gas phase oxidation rates of nitrogen and sulfur species in the exhaust plumes.

1.1 Introduction
The effect of aircraft emissions on ozone concentrations in the upper troposphere and lower
stratosphere remains a contemporary issue despite decades of research. In particular, the effects
of NOx (NO and NO?) and sulfuric acid aerosols dominate the current discussions regarding the
effects of aircraft emissions on stratospheric ozone [1,2]. The emissions of NO* are a concern
because of its role in the catalytic cycles that destroy ozone in the stratosphere. Sulfur emissions
have gained attention because of the role of sulfuric acid aerosols in reducing the concentration
of NOx in the lower stratosphere [3], A necessary step in evaluating the effect of nitrogen and
sulfur emissions on ozone is understanding the chemical transformations that occur in the ex
haust plume.
The chemistry of HOx in the plume is dominated by reactions with NOx [4j. In the early stage
of the plume when NOx is primarily NO, OH is sequestered into nitrous acid (HONO) which
serves as a temporary reservoir for the emitted OH [5], During daylight OH is produced from the
photolysis of HONO and is either converted back into HONO by excess NO or into HONO2, the
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For small NO2/NO the lifetime of HONO is long, and for large NO?/NO the lifetime of HONO is
short. Since the ratio of NO?/NO depends on O3, the lifetime of HONO, and hence the amount
of oxidation that occurs in the plume, depend on the O3 concentration at the time of emission.
The oxidation of SO2 by OH occurs as HONO is photolyzed via the following reaction sequence
that is catalytic with respect to HOx:
OH + S02 —2-> H02 + S03 ——H2S04
t
I

(3)

NO

This oxidation of can occur as long as HONO is photolyzed: in the absence of light no oxidation
will occur and in the absence of NO2 the oxidation of SO2 could occur indefinitely.
This paper describes the chemistry of OH in the exhaust plumes of the Air France Concorde
and the NASA DC-8. The measurements of the Concorde exhaust plume were obtained in the
lower stratosphere and those of the DC-8 plume in the troposphere. The different conditions of
each measurement, particularly ozone concentrations, leads to different chemical lifetimes in the
plume. These measurements of the exhaust of the DC-8 in the troposphere are used to establish
emission indices of OH from the DC-8 and to confirm the chemical model first developed for the
stratospheric encounter with the Concorde.
2. Measurements
The measurements presented here were obtained aboard the NASA ER-2 during the 1994
Airborne Southern Hemisphere Ozone Experiment/Measurements for Assessing the Effects of
Stratospheric Aircraft (ASHOE/MAESA) campaign in Christchurch, New Zealand and the 1996
Stratospheric Tracers of Atmospheric Transport (STRAT) mission in Barber’s Point, Hawaii.
OH and HO2 measurements were obtained with the Harvard HOx instrument described by
Wennberg, et al. [6]. The instrument payload included instruments measuring most of the spe
cies necessary to empirically test the chemistry of OH and HO2: NO, NO2 (ASHOE/MAESA
only), NOy (the sum or reactive nitrogen: NO* + HONO + HN03 + C!ON02 + N20<; ...), BrO
(ASHOE/MAESA only), CIO (ASHOE/MAESA only), OH, H02, H20, 03, CH4, CO, pressure,
temperature, and spectrally resolved radiation fields.
Figure 1 shows measurements of OH in the exhaust plume of the Concorde. The concentra-
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tion of OH in the early encounter are enhanced above background concentrations because the
production from HONO photolysis is large. The concentration of OH is below ambient in the
older plume because the concentration of HONO is diminished, but the concentration of NOx, the
primary sink for OH in the plume, is still large. Using the measured concentrations of OH and
NOx, the rate constants of OH + NO and OH + NOz, and the photolysis rate of HONO, equation
2 yields a lifetime of HONO in the Concorde plume of 9.8 minutes, consistent with the observed
decrease in OH concentrations in the plume at 66 minutes after emission. Based on this lifetime
of HONO and the amount of OH emitted from the engine [4], we estimate that only 2% of the
emitted sulfur could be oxidized by reaction 3.

1.5

-(a) 16 minutes

_(b) 66 minutes

Time from encounter (s)
Figure 1. OH mixing ratios measured during two crossings of an Air France Concorde exhaust plume
on October 8, 1994 over New Zealand. Th e ages of the plumes are 16 and 66 minutes after emission
from the Concorde. The gaps in the data occur during background calibration of the OH fluorescence
signal. Meteorological conditions are: altitude 16.2 km, temperature 222 K, and pressure 100 mb.

The conditions for the exhaust plume of the DC-8 are considerably different. In particu
lar, the concentration of NO? is very small, only 5% of NOx, hence, the lifetime of HONO is very
long. For the conditions of the plume encounter in Figure 2, the lifetime of HONO calculated
from Equation 2 is 70 minutes. Based on the lifetime of HONO and the concentration of OH in
the plume, the amount of HOx emitted from the DC-8 engines is 1.3% of the NOx emitted from
the engine. Unfortunately, only estimates of the emission index of NOx from the DC-8 engines
can be made for this in situ experiment since COi and H?0 concentrations are not available.
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In addition to the encounters with the Concorde and the DC-8, the instrument payload of
the ER-2 has measured its own wake on a number of occassions. The emission index of OH for
these encounters and those of the Concorde and DC-8 are listed in Table 1. For reference, the
emission index of NOx is listed as well. The HOx emission index is listed as a fraction of the
NOx emission index. The large number of encounters combined with the complete suite of
measurements provides a growing database of HOx emission indices. Not surprisingly, there is
not a large variation in the emission index of OH when referenced to that of NOx.

m mutes

Time from encounter (s)
Figure 2. OH mixing ratio measured during a crossing of the NASA DC-8 exhaust plume on February 8,
1996 over Hawaii. The gaps in the data occur during background calibration of the OH fluorescence
signal. Meteorological conditions are: altitude 10.6 km, temperature 230 K, and pressure 240 mb.

Table 1. Relative HOY emission indices:
Age
(s)

ANOx

ANOx

(ppb)(d>

(±50%)
0.02-0.05
0.04-0.06

ER-2(a>
Concorde<b>

EI( C02 ] g/kgfuel

600
0.8-1.6
3-5
100
0.4-16.0
23
n
u
DC-tfc>
120
0.8-1.0
0.01-0.02
-15
a) 7 stratospheric plume encounters 1993 -1996 b) 3 stratospheric encounters, 1994 c) 3 tro
pospheric encounters, 1996 (d) From measurements by Fahey, et al. [9, 10].
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In summary, measurements of HOx have been obtained in the exhaust plumes of stratospheric
and tropospheric aircraft. Emission indices have been determined using simultaneous measure
ments of NOx. The rates of oxidation are small in all plumes. Only 2% of the sulfur is oxidized
in the Concorde plume and less that 1 % in the DC-8 plume. Perhaps most important, the calcu
lation of HOx emission indices gives consistent answers, regardless of the atmospheric conditions
of the measurement.
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Abstract. The speciation of NOy exhaust emissions in the near-field plume of a B747 cruising at 9.2 km
was measured in situ using the DLR Falcon research aircraft instrumented with a chemical ionisation
mass spectrometer of MPI-K and a chemiluminescence NO detector of DLR. In addition. C02 was
measured providing a dilution factor for the exhaust species. Observed maximum peak concentrations
above background in the plume 60 s after emission were 25.4 ppmv (C02), 184 ppbv (NO), 2.6 ppbv
(HN02), and 1.3 ppbv (HN03). The observations were used to infer the initial OH concentration (15.4
ppmv) and N02/N0X ratio (0.08) at the engine exit by back calculations using a chemistry box model.

1. INTRODUCTION
Investigating the impact of subsonic aircraft in global model simulations requires the knowledge
of effective engine emissions, i.e., primary exhaust effluents and exhaust products resulting from
transformations in the near-field regimes of the plume. The secondary emissions include gaseous
acids (HN02, HN03, H2S04) which are important for aerosol formation in the plume (Arnold et
ah, 1992, Reiner and Arnold, 1993, Miake-Lye et al., 1993, Karcher et ah, 1995) and activation
of exhaust soot (Schumann et ah, 1996a). The acid gases are mainly formed by oxidation of
emitted NOx and SOx species which is driven by OH radicals generated in the engine combustor.
However, the engine exit plane OH concentration is currently only poorly known and often
treated as free parameter in model simulations of plume chemistry. Here we report on in-flight
measurements of NO, HN02, HN03, and C02 in the exhaust plume of a B747 cruising in the
upper troposphere and use the data for a back calculation of OH concentration at the engine exit.
2. MEASUREMENTS
The plume measurements were performed as part of the POLINAT project (Schumann et ah,
1996b). A series of plume chasings were made during a field campaign in summer 1995 based
from Shannon, Ireland. The DLR Falcon research aircraft was used to chase airliner of the North
Atlantic corridor traffic at cruise altitudes and perform observations in the near-field exhaust.
Details on the chasing procedures are described by Schulte et ah (1996). The plume
measurements to be reported here were performed on 30 June 1995 in the wake of a B747 at a
pressure altitude of 9.2 km (300 hPa). Instrumentation used on board the Falcon included a
chemical ionisation mass spectrometer for HN02, HN03, and other gases developed and operated
by MPI-K (Arnold et al, 1996, Mohler et ah, 1993), a N0/03-chemiluminescence detector for
NO, a NDIR analyser for COz, and an UV-photometer for 03 of DLR (Schlager et al, 1996,
Schulte et ah, 1996).
Fig. 1 shows the B747 plume encounter events. Plume penetrations are deary visible in the
C02, NO, HN02, and HN03 data. The two most intense encounter correspond to interceptions
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of the vortices formed behind the B747. The
first intense event (P5/1) is used for the
back calculation of the engine OH emission
during cruise operating conditions. Table 1
gives details on the B747 chasing.
The aircraft emissions are obtained by
substraction of observed background concen
trations. Observations outside the exhaust
plume can easily be distinguished from
samples in the plume based on measured
NO mixing ratios which are three orders of
magnitude smaller in the background
compared to the plume concentrations. The
abundance ratios of the emitted species are
obtained from the ratio of the integrals of
the event peaks taking the different time
responses of the employed instruments into
account.
Table 2 lists details on the considered
peak event P5/1 including the measured
maximum peak concentrations (X,),
emission enhancements above background
(AX;), background concentrations (Xi>a), and
ratios of integrated emission abundances in
the peaks (AXUn/AC024nt). The estimated

et al. 1993; Weibring and Zellner, 1994;
Beck et al., 1992).
POUNAT-P5 30 June 1995
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are 8%, 6%, 20%, and 20%,
respectively. Also given in Table 2 are
maximum emission concentrations (aX;’)
derived from the ratios of the integrated
emission abundances and the measured C02
enhancement in the plume:
aX; = (AXiin/AC02jn[) • AC02
Theses values are used for comparison of
the measurements with the calculated
concentrations of emission species from the
plume chemistry box model for the
corresponding plume age.

Fig. 1. Time series for measurements of
emission species during the B747 chasing on
30 June 1995.

Date
Chasing time
Source aircraft
Engines
Latitude
Longitude
Altitude B747
Fuel flow
Air speed
Static pressure
Ambient temp.

3. MODEL SIMULATIONS
3.1 Model Description
The chemistry in the young aircraft exhaust
plume was simulated by an expanding box
model. The used reaction mechanism
comprises 173 gas phase reactions with 83
species and is based on previously published
schemes (e.g. Pleijel et al., 1993; Miake-Lye

30 June 1995
13.55 UTC
B747-100
4 x P&W JT9D-7A
53°N
14°30'W
30,000 ft (9.2 km)
12 t/h
0.81 Ma (247 m/s)
300.9 hPa
231 K

Table 1. Details on the B747 chasing
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Measurement
C02
NO
HN02
HN03

(ppmv)
(ppbv)
(ppbv)
(ppbv)

Encounter time, UT (s)
Distance to B747 (km)
Plume age (s)

x,

AX;

Xu

AX,in/AC02jnt

AX,'

387.9
184
2.25

25.4
184
2.59
1.32

362.5
0.05
0.93

1

5.90 • 10"3
0.12 • 10"3
0.04 • 103

25.4
150
3.15
1.10

50150 (13.55.50)
14
60

Table 2. Details on plume event P5/1
The 14 most important organic species are considered according to the measured composition of
organic compounds (VOC) in aircraft exhaust by Spicer et al. (1992). Overall, the scheme
contains chemical reaction cycles of Ox, HOx, NOx, SOx, CO, methane, ethane, propane, ethene,
propene, acetylene, benzene, toluene, formaldehyde, acetaldehyde, propanaldehyde, PAN, PPN,
acetone, glyoxal, and methylglyoxal. Most of the reaction rate constants were taken from
Atkinson et al. (1992). During a simulation run they are updated for each integration step
according to the changing temperature in the plume (see below). The photolysis rates are
calculated by a radiative transfer model of Ruggaber (1994) and kept constant during a model
run because of the short simulation times covered.
Besides the chemistry, the time-dependent effects resulting from the plume expansion are
considered. The widths s (horizontal: sy, vertical: sz) of the plume volume as a function of time
t are parametrized in the form s = a tb. The temperature decrease in the plume is calculated using
the formula: T(t) = Ta + (T^-TJ (A/A(t)), where Ta is the ambient temperature, A(t) is the cross
section of the plume (= 7t-sy-sz), and A0 is the initial cross-section. The expansion of the plume
volume leads to a dilution of the concentration of the emission species and entrainment of
ambient air into the plume. These processes are considered for each species using the expression
(in addition to the chemical production and loss terms): dC/dt = - (C-Ca) (l/sz dsz/dt+l/sy-dsy/dt),
where C is the concentration of the species in the plume, Ca is the concentration in the ambient
air, and (l/sz-dsz/dt+1 /sy-ds/dt) is the dilution factor due to the expanding plume dimensions. All
the time-dependent functions are recalculated between the integration steps during a model run.

3.2 Model Input
The initial mixing ratios r of primary emitted species at the aircraft engine exit plane are derived
from their emission indices El (mass of the emitted species per mass of fuel burnt) according to
the conversion equation (Schumann, 1995): r = (R • f • T0) • (p • A0 • v0)"' • El • m"1, where R is
the universal gas constant (8.3143 J-(mol-K)"1), p is the air pressure, m is the molar mass of the
respective species. The engine exit plane parameters f, T0, A0, and v0 are the fuel flow, initial
temperature, initial effective cross section, and flow velocity at the exit, respectively. For
EI(COz) and EI(H2Q) we used 3153 g/kg and 1260 g/kg, respectively (e.g„ Schulte et al.,
1996). Emission indices of CO and VOC for the engine conditions of the measurements were
calculated by Deidewig (personal communication) using an engine emission model based on
ICAO certification data. EI(NO) was derived from the simultaneously measured NO and C02
emission data in the B747 plume (see below). The emission indices of individual VOC emissions
and their initial engine exit plane mixing ratios were calculated from the total EI(HC) using the
measured speciation of Spicer et al. (1992).
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To calculate the input of ambient species with concentrations Ca outside the plume (boundary
conditions) we used measured concentrations from the flight on 30 June 1995 or, where no flight
data were available, typical background values from other measurements under similar conditions
(e.g., CO and VOC background concentrations were taken from Rohrer, 1996). Background
concentrations of short-lived intermediate species were calculated by the chemical box model
with a run for ambient conditions.
The dilution factor as a function of time, and thus the growth of the plume widths, was
adjusted to the observed peak concentration of AC02 for the event P5/1 with plume age x = 60
s. The inert COz can be directly attributed to the fuel use from the stoichiometry of combustion
and thereby to the initial C02 emission at the engine exit plane.

3.3 Inferred Engine Exit Plane OH Concentration and N02/N0X Ratio
The initial OH concentration OH0 and N02/N0X ratio, (NO2/NOx)0,were determined for the B747
engine for cruise operating conditions by back calculation from the NO, HN02, and HNOs
observations of plume event P5/1 (Fig. 1) using the chemistry box model. The parameters OH0,
(NO2/NOx)0, and EI(NO) were varied in the model runs to match the P5/1 measurements. For
comparison of measured and modelled emission concentrations for the plume age x == 60 s, the
observed maximum concentrations AX/ derived from the ratios of the integrated event peaks
above backround are used (see Table 2). From the actual engine exit parameters for the B747
chasing provided by Deidewig (personal communication) the initial emission mixing ratios at the
engine exit can be calculated using the formula: r [ppmv] = 474.347 • El [g/kg] / m [g/molj.
This leads to AC02 = 33991 ppmv (1.193-1017 molec/cm3 at T0 = 621 K) at the engine exit
which is diluted to AC02 = 25.4 ppmv (2.397-1014 molec/cm3 at Ta = 231 K) after 60 s (see Fig.
1). The used emission indices of CO and HC are 0.9 and 0.18 g/kg, respectively, "fhe initial
value of El (NO) was determined to 21.4 g(N02-equivalent)/kg by matching of modelled and
measured NO mixing ratios at x = 60 s. The ambient background concentrations are taken as
given in Table 2. In addition we use (H20)a = 55 ppmv, (03)a = 100 ppbv, and (S02)a = 0.1
ppbv from the flight measurements on 30 June 1995, and (OH)a = 0.2 pptv (= 1.9106 molec/cm3)
and (N02)a = 0.023 ppbv from a run of the box model for ambient conditions.
Finally OH0 and (NO2/NOx)0 were adjusted for a match of modelled and measured mixing
ratios of HN02 and HN03 at x = 60 s. This yields:
OH0= 15.4 ppmv = 5.4-1013 molec/cm3
(NO2/NOx)0= 8.1 %
With the inferred value of (NO2/NOx)0, the total NOx emission index were determined to EI(NOx)
= 23.3 g(N02-equivalent)/kg. This value is identical to the independently calculated EI(NOx) of
Deidewig (personal communication) using the DLR engine emission model.
Fig. 2 shows the evolution of the NO, HN02 and HN03 mixing ratios versus time from the
plume model simulation for the plume encounter P5/1. The decrease of the NO mixing ratio is
mainly determined by dilution and to a lower extent additionally by conversion reactions to NOz.
The secondary products, HN02 and HNOs are built up during the first fractions of a second
(model input at the engine exit: zero), reaching a constant ratio to NO at about 0.01 s when
emitted OH is almost completely consumed and dilution dominates. After about 100 s the
entrainment of ambient HN03 (background concentration: 0.93 ppbv) is noticeable, and the
HN03 mixing ratio in the diluted plume exceeds the HN02 mixing ratio (concentration of
ambient HN02:~ 0.3 pptv).
The inferred OH concentration at the exit plane of the B747 engine of 15.4 ppmv is about
a factor of 1.5 and 2.5 higher than assumed OH0 values used in near-field plume chemistry
models (Miake-Lye et al., 1992, Beier and Schreier, 1994) and in a recent study of the chemical
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evolution of emissions species in the exhaust of a B747 (Karcher et ah, 1996), respectively.
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Fig. 2 - Evolution of the NO, HN02, and HNOs mixing ratios (lines) as a result from the plume model
simulation. Top panel: Plot for the period 0.0001-1000 s; Bottom panal: same as top panel, but for
HN02 and HNOs during the period lO-lOOOs. The symbols represent the measurements: Open circles
show observed maximum concentrations of NO, HN02, and HNOs during the plume encounter. Solid
circles indicate maximum concentrations obtained from ratios of integrated measured emissions peaks and
the observed maximum aC02 concentration.
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Abstract: In the course of the POLINAT campaigns of 1994 and 1995 several flights were carried out to
measure NOx and CO% in the young exhaust plumes of commercial wide-bodied jet airliners at altitude.
From these measurements in flight NOx emission indices were derived which were used to test current
NOx emission index prediction method! Taking into account the error of the measurements and
uncertainties in the input parameters for the predictions, the results of the two fuel flow base prediction
methods agreed well with the measured values.
Global models for the assessment of climatic impacts of air traffic produced NOx [1,2,3] need
NOx emission inventories [4,5,6,7] as input. NOx emission inventories need, among other things,
NOx emission indices for a variety of engines, combined with a variety of aircraft, flying under a
range of temperature, pressure, humidity, weight, and velocity conditions. The NOx emission
index is defined as the amount of NOx in grams of NO2 equivalent, produced by burning 1 kg of
fuel in the engine combustor.
Inflight NOx Emission indices are usually extrapolated from values measured at ground based
test facilities, under sea level static conditions, at Ma=0 [8]. Numerous extrapolation methods
are used for this purpose, leading to different results [9]. Two recent emission inventories rely
on so called fuel flow prediction methods([6], using "Boeing method 2" and DLR emission
inventory, A. Schmitt, personal communication, using "DLR fuel flow method" [10]).
An independant test of these methods was made possible by direct simultaneous in situ
measurements of CO2 and NOx in the exhaust plumes of several wide-bodied jet airliners at
altitude. Such measurements enable inflight determination of the NOx emission indices
of the individual source aircraft/engine combinations [11]. The measurements were carried out
during the two POLINAT campaigns of 1994 and 1995 [12]. The flights took place in the
Shannon air traffic controll area, in close collaboration with the Shannon air traffic controll
center which helped in identifying suitable target aircraft and allowing access to the auxiliary
data by establishing radio contact between POLINAT ground crew and and the source aircraft,
and providing a radar display monitor which could be video monitored. ATC led the DLR
research aircraft Falcon into close vicinity of the chosen source aircraft until visible contact was
established. The Falcon pilot then positioned the Falcon at a distance of about 10 km behind the
source aircraft in the exhaust plume of the latter, and stayed there for several minutes.
During these measurements, auxiliary data were collected which allowed to identify exactly the
source aircraft and engine type and to supply the input parameters required by the fiiel flow
methods, i.e., source aircraft actual fuel flow, source aircraft Mach number, ambient temperature,
ambient pressure and ambient humidity. Thus, NOx emission index predictions for exactly the
situation encountered during the measurements were made possible which could then be
compared with the measurement derived values. Tables 1 and 2 give an overview of the in situ
measurements. Table 1 containes the aircraft related data and Table 2 the parameters
characterising the ambient atmosphere.

Table I: Aircraft related parameters of the individual chasings carried out during POLINAT:
No
1
2

3
4
5
6

7
8

9
10

Aircraft

Engines

#747-400

4 GE CF6-80C2B1F 11-13-94
4 P&W JT9D-7A
6-30-95
4P&WJT9D-7A
6-30-95
4 GE CF6-50E2
6-30-95
4P&WJT9D-7J
7- 3 -95
3 GE CF6-50C
7- 3 -95
4P&WJT9D-7J
7- 3 -95
4P&WJT9D-7A
7- 3 -95
4 GE CF6-50E2
7- 5 -95
4 G/S CFM56-5C2
7- 5 -95

B747-100
B747-100
B747-200B
B747-200B
DC10-30
B747-200B
B747-100
B747-200B

A340-300

Day

UTC

FL

14:57 370
13:28 326

33.55
34.22
33.46
34.26
34.44
35.32
2:47
3:25

300
350
330
330
330
330
350
350

FF

Ma

8.4

0.84
0.77
12
0.83
12
0.85
33.0 0.85
7.4 0.83
32.8 0.84
36.8 0.85
30.4 0.84
6.28 0.83
13.6

(FL: flight level in 100 ft; FF: fuel flow in t/h; Ma: Mach number)

Table 2: Atmospheric parameters during the chasings:
No
1
2

3
4
5
6

7
8

9
10

P
(Wa)
236.6
266.9
300.9
238.4
262.0
262.0
262.0
262.0
233.4
233.4

T
(C)
-58
-48
-42
-53
-47
-47
^7
-47
-52
-52

(ppmv)
40-50
50-60
50-55
40-50
60-70
70-85
80-100
70-90
60-70
60-80

(ppbv)
41
105
118
97
73
76
74
71
55
57

(3/,j
0.698E-2
0.117E-1
0.116E-1
0.116E-1
0.116E-1
0.116E-1
0.115E-1
0.114E-1
0.0
0.0

(p: ambient pressure; T: ambient temperature; [H20]: water vapour volume mixing ratio; [O3J: ozone
volume mixing ratio; j(N02): N02 photolysis rate)
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tig. l shows as an example the data collected in the exhaust plume of a A340-300 aircraft
with four G/S CFM56-3C2 engines. In Fig. 2 a comparison between measured NOx emission
indices and the results of both predictions is given in a graphical form.

50

E

-i-------1-------1------ 1-------1-------1-------1-------r-

-i------ 1------ 1------ 1------ 1------ r*

40

JX

30
20
10
200

• radar distance source
205

215

210

220

225

UTC (min)

Fig.l - Data recorded in the plume of a A340-300 with four G/S CFM56-5C2 engines (No 10 in
Table 1). Inflight measured data are given as solid lines, circles and bullets are data derivedfrom the
ATC radar display screen (GS: ground speed).

231

O

DLR fuel flow method
# Boeing method 2

KH

1
5
6
7
8
9
10

red EI(N0 )

B747/CF6
B747/JT9D
DC10/CF6
B747/JT9D
B747/JT9D
B747/CF6
A340/CFM56

(g/kg)

Fig 2. - Comparison between measured (horizontal axis) and predicted (vertical axis) NOx emission
indices. Open circles represent the predictions from the DLR fuel flow method, bullets those from Boeing
method 2. Error bars indicate the measurement error. Numbers refer to the numbering in Table 1.

The results of the present emission index comparison can be summarized as follows:
On average the predictions underestimated the measured values by 12 %. Half of the predictions
were within or close to the 11 % error of the measured values. The reasons for the differences in
the remaining cases could be:
1. low accuracy of the reported fuel flow rates in some of the cases. This was indicated by
the very good agreement in case 10 (Table 1). In this case the fuel flow was very accurately
known because the operator of the aircraft provided the relevant on board recorded technical
data.
2. possible deviation of the ICAO certification emission index values, measured on ground test
facilities under static sea level conditions on new engines, from the engine ensemble mean
values. The ICAO values are key input parameters in all emission index prediction methods.
3. possible variability of emission indices among engines of the same type and for identical
conditions due to aging effects or different states of maintenance. This is indicated by
comparison of cases 5 and 7 (Table 1 and Fig. 2).
Agreement between the predictions themselves was on average very good, with a difference
between the mean values of less than 1 %. Thus, the prediction can probably not account for any
major differences between the results of respective emission inventories where they are applied.
A more detailed description of the methods of both, measurements and predictions and a
discussion of the results has been submitted to the Journal of Geophysical Research.
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PHOTOCHEMICAL TRANSFORMATION OF AIRCRAFT EXHAUSTS AT
THEIR TRANSITION FROM THE PLUME TO THE LARGE SCALE
DISPERSION IN THE NORTHERN TEMPERATE BELT
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Abstract. The 2-D diumally varying photochemical model of the Northern temperate zonal tropospheric
belt with fixed (off line) temperature and air transport is used for the description of the formation of aircraft
exhaust concentration distribution in the North Atlantic commercial flight corridor, based on actual flights
in summer and winter. A strong diurnal and seasonal variation of emitted NOx oxidation rate is revealed
and evaluated.
1. Introduction
In the rather extensively studied problem of subsonic aircraft exhaust atmospheric effects [1]
less attention is paid to the photochemical transformations of exhaust products during their dispersion
and transition from the single exhaust plume to the mixed exhaust NOx reservoir in the frequent
commercial flight corridor, such as over the US, Europe and over the North Atlantic. Several studies
(e g. [2]) are devoted to presentation of marked air mass transport and deformation in the large and
global scales of the conservative tracer, based on observed or modeled wind fields. In some papers the
3-D chemical transport models but with simplified photochemistry and/or with prescribed ozone and
OH content distributions are used for understanding of the large scale pool of the exhaust product
formation and evolution [3], In all these studies such important features as the diurnal changes of
photochemical processes in the atmosphere, the time and place of actual exhaust emissions in the flight
corridor were not adequafly considered and their role was not assessed.
In continuation and expansion of our previous studies [4, 5] the detailed photochemistry of
exhaust product pool formation and evolution in the North Atlantic commercial flight corridor is
modeled with account of actual aircraft number and types crossing the ocean in summer of 1989-1991
according to data in [6], For that a new photochemical model of the diumally varying tropospheric
photochemistry in the Northern temperate belt is constructed and validated. This report presents some
preliminary results of the study.
2. Short model description
In the 30°-60°N latitudinal belt of the 0-16 km atmospheric layer the tracer transport equation is
considered. This equation describes the variations of 17 transported gases: N02, HNO3, NjOs, HN04;
H2O, H2O2, CH4, CH2O, CO; 03; HCl, CIONO2, CH3Cl, CH£Ch CHF£l; HBr, CHiBr. The other
14 short-lived radicals: NO. N03; OH, H02, CH£)2; 0(D), OfP); Cl, CIO, HOCl; Br, BrO, HOBr,
BrON02 are assumed to be in the photochemical equilibrium. In the model about 150 gasphase and
heterogeneous reactions among oxygen, nitrogen, hydrogen, carbon, chlorine and bromine
compounds are considered. Boundary conditions: all the transported gas mixing ratios are prescribed at
the upper boundary level of the considered atmospheric layer and are the same for all longitudes. At the
ground surface their values are in Table 1, depending on the surface type (dry land or ocean). The dry
land is disposed in zones 0°-130°, 236°-290° and 352°-360° (counting out to east of Greenwich). In the
numerical realization of the model the following parameters are used: the vertical step is 0.5 km;
longitudinal step is about 295 km (3.75 degree) and time step is 2 hours. Transport is determined by
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three specified parameters which are functions of the both altitude and season: regular atmospheric
zonal and vertical transport velocities and vertical diffusion coefficient profiles. Their climatic
distributions are taken from [7].
Table 1. Lower boundary conditions used in the model (a(b) = axl&). Numbers with negaitive b relate
to air mixing ratios; positive b relate to surface flux intensity fmol/(cm3 sj). N2Os,, HNO3*, HNO4,
CH20*, C10N02 have zero surface flux. Ozone surface deposition velocity is 1 mm/s everywhere.
Gas
Land
Ocean
Global
emission

1.5(14)
1.51-10)
53

CO

ch4

7(15)
3-5(14)
0.00149°

4.4(15)
5.3(13)
5.5

HCl'

1(-10)
0
1(-10) 8.5(13/
59

CH3.CI

CH3CCl3

CHF7CI

HBr

CHsBr

7(-10)
7(-10)

5(11)

0

301)
0b

1.1(-13)
l.K-13)

2(-ll)
2(-ll)b

0.51

0.21

* denote the gases removed by the rain
a HCl fluxes from the ocean are estimated from HCl global surface emission
b gas dilution into the ocean is neglected
c sum of both anthropogenic and natural emissions [8]
Global emissions (in Tg/year) are taken from [9],
For the sake of model validation the standard calculated distribution of nitrogen dioxide
content is considersd. Fig. 1 presents the modeled longitude - height distribution of NO2 mixing ratio
for standard emissions indicated in Table 1, for July solar height and for 00h GMT. A fair agreement
between the calculated values and measurements over the western Pacific data from [10] is evident. In
addition according to our calculations the some other specie contents (specifically, nitric acid and
ozone) are close to their measurements and model results from [11].
3. Commercial flight shedule over the North Atlantic
The commercial flight data between Europe and North America averaged for the summers of
1989-1991 are taken from [6], The data show, that in average the 9 hour flights from Europe to
America occur during the day time and 8 hour flights back are during the nights over the area, and
most of about 340 aircrafts in each direction are departing and landing approximately at the same time.
Therefore it is possible to consider two sources A (night) and E (day) of aircraft exhaust products in the
same longitudinal sector: 10°E-80°W distributed vertically with maximum at the 11 km level, with NOx
emitted amount evaluated in [6], In each source two variants of emission intensity are considered: in A
and E sources the same 186 kg of N02 and 21 kg of CO per 1 hour and per 1 average aircraft are
emitted during all the flight duration assuming 90% of NO and 10% ofNO2 molecules emitted.
For the estimated 340 aircrafts crossing daily in average North Atlantic in July total N02 night
time emission (A source) in the region 30°-60°N; 10°E-80°W would be 5701 and 651 of CO. Day time
N02 emission (E source) in the same region would be 5051 of N02 and 581 of CO, altogether 1075 t
of N02 and 123 t of CO per day. For better comparison of summer and winter conditions of transport
and chemistry, the July aircraft NOx emission intensity is adopted for January simulations, alhough 210
aircrafts crossed North Atlantic in daily average in January 1989-1991 [6],
4. Results and discussion

Fig.2 presents the aircraft NO2 relative excess over the N02 background for July solar
conditions at 00h GMT, when the A source of aircraft is emitting NOx in the first half of its functioning
during the dark period over the area. The maximal 24 time N02 excess over the 15°-60° W sector in
the 10-12-km level is increased to 27 time excess to 04h GMT over the same sector in the darkness and
to the end of A source functioning. Fig. 3a shows the diurnal course of NO2 relative excess maximum
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at 12h and 16h GMT in the daylight over the above sector. The diurnal course amplitude in January is
the same, but all the NO2 excess maxima are higher than in July.
Fig. 4 presents the HNO3 relative excess over the HNO3 background for January and 00h
GMT when its maximum over the 40°W - 10°E sector in the 10.5 - 12.0-km layer is at minimum of
60%, as it may be seen at Fig. 3b, which shows the same as Fig. 3a but for HNO3.
The presented results indicate the sufficient diurnal and seasonal variations of the aircraft
emitted NOx oxidation rate into HNO3. This rate is the highest at summer midday and the lowest at
winter night, which is obviously connected with the NOx oxidizing OH content in the upper
troposphere.
The HNO3 excess maximum at Fig. 3b has a much lower amplitude of diurnal variation than
NO2 and its longitudinal distribution even at the 11 km of flight level is few sensitive to season and to
the time of aircraft NOx emission and so are the other long lived species: O3, CH4, N2O and others.
Strong longitudinal and diurnal variations occur for the short lived compounds: NO, NO3, N2O5, OH,

H02.
Table 2 demonstrates the relations of zonally and diumally averaged gas concentrations at 5,
10 and 11-km levels for three considered gas sources: B (background); A+E (sum of the above North
Atlantic sources) and C (zonally homogeneous emissions equal to A+E source intensity). Among the
other issues the comparison of C/B and (A+E)/B relations for NO2 shows, that the account of zonal
and diurnal inhomogenity of aircraft NOx source intensities reduces significantly the zonally averaged
concentration ofNOx compared to their values from the zonally homogeneous sources.
Table 2. Zonally and diumally averaged gas concentrations calculated for the cases: B (background); C
(zonally homogeneous emissions) and A+E (local emissions over the North Atlantic).___________________
CASE LEVEL MONTH
GAS
(km)
OH
NO
NOs
N2Os
HNOs
N02
12.8
5
B
0.037
0.353
1.52
7.04
183.5
10
(pptv)
0.050
0.075
3.65
263.5
15.0
13.9
11
0.056
15.1
0.080
3.54
274.8
17.0
1.02
0.66
1.01
5
0.94
0.91
0.93
10
1.00
C/B
January
1.53
2.89
3.09
0.94
1.72
11
0.88
1.54
5.39
5.77
2.41
1.15
1.01
1.02
0.66
5
0.91
0.94
0.95
10
(A+E)ZB
1.13
2.16
0.98
1.38
0.94
1.99
11
1.00
1.05
3.19
3.64
1.81
1.03
1.00
B
5
0.261
0.205
20.5
31.2
444.6
10
(pptv)
24.4
40.9
0.051
1.37
275.4
0.173
11
0.160
39.4
19.9
0.042
1.04
252.3
1.00
1,01
5
0.99
0.96
0.94
0.74
10
C/B
1.28
1.85
1.96
1.06
2.34
1.58
July
11
1.39
3.59
3.77
3.60
1.94
0.98
1.00
1.02
1.00
5
0.97
0.97
0.78
10
(A+E)/B
1.05
1.15
1.56
1.65
1.89
1.37
11
1.02
2.73
2.84
2.57
1.13
1.51
5. Conclusions
Longitudinal distributions of aircraft exhaust products and their maxima intensities are few
sensitive to emission period for the long lived gases (HNO3) but the exhaust short lived components
(NOx and others) content have sufficient seasonal and diurnal variations.
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All above indicates the importance of the detailed account of gas phase photochemical
transformations of aircraft exhausts during their transition from the aircraft wake to their large scale and
global pools. Our rough model assessment reveal that the zonally averaged total aircraft NOx emission
used in the 2-D CTM may overestimate the actual releases up to two times. In aircraft NOx source
evaluation not only the flight trajectory positions, but the diurnal flight schedule is to be accounted also.
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Fig. 1. The vertical-longitudinal distribution of NO2 mixing ratio (pptv) for summer noon at
Greenwich. The underlined values correspond to observation data from [10], the range of
observational data is denoted in brackets.
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Fig. 2. The vertical-longitudinal distribution of aircraft emitted NO2 content deviation from its
background (%) for 00* GMT 15 July.
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Fig. 3. The diurnal course ofmaximums of the same as in Fig. 2 deviations (%) at 11-km level in
summer and -winterfor NO2 (a) and HNO3 (b).
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Fig. 4. The vertical-longitudinal distribution of aircraft emitted HNOj content deviation from its
background (%) for 0(f GMT 15 January.
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Impact of aircraft exhaust on the atmosphere: Box model
studies and 3—D mesoscale numerical case studies of seasonal
differences
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Abstract: The impact of aircraft emissions released in the tropopause region on atmospheric trace
gases as O3 or HNO3 is investigated by means of model studies. Special emphasis is drawn on
seasonal effects. A box model is applied as well as a 3-D mesoscale chemistry transport model.
These model studies show that the impact of aircraft emissions on ozone in the tropopause region
is much stronger in summer than in late autumn with a difference of one order of magnitude.

1. Introduction
Aircraft emissions released into the lower stratosphere and upper troposphere lead to a
subsequent increase of O3 and nitrogen reservoir species as HNO3. The strength of this
impact depends on the emission altitude relative to the tropopause and on the daytime of
emission, that is on the presence of daylight. As photolysis reactions play a crucial role
in the transformation of aircraft exhaust a strong seasonal effect should be observed. This
seasonal variability of the emissions effect on the atmosphere is superimposed by the seasonal
variation of the mean tropopause height. This means in summertime emissions are released
deeper relative to the tropopause and they are exposed longer to sunlight. Both of these
conditions enhance ozone production triggered by aircraft emissions and yield a stronger
transformation of the emitted N0X to acidic reservoirs as HNO3.
These assumptions are investigated by means of numerical model studies. First a box model
is applied to summer and late autumn conditions. A box model allows detailed studies of
individual chemical processes. Thus the transformation of emitted NOx to other nitrogen
containing species can be studied in detail by different case studies. Furthermore the role of
the daytime of release can be observed.
Such a detailed analysis of individual chemical transformations can not be conducted with
3-D model output. But by means of process analysis [1] it still is possible to assign the
observed changes of trace constituents to certain processes. 3-D model studies allow to
investigate realistic episodes. Here a summer (July 28 - August 4) and a late autumn
(November 3 - 12) episode during 1994 are investigated.

2. Box model studies
2.1 Model description
The box model applies the Chemistry module for the lower Stratosphere and the Troposphere
CHEST [2,3]. It was designed for the investigation of photochemical effects in the altitude
from the earth’s surface up to the lower stratosphere. 60 species are transformed by 160
gas phase collison reactions and 26 photolysis reactions. The box model version of CHEST
moreover considers 4 heterogeneous reactions (2 of which are also implemented into the
3-D version). The time step is allowed to vary between .06 seconds and five minutes. For
the investigation of the effect of a single airplane a Gaussian plume model version of this
box model is applied [4,5]. When the effect of an aircraft-fleet is to be considered the
Gaussian plume approximation is no longer valid. Thus a mesoscale box model considering
entrainment of background air by explicit solution of the diffusion equation is employed.
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While the Gaussian plume model was strictly valid only for nonreactive species the explicit
diffusion model allows for reactive constituents, too.
Description of the experiments
The simulations were carried out for summer and late autumn conditions at 50° N. The
initial conditions are taken from the 3-D model. Photolysis rates were calculated with a
version of Madronich’s code [6] that was updated for CHEST applications [2]. The aircraft
emissions incorporated are those of a B747 at cruise stage [7], but just NOx and CO are
considered.
In a first series of simulations the ozone production rate was investigated for June and No
vember conditions at different altitudes as a function of background NOx. The rates are
calculated with 12 h local time photolysis rates.
Then emissions of a single aircraft are introduced at different daytimes in respective experi
ments with the Gaussian plume model. The emissions are incorporated into a cross section
typically reached at the end of the vortex regime. When the plume cross section reaches
mesoscale (50 x 1 km2) after 18 hours it is kept at constant size.
The last series of experiments was conducted with a mesoscale box model (50 x 50 x 1kmz)
where a whole fleet is allowed to emit into the volume. Here it was assumed that five B747
release their exhaust between 4:30 and 6:30 hours in intervals of 30 minutes and another fleet
of five aircrafts crosses the volume between 13:30 and 15:30 hours. These two fleets occur
on each of the six days of the simulation period.
2.2

2.3 Results and discussion
The ozone production rates calculated with the CHEST box model are displayed in Fig.l.
The left frame shows the ozone production in dependence on background NOx at four
altitudes (corresponding to model layers of the 3-D model) in June. The right frame shows
the equivalent curves as calculated under November conditions. Typical background mixing
ratios of NOx are between 50 - 120 pptv in the tropopause region. Obviously the enhanced
June 12:00

November 12:00

.295 hPa

3.0x10'

295 hPv

-1.0x10'
0.10
1.00
NOx MIXING RATIO [ppb]

0.010
0.100
1.001
NOx MIXING RATIO [ppb}

Fig.l - Net ozone production rates for June (left frame) and November (right frame) photolysis
rates at 12:00h local time at 50°N as a function of background NOx. The ozone production rates
are shown for four labeled altitudes covering the main flight levels.
photolysis during summer results in a much stronger peak production of ozone at all altitudes.
The lower the levels under consideration are (higher pressure values), the stronger is the peak
ozone production and the peak itself is shifted a little to lower NOx values. Moreover the
flanks of the curves are steeper in summer and in deeper levels. This means if additional
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N0X is incorporated into the system - as for example by aircraft emissions - there is clearly
more ozone expected to be produced in summer than in late autumn. This effect should
be enhanced by the effect that on average the tropopause is located higher in summer than
during late autumn.
In fact the second series of experiments conducted with the Gaussian plume model shows
that ozone is produced by aircraft emissions in the tropopause region. The ozone-answer to
additional NOx in summer is enhanced compared to late autumn by a factor of approximately
4-10 depending on the daytime of release.
0.3 E~

20

-

HN03

O 0.1

12

0

12

12

daytime [h]

o

12

daytime [h]

Fig.2 - Impact of aircraft emissions released by a fleet of B747 on ozone (left frame) and on nitric
acid (right frame) in November (dotted grey lines) and June (solid black lines) as a function of
simulation time. The emissions were set free at approximately 205 hPa altitude between 4:30 6:30 and 13:30 - 15:30 hours local time every day during the simulation period.
If more than one aircraft is considered — as done in the last series of box model experiments
— the difference of the impact on ozone becomes stronger between late autumn and summer
(Fig.2). In both cases ozone nearly stays constant during nighttime when no NOx is released.
In November the first diurnal release takes place in darkness which initially leads to a decrease
of ozone. When the emissions are released mostly under daylight conditions there is a strong
production of ozone in both cases. Thus only during a few hours of the day ozone may be
produced in late autumn. In the afternoon when photolysis becomes weaker NOx is shifted
towards NO2 with a corresponding reduction of ozone in both seasons.
The initial reduction of ozone in late autumn is recovered slowly and just after five days
there is all day long a positive net ozone change caused by the emissions. In summer ozone
is produced and destroyed as a function of daytime, too, but on average the production is
larger than the destruction every day. This results in a mean continuous increase of ozone.
Assuming a lifetime of about a month this implies an increase of ozone in the order of 1%
caused by aircraft emissions within a mesoscale box model at 205 hPa.
The impact of an aircraft fleet on nitric acid is very strong in summer as in late autumn.
HNO3 is increased by transformation of the emitted NOx by more than 17% six days after
simulation start compared to the background in summer and by about 12% in November.
Obviously there is an enhanced diurnal variation of nitric acid in autumn compared to
summer caused by the availability of HOx.

3. 3—D episodic mesoscale model studies
3.1 The 3-D mesoscale chemistry transport model
The 3-D mesoscale model applied is the Eulerian European Air Pollution Dispersion (EURAD) model, a system of submodels to treat the transport, chemical transformation and
deposition of pollutants [8]. The model is applied to episodic studies in the order of several
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days. The meteorological data are provided by the Penn State / NCAR Mesoscale Model
Version 5, MM5 [9]. Surface emissions are preprocessed by the MJRAD Emission Model,
EEM [10]. Aircraft are incorporated directly into the CHEST mechanism of the chemistry
transport model (CTM) by a special module [11,12].

3.2 Domain, episodes and aircraft emissions
The version of the EURAD model applied here ranges in its vertical extension from the
surface to 10 hPa. This altitude range is divided into 29 layers with thicknesses between
500 m and 1000 m at cruise altitudes. The horizontal resolution is 50 x 50km2 and covers
the North Atlantic and Central Europe by 110 x 80 gridpoints in the MM5. The CTM grid
had to be chosen smaller due to high computational and memory expense of the chemistry
module. It covers the eastern part of the North atlantic flight corridor and parts of Central
Europe by 56 x 46 grid points with a resolution of 50 x 50km2 each cell.
The chemistry module das been initialized dynamically as described by [2]. The aircraft
emissions have been taken from a global inventory [13], transformed to the EURAD grid and
superposed by diurnal variations according to the typical occurence of airtraffic [11,12,14].
According to the inventory most of the exhaust is released at about 200 hPa.
The simulations presented here cover a summer episode (July 28 - August 4, 1994) and
an autumn episode (November 3 - 12, 1994). On July 30 a cut - off low forms south of
Iceland which causes a fairly deep tropopause located at approximately 330 hPa in the area
of the flight corridor. Thereby an anticyclonic flow pattern is enforced leading to a strong
northerly wind above Ireland. In the eastern part of the model domain, above the North
Sea, the tropopause is located at about 240 hPa, transport is modest in this region. During
the November 5 there is an enhanced northerly jet above Great Britain. Deep undulations
of the tropopause down to 480 hPa can be identified on the western flank of a trough above
Ireland. But this event is geographically narrow limited and in the domain of the main flight
corridor the tropopause is located at approximately 200 hPa. There and in the eastern part
of the domain transport is modest.

3.3 Results and discussion
The results of the 3-D mesoscale simulations are as a net result in good agreement with the
box model findings when merely chemistry and emission effects are analyzed. This can be
seen in Fig.3 where the impact of aircraft emissions on ozone and nitric acid is shown for
July 30 and November 5 as an overall change (black solid lines) of the constituents in the
whole CTM domain vertical integrated between 9 and 13 km. The grey dotted lines were
obtained by analysis of individual processes [1] and show the effect of merely chemistry on
Os and HNO3. They are very similar to the corresponding box model studies considering
the individual shapes (and concerning the difference of the respective autumn and summer
curves). The net effect of the emission impact is very strongly dominated by mass boundary
outflow. Fig. 4 shows the same as the solid black lines in the ozone frames of Fig.3 but for
the whole episode. That means the net change of ozone due to airtraffic in the model domain
between 9-13 km altitude is shown with all processes taken into account. Although the
synoptic situations in July and November 1994 are different it becomes obvious that airtraffic
has a clearly stronger impact on the ozone concentration in summer. In the beginn ing of the
summer episode transport is of minor importance. Therefore the exhaust and the products
formed may accumulate causing a rapid increase of ozone. After the 3rd day of simulation,
that is after July 30, transport increasingly dominates and most of the additional ozone is
advected out of the domain. At the end of the episode transport out of the domain and
production of ozone are nearly balanced. In November a balance between outflow and pro
duction combined with the reduced ozone production in autumn is responsible for the ozone
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variation due to airtraffic staying close to the zero line. In November the mass of additional
NOx however is larger than in the summer episode by a small ammount.

July, 30

November, 05

E

O

iooo

500

daytime

daytime

daytime

daytime

HNOS

Fig. 3 - Impact of aircraft emissions on ozone (uppermost frames) and on nitric acid (lowerost
frames) on November 5, 1994, (right frames) and July 30, 1994, (left frames). The figures show the
overall change of the constituents horizontally summed over the whole model domain and vertically
integrated between 9-13 km (black solid line). The grey dotted line shows the effect of merely
the emissions and chemical transformations on the considered species in the same domain. These
curves were obtained by process analyses. The curves are normalized to the value at 00 GMT of
the respective day shown.
2000
•s 1500

iooo
S3 soo

-500

simulation day

Fig.4 - Same as the black solid lines in the O3 frames of Fig.3 but for the whole autumn episode
(November 3 - 10, 1994, 9rey dotted line) and the whole summer episode (July 28 - August 4, 1994,
black solid line). Be aware that the synoptic situations and thus transport patterns are different for
both episodes.
Table 1 summarizes the impact of airtraffic on ozone in the described altitude range. Al
though the peak production rates are in July approximately twice as high as in November
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the average change of ozone is an order of magnitude larger in summer than in autumn as
sunlight is available longer. The relative change of 03 throughout the whole episode and
domain is .25% in summer and .04% in November when the emissions are preferably relea
sed at about 200 hPa. Local effects however may exceed these values clearly. Other studies
[1,3] show that a reduction of emission altitudes will further increase the described ozone
production.
The increase of NOx is somewhat stronger in autumn than in summer as a consequence
of the less effective transformation to reservoirs which is proved by an enhanced HNO3
formation in July compared to the autumn episode.

peak
average
average

-^gt^lt/h]
day]
AOs[%]

Jul 30, 1994

Jul 28 - Aug 4, 1994

Nov 5, 1994

Nov 3-12, 1994

134.5
58

138.8
47
1137
.25

69.2
7.8

71.0
4.9
129
.04

Table 1 - Impact of aircraft exhaust on ozone in the tropopause region (9-13 km)
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Abstract. Vertical and horizontal trace gas distributions were measured west of Ireland during a 7-day period
in June 1995 within an extended stagnant anticyclone located in the North Atlantic flight corridor. Four
subsequent flights (21, 24, 26, 28 June) with the DLR Falcon research aircraft were performed including
observations of NO, 03, HN03, C02, and meteorological parameters. NO volume mixing ratios in the upper
i troposphere from vertical profile measurements averaged over the corridor height range increased by 74 pptv
(60%) during the observation period. Averaged NO concentrations measured along constant level flight legs
at 10.7 km from 50 to 54°pl increased by 87 pptv. Corresponding simulations with a 3-d chemistry transport
model of KNMI reveal sirBilar increases of NOx for the measuring area over the 7-day period for a model run
with air traffic emissions which is not obtained for a run with no air traffic NOx.
(—/
1. INTRODUCTION
Air traffic exhaust gases are a significant source of nitrogen oxides (NOx) to the upper troposphere
and lower stratosphere at northern mid-latitudes, in particular in the region of the North Atlantic
flight corridor (NAFC). In recent three-dimensional model studies an NOx increase at cruising
heights (9 -12 km) resulting from air traffic emissions of about 20 - 50% was calculated for summer
conditions in the NAFC area (Brasseur et al., 1996, Flatoy and Hov, 1996, Kohler et al., 1996,
Wauben et al., 1996). That may lead to an additional ozone formation of about 5 - 10%. Signatures
of air traffic NOx at cruising altitudes were measured in the wake of individual source aircraft
(Arnold et al., 1992, Schulte and Schlager, 1996, Schulte et al., 1996) and in aged corridor exhaust
plumes (Zheng et al, 1994, Schlager et al, 1996). However, NOx enhancements at the scale of the
NAFC were difficult to observe during measurement periods with variable meteorological
conditions. Here we present measurements made within a stagnant anticyclone located in the NAFC
to investigate perturbations in air traffic related species and compare the observations with
predictions of a chemistry transport model.
2. MEASUREMENTS
The measurements were made from the DLR Falcon aircraft in the period 21 to 28 June 1995 as part
of the POLINAT (Pollution from Aircraft Emissions in the North Atlantic Flight Corridor) project.
The flights were based from Shannon, Ireland and air masses were sampled in the NAFC between
50 - 54°N and 7 - 12°W. Data reported here were gathered during four missions on 21, 24, 26, and
28 June 1995. Similar flight pattern were used during these missions including vertical profiles up
to 12.5 km and north-south oriented constant level flights at 35,000 ft (10.7 km) within the
anticyclone. All flights were performed in the afternoon between 14.00 - 16.00 UTC.
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Instrumentation on board the Falcon included a NO/03-chemiluminescence detector for NO, an UVphotometer for 03, a NDIR-analyser for C02 (Schlager et al., 1996, Schulte et al., 1996), a chemical
ionisation mass spectrometer for HN03 and other species (Arnold et al., 1996, Mohler et al., 1993),
and a liquid N2 - cooled frost point hygrometer (Ovarlez and Ovarlez, 1996).
From 21 to 28 June 1995 the measuring area was located in a blocking high with strong
anticyclonic flow. Analysis of 5-day backward trajectories show that air masses made 0.5 to 1.5
anticyclonic rotations in the high pressure area located in the NAFC before arriving at the measuring
site (e.g., Fig. 1). Thereby the probed air masses in the upper troposphere remained 0.5 (21 June),
3 (24,26 June), and 5 -7 days (28 June) within the blocking high in the corridor region with a mean
traffic load of 770 aircraft per day.
26 June 1995 - 250 hPa Geopotential (102 m2/s2)

26 June 1995-5 days backward trajectories

2< 20*
,4< I86i

Fig. 1 Left panel: Map of geopotential at 250 hPa on 26 June 1995. The marked region indicates the
investigation area. Right panel: 5-day backward trajectories (horizontal displacement) for measured air
parcels at altitudes between 10.5 and 12 km.

3. RESULTS
Figure 2 shows NO data taken during vertical profile measurements of the missions on 21, 26, and
28 June 1995 in the anticyclone west of Shannon. 30-s NO data are plotted versus pressure altitude.
At altitudes between 2 and 8.5 km the NO values range between about 30 - 60 pptv and were quite
constant during the 7-day period. Much higher NO mixing ratios were observed in the upper
troposphere at the cruising altitudes of the corridor traffic (31,000 ft - 41,000 ft; 9.5 - 12.5 Ion) with
mean/maximum mixing ratios in this altitude range of 120/130 pptv (21 June), 150/170 pptv (26
June), and 195/260 pptv (28 June). In the course of the high pressure period the mean measured NO
concentrations in the upper tropsphere increased by 74 pptv (60%).
The observations are compared with simulations of the period with the stagnant anticyclone
performed by Wauben et al. (1996a) using the 3-d chemistry transport model of KNMI (CTMK).
For CTMK simulations analysed meteorological fields from ECMWF are used to obtain a realistic
description of the actual meteorological situation. Details of CTMK are described by Wauben et al.
(1996b). Depicted in Fig. 2 are CTMK results for NOx of the model column containing the
measuring area and for the measuring time (16.00 UTC). Two CTMK runs were made, one with all
NOx sources and a second with all NOx sources except air traffic emissions.
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The NO observations in the upper
troposphere compare quite well with the
CTMK calculations for NOx of the model run
including air traffic emissions. It should be
noted that 80 - 90% of NOx is in the form of
NO in the upper troposphere for the
measurement conditions. The mean model
NOx concentrations in the altitude range 9.5 12.5 km amount to 114 pptv (21 June), 147
pptv (26 June), and 223 pptv (28 June) with
an increase of 109 pptv over the 7-day period.
The observed maximum 30-s NO data in the
upper troposphere exceed the model results
only for the 28 June profile. At the lower
heights the measured NO'values on 26 and 28
June are smaller than the modelled NOx data.
To investigate a possible contribution of
fresh NOx input due to deep convection and
lightning for the probed air parcels, we
inspected Meteosat images (IR) and 5-day
backward trajectories for each 5 minutes of
the measuring flights. Thunderclouds
occurred south of the high pressure area over
northern Spain and France in the afternoon of
most days during the investigation period.
However, the backward trajectories indicate
that only for some air masses sampled during
the flight on 28 June an influence by
thunderstorms over France might be possible.
Fig. 3 presents measured 03 and HNGj
profiles (30-s data) for 21 and 28 June
together with corresponding CTMK simu
lations. At altitudes above 7 km about 20
ppbv higher 03 concentrations were observed
during the 28 June flight compared to the
measurements on 21 June. This difference can
hardly be explained by photochemical ozone
formation due to additional air traffic NOx,
because that would require a net ozone
production rate of about 3 ppbv per day in the
anticyclone. This value is much higher than
calculated ozone production rates in various
model studies for summer conditions at 10
km and mid-latitudes for 200 pptv NOx of
about 0.5 - 1 ppbv per day (Ehhalt and
Rohrer, 1995, Brasseur et al., 1996, Flatoy
and Hov, 1996). The CTMK simulations for
28 June reveal an additional ozone formation
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-
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&
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POLINAT 26 June 1995

• NO Measurement
-------NOx CTMK
-------NOx CTMK
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Fig. 2 Observations of NO made during a 7-day
period with a stagnant anticyclone in the NAFC.
Circles are from vertical profile measurements.
Triangles are from NO data sampled at 10.7 km,
averaged over 50 - 54°N (bars indicate standard
deviations). The solid and dashed lines show
model simulations with and without air traffic
NO,.
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due to air traffic NOx at 10 km of only 7 ppbv
(see Fig. 3).
A comparison of measured and modelled
HN03 profiles is presented in the bottom
panel of Fig. 3 for 28 June. The observed
HN03 volume mixing ratios below 10 km and
at 12 km compare fairly well with the CTMK
predictions. However, in the flight corridor
height range between 10 and 12 km measured
HN03 values are about a factor of two higher
than the CTMK simulations. For the flights
on 21 and 26 June CTMK predictions for
HN03 are much smaller than measured HN03
data. These differences remain to be
explained.
Fig. 4 depicts mean measured NO, 03,
H20, and CQ volume mixing ratios from
constant level flight legs at 10.7 km across the
high pressure area sampled during the four
subsequent flights (21, 24, 26, and 28 June)
The data are averaged over a latitude range
from 50 - 54°N, i.e., over a grid size of
CTMK. The mean values are plotted together
with standard deviations showing the large
scale variability of the observed trace species
abundances. Also included in Fig. 4 are
calculated mean values of the potential
vorticity (PV) from synthesized flight profiles
using ECMWF analyses and averaged
concentrations of non-volitale and volatile
condensation nuclei (CN) from Hagen et al.
(1996).
The measurements along the constant
altitude legs also show concentration
increases for species emitted by air traffic
(NO, CN) and for 03 during the 7-day period.
The horizontally averaged NO mixing ratios
at 10.7 km increase by 87 pptv which is
comparable to the increase of the vertically
averaged NO data between 9.5 and 12.5 km.
The mean NO values for the 10.7 km
level flights are also included in Fig. 2 for
comparison with the vertical profiles
measurements. They are somewhat smaller
than the CTMK NOx predictions of the run
with air traffic emissions but higher than the
results of the run with no air traffic NOx. Also
it appears, that the measured maximum NO
concentration on 28 June at 10.5 km of

POLINAT

•

03-21 June 1995
03-28 June 1995

Volume Mixing Ratio / ppbv

POLINAT 28 June 1995

• 03 Measurement
------ 03 CTMK
------03 CTMK
(no aircraft )

Volume Mixing Ratio / ppbv
POLINAT 28 June 1995

• Meas. 960628
------ CTMK 950628
------CTMK 950628
(no aircraft)

HN03 Volume Mixing Ratio / ppbv

Fig.3 Top panel: Measured 03 vertical profiles on
21 and 28 June in the anticyclone. Mid panel:
Comparison of the observed 03 profile on 28 June
with CTMK simulations. Bottom panel: HNOs
measurements on 28 June together with CTMK
predictions.
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Fig. 4. Averaged concentrations of NO, 03, total and non-volatile CN, and H20 along 50-54°N at 10.7 km
from 4 subsequent flights. The vertical bars represent standard deviations. Also given are calculated mean
PV values for the constant level flight legs from ECMWF analysis.

320 pptv is not representative for a larger area.
In the course of the observation period the centre of the high moved slowly eastward from the
measuring area. Consequently the height of the tropopause (thermally defined) in the measuring area
decreased from 12.5 km (21 June) to 12 km (28 June). This is reflected by the increase of PV at 10.7
km from 21 to 28 June of 1.2 PV-units. Considering the measured correlation between 03 and PV
from all POLINAT flights in the summer 1995 campaign with a correlation coefficient of 0.65 for
data with PV <2 PV-units and slope of 34 ppbv/PV-unit, about 40 ppbv of the 03 increase appears
to be due to the decreasing tropopause height. The remaining ozone increase of about 30 ppbv (also
observed from the vertical profile measurements) is probabely largely due to differences in the
origine and photochemical history of the air masses entering the anticyclone which is much less
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important for NOx with a lifetime of only a few days at 10 km in summer. The observed small
decrease of the H20 mixing ratio at 10.7 km can be explained by the decreasing tropopause height.
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r-^ Abstract
/
Focussed aircraft measurements including NO, NO2, O3, and aerosols (CN) have been carried out
over the Eastern North Atlantic as part of the POLINAT (Pollution from Aircraft Emissions in
the North Atlantic Flight Corridor) project to search for small and large scale signals of airtraffic
emissions in the corridor region. Here, the experimental data measured at cruising altitudes on
November, 6,1994 close to peak traffic hours are considered. Observed peak concentrations in small
scale NOx spikes exceed background level of about 50 pptv by up to two orders of magnitude. The
measured NOx concentration field is compared with simulations obtained with a plume dispersion
model using collected airtraffic data and wind measurements. Additionally, the measured and
calculated NO/NOz ratios are considered. The comparison with the model shows that the observed
(multiple-)peaks can be understood as a superposition of several aircraft plumes with ages up to 3
hours.
1. Introduction
Emissions from airtraffic in heavily used corridors may cause perturbations of the compo
sition and radiative properties of the upper troposphere and lower stratosphere [8, 12]. Jet
engine exhaust that may alter the ambient atmosphere include, among others, nitrogen ox
ides (NOx = NO + NO2), sulfur-containing species, and soot. Emitted NOx lead to formation
of ozone (O3) at altitudes around the tropopause [4, 1].
Emissions from individual jet aircraft at cruise altitude have been measured for subsonic
and supersonic aircraft. However, it has been difficult to detect aircraft emission signatures
in airtraffic corridors. Numerical simulations using a Gaussian plume model predict a very
spotty concentration field in a major flight corridor due to airtraffic emissions [9]. In airborne
measurements within the North Atlantic flight corridor at times and regions with relatively
little traffic a few NO-plumes from aircraft have been detected [7] and analyzed with respect
to lateral and vertical spreading for time scales from 5 to 90 minutes [10].
In this study, signatures of aircraft emissions (NO, NOc (=NO + 0.35 NO2), particles
(CN)), measured at cruising altitudes on November, 6, 1994 close to peak traffic hours are
considered where the DLR “Falcon” research aircraft was flying perpendicular to the major
corridor tracks during the main eastbound traffic flow (Figure 1). Measurement details and
the corridor observation are described in [6].
Especially, we discuss in two steps the question how far it is possible to trace back the
observed peaks to the airtraffic in the flight corridor. Firstly, we estimate plume positions
resulting from the aircraft which flew up to 3 hours before the Falcon across the area where
the measurements took place. Secondly, in order to understand the shape of the observed
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Fig. 1: Left: Measuring flight track of the Falcon on November, 6, 1994 along 12? W at flight level
37,000 ft (11.3km). Right: Flow of eastbound traffic across the measuring track and time periods
of radar recordings and airborne observations.

peaks, the measured N0X concentration field is compared with simulations obtained with a
Gaussian dispersion model.
2. Attribution of Spikes to Aircraft

In order to trace back the observed coincident nitrogen oxides and CN peaks to airtraffic
emissions, the expected positions of aged aircraft exhaust plumes along the Falcon track
were determined from the collected airtraffic data and the wind measurements aboard the
Falcon. The advection of the individual plumes was calculated using a constant horizontal
wind direction and speed as measured at the crossing point of the Falcon with the source
aircraft tracks along 12° W. The Falcon wind data were smoothed by 30-s averaging for this
purpose.
The predicted plume intersection points for the measuring legs B and C across the flight
corridor are shown in Figure 2. The lower panel depicts the track of the Falcon in northsouth direction versus time along constant latitude and altitude of 12" W and 11.3 km,
respectively. The arrows show the trajectories of exhaust plume air parcels which should be
intersected by the Falcon at the positions of the arrowheads along leg B (flight direction S-N)
and leg C (flight direction N-S). Differences in the positions of the arrowheads and tailends
correspond to the latitudinal displacements and ages of the plume air parcel, respectively.
Displacements in north-south direction are moderate due to prevailing westerly winds. The
arrows are labeled with numbers indicating the source aircraft type. The upper panels in
Figure 2 show the measured NOc, NO, and CN concentration along leg B and leg C.
The predicted plume intersection positions along the two successive Falcon legs across
the flight corridor correspond fairly well to the positions of the observed NOc, NO and CN
peaks within the uncertainty for the calculated plume positions. The accuracy of the Falcon
measurements of the horizontal wind speed is ±5 ms-1 resulting in an uncertainty for the
predicted plume position of about ±0.25 degree with respect to latitude for a plume travel
time of 2 hours. The comparison reveals that in most cases measured peaks are due to
superpositions of several aircraft plumes having ages between about 15 min and 3 hours.
3. Comparison with Plume Model

To compare the measured NOx increases along the corridor measuring legs with expected
NOx enhancements due to the spreading exhaust plumes of the observed airtraffic in the
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Fig. 2: Experimental data for CN, NO, and NOc (=NO + 0.35 NO2J measured on November, 6,
1994 along two flight legs at lUP W, FL=370 hft together with the predicted plume positions, left
side - flight direction S-N, right side - flight direction N-S. The numbers describe the aircraft types
(1 - B747, 2 - B757, 3 - B767, 4 - EA31, 5 - MD11).

investigation area we have performed numerical simulations using a Gaussian plume model.
Due to the uncertainty of the predicted plume positions along the Falcon track of about
± 0.25 degree, the measured fine structure of the multiple peaks cannot be described with
the plume model. However, useful comparisons can be made between suitable integrated
measuring data and model results of the NOx distribution. An appropriate integration
of the measured NO and NOc signals also allows to derive NOx concentrations from the
measurements for comparison with the model which treats NOx as a passive tracer.
The used Gaussian plume model has been described in detail in [5] and [10]. Briefly,
the abundances of various exhaust species in the plume of a single airliner are represented
by analytical solutions of the atmospheric diffusion equation. These solutions are Gaussian
functions which are valid for spatially linear wind profiles, spatially constant diffusivities and
linear chemical reactions. In addition, all parameters of this model can step-wisely depend
on time. The concentration fields in the corridor result from linear superposition of such
solutions for a multitude of plumes with different ages, source strengths, and spatial origins
according to the distribution of the traffic. The model requires various input parameters,
some of which are only known with a considerable uncertainty. Simulations were done with
a reference set of most likely input parameters and, in addition, for several sets of input
parameters covering the ranges given in Table 1.
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Input parameter
Brunt-Vaisala freq.
N
Vert, diffusivity
Dv
Horiz. diffusivity
Dh
Skewed diffusivity
Ds
Vert, wind shear _L to |.s|
plume direction
Vert, plume position h
rel. to source aircraft

s-1
m2s-1
m2s-1
m2s-1
s-1
m

Reference values
0.022
(0.4) 0.15
20.0
0.5(D,DA)i/2
0.005
45

Range of sensitivity studies
—
0 < Dv < 0.6
0
0

<
<

D,
|s|

<
<

(TW^
0.015

30

<

h

<

70

Table 1: Input parameter of the Gaussian plume model . Dv value in brackets denotes the vertical
diffusivity for 3 < t < 13 min (vortex and dispersion regime).

The diffusion coefficients are obtained by recent large-eddy simulations [2, 3]. Due to
weak vertical mixing in the upper troposphere, the vertical width of the plumes does not
exceed about 200 m after 10 hours. Since the distance between two successive flight levels
amounts to 600 m, the interaction between exhaust plumes released at different flight levels
can be neglected for the time scales of several hours considered here. Consequently only
exhaust plumes emitted by the airtraffic cruising at the Falcon measuring flight level of
37,000 ft as recorded from the radar screen have to be included in the simulations.
The source strength of NOx depends on the fuel consumption of the individual air
craft/engine combination cy (in kgs-1), its ground speed vg (in ms-1) and on the emission
index of NOx for the actual cruising conditions. For the considered aircraft, the mean emis
sion index amounts to 16.5 g NOx per kg fuel (F. Deidewig, personal communication, 1995).
The fuel consumptions at the cruising altitudes for the relevant aircraft were obtained from
[11] and vary between 2.8 (B747) and 1.4 (EA31) kgs-1. The mean ground speed amounts
to 240 ms-1.
The positions of the plume centroids along the Falcon legs and the plume ages were taken
from the calculations shown in Figure 2. In addition, we supposed that the vertical deviation
h of the plume centroid from the source traffic flight level (37,000 ft) at the beginning of the
diffusion regime is given by half the maximum vertical displacement of the trailing vortex
pair for the given stratification, i.e. h = ws/2N, where ws is the initial downward velocity
of the vortex pair. For a typical value ws = 2 m s-1 one obtains h = 45 m.
Figure 3 presents the simulated NOx increases along the Falcon measuring leg B (upper
panel) and C (lower panel) for the reference case (solid lines). Also shown is the calculated
range of variability caused be the uncertainty of the input parameters (dashed regions)
together with the number of source aircraft which are responsible for the various plume
structures. In addition, the partitioning of NOg and NO observed in the multiple plumes was
determined for the most prominent peaks (triangles) and compared with calculated NO2/NO
ratios assuming a photochemical steady-state between daytime NO2 and NO (dashed lines
in Figure 3) [6].
The integral value of the simulated NOx is mainly influenced by the vertical plume
position relative to the source aircraft h and the vertical diffusivity Dv, in contrast to Ds and
the wind shear s which change only the centroid positions of the plume. The contributions
of the considered sensitivity ranges of h, Dv, Ds, and s (Table 1) to the total dashed areas
in Figure 3 amount to 58%, 40%, 1%, and 1%, respectively.
4. Conclusions
Signatures of airtraffic emissions have been detected in the North Atlantic flight corridor
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Fig. 3: Smoothed experimental data (dot-dashed lines) versus smoothed results of the Gaussian
plume model (solid lines with dashed regions shifted upwards by 1 ppbv) calculated for S-N (left
side) and N-S (right side) legs. Triangle and dashed line denote the experimental and the theoretical
N0/N0X ratios, respectively. The numbers over the peaks correspond to the total number of aircraft
which caused them.

during peak traffic hours for NO, NOg and particles by aircraft measurements across the
main traffic routes. Peak concentrations in the exhaust plumes exceed background levels by
factors of 30 (NOx) and 3 (CN) for the measuring conditions.
The source aircraft were identified from radar observations. The emissions measured
at fixed flight level were caused by 22 wide body aircraft which passed the measurement
leg of 400 km length at 12° W within 5 hours during or before the measurement period.
Calculations of predicted plume intersection points along the measuring tracks reveal that the
measured concentration enhancements for NOx and CN are mainly due to aircraft emissions
in plumes with ages between 15 min and 3 hs. The major observed peaks are due to
superpositions of several plumes.
An analysis of the partitioning of NO and NOg in the observed peaks showed that primary
emitted NO had approached already the steady-state NOg/NO ratios as expected for the
determined plume ages.
The measured NOx plume concentrations compare fairly well with NOx enhancements
computed with a Gaussian plume model if horizontal and vertical diffusivities are used as
derived by large-eddy simulation and measurements. The simulated and measured distribu
tion of NOx in the corridor is very spotty. The spatial fraction of sections with enhanced
concentrations (above 200 pptv in NO peaks) along cross-corridor tracks of about 400 km
length is calculated to be 4% during heavy traffic conditions. About 30% of the total NOx
abundance is confined in plumes along the cross-corridor routes during traffic peak hours.
It would be difficult to identify an aircraft contribution to the ambient NOx abundance in
the corridor region for observation times several hours after the corridor aircraft pulk has
passed the investigation area and the exhaust plumes have strongly spread horizontally and
vertically. Details discussing the mixing times and the calculations of the mean emission
indices can be found in [6].
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WFc).
The impact of aircraft emissions on the atmospheric composition 1 been
investigated with a global chemistry transport model. The model calculatio show
that aircraft emissions of nitrogen oxides contribute to about 40-80% vf the
background values of nitrogen oxides in the North Atlantic Flight Corridor4nd lead
to an increase of the background ozone concentrations by about 3-4% in winter and 57% in summer. The three-dimensional distributions of ozone, nitrogen oxides and
nitric acid, calculated by using analysed meteorological data, have been compared
with airborne measurements performed in the North Atlantic Flight Corridor as part
of the EC POLINAT project. The agreement between modelled results and
observations is reasonably good for ozone, but worse for nitrogen oxides and nitric
acid. The effe^-MH^rtf^rologiral situations on-the distribution of traop-ga^fr-k,
however, reproduced by the model calculations. The perturbation-ef^iitTogenoxides
caused by aviation is expected to be obseryable-dueToltsTarge magnitude, but the
resulting ozope^perturbadofTis probably too small in order to distinguish it from the
<TTaturalyariabilitv.-except-under favourable mp.tenmloglral situations1
Abstract.

1. INTRODUCTION

Aviation perturbs the atmospheric composition at cruise altitudes of about 8 to 12 km altitude (e.g.
Schumann, 1994). Although the aircraft emissions are small when compared to other
anthropogenic emissions on a global scale, aircraft emissions may be of importance because they
occur near the tropopause. At these altitudes the atmosphere is relatively unaffected by surface
emissions and therefore more sensitive to emissions. Furthermore, the residence time of pollutants
is generally larger near the tropopause than near the surface. The climate sensitivity to changes in
atmospheric greenhouse constituents such as ozone is also higher near the tropopause compared
to identical changes elsewhere (Fortuin et al., 1995). Therefore, much effort has recently been put
into the investigation of the atmospheric effects of aviation. The effect of present day, mainly
subsonic, aircraft emissions of nitrogen oxides on atmospheric ozone concentrations has been
studied with a variety of global chemistry transport models. The model results predict typical
ozone perturbations of about 5 to 20 ppbv (AERONOX, 1995). However, the model calculations
of the effect of aviation have, up to now, not been validated against observations. In the framework
of the European Commission POLINAT project measurement campaigns have been organised in
the North Atlantic Flight Corridor (NAFC) in the winter of 1994 and the summer of 1995. A total
of 17 flights has been made during which measurements of 03, HN03 and NO and other species
have been performed which will be compared with model calculations. The global chemistry
transport model of the KNMI (CTMK) is used for this purpose because the use of analysed
meteorological data from the European Centre for Medium-Range Weather Forecasts (ECMWF)
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allows for comparison with actual observations. In the past, CTMK has been used for the
assessment of changes in the concentrations of nitrogen oxides and ozone during the Dutch AERO
project and the EC AERONOX project (cf. Wauben et al., 1995; van Velthoven et al., 1996;
Wauben et al., 1996). It was shown to give results consistent with those obtained with other
models.
2. MODEL DESCRIPTION

The Chemistry Transport Model KNMI (CTMK) has been used to simulate the increase of the
background concentrations of nitrogen oxides and ozone during the POLENAT campaigns.
CTMK is a three-dimensional global chemistry transport model that calculates the horizontal and
vertical transport of tracers on the basis of 6-hourly output from the ECMWF model analyses (see
e.g. Wauben et al., 1996). CTMK is run with a horizontal resolution of 5° in longitude and about
4° in latitude. Vertically, the model has 15 sigma-levels extending from the surface up to 10 hPa.
CTMK contains a methane and carbonmonoxide oxidation chemistry module during daytime
(Crutzen and Zimmermann, 1991) and an off-line parameterized heterogeneous reaction, which
converts NO2 and 03 into HNO3 on aerosol during nighttime (Dentener and Crutzen, 1993).
CTMK uses estimated present day nitrogen oxides (NOx = NO+NO2) emissions consisting of: soil
microbial production (3.9 Tg (N) yr'1); industry and surface traffic (22 Tg (N) yr'1); biomass
burning (5.3 Tg (N) yr"1); lighting (5.0 Tg (N) yr*1); aircraft (0.85 Tg (N) yr*1); and stratospheric
production (0.64 Tg (N) yr"1) taken from Lee et al. (1996) and Gardner (1996). Furthermore, a
zonally and monthly mean ozone climatology is prescribed in CTMK above 50 hPa according to
Fortuin and Langematz (1995). The ozone flux from the stratosphere into the troposphere is
generated by the transport in CTMK.
In the framework of the POLINAT project CTMK has been used to simulate the increase of the
background concentrations of nitrogen oxides, nitric acid and ozone during the campaigns. The
model was allowed to spin up for 2 years in order to obtain realistic concentrations for the longer
living chemical species. Actual ECMWF meteorological input data have been used in CTMK for
the last three months before and during the campaigns. During the period of the campaigns the
concentrations of the chemical constituents were archived with a frequency of an hour. In order to
distinguish the effects on atmospheric composition due to aircraft NOx emissions from the other
NOx sources, CTMK runs were performed with and without the aircraft emissions.
28 June 1995

Longitude

Longitude

L atitude

25 June 1995

Figure 1. Volume mixing ratios of NOx (pptv) at 250 hPa on 25 June and 28 June at
15:00 UT as calculated by CTMK.
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3. MODEL RESULTS
Figure 1 shows the simulated NOx volume mixing ratio at 15:00 UT at 250 hPa for June 25 and
June 28 during the second POLINAT measurement campaign. The model calculations clearly
show the accumulation of nitrogen oxides in the blocking high. High NOx values coming from
central Europe are transported westward and contribute to the high NOx values west of Ireland.
On 28 June, 1995 NOx values of more than 200 pptv occur over large parts of western Europe at
250 hPa. During this period, the aircraft NOx emissions account for about 50 pptv of the NOx at
250 hPa over the Atlantic. Over western Europe typically 75-100 pptv stems from aircraft
emissions on 25 June, whereas values of 100-150 pptv occur on 28 June. The relative contribution
of aircraft emissions to NOx at 250 hPa is 40-60% in the NAFC with local maxima of up to 70%.
Large spatial and temporal fluctuations in the concentrations occur as a result of the
meteorological variability. Generally, high pressure systems correspond with high NOx values at
250 hPa, whereas the opposite is the case for ozone which has high values at 250 hPa above lows.
The ozone concentration at 250 hPa in the NAFC fluctuates between about 100-200 ppbv. High
values are mostly found at 250 hPa North-East of Newfoundland. The aircraft emissions of NOx
contribute to about 5-10 ppbv (i.e. 4-6%) of the ozone in the NAFC. The absolute values of the
ozone perturbation by aircraft are similar to the values found in the AERONOX.
Figure 2 shows time height series of 03 for the summer campaign of 1995 obtained with CTMK
in the grid cell above 10° W and 52° N. This grid cell contains the area near Shannon airport where
most of the measurements were performed. The 03 volume mixing ratios given in the left panel
show that the presence of the blocking high on 26 and 29 June coincides with high ozone values
in the troposphere. The gradual decrease in altitude of the isolines of ozone reflects the
accumulation during the stagnant anti-cyclone. The accumulation is more pronounced in the NOx
concentrations. The contribution of aircraft NOx emissions to 03 above the grid cell containing
Shannon is given in the right panel of Fig. 2. The NOx originating from the aircraft emissions are
found to accumulate near 250 hPa with NOx volume mixing ratios exceeding 100 pptv (i.e. 6070%). A gradual increase in ozone due to aircraft emissions can be noted with a local maximum
just over 10 ppbv (7%) occurring on 29 June. A similar time series for the winter campaign in 1994
shows the signature of upward transport on 8 and 13 November. This effect is especially
pronounced in the HN03 volume mixing ratios.

ircraft 03 in (ppbv)
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Figure 2. Time-height series of 03 (ppbv) for the CTMK pixel containing Shannon for
19-30 June 1995 showing the results with all emissions included (left) and the
contribution by aircraft NOx emissions (right).
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A detailed comparison of measured and modelled 03, NO and HN03 mixing ratios is performed
next. Time series of the measurements performed on 2 and 8 November 1994 are presented in Fig.
3. The measurements have been averaged over 3 minute intervals and the model results have been
interpolated in space and time to the corresponding position of the aircraft and the time of
measurement. The model results for ozone on 2 November are in good agreement with the
measurements. The modelled NO values have the correct order of magnitude, but the
measurements show large variations at cruise altitudes that are not resolved by the model and the
modelled NO values in the lower troposphere are too small. However, it must be noted that the
observed NO values for 2 November are close to the detection limit of the instrument. The features
observed in nitric acid are well reproduced by the model, but the modelled HNO3 values for 2
November are too small. However, on other occasions, such as on 8 November 1994, the modelled
HN03 values exceed the observations whereas the modelled NO values are much smaller than the
observations. Again, modelled ozone values show reasonably good agreement with the
observations.
2 November 1994
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Figure 3. Time series of the measured and modelled C3, NO and HNO3 volume
mixing ratios for 2 November 1994 (left) and 8 November 1994 (right).
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Figure 4. Comparison of measured and modelled NO mixing ratios on 28 June 1995.
The reason for the disagreement between modelled and measured NO mixing ratios is studied in
more detail. For that purpose the NO values observed on 28 June 1995 are considered (cf. Fig. 4).
Generally, the modelled NO results for the summer campaign are better than for the winter
campaign. The modelled and observed NO values at the beginning of the summer campaign on 21
June are both about 50 pptv and increase on 24 June to about 100 pptv. On 28 June the observed
values are much higher (typically 150-200 pptv) due to the accumulation resulting from the
stagnant anti-cyclone (cf. Fig. 4). The model results give typical NO values of about 70-100 pptv.
In order to determine if the difference is due to an incorrect description of wet deposition, a run
with CTMK has been performed without wet deposition from 21 June onward. Normally, CTMK
uses climatological precipitation data for the wet deposition. This means that every model time
step some HNO3, which forms a sink for NO, is removed. However, switching off this sink for
NO did not enhance the NO values significantly in a week. CTMK has also been run using actual
aircraft emissions in the Shanwick control area derived by DLR instead of the global ANCAT
aircraft inventory. This neither affected the NO values calculated with CTMK. However, CTMK
results obtained with the standard run, i.e. using solely the ANCAT aircraft NOx emissions with
wet deposition, not interpolated in space and time to the actual position and time of the
measurement, but just taking the grid cell in which the measurement occurred at the model time
that was closest to the actual observation gives model NO values that are significantly larger than
the ones obtained by interpolation. This indicates that the spatial resolution used for the model
calculations needs to be improved. In addition, more realistic NOx emissions produced by
lightning might be considered by using e.g. the parameterization of Price and Rind (1992) coupled
to actual convective activity. Furthermore, the effect of more detailed chemistry modules and on
line photolysis calculations on the partitioning of NOy will also be considered. The above
mentioned improvements will be part of the more detailed analysis that will be performed in the
POLINAT-2 project.
4. CONCLUDING REMARKS
The effect of aircraft NOx emissions in the NAFC has been studied with the global chemistry
transport model of the KNMI (CTMK). The model simulations show that aircraft emissions
contribute to about 50-175 pptv (i.e. 40-80%) of the NOx in the NAFC in winter and 50-150 pptv
(40-70%) in summer. The resulting increase in ozone is 3-5 ppbv (3-4%) in winter and 5-10 ppbv
(5-7%) in summer. These perturbations of the background concentrations of NOx and ozone due
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to aviation are in agreement with previous studies with CTMK as well as with results obtained
with other models. The CTMK model calculations, using analysed meteorological data, further
show that the effect of aircraft emissions on NOx concentrations in the NAFC is distinguishable
from those of other sources and thus measurable. The perturbation of ozone, which is small
compared to the natural variations of the ozone concentrations in the at cruise altitudes, is not so
easy to observe except in some special situations such as in the case of an accumulation of
pollutants caused by a meteorological blocking situation.
The CTMK model calculations of the distribution of trace gases are compared with measurements
of 03, NO and HNO3 obtained during the POLINAT campaigns. The modelled ozone values
agree reasonably well with the observations. The measurements show general features that are
reproduced by the calculations, but as could be expected, the measurements show variations that
are not resolved at the resolution of the model used for the calculations. The agreement between
modelled and calculated NO values is worse. If the observed NO values are low then the modelled
NO results are not too bad. However, if the observed NO values are enhanced due to e.g. uplifting
of air, this increase is generally also indicated by the model, although it is small compared to the
observed increase. The model results for nitric acid agree better with the observations than for NO,
but worse than for ozone. They have moderate values with relatively small variations, i.e. they
generally overestimate the low observed nitric acid values and they underestimate the high
observed values. However, the overall features of the observed NO and HN03 values are
reproduced by the model calculations. All in all, the agreement between model and measurements
is reasonable, considering that the resolution used for the model calculations is 4 by 5 degrees. The
response of the model to certain meteorological situations, such as the accumulation of pollutants
during the presence of a stagnant anti-cyclone, are consistent with observations.
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1. INTRODUCTION

It is crucial for the quantitative understanding of the influence of aircraft emissions on
the state of the atmosphere to determine how they get dispersed in space and time. This
is essential because chemical and microphysical processes in the atmosphere often evolve
nonlinearly and obey similar timescales as the mixing motions. An aircraft exhaust plume
disperses because of combined effects of advection, turbulent diffusion and molecular diffusion
resulting in an effective diffusion. A stable stratification reduces/increases such effective
diffusion in the vertical/horizontal directions. A significant wind shear distorts the plume
and leads to even stronger horizontal dispersion compared to shearless situations. However,
the shear effect does not just superimpose to the diffusion without shear since the mean
shear triggers turbulence and, therefore, influences the diffusion characteristics.
Here, we investigate'jEhe dispersion of aircraft emissjonslat cruising levels, i.e. in the free,
stably st%^lifl^dr-atmos#herEnean^heAroTX)paagEr@%#stu3v is based on large-eddy~simulations in a domain of size 4.3 x l.l2 km3 where we considered the combined^effects^oTtypical
atmospheric stratification, shear and tuxBuIeflfcaJl,2l. Further, we "analyze ^he effect $f a
breaking gravify'wave [3| on the dispersiorToftte exhaustxJVe evaluate fhe mixing processes
during the late wake flofo.■ i.e. in the dispersion/and diffusion regimes wKenThe organized
flow/by the wingtip vortict:fhas"ceased and the ^mosphericpmtions gradually dommateThe
events. Hence, in space an ftimescales we continue the work by GerZ and Karcher[4, in this
issue], who investigate the dilution during the early wake, an<Hprovide diffusion measures
for mesoscale weather/climate models.
#1
2. METHOD

The initial fields of the aircraft wake (velocity, temperature, species concentration) are pro
vided by a previous study [5,4] at the wake age of 308s. The background atmospheric flow was
superimposed on the wake fields with the background species concentration set to zero. Ob
servations show that strong turbulence is the exception rather than the rule at typical flight
altitudes, at least above oceans or flat terrain. Typical values of Brunt-Vaisala frequency A,
shear rate S, turbulence velocity, and turbulence length scales are (0.006 ... 0.03)/s, (0.001
... 0.007)/s, 0.4m/s, and (75... 100)m, respectively. We prescribed the background flow ac
cordingly. Since wake scales lay in the same order of magnitude as the atmospheric eddy
scale we placed the wake flow at different positions in our model atmosphere in order to gain
a statistical result on the influence of background turbulence on dispersion.
We evaluate the simulation data by calculating the plume size in terms of horizontal, skewed,
and vertical variances, crj[, cr2, and a2. From these we obtain the respective effective diffusion
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Figure 1: Wake flow (u, w) (with magnitude larger 0.28m/s) and wake temperature T
(with increment 0.1K, dashed contours mark negative values) at time of initialization in
span-height cross-sections (upper panel). Concentration distribution of emitted species af
ter 308s and 508s (lower panel). The simulation domain is larger than the plotted section.
Atmospheric shear is zero.

coefficients, D&, Ds, and Dv by last-square fits using the formula
crl = 2/3 S2D„t3 + (2SD, + S2crl,)t2 + 2(Sal, + Dh)t +
&S

—

SDVt2 +

(SeTy y + 2DS)t +

< = 2fl„< + <„,

(1)
(2)
(3)

where the index 0 marks the inital (f = 308 s) values [6]. Further, we calculate the effective
plume cross-sections A, the mixing (dilution) times tm, and the entrainment rates used in
trajectory box models w in the period between 300 and 4000s of plume age.
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3. PLUME VARIANCES AND DIFFUSION COEFFICIENTS
Figure 1 provides an impression on the wake flow and species distribution at time
of initialization in the dispersion regime. We observe a wake flow in the order of
the ambient flow but note that the wingtip vortices in the primary wake [4] have
dissolved at that time since the two visible counterrotating “wheels” are driven
by buoyancy (they rotate in the “wrong” direction).
Most of the exhaust in the secondary wake is colder
now than the environment which leads to a reduc
tion of the vertical plume size. However, the plume
increases in the horizontal extensions. These observa
c- 0.5 tions are quantified in Figure 2 where the evolution
of the plume variances a2 and <r2 (for six plumes at
different positions with respect to the atmosphere)
is shown: It is found that cr\ depends in situations
without shear almost linearly on time, resulting in a
single value for Dh- Note the scatter in the growth
rates owing to the action of the local flow. On the
other hand, the evolution of a2 reveals a first phase
of decline followed by a linear growth after about
10 min: The former phase is still controlled by the
flow of the gravitationally collapsing (and thus vertit (s) 308 1000 2000 3000 4000
caly shrinking) wake which becomes vertically more
Figure 2: Timeseries of six plume
symmetric, whereas the second phase is purely domi
variances
and a? during the dis
nated by atmospheric diffusion. Hence, one may date
persion and diffusion regimes with
the end of the dispersion regime and the beginning of
out mean shear, 5 = 0.
the diffusion regime at the time when <j2 is minimum.

The derived values for the diffusion coefficients in the diffusion regime vary in the range
11.4 < Dh < 18.6 m2/s and 0.11 < Dv < 0.16m2/s and, thus, confirm previous results [1],
obtained in more idealized wake configurations.

4. PLUME CROSS-SECTIONS AND ENTRAINMENT RATES

From the LES data, the cross-sections of the exhaust plumes are computed by A = tt(<7^<72 —
at)'* and depicted in Figure 3. A grows with time and stratification since the local horizontal
motions dominate the vertical ones. The variations of A with N are considerable and amount
to about 20% over the range of the considered values of N. The corresponding effective
diffusion coefficients lay in the range as mentioned above [1]. By including shear into the
simulations and varying 5 in a typical range, it is found that the diffusion coefficients are
hardly influenced by shear [2]. This is not surprising because the bulk Richardson numbers
N2/S2 of the flows are high. Therefore wind shear has very little impact on the turbulence
of the flows. Nevertheless, shear is important for in combination with diffusion it causes
enlarged plume cross-sections (as depicted in the Figure) and, therefore, a quicker dilution
of the emissions.
By using Equations (1-3) one can forecast the evolution of A in terms of the diffusion
coefficients and shear by
A = 7T -s2D2f4 + -s2Dva20tz + ('2sDva2s 0 — 2sDsa2 0 + 4DhDv — 4D2) t2 +
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Figure 3: History of normalized plume cross-sections A with standard deviations for cases
without (left) and with (right) a background shear flow. Left legend: 5 = 0 and N = 0.6 (+),
7.1 f*;, 1.9
i.p
fo;, 2.7 Cx;, 9.0 f*; xio-2
# = 0.019
s-1; S = 0.001 (+), 0.003 (O), 0.005 (*), 0.007 (A) s'1 for all simulated plumes; for direct
comparison, the values of A in the shearless case N = 0.019 s-1 and 5 = 0 .?-1 (solid dot)

are also included.
1/2

+ (2Bvcr^0 + 2Dhcrl 0

— ADs(J2s^j t + cr^0<7^0

5,0

(4)

Equation (4) says that shear controls A2 by quadratic and higher polynomials in t, whereas
linear and constant contributions are independent of shear. Hence with increasing shear,
the dependency of the area on time changes from a square root function to a linear one
and finally to a square function. This transition can be distinctly made out in Figure 3.
As a consequence, when shear increases, the values of Dh and Ds loose importance for the
behaviour of A(t) [2].
In trajectory box models the entrainment rate u> =
(1 /A)(dAfdt) controls the mixing of reacting species.
Particularly for rapid chemical reactions which are dif
fusion limited, an accurate description of the mixing
process is important. Therefore, we evaluate our find
ings for the area A also in terms of w for N = 0.019 s-1
and 5 = 0 s-1 and 5 = 0.007 s-1 (Figure 4)- In both
cases the entrainment rate decreases with time, starting
at values of about 1.4 x 10 —3 1 In the shearless case
t (s)
w reaches 1.3 x 10~44 s~"
° 1 at tr = 4ZUU
4200 ss, whereas under
Figure 4- Entrainment rates ui for sheared conditions it still amounts to 3x 1Q~4
'4 s-1.
s'1. The
N = 0.019 s-1 and 5 = Os-1 evolution of the entrainment rate follows a 1/i-law in
(solid), 5 = 0.007s-1 (dashed).
the shearless case, in agreement with theory. The influ
ence of shear leads to a slightly stronger decrease of the
entrainment rate in the first 1000 s. But thereafter the evolution of w almosts flattens out at
a higher level. Therefore, shear leads to an increase of the entrainment rate in the long run.
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5. DISPERSION IN A BREAKING GRAVITY WAVE

As another specific flow case we present a situation where a series of aircraft encounters
a region of a breaking gravity wave. The background flow resembles the typical situations
discussed before, i.e. N = 0.006s-1 and S = 0.005s-1.

0.00

2.00

0.00

2.00

4.00

x/H

4.00

Figure 5: Flow structure of a breaking gravity wave in terms of the density distribution (top)
and concentration distribution (bottom) approximately 15 min after first breaking. The height
scale is H = 1068 m. The bottom sinusoidal wave represents an internal gravity wave with
wavelength 4 H and amplitude 0.04 H somewhere in the free atmosphere. The plumes are
released % 6 min after first breaking at three different positions with respect to the wave.
Figure 5 shows a snapshot of the flow structure caused by the wave and the exhaust distribu
tion released by three aircraft approximately 6 min after the first breaking event. The plumes
are released at different horizontal locations (left, middle, right) which experience different
local flow fields ranging from laminar and wavy to patchy turbulent. The turbulence struc
ture is caused by a continuous three-dimensional breaking of internal gravity waves beneath
a critical level as described in [3]. The flow evolves in three stages: First, the motion is twodimensional; internal gravity waves propagate vertically upwards and create a convectively
unstable region beneath the critical level. Convective instability leads to a first turbulent
breakdown in the second stage (this event sets our time of reference, t = Omin); the mixing
develops three-dimensionally and is organised in shear-driven overturning rolls in the plane
of wave propagation and in counter-rotating streamwise vortices in the cross-stream plane.
The last stage then is fully turbulent and characterized by a quasi-steady state balance be
tween shear production and mechanical dissipation of turbulent kinetic energy in the mixed
zone.

We performed several numerical experiments where the plumes are released at five dif

269

ferent times. Figure 6 shows the histories of the vertical plume spreading in terms
of <72 for all plumes. The three wave-evolution stages can be identified: In the pe
riod before the breaking (t < 0), the plume grows and decays owing to the waveinduced vertical oscillations. The second stage lasts for about 40 min after the
first breaking event, followed by the third stage of a well mixed turbulent fluid.
The plumes undergo sim
ilar mixing motions but
shifted in time depend
ing
on the individual re
£ 1.0 :
lease locations. First they
° 0.8
are stretched, and elongated
horizontally by the wave at
the expense of the vertical
extension (see left plume
in Figure 5) but cr\ grows
rapidly when the turbu
-60 -40 -20
0
20
40
60
80
lence is being established
t [min]
(as the middle and right
Figure 6: Timeseries of cr2 of plumes encountering the wave. plumes illustrate).

The plumes are released left at x = 1.6 H (solid line), in the
middle at x — 2.4 H (dashed), and right at x = 3.2 H (dashdotted) at the same height z = 0.35#. Att = 0 min, the wave
breaks the first time.

For the second and third
flow stages we calculated
the effective vertical diffu
sion coefficients, Dv, and
obtained a value of 6m2/s (maximum) and about 0.5m2/s (mean), respectively. Whereas
the former value is very large refecting the sudden plume growth when the waive breaks, we
obtain confidant values in the third phase: Being in the same order of magnitude, Dv is still
larger than the coefficients mentioned in Section 3 because of the fully developed turbulence
here in contrast to the weak and decaying turbulence discussed so fax. The data are also
consistent with findings in [2],
ACKNOWLEDGEMENT. Figures 3 and 4 in this paper are taken from [1,2]. Except for Section
5, the data are also presented and discussed in [7]. Funding by DFG is gratefully acknowledged.
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1. INTRODUCTION
To assess the impact of aircraft emissions on the atmosphere the chemical processes in the
aircraft wake have to be known. However, the spatial and temporal scales of the envolved
dynamics are too small to be captured by large-scale or meso-scale climate models. Therefore,
a detailed knowledge about transport, mixing and dilution of aircraft exhaust throughout
the entire life cycle of the wake, i.e. from the jet regime through the vortex phase to the
dispersion regime is required.
Karcher et al. show in this issue that, in order to match in-situ measured concentrations
of NO and NO2 in the wake, dilution factors or entrainment ratesTiave to be”used~wHch
fake into accountThaFthelargest fraction of the exhausMstaptufed^byTH^wingtipTortices.
This fraction^defines the primary wake. Barocfini cityandturbulence detrains parts of it later
into the secondary wake. Both~wake regimgg~ttxrdeige--diferegtrcKemicarand~microphysical
hi&terissTaTfact That mirrors~differences in therespective dilutions. Here, we determine^hg
rates w^^fwEich ambient air becomes entrained into the primary and the secondary portion
6f~thei;xhaust plume. We utilize ^ui^ricar^imulatidnroridie~TugHTv^resdTved~TvaT^Tgnd
spacing\0.5 to 2m) of cruising aircraft under typicaTatmosphericTonditions with and without
ambienj; turbulence. The simulations are oriented on a case where exhaust and dynamical
behind an eastbound travelling B-T47 aircraft haveTeen collected in-situ oyer the
Iflanfiueast
oFTreland,
Nortm

se4
2. METHOD
We solve the coupled set of three-dimensional equations of full and incompressible NavierStokes, species-concentration conservation, and energy. The fields of velocity, temperature,
and exhaust concentration are provided at a wake age of Is as initial data. These data have
been obtained by calculating the two-dimensional compressible mixing of the individual,
circular, buoyant, and decelerating exhaust jets (each with core and bypass region) with
the ambient air using a semi-empirical turbulence model which solves the hydrodynamical
conservation laws for mean momentum, energy, and particle mixing ratio under constant
pressure conditions [1]. At the same time the vortex sheet around the wings rolls up into
the wingtip vortices. This process is calculated with a vortex filament method where the
attraction and trapping of the four exhaust jets by the vortices is prescribed by Lagrangian
particle tracing. Hence, we start “from scratch” whereby the direct data link between the
initialization procedure and the integration ensures consistent descriptions of the roll-up
process, the dilution and trapping of the exhaust, and the subsequent vortex-pair evolution
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in a stably stratified atmosphere [2].
The B-747 airplane cruised in a calm and stably stratified atmosphere at 1.1.3 km height.
The atmosphere at that height had a pressure of 215.9 hPa, a density of 0.35 kg/m3, *and
*
a temperature of 214.3 K. The temperature gradient was in terms of the Brunt-Vaisala
frequency N = 0.014s-1. At the time of measurement, the pilots reported the performance
data of the B-747: The aircraft had a weight of approximately 2.5 x 106 N and cruised at
a speed of 247 m/s resulting in a maximum circulation of 600m2/s. At the turbine-nozzle
exit we computed exhaust velocity excesses of 219 and 67 m/s and temperature excesses of
330 and 31K in the core and bypass regions. The exhaust is described by a field of species
concentration c/cq, normalized with its initial value. The species is a dynamically passive
and chemically inert tracer and, hence, can be attributed to the emitted CO2, based on the
maximum initial C02~concentration relative to the background value. So, at the exit we set
c/co to 1 and 0 in the jet core and bypass regions, respectively.
The turbulence emerging from the boundary layer around the body-wing configuration and
the exhaust jets is inherent to the airplane and considered here by adding a three-dimensional
random perturbaion field to the swirling flow. The maximum perturbation is 2 m/s which
amounts to 16% of the maximum swirl. On the other hand, turbulence in the atmosphere
is very spotty in space and time. Most airplanes encounter turbulence in a rather weak
and decaying state. The design of atmospheric turbulence in the model orientates on data
reported from the measurement campaign in the North-Atlantic flight corridor near the
tropopause [3,4]. We add ambient turbulence velocities to the aircraft-induced flow which
amount to 0.38 m/s horizontally and 0.21 m/s vertically and, thus, to 3.0% and 1.7% of the
maximum swirl. The volume (ensemble) averaged fluctuating velocities are zero so that the
atmospheric turbulence does not impose a mean flow on the wake. The most energetic eddies
have a diameter of « 50 m which may represent a typical size. Note that the atmospheric
turbulence is much weaker than the turbulence stemming from the boundary layer of the
aircraft. However, the size of the eddies matches the spacing between the two vortices and
is, thus, much larger than vortex core diameter. More details and an analysis of the wake
dynamics are given in [2,5].
Since it is to be expected that turbulence has the most prominent effect on the wake vortex
behaviour, we distinguish between two scenarios with and without atmospheric turbulence,
as described above. But the inherent boundary-layer turbulence is present in both cases. The
simulations reported here start at the plume age of Is and end after 147 s or 308 s for the
cases with and without turbulence, respectively. Besides instantaneous maximum values we
present data obtained after averaging the computed field / in flight direction x, denoted by
7 or fmx.
3. RESULTS AND DISCUSSION
To provide a qualitative impression on the effect of the wake dynamics on the exhaust
transport we show in Figure 1 the distribution of the species concentration field at various
plume ages. The evolution of the primary and secondary wakes is clearly visible. The primary
wake is attributed to the zone of the two wingtip vortices shed from the wings of the aircraft.
The baroclinic torque [6,7] and turbulence detrain air from the vortex cores into the ambient
air above where it forms the secondary wake, often visible as a diffuse “curtain” of ice
crystals above the denser and parallel vortex tubes. If turbulence would be absent and the
atmosphere neutrally stratified, all material would stay in the vortex cores until they dissolve
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Figure 1: Concentration distribution of emitted CO2 in span-height cross-sections and av
eraged in flight direction x at various plume ages from the simulation without atmospheric
turbulence. Shown are contours from 0.1 x 10~6cq to 10.1 x 10~6Cq with increment 10-6Cq.
The horizontal line represents the flight level (height zero). The Figure labels are in units of
m and s for length and time.
by the action of molecular friction. Maxima of temperature and species concentration are
found in the vortex cores (in the white kernels of the depicted plumes). The primary wake
descends with about 2m/s initially, stops after 170s approximately 280m below flight level
and starts rising slowly afterwards owing to its buoyancy. For 200s, also the secondary wake
is warm relative to its surroundings. Therefore, exhaust is transported upwards with 1 m/s
exceeding even the flight level and forming a mushroom-shaped top after 157s. Note that the
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overall plume shape is very smooth for 130s, followed by a sudden burst of the primary wake.
Note further that after 308s both wakes can well be approximated by Gaussian shapes.

Figure 2 shows timeseries of simulated maximum temperatures T and maximum CO2 con
centrations. Both quantities decay during the first 20s, i.e. during the jet regime. Afterwards
the exhaust is trapped in the vortex cores: T grows linearly and c stays about constant,
reflecting the situation in the vortex cores which trail downwards at a const;ant speed in a
linearly stratified atmosphere. Hence, the onset of the vortex regime can be very sharply
defined in terms of both exhaust temperature and concentration. When the vortex regime
starts, the exhaust is only 0.2 K warmer than the ambient air and diluted to 3.3 x 10"4co.
There is no secondary wake detectable yet. It is remarkable that the onset of the vortex
regime is not significantly altered by the turbulence state of the atmosphere. During the vor
tex regime the secondary wake builds-up as visible by the increasing exhaust concentrations
cfec. As to be expected, the background turbulence triggers an earlier detrainment of exhaust
and a lower maximum compared to the calm case. Also the temperatures of the secondary
exhaust grow with time where the calm case is up to 1.3K warmer than the turbulent case.

218 •

■5 0.0001 >#=*• 1
1e06
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time |s]

Figure 2: Histories of temperature maxima Tmax and normalized CO2-excess concentration
maxima c^^/co. Included data refer to the absolute maxima f, the maximum values of
the averaged fields for primary and secondary wake fprim, fsec, and to the cases with and
without atmospheric turbulence ending after l/f7s and after 308s, respectively; f 6 {T, c}.
Also included are available measured data (o with errorbars), and the temperature of the
atmospheric background Tami at the height of the trailing vortex pair.
At the plume age of 83s the DLR research aircraft Falcon encountered the primary wake
of the airliner 145m below flight level. This is in excellent agreement with our simulations
which yield 140m. Moreover, the Falcon measured a temperature excess of 0.8K and a CO2
concentration of 4.6 x 10-4cq. The simulations yield respective values of 0.7K and 2.2 x 10-4co.
Hence, the agreement is again excellent for the temperature and reasonably good for the
concentration of the exhaust. In earlier measurement campaigns similar temperature excesses
of about IK have been found in 1 to 3 min old plumes. This puzzled the investigators since
they assumed complete diffusion of heat after that time. However, our simulations show
that in a calm atmosphere even the maximum value of the mean primary wake
is
about IK larger than the ambient value and that the absolute maxima may well exceed 3K.
The temperature history in Figure 2 gives evidence that these temperature excesses result
from the fact that the entrained exhaust and airmass are encapsulated in the vortex cores,
trailing downward with them in a stably stratified atmosphere. Note that the measurements
also agree with the simulations when we assume a turbulent background. (We don’t have
detailed informations on the atmospheric turbulence state at the time of the encounter.)
However, in that case TZrim reaches the background level after about 2 min.
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The end of the vortex regime depends on the instability mechanisms triggered by the at
mosphere [2], Turbulence decreases the life span of the trailing wingtip vortices. Conse
quently, the vortices collapse about 1 min earlier (after 80s) in a turbulent than in a calm
environment (after 130s, see discussion of Figure 1 above). This is seen by the onsets of
further decay of the respective c£Hm in Figure 2. We note that c*rim is even after 5 min 5
times larger than C°sec (= 0.4 x 10_5co) when the background is calm whereas the primary
and secondary concentration maxima in a turbulent atmosphere approach the same value
of about 1.8 x 10~45co
* after 150s already. This indicates that the wake vortices under calm
conditions erode by turbulent friction at very small scales (in the order of the core diameter)
rather than by a large-scale (Crow) instability [5].

time Is]

Figure 3: Timeseries of the fraction of exhaust
mass in the secondary plume compared to the
total exhaust mass m(sec)/m{tot); solid line
without, dashed line with atmospheric turbu
lence.

Another significant influence of turbulence
is to be expected in the fraction of exhaust
found in the secondary wake compared to
the total exhaust. Figure 3 shows these
fractions for the calm and turbulent cases.
Whereas the secondary wake contains be
tween 10 and 15% of the total exhaust in
a calm environment, this ratio increases to
30% in the turbulent case (and seems to
increase even further). Hence, one has to
expect that at least 10 to 30% of the total
exhaust becomes detrained from the vor
tex cores during the life cylce of the wake.
This may be considered as a non-negligible
fraction which dilutes at a different rate
and, thus, undergoes different microphys
ical and chemical processes than the larger
part of exhaust which diffuses later when

the vortices collapse.
In Figure 4 the evolution of the areas enclosed by the 10~7 cq contour of cx are depicted for
both simulated cases. It is further distinguished between the plumes of the total, primary, and
secondary wakes. The evolution of Atot again mirrors the well-known stages of the wake life
cycle: Strong increase during the jet regime, very reduced growth during the vortex regime
and a second strong growth when the vortices “burst”, compare with the first plotted contour
line in Figure 1. The most surprising result is that Ap„-m of the calm case decreases during
the vortex regime: The exhaust is attracted towards the cores by the pressure minimum in
the vortex centres but material becomes detrained into the secondary wake (strong increase
of Asec which is responsible for the slight increase of Atot). It is remarkable that at the time
of the onset of the vortex collapse, Aprim % Asec, although the secondary wake contains only
11% of the exhaust mass at that time. Similar facts can be observed towards the end of the
simulation. In contrast to the calm situation the areas grow monotonously in a turbulent
atmosphere.

4. CONCLUSION
From the areas and maximum concentrations analyzed so far we compute now respective
entrainment rates by uj — (1/A) (dA/dt) ~ —(1/e) (dc/dt) as they are used in chemical box
models. Figure 4 reveals the most striking (but now understood) fact that for both calm
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time [s]

time [s]

Figure 4- Histories of the area A enclosed by the 10~7 cq contour ofc? and the entrainment
rate u>. Data refer to the total, primary and secondary wakes and to the cases with and
without atmospheric turbulence. The approximation u = 1/t is marked by the thick line.
and turbulent situations the entrainment rates of the primary wakes drop in the interval!
between 20 s and 100 s, i.e. during the vortex regime, by 2 to 2.5 orders of magnitude and
increase again when the vortices collapse. The often used approximation lo ~ lft yields a fair
description of the dilution process only during the jet regime and may become valid again
in the dispersion regime after about 4 min. Note that w may even become negative when the
respective area (or the concentration maximum) transiently decreases (increases) with time,
as discussed before.
Hence, the vortex dynamics in the wake of aircraft results in a considerable delay of the
all-over exhaust dilution compared, e.g., to the dilutions obtained from free jet flows. This
delay is even more pronounced for the exhaust in the primary wake where about 70% of the
total exhaust mass is “stored”. Neglecting this delay and assuming a larger entrainment in
chemical box models predicts, for example, erraneous NO concentrations in the plume, see
Karcher et al. in this issue. These facts illustrate the importance of an accurate description
of the dynamical processes during the early stages of an aircraft wake life cycle. We conclude
that the dynamics of the wake processes can be accurately simulated in order to provide
temperature distributions, dilution factors, and entrainment rates of the exhaust in the
wake behind aircraft.
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Lagrangian transport in poleward breaking Rossby waves in the North
Atlantic - Europe tropopause region
Jdm Bartels and Dieta" Peters
University Rostock, Insdtut fUr Atmospharoq)hysik, Schlobstr. 4-6, D-18225 KOhlungsbom,
Mecklenburg-Vorpommern, Germany

The poleward advectibn of upper-tropospheric aif is investigated for poleward Rossby wave breaking
events. During boreal winter months the isentropic defbrmatiohs of the tro(xq6use are examined using
maps^f Ertel%pcAen6al vordcity,(EPV) and contodr advection (CA) calculations. The role of ambient
barotropic flow is Anther examined by idealized-numerical models. In the vicinity of the tropcpbuse wertunpKe Ae characteristic Lagrangian transport of air masses for ECMWF-analysis dat^wiih that of high
resolution (T106) ECHAM4 experiments.
7
j
»cc_ Cow^CMf
1. Observations of wave breaking events

^

Northern Hemisphere winters have beat examined by using maps of ErtePs potential vorticity on
isentropic surface and maps of contour advecdon calculations [1]. More details are shown in [2].
One outstanding example is given in^zg. J for 13-20 February 1993 see also (/%g. 4 in [2]).

F(g. 7 - 7%e Cd ca/cu/adon on tAe 330 A - s%r/ace, sAadbwed area means sfrafospAerfc nzr
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A breaking event over Europe is observed during 13-20 February 1993. A Rossby wave moves
over North America, amplifies, and produces a downstream-tilting tongue of low EF’V air which
rolls up into an anticyclone. The blocking anticyclone remains intact for around three days, but it
merges with tropospheric air advected poleward in a subsequent breaking event.
During winter time there were very often poleward breaking events over Europe, with each event
forming a cut off anticyclone.
The Rossby wave breaking event over the eastern Pacific Ocean is qualitatively different from the
one discussed before. In this case the tongue tilts upstream. Only the very end of the tongue rolls
up anticyclonally into a small vortex, also to be seen in the EPV maps.
In [2], with idealized models the authors examine the dynamics of Rossby breaking as a function
of the ambient barotropic flow that means for different meridional and zonal shears.
The two different breaking events are characteristic of many events that occurred in winter. The
wave breaking events existed in two preferred locations: over the eastern Atlantic Ocean/Europe
region, and over the eastern Pacific Ocean/North America region.
The formation of smaller tropospheric intrusions into a stratospheric environment as observed
during poleward and forward Rossby wave breaking is in contrast to the well-known phenomena
of enhanced transport from the stratosphere into the troposphere due to cut-off lows and tropopause foldings. Because maximum input of aircraft emissions is found in the North Atlantic
Europe region we have investigated in more detail the Lagrangian transport during typical break
ing events in this region. The tropospheric-stratospheric exchange, the evolution of blocking anti
cyclones, the formation of ozone „miniholes“ and of course the distribution of aircraft emissions,
like nitrogen oxides, are linked to the poleward advection of upper-tropospheric air.
Here we address the question how much irreversible transport between the troposphere and strato
sphere occurs in poleward wave breaking events.

2. Lagrangian transport for ECHAM4 experiments and ECMWF analysis

Local diabatic heating or cooling plays an important role in the dynamics of synoptic scale pro
cesses. Therefore, we have investigated the influence of diabatic processes on transport with spe
cial emphasis on troposphere-stratosphere exchange (TSE). Direct access to tropospheric heating
rates is only possible in a general circulation model. We have carried out experiments with the
ECHAM4-GCM of the DKRZ in Hamburg [3] with T106 spectral resolution. Based on data sets
in isentropic coordinates 3-dimensional trajectory calculations, starting on a 111 x 40 km grid
over the North Atlantic - Europe region (« 7100 trajectories) are possible. Defining the tropopause dynamically by a fixed value of EPV and calculating EPV along the trajectories we have
quantified TSE in dependence on starting points.
A further method for the estimation of the importance of diabatic processes is the comparison of
contour advection calculations with surgery (CAS) [1] for EPV contours on isentropes with the
corresponding EPV, calculated from wind and temperature. This method was applied to data of
ECHAM4 experiments and ECMWF analysis, both with a 6 hours time resolution.
Inspection of EPV maps confirms that ECHAM4-T106 is able to generate a variety of breaking
events in the vicinity of the tropopause which are very similar to the observed ones, EOTWF data
sets, in respect to their EPV structure. One period, examined in detail is shown in fig. 2.
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>10106

020106

030106

>40106

050106

060106

Fig. 2 - ECHAM4 - case 1. The CAS calculation on 330 K - surface,
shadowed area indicates tropospheric air.

310106

340106

Fig. 3 - ECHAM4 - case 1. Total diabatic heating rate for 330 K - surface,
negativ regions striped (Q < 1 K/ day), contour intervall 2 K/ day.
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In ECHAM4 a difference consist in the fact that characteristic poleward transport of tropospheric
air followed by forward breaking reaches higher (up to 350 K). The agreement between the EPVcontour representing the tropopause (3 PVU) and the adiabatic CAS result for this contour is gen
erally good in the large scale at 330 K and poor at 350 K surface. By 3D-trajectory calculations
regions with disagreement in smaller scales are identified as stratosphere-troposphere exchange
regions. Disappearance of contours in the EPV maps of the 350 K surface is related to transfer of
tropospheric air to the stratosphere. Typical exchange regions and pathes are identified by the tra
jectories.
Fig. 3 shows the total diabatic heating rate for the same period as in fig. 2 at 330 K. It contains
noticeable contribution only from a) long wave radiation (dominating), b) condensation and c)
from the vertical diffusion scheme of the model. It is in good qualitativ agreement with observed
water vapour distribution during such events. Comparison of 3D trajectories with isentropic 2Dtrajectories yields that exchange at 330 K, which is mainly directed from stratosphere to tropo
sphere, is influenced by heating in the sence that effective net negative heating enhances strato
sphere to troposphere exchange, whereas the troposphere to stratosphere transport is suppressed

(see./#. 4)

dashed line: Troposph. > Stratosph.
thick line: Stratosph. > Troposph.
330 K

0.12

330 K
—

330 Kw=0
330 K w=0
330 Kw=3w
330 Kw=3w

0.08 —

0.04 —

time (in days) since initialisation at day 5
Fig. 4 - ECHAM4 case 1. Statistics of trajectories calculations
for 330 K surface.
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The example in fig. 5 shows that at 350 K surface the troposphere to stratosphere exchange domi
nates and does not depend on diabatic heating in this model period.

dashed line: Troposph. > Stratosph
thick line: Stratosph. > Troposph.
350 K
350 K
350 K w=0
-

"-S

* 350 K w=0

0.08 -

0.04 —

time (in days) since initialisation at day 5

Fig. 5 - ECHAM4 case 1. Statistics of trajectories calculations
for 350 K surface.

The agreement between isentropic EPV maps and CAS calculations is much better in ECMWF
events suggesting less exchange and a comparatively smaller influence of diabatic heating. Based
on this result, we have carried out 2D-isentropic trajectory calculations with ECMWF wind fields.
As in ECHAM4 we find a troposphere to stratosphere exchange during breaking events. But the
maximum is shifted downward to the 330 K 6-surface (fig. 6).
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dashed line: Troposph. > Stratosph.
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time (in days) since initialisation at day 10
Fig. 6 - ECMWF case 1. Statistics of trajectories calculations
for 330 and 350 K surface.

For starting points in a flight corridor over the North Atlantic Europe region we have also esti
mated the Lagrangian transport characteristics and found an enhanced tropospheric to strato
spheric exchange for Rossby wave bracking events.3 4
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Process analysis of the modelled 3-D mesoscale impact of
aircraft emissions on the atmosphere
J.Hendricks, A.Ebel, E.Lippert, H.Petry
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50923 Cologne, FRG

Abstract: A mesoscale chemistry transport model is applied to study the impact of aircraft emis
sions on the atmospheric trace gas composition. A special analysis of the simulations is conducted
to separate the effects of chemistry, transport, diffusion and cloud processes on the transformation
of the exhausts of a subsonic fleet cruising over the North Atlantic. The aircraft induced ozone
production strongly depends on the tropopause height and the cruise altitude. Aircraft emissions
may undergo an effective downward transport under the influence of stratosphere-troposphere ex
change activity.

1. Introduction

Highly frequented flight corridors of commercial subsonic jets can be found preferably in
northern mid latitudes in the altitude range between 10 and 13km [1], As a consequence of
the strong temporal and spatial variation of the mid latidude tropopause height the resulting
exhausts are released into the upper troposphere as well as into the lower stratosphere [2].
The fundamental contrasts in both the chemical composition and the dynamical structure
of these two atmospheric regimes imply a strongly varying transformation behaviour of the
emissions.
In the present paper results of mesoscale simulations concerning the impact of subsonic
aviation on the chemical composition of the tropopause region are presented. The applied
EURAD model system allows a very detailed treatment of the relevant chemical and dynam
ical processes. Mesoscale undulations of the tropopause and the corresponding variations of
the chemical background conditions in flight altitudes are represented. In a prior study with
the EURAD system [3] aircraft induced net changes of NOx and 0$ were investigated. In
the present study the transformation of the exhausts is analyzed by separating the effects of
chemistry, transport, diffusion and cloud processes as simulated by the model.
Special attention is focussed on the aircraft induced ozone production under conditions of
varying tropopause height and emission altitude. Additionally the influence of stratospheretroposphere exchange processes on the vertical dispersion of aircraft emissions is discussed.
2. Description of simulations
2.1 Model description

The European Air Pollution Dispersion (EURAD) model system consists of three major
modules: the PSU-NCAR model MM5 [4], the EURAD emission module EEM [5] and the
chemistry transport model CTM [6]. The MM5 provides the meteorological input for the
CTM. The EEM generates surface emissions. All modules operate on an Eulerian grid.
The horizontal grid resolution of the EURAD version applied for this study was chosen to
be 50 x 50km2. The grid covers the vertical range between the surface and 10hPa by 29
layers showing a thickness of Az ~ 500 — 1000m in the tropopause region.
In the CTM the chemistry mechanism CHEST is employed which was specially designed
to represent the chemistry of both the troposphere and the lower stratosphere [7]. CHEST
processes the chemical transformations of 60 species via 188 reactions. The rapid conversion
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of key species enforces a minimum chemical integration time step of 10-3mm.
2.2 Domain, episodes and aircraft emissions
The MM5 domain is chosen as described in a prior paper [3] to cover the North Atlantic
and Central Europe by 110 x 80 gridboxes. Due to the high computational expense of 3D
chemical calculations the CTM grid was embedded into the MM5 grid covering a smaller
domain by a 56 X 46 grid. The MM5 as well as the CTM domain are recognizable in Fig.l.
Simulations of three episodes representing different seasons are analysed (summer: Jul.28th
-Aug.4th, 1994; autumn: Oct.llth-Oct.20th, 1993; late autumn: Nov.3rd-Nov.12th, 1994).
Aircraft exhausts are considered as NOx emissions showing a NO fraction of approximately
95% (wt.% nitrogen). Emission rates were calculated by transforming the data provided
by a global inventory [1] on the CTM grid taking into account a diurnal variation of the
flight frequency [8]. Resulting from this inventory the highest amounts of emitted NOx are
released into the 23rd model layer which corresponds to pressure levels of about 200hPa
(~ 11.5km). To quantify the effect of reduced emission heights simulations were performed
using a modified inventory which was generated by shifting the emission amounts of the
three uppermost emission levels two model layers downward. In this inventory the major
fraction of the NOx exhausts is released at pressure levels around 260hPa (~ 10km).
3. Analysis method

In order to determine the local concentration of an individual trace constituent n the CTM
solves the following conservation equation for the corresponding mixing ratio Cn:
"XT' = —X—uiCn + —(Ka-jr-2-) + Pn — Ln + En +
Ot

OXi

OX;

OX;

racj

rac*i
dt

+ [ dt
clouds

(1)

. drydep

Ka denote mesoscale turbulent diffusion coefficients. Pn and Ln represent the chemical
production and loss rate, respectively. En is the emission rate. The individual terms on
the right hand side of eq.(l) describe the local changes of Cn caused by advection, diffusion,
chemical transformations, emissions, cloud effects and dry deposition at the surface. Clouds
affect the modelled constituent distributions by aqueous chemistry, vertical mixing and wet
deposition. In the presented simulations these cloud effects are of minor importance in the
main emission levels.
The absolute change ACn of the constituents concentration induced by the presence of
aircrafts is calculated as ACn — C°e — C™f. Here C°e and
stand for the concentrations
as simulated in a model run considering aircraft emissions and a run where no aircrafts were
taken into account. For the purpose of the present study the temporal change of total mass
|was calculated by integrating the local concentration changes over the model domain.
To extract the effects of high flying subsonic jets the vertical integration range was confined
to 9 — 13km. The absolute aircraft induced change of the total mass within a definte time
period is then given by:

t

=

J

rm

sr)dt-

(2)

to

|jlf“ and
can be splitted into the contributions of the different physical and chem
ical processes expressed by the right hand side terms of the integral form of eq.(l). In eq.(2)
one may consider exclusively the chemical transformations. In this manner the total chemical
production of e.g. O3 occuring within the integration area as an effect of aircraft emissions
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can be determined for a definite period. As another application net fluxes of emitted NOx
through the vertical or horizontal boundaries of the integration area can be calculated taking
into account only the contributions of advection and diffusion.
4. Results and discussion
4.1 The effect of varying tropopause height

The simulated autumn episode comes up with strongly varying tropopause heights within
the regions of the North Atlantic flight corridor. Fig.l shows the simulated height of the
tropopause, defined by the constant potential vorticity surface of P=1.6 • 10-7iv Pa-1.s-1,
on Oct. 13th and Oct. 20th, 1993, at 12GMT. On Oct. 13th the tropopause was positioned
below the 250hPa level in that part of the North Atlantic flight corridor which is covered
by the CTM grid [9]. On Oct. 20th the tropopause was comparatively high in this regions
exceeding the 200hPa level locally. Consequently on Oct. 13th the major fraction of the
aircraft exhausts was emitted into the lower stratosphere whereas on Oct. 20th a high fraction
of the aircraft induced NOx was transformed under upper tropospheric conditions.

150

200

250

300

350

400

450

500

550

600

tropopause height [hPa]
Fig.l - Tropopause height [hPa] within the MM5 domain on Oct. 13th, 1993, 12GMT (left frame)
and Oct. 20th, 1993, 12GMT (right frame). The embedded area indicates the CTM domain.
AMnox (net):

Oct. 13th 1993
Oct. 20th 1993

daytime [GMT]

daytime [GMT]

Fig.2 - Aircraft induced change of NOx [tons (N)] (left frame) and the resulting amount of pro
duced Oz, related to 00GMT, [tons (Oz)] (right frame) on Oct. 13th, 1993, and Oct. 20th, 1993.
Integration range: total CTM domain, 9-13km.
Fig. 2 shows results of the process analysis for the two days. The net NOx change caused

by aircraft emissions as well as the corresponding chemical Oz change, related to OOGMT, is
presented. The total content of emitted NOx between 9 and 13km is considerably lower on
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Oct. 20th than on Oct. 13th. Despite this fact, under the conditions of the high tropopause
on Oct. 20th a much more effective aircraft induced O3 production was observed. The upper
troposphere shows a higher N0/03 ratio as well as a higher HO2 content than the lower
stratosphere. This benefits the O3 production due to NOx emissions on Oct. 20th. The
maximum local 03 change on the 20th also exceeds that of the 13th [7], On the 200hPa
level values of 0.1 ppbv and 0.4 ppbv can be observed on Oct. 13th and Oct. 20th, respectively.
4.2 The effect of varying cruise altitude
In the last few years a reduction of the flight altitudes was subject of many discussions.
Simulations with the inventory generated by reducing the emission heights were carried out
for the summer episode which is characterized by a very effective O3 production [10]. Fig. 3
shows the absolute aircraft induced NOx and O3 change for both inventories on July 30th,
1994, at 18GMT. Until this daytime the main part of the daily emissions was released. The
data is plotted on the pressure levels which show the maximal emission amounts in the two
respective inventories. The maximum local O3 changes are 1.5 ppbv at 200hPa and. 2 A ppbv
at 260hPa by using the standard and the modified inventory, respectively.

-0.01
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0.03

200hPa - standard em.
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AN Ox (ppbV)
260hPa - reduced em. heights
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1.10
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AOS (ppbV)
Fig. 3 - Aircraft induced absolute change of NOx [ppbv] (top frames) and O3 [ppbv] (bottom frames)
on July 30th, 1994, 18GMT. Left frames: Simulations with standard emissions, plotted at 200hPa.
Right frames: simulations with reduced emission heights, plotted at 260hPa.
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Fig.4 exhibits the results of a process analysis performed for July 30th, 1994. It should be
mentioned that the total amount of aircraft emissions between 9 and 13fcm, which corre
sponds to the integration range considered for the process analysis, is the same for both
inventories. Under conditions of lowered cruise altitudes the NOx change in the emission
levels is slightly less than under standard conditions. This is mainly due to a more effective
removal by horizontal and vertical advection. Concerning the aircraft induced 03 production
the reduction of the emission altitudes results in an amplification by a factor of about 1.7.
AMos^ooh (due to chemistry):

standard em.
reduced em.
heights
standard em.
+ em. inflow
daytime [GMT]

daytime [GMT]

Fig.4 - Aircraft induced change of NOx [tons (N)] (left frame) and the resulting amount of produced
03, related to OOGMT, [tons (Oz)j (right frame) on July 30th, 1994, for the standard emission in
ventory, the reduced emission height inventory and the case of emission inflow (see 4-3). Integration
range: total CTM domain, 9-13km.
4.3 Emission inflow
For the simulations presented above exclusively aircraft emissions released within the CTM
domain were taken into account. This problem is also discussed by [9]. To estimate the
effect of a cross boundary inflow of pollutants originating from airtraffic outside the CTM
domain additional simulations using the standard inventory were performed under consid
eration of enhanced boundary NOx values. In the model layer, which corresponds to the
main emission level, the increment of the NOx boundary value is chosen to be 30 pptv at
the western boundary. This is a typical value for the mean NOx change over the North
Atlantic due to subsonic aviation as processed by global models [11]. At the northern and
southern boundaries a linear west-east decrease of the NOx increment is assumed. At the
eastern boundary no emission inflow was taken into account. In the remaining model layers
the NOx boundary values are calculated analogously. Here the NOx increments are derived
from those of the main emission layer following the fractional vertical distribution of aircraft
induced NOx as evaluated from the standard CTM simulations. As exhibited in Fig. 4 the
emission inflow causes a considerable increase of the NOx content between 9 and 13km as
well as an amplification of the aircraft induced O3 production by a factor of about 1.4.
4.4 Stratosphere—troposphere exchange
In a prior study [12] with the EURAD system the possibility of an effective downward trans
port of aviation induced pollutants via tropopause folds was demonstrated by experiments
with a non reactive tracer. Exhausts released in the lower stratosphere can be rapidly mixed
into the troposphere by this mechanism. In the present study the downward transport of
emitted NOx is investigated considering the standard aircraft emission inventory as well as
the modified inventory.
Fig. 5 presents results of a process analysis for Nov. 8th, 1994. This day showed an enhanced
stratosphere-troposphere exchange activity within the CTM domain evoked by tropopause
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folds and a developing cut-off low. Fig. 5 shows the net aircraft induced NOx change, related
to OOGMT, as well as the contributions of all simulated processes. Results are presented for
both inventories. In both cases a dilution of emitted NOx can be observed at the end of
the day within the model domain between 9 and 13km. In the case of reduced emission
heights one clearly recognizes the comparatively high negative contributions of vertical advection and vertical diffusion to the net NOx change. The fact that only minor amounts
of aircraft induced NOx can be observed above 13/cm reveals that this is due to a rigorous
downward transport rather than upward fluxes. The results imply that a reduction of the
cruise altitudes will shorten the residence times of released pollutants in the flight levels.
AMNOx|00h: standard emissions

AMNOx|o0h : reduced emission heights
— total change
— hor. advection
— vert, advection
— vert, diffusion
.... cloud effects
— emissions and
chemistry

00

12

24

oo

12

daytime [GMT]

24

daytime [GMT]

Fig. 5 - Aircraft induced change of NOx [tons (N)], related to OOGMT, and the contributions of
all simulated processes on Nov. 8th, 199f. Left frame: Simulation with the standard emission
inventory. Right frame: Simulation with the reduced emission height inventory. Integration range:
total CTM domain, 9-13km.
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INTRODUCTION.
The lower stratosphere and upper troposphere (UT-LS) are frequently subject to
mesoscale or local scale exchange of air masses occurring alone discontinuities such as fronts
or generated by baroclinic waves during a tropopause foliation or at the upper part of deep
convective systems. This exchange (e g. downward) can constitute one of the most important
source of ozone froirTtHePstratosphere down tolhe middle troposphere where strong mixing
dilutes the air mass and competing the non-linear chemistry. The distribution of the chemical
species in the troposphereand the lower stratosphere depends upon various source emissions.
eg. from^poffifrednioundary laverpr from aircraftEmissions, upon a complex dynamics
coupled with a radiative transfer in a non-homogeneous atmosphere and upon a very detailed
chemistry where the heterogeneous and gas phases are mutually existing. Global models, as
well as chemical transport models than general circulation models describe the climatological
state of the atmosphere-andare^nof^Bleto describe correctly the stratosphere andTropbsphere
exchange. Mesoscale models go further in the description of smaller scales and can reasonably
ii^lude^^Bef^etaiTed^hemisfr^'fhgyjcan^elisedToassessthebudget ofNOxfiroin aircraft
emissions in a mesoscale doma
^

The "MEDIUM" model.
A chemical transport mesoscale model (CTMM) named MEDIUM including a
detailed chemistry of the troposphere and the lower stratosphere and full diurnal variations of
species, is presented and described. The model derives from the general theory of the
mesoscale non-hydrostatic model MM5 (Grell et al., 1995) and uses the output diagnostics of
dynamical and physical variables from MM5 such as :
-the 3-D mesoscale wind, the temperature, the surface pressure, the perturbation and
the reference pressure at each level, the water vapor mixing ratio, the cloud water content, the
precipitation rate, the type of vegetation and land-use for the computation of the drydeposition velocity of a limited number of chemical species, the terrain elevation, the flux mass
for the convection.
With these input parameters, MEDIUM is developed as an independent model. It uses
on the vertical the sigma coordinates (23 as in MM5) formulation with an upper boundary
condition limited at 123 hPa. The horizontal grid is nested in sub-domains (maximum 3) but
MEDIUM has also a version with regular grid. The first version of MEDIUM used in this
work is not nested and the length of the horizontal grid is set to approximately 40 km. The
model covers a mesoscale-regional area centered at 47.N and 5W including European
countries and a large part of the Trans-Atlantic corridor. The extension of the area from West
to East is 4500 km and 3500 km from the North to the South. The boundary conditions of
MEDIUM (lateral, upper) are provided by the global chemical transport MEDIANTE, the
same set of chemistry is used for the same period of integration.

1) Transport scheme and chemistry.
The transport scheme uses the semi-lagrangian technique for the advection and the
semi-implicit symmetric method for the chemistry (Ramaroson, 1989). The photodissociation
coefficients are calculated on-line under clear sky conditions. The set of chemical reactions
includes a very detailed chemistry of the free troposphere and the stratosphere. Source
emissions from various anthropogenic and natural activities are included in the model. The
boundary conditions uses the output of a global chemical transport model MEDIANTE
(Ramaroson, 1995).
2) Dry deposition.
The dry deposition velocity of various chemical species is calculated with the method of
Wesely, 1989 corrected by the method of Baer and Nester, 1992. The method use s dynamical
variables calculated by MM5 such as the mesoscale wind, the friction velocity, the type of
vegetation, ( 13 in MEDIUM), the solar flux (with diurnal variations) and the boundary layer
characteristics such as the type of stability.
The initial conditions of the mesoscale dynamics and physical variables are compiled
from the analyses of ECMWF and TOGA and the sea-surface temperature is obtained from the
NMC analysis. The period of the integration is chosen to include the flight period of MOZAIC
program. Some interesting stratospheric-tropospheric exchange was observed by th A340 in
April 27 1994. The integration begins on 24 of April 1994 at 00 UT. MM5 is run over the
period of interest and generates the time and spatial distribution of the meteorolojay which is
prescribed to MEDIUM.
RESULTS and DISCUSSION.

All figures are plotted for a specific time.
In figure 1, the NOAA (VIS channel) observations taken on April 27 1994 at 16 UT
show a very large perturbation associated with a depression located approximately at 25W55N. Near the center of the low, drier air originated from the lower stratosphere is clearly
defined. The A340 was located inside this stratospheric air and measures a high value of the
ozone mixing ratio (more than 450 ppbv). This perturbation is moving eastward and pushes up
the anticyclone covering the Spain country and a large part of France. Figure 2 and 3 shows
respectively the water vapor mixing ratio (ppmv) and the Potential Vorticity (PVU) at the
cruise level of the aircraft (250 hPa). The stratospheric air origin (west of 20 W)is confirmed
by large value of the PV and a drier air (less than 50 ppmv). The mesoscale horizontal wind
figure plotted in figure 4 a strong anticyclonic circulation at 250 hPa surrounding by the jet
stream deviated southward and circulating west of a cut-off low located at 16 E- 35N.
The cross-sections of the PV and the ozone distribution along a longitude line (22W)
are plotted in figure 5 (chemical species in MEDIUM are governed by the chemistry, the
transport and the solar radiation effects) from south to north. The same distribution of the PV
and the zonal wind are shown in figure 7. At 48 N and 250 hPa, the air mass has a PV value of
4 associated to a local downward transport of ozone (>450 hPa). The west-east cross-section
of the ozone distribution shows also in figure 6 a net downward transport of stratospheric au
to 250 hPa between longitudes 15W and 30 W, these high values were observed by the
aircraft.
The carbon monoxide was not measured on-board by MOZAIC 1 but is included in
MEDIUM as a regular species. Instead of adopting the lower boundary conditions from
MEDIANTE for this species, we have fixed its concentration at the ground to homogeneous
distribution. CO can be also considered as a semi-inert tracer because of its longer lifetime
compared to the meso-timescale. Figure 8 shows the cross-section of the calculated mixing
ratio of CO along the latitude line 46.5N. Compared to figure 6, the results show that the
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behavior of two species (CO and O3) are highly correlated in the UT-LS, downward transport
are calculated for CO at the same location as for O3. The vertical velocity not plotted here
show 2 cells of upward motion located at 46.5N and respectively at 10W and 10 E. In the
lower troposphere, these effects of this mesoscale convection allow the transport of air
(homogeneous high value of CO at the ground) from the PEL to the middle troposphere (up to
100-122 ppbv).
In figure 9 and figure 11, the cross-sections of NO and OH are respectively plotted. At
this time of the day, the zenith angle is high and the sun begins to set, in the first time, for
lower level (spherical approximation of the atmosphere). The concentration of OH and NO
exhibit strong diurnal variations, higher values are calculated for altitude under sun conditions
and the terminator line is well defined as dependent upon altitude. The NOx source emissions
from the ground prescribed in MEDIUM generate high value of NO at 10E even at high zenith
angle. The upward motion at 46.5N-10E transports polluted air up to 750 hPa.
In figure 10 and 12, the acetone and formaldehyde cross-sections are plotted. HCHO
does not exhibit strong diurnal variations (as does also CH3COCH3). HCHO constitutes a
reservoir of HOx and CO in the troposphere and results mainly from the oxidation of methane.
CH3COCH3 is produced from the degradation mechanism of C3H8 (propane). This latter
species could serve as a tracer indicating air from the PEL. The behavior of these species is
identical to CO distribution, they are much more dependent upon transport.
CONCLUSION

These first results from non-nested version of MEDIUM show encouraging results
especially for the ability of the model to simulate the stratospheric-tropospheric exchange and
the effects of such processes upon various chemical species. The analysis of our results are
preliminary but it is undoubtful that global models such as MEDIANTS are not able to
describe this exchange. The observations of ozone on-board of MOZAIC 1 is well interpreted
by the model as well as the diurnal variations of species.
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Fig. 1 - Visible satellite from NOAA 1I. 94-04-27.18 TU
(Copyright Dundee Satellite Receiving Station).
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1. ABSTRACT

^

Uncertainties in the assessment of the contribution of aircraft to upper tropospheric NOx arise
from £i) uncertainties in model treatment of transport, p) uncertainties in source strengths, and j(3)
uncertainties in chemical rates and reactions determining the partitioning between NOx and NOy.
Here, we-usefwo different chemical transport models ifo examine the range of uncertainty in the
contribution of aircraft to upper tropospheric NOx from model representations of transport.
Uncertainties caused by uncertainties in the rate of production of NOx from lightning and
uncertainties from the range of background concentrations of HNO3 are also examined.
Uncertainties in the treatment of vertical transport and uncertainties in the source strength from
lightning contribute to a large range in model results for background NOx.
2. INTRODUCTION
Upper tropospheric NOx plays an important role in determining local ozone concentrations.
For example, for a given NOx concentration, the net ozone production rate is much larger in the
upper troposphere than in the lower troposphere. Because ozone in the upper troposphere and
lower stratosphere is especially effective as a greenhouse gas [1], it is important to assess whether
concentrations of NOx in this region may be altered by human activity. Models have demonstrated
that the net ozone production rate in this region may increase by roughly a factor of 5 for NOx
increasing from 50 to 200 ppt. Near 200 ppt, the net ozone production rate flattens and begins to
fall with further increases in NOx. Therefore, perturbations to NOx concentrations below about
200 ppt may have a substantial impact towards increasing ozone. Therefore, it is important to
properly assess NOx concentrations for both the natural atmosphere and that perturbed by fossil
fuel burning, biomass burning, and aircraft. Because the emissions of NOx from aircraft are
deposited mainly in the upper troposphere and lower stratosphere they have a significant potential
for altering NOx and, therefore, ozone concentrations in this region. However, the concentration of
NOx in the upper troposphere is associated with a variety of source types, so that the relative
contribution of aircraft emissions may be highly uncertain. These uncertainties arise because of
difficulties in treating transport in this region, uncertainties in source strengths from the different
contributions to NOx, and uncertainties in the chemical processes defining the partitioning of NOy.
The sources contributing to NOx in the upper troposphere include: (1) NOx from lightning
which is produced throughout the troposphere but may redistribute preferentially to high altitudes
as a result of the immediate circulation associated with the storm, (2) NOx in the stratosphere
which can be advected into the upper troposphere in tropopause fold events and through the largescale circulation, and (3) surface-based sources which can be lofted to this region by convection as
well as through the large scale circulation. Difficulties in treating these sources in models arise
because the transport processes which distribute these sources are not resolved. The highest
resolution chemical transport models in use today are typically T21 (approximately 2.5° x 2.5°),
but even models with this resolution do not explicitly treat convective scale transports and have
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difficulty representing tropopause fold events [2,3]. Therefore, there is a need to define the range
of contributions of aircraft NOx to upper level NOx due to uncertainties in the representation of
these transports within models.
A second major uncertainty in defining the contribution of aircraft to upper tropospheric
NOx results from uncertainties in source strengths. The major surface-based sources include NOx
from fossil fuel burning, NOx from microbial activity in soils, and NOx emitted from biomass
burning. Source strengths associated with these sources appear to be reasonably well defined
(Table 1). Additionally, the source of NOy produced from the reaction of N2O with 0(*D) in the
stratosphere is relatively well known. In contrast, past estimates for the source of NOx from
lightning flashes have varied from 1 to over 100 Tg N/yr. In fact, two recent re-evaluations [4, 5,
6] have deduced "best guesses" for the lightning source of NOx that differ by more than a factor of
5. Therefore, the impact of this uncertainty should be assessed.
Finally, the chemical mechanisms present in current models yield a predicted ratio of NO to
HNO3 in the upper troposphere that is smaller than the ratio from observations. This apparent
incorrect partitioning of NO and HNO3 has resulted in a search for mechanisms which may convert
HNO3 to NOx more rapidly, perhaps through heterogeneous processes [7]. In addition to possible
partitioning issues, the upper tropospheric concentration of HNO3 is poorly known. Observations
show a range that varies from 50 to 200 ppt, while model concentrations range from 50 to 500 ppt
(e.g. [8]). It is not at all clear whether the model simulations are reasonable given the available
observations and the poor understanding of NOy partitioning. Hence there is a need to identify
uncertainties due to chemical partitioning and/or inappropriate model concentrations.
Here, we use two chemical transport models to assess the range of predicted NOx
concentrations from variations in model transport. To isolate the effects of transport differences,
we derive loss coefficients from the LLNL 2-dimensional chemical transport model and use these
in both CTM's, treating the loss of NOx as a linear process. In addition, we treat a range of source
strengths for lightning, consistent with the two recent re-evaluations. Finally, the role of HNO3
and the chemical partitioning of NOy is addressed by specifying a background concentration for
HNO3.
In the following, we first define our approach, including our treatment of simplified
chemistry, the sources specified in the simulations, and a short description of the models. Section
4 briefly shows results for the predicted NOx concentrations from sources in the troposphere. The
effect of sources in the stratosphere will be discussed at the meeting.
3. MODEL DESCRIPTION
The experiments described here used the GRANTOUR model with CCM1 meteorological
fields [9] and the IMPACT model [10]. The latter model is under development as a code capable of
using massively parallel computer architectures, and the simulations reported here were run on 64
processors of the Cray T3D. For the applications reported below the IMPACT model used the
Goddard Data Assimilation Office meteorological fields from their 25 layer-stratospheric model for
the year 1992. Convective mass fluxes were diagnosed for the same year but were taken from the
DAO tropospheric model because this field was not available from the stratospheric model.
Comparison of model results for 222Rn indicate that the convection in this model is stronger than
that in most other models, while 222Rn simulations with GRANTOUR indicate that the convection
in GRANTOUR/CCM1 is not at strong as many other CTM’s [11]. Thus, these two models
probably represent two extremes for vertical mixing in the troposphere.
NOy in the upper troposphere and lower stratosphere is the sum of NOx (= NO + NO2) +
2XN2O5 + NO3 + HO2NO2 + HNO3 + B1ONO2 + CIONO2 + PAN plus other minor constituents.
Of these, PAN has a long lifetime in the upper troposphere and does not play a major role in the
cycling and partitioning of NOx versus NOy. We can therefore safely ignore PAN as an upper
tropospheric source of NOx. BrON02 and CIONO2 are relatively small in concentration and are
also ignored as a source of NOx. Because hydrolysis of N2O5 may rapidly form HNO3 and
because the lifetime of N2O5 may be long in the polar night but provide a source of NOx when
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photolysis is active, we include N2O5 in a lumped species called N0Z. NO3 and HO2NO2 are also
included with NOz because of their fast conversion rates with N2O5 and NO2, respectively, during
daylight hours and because they may act as ultimate sinks for NOx by formation of N2O5 (in the
case of NO3) which is then rained out or forms HNO3 or by direct rainout (in the case of
HO2NO2). The rate coefficient for removal of NOz and the ratio of NOx to NOz were diagnosed
from the LLNL 2-dimensional model and are shown in Figure 1. The aerosol surface area used to
detemine the hydrolysis rate of N2O5 in the 2-d model was diagnosed from model simulations of
sulfate and carbonaceous aerosols in the GRANTOUR model [12, 13]. The 2-d loss rates were
applied in both 3-D models to diagnose the concentration of NOx from different sources. In
addition to consideration of the main primary sources of NOx (aircraft, fossil fuel burning,
biomass burning, soil microbial activity, and lightning), we also evaluated the secondary source of
NOx from HNO3 recycling. To establish this source rate, we fixed the concentration of HNO3 at
100 ppt and diagnosed its rate of photolysis and its rate of reaction with OH to form NO3 from the
2-D model. This procedure allowed us to examine the uncertainty in background NOx
concentrations that results from uncertainties in concentrations and recycling rates of HNO3. Table
1 describes the sources used in this study together with literature estimates for the range of source
strengths. At the meeting we will present results for the stratospheric source.
NO, e-folding time (days)

July

Latitude

(b)

zonal average

July

Latitude

zonal overage

Figure 1. E-folding lifetime for removal of NOz (= NOx + NO3 + 2XN2O5 + HO2NO2) (a) and
the ratio of NOx to NOz diagnosed from the LLNL 2-Dimensional model.
The surface sources were input into the lowest model layer for the IMPACT model and into
the first 100 mb in GRANTOUR. Aircraft sources were interpolated onto each model grid and
input into the appropriate layer. The lightning sources were developed from monthly mean NOx
production rates estimated from ISSCP-derived cloud top heights [5]. Below cloud top, lightning
NOx was distributed with altitude according to an approximate C-shaped profile developed for the
tropics, mid-latitudes, and oceans [14]. Lightning NOx was further restricted to levels below the
tropopause as diagnosed from the condition z > 6 km and dT / dz >-5°K in the GRANTOUR
model and from z > 6 km and dT / dz ^-2°K in the IMPACT model. These heights provided the
most reasonable representation of the tropopause in the two models (see, however, discussion
below).
4. RESULTS
In this study, we focus on the sources of tropospheric NOx. As such, there is a need to
separately define the model's dynamical tropopause. This is the surface below which air in the
upper troposphere is rapidly mixed with air in the lower troposphere. We have investigated the
location of this surface in both GRANTOUR and IMPACT by an idealized experiment in which we
injected NOy into the stratosphere at the rate of 0.4 Tg N/yr and removed it below 800 mb with a 5
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day time constant (case 1) and with a 1 hour time constant (case 2). Areas in which NOy
concentrations differed by more than 5% between case 1 and case 2 define the model dynamical
tropopause. Figure 2 shows the model calculated dynamical tropopause in January and July for the
two models. As shown there, the tropopause surface in the tropics is nearly identical in the two
models. North of 35°N in July and north of 10°N in January, however, the GRANTOUR model's
tropopause begins to descend more rapidly than that in IMPACT. At the North Pole GRANTOUR
has a tropopause level of c ~ 0.4 while IMPACT has a tropopause level of ii ~ 0.3. The
differences between the two models in the Southern Hemisphere are less pronounced in both
January and July.
Table 1. Sources of NOx used in the model (Tg N/yr).
Source Strength

Reference

Aircraft

0.46

14

Fossil fuel burning

21.0

15

Biomass burning

6.4

13, 16

Soil microbial activity

5.5

17

7.0 (2 - 12.2)

4,5

5.0

see text

Source Type

Lightning
hno3

Transport from the stratosphere
Tropopause heights calculated from
a relative concentration difference of 5%

0.8

-

eoBd fines - January
botd fines — Impact

Latitude

dashed fires - July
thin fines — GRANTOUR

Figure 2. Dynamical tropopause height in the IMPACT / DAO model and in the GRANTOUR /
CCM1 model. The tropopause is defined as the region where the difference between two
simulations, each with a stratospheric source, but with different removal times in the lower
troposphere, is greater than 5%.
Figure 3 shows the zonal-average concentrations of NOx for the six sources treated here
from the IMPACT model in July while Figure 4 shows results for aircraft and lightning from
GRANTOUR. We have superimposed on these graphs the dynamical tropopause as defined
above. The altitude and magnitude of peak concentrations for both models from die aircraft source
are quite similar. The more rapid vertical mixing in the IMPACT model brings NOx from the upper
level source down to the surface more rapidly than in GRANTOUR. Consequently, the 5 and 2 ppt
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Impact NO, simulation
aircraft source

Impact NO, simulation
biomass burning source

zonal overage

July
Impact NO, simulation
lightning source

July

July

(e)

zonal average

zonal average
Impact NO, simulation
HNO, source of NO,

July

zonal average

Figure 3. Predicted zonal average NO% mixing ratio (ppt) in July from the IMPACT model from (a)
aircraft, (b) biomass burning, (c) fossil fuel burning, (d) soils, (e) lightning, and (f) the HNO3
source.
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concentration contour intervals from aircraft NOx reach farther into the troposphere in IMPACT
compared to the same contour intervals in GRANTOUR.
In contrast to the similar concentrations from aircraft, the peak concentrations from the
lightning source in these simulations differ by almost a factor of two in the two models. We believe
this results from slightly overestimating the height of injection of lightning NOx in the IMPACT
model relative to the dynamical tropopause. This places the NOx in a region where transport and
chemical lifetimes are long enough that NOx concentrations may build up to higher concentrations.
Below the dynamical tropopause, vertical transport plays a large role in moving NOz down to
levels where it is rapidly removed. At the meeting we will compare the concentrations predicted
from the other sources.
Figure 5 may be compared to Figure 3 to examine the seasonal differences in NOx
concentrations from the different sources in IMPACT. Peak concentrations from aircraft are
somewhat higher in July compared to January. Because the removal times are longer in January
compared to July, we would expect higher concentrations in January. Thus, these higher
concentrations in July mainly reflect the seasonal variation in aircraft source strength. Figures 3b
and 5b compare the biomass burning sources in July and January, respectively. As this is mainly a
tropical source, and both photochemistry and vertical mixing are similar in both seasons in the
tropics, the distributions are similar, with July peaks occurring south of the equator and January
peaks north of the equator, consistent with the biomass source distributions. The distribution of
fossil fuel NOx, on the other hand, is quite different between the 2 seasons. Despite the stronger
photochemical removal in July at the surface, the strong convection in IMPACT brings peak
concentrations of over 100 ppt to the upper troposphere, while in January, the concentrations are a
factor of 10 lower at the same altitudes. The January peak surface concentrations are a factor of
two higher than those in July, reflecting the slow January removal times. The predicted
concentrations from the soil source are higher in July both at the surface and at upper tropospheric
levels, reflecting emission rates that are higher in the mid-latitude Northern Hemisphere in
summer. The HNO3 source for January is a near-reflection (about the equator) of the source for
July although, there appears to be more vertical mixing in January in the Southern Hemisphere
compared to July in the Northern Hemisphere. The distribution of NOx from lightning is similar in
the two seasons except that the stronger source in July in Northern midlatitudes is evident in the
large area surrounded by the 50 ppt contour.

Figure 4. Predicted zonal average NOx mixing ratio (ppt) in July from the GRANTOUR model
from (a) aircraft and (b) the lightning source.
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Impact NO, simulation
aircraft source

0.2

-

0.4 -

zooot average

January
Impact NO, simulation
fossil fuel source

0.8

Impact NO, simulation
soil source

\y)

-

January

January

zonal overage

January

zonal average

Zend average

January
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Figure 5. Predicted zonal average NOx mixing ratio (ppt) in January from the IMPACT model
from (a) aircraft, (b) biomass burning, (c) fossil fuel burning, (d) soils, (e) lightning, and (f) the
HNO3 source.
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fraction of NO, from aircraft
tW
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Zonat average
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(b)

zonal average

(d)

zonal overage

Figure 6. Relative contribution of aircraft to NOx in the upper troposphere computed by the
IMPACT model in January (a, b) and July (c, d) using the upper (a, c) and lower (b, d) bounds for
the lightning and HNO3 sources.
Figure 6 shows both lower (a, c) and upper (b, d) bounds for the fraction of tropospheric
NOx from aircraft in January (a, b) and July (c, d). These were derived using upper and lower
bounds for the lightning (12 and 2 Tg N/yr, respectively) and HNO3 (200 and 50 ppt,
respectively) sources. The upper bounds for source strengths result in a range of NOx fractions
from aircraft that are less than 5% in July while the lower bounds increase the fraction to 10% in
the upper troposphere. In January, if the lower bounds on source strengths are used, the range of
aircraft contribution is 0 to 60% in the troposphere while the upper bounds provide a range from 0
to 45%. The ranges for GRANTOUR will be discussed at the meeting.
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Abstract
/
The evaluations of NOx, production by "lightning within storms are commonly based on
modeling, laboratory and field experiments. To apply laboratory experiment and physical modeling to
observed storms or at global scale, authors us^schematic representation of a lightning flashy We
describe pie actuafvbbseryed 3D stmcture of a lightning flastuand^c comment llie evahration-of NCbt
production^ We present feasef studies^of actual storm observation and-we compare the evaluation of
NOx produced to what could be derived from the literature.
A4
1. Introduction

NOx (NO and NO2) produced by lightning flashes are the natural sources of those species
transported in the upper troposphere by storm clouds. The evaluation of production and transport of
NOx by storms is an important task in the assessment of impact of NOx emission by aircraft on the
atmospheric chemistry. Evaluation of lightning NOx effect is a complex and undetermined issue. It
rises at least three main questions :
=> what is the amount of NOx produced by each component of a lightning flash?
=> how are these products transported and modified in the upper troposphere after the storm cloud
has dissipated and what is the ratio of anthropogenic to natural NOx transported?
=> how is it possible to set up a reliable global budget of NOx production by generalizing local or
partial observations?
The purpose of this paper is to show how a detailed description of the actual 3D structure of
the lightning flash can enlighten the first issue. We present and discuss observations and we propose a
method to evaluate and validate the amount of NOx produced and transported by storms.
2. Actual structure of lightning discharge within a storm

We have conducted observations of Central Florida storms with a 3 dimensional lightning
mapper (Laroche et al, 1994). We interpreted the informations from this equipment to derive the
actual length of the discharge.
2.1. Electromagnetic signals emitted bv a lightning flash
A lightning flash consists in propagating discharge channels in which currents of different
magnitude flow. The most energetic events in a flash are :
=> the return stroke processes, first and subsequent, which are observed for the Cloud to Ground
flash (CG) (few 10 kA up to more than 100 kA). They radiate in low and hight frequency (up to
10 MHz) but are quiet in VHF.
=> the stepped negative and dart leader preceding the first or subsequent return stroke of a CG.
Those leader discharges exhibit current up to 10 kA. They radiate strongly in VHF.
=> the recoil streamer processes which are the strongest events of an intra-cloud flash (IC), (up to
50 kA) radiate strongly in VHF for a still undetermined reason. Recoil streamers are also observed
during CG.
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=> the spider discharges, so called because they exhibit long visible horizontal channels near the
base of clouds. They radiate strongly in VHF. Despite that their current was not directly evaluated, the
light they emitted indicates that they are highly thermalized and exhibit current of several kA.
=> the positive leaders, so called because they propagate in the direction of the electric field are
thermalized and exhibit currents up to few kA. They do not radiate in HF nor in VHF.
One lightning flash exhibits several of those five types of components (Taillet, 1991). All
those five components may produce NOx because they are thermalized and dissociated gas channels
in which NO can be freezed out if the cooling of the channel is fast enough (Chameides et al, 1977).
In an intra-cloud flash all the components but the return stroke are present.
2.2. The VHF mapping system
It is a narrow band VHF E field interferometer system tuned in the Nav Aid band (110118 MHz). The equipment consists in two independent remote stations installed on a base line of
about 40 km length. Based on the interferometry principle, each station provides the angular direction
of the VHF radiation due to lightning. One receiving station is made of two distinct sets of antenna :
the elevation sensor to measure the elevation angle of the sources, and the azimuth sensor to
determine their azimuth angle. Both sets of antenna are circular vertical electric dipole arrays
mounted around a metallic mast 10 meters high. The threshold is set between -93 and -75 dbm. The
maximum storage capacity of the acquisition system is 4000 locations per second. The time window
for each location is 23 ps. The absolute timing of the acquisition is provided by a GPS system, with an
accuracy better than 5 microseconds.
Data treatment is done off line. The triangulation is simply deduced from the two separate sets
of angular locations. Full 3D locations are obtained within a radius of about 60 km from the azimuthelevation locating station; we can expect an accuracy of about 500 m in X,Y and Z within that domain
(excluding a small region along the base line and above the elevation sensor).
2.3. Observations
Basically, we observed three types of VHF sources : isolated sources, clusters of randomly
organized set of locations and successive locations showing an organized propagation. A typical VHF
picture obtained on a Florida storm is shown on figure 1.
Three basic types of discharges upon the five indicated above, are identified by the temporal
and spatial characteristics of the VHF source location.
a) The recoil streamer process is known to last from 10 ps up to 400 ps (Proctor et al, 1988).
The shortest events are identified by our system as isolated locations. The events longer than 23 ps
are identified as a continuous and organized propagating phenomena. Their mean velocity is between
107 m.s 1 and 6 x 107 m.s'1.
b) The downward negative stepped leader is known to have a typical stepping rate between 15
and about 100 ps. As several branches propagate simultaneously, the corresponding XYZ successive
locations have a random aspect due to the fact that the equipment provides the centroid of the
impulsive VHF sources which radiate during a time window. The overall event which lasts few
milliseconds, has, nevertheless, random XY locations scattered on a short distance (few km). The
upward negative stepped leader is observed the same way as the downward event. It propagates
upward and initiates the cloud to ground part of a positive flash. For both types of events the mean
velocity is few 1035 m.s"1.
*
c) The spider discharge which spatial and temporal characteristics of spider discharge VHF
signature is quite similar to this corresponding to a negative stepped leader (mean velocity few
105 m-s"1).
3. Evaluation of NOx produced by observed storms
3.1. Evaluation of lightning channel length
Negative discharges (they propagate in the opposite direction of the electric field) in a
lightning flash are the more energetic components. The identification of the nature of a component
depends on the time resolution and on the accurracy of the lightning mapper. For short or faint
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radiation lasting less than a time window (23 (as in our case), we are able to localize single location
whose nature is not identified. Finally we identify :
=> stepped leaders of the negative CG.
=> recoil streamer processes.
=> spider discharges.
=> single locations.
To evaluate the NOx produced by a storm, we compute the length of the discharge as a
function of space and time. With a cubic spatial mesh of 500 m size, we compute the cumulative
length per 5 minutes in a volume of 50 km by 50 km horizontally by 20 km vertically. We give on
figure 2 the length per 500 m altitude step for the entire life of a single storm cell. To evaluate the
length corresponding to single location, we assume that this radiation is due to a recoil streamer
process which typical velocity is 2 x 107 m.s'1 (Richard et al, 1986). The typical length of a single
location would so be 460 m which is about the mesh dimension. The vertical distributions of the
discharges length confirm the phenomenological behaviour of the flash components whose
identification is not directly related to their height in the cloud :
=> the cumulative stepped leader length peaks around 2 km AGL (Above Ground Level).
=> the cumulative recoil streamer process peaks between 5 and 7 km AGL.
=> the cumulative spider discharge process peaks around 4 km AGL.
=> the cumulative Single location peaks around 6 km AGL.
The distribution with altitude of the single location length is similar to the distribution of the
length of the recoil streamer. This is a preliminary justification of identifying single location as short
duration recoil streamer.
We have made global calculation for several storms observed with our equipment with the
same settings. We obtain the values on the table below :
Receivers Number
Threshold
of
(dBm)
locations
08-17-92
-75
44 329
08-14-92
-75
93 900
08-01-92
-75
256 308
Event

Storms
duration #Flashes
(hours)
3505
2.5
3
6362
4
14835

Total
length
(km)
77986
115000
363377

Peak
Mean
Flash rate Flash rate
(Fl-mn"1) (Fl-mn1)
23.4
50
35.3
100
120
61.8

Mean
length/flash
(km)
22.3
18.1
24.5

As the lightning mapper does not "see" the return strokes and the positive leaders, our first
evaluation of the channels length ignores those two types of discharge. It has been verified that the
number of locations our lightning mapper is able to display, depends on the sensitivity setting of the
receivers. We obtain, for those three events, a mean flash length of 22.5 km, mainly intra cloud, which
obviously is larger than the one applied by Liaw et al (1990), mainly on the base of observation of
return strokes. We are able to identify with our lightning mapper the CG based on the identification of
the downward stepped leader. The efficiency of this identification is not validated and depends on the
settings of the lightning mapper. For the three storms considered above, and with the high VHF
receiving threshold used, the ratio of CG ranges between 3% and 8%. As the identification of CG
relays on the identification of negative stepped leader, the results are sensitive to the sensitivity of the
receivers. For other sequences using lower receiving threshold, we got a more realistic ratio of 16 %.
To get a more relevant total length lightning channel evaluation, we just consider the most
currently admitted lightning phenomenology :
=> recoil streamers propagate within the channel of the VHF quiet positive leader (Mazur, 1989).
=> return strokes mainly propagate within the branches of the negative leader to equilibrate the
potential of those conductive channels.
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So to get a more reliable evaluation of the total length of IC as well as CG we simply need to
multiply by a factor of two our first level evaluation. That provides a mean total length per flash of
45 km.
3.2. NOx produced by electrical discharge
Many experimental and theoritical studies have been made to evaluate the production of NOx
by lightning flashes (Ridley et al, 1994; Tuck, 1976). The field experiments identify a net production
due to lightning (Noxon, 1976; Frantzblau et al, 1989). Liaw et al (1990) had analysed published
works on NOx production by lightning. They attempted a normalization of the various evaluation on
the base of general informations on lightning from Uman (1969) : 19.6 x 1016 molecules. J"1 for the
production rate, 3.6 x 1045 *J.m"1
* * for the energy deposition in the channel, a length of 7
per stroke
and 2 strokes per flash. For a permanent flash rate of 100 flashes per second, they finally proposed the
following table:
for 4 x 10s J.flash"1

for 5 x 10y J.flash"1

Tg N/year

Max

Min

Mean

<7

Max

Min

Mean

o

Theoritical
Laboratory
Field

23.6
2.4
220

0.5
0.5
74

5.8
1.6
152

7.7
0.8
59.9

295
30
220

6.6
5.9
74

72.2
19.1
152

96.2
10.0
59.9

table from Liaw et al (1990)
Liaw et al (1990) discussed the amount of energy per flash and proposed 5 x 109 J.flash"1
**
as a
value which harmonized best the results of the various methods of evaluation.
To test our observations upon Liaw normalization, we need to propose a reasonable extension
to derive a global budget. We obtained a mean flash rate of about 40 Fl.mn"1. If we anticipate a CG
ratio of 20 %, to obtain a permanent CG rate of 100 Fl.s"1, we need to assume a permanent occurrence
of 750 storm systems identical to the three described above. This is not too unrealistic, the permanent
occurrence of 1500 storms being commonly stated. On that base the mean global flash rate would be
500 Fl.s"1 which would lead to a global production of 978 x 1012 g.N.year1 which is two order of
magnitude larger than the most recently admitted value (Ridley et al, 1994). Our estimation must be
tempered by energy consideration : leader phases are supposed to produce less per unit energy. Berton
(1996) proposes for this type of flash component, a first evaluation of 101” molecules NJ"1. This
would give about a total of 60 Tg N.year"1 which is more relevant with other maximum evaluations.
4. Conclusions
The 3D VHF mapping provides a new picture of the lightning activity within a storm. It is
possible to derive from such results a more relevant evaluation of the importance of the intra-cloud
part of flashes of any type. We obtain on the base of observed lightning activity and unconfirmed
hypothesis, a budget of NOx of 60 Tg N.year"1 which is high but not quite irrelevant compared to
other evaluations. Uncertainties on global evaluation of NOx production and transport remain
important because many questions stay open : from the importance of the microscale turbulence and
chemistry in the channels, to local scale transport and chemistry in the cloud, up to the budget of
storms and lightning activity. To go forward on that topic, we need more accurate experimental results
at the cloud scale. The key measuring tools in those experiments are the 3D VHF lightning mappers,
the precipitation weather radar providing 3D dynamic and microphysic of the cloud and in situ
detection of minor species with airborne measurement. We should be able with such experiment first
to demonstrate the reality of the production of NOx by lightning, and then to set up reliable
parametrisations of the effective production and transport of NOx due to each lightning flash
component.
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Tropospheric profiles of nitrogen oxides, ozone, and other
related trace species measured over the Atlantic
near the west coast of Europe
Franz Rohrer, Dirk Briining, Ellen S. Grobler, Half Koppmann,
Annette B. Kraus, Wolfram Schrimpf, Martin Weber and Dieter H. Ehhalt
Institut fur Atmospharische Chemie, Forschungszentrum Jiilich, Jiilich, Germany
Abstract: In June and December 1994, the concentrations of the nitrogen oxides NO, N02
and NOy were measured together with ozone photolysis frequency of NO/j, methane, CO,
C02, PAN, and light hydrocarbons near the west coast of Europe above theWtlantic Ocean.
Two vertical profiles for each season were obtained in the altitude range 1.5 to 12 km at
four locations: near Prestwick (56°N, 9°W), Brest (49°N, 6°W), Faro (37°N, 12°W) and
Tenerife (30°N, 18°W). The measured vertical profiles of NO are compared to the results of
a low resolution 3-D chemical tracer model.

1 Results
The measurements took place above the Atlantic Ocean near the west coast of Europe.
The locations and seasons were selected for three reasons: (a) there should be a gradient
in the contribution of aircraft emissions to the atmospheric burden of NOx, (b) there
should be a seasonal difference, and (c) the influence of local sources should be negligible
above the Atlantic Ocean. At Prestwick and Brest in June, the measured vertical profiles
of the nitrogen oxides show high variability at all altitudes. In December, the variability
is substantially smaller. The mixing ratios of NOx show an increase in the upper
troposphere above 8 km altitude during both seasons. On average at 10 km altitude
Brest
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Figure 1: Calculated contribution of aircraft emissions to ambient NOx for June (solid lines)
arid December (dotted lines).
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Tenerife, 16.12.1994
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Figure 2: Vertical profiles of NO, NOx, NOy, and O3 obtained at Tenerife, December 1994
near Prestwick and Brest, 250/35 ppt of NOx were measured in Jun/Dec 1994. For
both seasons at Faro and Tenerife, the measured NO concentrations are in the region
of 50 ppt in the altitude range up to 8 km. The first profile measured at Tenerife
in December 1994 (Figure 2) shows a strong increase of the concentration of nitrogen
oxides above 6 km altitude. This increase corresponds to enhanced concentrations of
hydrocarbons, CO and CO2 in a layer at 7.5 km altitude. The fraction NOx/NOy is near
0.9 in this altitude range indicating local sources. The reason for this ’pollution’ is unknown.

2 Model calculations
For the appropriate locations and seasons, vertical profiles of NO were calculated with
a low resolution 3-D chemical tracer model [1] and compared to the measurements. In
Figures 3 and 4, all vertical profiles calculated with a time step of 8 hours for the time
periods May/Jun/Jul and Nov/Dec/Jan are compared to the corresponding observations.
At Prestwick and Brest in a region dominated by anthropogenic NO emissions, the model
calculations show good agreement both in structure and variability of the vertical profiles,
but also in absolute values. At Faro and Tenerife, the relatively high mixing ratios of
NO observed in the altitude range up to 6 km could not be explained with the model
calculations, which estimate NO values on the order of a few ppt under these conditions.
The observed mixing ratios above 8 km altitude are well inside the interval spanned by the
model calculations except the first profile measured at Tenerife in December 1994.
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Prestwick, June 1994
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Figure 3: Comparison between measured and calculated vertical profiles of NO. The thick
lines represent mean (solid lines) and median (dashed lines) of the calculated profiles. The
symbols denote individual measurements.
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Tenerife , June 1994
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Figure 4: Comparison between measured and calculated vertical profiles of NO. The thick
lines represent mean (solid lines) and median (dashed lines) of the calculated profiles. The
symbols denote individual measurements.
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Observations of HOx, NOx, NOy, and CO: NOx control of the photochemical
production and removal of ozone in the upper troposphere.
P. O. Wennberg, T. F. Hanisco, E.L. Lanzendorf, L.Y. Jaegle, D.J. Jacob, R.C. Cohen,
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In situ measurements made from the NASA ER2 aircraft during the Airborne Southern
Hemisphere Ozone Experiment / Measurements for Assessing the Effects of Stratospheric
Aircraft (ASHOE/MAESA) in 1994/1995 and the ongoing Stratospheric Tracers of Atmospheric
Transport (STRAT) campaigns provide the first observations of the odd-hydrogen radicals in the
upper troposphere.
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Fig. 1. Observations of OH, H02, and NO taken near Hawaii on Aug. 3, 1996 at sunrise. The ER-2
flew a 'race-track' flight plan at 200 mb (12 km). NO, produced from the photolysis of N02 increases
rapidly near 90 degrees solar zenith angle. The odd-hydrogen radicals respond less quickly to the solar
illumination because of the higher optical depth of the atmosphere in the ultraviolet. Observations such
as these demonstrate the ability of both instruments to produce precise and artifact-free measurements
in the upper troposphere.
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We have measured upper tropospheric HOx during the winter, spring, and summer both in
the tropics and at mid-latitudes. Observations have also been made in level flight during sunrise
(Fig. 1). From these observations, we can infer the spectral properties of the species responsible
for the odd hydrogen production. We find, for instance, that primary production of oddhydrogen by the reaction of 0*D with water is almost negligible in the upper tropospheric
airmasses interrogated. A photochemical model, constrained by the ER-2 observations and
estimates of non-methane hydrocarbons (e.g. acetone) derived from earlier airborne campaigns,
produces estimates that are within the uncertainty of the measurements (± 40 percent) on some,
but not all flights (Figure 2). On all flights, quantitative agreement is observed in the
stratosphere.
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Fig. 2. Observations (points) and a zero-dimensional constrained photochemical model (line)
of H02 for two different flights. Both flights occurred near Hawaii. The flight of Feb. 8th
occurred just after sunrise. Although the model reproduces the observation within the
uncertainty of the measurements on the November flight, very large (x 5) differences are seen on
portions of the Feb. 8th flight. The altitude of the ER-2 is shown in the dotted line.

The observations provide a framework for determining how NOx influences the
photochemistry of ozone in the upper troposphere and lower stratosphere (Fig. 3). We are able
to test how OH and HO: concentrations depend on NOx. Measurements inside aircraft plumes
provide a large dynamic range in NOx producing a snapshot of the response of HOx and thus
ozone production and loss rates to perturbations in NOx and NOy. The partitioning between OH
and HO: provides a direct test of the kinetics that control ozone formation and destruction: OH
+ CO, OH + 03, HO: + NO, and H02 + 03 [1]. (Fig 4)
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Fig. 3 The Production of ozone in the upper troposphere: Observations of HO2 and NO near 10
km over northern California on Feb. 2, 1996. During one flight leg, the ER2 flew through a
number of 'fresh' NOx plumes, most likely from aircraft exhaust. Although the concentration of
HO2 decreases in response to the enhanced NO, the rate of ozone production (which depends on
the product of [NO] and [HO2]) increases.

The measurements also explain why high NOx to NOy ratios are sustained in the upper
troposphere. The cold temperatures, low ozone, and rather small H02 concentrations inhibit the
formation of NO2 during the day and N205 at night. Thus, the NOx lifetime becomes very long,
as the daytime gas-phase sink, OH + N02 —> HN03, and the nighttime heterogeneous sink, N2Os
+ H20 -» HNO3, are very inefficient.
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Fig. 4. Measurement of the OH to HO2 ratio provides a critical test of the kinetics responsible
for the production of ozone in the troposphere (and the destruction of ozone in the stratosphere).
Observations of this ratio on Oct. 26 are shown in both the upper troposphere and lower
stratosphere (72000 - 77000 sec). The measured ratio is remarkably consistent with the
partitioning expected based on the observations of NO, CO, and Os.

1.

R.C. Cohen et al„ Are models of catalytic removal of 03 by HOx accurate? Constraints
from in situ measurements of the OH to H02 ratio, Geophys. Res. Lett., 21, 2539-2542,
1994.

318

In situ trace gas and particle measurements in the summer lower
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Abstract

In situ aircraft measurements of 03, CO, HN03, and aerosol particles are presented,
performed over the North Sea region in the summer lower stratosphere during the STREAM-11
campaign (Stratosphere Troposphere Experiments by Aircraft Measurements! in July T 994. Elevated
CO mixing ratios are attributed to mixing of polluted tropospheric air into the lowermost extratropical
stratosphere. Model calculations illustrate that the 03 production efficiency of NOx is smaller than
previously assumed, under conditions with relatively high HN03 mixing ratios, as observed during
STREAM-B. The model simulations further suggest a relatively high 03 production efficiency from
CO oxidation, as a result of the relatively high ambient HN03 and NQX concentrations; implying that
upward transport of CO rich air enhances 03 production in the lowermost stratosphere.
1 Description of the campaign, instrumentation and meteorology

In-situ measurements of several trace gases and particles were carried out in July 1994 on board a
Cessna Citation II twin jet aircraft as part of the Stratosphere Troposphere Experiment by Aircraft
Measurements (STREAM) II project. The summer mission included five flights from Schiphol airport
(Amsterdam) in the Netherlands, at different altitudes up to 12.5 km, between 4°E-178°W and 50°53°N. The flights were carried out on 20, 22,27, 28, and 29 July 1994. Meteorological data were
provided by the Royal Netherlands Meteorological Institute (KNMI) and included weather forecast,
potential vorticity (PV) on isobaric levels, vertical PV cross sections at planned flight tracks, and
tropopause pressure altitudes. The PV calculations were based on analysed data from the European
Centre for Medium-Range Weather Forecasts (ECMWF) model (0.5° horizontal, 31 levels vertical
resolution) [1].
Instrumentation

The instrumentation used for 03, HN03, and CO was the same as during STREAM ! [2]. Ozone was
measured with a chemiluminescence, operated by the University of Utrecht. During the flights on July
20 and 22 the accuracy of the data was 5.3% and 7% on July 27,28, and 29, and the overall
precision was 2%.
CO was measured using a tunable diode laser (TDLAS) spectrometer built and operated by the Max
Planck Institute for Chemistry in Mainz. The technique has been described in more detail by [3]. The
total accuracy was 10%, and the precision 2% for the data recorded with a frequency of 1 Hz.
HN03 and several other trace gases (such as S02, acetone, acetonitrile, which have not been used in
the current study) were measured with an automated liquid Neon cooled quadrupole mass
spectrometer, built and operated by the Max Planck Institute for Nuclear Physics in Heidelberg. The
total accuracy of the HN03 mixing ratios is approximately 40 %, and the precision is 10%. The
technique is described in more detail by [4] and references therein.
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Particle concentrations presented are measured using a TSI-3760 Condensation Particle Counter
(CPC) modified for aircraft use. The concentrations are normalized at standard temperature and
pressure (288 K and 1013.25 hPa), which makes them directly comparable to mixing ratios. The
lower detection limit or 50% counting efficiency for this instrument was calibrated to 18 (±1) nm
diameter [5]. Much efforts were devoted to minimise diffusion losses, which are estimated to be less
than 15%. Sampling losses due to sedimentation and impaction are negligible. Although other
populations of the aerosol size distribution were also measured during this campaign, the
concentration of particles larger than 18 nm was chosen to support the analysis of gas phase
measurements.
Meteorology
Figure 1 show the geopotential height contours

at the 200 hPa level on July 27 (18:00 GMT), based
on the ECMWF analysis. The thick solid line represents the flight track. This situation is characteristic
for the measurement campaign, with a pronounced anticyclone present over western Europe for
several weeks. Most air parcels in the flight area originated from mid-and high northern latitudes and
were transported over the Atlantic Ocean by the prevailing (north) westerly winds, associated with a
low pressure system between Greenland and Iceland and a high pressure area over the Altantic Ocean
at about 40°N. The blocking anticyclone over the western European continent forced a southwesterly
flow in the flight area. The relatively large gradient in geopotential heights over the centre of England
indicates the warm sector of a weak frontal system.
Analysis VT: Wednesday 27 July 1994 ISz

202otPa

su5%ra:gW:enttfal 4§e2

Figure I. Isobaric geopotential surface (id2 m2 s2) (solid lines) at the 200 hPa pressure level from the
ECMWF analysis at 18.00 GMT July 27, 1994. The flight track is indicated with the thick bold line.

2 Measurements results

Time series are shown in Figures 2a-b of 03, CO, HN03, particle number concentrations, and
potential vorticity (PV) in the upper troposphere and lower stratosphere for two flights on July 27 and
28 respectively. The data have been filtered with a 31 second running mean to suppress small scale
features. Figures 3a-b depict the corresponding pressure, potential temperature, PV and HN03/03
ratios (in ppbv ppbv"1) for the same flights. PV is represented in PV units (PVU, 1 PVU-=10"6 K m2
kg'1 s'1), on the basis of ECMWF analysed meteorology [1]. The particle number concentrations
represent the total number of particles per cm3 with diameters between 18 nm and 1 pm.
The results of the flight on July 27 are representative for the first three flights, whereas the flight on
July 28 (and on July 29) were carried out after the passage of a weak front. A general feature for all
flights is the significant increase in 03, HN03, and PV, with a coincident decrease in CO and particle
concentrations, when the aircraft entered the stratosphere. Figures 2a-b show very good agreement
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between 03 plotted and calculated PV. A most interesting feature is the highly variable and very high
absolute CO mixing ratios, even in the lowermost stratosphere. Occasionally mixing ratios up to 500
ppbv in upper tropospheric air parcels and up to 200-300 ppbv in stratospheric air were found, in
particular on 20, 22 and 27 July. In contrast, Figure 2b shows CO concentrations of 35-65 ppbv in
the lowermost stratosphere, in agreement with recent measurements. The strongly elevated CO levels
in the lowermost stratosphere, as measured during the first three flights, have thus far only been
encountered in the polluted troposphere (cf. [6]). Large variation is also discernible in HN03
concentrations, ranging from 0.3 to 1.2 ppbv in the upper troposphere and 0.6-1.6 ppbv in die lower
stratosphere. Nevertheless, the mean concentrations in the upper troposphere are roughly half those in
the lowermost stratosphere. The particle number concentration was > 1000 cm"3 in the upper
troposphere and decreased to < 500 cm"3 in the lowermost stratosphere. It can be seen that
stratospheric air is characterised by relatively constant HN03/03 ratios, with mean values of 5-7xl0'3,
corresponding to air parcels with high PV values. Figures 3a-b illustrate the significantly higher ratios
with more scatter in the upper troposphere than the levels in the lowermost stratosphere. In addition,
the ratios in the lowermost stratosphere on July are comparable in magnitude to those on July 28,
despite the much lower CO concentrations on July 28 with a factor of 5-10.
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Figures 2a-b. Results of 03f HN03 and CO volume mixing ratios (ppbv), and particle number
concentration (N in cm3) from the flight on July 27(a) and 28 (b) between 10 and 12.5 km altitude. 03
and HN03 volume mixing ratios are indicated with thick bold, and CO and particle number
concentrations with thin solid lines. Included (with dashed lines) is potential vorticity (in units PVU =
10 6 K m2kg s'1) calculated on the basis of ECMWF analysed meteorology

Figures 3a-b. Measured HNO/03 ratios (ppbv ppbv1) from the flights on July 27 (a) and 28 (b) are
indicated with crosses. The corresponding pressure (hPa) and potential temperature (theta in K) are
shown with thin and solid lines respectively. Dashed lines represent PV as in Figures 2a~b.
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3 Modeling of 03 production efficiency

We used a chemical box model to calculate the 03 production efficiency (e03), expressed as the
number of 03 molecules formed per NOx molecule, or per CO molecule. The simulations were
performed with a chemistry box model, using temperature and pressure based on the measurements at
the highest flight levels during STREAM (i.e., 225K and 195 hPa). A diurnal variation of the solar
zenith angle was calculated at 51°N. The model, including the chemical reaction scheme experimental
set-up, and initialisation is described elsewhere [7], NOx perturbations were pertained to aircraft NO,
emissions using the ANCAT dataset (Abatement of Nuisances Caused by Air Transport) [8], Note that
45% of the subsonic aircraft emissions at northern mid-latitudes occur in the stratosphere [9]. With
our chemical box model we calculated 03 production in 1) molecules per NOx molecule, for different
03, HNOj and 2) molecules 03 per CO molecule for different 03 and HN03 concentrations. We
perform 1 month simulations with and without assumed NOx and CO perturbations, and calculate e03
from the difference in 03.
Box model results
Figure 4a illustrates

e03 for conditions with CO= 250 ppbv. A general feature for all 03 levels is
decreasing e03 to approximately zero, with increasing HN03. Stratospheric 03 and HN03 data are
indicated with crosses. All data points occur at negligible e03 levels. Model simulations of CO
perturbations are performed by increasing its concentration from 25 to 250 ppbv during the 30 day
integration. eOs, expressed as 03 production in molecules per added CO molecule, is calculated for
different HNOs and 03 concentrations and is shown in Figure 4b. e03 increases with decreasing Os
and increasing HNOs concentrations. The observations indicate that the lowermost stratosphere is
characterised by HN03 and 03 levels for which the efficiency of 03 production by CO is relatively
high.

CO = 250 ppbv

400 r

HNO, (ppbv)

Figures 4a-b. Model results of 03 production in molecules per molecule NOx emitted with CO= 250 ppbv
(a), and 03 production in molecules per molecule CO due to a CO increase of 25 to 250 ppbv (b) for
different initial 03 and HN03 concentrations.

4 Global modeling

The consequences of subsonic aircraft NOx emissions in the tropopause region have been evaluated
with a global three-dimensional chemistry-transport model [cf. 10]. The meteorological d ata set used
for off-line transport calculations of trace species in the model is based on ECMWF analysed
meteorology for the year 1990. The model has a horizontal resolution of 8x10 degrees (latitude and
longitude) and a vertical resolution of 15 layers up to the 10 hPa level. The chemical scheme is
adopted from the MOGUNTIA model [cf. 11]. First we have compared the simulated HNQ3 and 03
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fields (ratios) in the lowermost stratosphere for the month July against our measurements. Aircraft
emissions have been simulated as described earlier. We simulate monthly mean HN03/03 ratios which
are typically l-3xl0'3, which are in agreement with previous modeling studies pertained to somewhat
higher altitudes in the lower stratosphere [cf. 12] However, our measurements in the lowermost
stratosphere at northern mid-latitudes suggest HN03/03 ratios which are a factor of 2-3 larger. Figure
5a depicts the 03 perturbation caused by aircraft NOx emissions in the standard model simulations,
suggesting 03 increases of 1-5% (5-10 ppbv) at mid-latitudes in the Northern Hemisphere at 200 hPa.
We believe that the discrepancy between modeled and measured HN03/03 ratios results from
underestimation by the model of transport of tropospheric 03-poor air into the lower stratosphere;
alternatively or additionally, HN03 levels may be underestimated in the lowermost stratosphere.
Next we performed a sensitivity test to study the consequences of this model discrepancy and adjusted
the HN03/03 ratios according to our aircraft observations by increasing the HN03 concentrations,
extending these throughout the upper troposphere and lower stratosphere. Figure 5b shows that in
this case the fractional 03 change as a result of aircraft NOx emissions has reduced strongly, up to a
factor of 5-10. It appears that the simulated 03 perturbation is particularly small in the lower
kilometers of the stratosphere. Especially the tropospheric HN03 data set is, however, insufficient for
model validation, although simulated HN03 is within the range of the STREAM observations. The
simulated maximum of the 03 increase has shifted compared to the earlier calculations, from the
northern latitude tropopause region (Figure 5a) to the mid-to upper troposphere at about 40° north
latitude (Figure 5b), resulting from aircraft NOx emissions within the troposphere. These simulations
indicate that, if the HN03/03 ratios as measured during our July 1994 campaign are representative,
current subsonic aircraft NOx emissions may only nominally enhance 03 formation in the lowermost
stratosphere, while the maximum 03 increase occurs in the troposphere. Note that the maximum 03
change is less than 1 % in mid-latitudes during summer. It should be stressed that HN03 levels and
thus HN03/03 ratios may be relatively high as a result of aircraft emissions. Therefore aircraft
emissions in the past may have occurred under conditions which are more sensitive to 03
enhancements. Further, these sensitivity simulations are based on crude assumptions and we
emphasize the need to perform additional NOy measurements in the upper troposphere and lower
stratosphere.
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Figures 5a-b. Fractional 03 perturbations (in %) due to aircraft NOx emissions calculated with a global
3-D chemistry-transport model with typical background HNO/Os ratios (a), and with HNO/03 ratios
adjusted according to our observations (b). Measured averaged HN03 has been prescribed throughout
the 200 hPa level.
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6 Conclusions
In situ aircraft measurements of 03, HN03, CO, and particle number concentrations in the summer
upper troposphere and lowest 2-3 km of the stratosphere at northern mid-latitudes have been
presented. Elevated CO concentrations and high HN03 concentrations relative to 03 were found. It
appears that the trace gas and particle distributions in the lowest 2-3 km of the stratosphere deviates
from both the upper tropospheric and the lower stratospheric air layers, being referred to as
‘lowermost stratosphere’. Based on a comparison between calculated PV, the measured temperature
lapse rate, and on the trace gas and particle concentrations, we conclude that the air parcels containing
elevated CO levels should be characterised as stratospheric [7,13]. Since such high CO levels have
only been found in the polluted troposphere, this indicate mixing with polluted tropospheric air. The
calculated 10-day back trajectories, however, did not indicate cross tropopause exchange so that we
must speculate about the mixing event(s). If the mixing was associated with frontal activity, it should
have occurred more than 10 days previous to the measurements. On the other hand, mixing may have
been caused by convective activity, occurring on “sub-grid” scales of the ECMWF meterological
analysis.
Model results show that under these chemically perturbed conditions the 03 production in molecules
per added NOx molecule, pertaining to subsonic commercial aircraft emissions at cruise altitude, are
smaller than previously assumed. These findings are supported by results from sensitivity simulations
performed with a global three-dimensional transport-chemistry model. In addition, the C)3 production
increases when CO concentrations are high, since 03 formation in the lowermost stratosphere during
STREAM campaign was not NOx-limited.
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SUBSONIC AIRCRAFT SOOT: A TRACER DOCUMENTING BARRIERS
TO INTER-HEMISPHERIC MIXING

Rudolf F. Pueschel
NASA Ames Research Center Moffett Field, CA 94035-1000

Meridional observations of soot aerosols and radioactive l4C, and models of the geographic distribution of
nuclear bomb-released l4C and aircraft-emitted NOx, all show strong 'gradients between the hemispheres.
Reason for it are decade-long inter-hemispheric mixing times which are much in excess of yearlong strato
spheric residence times of tracers. Vertical mixing of soot aerosol is not corroborated by ,4C observations.
The reason could be radiometric forces that act on strongly absorbing soot.
1. Introduction
The atmospheric impact of emissions by aircraft depends on how they change the steady-state
abundance of constituents over background atmospheric amounts, and on and the role they play in
atmospheric photochemical, dynamical and radiative processes. Transport plays a role in this
scheme, because the background concentration of atmospheric constituents vary in space. Take, for
example, the ozone column. Effects on column ozone of aircraft-emitted NOx result from decreases
in the middle and upper stratosphere and increases in the lower stratosphere and troposphere. The
balance between these increases and decreases depends on the dispersion of the aircraft effluent by
atmospheric transport processes, as well as the transport of long-lived species including ozone, in
the background atmosphere. Thus, one important aspect is that fraction of exhaust NOx which
would be transported from the heavily traveled flight corridors in the lower stratosphere in northern
mid-latitudes to the tropics, where it can be lofted to higher altitudes by atmospheric circulation.
Subsequent transport back to mid-latitudes would be at altitudes where the NOx from the exhaust
dominates ozone depletion.
Of interest also is the fraction of exhaust that could be transported from the flight corridors in
the northern hemisphere across the equator to southern latitudes, because background concentrations
of some constituents are lower in the southern than in the northern hemisphere, and because global
dispersion of effluents emitted in northern latitudes would reduce their concentration and mitigate
their effects in the northern hemisphere.
In this paper we utilize soot aerosol measurements to document barriers to inter-hemispheric
mixing. This is in analogy to the stratospheric dispersion of radioactive I4C tracers after the nuclear
bomb tests in the Fifties and Sixties. Both sets of observations are corroborated by model results of
the dispersion of I4C and NOx. The 14C models, furthermore, permit estimates of inter-hemispheric
mixing times that turn out to be longer than stratospheric residence times by more than one order of
magnitude. This explains a decade-long confinement of aircraft-soot to the hemisphere in which it
has been emitted.
While there is agreement amongst the data sets in horizontal inter-hemispheric mixing, ver
tical mixing between emission level (12 km) and ER-2 ceiling (20 km) is indicated only in the soot
measurements. Transport from mid-latitudes to the tropics with subsequent lofting and transport
back to mid latitudes at higher altitudes is a possibility. However, since l4C in the northern hemi
sphere do not substantiate the soot results, vertical motion due to radiometric forces of highly ab
sorbing soot particles is a more plausible explanation.
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2. Results and Discussion
2.1 Observations
2.1.1 Soot Aerosol Loading
Figure 1 shows the meridionally distributed soot aerosol [Pueschel et al., 1996].
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Figure I :Soot aerosol mass loading in nanograms per cubic meter in the northern (right) and southern (left)
hemispheres [Adaptedfrom Pueschel et al., 1996]..

Evident in Figure 1 is a strong gradient of soot aerosol concentration between the two hemi
spheres. The difference of soot loading between the hemispheres is approximately one order of
magnitude (0.6 ng m'3 north versus 0.05 ng m'3 south). Pueschel et al. [1996] argue that aircraft are
the major source for soot aerosol in the lower stratosphere. However, Kritz et al. [1991] provide
evidence of upward mixing of tropospheric tracers across the tropopause. Also, most recent deter
minations of soot emission indices of a Boeing 757 aircraft yield values [Pueschel et al ., 1997] that,
applied to current stratospheric fuel consumption, do not account for all of 0.6 ng m'3 that has been
measured [Pueschel et al., 1992]. We shall not further indulge into this subject, since the source of
soot is of secondary importance for the present discussion of inter-hemispheric mixing of soot aero
sol.
2.1.2 14C Mixing Ratios
A similar gradient between the hemispheres was found for 14C after the nuclear explosions in
the northern hemisphere in the 1950s and early 60s. Figure 2 shows the altitude-latitude distribution
of 14C mixing ratios averaged for the September - November 1963 time period [Telegadas, 1971].
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Figure 2: Vertical distribution in Fall 1963 ofl4C mixing ratios measured by balloons and aircraft at 4 se
lected latitudes in the northern (left) and southern (right) hemisphere [Adaptedfrom Telegadas, 1971]..

As is the case for soot today, the l4C difference between the hemispheres in Fall of 1963 was
about one order of magnitude. In contrast to the present day case for soot, however, above-ground
bomb testing was terminated in the early Sixties (with a few exceptions of French and Chinese
tests). The l4C data, therefore, can be utilized to calculate the exchange rate of the !4C-tracer be
tween the hemispheres.
According to Johnston [1989], the 14C decay time in the northern hemisphere and its build-up
time in the southern hemisphere are governed by the following polynomials:
l4C (N) = 73.0 - 0.3 t - 3.5E-3 t2 + 4.2E-5 t3
I4C (S) = 44.5 + 1.01-2. IE-2 t2 8.0E-5 t3

(la)
(lb)

where t is time in months after 15 October 1963. From equs. (la) and (lb) it follows that it would
take approximately 20 years to reach 14C equilibrium between the hemispheres. Even though 14C is
a gas, the stratospheric residence time of which is not affected by removal due to settling, this ex
change time between the hemispheres is sufficiently longer than are stratospheric residence times of
aerosols (order of one year) such that the 14C data explain the findings represented in Figure 1.
2.2 Models
2.2.1 14C Distribution
Johnston [1989] used Telegadas' [1971] contour plots (Figure 2) to test the dynamical repre
sentation of tracers by 2-D models. The results of his test are shown in Figure 3.
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LATITUDE

Figure 3 .Two-dimensional representation of l4C data by a 2-D model [Adaptedfrom NASA, 1993].

2.2.2 NOx Dispersion Models
An example of the dispersion of aircraft-generated NOx (converted to NOy), calculated by
the Atmospheric and Environmental Research, Inc. (AER) model, is shown in Figure 4.
AER • NOy June (El=5 - Subsonic) % Diff.

LATITUDE (DEG)

AER - NOy June (El=15 • Subsonic) % Diff.

--20

LATITUDE (DEG)

Figure 4: Two-dimensional representation of aircraft-emitted NOx by the AER model [Adapted from NASA,
1995].
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shows the calculated change (in %) in the total odd nitrogen (NOy) concentration
during June as function of altitude and latitude for a Mach 2.4 HSCT fleet for two different emis
sion indices (Els), namely (a) EI(NOx) = 5 g NO2 (kg fuel)"1 and (b) EI(NOx) = 15 g NO2 (kg fuel)"1.
The percent-changes reflect the difference between a calculation of the projected 2015 supersonic
and subsonic fleets and the projected 2015 subsonic fleet in the absence of a supersonic fleet. The
calculated amount of NOy in the HSCT-perturbed atmosphere corresponded to a residence time of
13 to 16 months.
Figure 4

2.3 Vertical Dispersion
One significant difference between observed soot and 14C stratospheric dispersion is the lack
of a vertical gradient in the soot aerosol observations. A likely source of stratospheric soot aerosol is
the operation of aircraft above the tropopause. It is also possible, however, that soot aerosol is advected from the troposphere across the tropopause. A possible extraterrestrial source of soot could
be the bum-up of extraterrestrial material. However, even chondrites contain only a small fraction of
their mass as carbon, and the fractionation of C during bum-up into graphitic soot versus CO2 is
likely to be small.
In any case, because vertical mixing in the stratosphere is practically nil, any of the terrestrial
origins of stratospheric soot aerosol should lead to a positive gradient, i.e. a decrease of soot aerosol
concentration with increasing altitude, unless sources above and below the altitude range that was
investigated are approximately equal.
One possible reason for the absence of a gradient is transport of soot aerosols within the
concept of the Brewer-Dobson circulation. According to this hypothesis, aerosols are transported
equatorward from mid-latitudes. Near the equator they are lofted to altitudes at which transport back
to high latitudes takes place. At high latitudes, they are transported downward by subsiding cold air.
This pattern of transport, however, should also affect the l4C vertical distribution. Moreover, a
decadal average distribution of lower stratospheric aerosol, mainly from volcanic eruptions, shows
that extratropical air is partially sequestered from low-latitude air in the lower stratosphere near 20
degrees [Trepte and Hitchman, 1993].
This raises the possibility of lofting of soot aerosol from 12 km to 20 km (and possibly be
yond) due to radiometric forces (Rohatschek, 1996). Because soot aerosol have the highest absorp
tion cross section (of the order 10 m" g"1 at mid-visible wavelengths) of any atmospheric substance
known, it is possible that absorption of solar radiation causes temperature differentials inside the
particle to cause photophoretic forces that oppose and exceed gravity.
3. Summary and Conclusions
Soot aerosols show a strong gradient between the northern and southern hemispheres. The
reason for it is the much longer (several decades) of inter-hemispheric mixing times than strato
spheric aerosol residence times (» one year).
Vertical mixing of soot aerosol between the tropopause and 20 km altitude is due either to
(a) vertical transport due to radiometric forces or/and (b) transport within the context of “classical”
Brewer-Dobson circulation.
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IMPACT OF HIGH SPEED CIVIL TRANSPORTS ON
STRATOSPHERIC OZONE: A 2-D MODEL INVESTIGATION
Douglas E. Kinnison and Peter S. Connell
Lawrence Livermore National Laboratory
Abstract

This study investigates the effect on stratospheric ozone from a fleet of proposed High Speed Civil
Transports (HSCTs). The new LLNL 2-D operator-split chemical-radiative-transport model of the
troposphere and stratosphere is used for this HSCT investigation. This model is integrated in a diurnal
manner, using an implicit numerical solver. Therefore, rate coefficients are not modified by any sort of
diurnal average factor. This model also does not make any assumptions on lumping of chemical species
into families. Comparisons to previous model-derived HSCT assessment of ozone change are made, both
to the previous LLNL 2-D model and to other models from the international assessment modeling
community. The sensitivity to the NO, emission index and sulfate surface area density is also explored.
1. INTRODUCTION
The aviation community is investigating the possibility of developing, marketing, and
producing a fleet of High Speed Civil Transports or HSCTs [1]. These aircraft are designed to cruise
at Mach 2.4 with a range of 5000 to 6500 nautical miles. The primary market for this new fleet of
supersonic passenger aircraft will be the Atlantic and Pacific flight corridors, decreasing the average
subsonic travel time by over a factor of two. This HSCT fleet will cruise primarily in the lower
stratosphere, within an ozone rich region. Effluents from this proposed fleet will predominately be
emitted within the Northern Hemisphere, mid-latitude, lower stratosphere flight corridor. Emissions
of trace constituents from HSCTs engines are produced from: 1) direct combustion of the kerosene
based fuel components forming H,0, CO,, CO, CH4, non-methane hydrocarbons, and soot; 2)
impurities in the fuel (e.g., sulfur, forming SO,); and 3) high temperature processes, breaking down
atmospheric nitrogen forming NO, (NO+N02).
Currently, the NASA Atmospheric Effects of Stratospheric Aircraft Program (AEAP) is
investigating the potential impact of the above mentioned HSCT fleet emissions on ozone. Within the
direction of the AEAP, a group of models taken from the international community have completed an
assessment of such a fleet [1]. In Figure 1, a example of the spread in model results are shown.
Here, for March, at 45 °N latitude, the change in local ozone concentration is shown for a 500 aircraft
Mach 2.4 fleet, assuming an emission index (El) of NO, of 5 (grams as NOz per kg of fuel). This
proposed fleet is composed of both HSCTs and next generation subsonic aircraft, which are needed to
meet market projections in the year 2015. The reference atmosphere is assumed to be a projected 2015
fleet of subsonic aircraft, assuming HSCTs are not built. In the lower stratosphere, the spread in
model-derived ozone change was between +5% (CAMED model) and -3% (LLNL model). There are
many possibilities on how this model-derived ozone spread could arise, for example: 1) the accuracy
in the assumptions made in the chemical solution approach (e.g., an explicit numerical solver vs. an
implicit Gear solution approach); 2) difficulties in representation of lumping of chemical species into
groups or families; 3) different dynamical representations and the impact of these representations on
ambient species distributions.
This study will not attempt to determine which of the five modeling approaches may be most
accurate, instead we present preliminary results with the goal of understanding the uncertainties in the
published LLNL results only.
All previous versions of the LLNL 2-D model have been integrated in a diurnal average
manner, using diurnal averaging coefficients derived off-line from a fully diurnal model. The diurnal
model was integrated for single days at eight seasonal times, producing diurnal averaging coefficients
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at each altitude and latitude grid zone, for both thermal and photolyic reactions. In the diurnal average
model execution, coefficient values between these seasonal times were interpolated. In this model, the
continuity equation was solved for each chemical species (no chemical lumping approximations were
made) using a Gear numerical solution approach. The potential error in this chemical solution
approach lies in the assumptions made in deriving and using diurnal average coefficients. In order to
evaluate the accuracy of the published LLNL HSCT assessment, a new 2-D model of the troposphere
and stratosphere was developed.

A GAMED

o CSIRO
GSFC
x LLNL

Change in Ozone (1010 mol cm-3)

Figure I — Calculated change in ozone concentration for a fleet of 500 Mach 2.4 HSCTs (El N0, =
5). The results are shown at 45°N for the month of March. This plot is taken from the NASA 1995
Scientific Assessment of the Atmospheric Effects of Stratospheric Aircraft, Figure 24 [1],
2. LLNL 2-D MODEL {LOTUS)
The new LLNL 2-D chemical-radiative-transport (CRT) model or LOTUS (Livermore
Operator-split Two-dimensional Zonal-average (U) System), determines the atmospheric distributions
of chemically active atmospheric trace constituents in the troposphere and stratosphere. The individual
components (i.e., chemistry, advection, diffusion) from the previous LLNL 2-D CRT [2] have been
improved and modularized and are solved in an operator split manner. LOTUS can be integrated in
either a diurnal or diurnal average manner. The model domain extends from pole to pole, and from the
surface to 84 km. The horizontal resolution is 5 degrees in latitude and the vertical coordinate
corresponds to the logarithm of pressure, with a resolution of 1.5 km. Below is a brief description of
the photochemical component of LOTUS — for a description of the dynamical and radiative processes
see Kinnison et al., 1994 [2],
The photochemistry represents the tropospheric and stratospheric interactions of actinic solar
flux and the species families Ox, NOy, C10y, HOy, BrOy, and CH4 and its oxidation products. The
chemical mechanism incorporates 48 transported species. There are 101 thermal and -14 photolytic
reactions. Source gases present in the model include NOx, NoO, CH4, COo, CO, the chlorine
containing compounds CFC-11, -12, -113, -114, -115, HCFC-22, CCI4, CH3CCI3, CH3CI, and the
bromine containing compounds CH3Br, CFzCIBr, and OFgBr. Most of the thermal reaction rate
constants were taken from the NASA Panel recommendations provided in JPL Publication 94-26 [3],
Absorption cross section information was assembled from a variety of sources, including JPL 94-26.
Hydrolysis of C10N02, N205, and BrON02 on the surface of stratospheric sulfuric acid aerosol are
included as the probable dominant heterogeneous process. Neither N205 nor BrONQ2 have a sulfate
aerosol composition dependency; their reaction probabilities are 0.1 and 0.6 respectively. C10N02
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hydrolysis does have a composition dependency and is modeled following the work of Hanson et al.
[4], This study does not include any representation of chlorine activation by polar heterogeneous
chemistry. In the photochemical operator, the continuity equation is solved for each individual species
(i.e., no lumping of species into chemical families are made) using a variable time step, variable order,
implicit technique for solving stiff numerical systems with strict error control. This solution technique
(SMVGEARII) has recently been developed by Jacobson [5].
All model results from this study are consistent with integrating the continuity equation in a
therefore eliminating any errors incurred by integrating in a diurnal average mode
using diurnal average coefficients.

diurnal manner,

3. LOWER STRATOSPHERE ODD-OXYGEN LOSS

Before any model is used in an assessment calculation, it should be evaluated when possible
with observations. Within the last few years the amount of data available for model/data
intercomparisons has increased dramatically with the launch of Upper Atmospheric Research Satellite
(UARS) and the numerous ER2 aircraft campaigns. Below is a example of how results from one
aircraft campaign can be used to evaluate lower stratospheric ozone photochemistry.
Aircraft measurements of simultaneous trace constituents distributions during the Stratospheric
Photochemistry, Aerosol and Dynamics Expedition (SPADE), allow one to determine the oddoxygen loss partitioning among chemical families [6], This data was taken in April and May 1993,
between 15-60°N, up to 21 km. The sulfate aerosol surface area density (SAD) was about five times
the expected volcanic clean background. As discussed in Wennberg et al. [6], this data highlights the
dominance of HOx and C10x+BrOx catalytic loss relative to NOx during this period. Comparison of
this data to model-derived partitioning is an important test of any assessment model. In Figure 2,
comparison of a LOTUS result to the SPADE data is shown. Here the ambient atmosphere of LOTUS
is representative of a 1993 atmosphere with five times the background SAD. The comparison between
data and model-derived odd-oxygen loss is in good agreement for the latitude shown. However, more
detailed analysis of not only the odd-oxygen partitioning, but the absolute NOx, HOx, and C10x+BrOx
odd-oxygen loss rates is needed before one develops trust in the accuracy of a model representation of
ambient conditions.
4. HSCT ASSESSMENT RESULTS

As shown in Figure l, the LLNL 2-D model result published in the 1995 assessment [1] is
considerably more negative in the lower stratosphere (less than 20 km) than the other four assessment
models. After development of LOTUS and comparison to available data, we have re-integrated a few
of the 1995 HSCT assessment scenarios to see what effect our previous use of diurnal average
coefficients had on our published results. In addition to changes in our diurnal average approach,
there were additional improvements to LOTUS over the previous LLNL 2-D model used in the 1995
assessment. These differences include: 1) re-evaluation of tropospheric lightning, increasing the
integrated source from two to five Tg year"'; 2) calibrating the methlychloroform lifetime to 5.0 years
(previous 6.9 years); 3) lowering the location of the minimum in the water mixing ratio within the
lower stratosphere by up to two grid zones; 4) including BrON02 hydrolysis with a reaction
probability of 0.6; and 4) assorted computational “bugs”. These individual difference will not be
discussed in detail here, however, the sum of all these differences explain the majority of the
difference between the new LOTUS assessment and that published in the 1995 assessment.
In Figure 3, the new result using LOTUS (EI^0x = 5, lxSAD; solid line) is shown and can
be compared directly to Figure 1. The change in ozone is even more negative than previous published
results. Comparison of percentage change in column ozone is shown in both Table 1 and Figure 4a
and Figure 4c. Here again, the LOTUS model-derived change in column ozone is more negative that
previously published results. This increased ozone depletion is a combination of many factors, but
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one can certainly say that the difference between the LLNL model and the other models in the 1995
HSCT assessment is not due to inherent errors in the previous LLNL diurnal averaging approach.

NOx Loss
CIOx+BrOx Loss
HOx Loss

-

100

0.10

Odd-Oxygen Loss Rate Fraction
Figure 2 — Model-derived HOx, NOx, C10x+BrOx, odd-oxygen loss partitioning (narrow lines)
relative to data retrieved on the 1 May 1993 flight of the ER2 aircraft during the SPADE campaign
(thick lines).
5. SURFACE AREA DENSITY SENSITIVITY

The magnitude of the sulfate aerosol surface area density has a large impact on the magnitude
of an HSCT ozone assessment. In Figure 3, Figure 4b, Figure 4d and Table 1, the impact of
increasing the SAD by a factor of five is shown. Local ozone change in the troposphere and lower
stratosphere is positive. In the stratosphere, this is due to a repartitioning of odd-oxygen loss away
from NOx and towards HOx and C10x+BrOx. In the troposphere, more ozone is formed via the
methane smog reactions. The net extent of both these processes is a less negative column ozone
change. In future assessments it will be very important to examine how assessment model compare
when different magnitudes of SAD are used.

LLNL in [1]
LOTUS
LOTUS

5
5
5

1 xBkg
1 xBkg
5 x Bkg

-0.2
-0.4
-0.2

-0.3
-0.4
-0.2

-0.2
-0.3
-0.2

-0.3
-0.5
-0.2

LLNL in [1]
LOTUS
LOTUS

15
15
15

1 xBkg
1 x Bkg
5 x Bkg

o

Table—1 Calculated steady-state change in column ozone (%). The background case includes
emissions from a projected 2015 subsonic fleet without HSCTs. The lxBkg SAD is taken from [7]
and was used in the NASA 1995 assessment [1]. The previous LLNL 2-D assessment (LLNL [1])
did not include BrONQ, hydrolysis on sulfate aerosol._____________________________________
40-50N
S.H.
El NOx
SAD
Global
N.H.
Model

-0.9
-1.2
-0.2

-0.4
-0.6
-0.1

-1.0
-1.4
-0.1

-0.9
-0.1
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Figure 3 — Calculated change in ozone concentration for a fleet of 500 Mach 2.4 HSCTs (EINOx = 5).
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5. SUMMARY
The new LLNL 2-D model (LOTUS) was used to investigate the impact of emissions from
HSCTs on stratospheric ozone abundance. This model is integrated in a diurnal manner (diurnal
average coefficients are not used), making no chemical family lumping assumptions. Initial
comparison to aircraft data suggest good agreement in odd-oxygen loss partitioning. More detailed
comparison of absolute ozone loss is still necessary before definitive conclusions on the agreement
between data and LOTUS can be made. Proposed HSCT emission scenarios using LOTUS gave a
more negative ozone response than the previous LLNL 2-D model and other 2-D assessment models.
The sensitivity to sulfate aerosol SAD is large and should be included in the next international
assessment of the atmospheric effects on stratospheric aircraft.
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Abstract

A hierarchy of models of different complexity has been applied to estimate the impact of aircraft NOx
emissions on atmospheric chemistry: The global circulation model ECHAM3 has been coupled with two types
of chemistry moduGfe- The first of these describes only a simplified (linear) NOz and HNO3 chemistry while
the second one is a comprehensive chemistry module (CHEM), describing tropospheric and stratospheric
chemistry including photochemical reactions and heterogeneous reactions on sulphate aerosols and PSCs.
The module CHEM has been coupled either off-line or with feedback via the ozone concentration. First
results of multiyear integrations (over decades) are '^g™icgoH
p™n°nt pap°r
1. Introduction
In recent years the potential environmental impact of aircraft emissions attracted considerable
attention [e.g. Held, 1988; Johnston et al., 1989; Schumann, 1990; Beck et al., 1992; Johnston et
ah, 1992; Schumann and Wurzel, 1994; Schumann, 1994; 1995]. Aircraft NOx (= NO + NO2)
emissions can modify the atmospheric NOx concentration, in particular at cruise altitude. This in
turn changes the atmospheric ozone concentration and the concentration of other chemical species
[e.g. Hidalgo and Crutzen, 1977; Isaksen and Hov, 1987; Crutzen, 1988; Johnston et al., 1989;
Crutzen and Briihl, 1990; Douglass et ah, 1991; Tie et ah, 1994; Schumann, 1995; Kohler et ah,
1996]. The total NOx emissions by air traffic were specified to be of the order of 2.8 Tg/a (=
2.8 • 1012g/a, here expressed as Tg NO2) as estimated for the year 1989.
A hierarchy of models of different complexity has been applied in order to study the impact of
aircraft NOx emissions on atmospheric chemistry. In each case the radiative-dynamic part is the
general circulation model ECHAM3. In the simpliest case a linear NOx and HNO3 chemistry
module is coupled to ECHAM, with NOx and HNO3 as prognostic variables. In two other cases a
detailed chemistry module is coupled to ECHAM, first in an off-line mode and second in an on-line
mode. This chemical module comprises processes relevant for O3, N, and Cl chemistry in the upper
troposphere and stratosphere including heterogeneous reactions. In the off-line mode ECHAM
serves as a transport model for the chemical species, but no feedback of the species on the radiation
and the dynamics is allowed. In the on-line mode mutual feedbacks between chemistry, radiation,
and dynamics are allowed, i.e. chemical species are not only transported according to subgrid-scale
and large-scale transport processes of the model, but the simulated ozone concentrations enter the
radiation code, and hence, changes in ozone concentrations result in changes of dynamics.
Decadal integrations were performed, using each of the three model versions. Control integrations
without aircraft emissions as well as perturbed integrations with aircraft emissions have been run.
2. Model description
ECHAM3 is a spectral atmospheric general circulation model [Roeckner et al., 1992] which has
been used for a multitude of climate sensitivity, climate change, and tracer transport experiments
[e.g. Feichter et al., 1991; Cubasch et al., 1992; Sausen and Kohler, 1994; Boucher and Lohmann,
1995; Graf et al., 1995; Lunkeit et al., 1996; Ponater et al., 1996]. Prognostic variables are vorticity,
divergence, temperature, surface pressure, humidity, cloud water, and up to 16 different tracers
(optional). ECHAM3 contains state of the art parameterizations of radiation, cloud formation
and precipitation, convection (including tracers), vertical and horizontal diffusion, and land surface
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processes. It has 19 vertical layers between the surface and the model top at 10 hPa, using a
cr-p-coordinate system. For this study ECHAM3 is used in a T21 horizontal resolution.
The linear NOz chemistry module [Kohler et al., 1996] has been adopted from Ehhalt et al. [1992].
Only two nitrogen compounds are included as prognostic variables: NOz = NO + NOg and HNO3.
The latter plays the role of a longer living atmospheric reservoir for reactive N. Compounds like
OH or O2 and the photolysis rates are prescribed.
The comprehensive three-dimensional (3D) chemistry module CHEM [Steil, 1996] with a numerical
scheme appropriate for subsequent use in GCMs is based on the “family-concept”. The module
uses a semi-implicit positive definite integration scheme allowing large time steps (here 40 min.). It
is mass-conserving for the most important catalysts of ozone destruction and their reservoir gases.
A comprehensive chemical system involving 107 photochemical reactions and 37 species, can be
handled for long-term integrations (over decades) of the 3D circulation model.
CHEM contains the following prognostic chemical species and families:
CH4, N20, HC1, H202, CO, CH3O2H, CIONO2,
HN03 + type I PSC (NAT: HN03 • 3 H20) , H20 + type II PSC (water ice),
CIO: = C1 + CIO + ClOH + 2 • CI2O2 + 2 • Cl2,
NOX = N + NO + N02 + NO3 + 2 • N205 + HNO4,
OX = 03 + 0(3P) + 0(1D).
In the following, ClOX denotes the sum of C10z and CIONO2 The constituents of the families
(ClOx, NOX, OX) are either integrated photochemically as a function of lifetime or calculated
analytically, i.e. assumed to be in equilibrium. Products of the methane oxidation, CHgO, CH3O2,
CH3O, and the HOz-family (= H + OH + HO2), are computed at each time step from diagnostic
equations only considering chemistry.
The following heterogeneous reactions are included in order to take into account processes on polar
stratospheric clouds (PSCs, eq. (l)-(4)) and sulphate aerosols (eq. (3) and (4)):
C10N02(g) + HCl(s) —^ Cl2(g) + HN03(s)
ClOH(g) + HCl(s) -> Cl2(g) + H20(s)
C10N02(g) + H20(s) —^ ClOH(g) + HN03(s)
2HN03(s)
NgOsW+HgOfs)

(1)
(2)
(3)
(4)

with (g) denoting the gas phase and (s) the aerosol surface.
A detailed description of CHEM, in particular of the PSC parameterization used in this model,
can be found in Steil [1996], as well as of other important parameterizations and initialisations
(e.g. sedimentation of NAT- and water-ice particles, dry and wet deposition of chemical species,
upper boundary conditions for NOY (=NOX + HNO3) and C1X (=CIOX + HC1)) used in the
present model.
3. Model results and discussion

3.1. Experiments with simplified NOz chemistry
Using the simplified linear chemistry has the advantages that the contributions of individual NOz
sources can be independently handled throughout one model integration. For instance, t he various
contributions (surface, lightning, stratospheric input, and aircraft emissions) to the total atmo
spheric burden of NOz in January and July have been integrated over the region between 30°N
and 60°N, and between 175 and 325 hPa [Kohler et al., 1996]. This region includes the area with
the most intensive air traffic. Table I shows the calculated relative contributions of the individual
NOz sources to the total atmospheric burden of NOz. It also contains ranges of uncertain ties which
originate from uncertainties in the magnitudes of the different sources [Lee et al., 1996].
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Table I - Calculated relative contribution [%] of the individual N0X sources to the total atmospheric burden
of N0X as mean over the region 30° N and 6CPN and 175 to 325 hPa. Small deviations from the total of
100% arise from rounding errors. The latter two columns contain ranges of uncertainties.

Surface sources
Lightning
Stratospheric Input
Aircraft emissions (ANCAT/DLR)
Aircraft emissions (NASA)

January
25%
5%
2%
68%
57%

July
56%
16%
5%
24%
16%

uncertainty range
January
16%-48%
2%-24%
1%- 6%
42%-80%
-

uncertainty range
July
26%-75%
6%-53%
2%-12%
10%-37%
-

N0Z emissions from aircraft lead to a significant enhancement of the concentration of nitrogen
oxides in the upper troposphere at northern mid-latitudes. In July the relative contribution of
NOz from aircraft to the total atmospheric burden of NOz is calculated to be 24% in the above
mentioned latitude and altitude region (Table T). In January the value is determined to be 68%.
Regionally, in particular downstream the North Atlantic flight corridor, maxima of more than 80%
are obtained [Kohler et al., 1996]. The uncertainty ranges of these relative contributions are 42-80%
and 10-37% for January and July, respectively. If the ANCAT/DLR aircraft emission data were
replaced by the NASA data, which were scaled to match the total airfuel consumption, the mean
contributions are 57% and 16% for January and July conditions, respectively. These numbers are
within the uncertainty ranges of the ANCAT/DLR data.
Surface sources and lightning contribute about 25% and about 5%, respectively, to the January
NOz concentration in the above defined area. In July NOz from surface sources become dominant
for the NOz concentration in this region (56%). The contribution by lightning is about 16% in
July. The contribution from the stratosphere is negligible for both January and July.
3.2. Off-line experiments with ECHAM3/CHEM
A 34-year experiment has been performed with ECHAM3/CHEM in an off-line mode. The input
of NOz into the atmosphere from various sources as used in this model simulation is summarized
in Table II. Although the spin-up time of the model is approximately 2 years, only the model
results for the 30 model years 5 to 34 are considered for interpretation. The impact of aircraft
emissions is determined as differences between pairs of runs, i.e. a control experiment without
aircraft emissions and a perturbed experiment with aircraft emissions. Since the model has been
run in an off-line mode, the meteorological conditions are identical for both simulations. Former
investigations of the control experiment [Steil, 1996; Grewe, 1996] show that ECHAM3/CHEM is
able to reproduce fairly well the climatological features of ozone, i.e. the mean distribution and
intra- and interannual variability. Dynamic and chemical processes leading to stratospheric ozone
reduction are well described by the model.

Table II - Input of NOx into the atmosphere from various sources as used for the model simulations with
ECHAM3/CHBM.
amount
[Tg (N) yr-1]

uncertainty range
[Tg (N) yr-1]

aircraft
(ANCAT/DLR database)
biomass burning
industry and surface traffic

0.85
6.
20.

0.59- 0.95
3.4 - 14.
13. - 31.

soil microbial production
lightning

10.
4.

source

3.7 - 10.
2. - 20.
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Figure 1: Differences between NOx (left column, in pptv) and O3 (right column, in ppbv) volume mixing
ratio of a perturbed off-line integration with aircraft emissions and of an off-line control integration without
aircraft emissions for January (top) and July (bottom), using ECHAM3/CHEM. Positive values indicate
an increase of NOx content due to air traffic. Light (heavy) shaded areas denote regions where a two-sided
univariate student’s t-test yield significance on the 95%- (99%-) level.
Figure 1 shows the change of atmospheric NO$ (left column) and O3 (right column) volume mixing
ratio due to aircraft emissions for both January (top) and July (bottom) conditions. A significant
increase of NOx (shaded areas) is observed not only near the main flight height around 200 hPa.
It is obvious that the atmospheric NOx content is globally influenced by air traffic between the
middle troposphere (500 hPa) and the lower stratosphere (50 hPa). There are only slight differences
regarding season. A significant increase of ozone can be detected in the troposphere. In January
(Fig. 1, right top) only in the tropical and sub-tropical troposphere a significant enhancement of
ozone can be observed, which peaks to 7% (approx. 3 ppbv) at 500 hPa near 20°N. The ozone
response in July (Fig. 1, right bottom) is significant also in mid and high latitudes of the tropo
sphere, however, the relative change is largest in the sub-tropical upper troposphere (5%; approx.
2 ppbv).
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3.3. On-line experiments with ECHAM3/CHEM
A 54-year experiment has been performed with ECHAM3/CHEM in an on-line mode. The assumed
sources of NO% in the model atmosphere are identical to the former experiment. Because feedbacks
of the simulated ozone changes to the dynamical model are included, the time development of me
teorological parameters is no longer identical in the control and the aircraft experiment. Therefore
the on-line experiment was simulated over a longer time-period (54 years) than the off-line run (34
years) to get a better basis for the statistical analysis. The spin-up period which has been skipped
for the analysis of the on-line experiments is the same as in the off-line case.
Figure 2 indicates that the increase of atmospheric NOa volume mixing ratio in the troposphere and
lower stratosphere does not change significantly compared to Figure 1. The main increase of NOx
is found in the northern hemisphere near cruise altitudes (200 hPa) as in the off-line experiment.
Larger differences near the model top are not significant. They are caused by the high internal
model variability at these levels arising from the different meteorology in both on-line experiments.
The corresponding ozone response (Fig. 2, right column) is also similar in comparison with the
results of the off-line experiment (Fig. 1). There are only some small differences regarding the size
of the area with a significant response. In January (Fig. 2, right top) a significant increase of ozone
is observed not only in the tropical and subtropical troposphere, but also at higher latitudes in the
northern hemisphere (winter). In the southern hemisphere (summer) at mid-latitudes a clear ozone
increase is indicated in the lower stratosphere. In July (Fig. 2, right bottom) a significant ozone
increase can be partly found in the lowermost stratosphere. Changes near the model top are again
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Figure 2: Same as Figure 1, but for an on-line integration with ECHAM3/CHEM.
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Figure 3:

Differences of temperature (in K) of an on-line control integration without aircraft emissions
and of a perturbed on-line integration with aircraft emissions for January (left) and July (right), using
ECHAM3/CHEM. Positive values indicate an increase of temperature due to air traffic. Light (heavy) shaded
areas denote regions where a two-sided univariate student’s t-test yield significance on the 95%- (99%-) level.

due to internal model variability and are not significant. Since ECHAM3/CHEM has been run
in an on-line mode, one can look for temperature changes originated by ozone changes due to the
assumed NOx emissions by todays sub-sonic air traffic. Figure 3 shows the calculated temperature
changes for January (left) and July (right). The presented differences between the two model runs
only show a very weak temperature signal.
4. Conclusions

The global circulation model ECHAM3 has been coupled with two types of chemistry modules in
order to investigate the impact of aircraft NOx emissions on atmospheric chemistry.
An assessment of the relative contribution of aircraft NOx emissions to the atmospheric NOx con
tent has been given using the global circulation model ECHAM3 with a simplified NOx chemistry.
It shows that especially near cruise altitude a doubling (and more) of the atmospheric NOx mixing
ratio is possible due to sub-sonic air traffic.
Multiyear simulations (on-line and off-line) with the coupled dynamic-chemistry model
ECHAM3/CHEM indicate that a significant increase of ozone due to aircraft NOx emissions is
mainly found in the troposphere and lowermost stratosphere. There are no clear indications for an
ozone loss in the middle stratosphere. Additionally, the on-line experiment yield no clear temper
ature signal due to the NOx/ozone changes.
The results discussed in this paper should be seen as a first approach with the coupled dynamicchemical model ECHAM3/CHEM, in order to estimate how sensitive the atmosphere reacts on
aircraft NOx emissions. Since the impact of other aircraft emissions also relevant for climate,
i.e. water vapour, carbon monoxide and dioxide, sulfur oxide or soot, is not yet considered in the
present model, no final conclusion can be drawn about possible climate change due to air traffic.
Nevertheless, ECHAM3/CHEM in its present state can be viewed as a solid basis for further in
vestigations.
Acknowledgements. This study was supported by the German Bundesministerium fur Bildung, Wissenschaft,
Forschung und Technologic (BMBF) and the Commission of the European Community (AERONOX- and
POLIN AT-project).

References
-“-Beck, J.P. et al., The effect of air traffic emissions on tropospheric ozone in the northern hemisphere, Atmos.
Environ., 26A, 17-29, 1992.
— Boucher, O. and U- Lohmann, The sulphate-CCN-cloud albedo effect. A sensitivity study with two general
circulation models, Tellus, IflB, 281-300,1995.

342

_Crutzen, P.J., Tropospheric ozone: An overview, In 7.S.A. Isaksen: Tropospheric Ozone, NATO ASI Series,
Series C, Vol. 227, D. Reidel Publ. Company, Dordrecht, Holland, 3-32, 1988.
—Crutzen, P.J. and C. Briihl, The atmospheric chemical effects of aircraft operations, In U. Schumann (ed.):
Air traffic and the environment - background, tendencies and potential atmospheric effects, Lecture Notes in
Engineering, Vol. 60, Springer Verlag, Berlin, Heidelberg, 96-106, 1990.
—Cubasch, U. et al., Time-dependent greenhouse warming computations with a coupled ocean-atmosphere
model, Climate Dyn., 8, 55-69, 1992.
""Douglass, A.R. et al., The atmospheric effects of stratospheric aircraft: A current consensus, NASA Re
fer. Publ., 1251, 39pp., 1991.
—-Ehhalt, D.H. et al., Sources and distribution of NOx in the upper troposphere at northern mid-latitudes, J.
Geophys. Res., 97, 3725-3738,1992.
—Feichter, H. et al., Three-dimensional modeling of the concentration and deposition of 210Pb aerosols, J. Geo
phys. Res., 96, 22447-22460,1991.
-uGraf, H.F. et al., Recent northern winter climate trends due to ozone changes and increased greenhouse gas
forcing?, Beitr. Phys. Atmosph., 68, 233-248, 1995.
_Grewe, V., Der Einflufi chemischer und dynamischer Prozesse auf die Ozonverteilung der Nordhemisphare,
Ph. D. Thesis, Institut fur Meteorologie, Universitat Munchen, 1996.
—Held, M. (ed.), Okologische Folgen des Flugverkehrs, Tutzinger Materialie 50/1989, ISSN 0930-1850,132pp.,
1988.
-^-Hidalgo, H. and P.J. Crutzen, The tropospheric and stratospheric composition perturbed by NOx emissions
of high altitude aircraft, J. Geophys. Res., 82, 5833-5866, 1977.
—Isaksen, I S A. and 0. Hov, Calculation of trends in the tropospheric concentration of 0$, CO, CH4 and
NOx, Tellus, 39B, 271-285, 1987.
-Johnston, H.S. et al., Nitrogen oxides from high altitude aircraft: An update of potential effects on ozone,
J. Geophys. Res., 94, 16351-16363,1989.
—Johnston, H.S. et al., Impact of aircraft and surface emissions of nitrogen oxides on tropospheric ozone and
global warming, Nature, 355, 69-72, 1992.
"Kohler, I. et al., Contributions of aircraft emissions to the atmospheric NOx content, Atmos. Environ., in
press, 1996.
_Lee, D.S. et al., Estimation of Global NOx Emissions from Non-Aviation Sources, Atmos. Environ., in press,
1996.
-"Lunkeit, F. et al., Climate simulations with the global coupled atmosphere-ocean model ECHAM2/OPYC,
aim. Dyn., 12, 195-212, 1996.
"-Ponater, M. et al., Simulating the global atmospheric response to aircraft water vapour emissions and con
trails - A first approach using a GCM, Ann. Geophysicae, in press, 1996.
—Roeckner, E. et al., Simulation of the present-day climate with the ECHAM model: Impact of model physics
and resolution, Max-Planck-Institut fur Meteorologie, Report No. 93, 171pp., 1992.
—Sausen, R. and I. Kohler, Simulating the global transport of nitrogen oxides emissions from aircraft,
Ann. Geophysicae, 12, 394-402,1994.
— Schumann, U. (ed.), Air traffic and the environment - background, tendencies and potential atmospheric
effects, Lecture Notes in Engineering, Vol. 60, Springer Verlag, Berlin, Heidelberg, 170pp., 1990.
—Schumann, U., On the effect of emissions from aircraft engines on the state of the atmosphere, Ann. Geo
physicae, 12, 365-384, 1994.
'-Schumann, U. and D. Wurzel (eds.), Impact of emissions from aircraft and spacecraft upon the atmosphere,
DLR-Mitteilung 94-06, ISSN 0939-298X, 1994.
--Schumann, U. (ed.), AERONOX - The impact of NOx emissions from aircraft upon the atmosphere at flight
altitudes 8-15 km, EC-DLR Publication on Research Related to Aeronautics and Environment, Oberpfaffenhofen, 471pp., 1995.
—Steil, B., Modellierung der Chemie der Strato- und Troposphere mit einem dreidimensionalen Zirkulationsmodell, Ph. D. Thesis, Institut fur Meteorologie, Universitat Hamburg, 1996.
_Tie, X. et al., The impact of high altitude aircraft on the ozone layer in the stratosphere, J. Atmos. Chem.,
18(2), 103-128, 1994

343

AGTJ GRL galley style, v3.0, 29 Oct 93

Comparative scenario study of tropospheric ozone
climate interactions using a global model : a 1 % global
increase rate, the IS92a IPCC scenario and a simplified
aircraft traffic increase scenario
S. Chalita
Service d’Aeronomie du CNRS, Universite Paris VI, Paris

H. Le Trent
Laboratoire de Meteorologie Dynamique du CNRS, Ecole Normale Superieure, Paris1

1 Address for Correspondence:
Sophie Chalita
20, Alice Sainte Lucie
92500 Rueil Malmaison FRANCE

345

Abstract.
Ozone
constitutes
the essential of atmospheric chemistry-climate coupling
since it evoques many of the major features of global
scale climate modelling. Many facets of the tropo
spheric ozone-climate problem have been studied with
long pluriannuel simulations of the LMD GCM (Laboratoire the Meteorologie Dynamique General Circulation
Model) coupled to a slab-ocean mixed layer in combina
tion with IMAGES (Intermediate Model for the Annual
and Global Evolution of Species) global tropospheric
ozone concentrations for a pre-industrial, present and
future atmosphere. We report a value of 0.28Wm~2
for the global mean annual averaged radiative forcing
of climate associated to a surface temperature elevation
of 0.47 ± 0.12°K since the begining of the industrialisa
tion. In a preliminary analysis, the difference between
this radiative forcing value and others published ones
seems to be related to a two-stage process: intermodel
differences, mainly in depictions of chemical and trans
port treatment, and to the strong radiative forcing de
pendence on the ozone vertical profile changes. Future
projections of radiative forcing for “the next 50 years
tropospheric ozone increase scenario” give, as a critical
limit, an increase rate of 0.11 Wm-2 per decade, plac
ing ozone as the second most significant greenhouse gas
for the next half century. In the IS92a scenario, a rate
of 0.025Wm-2 per decade is obtained, which gives to
ozone the third position of the greenhouse gas, sucessively behind carbon dioxide (CO2) and methane (CH4)
and above nitrous oxide (N2O). Aircraft traffic increase
contribution is evaluated in a 4 — 7% high troposphere
ozone increase scenario between 25°N and 60°N region.
In this case, the radiative forcing values are situated
between 0.04 — O.OSWm-2 during annual cycle, repre
senting an important contribution in what concern the
tropospheric ozone radiative forcing impact on climate.

Introduction
Recently great attention has been given to tropo
spheric ozone as a greenhouse gas due to its increas
ing tropospheric levels and potential to changing ra
diative forcing and climate. Contrarily to other exten
sively studied greenhouse gases, global ozone concen
trations are regionally heterogeneous with an impor
tant seasonal variation. Logan, 1994 showed that ozone
trends are also highly regional structured.
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Sensitivity studies have been made to establish the
relationship between different scenarios of tropospheric
feone increase and radiative forcing. The magnitude of
the forcing is-sensitive to both the amount of column
ozone change and the height where it occurs. Ozone
changes near the tropopause region are the most effec
tive in changing climate [Lacis et al., 1990; Chalita et
al., 1996]. Recently much attention has been given to
aircraft emissions as a tropopause ozone source. Ozone
radiative forcing since pre-industrial period has also
been reported [Hauglustaine et al., 1994; Marenco et
al., 1994; Lelieveld et al., 1995]. Basically performing
these calculations evoke the determination of the tro
pospheric ozone trends that are used to run a radiative
scheme code or analytical formulas.
/
This study investigates jfome aspects of the ozpfleclimate interactions for pasT'and-fulnre scenanostfedSrff
the LMD GCMTThesecalculatiQns employ IMAGES
[Muller et al., 1995] tropospheric ozone concentrations
for a ore-industrial, preientland future atmospheres.

Models Description and Experiments
A low resolution version of the LMD GCM is used,
with 48 points in longitude, 36 points regularly spaced
in sine of the latitude and 11 vertical layers (four in
the planetary boundary layer, four in the mid- and
high troposphere and three in the stratosphere) cou
pled to a simplified slab-ocean layer model. The cou
pling between atmospheric and ocean models is made
by imposing ocean surface fluxes calculated by a pre
scribed climatological sea surface temperature simula
tion. The radiation transfer parametrization is based
on the scheme described by Fouquart and Bonnel (1980)
for the shortwave radiation and by Morcrette (1991) for
longwave radiation excluding the 14pm ozone absorp
tion band. The first version of the model was developed
by Sadourny and Laval (1984). The LMD GCM simu
lates reasonably present-day climate and its variability.
The IMAGES model is described and locally validated
elsewhere [Muller et al., 1995].
We perform three series (name El, E2 and E3) of two
25 years simulations with the LMD GCM to determine
the ozone contribution to surface temperature change
since the begining of industrialisation: a control (with
present-day ozone concentration) and a pre-industrial
simulation. Each group of two simulations differs from
the others by the initial conditions and by the choice
of the imposed ocean surface fluxes, in such a way that
we try to capture the maximum spectrum of responses
due to different climatic synergies, even though the lim
ited number of simulations. Figure 1 shows the surface
temperature change evolution for the last 10 years of

347

Evtrc.

simulation for the O3 experiments (El, E2 and E3) and
for a carbon dioxide (CO2) increase experiment during
the same period (CO2 concentration is increased from
275 ppmv to 355 ppmv). The CO2 surface temper
ature response is approximately twice the ozone one.
Although there is a considerable spread among the dif
ferent O3 realizations it seems that the responses are
not divergent.
Sensitivity and scenario studies are realised with an
“off-line” version of the radiative transfer scheme to de
termine the instantaneous tropopause forcing. It is de
fined as the difference in the net flux at the tropopause
(level 9 of the LMD GCM, corresponding to 150 hPa)
obtained when the ozone concentration is changed from
pre-industrial to present-day or future values. The oth
ers climatic variables, as surface temperature, atmo
spheric temperature and humidity profiles, are main
tained at their control values.

Results
Radiative forcing and climate change since the
pre-industrial period
We analyse ^he averaged last 10 years of the 25-vear
seasonal integrationsf Figure 2 shows the annual mean
values for the tropopause radiative forcing and the sur
face temperature change for the O3 — EZ and CO2 ex
periments. During annual cycle forcing values show a
strong interhemispheric structure and seasonal depen
dence with a maximun of more than 1 Wm~2 over con
tinents, mainly in warm dry regions of the Northern
Hemisphere. The globally averaged total forcing is 0.28
Wm~2. Approximately 76% of this value arises from
the increased longwave trapping. The planetary bound
ary layer ozone relative change (260%) contributes for
8% to the total forcing. The mid- and high troposphere
ozone variations (respectively 90% and 60%) contribute
for 28% and 61% to the forcing. The annual mean sur
face temperature response is 0.47 ± 0.12°K, maximum
values are recorded over high latitudes of both hemi
spheres.
Certainly these results must be regarded as prelim
inary, the weak intensity and heterogeneous structure
of ozone forcing associated to the strong model vari
ability in these regions contraint definitive conclusions.
A computed t-test statistic using the global surface
temperature response (pre-industrial experiment mi
nus control one), show that the global response is sig
nificant to a 95% confidence level for the E3 experi
ment. For the CO2 experiment, the mean annual forc
ing is 1.07Wm~2 corresponding to a surface tempera
ture change of 1.41°if.
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The current best estimate of the climate forcing re
sulting from increased non-ozone greenhouse gases con
centrations ((702, CH4, iV20 and halocarbons) from
pre-industrial time to present-day conditions is 2.45
Wm~2 in global average [Houghton et al, 1990]. The
carbon dioxide and the tropospheric ozone forcing val
ues obtain in this study contribute for 44% and 12%
respectively to the total forcing.
Sensitivity to the ozone vertical profile change
Two sequences of nine simulations are realised with
an ’’off-line” version of the radiative transfer scheme
to investigate the tropopause forcing sensitivity to the
ozone vertical profile. In the first sequence, nine sim
ulations are done where the ozone column is increased
in each vertical tropospheric layer subsequently by an
amount of +bDU. The ozone column is then decreased
by the same amount in the second sequence. This pro
cedure allows the determination of a radiative efficiency
factor for each tropospheric layer. This factor is more
than 10 times higher in the high troposphere than in
the planetary boundary layer [Chalita et a!., 1996].
Comparative scenario study
In a recent paper, Logan (1994) presented an anal
ysis of ozone trends since about 1970 at many of the
Northern Hemisphere ozonesonde stations. In this pa
per, significant spatial variations in the trends are de
scribed, with the largest increases over Europe (approx
imately 2% yr~ 1 throughout the troposphere), no long
term trend over Canada and a small one over the East
coast of the United States with less than 1% yr~ 1. The
Japanese stations showed increases only below 5.5 km.
Even if a global trend cannot be defined in the basis
of observations, we would like to estimate the potential
future ozone contribution to the forcing of climate: we
analyse then some hypothetical scenarios including the
contribution of aircraft traffic increase. We consider a
1% yr~l global rate of ozone increase and the IS92a
IPCC ozone concentrations scenario as simulated by
IMAGES model for 2050. Despite an increase rate of 1%
yr~ 1 does not represent a realistic scenario, it may be
used to establish critical limits of the global ozone im
pact on the tropopause forcing. We obtain respectively
an increase rate of O.llWm-2 and 0.025Wm~2 per
decade as show by the figure 3. These values indicate
that ozone stands respectively for the second and third
most important greenhouse gas contribution to global
forcing considering the previsions of the IPCC, 1992,
page 175, figure Ax.6 for the C02, CH.1, iV20. Aircraft
traffic increase contribution is evaluated in a 4%-7%
high troposphere ozone increase scenario between the
25°N and 60°N region. A forcing of 0.04— O.OSWm-2
is obtained during annual cycle.
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Figure 1. Annual evolution of the global surface tem
perature change during the last 10 years of simulation
for the Os (El, E2 and E3) and COg increase experi
ments since pre-indhstrial times.

Figure 2. (&),(b) - Annual mean radiative forcing val
ues
for the Os - E3 and CO? simulations;
(c), (d) - Annual mean surface temperature change (A)
since the begining of the industrial period.
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Discussion
Although the determination of past and future mor
phological ozone changes in the troposphere are a com
plex task, we show that ozone increase can substan
tially contribute to the tropopause radiative forcing and
surface warming when comparing to others well-mixed
greenhouse gases. Future projections show that tropo
spheric ozone could be placed as the second or third
most effective greenhouse gas for the next half century.
Nevertheless if the impact of increase aircraft nitrogen
oxide emissions on high troposphere ozone concentra
tions is confirmed, ozone contribution to radiative forc
ing could be even higher than previous calculations.
We argue that the major sources of uncertainty in
ozone radiative forcing calculations remain the chemi
cal model assumptions and the modelling of the atmo
spheric transport process. Differences between atmo
spheric radiative models can not explain the large spec
trum of simulated values, as it was shown by the radia
tive code intercomp araison ozone experiments [Shine et
ai, 1995].
The results of this study are preliminary. Ozone
forcing is basically different from the CO2 forcing, for
its regional and temporal structured nature and for its
rather weak~mtensity. Others GCM studies using dif
ferent forcing structures and intensities raise important
to establish the manner of assessing the ozone- climate
problem.
Acknowledgements-We thank the Institut de Developpement et des Ressources en Informatique Scientifique (IDRIS
- France).
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Contrails Over the U. S.
and Their Potential Impact on the Radiation Budget
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A methodology for assessing the contrail impact on the radiation budget is developed to use data
characterizing the frequency, areal coverage, optical depth, particle size, and altitude of contrails with
observations of cloud and surface properties. The method is tested using various scenarios over the
United States to estimate contrail-induced albedo changes based on current aircraft fuel usage statistics.
The technique can be used for estimating infrared effects and the impact of future fuel-use rates.

1. INTRODUCTION
Increases in cloud cover due to contrails can alter the local radiative balance by reflecting more
solar radiation and absorbing and emitting longwave infrared radiation [1], Under certain conditions,
such changes can affect regional weather and climate. The overall effect of contrails on climate
depends on a number of factors including frequency and timing of occurrence, areal coverage,
lifetime, altitude, location, and microphysical properties. Because the upper troposphere is a
relatively clean (aerosol-free) environment, the addition of high concentrations of cloud condensation
nuclei have the potential for making a larger impact than they would in the lower troposphere. With
commercial air traffic expected to increase by more than 200 percent by 2015 [2], the effects of
aircraft exhaust on the atmosphere have become a subject of considerable interest leading to the NASA
Atmospheric Effects of Aircraft Program (AEAP), sponsor of the Subsonic Assessment (SASS)
Project [3]. One of the SASS goals is the evaluation of the contrail effect on climate. This paper
develops a new approach for assessing the radiative impact of contrails, the first step to understanding
the overall climatic effect
Only a few satellite analyses have been performed to determine the change in cloudiness due to
contrails. For example, Bakan et al. [4] used visual analysis of thousands of quicklook from the
NOAA Advanced Very High Resolution Radiometer (AVHRR) infrared images taken over the
northeast Atlantic and Europe to estimate contrail cloudiness for 1979-1981 and 1989-1992. They
found a distinct seasonal cycle with a southward displacement of the contrail maximum during winter.
Maximum contrail coverage in their analysis occurred during summer centered along the North
Atlantic air routes. The coverage over that area increased during the 10-year interim. Similar analyses
over the air corridors of the U.S. have not yet been performed. In this paper, a new surface-based
contrail occurrence data base is used to estimate potential changes in albedo over the United States due
to contrail-cloud cover. A modeling approach is used to relate aircraft fuel usage to contrail-enhanced
cloud cover and ultimately to albedo changes.
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2. METHODOLOGY
For a given area and local time t, the albedo a at the top of the atmosphere can be described
simply as a linear combination of the cloudy and clear albedos or
ocnatit, <p,X) = acir(t,<p,X){\- C) + acid(t,<?,X) C.

(1)

where the fractional cloud cover is C, the subscripts nat, dr, and dd refer to natural or contrailfree, clear, and cloudy, respectively, and <j> and A are latitude and longitude, respectively. The
albedo for the same region in the presence of contrails can be estimated as
ttCON(t,

,A) = «czJ?dA<M-)(l- Q + occLDCfcfaX) C.

0

(2)

The albedo for the portion of the scene that contains contrails over an otherwise clear background is

=

UCLRCit, <PM

aclr(t,<t>,A)(l- Cdr)

+

CCconM,A) Cc/r,

(3)

where ctfr = c(2 - fcid / C), c is the average contrail fractional coverage for the area, and fcid is the
fraction of the time that an area is overcast by clouds. Similarly, the cloudy albedo when contrails
overly the clouds is

GCLDCit, <P,X) = acid(t,<i>,A)(l- ccid) + OcidcitAA) ccid,
where

(4)

cdd = cfcid / C. The total albedo is
cctotit, (j>,A) = antit('AA)(l- f) + acON(t,<p,X) /,

(5)

where the frequency of contrail occurrence is
/=#, *,A).

(6)

To determine the overall effect, the albedo must be integrated over all local times to determine
the albedo for the entire day. The mean daily albedo in all conditions is

Z

cctot(tj) Uo(tj) Atj

Z /ty(tf)

Atl

(7)

where /Ty is the average cosine of the solar zenith angle for the time interval of length Ar,- centered at
time ti, and i is the subscript denoting a particular mean local time. The mean daily albedo in the
absence of contrails is
&NAT(<P,X)

Z

Ctnat(U) ttotii) Atj

Z

Ati

(8)

The albedo change due to the contrails is
Aa(<p,X) =

ajot -

ccnat■

(9)

A reasonable estimate of the monthly mean albedo change over a given month can be derived using
(9) with the monthly mean contrail frequencies and cloud cover, effective solar zenith angles, and
mean cloudy and clear-sky albedos at each local hour.
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Fig. 1. Comparison of 3° regional fuel use in upper
troposphere to mean contrailfrequencies for U.S. sites
during April Line is regression fit.

Fig. 2. Mean hourly contrail frequencies for 19 U.S.
sites during April relative to the average of 0.19. Curve
is a second-order harmonic fit to the data.

3. DATA AND ANALYSIS
The area between 28°N to 49°N and 61°W to 124°W was gridded into 3° x 3° boxes and used
to represent the continental U.S. Baughcum (1996) recently produced Estimates of the 1992
scheduled [5] and other [6] monthly mean aircraft fuel usage as a function of altitude were combined
on a 1° latitude-longitude grid over the world. Because most long-distance aircraft fly above 8 km,
the fuel usage for each month was averaged for each 3° box between 8 and 14 km to yield F(<j>,X)
where 0 and X are referenced to the center of the box. Monthly mean persistent contrail
frequencies for 19 locations over the U.S. from 1993 and 1994 [7] were correlated with the 8-14 km
average fuel use rate for the nine 1° boxes nearest to the surface site. It is assumed that fuel use rates
were essentially unchanged between 1992 and 1994. The frequency data are computed relative to the
number of hours when it was possible to see contrails. Contrails were indeterminate when overcast
conditions prevailed. It is assumed here that contrail frequency is the same for both unobscured and
indeterminate conditions.
Figure 1 shows the scatterplot and regression line for April where
/= bF,

(10)

For this case, the coefficient b is 0.107; the coefficient of correlation is R- 0.57; the monthly mean
contrail frequency is 0.183; and F is given in pounds per second. This relationship is used to
estimate f at locations over the U.S. during April. Similar correlations were performed for each
month and a harmonic fit was applied to the results to obtain a smooth variation of b with time. The
peak and minimum values of b occur during February and July, respectively. The variation of b
empirically accounts for the meteorological dependence of contrail occurrence. The diurnal
dependence of contrail frequency was estimated using monthly hourly means for the 19 sites and
normalizing the data to the 19-site monthly mean. The expected frequency of occurrence at a given
hour is fit) = 5(r) f, where 5 is the normalization factor for hour t.
Cloud amounts consist of monthly means derived from the 1985 International Satellite Cloud
Climatology Project (ISCCP) C2 product [8]. These means were interpolated to match the 3° grid
boxes used here. The surface-based observations of indeterminate contrails were correlated to the
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,1 ...I. 4

MEAN CLOUD AMOUNT (%)
Fig. 3 - Mean cloud amount and indeterminate contrail
frequency for 19 U.S. sites during April with regression fit.

monthly mean surface-observed cloud fraction to determine how often contrails would occur over
other clouds. A simple linear relationship,
fcld = bo + bjC,

(11)

was used to represent the relative frequency of contrails over clouds. The scatterplot and fit for April
is shown in Fig. 2, where bo = -0.504 and bj = 0.0152. The coefficients were fitted to a second
order harmonic to produce a smoothly varying set of conversion lines for each month. Using the
ISCCP data to find C for a given region and month, it is possible to determine fcui from (11),/
from (10), andfdr from (6). The mean cloud optical depths, r, were also computed from the ISCCP
C2 data.
Albedos at the top of the atmosphere were calculated using the methodology of Charlock et al.
[9] that is based on the radiative transfer model of Fu and Liou [10]. Standard midlatitude winter and
summer atmospheres were used for the appropriate months and an average of the two was used for
spring and fall months. Surface albedo was specified using a land type map and the method of
Briegleb et al. [11] was used to relate albedo to surface type. The monthly mean cloud optical depth
was inserted at 5 km and the contrail optical depth r was placed at 10.5 km. Contrail coverage was
varied from 0 to 100%. The contrail optical depths were 0.05,0.1,0.2, and 0.3. The cloud particle
effective radius was specified at 10 gm and the contrail crystal effective diameter was set at 24 |im.
The clear and cloudy albedos were computed at each local time for both contrail and contrail-free
conditions in a given region.
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Fig. 4. Estimated albedo change over the U.S. during April due to contrails of various
optical depths for (a) observed frequency and (b) 100% frequency.
4. RESULTS
Figure 4 shows the mean change in albedo for April using the April 1990ISCCP dataset. The
mean frequency of contrail occurrence over the U.S. for April is approximately 10% based on the
model used here. Thus, the changes in albedo for the observed frequencies (Fig. 4a) are almost an
order of magnitude smaller than the 100% frequency case. The mean ISCCP cloud cover for the
domain is -0.65 so the value of /c/y is - 0.43. Assuming an average albedo of 0.38 for the domain,
the change of 0.001 for c = 30% and r= 0.3 is a minor change of only 0.3%. A 1% increase in the
albedo would require the contrails to completely fill a given 3° box with an optical depth of 0.3, an
unlikely scenario. If the contrails occurred at all times (Fig. 4b), the albedo change would be quite
noticeable. As seen in Fig. 5b, 30% coverage by the contrails with T = 0.3 would cause a shortwave
cooling of almost 4 Wm'* if the contrails always occurred, also an improbable event. If the current
frequency is used, the corresponding decrease in shortwave flux to the system is only -0.4 Wnr2.
The change in albedo or shortwave flux also depends on cloud amount because the impact of contrails
on albedo is relatively minor when they are over another cloud.

CONTRAIL COVER

CONTRAIL COVER

Fig. 5. Same as Fig. 4 except for change in mean reflected shortwave flux.
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The mean differences in albedo shown in Fig. 4 do not accurately portray the regional
variability in the albedo change. Maximum increase in albedo, 0.003 (r = 0.2, c = 30%) would be
expected over the midwestem U.S. from Chicago to New York with a secondary maximum from
Miami to Charleston, South Carolina. The contrail albedo change is even seen 1000 km off the North
Carolina coast. A third maximum would be expected over southern Nevada where it is relatively clear
and air traffic is heavy. Minimum albedo changes are found over the northern tier of the U.S. and
northern Mexico. Although fuel use patterns are the predominant influence on the albedo changes, the
correspondence is not entirely straightforward because of the cloud patterns.

5. CONCLUDING REMARKS
A methodology for studying the impact of contrails on the radiation budget has been
developed using realistic fuel usage-contrail occurrence data, cloud observations, and surface albedos.
This method can also be adapted to examine the longwave warming effects of contrails and used to
study the effects of projected increases in fuel usage and changes in flight corridors. In this study,
only 1 month of data over the U.S. was examined to study the impact of contrails albedo. Other
months and areas can be examined given the proper relationship between fuel use, contrails, and
weather conditions. Much additional information is also needed to determine the best values for
contrail optical depth, coverage, and lifetimes.
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1. Introduction
Increasing levels of air traffic have raised concerns about the potential effects of
aircraftexhaust ontKe climate/Une possible mechanism for effect is through changesin
le radiative budget of the atmosphere resulting from the generation of contrail clouds or
the modification of natural cirrus clouds. The net effect of contrail clouds would depend
on their duration, areal coverage and radiative properties. With the rapid growth of
commercial jet traffic in the 1960s, the frequency and areal coverage of persistent contrail
cirrus became quite marked[l]. A possible contribution by contrails to climate change has
been noted by several special review panels[2], but it is not clear as to whether the net
effect, if any, would be warming or cooling. The uncertainty surrounding climatic effects of
contrails is related in part to a dearth of adequate sampling of their radiative and
microphysical characteristics. Limited investigations into the radiative effects of contrails
have been done by Kuhn[3] and Wendland and Semonin[4], showing strong local effects.
Microphysical studies have been reported by Knollenberg[5], for particles larger than
approximately 100 pm, and by Gayet et al.[6] using probes with a minimum size resolutig
of 25 pm. The present study significantly expands the Current body of knowledge oV
examining in situ data from 21 contrails sampled at altitudes of 9.3 -12.5 km and
temperatures of -47°C to -66°C. The airborne equipment allowed measurements of
particles as small as 2 pm in diameter, which have not previously beerTreported. The
microphysical characteristics of the contrails, which occurred in both clear and cloudy air,
are presented and compared with natural cirrus properties. Computations of the
wavetenplf-dependenlxadiative properties of the sampled particle distributions are also
presented and compared with Jaboratory measurements. Finally, implications ot these
^findings for^climatic assessmeriTare discussed.

2. Data
The contrail measurements were taken with probes mounted on the University of
North Dakota Cessna Citation aircraft as it was flown on the First ISCCP Regional
Experiment (FIRE) II in 1991 and the Atmospheric Radiation Measurement (ARM)
Program in 1994. While it was not the intention of these missions to sample aircraft
contrail clouds, there were a number of occasions when the Citation penetrated its own
exhaust or that of other transient aircraft. State-of -the atmosphere variables were
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measured with standard instrumentation. Unfortunately, the measurements of water vapor
were somewhat uncertain and will not be presented here because the cooled-mirror
hygrometer was operating near its lower temperature limit. Condensation nuclei
concentrations were measured with a TSI3760 counter. Cloud particles were sampled with
PMS 2D-C (66-1032 pm), 1D-C (40-600 pm) and FSSP (2-47 pm) probes, and a DRI
formvar replicator (2-2000 pm). Replicator data are available for 19 of the 26 contrail
samples; however, due to the labor-intensive nature of replicator data analysis, it is not
within the scope of this study to analyze all replicator data.
Analysis of replicator data to obtain contrail particle size distributions is complicated
by the presence of artifact on the formvar coated him that is used to obtain cloud data.
When using the 25X objective, a desirable resolution for the smallest contrail particles, the
number of artifacts generally exceeds by a factor of one to ten times the number of contrail
particles. Real particles and artifacts can usually be separated by the telltale impression of
impact and corresponding formvar disturbance that occurs when real particles are collected
and is absent otherwise. The number of artifacts with maximum dimension beyond 15 um
is considerably less than the number between 0-15 um. The replicator concentration
presented in Pig. 1 is therefore likely an upper limit of the contrail particle concentration.
Particles we think are likely from contrails are shown in Pig. 3.
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The FSSP is designed and calibrated to measure liquid water spheres and its response
to ice particles is uncertain!?]. However, there is evidence from other investigations and
from comparisons with the replicator data that the FSSP can provide quantitative estimates
of the numbers and sizes of small ice particles, particularly in the absence of large ice
crystals. In polar stratospheric clouds, Baumgardner et al.[8] estimated errors in FSSPderived concentrations of around 40% and in sizing of about 20%. Fig. 1 shows
representative size distributions from FSSP (2 seconds) and replicator (0.2 second) data for
a portion of one contrail. Relative to the replicator, the FSSP indicated a particle size peak
at a larger size (7.0 vs. 4.5 pm) and detected fewer total particles, probably because of
undercounting in the first bin of the FSSP. Overall, however, there is sufficient agreement
between these two independent measures of the contrail microphysics.

3. Contrail Microphysical Properties
The contrails described in Table / were identified by coincident peaks in FSSP and CN
concentrations. The concentration and size information provided by the FSSP shows that,
on average, these contrails contained particles of mean diameter on the order of 10 pm in
concentrations exceeding 10,0001*1. The highest sampled concentration was 69,000 l"1.
Observations of contrails reported by Gayet et al.[6], on the other hand, found a maximum
concentration of 8201"1 and mean diameters ranging from 34-47 pm. The measurements
by Gayet et al„ however, were limited to particles larger than 25 pm and the contrails
Table 1. Summary of contrail properties
ID Temp Pressure Altitude Cloud Citation Cone max Cone avg Size avg
(cm-3)
(cm-3)
(m)
(hPa)
(°C)
( pm)
A -53.6
250
Y
Y
46.7
26.5
9.4
10.5
B -49.1
292
9.4
Y
Y
5.7
10.5
3.9
C -51.4
288
9.4
15.7
11.6
7.5
Y
D -51.4
288
9.4
Y
Y
1.0
0.3
25.2
E -54.6
270
9.8
Y
11.9
7.1
14.2
F -57.0
260
10.1
31.1
20.6
8.2
G1 -59.4
Y
250
19.7
12.5
7.2
10.3
G2 -58.9
Y
25.7
251
37.1
7.5
10.3
H1 -59.3
250
10.3
11.8
15.9
6.8
H2 -59.0
250
10.3
25.5
11.5
10.0
11 -59.2
250
10.3
5.3
3.7
17.6
I2 -59.1
251
10.3
17.0
8.2
4.6
J1 -58.9
Y
3.4
5.7
251
10.3
4.3
J2 -58.9
251
10.3
Y
14.5
19.4
6.8
K1 -59.2
251
10.5
10.3
22.1
8.8
K2 -57.3
260
10.1
7.1
5.3
9.8
L -57.1
261
10.1
20.7
1.6
0.7
M -47.4
9.4
262
10.1
69.0
63.1
N -529
238
Y
Y
10.7
28.8
5.1
13.6
O -54.2
217
Y
11.3
16.1
8.1
31.2
P -54.4
217
11.3
Y
Y
18.8
31.6
6.8
Q -56.2
217
11.3
Y
9.3
12.2
8.0
R -61.5
196
4.3
2.4
11.9
14.2
S -65.3
180
12.4
Y
9.5
3.1
8.5
T -65.2
180
12.4
Y
8.4
7.4
13.0
U -65.8
179
Y
12.5
5.0
8.7
11.2
Contrail width not available for contrails A, N, S:

Citation flew along contrail
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Age Width
(m)
(s)
694
233
137
2640 2377

732
907

225
360

187
254

30
15

310
179
178

230
66

244
206
NA

172

ACN
(cm"3)
na
na
35
287
47
194
347
524
55
78
79
106
>1275
>1275
93
46
154
963
940
340
385
55
30
1100
365
5714

existed at warmer temperatures where more water vapor was available for particle growth.
The general variability in the contrail properties in Table I is likely the result of several
factors, including the environmental conditions under which the contrails were formed, the
aircraft type and power setting, measurement uncertainties of the FSSP, and the position
within the contrail where the Citation was sampling.

Table II. Contrail Properties by Ase and Cloudiness

Property
max cone, (cm'1)
mean cone, (cm'1)
mean dia. (pm)
ACN (cm'3)
width (m)

3-6

Age (min)
10-15

44

Cloud

Clear

. ( )

18.6 (18)

(8)

14.2 (18)

17.9 (8)

34.3 (3)

1 0 1

9.2 (8)

21.6 (3)

03 (1)

19.2 (8)
10.2 (8)

8.4 (8)

7.9 (3)

5.2 (1)

12.1

819 (7)

436 (2)

287 (1)

292 (6)

12.0

(18)

461(18)

108 (6)
293 (2)
2377 (1)
(number of samples is in parentheses)

Several stratifications of the contrail characteristics are presented in Table IF. The
contrails produced by the Citation were observed to spread laterally with time as expected
from turbulent diffusion theory. An exception is contrail J which may have been
dissipating. Interestingly, the concentrations of particles detected by the FSSP generally
increased with age through 15 minutes. It is postulated that this was the result of growth of
ice particles to detectable size. During this same time period, the mean aerosol
perturbation (ACN) decreased through dilution and perhaps aggregation and scavenging
processes. The oldest contrail (44 min.) contained the largest and fewest ice crystals. A
comparison is also made between contrails occurring in clear air and those embedded
within natural cirrus. The column labeled “Cloud” in Table II is for a subset of contrails
where 1D*C measurements of natural ice concentrations exceeded 10 l'1. There appears to
be little difference in ice particle concentrations or sizes between these two conditions. In
terms of aerosol perturbation (ACN), there is a tendency for the embedded contrails to
have lower values above background. This could be due to scavenging by the natural cirrus
ice particles, although the surface area of the contrail particles is several times that of the
natural cirrus.
In order to examine the possible effects of the contrails on natural cirrus, a subset of
five embedded contrails was selected for those occurring within natural cirrus with 1D*C
concentrations of at least 101'1. Fig. 2 shows a comparison of particle spectra in the
embedded contrail and in the cirrus alone. Little difference between the two is evident
except for the addition of particles <30 pm in the contrail. A summary comparison for the
five cloudy contrails shows 1D-C concentrations and mean sizes of 15.9 F1 and 92 pm (15.7
l*1 and 92 pm) for natural cirrus (embedded contrails). FSSP values were 0.21"1, 31.6pm
(7.2l*1, 11.2 pm) for the natural (embedded) samples. From these values, it appears that
these contrails had little, if any, effect on the natural cirrus.
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4. Radiative Properties
The radiative influence of contrails is complicated by the associated irregular
geometry, partial sky coverage, and presence of natural cirrus. Any claims about the total
radiative impact of contrails under a variety of conditions are unfortunately not
forthcoming at present, though we have performed some fairly realistic estimates of the
infrared properties of contrail characterized by size distributions in Figs. 1 and 2, and have
compared these estimates with natural cirrus characterized by the size distribution in Fig. 2.
Amott, et. al.[9] have performed infrared extinction measurements (2-18 um) on laboratory
ice clouds that have distributions similar to contrails. These measurements have
subsequently been modeled by a variety of algorithms, and it was found that anomalous
diffraction theory for spheres could be adapted to reasonably simulate the lab results with
proper choice of an algorithm to convert a spherical ice particle to a hexagonal crystal.
With some confidence our ability to simulate extinction and absorption cross sections,
infrared radiative properties of natural cirrus and cirrus with an embedded contrail are
presented in Fig. 4 (1 km cloud thickness @ -6CPC), and those of an isolated contrail
described by the replicator size distributions are presented in Fig. 5 (500 m cloud thickness
@ -57°C). Recall that the embedded contrail cirrus is very similar to the natural cirrus
concerning the crystal content beyond 50 um, though the embedded contrail cirrus has
about 3 orders of magnitude greater numbers of small crystals. The upper panels in Figs. 4
and 5 display the integrated extinction and absorption efficiencies (cross sections divided by
the total projected area). Note that lone and embedded contrail cirrus have considerably
more spectral variation in these efficiencies. This is a direct consequence of the numbers
of small crystals. The middle panel in Fig. 4 compares the emissivity and emission at the
cloud embedded contrail and natural cirrus. Note that the emissivity and emission by
embedded contrail cirrus is greater than that of natural cirrus as one would expect due to
the higher mass content of embedded contrail. The lower panel in Fig. 4 indicates the
embedded contrail has greater spectral variation in cloud transmission (with the relative
maximum near 10.5 um due to the Christiansen effect discussed in Arnott, et. al.[9]) than
natural cirrus, and certainly less overall transmission. Comparison of the lower panel in
Fig. 5 with the middle and lower panels in Fig. 4 provides some evidence that the spectral
variation of cloud emissivity, emission, and transmission is largely due to the presence of
small ice crystals, and that emission and transmission amounts are also considerably driven
by the small crystals. It is virtually certain that the embedded contrail cirrus and contrail
cirrus will strongly influence the solar albedo as well as the direct and diffuse radiance
amount arriving at the ground, though we haven’t performed these estimates.
These findings suggest that contrails should not be treated as natural cirrus when
modeling their climatic impact. The climatic effect of jet exhaust on the radiative budget
will depend on the time of day contrails are generated and are most persistent, on the
contrail occurrence as an embedded or lone cloud, on the contrail altitude, and on the
amount of air traffic. One can imagine a scenario where sudden global cooling or warming
had to be stopped by producing just the right kind of contrail with enough sky coverage to
be effectual. Let us hope our knowledge of contrail radiation interaction is adequate if
such a future scenario comes to pass.
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Abstract

I The effect offaircraft induced ozone changes on the global climate is studied by means
1 of the general circulation model ECHAM4. We""f5cns-e& the zonal mean temperaI ture signal/- In order to estimate the statistical significance of the climatic impact a
1 multivariate statistical test hierarchy combined with the fingerprint method has been
\ applied, ©ur Sensitivity experiments show a significant coherent temperature response
\ pattern in the northern extra-tropics for mid-latitude summer conditions. It consists
(of a tropospheric warming of about 0.2 K with a corresponding stratospheric cooling
jof the same magnitude.

1.

Introduction

NOx emissions from the fleet of conventional subsonic aircraft significantly enhance (up to a
factor of 2) the atmospheric NOz concentration at levels near the tropopause of the northern
extra-tropics (e.g. Stevenson et al., 1995; Kohler et al., 1996; Flatpv and Hov, 1996). As
various model studies have shown (e.g. Wauben et al., 1996; Zimmermann, 1994; Brasseur et
al., 1996; Hauglustaine et al., 1994a, 1994b), the enhanced atmospheric NOz concentrations
result in an increase of the ozone concentration, in particular at altitudes between 400 and
50 hPa, i.e. in the vicinity of the tropopause. This is the altitude where the radiative forcing
induced by an ozone increment has a maximum (e.g. Lacis et al., 1990; Hauglustaine and
Granier, 1995). Hence, it appears to be worthwhile to study whether aircraft induced ozone
changes are large enough to significantly perturb the climate. In order to perform such
a study we have made several sensitivity experiments with the general circulation model
ECHAM4 (Section 2). The resulting temperature change is presented in Section 3. In
Section 4 we show that the response is statistically significant. Conclusions are drawn in
Section 5.

2.

Experimental setup

We have applied the spectral atmosphere general circulation model ECHAM4 (Roeckner
et al., 1996), which is a up-to-date climate model1. Prognostic variables are vorticity,
divergence, temperature, logarithm of surface pressure, specific humidity, and cloud water
(liquid and ice phase). The model contains parameterization of radiation, cloud formation,
precipitation, convection, and vertical and horizontal diffusion. The radiative forcing is
calculated as a function of the cloud cover and the trace gas concentrations, in particular
water vapour, COg, O3.12 We have applied the model with a T21 horizontal resolution,
the corresponding Gaussian grid, which is used to calculate the diabatic processes has a
resolution of approximately 5.6° x 5.6°. Vertically the model is discretized on 19 levels from
1ECHAM4 is the latest version of the ECHAM model series, which has previously been documented in
Roeckner et al., 1992).
2 Apart from water vapour, the trace gas concentrations have been prescribed.
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Table I - Sensitivity experiments:
run
lx MOGUNTIA
5 x MOGUNTIA
lxKNMI
5xKNMI
CNTL

ozone offset
AO3 as simulated by MOGUNTIA
5xAOg as simulated by MOGUNTIA
AO3 as simulated by KNMI
5xAOg as simulated by KNMI

the surface to 10 hPa. Land surface temperature, sea-ice temperature and snow cover are
calculated interactively, whereas the annual cycle of the sea surface temperature has been
prescribed.
In order to analyze the climatic impact of aircraft induced ozone changes we have performed
a set of five model simulations in the annual cycle mode of 30 model years each. Spin-up
periods of several years have been discarded. A control run (CNTL) uses the climatological
monthly mean ozone concentrations like in the operational ECHAM4 model. This run serves
as a base case against which perturbated runs were compared. In four other runs various
aircraft induced ozone offsets have been added to the standard ozone (see Table I). The
ozone perturbations were calculated by the MOGUNTIA (Zimmermann, 1994) and CTMK
(Wauben et al., 1996) models. They are given as monthly mean 3-dimensional distributions.
Fig. 1 displays the zonal mean of the ozone offsets for July. The structure is similar for
both models: a tongue of high values centered around 150 - 200 hPa of the northern extra
tropics. MOGUNTIA simulates a larger perturbation than CTMK. The fields for other
months exhibit a similar pattern but a weaker amplitude.
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Fig. 1 - Aircraft induced change of the ozone concentration [ppbv] as simulated by the CTMK (left)
and MOGUNTIA (right) models. The contour interval is 1 ppbv.

3.

Temperature change

The additional ozone results in a perturbed radiative forcing which causes modified tem
peratures and dynamics. In order to discuss the climate change we here concentrate on the
response in the monthly average of the zonal mean temperature. However, the temperature
signal does not only show the direct response to the modified heating rates caused by the
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ozone offset. Secondary effects which originate from a different dynamics superpose the
direct signal, in particular, the water vapour concentration is enhanced. This amplifies the
original signal.
As the solar radiation on the northern hemisphere is strongest in July, the July temperature
response is largest (Fig. 2). On a first glance the signal looks rather chaotic with a maximum
of around 0.4 K and minimum of similar magnitude.3 There is some similarity in the response
patterns for the 5 x CTMK, lxMOGUNTIA and 5xMOGUNTIA runs. Nevertheless one
might have the impression that the figure exhibits nothing but internal variability.
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Fig. 2 - Change of zonal mean July temperatures [K] due to various aircraft induced ozone changes.
The contour interval is 0.2 K. Dashed contours indicate negative values. The zero contour is
omitted. Shading indicate areas which passes a univariate t-test at the 95% significance level.

4.

Statistical significance

Those areas where the temperature change passes a univariate Student t-test are shaded in
Fig. 2. Apart from the lx CTMK experiment some similarity shows up: significant warmings
in the northern hemispheric troposphere, a warming in the upper tropic troposphere, and
a cooling of the northern extra-tropic stratosphere. As atmospheric temperature changes
usually are spatially coherent, and as the area with significant changes is small, the total
response still might be nothing more but noise.
3Our temperature response is larger than the response reported by Dameris et al. (1996). First, they
have a smaller ozone perturbation, second, they use the ECHAM3 model, which has a smaller climate
sensitivity than the ECHAM4 of our study. Finally, ECHAM4 includes the 14.6 pm ozone band in the
radiative code, and ECHAM3 does not.
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It appears to be necessary to apply a more sophisticated tool to separate signal from noise:
the fingerprint technique (Hasselmann, 1993). The basic idea of this technique is to split
the n-dimensional space which is used to describe the response (here the longitude-altitude
response) into two sub-spaces: a low-dimensional sub-space which dominately contains the
signal and a sub-space which dominately contains noise. If the response is projected onto
the signal sub-space S, it might be easier to detect the signal. At the same time also
spatial coherence of the response can be accounted for. However, there is no canonical way
to find the sub-space S. Following Hasselmann (1979) we construct S by choosing guess
patterns. We consider two vertical structures: a vertically homogeneous structure and a
dipole with respect to the tropopause. The latter structure is motivated by the fact that
the radiative response to changes in trace gas concentrations rather often exhibits such a
structure (e.g. Fortuin and Kelder, 1996), which is physically motivated. Horizontally we
also choose large space patterns: step functions with 0, 1, and 2 modes. Combining the
2 vertical and the 6 horizontal structures results in total of 12 latitude-altitude patterns,
out of which 8 linear independent patterns have been selected. These 8 patterns have been
orthonormalized and are schematically displayed in Fig. 3 for July.
After projecting the temperature response onto the guess patterns, univariate t-tests have
been performed for each time series of coefficients. In some cases the time series of the
experiments with additional ozone are significantly different from the corresponding series
of the control experiment at rather high significance levels.
In a last step a hierarchical Hotelling T2-test was performed for the time series of expansion
coefficients: the tests have been done in the one-dimensional sub-space S\ spanned by the
guess pattern #1, in <S2 spanned by the patterns #1 and #2, in <Sg spanned by the patterns
#1 to #3, and so forth. Figure 4 displays the results for January and July. In July each
run with additional ozone exceeds the 90% level at least once. The “lxMOGUNTIA” and
the “5 x MOGUNTIA” runs even exceed the 95% and 99% levels, respectively. Hence, in
July the aircraft induced ozone change significantly modifies the zonal mean temperature.
In January this is only the case for the “1 x MOGUNTIA” and “5 xMOGUNTIA” runs.
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Fig. 3 - Orthonormalized guess patterns for July. The black area is Antarctica. Dark and light
grey areas denote negative and positive values, respectively. In the white area the patterns value is
zero.
5.

Conclusions

We have shown that aircraft induced ozone changes can significantly modify the climate.
As expected the magnitude of the perturbation has an impact on the magnitude of the
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1 x CTMK
5 x CTMK

number of coefficients
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Fig. 4 - Results of a hierarchy of Hotelling T2-tests including an increasing number of patterns for
various increments of the ozone concentrations. The numbers at the abscissa refer to the pattern
numbers in Fig. 3, e.g. “4” says that the coefficients of pattern 1,2,3, and 4 were included. The
full lines denote the 90, 95, and 99% significance levels.
signal. However, the response non-linearly depends on the perturbation. Therefore, it is
not possible to scale from the response to the enhanced ozone perturbation down to the
response of a smaller perturbation.
The zonal mean temperature changes are in the range of ±0.2 K, which is about 5-10% of
the response the same model simulates for doubling COg in the upper troposphere. However,
in the case of the aircraft induced ozone changes the signal is less coherent.
Finally, we would like to mention two caveats. Our simulations have been performed with
fixed sea surface temperature. This usually reduces a temperature signal. On the other
hand, the aircraft induced ozone changes as simulated by MOGUNTIA and CTMK are at
the upper end of simulated AO$ perturbations. This enhances the temperature signal.
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Abstract

r
j

1.

A contrail parametrization scheme for a general circulation model-(GCM) is pre
sented. Guidelines for its development were that it should be based on the thermo
dynamic theory of contrail formation and that it should be consistent with the cloud
parametrization scheme of the GCM. Results of a six4-year test integration indicate
reasonable results concerning the spatial and temporal development of both contrail
coverage and contrail optical properties. Hence, the scheme forms a promising basis
for the quantitative estimation of the contrail climatic impact.

Introduction

Both observational studies and model sensitivity experiments have indicated the relevance
of high clouds with respect to the strong modifications they impose on the global radiative
balance. Contrails arising from aircraft enhance the total coverage with high clouds. Hence,
aircraft possess an extra possibility to affect the climate system, in addition to their potential
to change the concentration of several greenhouse gases (CO2, O3, stratospheric HgO).
In order to find out, if the contrail effect may be of significant importance for the large-scale
climate, Ponater et al. (1996) made use of a comprehensive three-dimensional global climate
model. In regions strongly affected by air traffic they enhanced the high cloud coverage by
prescribed increments (representing the contrails) of various size. A consistent climate re
sponse could indeed be detected, at least for July conditions. The response proved to be
statistically significant only for a contrail coverage higher than observed (0.05 or 0.10). An
increase by 0.02 within the main flight routes, which is more similar to the observed condi
tions (Bakan et al., 1994), failed to produce a sufficiently high level of statistical significance
regarding the climate response. However, the temperature response pattern proved to be
consistent throughout the experiment hierarchy, indicating some kind of physical significance
even for the more realistic 0.02-experiment.
The experiments of Ponater et al. (1996) indicate in a qualitative sense the relevance of
the contrail effect in comparison to the other aircraft emission components. However, with
hindcast it must be said that these experiments do not allow a quantitative estimation
of the effect due to a number of simplifications they contain. In particular, prescribing a
constant amount of contrails at each timestep does not represent properly the nonlinear
relationship between the the contrail coverage and the resulting radiative forcing. The
adoption of the contrail optical properties from those of natural cirrus in the same model
grid box must also be regarded as an oversimplification. Hence, there is an obvious necessity
of a parametrization scheme that relates both the coverage and the optical thickness of the
contrails to the actual meteorological situation. Such a scheme has been developed for the
ECHAM4 general circulation model and will be presented in this paper.
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2.

Clouds in the ECHAM4 model

Ponater et al. (1996) used the ECHAM3 general circulation model of Roeckner et al. (1992)
for their experiments, while for the present study we had the most recent ECHAM4 version
available. With respect to its predecessor, ECHAM4 has been upgraded by a more advanced
radiation scheme and by revised parametrizations for clouds and boundary layer fluxes (for
details see Roeckner et al., 1996). Some validation studies (Chen and Roeckner, 1996;
Wild et al., 1996) suggest that the cloud-radiative interaction in ECHAM4 is improved
compared to the former model versions. In particular, shortwave absorption by clouds is in
better agreement with observations than for other GCMs.
A parametrization of contrails in the GCM has to be consistent with the general treatment
of clouds. GCMs used for global climate studies are - at the present stage - associated with
a horizontal resolution of (at best) 400 km and a vertical resolution of about 2 km. Thus,
cloud thermodynamics and cloud microphysics are highly parameterized processes. The
parametrization scheme is based on the prognostic variables water vapour mixing ratio (q)
and cloud water mixing ratio (m). We will give a brief review of the scheme to explain the
basic ideas of the framework, for which the contrail parametrization has been developed.
The prognostic equations for water vapour and cloud water are given in equations (1) and
(2) in a symbolized manner.

dq/dt

=

R(q) — bCd —

dmfdt

—

R(m) + bCd +

(1

— 6) Co +

(1

(1

— b)Eo

— 6) Co — bPd

(1)
(2)

In these equations, b means the so-called fractional cloud coverage, which is calculated
diagnostically from the relative humidity r (see below). The cloud water m comprises the
liquid as well as the ice phase, which are distinguished diagnostically as a function of the grid
box temperature. According to the concept originating from Sundqvist (1978), each grid
box with b > 0 consists of a cloud-covered part (indicated by index cl) and a cloud-free part
(indicated by index 0). Both parts of the grid box are associated with individual treatments
of condensation and evaporation of cloud water (Cd, Co), autocorrelation of cloud water to
rain or sedimentation of ice crystals (Pd), and evaporation of rain drops (Eq). Terms R(x)
in eqs. (1) and (2) indicate the remaining tendencies arising from advection, convection etc.
An increase of water vapour mixing ratio in a given grid box is partitioned between the
cloud-free part (where it increases the humidity) and the cloud-covered part (where it may
lead to over-saturation and condensation to cloud water).
The key parameter for cloud formation is the fractional cloud cover b. It depends on the
grid box relative humidity r following

1

b=

-

r - r0
1

-ro ’
0

r > rQ

(3)

r < r0

Hereafter we will restrict our considerations to those regions of the atmosphere, which are
associated with contrail formation. At these levels clouds almost exclusively consist of ice
particles. The relative humidity in eq. (3), hence, must be regarded as the relative humidity
with respect to ice. r0 is a critical threshold value that indicates a minimum humidity
necessary to allow cloud formation within a grid box. In ECHAM4 r0 has a prescribed
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value of 0.6. If the relative humidity over ice reaches 1.0, the whole grid box area is covered
with clouds (Fig. 1, dotted line). This way of handling the cloud coverage is based on the
idea that for the large grid box volumes of the GCM super-saturated conditions may occur
locally in spite of the mean humidity ranging below 1.0.
The optical properties of the clouds are derived from the ice water mixing ratio under the
assumption that all ice is associated with the cloud-covered part:

mci —

m

(4)

y

ma is used to calculate single scattering albedo, asymmetry parameter, optical thickness,

and emissivity controlling the cloud-radiative interaction for the solar and the terrestrial
spectrum, respectively.

3.

Parameterizing contrails in the ECHAM4 model

The thermodynamic theory of contrail formation is usually associated with the work of
Appleman (1953) and has been reexamined recently by Schumann (1996). Temperature
threshold values can be derived, below which contrails may form even in totally dry air.
No contrails are possible in sufficiently warm air. For an intermediate temperature range
contrail formation depends on the humidity of the environmental air. The respective hu
midity threshold values are also predicted by the theory. It is reasonable to assume that
only long-lived contrails are of climatological relevance (Ponater et al., 1996). Contrails will
persist, however, only in an environment, which is super-saturated with respect to ice.

Appleman threshold 70%

all clouds ----natural clouds .......

Gridbox mean relative humidity [%]

Fig. 1 - Parameterized coverage for natural clouds (dotted) and for the sum of natural clouds and
potential contrails (solid) in case of an Appleman-threshold of 70% relative humidity over ice.

The latter point shows most clearly that the theoretical knowledge about contrails cannot
be applied to the GCM framework without some modifications. If one allows contrails to
be present only for super-saturated conditions with respect to ice (r > 1), the grid box is
already 100% covered with natural cirrus (eq. (3)). Therefore, we determine the minimum
humidity for the start of contrail formation in some grid box by multiplying the theoretical
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threshold by the same factor (0.6) as used in the cloud scheme. For example, let the humidity
threshold predicted by Appleman’s theory be 0.7. Then, we use a value r0=0.42 to calculate
the fractional cloud cover btot of all clouds (natural cirrus plus contrails) within this grid
box from eq. (3), resulting in the solid curve in Fig. 1. The difference between the solid
curve and the dotted curve in Fig. 1 indicates the maximum contrail coverage possible under
the given conditions. An additional condition allows contrails to persist only, if an over
saturated situation occurs in the contrail-covered part of the grid box rcontr. Otherwise it
is assumed that the contrails evaporate within a time range shorter than a model time step
(i.e. 30 min), and the fractional contrail coverage 6%%. is reset to zero (eq. (5)):

(5)
In a further step the dependency of the contrail coverage on the extent of air traffic must
be considered. The local amount of aircraft water vapour emissions Emi (as taken from
a global aircraft emission inventory) is used as a linear weighting coefficient to account for
this. Finally, the temporal and spatial average of contrail coverage is calibrated to the
observed conditions by a non-physical adjustment factor X. In the absence of a global or
hemispheric estimate we restricted the calibration procedure to the domain used by Bakan
et al. (1994), who give an annual mean contrail coverage of 0.5% over the East Atlantic/
Western Europe region.

= % Emi contr

(6)

In the contrail-covered part bcontr of the grid box the condensation of water vapour to ice
water is calculated according to essentially the same assumptions as in the cirrus-covered
part b. In this way the contrails are associated with an individual ice water content, and
hence with individual optical properties.
Summarizing, the scheme allows contrails with an individual temporal and spatial develop
ment with respect to their coverage and optical properties, depending on the time develop
ment of air traffic and meteorological conditions. The climatological mean contrail cover for
present-day conditions, however, is adjusted to its observed value by means of an external
calibration factor.

4.

Some results

A test run over six annual cycles has been conducted with the ECHAM4 GCM, including the
contrail parametrization scheme outlined in the preceding section. The horizontal resolution
of this experiment is spectral T30, in contrast to the previous ECHAM3 runs of Ponater et
al. (1996), who used spectral T21 resolution. Six years are not yet sufficient for a reasonable
estimation of the climate response. However, some contrail diagnostics could be determined
and will be presented in this section.
Fig. 2 shows the time mean contrail coverage in the region of the North Atlantic flight
corridor both for winter conditions (top) and summer conditions. Contrails form mainly in
four model layers between 330 hPa and 150 hPa and have been comprised to a total coverage
according to the usual assumptions of maximum overlap or random overlap. Regional
maxima occur in January, with about 2% contrail coverage over Western Europe and about
3.5% over Eastern North America. Day-to-day variations (not shown here) are large, and
the contrail coverage may amount up to 15% for individual dates. The most characteristic
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Fig. 2 - Time-mean contrail coverage (in %) in the region of the North Atlantic flight corridor for
January conditions (top) and July conditions (bottom), as simulated in a six-year ECHAM4 run.
seasonal difference is evident over the North American continent, where far more contrails are
simulated for winterly conditions. Unfortunately, there is no observational study available to
validate this simulated feature. For the East Atlantic/ Western Europe region investigated
by Bakan et al. (1994) there is agreement between simulation and observation with respect
to the higher contrail amount south of 40°N in January. However, there are also observed
features that are not reproduced in Fig. 2, e.g. the generally larger contrail coverage in July
(compared to January), and particularly the July maximum over the East Atlantic.
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Fig. 3 - Time-averaged visible optical thickness of the simulated contrails at 250 hPa for July
conditions. No contrails occurred south of 4Q°N at this level during the six simulation years.
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Fig. 3 gives an impression of the optical thickness of the simulated contrails, shown for July

conditions at model layer 8 near 250 hPa. Note that to calculate this time average only
those days were taken into account, for which contrails actually existed (there were none to
the south of 40°N). A mean optical thickness of about 0.2 (with temporal local maxima of
about 1.5, not shown) seems to reproduce our present knowledge of contrails reasonably.

5. Conclusions
The contrail parametrization scheme developed for the ECHAM4 climate model shows rea
sonable characteristics of the spatial and temporal development of contrail coverage and
contrail optical properties. Hence, the scheme appears appropriate to study the contrail cli
mate impact in multi-year climate sensitivity integrations, which are currently in progress.
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