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Abstract (CIAP) and the NationalAcademy of Sciences
" (WAS) 5,6,7,8Resultsfrom thiswork concludedthat

The purposeof thisstudyistoextendtherecent emissionsoftracegases,primarilyNOx, couldaffect
researchexaminingtheglobalenvironmentaleffects theglobaldistributionofozone.
from potentialfleetsof subsonicand supersonic
commercial aircraft.1.2InitialstudieswithLLNL Recendy, using the LLNL one- and two-

modelsofglobalatmosphericchemical,radiative,and dimensionalchemical-radiative-transportmodelsofthe
transportprocesseshave indicatedthatsubstantial global"atmosphere,witha completesetof_;urrently
decreasesinstratosphericozoneconcentrationscould recommended gas-phasechemicalreactionrates,a
resultfromemissionsofNOx fromaircraftflyinginthe detailedsensitivityanalysiswas completed to
stratosphere,dependingon fleetsizeand magnitudeof reinvestigatetheeffectsofaircrafttracegasemissions
theengineemissions.Thesesu-qesusedhomogeneous onozone.IResultsofthisstudyreaffirmedthefindings
chemicalreactionrates(e.g.,gas-phasechemistry), inthe1970sthatNOx producedthermallyintheaircraft
Recentevidenceindicatesthatreactionson particlesin exhaustcan reducestratosphericozone.Thisstudy
thestratospheremay be important.Heterogeneous foundthatthealtitudeatwhichNOx emissionscaused
chemicalreactions,forinstance,N205 andCIONO2 on thelargestreductionincolumnozoneisabout28 km.
backgroundsulfuricacidaerosols,convertNOx (NO Inaddition,fora givenaltitudeandmagnitudeofNOx
andNO2) moleculestoHNO3. Thisdecreasestheodd emissions,theLLNL two-dimensionalmodelindicates
oxygenlossfromtheNOx catalyticcycleandincreases thatthereductionof globalozone dependson the
theodd oxygcnlossfrom theClxcatalyticcycle.By latitudeof theinjections,with themaximum ozone
includingtheseheterogeneousreactionsintheLLNL reductionforatropicalinjection.Fora giveninjection,
model,therelativepartitioningof odd oxygen loss thelargestozonecolumnreductionsoccurinthepolar
bctwccnthcsetwofamilieschanges,withtheresultthat regions.Walervaporwas alsoinvestigatedandfoundto
emissionsofNOx fromproposedaircraftfleetsflyingin causea smallozonereductionwhen injectedby itself.
thestratospherenow increaseozone.Having these When coupledwithNOx emissions,H20 vaporreduced
heterogeneousprocessespresentalsoincreasesozone theozonereductioncausedby NOx by a factorbetween
concentrationinthetroposphererelativetogas-phase 0.85and0.97,dependingon thealtitudeandmagnitude
onlychemistrycalculationsforemissionsofNOx from oftheemissions.
subsonicaircraft.

Realisticemissionscenarioswere developedto

Introduction more accurately account for the spread in emissions
with latitude and altitude for an assumed fleet of

Concern for the impact that large fleets of aircraft supersonic alrcrafL 2 A matrix of supersonic scenarios
might have on the distribution of global ozone and evaluated over a wide range of mean fight altitudes and
climate was initiated in the 1970s. These studies magnitudes of NOx emissions confirmed previous

suggested that the emissions of trace gases from fleets analysis showing that ozone destruction becomes larger
of aircraft flying in the upper troposphere and lower as the emissions of NOx increases and as the altitude of
stratosphere could cause a significant reduction in injection increases. From this analysis, the effect on
ozone with accompanying increases in ultraviolet global ozone of a given supersonic prototype can be
radiation reaching the earths surface.3,4 Emissions of obtained.

' nitrogen oxides (NOx), water vapor (H20), carbon
monoxide (CO), hydrocarbons (HC), sulfur dioxide The purpose of this study is to build on previous
(SO2), and aerosols wer_ investigated in detail. In the analyses of potential aircraft emission effects on ozone

• U.S., research was conducted by the Department of in order to better clef'mcthe sensitivity of ozone to such
Transportation*s Climatic Impact Assessment Program emissions. With specific attention on the effects that

heterogeneous chemical processes on background
sulfuric acid aerosols may have on changes in global

* Douglas E. Kinnison, Ph.D., / "--_o_hen: Chemist
** Donald J. Wuebbles, Ph.D., Atmospheric Scientist



and localozonefromemissionsof tracegasesfrom distribution;by usingobservedtemperaturesforthe
propose subsonic and supersonic aircraft fleets, ambient atmosphere, a more accurate representation of

the diabatic circulation can be derived.
The LLNL Two-Dimensional Model

For the perturbed atmosphere a perturbation form

The LLNL zonally averaged two-dimensional of the thermodynamic equation is solved for the
chemical-radiative-transport model currendy deter- changes in stratospheric temperatures resulting from
mines the atmospheric distributions of 57 chemically changes in the distribution of ozone and other
active trace constituents in the troposphere and strato- radiatively active constituents. Using this approach, the
sphere.2,9.10,11 The model domain extends from pole to diabatic circulation is assumed to be unchanged in the
pole, and from the ground to 56 km. The sine of lati- perturbed atmosphere from that calculated for the
tude is used as the horizontalcoordinate with intervals ambient.
of about 10°. The vertical coordinate corresponds to the
natural logarithm of pressure, z ° ----Holn(p/po), whe_ The chemical continuity equation for each
Ho is the assumed scale height of 7.2 km and Po is the individual species is solved using a variable time step,variable order, implicit technique for solving stiff
surface pressure (1013 mbar). The vertical resolution in numerical systems with strict error control. Advection
(P/Po) is 0.417 km or about 3 km. terms are treated accurately using the two-dimensional

Over 170 chemical and photochemical reactions transport algorithm of Smolarkiewicz. 18

are included in the model. Reaction rates, solar flux The diurnal-average concentrations for each
data, absorption cross sections, and quantum yields are species at each zone are calculated at each time step.
based on the latest NASA panel recommendations. 12 Diurnal calculations are used to derive time-varying
Photodissociation rates, including the effects of factors for each chemical and photochemical reaction
multiple scattering, are computed as a function of time included in the diurnal-averaged version of the model.
at each zone, with optical depths consistent with

calculated species distributions. Turbulent eddy transport is parameterized through

horizontal (Kyy) and vertical (Kzz) eddy diffusion
The diabatic circulation for the ambient atmosphere coefficients.

is determined using net heating rates calculated in an
internally consistent way with the derived species
distributions. The technique for deriving the diabatic Emission Scenarios for Su_tru'sonicand Subsonic
circulation is similar to that used by Solomon et al..13 A_raft
The vertical and horizontal velocities are determined
from the zonally averaged residual Eulerian Emission scenarios for this study are taken from a
thermodynamic equation. 'recent investigation conducted by NASA's High Speed

Research Program. 19 In these scenarios both subsonic

The net diabatic heating rates are determined using and supersonic aircraft fleets are represented for the
the best available solar and infrared radiative models, year 2015. The trace gas emissions for the 2015
The solar model includes absorption and scattering subsonic scenario are based on the Boeing B6
effects for 03, 02, and NO2 at ultraviolet and visible scenario.20 The subsonic emission scenario was divided
wavelengths, and for H20, CO2, and 02 in the near into two regions, flights under 400 miles or short range,
infrared. The solar model for visible and ultraviolet and flights greater than 400 miles or long range. The
wavelengths uses a two-stream model to calculate total amount of fuel consumed is 20 x 109 kg/year and
reflection and transmission operators for scattering of 150 x 109 kg/year for short and long range flights
diffuse incident radiation by a single layer. 14 Scattering respectively. The altitude of injection for short range
from the solar beam is calculated for each layer using flight in between 0 and 9.1 km and between 9.1 and
the delta..Eddington technique. 15 Merging of individual 12.2 km for long range flights. In ali scenarios
layers, including multiple-scattering, is accomplished conducted in this study the subsonic scenario is held
via a flux formulation of the adding technique. 16 The constant. The supersonic scenarios are divided into
longwave emission and absorption by O3, CO2, and three different airframe prototypes; Mach 1.6, Mach
H20 are included in the infrared submodel. 2.4, and Mach 3.2. Each airframe prototype has a ,characteristic cruise altitude (Mach 1.6, 14.3-17.4 km;

Mach 2.4, 16.8-19.8 ian; Mach 3.2, 21.3-24.4 km). The
Temperatures for the ambient atmosphere vary total amount of fuel consumed for the three prototypes

continuously, over the annual cycle, based on the is kept constant at 70 x 109 kg/year, which represents
reference model of Barnett and Corney. 17 The derived approximately 500 aircraft. For the above prototypes,
diabatic circulation depends strongly on the temperature fuel use during take off, climb, and descent is ignored.



The latitudinal distribution of fuel use in percent and Table 1 Parameters for both subsonic and
the emission indices (EI) for NOx, H20, CO, and supersonic aircraft scenarios.
hydrocarbons (HC) given in gm/kg fuel consumed are Latitudinal Distribution of Fuel Use (percent)
shown in Table 1. Currently, the sum of ali hydrocarbon Latitude Subsonic Supersonic
emissions are treated as CI-I4. This is not correct, but (degrees)
was modeled in this manner due to the limited

, informatic'a about the actual chemical breakdown for 80-90 N 0 0•6

the hydrocarbon emission values. In both the subsonic 70-80 N 0.4 0.7
and supersonic emission scenarios, the NOx emitted is 60-70 N 2.9 0.7

• 90% NO and 10% NO2 on a molecular basis. As 50-60N 15.7 12.3
mentioned above, calculations using multi-dimensional 40-50 N 25.2 28.4
models have shown that emissions of NOx reduce 30.2,0 N 31.6 18.4
ozone in the regions where the proposed supersonic 20-30 N 11.0 8.4
fleets will fly. Therefore, in order to represent the 10-20 N 3.7 6.7
uncertainties in future engine emission values, Eq-10N 2.4 6.3
supersonic emission indices for NOx are varied between Eq-10 S 1.7 4.9
5 and 45 gm/kg of fuel consumed. 10-20 S 1.6 4.2

20-30 S 1.6 4.0

Results of Prooosed Aircraft Fleet Scenarios 30-40 S 2.0 3.1
- 40-50 S 0.2 1.3

50-90 S 0 0
In Figure 1, the percent change in NOx (NO+NO2)

relative to a ambient 2015 atmosphere that does not Emission Indices (grn/kg fuel)
include emissions of either subsonic or supersonic
aircraft are shown for the Mach 1.6, 2.4, and 3.2 Species Subsonic Supersonic
proposed aircraft fleets (including subsonic emissions).
In this case, the EI of NOx is 15 gm/kg of fuel NOx 20.7 as specified
consumed for each of the supersonic fleets represented I-I20 1230 1230
in Figure 1. The increase of NOx from the subsonic CO 1.1 1.5
fleet peaks between 10-12 km at over 160% of the LHC(as CFLt) 0.2 . . 0.2
ambient value. There is a secondary peak attributed to
the supersonic contribution near the cruise altitude for
each prototype. The increase in NOx is between 80% occur in the troposphere. In Figures 2a-2e, both the
and 100%, depending on the supersonic prototype. It is local (altitude vs latitude, July) and column (latitude vs
interesting to note that even though over 90% of the month) percent change in ozone relative to an ambient
NOx from these proposed fleets are emitted in the atmosphere without trace gas emissions from aircraft .
Northern Hemisphere, increases of NOx between 20% are shown for a proposed Mach 1.6, 2.4 and 3.2 fleet.
and 30% are calculated in the Southern Hemisphere• The supersonic EI's for NOx are identical for each
This indicates the important role that dynamics plays in prototype represented in Figure 2. The percent changein local ozone at 10 km increases as the cruise altitude
the distributions of trace gases in the atmosphere, and
also implies that uncertainties in the model treatment of decreases, showing the competition between odd
these processes need to be carefully evaluated, oxygen loss from catalytic reactions occurring in thestratosphere and production from the CI-Lt-NOx-smog

In this study, we have evaluated a total of fifteen reactions in the troposphere (see Figure's 2b, 2d, and
proposed 2015 aircraft fleet scenarios. Table 2 describes 2e). For the Mach 1.6 scenario (Figure 2a), the subsonic
each of these scenarios. For each of the 15 scenarios, contribution to percent change in column ozone is
Table 2 shows the calculated global averaged change in greater than the loss from the supersonic emissions of
column ozone relative to a 2015 ambient atmosphere NOx. This is not calculated to occur for the Mach 2.4
with and without trace gas emissions from proposed and Mach 3.2 cases.

• subsonic aircraft. For the results listed in Table 2, ali
model calculations used the normal gas-phase (or
homogeneous) chemistry reactions. In ali cases, column

' ozone decreases when NOx is emitted by supersonic
aircraft. There is an increased sensitivity to ozone
depletion as the cruise altitude increases. The emissions
of NOx from the subsonic scenario increases column
ozone by approximately 0•7% globally. This increase is
due to the well known CH4-NOx-smog mechanism that
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Fig. 1 Percent change in NOx (NO +NO2) relative to a 2015 atmosphere with no aircraft for:.a) Mach 1.6 ; b)
Mach 2.4; c) Mach 3.2 proposed aircraft fleets. Subsonic aircraft fleets are included in each scenario and are
identical.

ozone with the coupled NOx and H20 emissions case is

The stratospheric water vapor emissions due to a factor of 0.9 less than the NOx emissions only case.
aircraft emissions from hydrocarbon fuel combustion This effect is due to the interactions between NOx and
are much larger than the NOx emissions. In Figure 3, HOx chemistry, lt is also interesting to point out that
the percent change in I-I20 vapor for a Mach 3.2 fleet is there is an increase in I-I20 vapor between 4% and 8%
shown relative to a 2015 ambient atmosphere without at high latitudes in the Southern Hemisphere. The
aircraft. Maximum increases of 28% in H20 vapor impact that this increase may have on Polar
occur at mid-latitudes in the Northern Hemisphere at Stratospheric Cloud formation probabilities, with
approximately 21 km. Previous studies have shown that resulting effects on the Antarctic ozone "hole" is
the effect of H20 vapor emissions by itself is small, but unknown at this time.
it has a larger impact when included in combination
with the NOx emissions (see Table 2).1 The effect on



Table 2: Results oi"proposed 2015 a!rcral't scenarios using_gas pha_ chemical reactions rates only.
Mach HSCT HSCT NOx NOx,H20 NOx,H20 Percent Change in

Number El NOx Emissions Emissions CO, CH4 Annually and
(g NO2) (molec/yr) only Emissions Globally Averaged

/kg of fuel x 1034 Ozone
4- 4-4.

1.6 5 0.46 YES - - 0.61 -0.10
• 1.6 5 0.46 - - YES 0.61 -0.10

1.6 15 1.37 YES - - 0.40 -0.31
1.6 15 1.37 YES 0.40 -0.31

2.4 5 0.46 YES - - 0.18 -0.53
2.4 5 0.46 - YES 0.20 -0.51
2.4 15 1.37 YES - - -1.06 -1.76
2.4 15 1.37 - - YES -1.04 -1.74
2.4 45 4.12 YES - - -5.42 -6.06

3.2 5 0.46 YES - - -0.47 - 1.17
3.2 5 0.46 - YES - -0.22 -0.92
3.2 5 0.46 - - YES -0.23 -0.93
3.2 15 1.37 YES - - -3.08 -3.77
3.2 15 1.37 YES - -2.70 -3.38
3.2 15 1.37 - - YES -2.71 -3.39

+ Effect of both subsonic and supersonic emissions on ozone :'
++ Effect of supersonic emissions only on ozone

i i iii [ i [ ii i





• ' "' ' ' ' ' ' ' ' Since a complete treatment of these reactions would
c_,o. J,)_o (_) require a sophisticated aerosol microphysical model,

so. __. _'_ _.-'_ _'--_ which currently has both theoretical and practical

limitation, we treated these reactions using the
s (o, following relationship to calculate the two rate

• _' constants for the above cases,
10.

2,,= _ V= Effectivecollisionvelocity= 5200cm/s.
20. 100.

Q,
< Surface Area = Based on analysis of Sage II data by

10, _o-- _ Poole, Thomason,andYue (seechapter's3and8 in
the UNEP/WMO internationalassessmenton

o , t , i , i , , , . 10oo. ozone,1991).The surfaceareadistr/butionhas
9us _ _)s o 3ON _N X)N altitude (12-32 km), latitude'(90N-90S), and

t._nue, temporal resolution. Because of the uncertainty in
calculating an aerosol surface area distribution, two

Fig. 3 Percent change in H20 vapor for a Mach 3.2 different approaches were used. The two
aircraft fleet relative to an ambient atmosphere without approaches varied in magnitude from each other by
aircraft emissions, a factor of four. We designated the two surface area

distributions in this study as "large" and "small".
Heterogeneous Chemistry on Back_m'oundSulfuric Acid

Aerosols _¢= Reactionprobabilitypercollision.Inthisstudy,the
reactionprobabilitywas variedforreactionI (see

In the previous section, the chemical reactions Table 3). Laboratory measurements suggest that the
included in the model were ali gas-phase (or reaction probability for N205 on sulfuric acid
homogeneous) r,'actions. Recently, laboratory studies aerosols is around 0.1 and does not have a

suggest that heterogeneous chemical processes may temperature dependence (see
play an important role in lower stratospheric chemistry. UNEP/WMO,1991) 24 In this study, we reduced the
Studies indicate that heterogeneous chemistry is reaction probability by a factor of five in order to
important in explaining the Antarctic ozone estimate the sensitivity of this reaction on the
"hole'. 21,22 In addition, ozone depletion from chemical composition in the lower stratosphere.
heterogeneous chemical processes may be important The reaction probability for CIONO2 on sulfuric
globally. One very recendy theoretical study suggested acid aerosols does have a temperature dependent
that including heterogeneous reactions that convert expression:24
N20 5 and CIONO2 to HNO3 on the background
sulfuric acid aerosol layer will change the partitioning
of odd oxygen loss processes between the total odd _t2=0.006exp('0.15(T'200)).
nitrogen (NO,/), total odd chlorine (Cly), and total o,4-1
hydrogen (HOy) families, in such a manner, that The sensitivity of reaction 2 was not investigated in this
additional increases in NOx (i.e., from aircraft) would study.

produce ozone. 23 Where odd oxygen loss is defined as
When including these two heterogeneous reactionthe process of converting either oxygen atoms or ozone

molecules into another species (i.e., 02). In this study, in the LLNL 2-D model, we also calculated a
we also investigated these issues by adding the repartidoning of odd oxygen loss between the NO,/,
following reactions to the LLNL 2-D model chemistry Cly, and HOy families. In fact, the column ozone

" package: distribution decreased in our 2015 ambient atmosphere
when these heterogeneous reactions were included. This

N205 (g) [+H20 in aerosol] --> 2 HNO3 (g) (1) is due to the replacement of odd nitrogen in the lower
stratosphere from its active catalytic form to a species
like nitric acid, HNO3, which has a long photochemical

CIONO2 (g) [+H20 in aerosol] --> HNO3 (g) lifetime. With reduced concentrations of odd nitrogen in

+ HOCI (g) (2) this region,the interactions between the NOy and the
Cly chemical families are decreased, releasing active
forms of odd chlorine that are more effective in



destroyingozone than the odd nitrogen species they
replaced(e.g, the total integrated odd oxygen loss in
thisregionof the stratosphere increased).

In Figures4a-d, the effects of converting NOx to
HNO3 is calculated by the LLNL 2-D model. For
example, in Figure ,ta, the heterogeneous reactions
described above are not included and the maximum
mixing ratio values for the high latitude, Northern
Hen,ispherical distribution of HNO3 is calculated to be
less L_an6 ppbv. When comparing this distribution to
dataobservedon the Nimbus 7 sau_Uite,using the LIMS
instrument, one observes values in the range of 12
ppbv.2-5After incorporating the heterogeneousreactions
described above, the HNO3 distribution increases at
high latitudes, when the magnitude of the reaction
probability for N205 on background sulfuric acid
aerosols is increased. In this study, the observed
distribution for RNO3 compares best with Figure 4c.
This does not mean that having a reaction probability of
0.1 for N205 on sulfuric acid aerosol is necessarily the
correct magnitude. In order to completely understand
these processes, a complete distribution of ali the
important trace gases that are involved in odd oxygen
loss in this region of the stratosphere would need to be
measured and compared to model calculations.
Currently this is not possible, although data from the
Upper Atmospheric Research Satellite (LIARS) should
help this over the coming year.

In Table 3 and Figures 5a-f, the effect on ozone
from using heterogeneous reaction rates for the
conversion of CIONO2 and N205 on background
sulfuric acid aerosols is shown for the Mach 2.4 aircraft
fleer scenario. As the reaction probability for N205 on

background sulfuric acid aerosols is increased the
percent decrease in column ozone relative to a 2015
atmosphere without aircraft becomes less negative. In
fact, as the magn'.'tudeof the reaction probability is
changed from 0.02 to 0.1 or by a factor of five, the
percent change in column ozone increases. Even when
the reaction probability is 0.02, the percent change in
globally and annually averaged ozone is only -0.36%
(Table 3), instead of -1.76% when gas-phase only
chemistry is used (Table 2). In addition, the percent
change in tropospheric ozone from emissions of NOx
from the proposed subsonic fleet increases as the
reaction probability magnitude increases (see Figures
5b,d,f). This region of the atmosphere, as Lacis et al.,
points out, is the most sensitive to an increase in
radiative forcing from a given changes in ozone.26
Therefore, increased ozone in this region, from
subsonic aircraft emissions, could potentially have a
significant effect on radiative forcing of climate
contribution to global warming.
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Fig.4 Nitric acid mixing ratio (ppbv) distributions for:.a) homogeneous chemistry only; b) heterogeneous chemistry
set with y---0.02 for N205 + aeroso,I, small aerosol surface area; c) "y =0.1; small aerosol surface area; d) 7 =O.1,
large aerosol surface area.

Table 3 Results or proposed aircrart scenario Mach 2.4, E1 NOx 15, NOx emissions only, using
heterogeneous reaction rates for N205 and CIONO2 on background sulruric acid aerosols. Relative
to a 2015 ambient atmosphere with no aircraft.
Factor Relative N205 Percent change in column ozone (%)

Aerosol Reaction Global Northern Southern

Surface Area Probability Hemisphere Hemisphere

0.2 _mall 0.02 -0.36 -0.48 -0.24
1.0 small 0.1 0.28 0.33 0.24
4.0 large 0.1 0.82 0.98 0.66
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In this study heterogeneous reactions that convert
ClONe2 and N205 on background sulfuric acid l_eferences

• aerosols to HNO3 were found to change the partitioning

of odd oxygen loss between the NOy, Cly, and Hey 1Johnston, H.S., D.E. Kinnison, and D. J. Wuebbles,
families. Decreasing the odd oxygen loss from the NOy _Nitrogen Oxides from High-Altitude Aircraft: An

• family and increasing the odd oxygen loss for both the Update of Potential Effects on Ozone," J. Geophys.
Cly and Hey families. The overall integrated odd Res.,94, 16351-16363, 1989.
oxygen loss was greater when the heterogeneous
reactions were present. 2Wuebbles, DJ., and D.E. _U.nnison, "Sensitivity of

Stratospheric Ozone to Present and Possible Future

Incorporating these heterogeneous reaction, has Aircraft Emissions," in Lecture Notes in
major implications on the amount of ozone depletion Engineering, Air Traffic and the Environment -
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of NOx from supersonic aircraft, depending on the Atmospheric Effects, Proceedings of a DLR
choice for the reaction probability of N205 on sulfuric International Colloquium Bonn, Germany,
acid aerosols, what was once a decrease in ozone from a November 15/16, 1990, pp. 107-123, edited by U.
given injection of NOx (using gas-phase chemistry Schumann.Springer-Verlag,1990.
only), now shows an increase. In fact, having these
reactions present actually increases the concentration of 3Harrison, H., 1970, "Stratospheric Ozone with Added
ozone in the middle to upper troposphere from the Water Vapor:. Influence of High-Altitude Aircraft,"
subsonic aircraft fleet by a larger amount than is Science, 170, 734-736, 1970.
observed for the gas-phase chemistry only case.

4johnston, H.S., "Reduction of Stratospheric Ozone by

However, one should keep in mind that these Nitrogen Oxide Catalysts from SST Exhaust,
results are preliminary, and that more research needs to Science, 173,517-522, 1971.
be completed in the laboratory to measure the
magnitude of the reaction probabilitit..s of N205 and 5Climatic Impact Assessment Program, "Report of
CIONO2 on sulfuric acid aerosol under conditions .'_at Findings: The Effects of Stratospheric Pollution by
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