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I. INTRODUCTION 4. For extremely large stratospheric chlorine (Clx) mixing
ratios (-8 ppbv compared to about 3 p.pbv in the

The first research studieo of the potential environ- current atmosphere), NOx emissions can mcrease the
mental impacts from commercial fleets of aircraft flying in ozone column, partially counteracting the ozone re-
the stratosphere were done in the early 1970s duction caused by the chlorine. This effect is only
(Harrison,1970; Johnston, 1971). These studies suggested t'ound in a highly Clx perturbed stratosphere where
that the emissions from fleets of such aircraft could cause ozone is already greatly depleted.
a significant reduction in the concentrations of ozone in
the stratosphere, with accompanying increases in the 5. Water vapor (without NOx) emissions cause a small
amount of ultraviolet radiation reaching the Earth's sur- ozone reduction; water vapor and NOx together give an

face, The primary concern, as pointed out by Johnston, ozone reduction less than that calculated for NOx
was the chemical destruction of ozone from emissions of emissions alone by a factor between 0.85 and 0.97,
nitrogen oxides (NO,x)produced thermally in the aircraft depending on the altitude and magnitude of the
engine combustion process. As a consequence of these emiss_,ons.
studies, various governments instigated research programs
to clarify the potential environmental effects of aircraft 6. Calculated global reductions of ozone due to NOx
operations in the stratosphere. In the U.S., concurrent, but emissions are smaller in the two-dimensional model
independent, studies were co_ducted by the Department of than in the one-dimensional model, by factors that
Transportation's Climatic Impact Assessment Program range from 0.66 to 0.86 for injection altitudes between
(CLAP, 1974, 1975 a, b) and by _e National Academy of 20 to 34 km. [More recent calculations show a Sensi-
Sciences (NAS, 1975). Several independent assessments tivity in the two-dimensional model to uncertainties in
were also carried out in Europe (COMESA, 1976; the treatment of eddy .:ransport processes (Kinnison,
COVOS, 1976). A subsequent study to CIAP, the High 1989).1
AltitUde Pollution Program (I-LAPP)sponsored by the U.S.
Dep_ment of Transportation, continued studies on poten- 7. On the basis of an uncertain estimate of fuel consump-
tial aircraft effects at a lower research level until 1980. tion by future stratospheric aircraft, two.dimensional

model calculations for a fleet of 500 aircraft operating
The first detailed sensitivity analysis in almost a at 22 km with NOx emission properties of 1988 sub-

decade of the effects from aircraft emissions on ozone, sonic commercial aircraft engines give a global ozone
was published by Johnston et _1.,in 1989 (part of this work reduction of 19% (assuming emissions occur between

: also appeared in Kinnison et al., 1988). Both the LLNL 37"--49"N). The effect of reducing the emission index
one-dimensional and two-dimensional (2-D) models of the for the amount of NOx produced per kg of fuel burned
global atmosphere were used in this study. The one- is shown in Table 1.
dimensional model provides a historical perspective along
with having computational advantages for multiple sensi- The purpose of this study is to build on the previ-

" tivity calculations, while the two-dimensional model pro- ous analyses of potential aircraft emission effects on ozone
vides information on seasonal and latitude effects as well in order to better detine the sensitivity of ozone to such
as having a stronger theoretical basis for it_ representation emissions. A p_liminary analysis is made of the sensitiv-
of atmospheric transport processes. Major findings from ity of the ozone distriDution to the current fleet of com-
this study were: mercia/aircraft. The future emissions s._enarios evaluated

in this study attempt to more accura_.ely account for the
I. Nitrogen oxides from the exhaust gases of a fleet of spread in emissions with latitude and altitude for an

HSCTs can reduce stratospheric ozone on a global assumed fleet of HSCTs. The time it would take for the
basis, atmosphere to recover from the effects on ozone after

emissions are ceased is also examined, la add;,tion to
2. The altitude at which NOx emissions cause the largest emissions of NOx, the effects of potential emissions of

reduction in the ozone column is about 25 km in the carbon monoxide and water vapor are also evaluated.
one-dimensional model and about 28 km in the two- These analyses are ali based on result_ from the LLNL

,q dimensional model, two-dimensional chemical-radiative-transport model of the
troposphere and stratosphere.

3. For a given altitude and magnitude of NOx emissions,
the two-dimensional model indicates that the reduc-
tion of global ozone depends on the latitude of the in-
jections, with the maximum ozone reduction for tropi-
cal injection. For a given injection, the largest ozone
column reductions occur in the polar regions.
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Table I. Calculated change in global.averaged total ozone One of the difficulties in evaluating the effects of
from the LLNL two-dimensional model assuming an an. existing aircraft emissions is that there isn't an available
nual fuel consumption of 7.7 x I0 l0 kg, with ali emissions evaluation of the trends in such emissions over the last

several decades. The most complete estimate of current
between 37"-49'N in a 3 km altitude range centered about emissions comes from the analysis of commercial aircraft
22.5 km altitude (relative to an atmosphere with no aircraft flights for 1987 in a recent analysis by Boeing Corporation
emissions), based on Johnston, e,tal. (1989). (Boeing, 1989). Slightly more than 29,000 city-pairs were

accounted for in their analysis, along with the appropriate
Emission aircraft types and flight frequencies. The analysis deter-

Index.... ,lnjecdonRam mined emissions of nitrogen oxides, carbonmonoxide, and
g ofNO MTofNO2 Molecules/ Change in hydrocarbons at 26,000 feet (about 8 km) and 37,000 feet

Emission Kg-I Fuel Yr "t 105cm-2s-1 Total (about 11 km). Figure la shows a contour plot of the NOx
Scenario Ozone emissions from the Boeing analysis. Bauer (1978) pub-Currcm r40* 4,8 40(30 -19.0%
Subsonic lished an estimate of the 1975 subsonic aircraft emissions
Rate that had about a factor of 3.4 less NOx emitted than the

assumed emissions for 1987. If this earlier emissions
Standard 12 1.8 150o .8.6% estimate is correct, there was a sizable increase in aircraft
CIAP emissions during the 12 years between 1975and 1987.
Rate

The two-dimensional model is used to evaluate the
Future 5 0.6 500 .2.8_) effects on ozone concentrations resulting from the 1987
Goal fleet emissions compared to an ambient atmosphere with no

, "This emissionindexassumescurrentcommercialsubsonicaircraft aircraft emissions. Emissions of nitrogen oxides, carbon
technologybeingusedin thestratosphere.Theactualemissionindex monoxide, and hydrocarbons were included in the
forcurrentaircraftat theirflightaltitudesin theuppertxoposphercarea calculation based on the Boeing analysis; the Iwdrocarbon
factorof 2-3 smaUea"thanthis. emissions were assumed to have the same reactivity as
2. THE LLNL TWO-DIMENSIONAL MODEL methane, as there was no attempt in this preliminary study

to represent the complexity of non-methane hydrocarbon
chemistry in this version of the model.The two-dimensional model of the global atmo-

sphere provides a zonally-averaged reprY;sentationof the The calculated response of the ozone distribution to
chemical and physical processes detem',_ning the composi- the emissions for the 1987 fleet are shown in Figures lb
tion and distributions of trace co_utuents in the tropo- and lc. The largest increase in ozone occurs near 9 km at
sphere and stratosphere. The concentrations of 35 chemi- midlatitudes in the Not'them Hemisphere, corresponding to
cally active trace constituents, based on more than 100 the altitude and latitude of the maximum emissions,
chemical and photochemical reactions, are calculated as a Approximately a 5% maximum increase in ozone is de-

,.) function of altitude, latitude, and season within the model, termined in July, primarily due to the effect of the NOx
Essentially the model determines the atmospheric distribu- (see Table 2) emissions to produce ozone in the troposphere
tion of ozone and other important constituents based on the through smog-formation reactions (e.g., see WMO, 1985).
interactions of chemical, radiative, and dynamical transport The global-averaged change in total ozone is 0.45%, with
processes thought to be operating in the atmosphere. For the maximum change of 0.6% occurring at high latitudes in
the version of the model used here, the diabatically-driven the Northern Hemisphere.circulation is determined for the current (background) at-

mosphere using observed temperatures along with model- Table 2. Sensitivity analyses to determine therelative ira-
derived radiative transfer calculations of the net solar and portance of NOx, CO, and hydrocarbon (represented as
longwave heating, determined in an internally consistent CI-14emissions) on the calculated change in total ozone for
way with the derived species distributions. For the pcr- the current aircraft emissions scenario.
turbed atmosphere, a perturbation form of the thermody-
namic equation is solved for the changes in stratospheric ChanL_;ein!.o_1ozone (%1
temperatures resulting from the changes in ozone and other Global Northern Southern--
radiatively important trace constituents (note that the dia- Average Hemispher_ Hemisphere

batic circulation is assumed to be unchanged from the cur- NOx+CO+el-ht 0.45 0.53 0.37
rent atmosphere for these calculations). NOnonly 0.44 0.52 0.36

COonly 0.018 -0,0058 0.043 •
3. CURRENT AIRCRAFT EMISSIONS cH4 only 0.024 0.003t 0.045

Earlier calculations with the one-dimensional model A trend analysis of ozonesonde measurements from
(Wuebbles, 1983) suggested that emissions from the exist- nine stations at latitudes from 32"N to 75"N has been rc- '
ing, primarily subsonic, fleet of commercial aircraft could cently made for the years from 1965 through 1986 (WMO,
affect upper tropospheric ozone, resulting in inca'eased con- 1989), Significant increases in ozone concentrations were
centradons of ozone in the region .just below the tropo- determined throughout the troposphere, with the largest in-
pause. However, the one-dimensional model is of limited crease (+ 0.83% per year for the period from 1970 to 1986)
use in evaluating changes in tropospheric chemistry, Even occurring in the bottom 3 km of the atmosphere. A sec-
the two-dimensional model is somewhat limited in treating ondary peak irt the ozone increase (+ 0.38% per year or 6%
tropospheric chemistry, particularly in the lower tropo- over the 16 year period of the trend estimate) was found at
sphere, because of the significant impact of emissions from altitudes between 8 and l0 km, just below the tropopause.
highly reactive species primarily produced over land; only Although it is premature to attribute causality, it is interest-
a three-dimensional model can be used to fully evaluate the ing that the secondary peak occurs at the same altitude and
effects on the global atmosphere from such emissions, magnitude as the calculated effect from subsonic aircraft
Nonetheless, the two-dimensional model provides a useful emissions, Aircraft emissions may explain a substantial
test of how sensitive the troposphere may be to aircraft fraction of the observed ozone increase in the upper tropo-
emissions primarily occurring in the upper troposphere, sphere. However, one should be extremely cautious in tn-

terpredng the global implications of such a limited data set.
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4. A MATRIX OF FUTURE EMISSIONS 24 Percent change in ozolw July

The amount of nitrogen oxides and other gases 22-
emitted into the atmosphere by a fleet of commercial air- 20 "
craft dependon a numberoffactors,includingthefleet ._ - , t
size, engine fuel effic;.ency, the aircraft range, the cruise ¢ ts J _' 100
altitude, flight operational procedures, and the emission in- _ 16
dcx for amount of NOx produced per kg of fuel burned. '_=
PossibledesignsforHSCT aircraftandtheirenginesare _ 14
still at an early stage; therefore, most of the factors deter- S
ruiningemissionsofan actualfleetarestillunknown. __ t2 =
Examining a wide range of possible flight altitudes and '_
levels of em'issio,s for the effect_ on ozone will help estab- _ to

environmental problem. 6
4
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16. Fig. 1. (a) Contour of the NChtemissions as a function of

!,1. _ altitude and latitude determined by Boeing (1989) in theirevaluation of the commercial aircraft emissions for the year

t2. = 1987; (br Calculated percentage change in total ozone att0, ._ steady-state plotted as a function of latitude and dme of the
year as determined in the LLNL two-dimensional model for

'_ 8. _ the 1987 subsonic aircraft fleet compared to an atmosphere
'¢ 6." without aircraft emissions; (c) Calculated percentage

• change in ozone at steady-state plotted as a function of
4. altitude and latitude as determined for the 1987 subsonic
2." aircraft fleet during the month of July.

9os cos 3os 0 3ON ¢0N 90N In this study, we have evaluated a total of twelve
Latitude HSCT fleet scenarios assuming three different cruise aiti-

Fig.l(a) tudesandvaryinglevelsofNOx emissions.Thesehypo-
theticalscenariosweredevelopedby theHSCT groupat

_N ' ) _ ] ] ' I li [ _ [ _ _ _ -i McDonnell Douglas Corporation in a cooperative effort to

1 for flight altitudes versus magnitude of emissions. In no
6oN *.ap manner are these scenarios based on actual aircraft designs;

they arc intended to cover a broad range of aircraft altitudes

30N "o.6- and emissions These scenarios attempt to consider how the ,emissions should vary with latitude and altitude appropriate
to a worldwide fleet of HSCTs. No subsonic aircraft emis-

,. +0:, ""'--'--"-"_ *0.4.s __._.... sions were considered in these scenarios.Thr_e different
'] aircraft, flying at different mean cruise altitudes, were as-.

._ _ sumed in the scenarios; the mean cruise altitudes were15.8, 18.3, 22.9 km, although changes in flight altitudes

30S _ ,_o.a throughout the flight patterns assumed in the scenarios areaccounted for. Ten different city-pairs were chosen by

' __J _ McDonnell Douglas to representthe appropriate x'egionsforintercontinental flights; these flight patterns combined with

60S - the assumed aircraft type provide the criteria for the altitude

and Latitudeof the aircraft emissions. A wide range of NOx
Changein totalozelm(%)

"_t\ emissionswereassumed,basedon uncertaintiesinfleet

90S _ [ I I • i . i i l_l. _ I li l size,fuelbtu'ned,andNOx emission index.Aliscenarios
J F M A M J ,I A S O N D j assume thata kerosene based fuelwillbe used in theHSCT

-_- Moatl_ in contrast to a more exotic fuel such as liquid methane or

Fig. l(b) hydrogen.

Table 3 indicates the mean cruise altitude and the

total g]obal NOx emissions for the 12 scenarios. Figure 2
shows the NOx emissions assumed in scenario el, corre-

_ sponding to a mean flight altitude of 22.3 km, a total NOx
emission of 0.28 Mt per year (as NO2) or 3.64 x 1033
molecules pcr year. "['heNOx emissions for scenarios with

_- the other mean cruise altitudes look very simila.rto Fig. 2,
except maximum emissions occur at lower altitudes.



Foreachofthe12scenarios,Table3showsthecal- scenario.The maximum changein totalozoneoccursat
culatedchangeintotalozonecolumnforeachhemisphere, highNorthernHemispherelatitudesand peaksinlate
along with the global averaged change in ozone. These summer and into fall. The minimum decrease in total
calculationsarebasedon a backgroundstratospheric ozoneoccursinthetropics.Figure4b showsthatthe
chlorinelevelof 2.9ppbv,correspondingto current maximum ozonedestructionforthisscenariooccursnear
concentrations. 20krnaltitudeinNorthernHemispherepolarregion.

Table 3. Annually-averagedchangeinozoneforthe Partoftheintentioninundertakingthisanalysisis
twelveemissionsscenariosevaluatedwiththeLLNL two- todeveloptheappropriatecriterianeededby theaircraft
dimensionalmodel, industryto ensurethatthe HSCT developedisnot

environmentallyharmful.Becausethismatrixofscenarios
Me,m _ extendsoversuchawiderangeofemissionswe wanttobe
Cntis¢ Total careful.thattheresultsforthesescenariosarenotover-
AltitudeNOxEmissicqm ACrClt interpreted.We do notwant toimplythatthelarge

Scenarios_trn} (x1033Molec,_,r) N'H. $.H. Global emissioncasesinanyway correspondtoanyfleetunder
aO "15.8 0,67......-0.20 -0.18 .0.19 actualconsideration.
al 15.8 4,18 -0.43 -0.33 -0.38
a2 15.8 17,89 - 1.53 - !,00 - 1.27 5. OZONE RECOVE,[,_YTIME
a3 15.8 58.31 - 5,50 - 3.35 .4.44
b0 18.3 0.63 -0.25-0.22 -0.23 Of interesttopolicymakersisthequestionofhow
bl 18.3 3.29 -0.71 -0,52 -0.61 longittakesfortheozoneconcentrationstorecoverifthe
b2 18.3 16.58 .3.47 .2.24 .2,86 emissionsam greatlyreduced.Forscenariosa2,b2,and
b3 18.3 54.02 .12.18 -7,63 -9.93 C2, Figure 5 shows that it takes about nine years after
cO 22.9 0.58 .0.28 •0.23 .0.25 emissions begin for the maximum change in total ozone to
cl 22.9 3.64 .1,00-0.64 .0.82 bereached,andaboutanadditionaldecadefortheglobally-
c2 22.9 15,32 .4,22 -2.42 -3.33 averaged ozone column to recover to unperturbed condi.
c3 22.9 49.98 .14,45 - 8,17 .11.34 tions after emissions cease. The altitude of the emissions

Although more realistic scenarios for the assumed appears to make little difference in the recovery time.
emissions am usedhere than in the prior Johnston, ct al.
sensitivity analyses, the main conclusion is similar: the '\
largest effects on total column ozone occur with the largest
NOx emissions and the highest assumed flight altitude. The
NorthernHemisphere has thelargest decreases in total

ozone.Figure3showsthechangeingloballyandannually __21 !_ _

averagedtotalozoneas a functionofthealtitudeand
magnitude of the emissions. This figure indicates that, for 20
thesescenarios,theassumedHSCT fleetwouldneedto bl
keepNOx emissionsbelow0.5-Ix I034 moleculesper
year, depending on the aircraft flight altitude, in order to z9
affect globally-averaged total ozone byone percent or less.
Usingaone percentcriteriainthisdiscussionisentirely 18
arbitrary,sincehumanityhasyettodeterminewhatisan

acceptablelevelofozonedestructionfromsuchemissions. 17
" I' ' I ' I /' I ' l_'' '"

Scenariocl t6

NO_e_m._kmcontours
(xI0JemolecuJ_yr) tS

.._ . o 1 2 3 4 $ 6
NOx Emission (molecules/yr) X 1034

t|. _ Fig. 3. Change in globally and annually averaged total

3e. lw,,,_..,, r---,_ _ ozone at steady-state plotted as a function of mean cruise

. _ ;_ altitude and amount of NOx emissions assumed in thetwelve scenario matrix.

20.
IN,

410

9_S 60S 30S o _N 68N _0N
Latitude

Fig. 2. Emissions of NOx as a function of altitude and
latitude assumed in scenario el, corresponding to an
aircraft flying at a mean cruise altitude of 22.3 km and a
total emissions of 3.64 x 1033molecules of NOx pm"year.

: Figure 4a gives the change in total ozone versus
time of year for scenario el, while Figure 4b show,s the

,i change in ozone versus altitude and latitude for the same



t

90N ...... _ , , , _ , _ 'r _ , _ emitted. The effect of thewater vaporemissions by itself is
small, but it has a larger impact when included in

Quua_laTo_l(hone(%) / combinationwith theNOxemissions.The effect onozone
/ with the coupledNOxandl'[20 emissionscaseis a factorof

60N - __'_.1,6 .._ - 0.9lessthantheNOx emissionsonlycase.Thiseffectis
. . A , .1.4-._....,._____. duetheinteractionsbetweenNOx andHOt chemistry.

30N -__"_=" '__ The effectsof carbonmonoxideemissionswerealso

_...._-' ..6 _ evaluated.For scenarioel,thetotalCO emissionsare
6.24x 1033moleculespcryear,butoverhalfofthese

•.4_" _ emissionsoccurinthebottom1.5km oftheatmosphere.
We foundthattheCO emissionshadanegligibleeffectonw

..4 _ globalozone.

-.6""---""_ ""

30S- __" _.. Inthewakeoftheaircrafteffluent,highlyreactive. speciesexist(e.g.HO2) thatcouldconvertNO2 tonitric
__..-_'_'_'"g I _ acid(CLAP,1975b).Forscenariob2,theextremecasewas

consideredwhereali theNOx (NO + NO2) is convertedto60S

HNO3. Theannualaveragedratioforthecalculatedchange_'_ inozonewithHNO3 injectedrelativetoNOx beinginjected
is0,93Globally;0.91intheNonheroHemisphere;0.97in

90S I J I x I I. l I. .t , _ the SouthernHemisphere. This suggeststhai the effect
J F M A M J J A $ O N D J wouldbemoderatelyimportantonlyifalargeportionof

Month the NOx isconvertedtoHNO3.

Fig.4(a) t .-. ......... , . ......
' I ' I ' _'_J r_:'"_'"_ l

Percentagechangeinozone
Ox emissionsstart

• ,o i "

Io. _" .3
('-..4 _/ ,0. , I , I . , l. . _ 't0Oo. Scenarioc2-'/_

90S 6a_ _ 0 30N 6ON 90N ,
Latitude

Fig.4(b) .4 .... t .... ! : _ _ .,. '.
5 lO t5

Fig. 4. (a) Calculatedpercentagechangein total ozoneat Years
steady-stateplottedasa functionoflatitudeandtimeofthe Fig,5. Changeingloballyandannualltyaveragedtotal
yearas determinedforscenarioel; (b)Calculated ozoneasa functionoftimeafterinitiatingtheNOx trois-
percentagechangeinozoneatsteady-stateplottedasa sionsforscenariosa2,b2,andc2,followedbycessationof
functionofaltitudeandlatitudeasdeterminedforscenario allemissionsoncesteady-stateh_sbeenreached.
clduringthemonthofJuly.

As atestofthesensitivityoftheaircraftscenario
6. FURTHER SENSITrVITYSTUDIES el'factstothebackgroundatmosphere,we evaluatedthe

o effectof the NOx emissionsin scenariocl fo_an
Thisevaluationofthe futureHSCT fleetscenarios atmospherecontaining5.2ppbvofstratosphericreactive

has,untilthissection,consideredtheeffectson ozone chlorine,395 ppmv ofcarbondioxide,2.25ppmv of
resultingfromNOx emissionsonly.Severalsensitivity methane,and 0.334 ppmv of nitrousoxide. This
calculationsareevaluatedherebasedonassumedemissions correspondstotheatmospherein2020ifone assun_s
ofwatervaporand carbonmonoxide.Theseestimated constantemissionsofCFCsat1986levels,andcontinm,_g
emissionsarebasedon currentenginetechnology.An t_ndsatcurr:ntratesforCO2,CH.4andN:zO.Inactuality,
additionalsensitivitycalculationwillconsidertheeffecton thislevelofchlorinewilllikelynotbereachedinthenext

" the calculated ozonechangesof a future atmospherewith few decadesasa resultof internationalefforts to reduce
higher backgroundstratosphericchlorinealongwith CFC production,However,thischlorinelevelisusefulin
increasedconcentrationsofCO2,CH4,andN20. evaluatingthe sensitivityof aircraftemissionsto

backgroundchlorinelevels.Thereappearstobea large
The stratosphericwatervaporemissionsdue to sensitivitytothebackgroundatmosphere;thecalculationof

scenariocl with the 2020 backgroundatmosphere= aircraftemissionsforhydrocarbonfue_combustionarc
much largerthantheNOx emissions.Forscenarioel,this determinesa globaltotalozonedecreaseof 0.58% as
correspondstoabouta factorof 370 largernumberof comparedtotheozonedecreaseof0.82%calctdatcdusing
moleculesofwateremittedintothestratospherethanNOx thecurrentatmosphereasthebackground.The chemical



interactionsof NOx with sa'atosphericchlorineare likely portation report DOT-TST-75-50, Washington,
responsiblefor the sensid,vity, but therole of theincreased b.C.
backgroundCO2,N20, andCH4requirefurtherevaluation, _--, 1975a: Propulsion effluent in the stratosphere,

IVIonograph2, U.S. Departmentof Transportation
CONCLUSIONS '_ report:DOT-TST-75-52,Washington,D.C.

This study has used the LLNL two-dimensiona] "_ '_-'1975b:The stratosphereperturbedby propulsionef-fluent, Monograph3, U.S, Departmentof Trans-
model of the global atmospher_ in an evaluation of the portation report DOT-TST-75-53, Washington,
effects on global ozone concentrations from current D.C.
subsonic aircraft emissions and from the emissions of COMESA, 1976: The report of the committee on meteom-
possible future high speed civil transports. We have logical effects of stratospheric aircraft, Parts 1 and
attempted to include more realistic representations of 2, United Kingdom Meteorological Office,
emissions as a function of aititude and latitude in these Brackncll.
scenarios than were included in previous sensitivity Comite d'Etudes sur les Consequences des Vols
analyses. Major findings from this study are: Stratospheriques (COVOS),*1976: Activites 1972-

1976, Societe Meteorologique de France, Boulogne,
1, Current aircraft emissions may be having an impact on Harrison, H., 1970; Stratospheric ozone with added water

upper tropospheric ozone, leading to increasing vapor: Influ_-.nceof high-altitude aircraft, Science,
concentrations of ozone in the upper trgposphere. 170, 734-736,
However, the analysis hem was very preliminary, The Johnston, H.S., 1971!:Reduction of stratospheric ozone by
potential significance of the effects on ozone warrant nitrogen oxide catalysts from SST exhaust, Science,
much further study. 173, 517-522,

_., D.E. Kinnison,, and D.J. Wuebbles, 1989: Nitrogen
2. A matrix of HSCT scenarios evaluated over a wide oxides from high-altitude aircraft: An update of po.

ran_ of mean flight altitudes and magnitudes of NOx tential effects on ozone, J. Geophys. Res., 94,emi..sions confirmed previous analyses showing that 16351-16363,
ozone destruction becomes larger as the emissions of Kinnison, D,E., D.J, Wuebbles, and H,S. Johnston, 1988:
NOx increase and as the altitude of injection increases. A study of the sensitivity of stratospheric ozone to

hypersonicaircraftemissions,Proceedingsofthe
3. Modelcalculationsindicatethata majorreductionin FirstInternationalConferenceonHypersonicRight

emissionswouldallowthestratospheretorecoverto inthe21stCentury,GrandForks,N.D.,Sept20-
unperturbedconditionsinaboutadecade. 23.

---.-,1989:Effectof tracegaseson globalatmo-

4. Sensitivitystudiesindicatethatwatervaporemissions sphericchemicaland physicalprocesses,Ph.D.havea moderateeffecton thechangeintotalozone,
whilecarbonmonoxideemissionshad a negligible thesis,UniversityofCalifornia,Berkeley.

effect.Watervaporemissionsshouldbeconsideredin _, andD.J.Wuebbles,1989:Preventingdepictionof
allfuture¢valuanonsofHSCT fleets, swatosphericozone--implicationsonfutureaircraft

emissions,AirandWasteManagementAssociation

5. InjectionofNOx asHNO3 hada moderateeffecton paper89-4.7;alsoLawrenceLivermoreNational
thechangeintotalozone. LaboratoryreportUCRL-99926.

NationalAcademy of Sciences(NAS),1975:Environ.

6, The calculated change in ozone for the HSCT mental lmpacto/StratosphericFlight, Washington,
scenarios was very sensitive to the background D.C.
atmosphere, particularly to the levels of stratospheric World Meteorological Organization (WMO), 1985:
chlorine and concentrations of carbon dioxide, Atmospheric Ozone 1985: Assessment of our un-
methane, and nitrous oxide. This requires further derstanding of the processes controlling its present
evaluation, but suggests that assessment analyses of distribution and change, Global Ozone Research
future HSCT fleets should carefully consider the and Monitoring Project-Report No. 16.
appropriate background atmosphere for the time period Wucbbles, D,J., 1983: A theoretical analysis of the past
in which the aircraft will fly. These analyses should variations in global atmospheric composition and
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