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AIRCRAFT E M ISSIONS 

SCI E N TIFIC S UM MARY 

Extensive research and evaluations are underway to assess the atmospheric effects of the present and future 

subsonic aircraft fleet and of a projected fleet of supersonic transports. Assessment of aircraft effects on the atmosphere 

involves the following: 

i) measuring the characteristics of aircraft engine emissions; 

ii) developing three-dimensional (3-D) inventories for emissions as a function of time; 

iii) developing plume models to assess the transformations of the aircraft engine emissions to the point where they are 

governed by ambient atmospheric conditions; 

iv) developing atmospheric models to assess aircraft influences on atmospheric composition and climate; and 

v) measuring atmospheric trace species and meteorology to test the understanding of photochemistry and transport 

as well as to test model behavior against that of the atmosphere. 

Supersonic and subsonic aircraft fly in atmospheric regions that have quite different dynamical and chemical 

regimes. Subsonic aircraft fly in the upper troposphere and in the stratosphere near the tropopause, where stratospheric 

residence times due to exchange with the troposphere are measured in months. Proposed supersonic aircraft will fly in 

the stratosphere near 20 km, where stratospheric residence times due to exchange with the troposphere increase to years. 

In the upper troposphere, increases in NOx typically lead to increases in ozone. In the stratosphere, ozone changes 

depend on the complex coupling among HOx, NOx, and halogen reactions. 

Emission inventories have been developed for the current subsonic and projected supersonic and subsonic aircraft 

fleets. These provide reasonable bases for inputs to models. Subsonic aircraft flying in the North Atlantic flight 

corridor emit 56% of their exhaust emissions into the upper troposphere and 44% into the lower stratosphere on 

an annual basis. 

Plume processing models contain complex chemistry, microphysics, and turbulence parameterizations. Only a 

few measurements exist to compare to plume processing model results. 

Estimates indicate that present subsonic aircraft operations may have increased NOx concentrations at upper 

tropospheric altitudes in the North Atlantic flight corridor by about 10-l 00%, water vapor concentrations by 

about 0. 1 %  or less, S Ox by about 1 0% or less, and soot by about 1 0% compared with the atmosphere in the 

absence of aircraft and assuming all aircraft are flying below the tropopause. 

Preliminary model results indicate that the current subsonic fleet produces upper tropospheric ozone increases as 

much as several percent, maximizing at the latitudes of the North Atlantic flight corridor. 

The results of these rather complex models depend critically on NOx chemistry. Since there are large uncertainties 

in the present knowledge of the tropospheric NOx budget (especially in the upper troposphere), little confidence 

should be put in these quantitative model results of subsonic aircraft effects on the atmosphere. 

Atmospheric effects of supersonic aircraft depend on the number of aircraft, the altitude of operation, the exhaust 

emissions, and the background chlorine and aerosol loading. Rough estimates of the impact of future supersonic 

operations (assuming 500 aircraft flying at Mach 2.4 in the stratosphere and emitting 15 grams of nitrogen oxides 

per kilogram of fuel) indicate an increase of the North Atlantic flight corridor concentrations of NOx up to about 

250%, water vapor up to about 40%, SOx up to about 40%,  H2S04 up to about 200%, soot up to about 100%, and 

CO up to about 20%.  

11.1 
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One result of two-dimensional model calculations of the impact of such a projected fleet in a stratosphere with a 

chlorine loading of 3 .7  ppbv (corresponding to the year 20 15)  implies additional annually averaged ozone column 

decreases of 0.3-1 .8% for the Northern Hemisphere. Although NOx aircraft emissions have the largest impact on 

ozone, the effects from H20 emissions contribute to the calculated ozone change (about 20%) .  

Net changes in  the column ozone from supersonic aircraft modeling result from ozone mixing ratio enhancements 

in the upper troposphere and lower stratosphere and depletion at higher stratospheric altitudes. 

There are important uncertainties in supersonic assessments. In particular, these assessment models produce 

ozone changes that differ among each other, especially in the lower stratosphere below 25 km. When used to 

calculate ozone trends, these same models predict smaller changes than are observed in the stratosphere below 25 

km between 1 980 and 1 990. Thus, these models may not be properly including mechanisms that are important in 

this crucial altitude range. 

Increases in ozone at altitudes near the tropopause, such as are thought to result from aircraft emissions, enhance 

the atmosphere 's greenhouse effect. Research to evaluate the climate effects of supersonic and subsonic aircraft 

operations is just beginning, so reliable quantitative results are not yet available, but some initial estimates indi

cate that this effect is of the same order as that resulting from the aircraft C02 emissions. 

11.2 



11.1 I N TRODUCTION 

Tremendous growth occurred in the aircraft indus

try during the last several decades. Figure 1 1 -1 shows 

the increasing use of aircraft fuel as a function of time. 

Aircraft fuel consumption has increased by about 75% 

during the past 20 years and is projected to increase by 

1 00 to 200% over the next 30 years . At the present time, 

approximately 3 %  of the worldwide usage of fossil fuels 

is by aircraft. Ninety-nine percent of this aircraft fuel is 

burned by subsonic aircraft, of which a large proportion 

occurs in the upper troposphere. Table 9 .2 of the previ

ous assessment (WMO, 1 992) demonstrates that 

subsonic aircraft emit a significant fraction of their ex

haust products into the lower stratosphere. This depends 

on factors such as latitude and season. 

Despite the small percentage of the total fossil fuel 

usage for aviation, the environmental effects of aircraft 

should be closely examined for several reasons. One rea

son is the rapid growth that has occurred and is projected 

to occur in aircraft emissions, and another is that aircraft 

emit their exhaust products at specific altitudes where 

significant effects might be expected. For instance, an 

environmental concern of the 1970s was the effect that 

large fleets of supersonic aircraft would have on the 

stratospheric ozone layer. The main concern was then 

and still is that catalytic cycles involving aircraft-emitted 

NOx (NO plus N02) enhance the destruction of ozone. 
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Figure 11-1. Aviation fuel versus time. Data up to 
1 989 from the International Energy Agency (1 990). 
Extrapolations according Kavana�gh (1 9�8) wi�h 
2.2% per year in a low-fuel scenano and w1th 3.6 Yo 
up to 2000 and 2 .9% thereafter in a high-fuel sce
nario . (Based on Schumann, 1 994.) 
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Since supersonic aircraft engines may emit significant 

amounts of NOx, the fear is that large fleets of superson

ic aircraft flying at stratospheric levels, where maximum 

ozone concentrations exist, might seriously deplete the 

stratospheric ozone layer, leading to increased ultravio

let radiation flux on the biosphere. Also, climate 

sensitivity studies have shown that ozone changes in the 

upper troposphere and lower stratosphere will have 

greater radiative effects on changing surface and lower 

tropospheric temperatures than would ozone changes at 

other levels (see Chapter 8).  

Also, in the 1950s, "smog reactions" were discov

ered that implied the depletion of tropospheric ozone 

when NOx concentrations are low and ozone production 

when NOx concentrations are high. Thus, there is a con

cern that new fleets of supersonic aircraft flying in the 

stratosphere would lead to harmful stratospheric ozone 

depletion, while present and future subsonic aircraft op

erations will lead to undesired enhanced levels of ozone 

in the upper troposphere. 

Development of any successful aircraft requires a 

period of about 25 years, and each aircraft will have a 

useful lifetime of about 25 years as well. Thus, even if an 

environmentally motivated decision is made to utilize 

new aircraft technologies, it will take decades to fully 

realize the benefits . 

One can get some perspective on possible atmo

spheric effects of aircraft operations by noting the 

following. Current subsonic aircraft operations in the 

North Atlantic flight corridor are probably increasing 

NOx concentrations at upper tropospheric altitudes by 

about 1 0- 1 00%, water vapor concentrations by about 

0. 1 %  or less, and SOx by about 10% or less compared to 

an atmosphere without aircraft. Future supersonic opera

tions in the stratosphere might increase the North 

Atlantic flight corridor concentrations of NOx up to 

about 250%, water vapor up to about 40%, SOx up to 

about 40%, H2S04 up to about 200%, soot up to about 

1 00%, and CO up to about 20% .  Thus, present subsonic 

aircraft perturbations in atmospheric composition are 

now probably significant, and future large supersonic 

aircraft fleet operations will also be significant in affect

ing atmospheric trace gas concentrations. 

These and other concerns have led to an increasing 

amount of research into the atmospheric effects of cur

rent and future aircraft operations .  In the U.S . ,  NASA's 

Atmospheric Effects of Aviation Project is composed of 



AIRCRAFT EMISSI ONS 

two elements. The Atmospheric Effects of Stratospheric 

Aircraft (AESA) element was initiated in 1 990 to evalu

ate the possible impact of a proposed fleet of high-speed 

(i.e., supersonic) civil transport (HSCT) aircraft. A Sub

sonic Assessment (Wesoky et al., 1 994) was begun in 

1 994 to study the impact of the current commercial air

craft fleet. In Europe, the Commission of the European 

Communities (CEC) has initiated the Impact of NOx 

Emissions from Aircraft upon the Atmosphere 

(AERONOX) and Measurement of Ozone on Airbus In

service Aircraft (MOZAIC) programs (Aeronautics, 

1 993) and Pollution from Aircraft Emissions in the 

North Atlantic Flight Corridor (POLIN AT) to investigate 

effects of the emissions of the present subsonic aircraft 

fleet in flight traffic corridors. In addition, there are also 

several national programs in Europe and Japan looking 

at various aspects of the atmospheric effects of aircraft 

emissions. 

Atmospheric models play a particularly important 

role in these programs since there does not appear to be 

any purely experimental approach that can evaluate the 

global impact of aircraft operations on the atmosphere. 

The strategy is to construct models of the present atmo

sphere that compare well with atmospheric measurements 

and to use these models to try to predict the future atmo

spheric effects of changed aircraft operations. At the 

present time, the subsonic and supersonic assessment 

programs are in quite different stages of maturity and are 

utilizing different approaches in both modeling and ob

servations. Therefore, in this chapter the subsonic and 

supersonic evaluations will be considered separately 

since the chemical and dynamical regimes are quite dif

ferent. In this context the "lower stratosphere" refers to 

the region above the local tropopause where there are 

lines of constant potential temperature that connect the 

stratosphere and troposphere. In this region, strato

sphere-troposphere exchange can occur by horizontal 

advection with no need to expend energy in overcoming 

the stable stratification. In the stratosphere near 20 km, 
where Mach 2.4 HSCT operate, no lines of constant po

tential temperature connecting the stratosphere and 

troposphere exist. Therefore residence times of tracers 

are much larger (about 2 years) in the stratosphere at 20 

km than in the lower stratosphere. 

In this chapter, we will review what is known 

about aircraft emissions into the atmosphere and discuss 

the transformations that take place in the aircraft plume 

Jl.4 

as it adjusts from the physical conditions of the aircraft 

exhaust leaving the engine tailpipe to those of the ambi

ent atmosphere. Some of the atmospheric effects of the 

different chemical families that are emitted by aircraft 

are then considered, and finally, modeling studies of the 

atmospheric effects of aircraft emissions on ozone are 

presented, along with a discussion of possible climate 

effects of aircraft operations. A discussion of the level of 

uncertainty of these predictions, and some conclusions 

are presented. 

Further details of the NASA effort to assess the at

mospheric effects of future supersonic aircraft 

operations can be found in Albritton eta!. ( 1 993) and the 

references therein. An external evaluation of these ef

forts can be found in NRC ( 1 994). No similar documents 

exist at this time pertaining to the atmospheric effects of 

subsonic aircraft operations. 

11.2 AIRCRAFT EMISSIONS 

The evaluation of the potential impact of emis

sions from aircraft on atmospheric ozone levels requires 

a comprehensive understanding of the nature of the 

emissions produced by all types of aircraft and a knowl

edge of the operations of the total global aircraft fleet in 

order to generate a time-dependent, three-dimensional 

emissions data base for use in chemical/dynamical at

mospheric models. 

Emissions from the engines, rather than those as

sociated with the airframe, are considered to be 

dominant (Prather et al. , 1 992). These are functions of 

engine technology and the operation of the aircraft on 

which the engines are installed. Primary engine exhaust 

products are C02 and H20, which are directly related to 

the burned fuel, with minor variations due to the precise 

carbon-hydrogen ratio of the fuel. Secondary products 

include NOx (=NO + N02), CO, unburned and partially 

burnt fuel hydrocarbons (HC), soot particulates/smoke, 

and SOx. NOx is a consequence of the high temperature 

in the engine combustor; the incomplete combustion 

products (CO, HC, and sooUsmoke) are functions of the 

engine design and operation and may vary widely be

tween engines. SOx is directly related to fuel 

composition. Currently, typical sulfur levels in aviation 

kerosene are about 0.05 % sulfur by weight, compared 

with an allowed specification limit of 0.3 %  (ICAO, 

1993).  
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Table 11-1. Emission Index (grams per kilograms of fuel used) of various materials for subsonic and 

supersonic aircraft for cruise condition. Values in parentheses are ranges for different engines and oper· 

ating conditions. 

S pecies Subsonic Aircraft* 

(gm MW) Short range 

C02 (44) 3 1 60 

H20 ( 1 8) 1 23 0  

co (28) 5 .9 (0.2-1 4) 

HC as methane ( 1 6) 0.9 (0.1 2-4.6) 

so2 (64) 1 .1 

NOx as N02 (46) 9.3 (6-19) 

Long range 

3 1 60 

1 23 0  

3.3 (0.2-14) 

0.56 (0.1 2-4.6) 

1 .1 

14.4 (6-1 9) 

Supersonic Aircraft# 

3 1 60 

1 230 

1 .5 ( 1 .2-3.Q) 

0.2 (0.02-0.5) 

1 .0 

depends on design 

(5-45) 

* Mean (fuel-consumption weighted) emission indices for 1 987 based on B oeing ( 1 990). The values were calculated 

from a data base containing emission indices and fuel consumptions by aircraft types. The difference between short 

range (cruise altitude around 8 km) and long range (cruise altitude between 1 0  and 1 1  km) reflects different mixes of 

aircraft used for different flights. 
# Based on Boeing ( 1 990) and McDonnell Douglas ( 1 990). 

The measure of aircraft emissions traditionally 

used in the aviation community is the Emissions Index 

(EI),  with units of grams per kilogram of burnt fuel. Typ

ical El values for subsonic and anticipated values for 

supersonic aircraft engines are given in Table 1 1 - 1  for 

cruise conditions. By convention, EI(NOx) is defined in 

terms of N02 (similarly, hydrocarbons are referenced to 

methane) .  

Historically, the emissions emphasis has been on 

limiting NOx, CO, HC, and smoke, mainly for reasons 

relating to boundary layer pollution. Standards are in 

place for control of these over a Landing!fake-Off 

(LTO) cycle up to 9 1 5  m altitude at and around airports 

(ICAO, 1993) .  Currently there are no regulations cover

ing other flight regimes, e.g. cruise, though ICAO ( 1 99 1 )  

i s  considering the need and feasibility of introducing 

standards. 

It is now recognized that the list of chemical spe

cies (emitted from engines or possibly produced in the 

young plume, also by reactions with ambient trace spe

cies like hydrocarbons) that may be relevant to ozone 

and climate change extends well beyond the primary 

combustion species and NOx. A more complete set of 

"odd nitrogen" compounds, known as NOy-including 

NOx, N205 , N03, HN03-and PAN (peroxyacetylni-

11.5 

trate) should be considered, along with SOx and soot 

particles as aerosol-active species. HC and CO may also 

play an important role in high altitude HOx chemistry. 

11.2.1 Subsonic Aircraft 

Engine design is a compromise between many 

conflicting requirements, among which are safety, econ

omy, and environmental impacts. For subsonic engines, 

the various manufacturers have resolved these conflicts 

with different compromises according to their own in

house styles. This has resulted in a spread of emission 

values for HC, CO, NOx, and smoke, all meeting the 

LTO cycle regulatory standards. 

Historical trends ( 1970-1 988) in aircraft engine 

emissions for the typical LTO cycle show that very sub

stantial decreases in HC and CO emissions have been 

realized over the past two decades due to improvements 

in fuel-efficient engine design and emissions control 

technology. A substantial increase in NOx emissions 

would have been expected due to the much higher combus

tion temperatures associated with the more fuel-efficient 

engine cycles. However, other improvements in engine 

technology have kept NOx relatively constant. Combin

ing the increased passenger miles in the period from 

1 970 to 1 988  with that of the technology improvements 
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would imply that the actual mass output should have de

creased by about 77% for HC and 30% for CO, while 

NOx mass output should have increased by about 1 10%. 

Considerable further reductions of HC and CO will 

come as older aircraft are phased out, but little change 

can be expected for NOx without the introduction of 

low-NOx technology engines. 

The first steps to develop combustion systems pro

ducing significantly lower NOx levels relative to existing 

technology were made in the mid-1 970s (ClAP 2, 1975). 

These systems achieve at least a 30% NOx reduction, 

and are now being developed into airworthy systems for 

introduction in medium and high thrust engines. 

11.2.2 Supersonic Aircraft 

The first generation of civil supersonic aircraft 

(Concorde, Tupolev TU1 44) incorporated turbojet en

gines of a technology level typical of the early 1 970s. 

The second generation, currently being considered by a 

number of countries and industrial consortia, will have 

to incorporate technology capable of meeting environ

mental requirements. A comprehensive study of the 

scientific issues associated with the Atmospheric Effects 

of Stratospheric Aircraft (AESA) was initiated in 1 990 

as part of NASA's High Speed Research Program 

(HSRP; Prather et al., 1 992). No engines or prototypes 

exist and designs are only at the concept stage. A range 

of cruise EI(NOx) levels (45 , 15 ,  and 5) has been set as 

the basis for use in atmospheric model assessments and 

in developing engine technology. An EI(NOx) of 45 is 

approximately what would be obtained if HSCT engines 

were to be built using today 's jet engine technology 

without putting any emphasis on obtaining lower 

EI(NOx) emissions. Jet engine experts have great confi

dence in their ability to achieve an HSCT engine design 

with EI(NOx) no greater than 15 and have set a goal of 

designing an HSCT engine with EI(NOx) no greater than 

5. Laboratory-scale studies of new engine concepts, 

which appear to offer the potential of at least 70-80% 

reduction in NOx compared with current technology, are 

being pursued. Early results indicate that these systems 

seem able to achieve the low target levels of EI(NOx) = 5 

(Albritton et al., 1 993).  

11.2.3 Military Aircraft 

In contrast to the majority of civil aviation, mili

tary aircraft do not operate to set flight profiles or 
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frequencies. Also, national authorities are reluctant to 

disclose this information. Thus it is extremely difficult to 

make realistic assessments of the contribution of mili

tary aircraft in terms of fuel usage or emissions. Earlier 

estimates (Wuebbles et al., 1 993) were that the world 's 

military aircraft used about 19% of the total aviation fuel 

and emitted 1 3 %  of the NOx, with an average EI(NOx) 

of 7.5 .  With the changes following the breakup of the 

former Soviet Union, there has been considerable reduc

tion in activity, and an estimate of about 10% fuel usage 

may be more appropriate (ECAC/ANCAT, 1 994). 

11.2.4 Emissions at Altitude 

As noted above, engines are currently only regulated 

for some species over an LTO cycle. Internationally ac

credited emissions data on these are available (ICAO, 

1 994). However, experimental data for other flight con

ditions are sparse, since these can only realistically be 

obtained from tests in flight or in altitude simulation test 

facilities. Correlations, in particular for NOx, have been 

developed from theoretical studies and combustor test 

programs for prediction of emissions over a range of 

flight conditions. A review of these is given elsewhere 

(Prather et al., 1 992; Albritton et al., 1 993 ). Engine tests 

under simulated altitude conditions are being carried out 

within the AERONOX program (Aeronautics, 1 993) and 

should be useful to check this approach for subsonic en

gines. 

11.2.5 Scenarios and Emissions Data Bases 

Air traffic scenarios have been developed as a ba

sis for evaluating global distributions of emissions from 

aircraft (Mcinnes and Walker, 1 992; Prather et al., 1 992; 

Wuebbles et al., 1 993; ECAC/ANCAT, 1 994). The first 

two based their traffic assessment on scheduled com

mercial flight information from timetables and 

supplemented these data with information from other 

sources for non-scheduled charter, general aviation, and 

military flights. The third is based on worldwide Air 

Traffic Control data supplemented by timetable informa

tion and other data as appropriate. 

Mcinnes and Walker ( 1 992) generated 2-D and 

3-D inventories of NOx emissions from subsonic air

craft, using relatively broad assumptions for numbers of 

aircraft types, flight profiles/distance bands, and cell siz

es. However, the evaluation did not include 

non-scheduled, military, cargo, or general aviation, and 



both inventories accounted for only 5 1 %  of the total esti

mated fuel consumption of 166.5 x 109 kg for the year 

1 989 (lEA, 1 990). The fuel consumption was simply 

scaled to match the total estimated fuel consumption in 

order to estimate the total NOx mass. Their average 

EI(NOx) value of 1 1 .6 is within the range quoted else

where (NuBer and Schmitt [ 1 990] 6 - 1 6.4; Egli [ 1 990] 

l l-30; and Becket al. [ 1 992] 17.9). 

Wuebbles et al. ( 1 993) generated for the HSRP/ 

AESA (Prather et al., 1 992; Stolarski and Wesoky, 

1 993a) a comprehensive assessment of all aircraft types 

to determine fuel, NOx, CO, and HC for general scenar

ios comprising the 1 990 fleet and proj ected fleets of 

subsonic and supersonic aircraft (HSCTs) for the year 

20 15.  A much better match (7 6%) of the calculated fuel 

use with the total estimated fuel consumption for 1 990 

was achieved. The remainder is likely to be mainly at

tributable to factors such as the non-idealized flight 

routings and altitudes actually flown by aircraft due to 

factors such as air traffic control, adverse weather, etc., 

as well as low-level unplanned delays and ground opera

tions. However, scaling to match the total estimated fuel 

consumption gave a total annual NOx mass ( 1 .92 Tg) 

similar to that of Mcinnes and Walker. Illustrations of 

the global NOx inventories as functions of latitude/longi

tude, or altitude/latitude for both 1 990 and 20 1 5  are 

given in Figures 1 1 -2 and 1 1 -3. 

The European Civil Aviation Conference (ECAC) 

Abatement of Nuisance Caused by Air Traffic (AN CAT) 

work, carried out to complement the AERONOX pro

gram, has also considered NOx emissions from subsonic 

and supersonic fleets for the year 1 992. Unlike the other 

inventories, the traffic data have been compiled for four 

equally spaced months throughout the year to provide 

information on the seasonal variation. Preliminary re

sults indicate a higher fuel bum, NOx annual mass, and 

Mcinnes and Walker, 

1992 

Year 1 989 

Grid size 7.5°  X 7.5°  X 0.5km 

Fuel match 5 1 %  

EI (NOx) global 1 1 .6 

NOx mass (Tg)# 1 .9 1 #  
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El(NOx) than those of the other inventories and are like

ly to represent upper bounds on the aircraft NOx 

emission burden. The current grid scale is larger than 

that of the HSRP/ AESA inventory, but this may give a 

more realistic representation of the NOx distribution 

within the heavily traveled air traffic routes, such as the 

North Atlantic, where there is known to be a significant 

divergence of actual flight paths from the ideal great cir

cle routes currently assumed by all inventories. Further 

work is being carried out to produce forecast inventories 

for the years 2003 and 20 15.  

Considerable comparative analysis is being under

taken between the ECAC/ AN CAT and the HSRP/ AESA 

inventories in order to understand the reasons underlying 

the differences (EI(NOx) 1 0.9 to 1 6.8; NOx mass 1 .92 to 

2.8 Tg) and to refine the inventories. For example, it is 

already known that there is some double counting of 

traffic in some geographically important areas of the 

ECAC/ AN CAT inventory. Another significant factor is a 

large difference in the contribution from military air

craft. A comparison summary of the inventories is given 

in the table at the bottom of the page. 

11.2.6 Emission s  Above and Below the 

Tropopause 

In a global perspective, the North Atlantic, apart 

from North America and Europe, contains the largest 

specific subsonic traffic load. In 1 990 the average daily 

movements across the Atlantic (both directions) between 

45 ° and 60°N amounted to 595 flights in July and 462 

flights in November. One recent study (Hoinka et al., 

1 993) has assessed the aircraft fleet mix and the resulting 

emissions for this flight corridor. By correlation of the 

traffic data with the tropopause height from the Euro

pean Centre for Medium-Range Weather Forecasts 

Wuebbles et al., ECACIANCAT, 

1993 1994 

1990 1 992 

1° X 1° X lkm 2.8° X 2.8° X lkm 

76% 99% 

10.9 1 6.8 

1 .92# 2.8# 

#Note: all data for NOx mass have been scaled to 1 00% fuel match. 
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Figure 1 1-2. Annual NOx emissions for proposed 20 15 subsonic and Mach 2.4 (EI( NOx)=15) HSCT fleets as 
function of latitude and longitude. Top panel shows emissions below 13 km (primarily subsonic traffic) while 
bottom panel shows emissions above 13 km (primarily HSCT traffic) . (Albritton et at., 1993) 
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top panel) and for proposed 20 15 subsonic and Mach 2.4 (EI( NOx)=15) HSCT fleets (bottom panel). (Albrit
ton eta/., 1993) 
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(ECMWF) data, it is estimated that 44% of the NOx 

emissions are injected in the lower stratosphere and 56% 

are injected in the upper troposphere. 

11.3 PLUME PROCESSES 

Plume processing involves the dispersion and con

version of aircraft exhausts on their way from the scales 

of the jet engines to the grid scales of global models .  The 

details of plume mixing and processing can be important 

for conversion processes that depend nonlinearly on the 

concentration levels, such as the formation of contrails, 

the formation of soot, sulfur and nitric acid particles, and 

nonlinear photochemistry. Also, the vertical motion of 

the plumes relative to ambient air and sedimentation of 

particles may change the effective distribution of emitted 

species at large scales. Contrails may impact the mixing, 

sedimentation, heterogeneous chemistry, and the forma

tion of cirrus clouds, with climatic consequences. 

11.3.1 Mixing 

The aircraft wake can be conveniently subdivided 

into three regimes (Hoshizaki et al., 1 975) :  the jet, the 

vortex, and the dispersion regimes. The vortex regime 

persists until the vortices become unstable and break up 

into a less ordered configuration. Thereafter, the disper

sion regime follows, in which further mixing is 

influenced by atmospheric shear motions and turbulence 

depending on shear, stratification, and other parameters 

(Schumann and Gerz, 1 993) .  With respect to mixing 

models, the jet and vortex regime, including the very ear

ly dispersion regime, can be computed with models as 

described by Miake-Lye et al. ( 1 993) .  The engine 

plumes grow by turbulent mixing to fill the vortex pair 

cell. Due to rotation, centripetal acceleration causes in

ward motions of the relatively warm plumes so that 

the exhaust gases get trapped near the narrow well

mixed core of the vortices. The radial pressure gradient 

also causes adiabatic cooling and hence increases the 

formation of contrails. These centripetal forces are much 

larger for supersonic aircraft than for subsonic aircraft. It 

should be noted, however, that these model results re

main largely untested, observationally. 

Details of the plume fluid dynamics depend criti

cally on the aircraft scales .  For a Boeing-747, one may 

estimate that the jet regime lasts for about 10 s and the 

following vortex regime for about 1 to 3 minutes. The 

cross-section of the trailing vortex pair represents an up

per bound for the mixed area of the plumes. However, 

measurements of water vapor concentration and temper

ature in the jet and vortex regime (>2 km behind a DC-9 

at cruising altitude) exhibit a spiky concentration field 

within the double vortex system, indicating that the indi

vidual j et plumes may not yet be homogeneously mixed 

over the vortex cross-section at such distances (Bau

mann et al. ,  1 993) .  

The lift of the aircraft induces downward motion 

of the double vortex structure at about 2.4 ± 0.2 m s-1 for 

a Boeing-747, which decreases when the vortices mix 

with the environment at altitudes that may be typically 

100 m lower than flight level . During this descent, parts 

of the exhaust gases are found to escape the vortex cores. 

In the supersonic case, the vortex pair has more 

vertical momentum (descent velocity of about 5 m/s) ,  

and its  vertical motion will continue (possibly in the 

form of vortex rings) well after the vortex system has 

broken up. This will lead to exhaust species deposition a 

few hundred meters below flight altitude (Miake-Lye et 

al. , 1 993).  Radiation cooling of the exhaust gases may 

contribute to additional sinking (Rodriguez et al. ,  1 994), 

in particular when contrails are forming. 

Very little is known about the rate of mixing in the 

dispersion range, and it is this rate of mixing that plays a 

large role in determining the time evolution of the gas 

composition of the plume (Karol et al. ,  1 994) . In fact, it 

is yet unknown at what time scales the emissions be

come indistinguishable from the ambient atmosphere. 

Table 1 1 -2 shows estimates of the concentration increas

es due to aircraft emissions in a young exhaust plume 

(vortex regime) and at the scales of the North Atlantic 

flight corridor (Schumann, 1994) . These are the scales in 

between which global models will be able to resolve the 

concentration fields. The background concentration esti

mates are taken from Penner et al. ( 1 99 1 )  for NOx, 

Mohler and Arnold ( 1 992) for S02, and Pueschel et al. 

( 1 992) for soot. With respect to background, the concen

tration increases in young plumes are of importance for 

all aircraft emissions included in Table 1 1 -2.  A strong 

corridor effect is expected for NOx and, at least in the 

lower stratosphere, also for SOx and soot particles. 

11.10 

11.3.2 Homogeneous Processes 

Several models have been developed to describe 

the finite-rate chemical kinetics in the exhaust plumes 
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Table 11-2. Mean concentration increases in vortex regime (5000 m2 cross-section) of a B-747 plume, 

and mean concentration increase in the North Atlantic flight corridor due to traffic exhaust emissions 

from 500 aircraft. (Table adopted from Schumann, 1994.) 

Species EI (g/kg) Background 

concentration 

at 8 km 

Mean Mean 

concentration concentration 

increase in increase in 

vortex regime North Atlantic 

flight corridor 

C02 3 1 50  358 ppmv 1 4  ppmv 0.02 ppmv 

HzO 1 260 20-400 ppmv 1 4  ppmv 0.02 ppmv 

NOx(N02) 1 8  0.01 -0.05 ppbv 78 ppbv 0. 1 ppbv 

so2 1 5 0-300 pptv 3 1 00 pptv 4 pptv 

soot 0.1 3 ngfm3 240 ngfm3 0.3 ngfm3 

(Danilin et a!., 1992; Miake-Lye et al., 1 993; Pleijel et 

al., 1 993;  Weibrink and Zellner, 1 993) .  Most models fol

low a well-mixed air parcel as a function of plume age or 

distance behind the aircraft. The models are initialized 

either with an estimate of emissions from the jet exit or a 

separate model describing the kinetics after the combus

tion chamber within the engine. Considerable deviations 

from local equilibrium are predicted at the jet exit, in 

particular for CO, NO, N02, HN03, OH, 0, and H. In 

the models, the air parcel grows in size as a prescribed 

function of mixing with the environment, and the con

centrations in the plume change according to mixing 

with the ambient air and due to internal reactions in the 

homogeneous mixture. The models differ in the treat

ment of mixing, in the reaction set used to simulate the 

exhaust plume finite-rate chemical kinetics, photolysis 

rates, treatment of heterogeneous processes, and in the 

prescription of the effective plume cross-section as a 

function of time or distance. Since most of the NOx 

emissions are in the form of NO, a rapid but local de

struction of ozone is to be expected. 

Besides some incidental measurements in flight 

corridors or contrails (Hofmann and Rosen 1 978; Doug

lass et al. , 199 1 ), very few data exist at this time on the 

gaseous emissions in aircraft plumes in the atmosphere. 

Measurements of the gases HN02, HN03, NO, N02, 

and S02 were recently made (Arnold et a!. , 1992, 1 994a) 

in the young plume of an airliner at cruising altitude (see 

Figure 1 1 -4) . The data imply that not more than about 

ll.ll 

1 %  of the emitted odd-nitrogen underwent chemical 

conversion to longer living HN03. Hence, most of the 

emitted odd nitrogen initially remains in a reactive form, 

which can catalytically influence ozone. 
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Figure 11-4. Time plot of nitrous acid (HN02) and 
nitric acid abundance measured during chase of a 
DC-9 airliner at 9.5 km altitude and a distance of 2 
km. Periods when the research aircraft was inside 
the exhaust-trail of the DC-9 are marked by bars. 
For these periods NO and N02 abundance are also 
given. (Arnold et a/., 1992, 1994b; recalibration 
changed conversion factors shown in figure to: NO x 
0.006 and N02 x 0.003.) 
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Figure 11-5. Time series for NO, NOy. C02, H20, 
and CN during the plume encounters on May 18, 
1993 . The approximate Greenwich Mean Time 
(GMT) is noted in the top panel. The scale on the 
left side indicates the absolute value of each spe
cies. T he zero in the right scale is set to the 
approximate background values of each species. 
At the ER-2 airspeed of 200 m s-1, the panel width 
of 60 seconds corresponds to 12 km. (Based on 
Fahey et at., 1994.) 

In situ measurements of NOy, NO, C02, H20, 

condensation nuclei, and meteorological parameters 

(Figure 1 1 -5)  have been used to observe the engine ex

haust plume of the NASA ER-2 aircraft approximately 

10  minutes after emission operating in the lower strato

sphere (Fahey et al. , 1 994) . The obtained EI(NOx) of 4 is 

in good agreement with values scaled from limited 

ground-based tests of the ER-2 engine. Non-NOx nitro

gen species comprise less than about 20% of emitted 

reactive nitrogen, consistent with model evaluations. 

11.3.3 Heterogeneous Processes 

New particles form in young exhaust plumes of jet 

aircraft. This is documented by in situ condensation nu

clem (CN) measurements made (Hofmann and Rosen, 

11.12 

1 978;  Pitchford et al. , 1 99 1 ;  Hagen et al. , 1 992; White

field et al. , 1 993) in plumes under flight conditions . 

The molecular physics details of nucleation are 

not well known and the theory of bimolecular nucleation 

is only in a rudimentary state. For a jet engine exhaust 

scenario, nucleation takes place in a non-equilibrium 

mechanism, which further complicates a theoretical de

scription. It seems, however, that jet aircraft may form 

long-lived contrails composed of H2S04·H20 aerosols 

and soot particles covered with H2S04·H20. Under 

conditions of low ambient temperatures around 1 0  km 
altitude, particularly in winter at high latitudes, contrails 

composed of HN03·H20 aerosols may also form (Ar

nold et al. , 1 992). Even if HN03·H20 nucleation does 

not occur, some HN03 may become incorporated into 

condensed-phase H2S04·H20 by dissolution at low tem

peratures. 

There are several potential effects of newly formed 

CN and activated soot. Such CN may trigger water con

trail formation, induce heterogeneous chemical 

reactions, and serve as cloud condensation nuclei 

(CCN). Thereby, jet aircraft-produced CN may have an 

impact on trace gas cycles and climate. However, at 

present this is highly speculative. 

Numerical calculations with chemical plume mod

els show that the impact of aircraft emissions on the 

atmosphere in the wake regime critically depends on het

erogeneous processes where considerable uncertainties 

still exist (Danilin et al. , 1 992, 1 994) . Danilin et al. 

( 1 992) have considered the heterogeneous reaction 

N20s + H20 --7 2HN03 on ambient aerosol particles 

only. They have found that this reaction does not play an 

important role at time scales of up to one hour in the 

wake, but may get important at larger time scales. Taking 

contrail ice (or/and nitric acid trihydrate [NAT]) particle 

formation into account, Danilin et al. ( 1 994) estimate 

that heterogeneous processes are more important at 

lower temperatures, but their impact on heterogeneous 

conversion is small during the first day after emission. In 

contrast, Karol et al. ( 1 994) found noticeable "heteroge

neous impact" on the chemistry in the plume taking into 

account the growth of ice particles. 

Around 10 km altitude, there seems to exist a 

strong CN source, which is not due to aircraft but to 

H2S04 resulting from sulfur sources at the Earth's sur

face (Arnold et al. , 1 994a) . Hence, the relative 

contribution of aircraft to CN production around 1 0  km 
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Table 11-3. Estimates of stratospheric perturbations due to aircraft effluents of a fleet of approxi

mately 500 Mach 2.4 HSCTs (NOx El=15) relative to background concentrations. (Perturbations are 

estimated for a broad corridor at northern midlatitudes.) ( Expanded from Stolarski and Wesoky, 1993b .) 

Species Perturbation Background 

NOx 3-5 ppbv 2-16 ppbv 

H20 0.2-0.8 ppmv 2-6 ppmv 

SOx 10-20 pptv 50-100 pptv 

H2S04 350-700 pptm 350-700 pptm 

Soot -7 pptm -7 pptm 

Hydrocarbons 2 ppbv (NMHC) 1600 ppbv (CH4) 

co -2ppbv 

C02 -I ppbv 

altitude needs to be determined. It is uncertain whether 

CN production around 10 km actually has a significant 

impact on trace gas cycles and CCN. 

11.3.4 Contrails 

Miake-Lye et al. (1993) have applied the analysis 

of Appleman (195 3) to the standard atmosphere as a 

function of altitude and latitude. Their result shows that 

much of the current high-flying air traffic takes place at 

altitudes where the formation of contrails is very likely, 

in particular in the northern winter hemisphere. A small 

reduction of global mean temperature near and above the 

tropopause, by say 2 K, would strongly increase the re

gion in which contrails have to be expected. Also, a 

slight change in the threshold temperature below which 

contrails form has a strong effect on the area of coverage 

with contrails. 

Except for in situ measurements by Knollenberg 

(1972), little is known about the spatial structure and 

microphysical parameters of contrails. Recent measure

ments (Gayet et al., 1993) show that contrails contain 

more and smaller ice particles than natural cirrus, lead

ing to about double the optical thickness in spite of their 

smaller ice content. Contrail observations from satellite 

data, Lidar measurements, and climatological observa

tions of cloud cover changes have been described by 

Schumann and Wendling (1990).  Large (1 to 10 km wide 

and more than 100 km long) contrails are observed re

gionally on about a quarter of all days within one year, 

but the average contrail coverage is only about 0.4% in 

mid-Europe. Lidar observations show that particles from 

11.13 

10-50 ppbv 

350 ppmv 

contrails sediment quickly at approximately 10 km alti

tude (Schumann, 1994) .  

11.4 NOx/H20/SULFUR IMPACTS ON 

ATMOSPHERIC CHEMISTRY 

11.4.1 Supersonic Aircraft 

The impacts of HSCT emissions on chemistry are 

discussed in detail in Stolarski and Wesoky (1993b ). 

Here we give a short summary. Effects of emissions 

from HSCTs (see Table 11-3) on ozone are generally 

predicted to be manifested through gas phase catalytic 

cycles involving NOx, HOx, ClOx, and BrOx. The 

amounts of these radicals are changed by two pathways. 

First, they are changed by chemistry, either addition of 

or repartitioning within nitrogen, hydrogen, and halogen 

chemical families. Predicted changes in ozone from this 

pathway are initiated primarily by NOx chemistry. Sec

ond, they are changed when HSCT emissions affect the 

properties of the aerosols and the probability of polar 

stratospheric cloud (PSC) formation. Changes in ozone 

from this pathway are determined primarily by ClOx and 

BrOx chemistry, with a contribution from HOx chemis

try (see Chapter 6 for more detail). 

Heterogeneous chemistry on sulfate aerosols also 

has a large impact on the potential ozone loss. Most im

portant is the hydrolysis of N20s: N20s + H20 ---7 
2 HN03. Several observations are consistent with this 

reaction occurring in the lower stratosphere (e.g., Fahey 

et al., 1993 ;  Solomon and Keys, 1992). Its most direct 
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effect is to reduce the amount of NOx. Indirectly, it in

creases the amounts of CIO and H02 by shifting the 

balance of CIO and ClON02 more toward CIO during 

the day and by reducing the loss of HOx into HN03. As a 

result, the HOx catalytic cycle is the largest chemical 

loss of ozone in the lower stratosphere, with NOx sec

ond, and both the ClOx and BrOx catalytic cycles have 

increased importance compared to gas phase conditions. 

The addition of the emissions from HSCTs will 

affect the partitioning of radicals in the NOy, HOy, and 

ClOy chemical families, and thus will affect ozone. The 

NOx emitted from the HSCTs will be chemically con

verted to other forms, so that the NOx!NOy ratio of these 

emissions will be almost the same as for the background 

atmosphere. As a result, the NOx emissions will tend to 

decrease ozone, but less than would occur in the absence 

of sulfate aerosols. 

The increase in H20 will lead to an increase in 

OH, because the reaction between O( ID) that comes 

from ozone photolysis and H20 is the major source of 

OH; however, increases in NOy will act to reduce HOx 

through the reactions of OH with HN03 and HN04. On 

the other hand, HN03, formed in the reaction of OH with 

N02, can be photolyzed in some seasons and latitudes to 

regenerate OH. When all of these effects are considered, 

the amount of HOx is calculated to decrease-H02 by 

up to 30% and OH by up to 10%. Thus, the catalytic de

struction of ozone by HOx, the largest of the catalytic 

cycles, is decreased. 

Finally, ClOx concentrations decrease with the ad

dition of HSCT emissions for two reasons. First and 

most important, with the addition of more N02, the day

time balance between ClO and ClON02 is shifted more 

toward ClON02. Second, with OH reduced, the conver

sion of HCl to Cl by reaction with OH is reduced, so that 

more chlorine stays in the form of HCl. Thus, the catalyt

ic destruction of ozone by ClOx is decreased. 

The addition of HSCT emissions results in in

creases in the catalytic destruction of ozone by the NOx 

cycle that are compensated by decreases in the catalytic 

destruction by ClOx and HOx. Because the magnitudes 

of the changes in catalytic destruction of ozone are simi

lar for the NOx, HOx, and ClOx cycles, compensation 

results in a small increase or decrease in ozone. Model 

calculations indicate a small decrease. The decreases in 

the catalytic destruction of 03 by CIOx and HOx involve 

the effects of increased water vapor and HN03 on the 

rates of heterogeneous reactions on sulfate and the prob

ability of PSC formation. 

The addition of sulfur to the stratosphere from 

HSCTs will increase the surface area of the sulfate aero

sol layer. This change in aerosol surface area is expected 

to be small compared to changes from volcanic erup

tions, with a possible exception being the immediate 

vicinity of the aircraft wake. Model calculations by Bek

ki and Pyle ( 1 993) predict regional increases of the mass 

of lower stratospheric HzS04·H20 aerosols, due to air 

traffic, by up to about 100%. The importance of sulfur 

emissions from HSCTs in the presence of this large and 

variable background needs to be assessed. 

1 1 .4.2 Subsonic Aircraft 

The emissions from subsonic aircraft take place 

both in the lower stratosphere and troposphere. The pri

mary chemical effects of aircraft in the troposphere seem 

to be related to their NOx emissions. The concentration 

of ozone in the upper troposphere depends on transport 

of ozone mainly from the stratosphere and on upper tro

posphere ozone production or destruction. The impact of 

subsonic aircraft occurs through the influence of NOx on 

the tropospheric HOx cycle (see Chapter 5 for a fuller 

discussion of tropospheric ozone chemistry) . 

The HOx cycle is initialized by the photolysis of 

ozone itself, which results in the production of OH radi

cals and destruction of ozone. OH radicals have two 

possible reaction pathways: reaction with CO, CH4, and 

non-methane hydrocarbons (NMHC) resulting in H02 

and R02 radicals; or reaction with N02, removing OH 

and NOx from the cycle. The H02 radicals that are pro

duced also have two possible pathways: reaction with 

ozone or reaction with NO. The first one removes ozone 

from the cycle; the second one (also valid for R02 radi

cals) produces ozone and regains NO. Additionally, both 

pathways regain OH radicals. 
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As a consequence, ozone is destroyed photochem

ically in the absence of NOx· Only in the presence of 

NOx can ozone be produced. The net production/de

struction depends on the combination of these processes .  

Their relative importance is controlled mainly by the 

NOx concentration. In a regime of low NOx, the ozone 

concentration will be reduced photochemically. At high

er NOx concentrations (on the order of 1 0  pptv NOx) 

NOx will lead to a net ozone production. In both re

gimes, additional NOx will result in higher ozone 



concentrations. Only when the concentration of NOx is 

so high (over a few hundred pptv NOx) that the OH con

centration starts to decline, will additional NOx result in 

a lower ozone production. 

The impact of NOx emitted by aircraft depends, 

therefore, on the background NOx concentration and on 

the increase in NOx concentration. Measurements show 

that background NOx concentrations (including NOx 

emitted from subsonic aircraft) are in the range of 1 0-

200 pptv NOx. Therefore, airplane emissions take place 

in the regime of increasing ozone production most of the 

time, where increasing NOx results in increased local 

ozone concentrations. 

In this regime, the concentration of OH radicals is 

enhanced also by additional NOx. First, enhanced ozone 

means higher production of OH by photolysis of ozone. 

Second, the partitioning in the HOx family is shifted to

wards OH by the reaction of H02 with NO. The loss 

process of OH by reaction with N02 is not yet important. 

This enhancement of the OH concentration reduces the 

tropospheric lifetime of many trace species like CH4, 

NOx, etc. 

The emission of sulfur from aviation is much 

smaller than from surface emissions and negligible in 

terms of the resultant acid rain, but may be important if 

emitted at high altitudes. Hofmann ( 1 99 1 )  reported ob

servations that show an increase of non-volcanic 

stratospheric sulfate aerosol of about 5% per year. He 

suggests that if about 1 /6 of the Northern Hemisphere air 

traffic takes place directly in the stratosphere and if a 

small fraction of other emissions above 9 km would en

ter the stratosphere through dynamical processes, then 

the jet fleet appears to represent a large enough source to 

explain the observed increase. On the other hand, Bekki 

and Pyle ( 1 992) conclude from a model study that al

though aircraft may represent a substantial source of 

sulfate below 20 km, the rise in air traffic is insufficient 

to account for the observed 60% increase in large strato

spheric aerosol particles over the 1 979- 1 990 period. 

Sulfate particles generated from SOx may also contrib

ute to nucleation particles (Arnold et al., 1 994a). 

Whitefield et al. ( 1 993) find a positive correlation be

tween sulfur content and CCN efficiency of particles 

formed in jet engine combustion. 

The possible enhancement of aerosol surface area 

may affect the nighttime chemistry of the nitrogen ox

ides. The heterogeneous reaction of N205 (and possibly 
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N03) on aerosol surfaces will reduce the concentration 

of photochemically active NOx during the day, giving 

rise to lower ozone and OH concentrations in the upper 

troposphere (Dentener and Crutzen, 1 993). 

11.5 MODEL PREDICTIONS OF AIRCRAFT 

EFFECTS ON ATMOSPHERIC CHEMISTRY 

The first investigations concerning the potential 

effects of supersonic aircraft on the ozone layer were 

conducted in the 1 970s. Early assessments were ob

tained using one-dimensional ( 1 -D) photochemical 

models; more recent assessments rely on 2-D models 

(e.g., Stolarski and Wesoky, 1 993b). In addition, the 

transport in 2-D models has been compared to 3-D mod

el transport by examining the evolution of the 

distribution of passive tracers. 

11.5. 1 Supersonic Aircraft 

Evaluations of the effects of the emissions of the 

HSCT on the lower stratosphere have used two-dimen

sional (2-D) models. These are zonally averaged (lati

tude-height) models and are discussed in detail in 

Chapter 6. For use in such 2-D models, both the source 

of exhaust and the emission transport (both horizontal 

and vertical) are zonally averaged. In fact, the source of 

emissions is not zonally symmetric, as HSCT flight is 

expected to be restricted to oceanic corridors. Further

more, the transport processes through which trace spe

cies are removed from the stratosphere are not well 

represented by a zonally averaged model. Stratosphere

troposphere exchange processes (STE) occur preferen

tially near jet-systems, above frontal perturbations, and 

during strong convection in tropical regions. The two 

former processes may transport effluents released by 

HSCTs irreversibly to lower levels and lead to tropo

spheric sinks. Effluents may be rapidly advected also to 

lower latitudes by large-scale motions. Such processes 

are poorly represented in 2-D models. The horizontal 

scale for STE is small and can only be represented using 

3-D models with high resolution. These small scales are 

not explicitly resolved in most global 3-D models. Thus, 

any use of a 3-D model to evaluate the use of a 2-D mod

el for these assessments must include a critical evalua

tion of the 3-D model STE. 2-D models do have the 

practical advantage that it is possible to complete many 
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assessment calculations, using a reasonably complete 

representation of stratospheric chemistry, and also by 

considering the sensitivity of the results to model param

eters one can take some aspects of feedbacks among at

mospheric processes into account. 

Current 3-D models, though impractical for full 

chemical assessments, are practical for calculations that 

consider the transport of aircraft exhaust, which is treat

ed as a passive tracer. Such calculations have been 

compared directly with 2-D models (Douglass et al. , 

1 993 ; Rasch et al., 1 993) .  Their results show that for 

seasonal simulations, provided that the residual circula

tion derived from the 3-D fields is the same as used in the 

2-D calculation, the tracer is dispersed faster vertically 

and has similar horizontal spread for 3-D compared with 

2-D calculations .  Although the tracer is also transported 

upward more rapidly in 3-D than in 2-D (where vertical 

upward transport is minimal) ,  the more rapid downward 

transport is the more pronounced effect. Accumulation 

of aircraft exhaust in flight corridors is found in regions 

of low wind speed, but only a small number of typical 

corridors (North Atlantic, North Pacific, and tropical) 

have been considered. The effect of such local accumu

lation would be largest if a threshold chemical process 

such as particle formation is triggered at high concentra

tion of aircraft exhaust constituents . In 2-D models that 

use residual mean formulation, transport to the tropo

sphere takes place principally through two mechanisms: 

advective transport by the residual mean circulation 

(mostly at middle to high latitudes) and diffusive trans

port across the tropopause (all latitudes) . The latter is 

largest where the 2-D model' s  tropopause height is dis

continuous (to represent the downward slope of the 

tropopause from the tropics to middle and polar lati

tudes) (Shia et al. , 1 993) .  The difference in the character 

of S TE in 2-D and 3-D models leads to different sensitiv

ities to the latitude at which exhaust is injected in the 

models. For the 3-D model, the atmospheric lifetime of a 

tracer species is relatively insensitive to the latitude of 

injection. For the 2-D model, the tracer species lifetime 

is much longer for injection at lower latitudes than at 

higher latitudes, since transport to higher latitudes must 

take place before most of the pollutant is removed from 

the stratosphere. 

Treatments of the transport and photochemistry 

used in 2-D models have been examined through a series 

of model intercomparisons and comparisons with obser-
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vations (Jackman et al. , l 9 89b; Prather and Remsberg, 

1 993) .  Model results for a "best" simulation, as well as 

for various applications and constrained calculations, 

were compared with each other and with observations. 

There are significant differences in the models that lead 

to differences in the model assessments as discussed be

low. In addition, there are some features, such as the very 

low observed values of N20 and CH4 in the upper tropi

cal stratosphere, and the NOyf03 ratio at tropical 

latitudes, that are not well represented by all 2-D models .  

There are also many areas of agreement between 

models and observations that suggest that an evaluation 

of the effects of the HSCT may be an appropriate use of 

these models. For example, the models '  total ozone 

fields show general consistency when compared with 

observed fields such as Total Ozone Mapping Spectro

meter (TOMS) data, the overall vertical and latitudinal 

distributions of such species as N20, CH4, and HN03, 

and the ozone climatology that is based on Stratospheric 

Aerosol and Gas Experiment (SAGE) and Solar Back

scatter Ultraviolet (SBUV) observations. If the SAGE 

results for 03 loss over the past decade at altitudes just 

above the tropopause are correct (see Chapter 1 ), howev

er, then the inability of present models to reproduce this 

03 decrease (see Chapter 6) casts doubt on their ability 

to correctly model aircraft effects in this important re

gion. 

At the beginning of the NASA HSRP/ AESA pro

gram, the assessment models contained only gas phase 

photochemical reactions. The importance of the hetero

geneous reaction (temperature independent) N20s + 

H20 --7 2 HN03 on the surface of stratospheric aerosols 

was noted by Weisenstein et al. ( 1 99 1 )  and Bekki et al. 

( 1 99 1 )  and has been further explored by Ramaroson and 

Louisnard ( 1 994) . This process  changes the balance be

tween the reactive nitrogen species, NO and N02 (NOx), 

and the reservoir species, HN03. For gas phase evalua

tions ,  lower stratospheric ozone was most sensitive to 

the amount of NOx from aircraft exhaust injected into 

the lower stratosphere. For evaluations including this 

heterogeneous process, the NOx levels in both the base 

atmosphere and in the perturbed atmosphere are much 

lower than in the gas phase evaluations, and the calculat

ed ozone change is greatly reduced (Ko and Douglass, 

1 993) .  

2-D models have also been used to examine other 

processes that are of potential significance. For example, 
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Table 1 1 -4. Calcu lated percent change i n  the averaged col umn content of ozone between 40°N and 50°N. 

Scenarios AER GSFC LLNL OSLO CAMED NCAR 

I: Mach 1 .6, NOx EI=5* -0.04 -0. 1 1  -0.22 +0.04 +0.69 -0.0 1 
II: Mach 1 .6, NOx El= l 5 * -0.02 -0.07 -0.57 +0. 1 5  +0.48 -0.60 
III: Mach 2.4, NOx EI=5 * -0.47 -0.29 -0.58 -0.47 +0.38 -0.26 
IV: Mach 2.4, NOx EI= l 5* - 1 .2 -0.86 -2. 1 - 1 .3 -0.45 - 1 . 8 
V: Mach 2.4, NOx El= l 5**  -2.0 - 1 . 3 -2.7 -0.42 - 1 . 1  -2 .3  
VI: Mach 2 .4,  NOx EI=45 * -5 .5  -4. 1 -8 .3  -3 .5  -2 .8  -6 .9  

Table 1 1 -5. Calculated percent change in the averaged column content of  ozone in the Northern Hemisphere. 

Scenarios AER GSFC LLNL OSLO CAMED NCAR 

I: Mach 1 .6, NOx EI=5 * -0.04 -0. 1 2  -0. 1 8  +0.02 +0.63 -0.04 
II: Mach 1 .6, NOx EI= l 5 *  -0.02 -0. 1 4  -0.48 +0. 1 0  +0.63 -0.54 
III : Mach 2.4, NOx El=5 * -0.42 -0.27 -0.50 -0.39 +0.25 -0.25 
IV: Mach 2.4, NOx El= l 5 *  - 1 .0 -0.80 - 1 . 8 - 1 .0 -0.26 - 1 .5 
V: Mach 2.4, NOx EI= l 5* *  - 1 .7 - 1 .2 -2 .3 -0.43 -0.80 - 1 .9 
VI: Mach 2.4, NOx EI=45 * -4.6 -3 .6  -7.0 -3 . 1 -2. 1 -5 . 1  

* Relative to a background atmosphere with chlorine loading of 3 .7 ppbv, corresponding to the year 20 1 5  
* *  Relative to  a background atmosphere with chlorine loading of  2 .0  ppbv, corresponding to  the year 2060 

if HSCT planes are flown, the lower stratospheric levels 

of total odd nitrogen and water vapor are expected to 

rise. In addition to a general increase over background 

levels throughout the lower stratosphere, there is a possi

bility for large enhancements in areas of high traffic (air 

"corridors") .  Peter et al. ( 1 99 1 )  and Considine et al. 

( 1 993) have considered the possibility that the increases 

in H20 and in HN03 (a consequence of the heteroge

neous conversion of NOx) will lead to an increase in the 

amount of nitric acid trihydrate (NAT) cloud formation. 

They indeed find this to be so. 

The evaluation of the effects of a future fleet of 

supersonic aircraft on stratospheric ozone was made by 

Johnston et al. ( 1 989) and by Ramaroson ( 1 993) using 

gas phase models .  The ozone loss for an inj ection at a 

fixed level was found to increase nearly linearly as the 

amount of NOx injected was increased. The ozone loss 

was found to be larger for inj ection at higher levels be

cause the ozone response time decreases with altitude, 

and because the pollutant has a longer stratospheric life

time when injected farther from the model tropopause. 

Jackman et al. ( 1 989a) used a 2-D model to test 

the dependence of the supersonic aircraft assessments on 

model dynamical inputs. As anticipated, the calculated 

change in ozone is larger (smaller) for a slower (faster) 

residual circulation because the circulation controls the 

magnitude of the steady-state stratospheric NOx pertur-

bation. This paper also showed that the annual cycle of 

the zonally averaged total ozone is sensitive to the annu

al cycle in the residual circulation. A similar sensitivity 

to the residual circulation has been demonstrated for a 

3-D calculation using winds from a data assimilation 

procedure for transport (Weaver et al. , 1993).  

The supersonic aircraft assessment scenarios dis

cussed here are for Mach numbers 1 .6 and 2.4, which 

correspond to the two aircraft cruise altitudes 1 6  km and 

20 km, respectively, and for three values for EI(NOx) 

(see Stolarski and Wesoky [ 1 993b] for specific details). 

The emission indices are given in Table 1 1 - 1 .  The calcu

lated total ozone changes are given for each participating 

model in Table 1 1 -4 for the calculated annually averaged 

column ozone change in the latitude band where the air

craft emissions are largest (40°-50°N), and in Table 1 1 -5 

for the Northern Hemisphere average. The model calcu

lations use an aerosol background similar to that 

observed in 1 979 (e.g. , before the Mt. Pinatubo erup

tion) . Some similarities and differences are seen among 

the model results. For all of the models, the ozone 

change for Mach 2.4 is more negative than that for Mach 

1 .6 .  The ozone change at Mach 2.4 is more negative as 

the EI is increased, but the change is more rapid than a 

linear change. The complexity of the assessment is cap

sulated by the change in ozone calculated at Mach 1 .6 

for the two different Eis in Table 1 1 -4. For all models, 

11.17 
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Figure 11-6. Calculated changes in the local concentration of NOy (ppbv) in June for Mach 2.4 ( E I (N0x)= 1 5) 
case. The contour intervals are 1 ppbv, 2 ppbv, 3 ppbv, 4 ppbv, and 5 ppbv (Stolarski and Wesoky, 1 993b) . 

11.18 



� 

03 A E R  (Scenano  IV )  - J u n e  
5o r---�--��--------�------� 

5 0  

4 0  

2 0  

1 0  

-60 -30 0 30 

LATITUDE (DEG)  
6 0  

03 G S FC (Scenario IV) - June  
60 

... 0 • • 

50 . . . . . . . . . . 

40 
. - 1 .0 . . . . . . . . . . . 

90 

� 30 
N 

20 

1 0  

o �--�--��--������--� 
-90 -60 -30 0 30 

LATITUD E  (DEG) 
60 90 

03 NCAR (Scenario IV) - June 
60 �--�--��--�--��--�--� 

50 

· . .
. 

1 0 

o �Mr�--��--���----�--� 
-90 -60 -30 0 30 

LATITUDE (DEG) 
60 90 

AIRCRAFT E M ISSIONS 

60 

50 
o o  

4 0  r 1  
:::! 
� 3 0  
N 

2 0  

0 0 . 0 

· 9 0  - 6 0  - 3 0  0 30 60 90 

LATITU D E  ( D EG )  

03 LLNL (Scen ano  IV)  - J u n e  
60 . ·. ·. -

. ' , .  
. .  

. . ' .  · '  

5 0  
. . . . . . . . . . 

. . . . . . - 1 . 0 

40 : .• 

� 
"·3. ()" .'· :X:: 30 . . . . . . . . . . . 

N 
20 

1 0  
0 . 0 

0 

- 90 ·60 -30 0 30 60 90 
LATITUD E  (DEG)  

03 OSLO (Scenario IV) - J u n e  5 o .---�--��--�--��-------. 

50 

. . . . . . . . . . . . . . . . . . . . . . . 

40 
:::! . ' .0 . . . . .  
� 30 

' • , , ,. , ,  • •  • • • • • •  • • ' •  • • ' : : I  

N 
20 

1 0  

0 �--�--��--�--�----�--� 

-90 -60 -30 0 30 
LATITUD E  (DEG) 

60 90 

Figure 1 1 -7. M odel-calculated percent change in local ozone for June for Mach 2 .4  ( E I (NOx)= 1 5) f leet in the 
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ton eta/., 1 993) . 
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and for both cases at ClOx mixing ratios of 3 .  7 ppbv, the 

changes are less than 1 % .  For three of the models (At

mospheric and Environmental Research, Inc. , AER; 

Goddard Space Flight Center, GSFC; and the University 

of Oslo, OSLO), the ozone change is less negative (more 

positive) for EI = 15 than for EI = 5. For the other three 

models (Lawrence Livermore National Laboratory, 

LLNL; the University of Cambridge and the University 

of Edingburgh, CAMED; and the National Center for 

Atmospheric Research, NCAR), the ozone change is 

more negative (less positive) for the larger emission in

dex. 

The assessment initiated by the "Comite Avian

Ozone" shows similar results. A 2-D model including 

heterogeneous reactions on aerosol and PSC surfaces 

and a similar emission scenario to that for the HSRP as

sessments shows a global mean decrease of total ozone 

of 0 .3% (Ramaroson and Louisnard, 1 994). The results 

depend upon the prescribed background atmosphere 

(e.g. , aerosol loading) used (see also: Tie et al. , 1 994; 

Considine et al. , 1994) . 

The change in NOy is given in Figure 1 1 -6 for each 

of the models for a scenario in which the HSCT fleet is 

assumed to fly at Mach 2.4 with an EI(NOx) = 15 and a 

backgr�un� chlorine mixing ratio of 3 .  7 ppbv. This NOy 
change md1cates the sensitivity to the different transport. 

LLNL has the largest change in NOy, and also the largest 

global ozone changes in Tables 1 1 -4 and 1 1 -5 .  However, 

the calculated global changes are clearly not ordered by 

the magnitude of the NOy change. The latitude height 

change in ozone for each of the models is given in Figure 

1 1 -7 . There are remarkably large differences in the local 

ozone changes, particularly in the upper troposphere/ 

lower stratosphere region where the aircraft emissions 

produce an increase in the ozone production as well as 

an increase in the ozone loss . Although changes in NOx 

have the largest impact on 03, the effects from H20 

emissions contribute to the calculated 03 changes (about 

20%) .  

The assessment models '  representation of upper 

tropospheric chemistry was not considered as a part of 

the Models and Measurements Workshop (Prather and 

Remsberg, 1 993). Further attention must be paid to the 

upper tropospheric chemistry to understand the spread in 

the results for these assessments. This subject is dis

cussed in the following section on the evaluation of the 

impact of the subsonic fleet. 

1 1 .5.2 Subsonic Ai rcraft 

The Chapter 7 discussions indicate that tropo

spheric photochemical-dynamic modeling is much less 

developed than is this type of stratospheric modeling; 

however, several types of models have been used to as

sess the impact of subsonic aircraft emissions. These 

include global photochemistry and transport models in 

latitude-height dimensions ignoring the longitudinal 

variation of emissions. This is an important drawback for 

species with short lifetimes. Another type of model used 

is the longitude-height model that addresses a restricted 

range of latitudes. They neglect the effect of latitudinal 

transport. Three-dimensional global dynamical models 

are being developed to study the impact of aircraft emis

sions, but the results from these models are as yet 

restricted to NOx and NOy species. The published results 

from two-dimensional models have used a range of esti

mates to represent present and future aircraft emissions, 

and consequently, the results are not easily comparable. 

There have been no organized efforts to intercompare 

models for subsonic aircraft as there have been for the 

supersonic aircraft problem. 

The sensitivity of modeled ozone concentrations 

to changes in aircraft NOx emissions has been found to 

be much higher than for surface emissions, with around 

twenty times more ozone being created per unit NOx 

emission for aircraft compared to surface sources 

(Johnson et al. , 1 992) . Several authors have investigated 

the role of hydrocarbon and carbon monoxide emissions 

from aircraft on ozone concentrations, but have found 

small effects (Beck et al. , 1 992; Johnson and Henshaw, 

1 99 1 ;  Wuebbles and Kinnison, 1 990) . The increase in 

net ozone production with increasing NOx is steeper at 

lower concentrations of NOx (Liu et al. , 1987), and 

therefore larger ozone sensitivities are expected for 

emissions to the Southern Hemisphere, where NOx con

centrations are lower (Johnson and Henshaw, 1 99 1 ) . 

Beck et al. ( 1 992) note the influence of lightning pro

duction of NOx in controlling the sensitivity of ozone to 

aircraft NOx emissions. These studies indicate the im

portance of predicting a realistic background NOx 

concentration, and underline the importance of measure

ments in model testing. 
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Several recent publications (Johnson and Hen

shaw, 1 99 1 ;  Wuebbles and Kinnison, 1 990; Fuglestvedt 

et al. , 1 993 ;  Beck et al. , 1 992; Rohrer et al. ,  1 993) esti-



mate the percentage increases in ozone concentrations 

due to the impact of aircraft emissions. The results show 

maximum increases at around 10 km of between 1 2% 

and 4% between 30° and 50°N. 

NOx concentrations in the upper troposphere are 

controlled by the transport of NOx downwards from the 

stratosphere, by aircraft and lighting emissions, and by 

the convection of NOx from surface sources (Ehhalt et 

al. ,  1 992) . The available measurements of NOx in the 

free troposphere are discussed in Chapter 5. There are a 

number of observations where the vertical NO profile is 

strongly and unequivocally influenced by one or the oth

er of these sources, e.g., lightning (Chameides et al. , 

1 987; Murphy et al. , 1 993),  aircraft emissions (Arnold et 

al. , 1992), fast vertical transport (Ehhalt et al. , 1 993),  

which makes it clear that all these sources can and do 

make a contribution to the NOx in the upper troposphere. 

An example is given in Figure 1 1 -8,  which presents the 

daytime NO distribution across the North Atlantic dur

ing the period June 4-6, 1 984, of the Stratospheric Ozone 

(STRATOZ III) campaign (Ehhalt et al. , 1 993) .  Large 

longitudinal gradients of NO mixing ratio up to a factor 

of 5 were observed at all altitudes in the free troposphere 

in which the effects of an outflow of polluted air from the 

European continent are seen. This tongue of high NO 

over the Eastern Atlantic was accompanied by elevated 

CO and CH4 mixing ratios and therefore was probably 

due to surface sources .  Figure 1 1 -8 also illustrates the 

variance superimposed by longitudinal gradients on av

erage meridional cross sections.  However, at present 

there are not enough data to derive the respective global 

contributions from atmospheric measurements alone. In

dependent estimates of the various source strengths are 

needed. Our lack of knowledge about the NOx budget in 

the troposphere, especially in the upper troposphere, 

makes model predictions for this region questionable. 

Thus, at present, we can have little confidence in our 

ability to correctly model subsonic aircraft effects on the 

atmosphere. 

Figure 1 1 -9 shows published comparisons of 

available NO measurements (Wahner et al. , 1 994) with 

predictions from two-dimensional models (Berntsen and 

Isaksen, 1 992). Using a quasi-two dimensional longi

tude-height model and considering estimates of all 

important tropospheric sources of NOx (input from the 

stratosphere, lightning, fossil fuel combustion, soil emis

sions and aircraft) for the latitude band of 40° -50°N (see 
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Figure 1 1 -8. Dayt ime NO m ixing ratio distribution 
(altitude vs. longitude) across the North Atlant ic 
dur ing the period June 4-6, 1984, of the STRATOZ 
I l l  campaign.  (Based on Ehhalt eta/., 1993. )  

Figure 1 1 - 1 0) ,  Ehhalt e t  al. ( 1 992) could reproduce quite 

reasonably the measured vertical profiles shown in Fig

ure 1 1 -9. The transport of polluted air masses from the 

planetary boundary layer to the upper troposphere by 

fast vertical convection is considered an important pro

cess for NOx by these authors. However, Kasibhatla 

( 1 993) suggests that the stratospheric source is a more 

important source than that arising from rapid vertical 

convection, but the calculations did not consider light

ning, biomass burning, and soil emissions, and the 

heterogeneous removal of N205. 

Despite considerable differences in model trans

port characteristics and emission rates, all the studies 

suggest that aircraft are important contributors to upper 

tropospheric NOx and NOy concentrations. For example 

Ehhalt et al. ( 1 992) suggest that aircraft emissions ( esti

mated for 1 984) contribute around 30% to upper 

tropospheric NOx (Figure 1 1 - 1 0) .  Kasibhatla ( 1 993) es

timates that about 30% of the NOx in the upper 

troposphere between 30° and 60°N are from aircraft. It is 

clear from the results of B eck et al. ( 1 992) and Kasibhat

la ( 1 993) that despite large latitudinal variations in the 

rate of aircraft emissions, the impacts become manifest 

over the entire zonal band, though not evenly. This be

havior is in contrast to the behavior in the lower 

troposphere, and is due to the slower conversion of NOx 

to form HN03, and the slower removal rates for HN03, 

which allow for reconversion back to NOx· 
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Figure 1 1 -9. Comparisons of measured vertical profi les of NO (June 1 984 and January 1 99 1 ) with calcu la
tions from two-dimensional models.  (Based on data from: Wahner eta/., 1 994; Berntsen and Isaksen ,  1 992; 
Dru m mond eta/., 1 988.)  

Several authors discuss the changes to OH concen

tration consequent to the growth in ozone, and the 

consequences to methane destruction. Beck et al. ( 1 992) 

predicts OH changes of + 10% at around 10 krn for the 

region 30°-60°N. Similar values are suggested by Fug

lestvedt and Isaksen ( 1 992) (+20%) and Rohrer et al. 

( 1 993) ( + 1 2% ). These subsonic aircraft results should be 

considered as being preliminary given the complexity of 

the models, the lack of model intercomparison exercises, 

as well as the paucity of measurements to test against 

model results . 

1 1 .6 CLIMATE EFFECTS 

Both subsonic and supersonic aircraft emissions 

include constituents with the potential to alter the local 

and global climate. Species important in this respect in

clude water vapor, NOx (through its impact on 03) ,  

sulfur, soot, cloud condensation nuclei, and C02.  How

ever, quantitative assessments of the climate effects of 

aircraft operations are difficult to make at this time, giv

en the uncertainty in the resulting atmospheric 
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composition changes, as well as uncertainties associated 

with the climate effects themselves.  Therefore, the fol

lowing discussion will be on possible mechanisms by 

which aircraft operations might affect climate, along 

with some estimates of their relative importance. 

Increases of C02 and water vapor, and alterations 

of ozone and cirrus clouds have the potential to alter in 

situ and global climate by changing the infrared (green

house) opacity of the atmosphere and solar forcing. 

Sulfuric acid, which results from SOx emissions, may 

cool the climate through producing aerosols that give in

creased scattering of incoming solar radiation, while 

soot has both longwave and shortwave radiation im

pacts. The direct radiative impact for the troposphere as 

a whole is largest for concentration changes in the upper 

troposphere and lower stratosphere, where the effective

ness is amplified by the colder radiating temperatures. 

However, the impact (including feedbacks) on surface 

air temperature may be limited if changes at the tropo

pause are not effectively transmitted to the surface (see 

Chapter 8).  
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Figure 1 1 -1 0. Calculations o f  vertical p rof i les o f  NO d u ring summer (June ,  top panel) and winter (January, 
bottom panel) using a quasi-two d imensional longitude-height model for the latitude band of 40°-50 ° N .  The 
different shadings relate to the different sources: stratosphere, l ightn ing ,  su rface (fossi l  fuel com bustion and 
soil em issions) , and ai rcraft ( E h halt et at., 1 992). 

1 1 .6.1 Ozone 

As has been discussed in Chapter 8,  the impact of 

ozone changes on the radiation balance of the surface

troposphere system depends on the vertical distribution 

of the ozone changes. Reduction in tropospheric and 

lower stratospheric ozone tends to cool the climate, by 

reducing the atmospheric greenhouse effect. Reduction 

in middle and upper stratospheric ozone tends to warm 

the climate, by allowing more shortwave radiation to 

reach the surface (Lacis et al. , 1 990) . 

The preliminary assessments of the HSRP/ AESA 

program are that supersonic aircraft operations could de

crease ozone in the lower stratosphere by less than 2 

percent for an EI(NOx) of 15 ,  while increasing it in the 

upper troposphere by a similar percentage. When these 

ozone changes were put into the NASA Goddard Insti

tute for Space Studies (GISS) 3-D climate/middle 
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atmosphere model (Rind et al. ,  1988), the resulting 

change in global average surface air temperature was 

approximately -0.03°C. The net result is a consequence 

of the net effect of varying influences: ozone reduction 

in the stratosphere at 20 km, and ozone increases in the 

upper troposphere produce surface warming, while 

ozone reduction in the lower stratosphere produces sur

face cooling. The net result provides the small 

temperature changes found in this experiment. 

Assuming a local ozone increase (8 to 1 2  km, 30° 

to 50°N) of 4 - 7% due to doubling of the subsonic air

craft NOx emission and incorporating these changes into 

the Wang et al. ( 1 99 1 )  model, the inference can be drawn 

that a radiative forcing of 0.04 to 0.07 W m-2 will result 

(Mohnen et al. , 1993 ; Fortuin et al. , 1994) . This radia

tive forcing is of the same order as that resulting from the 

aircraft C02 emissions (see Chapter 8.2. 1 ) .  The estimat

ed feedback on radiative forcing from methane 
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decreases (due to the OH increase from increasing NOJ 

has been estimated to be small using two-dimensional 

models (Johnson, 1 994; Fuglestvedt et al. , 1994) . 

1 1 .6.2 Water Vapor 

Water vapor is the primary atmospheric green

house gas. Increases in water vapor associated with 

aircraft emissions have the potential to warm the climate 

at low tropospheric levels, while cooling at altitudes of 

release, due to greater thermal emission. The effects are 

largest when water vapor perturbations occur near the 

tropopause (GraBl, 1 990; Rind and Lacis, 1 993), as is 

likely to be the case. 

High-speed aircraft may increase stratospheric 

water vapor by up to 0.8 ppmv for a corridor at Northern 

Hemisphere midlatitudes, with a Northern Hemispheric 

effect perhaps 1 14 as large (Albritton et al. , 1 993) .  When 

changes of this magnitude were used as input to the 

stratosphere, the GISS climate/middle atmosphere mod

el failed to show any appreciable surface warming, as the 

radiative effect of the negative feedbacks (primarily 

cloud cover changes) were as important as the strato

spheric water forcing. In general, the stratosphere cooled 

by a few tenths of a degree, associated with the increased 

thermal emission. 

Subsonic tropospheric emissions of water vapor 

could possibly result in increases on the order of 0.02 

ppmv. Shine and Sinha ( 1 99 1 )  estimate that a global in

crease of 1 ppmv for a 50 mbar slab between 400 and 

100 mbar would increase surface air temperature by 

0.02°C. Therefore the climate effects from subsonic wa

ter vapor emission by aircraft seem to be very small. 

1 1 .6.3 Sulfuric Acid Aerosols 

Subsonic aircraft, flying both in the troposphere 

and stratosphere, are presently adding significant 

amounts of sulfur to the atmosphere. Hofmann ( 1 99 1 )  

has estimated that the current fleet may b e  contributing 

about 65% of the background non-volcanic stratospheric 

aerosol amount, whose optical thickness is approximate

ly 1 - 2 x lQ-3; note however, that this view is a 

controversial one as can be seen in Section 3 .2 . 1 of 

Chapter 6. This added optical thickness would imply a 

contribution to the equilibrium surface air temperature 

cooling on the order of 0.03°C due to aircraft sulfur 

emissions (Pollack et al. , 1993) .  
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1 1 .6.4 Soot 

Particles containing elemental carbon are the re

sult of incomplete combustion of carbonaceous fuel. 

Such particles have greater shortwave absorbing charac

teristics than do sulfuric acid aerosols, and thus a 

different shortwavellongwave impact on net radiation. 

Upper tropospheric aircraft emissions of soot presently 

account for about 0 .3% of the background aerosol 

(Pueschel et al. , 1 992). 

The total soot source for the stratosphere is cur

rently estimated as 0.00 1 teragrams/year (Stolarski and 

Wesoky, 1 993b), most likely coming primarily from 

commercial air traffic. This accounts for about 0.0 1 %  of 

the total stratospheric (background) aerosol loading 

(Pueschel et al. , 1 992) .  It is estimated that the proposed 

HSCT fleet would double stratospheric soot concentra

tions for the hemisphere as a whole, while increases of 

up to a factor of ten could occur in flight corridors (Tur

co, 1 992) . 

1 1 .6.5 Cloud Condensation Nuclei 

Contrails in the upper atmosphere act in a manner 

somewhat similar to cirrus clouds, with the capability of 

warming the climate by increasing longwave energy ab

sorption in addition to the shortwave cooling effect. 

Aircraft sulfur emissions in addition to frozen droplets 

are the most likely contributor to this "indirect" effect of 

aerosols, but soot might also be important. 

The impact of aircraft particle emissions on upper 

tropospheric cloud amounts and optical processes is not 

yet known, though it is likely to grow with increased air 

traffic. Changes in cloud cover and cloud optical thick

ness resulting from aircraft operations might be the most 

significant aircraft/climate effect, but quantitative evalu

ations of this are very uncertain. In a 2-D analysis, 

increases in cirrus clouds of 5% between 20-70°N pro

duced a warming of 1 °C, due to increased thermal 

absorption (Liou et al. , 1 990) . For 0.4% additional cloud 

coverage by contrails and mid-European conditions, an 

increase in surface temperature of about 0.05°C is esti

mated (Schumann, 1 994). 

1 1 .6.6 Carbon Dioxide 

While aircraft C02 emissions are at a different al

titude from other anthropogenic emissions, the climate 



impact should be qualitatively similar, as C02 is a rela

tively well-mixed gas . Therefore the climate impact 

from subsonic C02 emissions can be estimated to be ap

proximately 3% of the total anthropogenic C02 impact, 

since subsonic aircraft fuel consumption is about 3% of 

the global fossil fuel consumption. 

1 1 .7 UNCERTAI NTIES 

This chapter deals with the atmospheric effects of 

both the present subsonic aircraft fleet and an envisioned 

future supersonic aircraft fleet. The uncertainties in as

sessing these two atmospheric effects are of a different 

nature. For instance, there is a real uncertainty in the 

present emissions data base that results from uncertain

ties in the aircraft engine characteristics, engine 

operations, and air traffic data. There are also uncertain

ties relating to the models being used to examine the 

atmospheric effects of these subsonic emissions. In the 

supersonic case, assessments are being made for a hypo

thetical aircraft fleet, so modeling uncertainties are the 

main concern. The modeling uncertainties are probably 

much greater than the emission uncertainties at the 

present time. 

1 1 .7.1 Emissions Uncertainties 

As was indicated previously, the evaluation of a 

time-dependent emissions data base for use in atmo

spheric chemical-transport models requires a rather 

complete knowledge of the specific emissions produced 

by all types of aircraft, as well as a knowledge of the 

operations and routing of the aircraft fleet. 

There has been very limited aircraft engine testing 

under realistic cruise conditions for the present subsonic 

aircraft fleet. At the present time, some engine tests are 

being carried out under simulated altitude conditions to 

see if the present method of determining NOx, for exam

ple, from a combination of theoretical studies and 

laboratory combustor testing can be validated. 

A disagreement exists between the quantity of fuel 

produced and predicted fuel usage by the data bases. 

This discrepancy probably results from uncertainties in 

emissions for the non-OECD (Organization for Eco

nomic Cooperation and Development) countries and for 

military traffic, and from the uncertain estimates of load

ing and power settings of the aircraft fleet. 
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1 1 .7.2 Modeling Uncertainties 

There are two types of modeling uncertainties in 

the aircraft assessment process. One is related to model

ing of small-scale plume processes, while the other 

relates to the global atmospheric modeling. 

PLuME MoDELING 

As was indicated earlier in this chapter, consider

able modeling is required to characterize the evolution of 

the aircraft exhaust leaving the engines'  tailpipes to 

flight corridor spatial scales and then to the scales that 

are treated in the atmospheric models of aircraft effects. 

These plume models must treat turbulent dynamics and 

both gas phase and heterogeneous chemistry. Only one 

such model presently exists that treats the full problem 

and there exists no measurement program that is aimed 

at the validation of this model (Miake-Lye et al. , 1 993).  

There have been very few actual measurements in air

plane exhaust wakes. There are the chemical 

measurements at altitudes of about 10 km by Arnold et 

al. ( 1 992), and there were turbulence and humidity data 

taken by Baumann et al. ( 1 993) at the same time. Also, 

there are the SPADE (Stratospheric Photochemistry, 

Aerosols, and Dynamics Expedition) measurements tak

en during crossings of the ER-2 exhaust plume (Fahey et 

al. , 1994) . These measurements, while valuable, are not 

sufficient to validate the plume processing model. 
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ATMOSPHERIC MODELING 

The upper troposphere and lower stratosphere, the 

regions of major interest in this chapter, are particularly 

difficult regions to model. In 2-D models of supersonic 

aircraft effects, the meridional transport circulation is 

difficult to obtain since the radiative heating is com

prised of a number of small terms of different sign. Thus, 

small changes in any radiation term can have important 

consequences for transport. Similarly, the time scales for 

both transport and chemistry to modify the ozone distri

bution are generally long and comparable. The complete 

problem must be solved. The NOx, HOx, and ClOx 

chemical processes are highly coupled in the strato

sphere. Modeling the chemical balance correctly, in 

regions where few measurements are available, presents 

formidable difficulties. This situation is even worse in 

the upper troposphere than in the stratosphere, given that 
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the chemistry of the upper troposphere is more complex 

and there are fewer existing observations of this region. 

Supersonic aircraft have their cruising altitudes in 

the middle stratosphere (near 20 km) while subsonic air

craft have cruise altitudes that lie both in the troposphere 

and lower stratosphere. Supersonic assessment calcula

tions have been done using 2-D models up to the present 

time, while it is generally appreciated that 3-D models 

will be necessary for credible subsonic assessments . 

Thus, separate discussions of modeling uncertainties 

follow for aircraft perturbations in the stratosphere and 

in the troposphere. 

TRANSPORT 

Two particular problems relating to atmospheric 

transport are extremely important for the supersonic air

craft problem. First, stratosphere-troposphere exchange, 

which cannot be modeled in detail with great confidence 

in global (2-D or 3-D) models, is clearly of special sig

nificance to the chemical distribution in these regions, to 

the lifetime of emitted species, etc. More work on this 

topic is essential. Second, the present 2-D assessment 

models do not model well the details of the polar vortex, 

although improvements are anticipated when these mod

els include the Garcia ( 199 1 )  parameterization for 

breaking planetary waves. If the ideas of the polar vortex 

as a "flowing processor" are correct (see Chapter 3) ,  then 

the correct modeling of polar vortex dynamics will have 

a crucial impact on the distribution of species in the low

er stratosphere, and present 2-D models would clearly be 

performing poorly there. There is also the larger issue 

that the uncertainty connected with the use of 2-D mod

els to assess the inherently 3-D aircraft emission 

problem needs to be evaluated further. Even when 3-D 

models are available to model this problem, however, the 

question will remain as to how well these 3-D models 

simulate the actual atmosphere until adequate measure

ment-model comparisons are done. 

For modeling aimed at assessing the atmospheric 

effects of both subsonic and supersonic aircraft, it is cru

cial to properly model ambient NOx distributions in the 

upper troposphere, and these, in tum, depend on proper

ly modeling transport between the boundary layer and 

the free troposphere, on proper modeling of the fast up

ward vertical transport accompanying convection, and 

on modeling the lightning source for NOx. Considerable 

effort is needed to improve our capability in these areas. 

It is also necessary to model stratospheric-tropospheric 

transport processes carefully so that NOx fluxes and con

centrations in the region near the tropopause are 

realistic. This requires a substantial effort to improve our 

understanding of stratosphere-troposphere exchange 

processes. 

CHEMICAL CHANGES 

The effect of NOx emitted by subsonic aircraft de

pends on the amount of NOx in the free troposphere. The 

ambient NOx concentrations are not very well known, 

and depend on several factors such as surface emission 

from anthropogenic and natural biogenic sources, the 

strength of the lightning source for NOx, and the trans

port of stratospheric NOx into the troposphere (see 

Chapter 2, Table 2-5 ) .  The inclusion of wet and dry dep

osition processes and entrainment in clouds in 

assessment models is  at a very preliminary stage. 

Heterogeneous chemistry is another important 

area of uncertainty for models of the troposphere and 

lower stratosphere. For example, the hydrolysis of N20s 

is important in both the troposphere and stratosphere, but 

the precise rate for this reaction is not known. Observa

tional studies are needed to elucidate the exact nature 

and area of the reactive surfaces. Furthermore, at the 

present time, heterogeneous chemistry is being crudely 

modeled. Although there do exist models describing the 

size distribution and composition of stratospheric aero

sols, no aircraft assessment model presently exists that 

incorporates and calculates aerosol chemistry. 

In supersonic assessment models, it is important to 

properly model the switch over (at some altitude) from 

NOx-induced net ozone production to net ozone destruc

tion. The precise altitude at which this switch over 

occurs differs from model to model, and this can lead to 

very different ozone changes in different models of su

personic aircraft effects. The different responses of the 

various models used in the HSCT/AESA assessment of 

the impact of changed EI (see Tables 1 1 -4 and 1 1 -5, for 

example) point to important, unresolved differences in 

these models that must be addressed before a satisfac

tory assessment of the atmospheric effects of supersonic 

aircraft can be made with confidence. Also, it is clear 

from examining the modeled 03 changes in Chapter 6 

that the model results at altitudes below about 30 km dif

fer significantly from one another. They also do not give 

as large 03 losses as are observed (see Chapter 1 ) .  This 
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problem is particularly acute if one accepts the SAGE 

results indicating large decreases in ozone concentra

tions just above the tropopause (see Chapter I )  as being 

correct. Then, the fact that present stratospheric models 

do not correctly give this effect casts doubt on present 

assessment models to correctly simulate that atmospher

ic region. Since it is in this region where effects from 

aircraft operations are particularly significant, there is 

the question of how well we can correctly predict atmo

spheric effects in this altitude region. It may be that the 

SAGE ozone trends in this region are in error, or it may 

be that important effects in this region are not properly 

included in present models .  

1 1 .7.3 Cli mate U n certainties 

The study of the possible impact of aircraft on cli

mate is now just beginning. One can make some 

preliminary extrapolations based on existing climate re

search, but one should appreciate that the complexity of 

climate research, in general, implies that it will be some 

time before great confidence can exist in estimates of air

craft impacts on climate. 

1 1 .7.4 Su rprises 

Early assessments of the impact of aircraft on the 

stratosphere varied enormously with time as understand

ing slowly improved. Our understanding of the lower 

stratosphere/upper troposphere region is still far from 

complete and surprises can still be anticipated, which 

may either result in greater or lesser aircraft effects on 

the atmosphere. 
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ACRONYMS 

AER Atmospheric and Environmental 
Research, Inc. 

AERONOX The Impact of NOx Emissions from 
Aircraft upon the Atmosphere 

AESA Atmospheric Effects of Stratospheric 
Aircraft 

AN CAT Abatement of Nuisance Caused by Air 
Traffic 

CAMED 

CEC 

ClAP 

ECAC 

ECMWF 

EI 

GISS 

GSFC 

HSCT 

HSRP 

ICAO 

lEA 

LLNL 

LTO 

MOZAIC 

NASA 

NCAR 

NRC 

OECD 

OSLO 

POLIN AT 

SAGE 

SBUV 

SPADE 

WMO 

University of Cambridge and University 
of Edingburgh 

Commission of the European 
Communities 

Climatic Impact Assessment Program 

European Civil Aviation Conference 

European Centre for Medium-Range 
Weather Forecasts 

Emission Index 

NASA Goddard Institute for Space 
Studies 

NASA Goddard Space Flight Center 

High-Speed Civil Transport 

High Speed Research Program 

International Civil Aviation Organization 

International Energy Agency 

Lawrence Livermore National Laboratory 

Landing/Take-Off cycle 

Measurement of Ozone on Airbus 
In-service Aircraft 

National Aeronautics and Space 
Administration 

National Center for Atmospheric 
Research 

National Research Council 

Organization for Economic Cooperation 
and Development 

University of Oslo 

Pollution from Aircraft Emissions in the 
North Atlantic Flight Corridor 

Stratospheric Aerosol and Gas 
Experiment 

Solar Backscatter Ultraviolet spectrometer 

Stratospheric Photochemistry, Aerosols, 

and Dynamics Expedition 

World Meteorological Organization 



AIRCRAFT EMISSIONS 

REFER ENCES 

Aeronautics, Synopsis of Current Aeronautics Projects 

I 993, Industrial and Materials Technologies Pro

gramme-Area 3, Aeronautics, CEC Brussels 

(ISBN 92-826-6442-2), 1993. 

Albritton, D.L.,  et al. , The Atmospheric Effects of Strato

spheric Aircraft: Interim Assessment of the NASA 

High-Speed Research Program, NASA Reference 

Publication 1 333 ,  NASA Office of Space Science 

and Applications, Washington, D.C. ,  June 1 993 .  

Appleman, H. ,  The formation of exhaust condensation 

trails by jet aircraft, Bull. Amer. Meteorol. Soc. , 34, 

1 4-20, 1 953 .  

Arnold, F. ,  J. Scheidt, T. Stilp, H .  Schlager, and M.E. 

Reinhardt, Measurements of jet aircraft emissions 

at cruise altitude 1: The odd-nitrogen gases NO, 

N02, HNOz and HN03, Geophys. Res. Lett., I 9, 

242 1 -2424, 1 992. 

Arnold, F.,  J. Scheidt, T. Stilp, H. Schlager, and M.E. 

Reinhardt, Sulphuric acid emission by jet aircraft, 

submitted to Nature, 1 994a. 

Arnold, F., J. Schneider, M. Klemm, J .  Scheid, T. Stilp, 

H. Schlager, P. Schulte, and M.E. Reinhardt, Mass 

spectrometric measurements of SOz and reactive 

nitrogen gases in exhaust plumes of commercial 

j et airliners at cruise altitude, in Impact of Emis

sions from Aircraft and Spacecraft upon the 

Atmosphere, Proc. Intern. Sci. Colloquium, Co

logne, Germany, April 1 8-20, 1 994, edited by U.  

Schumann and D .  Wurzel, DLR-Mitt. 94-06, 323-

328,  1 994b. 

Baumann, R., R. Busen, H.P. Fimpel, C. Kiemle, M.E. 

Reinhardt, and M.  Quante, Measurements on con

trails of commercial aircraft, in Proceedings 8th 

Symp. Meteorol. Obs. and Instrum. , Amer. Met. 

Soc., Boston, 484-489, 1 993. 

Beck, J .P. ,  C.E. Reeves, F.A.A.M. de Leeuw, and S .A. 

Penkett, The effect of aircraft emissions on tropo

spheric ozone in the North hemisphere, Atmos. 

Environ. , 26A, 1 7-29, 1 992. 

Bekki, S . ,  and J.A. Pyle, 2-D assessment of the impact of 

aircraft sulphur emissions on the stratospheric 

sulphate aerosol layer, J. Geophys. Res. , 97, 

1 5839- 1 5 847, 1 992. 

1 1 . 28 

Bekki, S., and J.A. Pyle, Potential impact of combined 

NOx and SOx emissions from future high speed 

civil transport on stratospheric aerosols and ozone, 

Geophys. Res. Lett.,  20, 723-726, 1 993 .  

Bekki, S . ,  R. Toumi, J .A.  Pyle, and A.E.  Jones, Future 

aircraft and global ozone, Nature, 354, 1 93- 1 94,  

1 99 1 .  

Berntsen, T. , and I .S .A. Isaksen, Chemical-dynamical 

modelling of the atmosphere with emphasis on the 

methane oxidation, Ber. Bunsenges. Phys. Chern. , 

96, 24 1 -25 1 ,  1 992.  

Boeing, HSCT Study, Special Factors, NASA Contractor 

Report 1 8 1 88 1 ,  1 990. 

Chameides, W.L., D.D. Davis, J. Bradshaw, M. Rodgers, 

S .  Sandholm, and D.B.  Bai, An estimate of the 

NOx production rate in electrified clouds based on 

NO observations from the GTE/CITE 1 fall l 993 

field campaign, f. Geophys. Res. , 92, 2 1 53-2 1 56, 

1 987. 

ClAP Monograph 2, Propulsion Effluents in the Strato

sphere, Climate Impact Assessment Program, 

DOT-TST-75-52, U .S .  Department of Transporta

tion, Washington, D.C. ,  1 975 . 

Considine, D.B . ,  A.R. Douglass, and C.H. Jackman, Ef

fects of a parameterization of nitric acid trihydrate 

cloud formation on 2D model predictions of 

stratospheric ozone depletion due to stratospheric 

aircraft, submitted to f. Geophys. Res. , 1 993 .  

Considine, D.B . ,  A.R.  Douglass, and C.H. Jackman, 

Sensitivity of 2D model predictions of ozone re

sponse to stratospheric aircraft, submitted to f. 
Geophys. Res. , 1 994. 

Danilin, M.Y, B.C. Kruger, and A. Ebel, Short-term at

mospheric effects of high-altitude aircraft 

emissions, Ann. Geophys., 1 0, 904-9 1 1 , 1 992. 

Danilin, M.Y., A. Ebel, H.  Elbern, and H. Petry, Evolu

tion of the concentrations of trace species in an 

aircraft plume: Traj ectory study, f. Geophys. Res., 

99, 1 895 1 - 1 8972, 1 994. 

Dentener, F.J . ,  and P.J .  Crutzen, Reaction of NzOs on 

tropospheric aerosols :  Impact on the global distri

bution of NOx, 03 , and OH, f. Geophys. Res. , 98, 

7 149-7 1 64, 1 993 .  

Douglass, A.R., M.A.  Carroll, W.B .  Demore, J .R. Hol

ton, I.S .A. Isaksen, H.S.  Johnston, and M.K.W. 

Ko, The atmospheric effects of stratospheric air

craft: A current consensus, NASA Refer. Publ. 

1 25 1 ,  199 1 .  



Douglass, A.R. ,  R.B . Rood, C.J. Weaver, M.C.  

Cerniglia, and K.F. Brueske, Implications of three

dimensional tracer studies for two-dimensional 

assessments of the impact of supersonic aircraft on 

stratospheric ozone, J. Geophys. Res., 98, 8949-

8963, 1 993 .  

Drummond, J .W.,  D.H.  Ehhalt, and A. Volz, Measure

ments of nitric oxide between 0 and 1 2  km altitude 

and 67°N-60°S latitude obtained during STRA

TOZ III, J. Geophys. Res. , 93, 1 583 1 - 1 5 849, 1 988 .  

ECAC, European Civil Aviation Committee, Abatement 

of Nuisance Caused by Air Traffic, Databank, 

1994. 

Egli, R.A., NOx emissions from air traffic, Chimia, 44, 

369-37 1 ,  1 990. 

Ehhalt, D.H. ,  F. Rohrer, and A. Wahner, Sources and dis

tribution of NOx in the upper troposphere at 

northern mid-latitudes, J. Geophys. Res. , 97, 

3725-3738 ,  1 992. 

Ehhalt, D.H., F. Rohrer, and A. Wahner, The atmospheric 

distribution of NO, 03, CO, and CH4 above the 

North Atlantic based on the STRATOZ III flight, 

in The Tropospheric Chemistry of Ozone in the 

Polar Regions, NATO ASI Series, Vol. 1 7, edited 

by H. Niki and K.H. Becker, Springer-Verlag, Ber

lin, Heidelberg, 1 7 1 - 1 87,  1 993.  

Fahey, D.W. ,  S .R.  Kawa, E.L. Woodbridge, P. Tin, J .C.  

Wilson, H.H. Jonsson, J.E. Dye, D.  Baumgardner, 

S. Borrmann, D.W. Toohey, L.M. Avallone, M.H. 

Proffitt, J .J .  Margitan, R.J .  Salawitch, S .C .  Wofsy, 

M.K.W. Ko, D.E. Anderson, M.R. Schoeberl, and 

K.R. Chan, In situ measurements constraining the 

role of nitrogen and sulfate aerosols in mid-lati

tude ozone depletion, Nature, 363, 509-5 1 4, 1 993 .  

Fahey, D.W., E .R .  Keirn, E.L. Woodbridge, R.S .  Gao, 

K.A. Boering, B .C.  Daube, S .C.  Wofsy, R.P. 

Lohmann, E.J.  Hintsa, A.E. Dessler, C.R. Webster, 

RD. May, C.A. Brock, J.C. Wilson, R.C. Miake-Lye, 

R.C. Brown, J.M. Rodriguez, M. Loewenstein, 

M.H. Profitt, R.M. Stimpfle, S. Bowen, and K.R. 

Chan, In situ observations in aircraft exhaust 

plumes in the lower stratosphere at mid-latitudes, 

J. Geophys. Res. , in press, 1 994. 

AIRCRAFT EMISSIONS 

Fortuin, J .P.F., R. van Dorland, W.M.F. Wauben, and H. 

Kelder, Greenhouse effects of aircraft emissions as 

calculated by a radiative transfer model, submitted 

to Ann. Geophys. ,  1 994. 

Fuglestvedt, J .S . ,  and I .S .A. Isaksen, in Regional and 

Global Air Pollution from Aircraft, edited by F. 

Stordal and U. Pedersen, Norsk Institutt for Luft

forskning (NILU) Report 0- 1537, 1 992. 

Fuglestvedt, J .S . ,  T.K. Berntsen, and I.S.A. Isaksen, Re

sponses in Tropospheric 03, OH, and CH4 to 

Changed Emissions of Important Trace Gases, 

Centre for Climate and Energy Research, Oslo, 

Report 1 993:4,  1 993 . 

Fuglestvedt, J .S . ,  I .S .A. Isaksen, and W.-C. Wang, Direct 

and Indirect Global Warming Potentials of Source 

Gases, Centre for Climate and Energy Research, 

Oslo, Report 1 994 : 1 ,  March, 1994. 

Garcia, R.R., Parameterization of planetary wave break

ing in the middle atmosphere, J. Atmos. Sci. , 48, 

1405- 1 4 1 9, 1 99 1 .  

Gayet, J .-F. ,  G .  Febvre, G .  Brogniez, and P. Wendling, 

Microphysical and optical properties of cirrus and 

contrails: Cloud field study on 13 October 1 989, in 

EUCREX-2, Proc. 6th ICE/EUCREX Workshop, 

Department of Meteorology, Stockholm Univ. , 

Sweden, 24-26 June 1 993, edited by H. Sund

quist, 30-39, 1 993.  

1 1 .29 

GraBl, H.,  Possible climatic effects of contrails and addi

tional water vapor, in Air Traffic and the 

Environment, Lect. Notes in Engineering, 60, edit

ed by U. Schumann, Springer-Verlag, Berlin, 

1 24- 1 37,  1 990. 

Hagen, D.E. ,  M.B .  Trueblood, and P.D. Whitefield, A 

field sampling of jet exhaust aerosols, Particulate 

Sci. & Techn. , 10, 53-63, 1992. 

Hofmann, D.J . ,  Aircraft sulphur emissions, Nature, 349, 

659, 1 99 1 .  

Hofmann, D.J . ,  and J.M. Rosen, Balloon observations of 

a particle layer inj ected by a stratospheric aircraft 

at 23 km, Geophys. Res. Lett., 5, 5 1 1 -5 1 4, 1978.  

Hoinka, K.P. ,  M.E. Reinhardt, and W. Metz, North At

lantic air traffic within the lower stratosphere: 

Cruising times and corresponding emissions, J. 

Geophys. Res. , 98, 23 1 1 3-23 1 3 1 ,  1993 .  



AIRCRAFT EMISSIONS 

Hoshizaki, H. ,  L.B . Anderson, R.J.  Conti, N.  Farlow, 

J.W. Meyer, T. Overcamp, K.O. Redler, and V. 

Watson, Aircraft wake microscale phenomena, 

Chapter 2 in ClAP Monograph 3, Department of 

Transportation, Washington, D.C. ,  DOT-TST-75-

53,  1 975 . 

ICAO, International Civil Aviation Organization, Com

mittee on Aviation Environmental Protection, 2nd 

Meeting, Montreal, 1 99 1 .  

ICAO, International Civil Aviation Organization, Air

craft emissions regulations, Annex 1 6, Vol. II 2nd 

Edition, 1 993 .  

ICAO, International Civil Aviation Organization, Air

craft engine exhaust emissions databank, 1994. 

lEA, International Energy Agency, Oil and Gas Informa

tion ( 1 987-89), OECD, 1 990. 

Jackman, C.H. ,  A.R. Douglass, P.D. Guthrie, and R .S .  

Stolarski, The sensitivity of  total ozone and ozone 

perturbation scenarios in a two-dimensional mod

el due to dynamical inputs, J. Geophys. Res. , 94, 

9873-9887, 1989a. 

Jackman, C.H. ,  R.K. Seals, and M.J. Prather (eds. ) ,  Two

Dimensional Intercomparison of Stratospheric 

Models, NASA Conference Publication 3042, 

Proceedings of a workshop sponsored by the Na

tional Aeronautics and Space Administration, 

Washington, D.C. ,  Upper Atmosphere Theory and 

Data Analysis Program held Sept. 1 1 - 1 6, 1 988, in 

Virginia Beach, VA, 1989b. 

Johnson, C.E. ,  The Total Global Warming Impact of Step 

Changes of NOx Emissions, ARNCS/1 83580 1 7/ 

003, Harwell Laboratory, U.K.,  1 994. 

Johnson, C.  E., and J. Henshaw, The Impact of NOx Emis

sions from Tropospheric Aircraft, ARA-EE-0 1 27,  

Harwell Laboratory, U.K. ,  1 99 1 .  

Johnson, C.E. ,  J .  Henshaw, and G .  Mcinnes, Impact of 

aircraft and surface emissions of nitrogen oxides 

on tropospheric ozone and global warming, Na

ture, 355, 69-7 1 ,  1 992. 

Johnston, H.S . ,  D .  Kinnison, and D.J. Wuebbles, Nitro

gen oxides from high altitude aircraft: An update 

of the potential effect on ozone, 1. Geophys. Res. , 

94, 1 635 1 - 1 6363, 1 989. 

Karol I.L., Y.E. Ozolin, and E.V. Rosanov, Small and 

medium scale effects of high flying aircraft on the 

atmospheric composition, accepted for publica

tion in Ann. Geophysicae, 1994. 

Kasibhatla, P.S . ,  NOy from subsonic aircraft emissions :  

A global three-dimensional model study, Geo

phys. Res. Lett., 20, 1 707- 1 7 1 0, 1993 .  

Kavanaugh, M. ,  New estimates of NOx from aircraft: 

1 975-2025, in Proceedings Blst Annual Meeting 

of APCA (Air Pollution Control Association), Dal

las, Texas, June 1 9-24, paper 88-66 . 1 0, page 1 5 ,  

1988 .  

Knollenberg, R.G. ,  Measurements of the growth of the 

ice budget in a persisting contrail, 1. Atmos. Sci., 

29, 1 367- 1 374, 1 972. 

Ko, M. ,  and A.R. Douglass, Update of model simula

tions for the effects of stratospheric aircraft, 

Chapter 4 in Atmospheric Effects on Stratospheric 

Aircraft: A Third Program Report, edited by R.S .  

Stolarski and H.L.  Wesoky, 1993 . 

Lacis, A.A.,  D.J.  Wuebbles, and J.A Logan, Radiative 

forcing of climate by changes in the vertical distri

bution of ozone, 1. Geophys. Res., 95, 997 1 -998 1 ,  

1 990. 

Liou, K.-N. ,  S .-C. Ou, and G. Koenig, An investigation 

of the climatic effect of contrail cirrus, in Air Traffic 

and the Environment, Lect. Notes in Engineering, 

60, edited by U. Schumann, Springer-Verlag, Ber

lin, 1 54- 1 69, 1 990. 

Liu, S .C. ,  M.  Trainer, F.C. Fehsenfeld, D.D. Parrish, E.J. 

Williams, D.W. Fahey, G. Huebler, and P.C.  Mur

phy, Ozone production in the rural troposphere 

and the implications for regional and global ozone 

distributions, 1. Geophys. Res. , 92, 4 1 9 1 -4207, 

1 987.  

McDonnell Douglas Aircraft Co., Procedure for Gener

ating Global Atmospheric Emissions Data for 

Future Supersonic Transport Aircraft, NASA 

Contractor Report 1 8 1 882, 1990. 

Mcinnes, G., and C.T. Walker, The Global Distribution 

of Aircraft Air Pollution Emissions, Warren Spring 

Lab. , Report No. LR872 (AP), 1 992. 

1 1 . 30 

Miake-Lye, R.C.,  M. Martinez-Sanchez, R.C. Brown, 

and C.E. Kolb, Plume and wake dynamics, mix

ing, and chemistry behind a high speed civil 

transport aircraft, 1. Aircraft, 30, 467-479, 1 993 .  

Mohnen, V.A.,  W. Goldstein, and W.-C.  Wang, Tropo

spheric ozone and climate change, 1. Air & Waste 

Management Assoc. , 43, 1 332- 1 344, 1993 . 



Mohler, 0. ,  and F. Arnold, Gaseous sulfuric acid and sul

fur dioxide measurements in the Arctic 

troposphere and lower stratosphere: Implications 

for hydroxyl radical abundance, Geophys. Res. 

Lett. , 19, 1 763- 1766, 1 992. 

Murphy, D.M., D.W. Fahey, M.H. Proffitt, S.C. Liu, 

K.R. Chan, C.S .  Eubank, S .R. Kawa, and K.K. 

Kelly, Reactive nitrogen and its correlation with 

ozone in the lower stratosphere and upper tropo

sphere, J. Geophys. Res. , 98, 875 1 -8774, 1 993 .  

NRC, National Research Council, Atmospheric Effects 

of Stratospheric Aircraft: An Evaluation of NASA 's 

Interim Assessment, National Academy Press, 

Washington, D.C., 1 994. 

NiiBer, H.G., and A Schmitt, The global distribution of 

air traffic at high altitudes, related fuel consump

tion and trends, in Air Traffic and the Environment, 

Lect. Notes in Engineering, 60, edited by U. Schu

mann, Springer-Verlag, Berlin, 1 - 1 1 ,  1 990. 

Penner, J.E., C .S .  Atherton, J. Dignan, S .J. Ghan, and 

J.J .  Walton, Tropospheric nitrogen: A three-di

mensional study of sources, distributions, and 

deposition, J. Geophys. Res. , 96, 959-990, 1 99 1 .  

Peter, T. ,  C .  Briihl, and P.J. Crutzen, Increase in the PSC

formation probability caused by high-flying 

aircraft, Geophys. Res. Lett. , I8, 1 465- 1 468,  1 99 1 .  

Pitchford, M.,  J .G. Hudson, and J .  Hallet, Size and criti

cal supersaturation for condensation of j et engine 

exhaust particles, J. Geophys. Res. , 96, 20787-

20793, 1 99 1 .  

Pleij el ,  K., J .  Moldanova, and Y. Anderson-Skold, Chem

ical Modelling of an Aeroplane Exhaust Plume in 

the Free Troposphere, Swedish Environmental Re

search Institute, IVL Report B. 1 1 05, 1 993 .  

Pollack, J.B . ,  D. Rind, A Lacis ,  J.  Hansen, M.  Sato, and 

R. Ruedy, GCM simulations of volcanic aerosol 

forcing 1: Climate changes induced by steady state 

perturbations, J. Climate, 7, 1 7 1 9- 1 742, 1 993 .  

Prather, M.J . ,  et  al. ,  The Atmospheric Effects of Strato

spheric Aircraft: A First Program Report, NASA 

Reference Publication 1 272, NASA Office of 

Space Science and Applications, Washington, 

D.C. ,  January 1 992. 

I I .JI 

AIRCRAFT EMISSIONS 

Prather, M.J. ,  and E.E. Remsberg (eds .) ,  The Atmospher

ic Effects of Stratospheric Aircraft: Report of the 

1 992 Models and Measurements Workshop, 

NASA reference publication 1292, Vol. I-III, 

1 993.  

Pueschel, R.F. ,  D.F. Blake, K.G. Snetsinger, A.D.A. 

Hansen, S. Verma, and K. Kato, Black carbon 

(soot) aerosol in the lower stratosphere and upper 

troposphere, Geophys. Res. Lett., 1 9, 1 659- 1 662, 

1 992. 

Ramaroson, R. ,  Etude des effets potentiels des futurs 

avions supersoniques sur la couche d' ozone, La 

Recherche Aerospatials, No. 3 ,  1 993.  

Ramaroson, R. ,  and N.  Louisnard, Potential effects on 

ozone of future supersonic aircraft I 2D simula

tion, Ann. Geophys. , in press, 1 994. 

Rasch, P.J . ,  X.X. Tie, B .A. Boville, and D.L. William

son, A three-dimensional transport model for the 

middle atmosphere, J. Geophys. Res. , in press, 

1 993.  

Rind, D. ,  and A. Lacis, The role of the stratosphere in 

climate change, Surveys in Geophys. ,  I 4,  1 33- 1 65, 

1 993. 

Rind, D. ,  R. Suozzo, N.K. Balachandran, A Lacis, and 

G.L. Russell, The GISS global climate/middle at

mosphere model Part 1: Model structure and 

climatology, J. Atmos. Sci. , 45, 329-370, 1 988.  

Rodriguez, J .M. ,  R.-L.  Shia, M.K.W. Ko, C.W. Heisey, 

and D.K. Weisenstein, Subsidence of aircraft en

gine exhaust in the stratosphere: Implications for 

calculated ozone depletions, Geophys. Res. Lett., 

2I,  69-72, 1 994. 

Rohrer, F., D.H. Ehhalt, E.S. Grobler, A.B. Kraus, and A 
Wahner, Model calculations of the impact of nitro

gen oxides emitted by aircraft in the upper 

troposphere at northern mid-latitudes, in Proceed

ings of the 6th European Symposium on 

Physico-chemical Behaviour of Atmospheric Pol

lutants, Varese, in press, Oct. , 1 993. 

Schumann, U. ,  On the effect of emissions from aircraft 

engines on the state of the atmosphere, Ann. Geo

phys., 12, 365-384, 1 994. 

Schumann, U., and P. Wendling, Determination of con

trails from satellite data and observational results, 

in Air Traffic and the Environment, Lect. Notes in 

Engineering, Vol. 60, edited by U. Schumann, 

Springer-Verlag, Berlin, 1 38- 1 53 ,  1 990. 



AIRCRAFT EMISSIONS 

Schumann, U.,  and T. Gerz, Turbulent mixing in stably 

stratified shear flows, submitted to J. Appl. Met. , 

1 993. 

Shia, R.-L. ,  M.K. Ko, M. Zou, and V.R. Kotamarthi, 

Cross-tropopause transport of excess 1 4C in a two 

dimensional model, J. Geophys. Res. , 98, 1 8599-

1 8606, 1 993 .  

Shine, K.P. ,  and A. Sinha, Sensitivity of the earth's  cli

mate to height-dependent changes in the water 

vapour mixing ratio, Nature, 354, 382-384, 1 99 1 .  

Solomon, S . ,  and J.G. Keys, Seasonal variations in Ant

arctic NOx chemistry, J. Geophys. Res. 97, 

797 1 -7978, 1 992. 

Stolarski, R.S . ,  and H.L. Wesoky (eds .) ,  The Atmospher

ic Effects of Stratospheric Aircraft: A Second 

Program Report, NASA Reference Publication 

1 293, NASA Office of Space Science and Appli

cations, Washington, D.C. ,  March 1 993a. 

Stolarski, R.S . ,  and H.L. Wesoky (eds.) ,  The Atmospher

ic Effects of Stratospheric Aircraft: A Third 

Program Report, NASA Reference Publication 

1 3 1 3, NASA Office of Space Science and Appli

cations, Washington, D.C. ,  November 1 993b. 

Tie, X.X., G. Brasseur, X. Lin, P. Friedlingstein, C.  

Granier, and P. Rasch, The impact of high altitude 

aircraft on the ozone layer in the stratosphere, J. 
Atmos. Chern., 18, 103- 1 28 , 1 994. 

Turco, R.,  Report of the Stratospheric Aerosol Science 

Committee (SASC), May 1 9, 1 992, in Engine 

Trace Constituent Measurements Recommended 

for the Assessment of the Atmospheric Effects of 

Stratospheric Aircraft, edited by T.C.  Miake-Lye, 

W.J. Dodds, D.W. Fahey, C.E. Kolb, and S .R. 

Langhoff, Engine Exhaust Trace Chemistry Com

mittee, Atmospheric Effects of Stratospheric 

Aircraft, NASA High Speed Research Program, 

Report number ARI-RR-947, August 1 992. 

Wahner, A., F. Rohrer, D.H. Ehhalt, B .  Ridley, and E. 

Atlas, Global measurements of photochemically 

active compounds, in Proceedings of 1st 1GAC 

Scientific Conference: Global Atmospheric-Bio

spheric Chemistry, Eilat, Israel, in press, 205-222, 

1 994. 

Wang, W.-C . ,  G.-Y. Shi, and J .T. Kiehl, Incorporation of 

the thermal radiative effect of CH4, N20, CF2Cl2, 

and CFCI3 into the NCAR Community Climate 

Model, J. Geophys. Res. , 96, 9097-9 1 03,  1 99 1 .  

11 .32 

Weaver, C.J ., A.R. Douglass, and R.B. Rood, Thermody

namic balance of three-dimensional stratospheric 

winds derived from a data assimilation procedure, 

J. Atmos. Sci., 50, 2987-2993, 1993 . 

Weibrink, G.,  and R. Zellner, Modelling of plume chem

istry of high flying aircraft with H2 combustion 

engines, in Orbital Transport - Technical Meteoro

logical and Chemical Aspects, edited by H. Oertel 

and H. Korner, Springer-Verlag, Berlin, 439-448, 

1 993 .  

Weisenstein, D.K. ,  M.K.W. Ko, J .M. Rodriguez, and 

N.-D. Sze, Impact of heterogeneous chemistry on 

model-calculated ozone change due to high speed 

civil transport aircraft traffic, Geophys. Res. Lett., 

1 8, 1 99 1 - 1 994, 1 99 1 .  

Wesoky, H.L.,  A.M. Thompson, and R.S .  Stolarski, 

NASA Atmospheric Effects of Aviation proj ect: 

Status and plans, Proceedings of the International 

Scientific Colloquium on the Impact of Emissions 

from Aircraft and Spacecraft upon the Atmo

sphere, Organized by DLR, Cologne, Germany, 

April 1 994, 20-25, 1 994. 

Whitefield, P.D . ,  M.B . Trueblood, and D.E. Hagen, Size 

and hydration characteristics of laboratory stimu

lated jet engine combustion aerosols, Particulate 

Sci. & Techn. , 11 ,  25ff, 1 993 .  

WMO, Scientific Assessment of Ozone Depletion: 1 991, 

World Meteorological Organization Global Ozone 

Research and Monitoring Project-Report No. 25, 

Geneva, 1 992. 

Wuebbles, D.J., and D.E. Kinnison, Sensitivity of strato

spheric ozone to present and possible future 

aircraft emissions, in Air Traffic and the Environ

ment, Lect. Notes in Engineering, 60, edited by U. 

Schumann, Springer-Verlag, Berlin, 107- 1 23 ,  

1 990. 

Wuebbles, D.J., S .L. Baughcum, M. Metwally, and R.K. 

Seals, Jr. , Emissions scenarios development: 

Overview and methodology, in The Atmospheric 

Effects of Stratospheric Aircraft: A Third Program 

Report, edited by R. S. Stolarski and H. L. We

soky, NASA Reference Publication 1 3 1 3 ,  NASA 

Office of Space Science and Applications, Wash

ington, D.C. ,  1 993 .  


