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ABSTRACT

A critical review 1s made of information (as of December 1976) relative
to effects of alrcraft emissions (NOX, S0,, H20) proJected to 1990 on the
earth's protective ozone shield and on mean surface temperature, as estimated
from appropriate mathematical models. Potential blologlcal effects are not
reviewed.,

The review provides information showing the large uncertainties in com-
putations of effects on ozone, due to uncertaintiles 1in NOx emission indices
(accepted values may be several-fold low), in chemistry, in troposphere-strato-
sphere interchange processes, and in future stratospheric composition (princi-
pally chlorine content); estimates of effects can be expected to change as new
data are obtained. Current results indicate that ailrcraft NOx effects on the
ozone column change sign with ailrcraft altitude: subsonic alreraft, crulsing
at 6-km to 1l4-km altitude, enhance or have almost no effect on the ozone column;
supersonic aircraft (mach-2 class), cruising at 16-km to 19-km, reduce total
ozone, but, for glven NOX rates, by amounts less than previously reported.
Computations based on a "high" (rapid growth) estimate for the 1990 total fleet
of subscnic and supersonlc aircraft, assuming current engines and accepted NO*
emission indices, including an estimated 142 Concordes and Tupolevs, showed an
average ozone enhancement in the Northern Hemisphere of about 0.4 percent to
0.9 percent, varying with season. Potentlal surface temperature effects are
very poorly established, but applications of exlsting model results suggest that
such ef'fects of the SST portion of this 1990 "high" fleet would be small (0 K
to 0.02 K warming); the climatic effrct of the subsonic portion of the 1990
"high" fleet was not estimated, because availlable models seemed to be not fully
applicable. Problem areas needing further work are indicated.
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FOREWORD

This document was prepared for the High Altitude Pollutlion Program of
the Federal Aviation Administration under Contract No. DOT-FA76WA-3757.

The authors are indebted to numerous individuals who have contributed
data to or commented on various parts of this report. We are particularly
indebted to Drs. J. S. Chang, W. H. Duewer, F. M. Luther, and D. J. Wuebbles
of the Lawrence Livermore Laboratory for thelr many computations and analyses,
to Dr. P. J. Crutzen of the National Center for Atmospheric Research (NCAR)*®
and the National QOceanic and Atmospheric Administration (NOAA), for including
as part of his on-going investigatlons the problem areas reported in detaill

in Appendix A, and to Dr. G. F. Widhopf of the Aerospace Corporation for his

modeling data reported herein. Valuable review comments were provided by the
Lawrence Livermore Laboratory group, by Drs. R. E. Dicklinson and V. Ramanathan
of NCAR, and by Mr. R. Greenstone and Dr. N. Sundararaman of Operations
Resecarch, Inc. Appendix C was reviewed by Dr. J. D. Mahlman of Geophysical
Fluid Dynamlcs Laboratory and Mr. K, Telegadas of National Oceanic and
Atmospheric Administration; an early version was reviewed by Dr. D. M. Hunten
of Kitt Peak National Observatory. However, the document as it stands is the
responsibllity of the authors. Comments and criticlsms are invited.

r————" .
NCAR 1s sponscred by the National Sclence Foundation.
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SUMMARY

S.? SCOPE

In this paper, the potentlal effects that airceraft engine exhaust products,
emitted at crulse altltude, may have on the earth's protective ozone shield and
on the earth's mean surface temperature (here, loosely, "climate") are criti-
cally reviewed, using information avallable as of December 1976. The nominal
time frame involved 1s from the present to 1990. The treatment 1s limited to
dirzct effects, emphaslzing potential changes in the ozone column (i.e., strato-
spheric plus tropospheric ozone); climatic effects are discussed, but given
less emphasils. Derilvative effects, such as changes in skin cancer incidence
resulting from changes 1n the ozone column, or possible changes in blospheric

productivity due to climatic changes, are not reviewed in this paper.

Data sources for this review have included the "Report of Findings" of the
U.S. Department of Transportation Climatic Impact Assessment Program (CIAP,
December 1974); the report of the National Academy of Sclences-National Research
Council Climatic Impact Commlittee, titled "Environmental Impact of Stratospheric
Flight," (NAS, 1975); and the United Kingdom Meteorological Office's "Report of
the Committee on Meteorological Effects of Stratospheric Aircraft," (COMESA,'
1975). Important newer material obtalned under the High-Altitude Pollution
Program (HAPP) of the Fu¢ ral Aviation Administration, the successor program to
CIAP, is also included. This latter material Iincludes new fleet emisslons
forecasts, "Stratospheric Emissions Due to Current and Projected Aircraft
Operations,” (A. D, Little, August 1976), and new ozone modeling results from the

Lawrence Livermore Laboratory (LLL), the National Center for Atmospheric Research
Other results from the recent literature

(NCAR), and the Aerospace Corporation.
Modeling results and applications

and from our own analyses are also included.
to fleets, rather than the details of the models themselves, are emphasized.

$.2 PURPOSE

The purpose of thils effort has been to gather and compare variovusg modeling
results, to note thelr bases and limitations, and to suggest areas which appear
to be in need of further study or measurements. In 2 broader sense, the purpose
of thils effort and on-golng studies under HAPP and elsewhere, 1s to be able to
anticipate and, if required, to take appropriate action to prevent significant

deleterlious effects due to alrcraft effluents.
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: S.3 4ACKGROUND

The three major studies (CIAL, 1974; NAS, 1975; COMESA, 1975) cited above ‘
were carried out between 1971 {or 1972) and 1975. The focus of these efforts ;
was on the effects on stratospherlc ozone of nitrogen oxldes (NO and NO, or NOy)
deposited 1n the stratosphere by high-altitude aircraft. At the outset of these

studies, it had been proposed that NOx would catalytically destroy stratospheric
3 ozone, with possible deleterious biospheric effects.

Water vapor emlssions had ;
been of concern earlier, but their effects on ozone had largely becn dismissed '
o by the time CIAP began.

On completion, these several studles agreed with regard : :
: to the existence of the alreraft NOx ¢ffect on ozZone, but disagreed--by about 4 ' :
: factor of six--as to 1ts magnitude for aircraft (such as the Concorde SST) at ’ :
17 km, with NAS giving the largest and COMESA the smallest estimates. The NAS

: k
and CIAP studles both concluded that subsonlc as well as supersonic alrcraft . :
would reduce the ozcne column.
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Indeed, projections in CIAP of NO, emissions by
subsonics, and particularly by advanced subsonics (which may cruise to 14 km),

implied, by the NAS and CIAP ozone depletion models, a significant and relatively

near-term threat to the ozone column. The uncertainties in the $ST case, and

questions about the subsonic case, called for further study.

The climatic effects of SSTs were given less emphasls in these studles,

but were recognized as potentially significant. The princlpal exhaust species

studled for effects was 802, which, when oxidlzed, forms particles of sulfurile
acid which were argued to have a nooling effect on the earth's surface. The

SO2 comes from sulfur in the fuel which 1s present typlcally at 0.05 welght

: percent. Water vapor, which has an opposite temperatuve effect, was glven less
.

3 attention. Changes in NO2 and in ozone were also ;o0t-.d to have possible c¢limatic

V; significance. Both NAS and CIAP studles, on the basis of calculated sulfur
effects alone, recommended fuel desulfurization in the future. A review of

climatic effects also seemed called for in this effort, although the climate

problem appeared to be less urgent, in a tlme sense, than the ozone problem.

- Subsequent to the CIAP (1974), NAS (1975), and COMESA (1975) efforts, the
3 ‘ halocarbon problem attracted major study attention.
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The halocarbon studies (see
; . NAS; 1976, 1976a) led to revisions in key reaction rates in the stratosphere, and

introduced new chemistry, which had an impact on the aircraft Nox—ozone problem,
3 ' The sensitivity of calculated ozone reductions by NOx to these rate changes and

3 ; to uncertalnties in these rates became evident, and have since been studied, with
results described in the following wmaterial. In addition, a zlass of reactions
assoclated with methane oxidation in the presence of NO, whilch produce ozone and
are important in the troposphere, were not included in CIAP and NAS modeling;

inclusion of these reactions seemed called for in an evaluation of the effects
of subsonic alircraft.
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As will be seen, inclusion of these various changes leads
to substantial (1f preliminary) changes in prilor conclusions: current results
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indicate that effects of NOx injections on the ozone column change sign with
altitude of injection, with enhancement below and depletions above about 14
km.,

The altitude distribution of emisslons becomes of considerable importance,

calling for careful evaluation in computing effects for both subsonic and
supersonic aircraft.

Interactions between NOx and chlorine chemistry, and other factors which
change with time, add new uncertalntles to projJections of aircraft effects with
time; future aircraft effects are dependent not only on fleet emissions, but
also on worldwide decisions yet to be made about the release of halocarbons

into the atmosphere and on the content of nitrous oxide, which may be affected
by fertilizer usage, but is ir.creasing with time.

{(The nitrous oxide question
1s not pursued herein.)

Other more important uncertainties exist, however,

with regard to chemical kinetics and atmospheric dynamiecs, and these are the
matters of more immedlate concern here.

As further background, it 1s clear that non-zero perturbations to the
environment inevitably result from man's presence and from all of man's activi-
ties, and soclety must, in all cases, balance perzelved uenefits and penalties.
"Acceptable" limits for ozone change or for climate change have yet to be
established. As purely arbiltrary working guidelines, however, the Federal
Aviatlon Administration has set as goals to gulde aircraft emissions the avoid-
ance of calculated ozone uepletions of greater than 0.5 percent and the avold-
ance of calculated changes in mean surface tempersture of more than 0.1 K,

both effects being computed for the Northern Hemisphere where traffic, and thus
effects, are concentrated.

Fleet projections are needed in computing future
effects.

The current findings of this effort, first in brief and then in more detail,
follow, with comparlson to previous stu.les.

Some suggestions for further work
are then provided.
S.4 CURRENT FINDINGS
$.4.1 in Brief

Current results are as follows:

A. Uncertaint es

In general, uncertainties are larger than indicated previously and
inolude, in some caseés, quagtions of aign as well as magnitude. These uncer-
tainties

must be reduced in order to improve ounfidenoe in foreoast of future
fleet effecte relative to HAPP or posaible other guidelines.

Continuing
revisiona in estimates of effecte are to be expected as work progresses.
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B. Growth Rates, Fuel Consumption, and NOy Emissions

Expected fleet growth rates, future fuel consumption by S5Ts, and
particularly fuel consumption by advanced subsonice at peak cruise altitudes
(approximately 14 km), are lower than indicated ir CIAP.

g ATt

A NOm meagurement
technique uncertainty exists, however, which suggests current No,, emigsion

T

D DRTT

indices may be several-fold low; potential N0, contamination rites thus need
further examination.

A mach-2.7 SST is not expected by 7990. Fmission reduction

C. Aircraft Effects on the Ozone Column

1
'

Qaone

chemistry i8 more complex and uncertainties regarding effecte of
No,, injections are larger than previously recognized.
ever, leads to
column from NO

S5Te),

Current chemigtry, how-
emaller than previous estimates of reductione in the ozone

© addiitions at SST ecruise altitudes (16-km to 19-km for pregent
and to ennancement or near-zero effects,

2o i

rather than reductions, in the
oazone column, from No, addition at altitudes typical of subsonics (6-km to 14-km).

Reductlion in ozone from NOx additions by 8STs increases with increasing crulse

altitude; higher-altitude, higher-mach-number SSTs would have greater effects
than do current SSTs per unit of NOx emitted.
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Computations using a 2-D model ;
Jor a proJected 1990 "high" (i.e., rapid growth) fleet of subsonics and super-

sonics (142 Concordes/Tupclevs), with current emisslon indices, showed a net
average

ClowTey e

ozone enhancement in the Northern Hemisphere of 0.4 to 0.9 percent,
varying with season.
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D. Climatic Effects

3
L
Climate-modeling efforte have been tnadequate; more emphasis on the :

overall effecte of aireraft exhaust, rather than of individual epecies, 8eel's
to be needed.

a2

However, use of exlstlng models suggest small effects from the

SST portion of the FAA "high" fleet (0 to 0.02 K), with water vapor apparently

; having the dominant effect. It 1s argued that climatic effects of subsonics

e et B IaiiaE L

E, cannot be estimated using avallable models, at least partly because effects of
% -contralls, which may be significant for subsonics, are not included in the
4 models.

Should an advanced SST with low NO, engines be proposed, crutsing ut,
say, 20 km, climatic effects would definitely need careful atudy.
3 S.4.2 1In More Detail

A. Uncertainties

e DA et P L s T

Significant uncertainties exlst throughout the effects~computation

process. Some of these are described [urther below.

Fleet forecasts, the

growth of SST traffic with time, the altitude (and latitudinal) distribution
of emlssions, and emission indices all involve substarntial questions. Ozone
chemlstry, and reaction rates at stratospheric temperatures, are lnadequately

established for the problem at hand: wide variations in estlmates of effects
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of NOx on the orone column are
talntles. Atmospheric dyramics),

ossible within specifled reaction rate uncer-
in particular stratospheric-tropospheric
exchange processes, also involve\wlde variations in estimates, depending on
whether a gaseous tracer (excess
strontium-90, etc.) 1s used. Futuke stratospheric chlorine contents afrect
future fleet effects, and depend on\worldwide policy decisions not yet made.
Possible feedback effects may affecti water vapor 1n the stratosphere and may
amplify or reduce both ozone and climatic effecis; these have not been 1nvestil-
gated. Numerous other uncertainties, some very fundamental 1n nature, also
enter Into the climate-change question.

Present overall uncertainties would seem to be unacceptably large in
terms of the forecasting of future fleet effects. These uncertainties can, in
weneral, be reduced by further measurement efforts in the laboratory and in
the field, by further analysis of atmospheric motlons, by further development

and testing of atmospheric models, and by further refinement of fleet emission
estimates.

B. Fleet and Emissions Forecast

Much of the emphasis in CIAP was on future fleets which'inoluded a
large number of mach-2.7 alrcraft by 1990; these scenarilos are no longer con-
sidered realistic. Projectlons were also made in CIAP of possible future fleets
which included only present SS8Ts and present and advanced (747SP type) subsonic
aircraft. The CIAP and more recent FAA-sponsored projections [by Stanford
Research Institute (SRI) and Arthur D. Little (ADL)] differ in several ways
which impact on the magnltude of potentlial effects as a function of time.

Fuel consumption comparisons, which provide a rough measure of traffic
growth, are shown in Table S.l. Wote the substantial differences between the
SRI/ADL and CIAP figures for fus consumptlon by both subsonics and SSTs, the
SRI/ADL figurws being larger frc - subsonlcs and smaller for 3S8Ts. The projected
fuel consumptionrs in-the 1990 "base" (or moderate growth) case would, according
to the FAA, correspond to a fleet of about B8 Concorde/Tupolev SSTs,* 4025
widebody subsonics, and 1880 standard-body subsonics. Prorating, the number
of such SSTs in the 1990 "high" (or rapild-growth) case is 142, or in the CIAP
upperbound (present SST only) case, about 267. The figure quoted in CIAP for

the CIAP upper bound case, allowinm fewer hours per day per alrcraft, was 378
Concorde/Tuponlevs,

The altitude distribution of fuel consumption and pollutants emitted
also differ: bLetween FAA and CIAP projections. An important point with regard
to advanced subsonles tollows from the data 1n Table S.2.

¥The contractor's report (SRI, 1976) indicated a bellef that even this
level of 887 usage In 1990 1s highly optimistic,
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TABLE S.1. PROJECTED FUEL CONSUMPTION COMPARISONS, 109 kg/yr

. Ciap 2 sR1/ApL P
xpected Eger Bound Base High
Subsonfc SST * Subsonic SST ¢ Subsonic SST Subsonic S§ST
1970 14.2 0 14,2 0 - - - -
1976 - - - - 45.5 0 45.5 0
1980 35.7 1.34 € 50.2 1.6 61.4 0.86 69.2 0.99
1985 - - - - 81.0 2.54 107.2 3.39
1990 59.0 - 117.8 12.6 104.9 4.88 165.8 7.89

From 9 km up.

bFrom 6 km up. Approximately 15 percent of the total subsonic fuel is used
in the 6-kin to 9-km band.

CConcorde/Tupolev assumed for this case.

TABLE §.2. PROJECTED FUE! CONSUMPTIQN COMPARISONS ABOVE 12-km
BY SUBSONIC AIRCRAFT, 109 kg/yr

Altitude L CIAP FAA
Band, 1990 1990 1990 1980
_km Expected Upper Bound "Base" "High"
12-13 Not resolved by 3.94 6.17
13-14 1-km increments 0.42 0.65
14-15 0 0
12-15 15.3 28.5 4.326 5.82

In CIAP studies, all subsonics flying bevond 3000 km were assumed to
enter the 12-km to 15-km band, and all such emissions were then assumed to take
place at the midpolint of the band, at 13.5 km. Nelther ossumption is correct,
Bo that NO, emlssions of subsonics 1In the 12-km to 1%H--kin band were overstated
in CIAP terms of both magnitude and altitude. S!milarly, advanced subsonics,
such as the TUTSP, were assumed to cruise at all time=x at 13.% km (44,300 rt).
These alrcraft are capable of a maximum {light a:titude of 13.7 bm (45,000 ft)
when near the end of vruise, but the emlssions-welpghted mean operating altitulde
is considerably lower, with a majJor portion of the emissions below 12 km. This
point 1s important, in that Nox ef'featis on the ozoue column vary significantly
with altltude.

Fuel consumption f{igures, when multiplied by emlssion index data, provide
the emissions data needed to compute alrcraft effe L. “urrently accepted NOx emig~

slon indices are vased on technlques which involve puo - wapling of the exhaust

stream to obtaln NO and NO? (much smaller) contents witn knwn fuel-to-ailr ratios.

An alternative im-situ measurement technique using ultraviolet spectrometry sug-

gests the probe data may be in erccr. Data in Table S5-3 are illustrative., Later

data have not resolved the issne.
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TABLE S.3. NO CONCENTRATION MEASUREMENTS BY
PROBE AND SPECTROMETER TECHNIQUES

NO Concentration

Simulated Power NO Concentration by Ultraviolet
Macn No. Altitude, ft Setting by Probe, ppnm Spectrometry, ppm
2.0 55,000 Military 70 165
2.6 65,000 Military 100 323
2.6 65,000 Maximum 130 617
afterburner

Source: Davidson and Domal, 1973

Calculations in this and prior reports are all based on the accepted
procedures, which utillze probe-sampling technilques.

Emission-reduction schedules are outlined 1n CIAP, suggesting a six-
foid reduction in thne NOx emission inder for the fleet over the period 1985-1990,
and larger reductlions thereafter. This schedule may well be optimistie, con~
sidering the delays encountered in meeting more modest reductions in low-altitude
emlssions and the early status of the lean premix concepts involved. In fact,
as olider englines are replaced with more efficient modern engines, with higher
operating temperatures, the average crulse emission index for the subsonic alr-
craft fleet may well increase over the figures used in CIAP.

An altlitude-iatitude distribution of NOX emissions for a "1997-high"
fleet, with today's NOx emission indices for the aircraft specified. .s gilven
later 1n this summary.

€. Aircraft Effects on the Ozone Column '

1. Uncertainties in Effects of SSTs due to Uncertainties in Chemical
Kinetics and Dynamics Uncertainty studies have been done with one-dimensional
(1-D) models, in which vertical motions i1 .he atmosphere (dynamics) are
parameterized by the so-called "Kz proflle,” a number of which are available and
have been used. Two such profiles, one representing relatively rapid lower
stratospheric-tropospheric exchange processes (Chang/1974) and one relatively
slow (Hunten/1974), have received most use. Table S.4 shows the range of
extreme ozone change values which can Le calculated within quoted ranges of rate
constants and with the twe estimates for dynamics.
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TABLE S.4, THE RANGE OF ESTIMATES OF GLOBAL AVERAGE PERCENTAGE
0ZONE CHANGE DUE TO UNCERTAINTIES IN KINETICS ANB
DYNAMICS; NO, INJECTION RATE AT 17 km, 2.46 x 10
kg/yr AS NO,

1-0 Dynamics, Kz
Kinetics Chang/1974 Hunten/1974
Maximized effects of NO, -8.06 -16.95
Minimized effects of NO, +2.22 +1.00

s i i e R i N e

Source: Lawrence Livermore lLaboratory, 1976.

The injection rate corresponds to an extremely large (approximately
4000), globally dispersed fleet of Concordes. Both large negative and small

[ S P USRI

positive values of ozone change can be computed, although these extreme
(maximized or minimized) computed effects have negligibly small (but difficult
to quantify) associated probabilities. Uncertalntles in parameterized dynamics
also have a strong effect, as indicated in Table S.U; in some cases (not shown
in Table S.4), the sign of the effect on the ozone column hés been found to
change with K; cholice. A further ambiguity arises 1n interpretation of 1-D
results: some modelers consider such results to be mid-latitude effects and
some consider them to be global average effects. A 2-km flicht altitude adjust-
ment recommended in NAS (1975), for mid-latitude traffic for the Hunten model,
is not included in Table S.U4 (see Table S.5 below). The model atmosphere used
in the Table S.4 results included no chlorine chemistry.

Water effects from aircraft exhaust were also studled briefly in these

RN s o . A

uncertainty studies. It was fcund that when NOx effects are maximlzed, water
vapor, which 1s also present 1in the exhaust,; Increascs ozone; where NOx effects

are minimized, the '+ er emissions reduce ozone. These effects vary with Kz’
and could be signif: . .nt with large, low NOX, possibly hydrogen-~fueled, SST
fleets.

2. Effects of Recent Revisions in Reaction Rates and Chemistry on S§ST
Effects Vhile uncertalnties 1in ozone changes due to uncertaintles 1In reaction
kinetics must oe recognized, the estimated effects using current values for ;
reaction kinetics are of more interest. In ihis connection, 1t is found that,
in general, as later mcre complex chemistry has been included, calculated
effects of NOX injections by SS8Ts seem to have decreased; this effect may, of
course, not persist as new rate data are obtained or available rate data re-~
examined. Representatlive data are given in Table 8.5,

.
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TABLE

Injection
altitude, km

CIAP Report of

Findings, 1974

NAS, 1975

Revised OH + HOZ;

inclusion of
CH4 oxidation

LLL chemistry,
1976, no CIX

LLL chemistry,

LLL chemistry,

1976, 2 ppb CIX

1.

altitude.

p. 145, NAS,

In Table S.5, the first two rows correspond to results based on
chemistry vsed in the 1973-1974 period.

recommended.

REPRESENTATIVE CHANGES IN COMPUTED OZONE
COLUMN REDUCTIONS DUE TO SSTs (PERCENT) *
Global average values L

Hemisphere values L
X input = 2,46 x 109 kg/yr

1.23 x 10°

NG, =

Chang/1974 Kz

Chang/1976 Kz

4,5
1976, 1 ppb C1X

17

-0.70

-0.40

kg/yr NO2 at 17-km or 20-km model

The results may, according to NAS, 1975, be interpreted as

a hemispheric value for the Hunten model for half th1s injection rate
for a mid-latitude fleet 2-km lower (as shown in parentheses) than the

model injection altitude.

A simpliried methane oxidation pathway is included.
The LLL computational model with CIAP chemistry gives higher depletions
with the Hunten Kz profile than does the NAS formula.

Includes C]ONOZ in manner which may overestimate NO

1-ppb C1X may be a reasonable current value; 2 ppb hight be 1990 value

During the halocarbon studies, a
ten-fold reduction in the rate of the reaction OH + H02 + Ho0 + O, was

A reexamination of the klnetlcs of
certain critical reactlons then led to use of a number of reviged rates forming

"LLL 1976 chemistry" with still lesser effects resulting. A shift to the Chang/
1976 K profile (which was developed during studies on halocarboq effects),
however, increased the effect over that computed with the Chang/197u K, profile.

Hunten/1974 K,

17(15) !

.16 3

-8.97
-6.68
-4.06
-2.79

-2.33

*Most of these results are from Lawrence Livermore Laboratory

These calculations were made at Lawrence Livermore lLaboratory with a
global injection rate of 2.46 x 109

See Fig.

X effects on ozone.

This reduction reduced computed effects at 17 km wlth the Chang/
1974 KZ profile by about 60 percent. The third row entries show the combination
of this revision plus the incorporation of a simplified methane oxidation pathway
and certain other more detailed changes.
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Inclusion of l-ppb active chlorine (a plausible current value) in the model then

reduced the effects agaln; use of 2 ppb, as might be the case for 1990, caused

further reductions. NOx effects on the ozone column decrease as chlorine content

increases; effects of water injJections, however, may 1lncrease.

Uncertainties in dynamics to be used in 1~D models are not easily
resolved, although they are clearly of major importance, as indlcated by the
above results. In general, the Hunten/1974 Kz profile has been supported (in
the eritical lower portion near the tropopause) by analysis of gaseous tracer
(excess carbon-14) data, whereas the Chang profiles near the tropopausc give
better agreement with particulate tracer data.

Uncertaintles exist in both
types of data.

An analvsis included here (Appendix C) of particulate tracer

data (zirconium-~95) injected by Chinese weapons tests supports previous estimates
based on particulate tracers.

3. Effects of Aircraft NOy at Different Altitudes (Subsonics vs
Supersonics); Crutzen 7-D and Earlier Resuits

Four perturbed atmosphere model
runs were carried out it the National Center for Atmospheric Research (NCAR) in

a joint effort between Dr. P, J. Crutzen, as part of his on-going studies there, '
and IDA, in early 1976. Details are reported in Appendix A. The model used .
was the Crutzen 2-D model. This model included the ozone~forming methane-~

oxidation reactions, and, being a 2-D model, permitted estimation of seasonal : k.
and latitudinal effects for latitudinally distributed sources. :

i
E
E
§
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The model used rather complete oxygen-hydrogen-nitrogen atmospheric
chemistry, but did not include chlorine. The model used a three~fold lower rate

for the OH + HO2 reaction than was used in earlier CIAP and NAS efforts, but the

rate used was still three-fold larger than recommended in the later halocarbon
studies,

Four altitudes were studled (10.8, 12.7, 14.5, and 18.0 km) with NO,
sources distributed latitudinally according to CIAP traffic projections. The

four altitudes used covered the range of present and advanced subsonics and the
present mach-2 Concorde.

T e

A considerable mass of data watc obtalned (see Appendix
A); however, the annually averaged results for the 25° N to M5° N latitude band
are perhaps of greatest interest, and zan be compared to the NAS and CIAP

adjusted 1-D model results, as shown 1in Filg. S.1. Linearity of ozone effects

with NOx injection rate was assumed in converting the four avallable 2~D model
runs to the hemlspheric injection rate shown in Flg. S.1, the rate used earlier

in Table S.5. Linearity of effects with NOy injection rates has not, however,
ngen studied in the 2-~D models.

ot o S B Tt e
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The Crutzen model results are coneldered to be preliminary by

Crutzen in view of uncertainties in both the chemistry and dynamics and ln
recognition of the need for further model development.

Dr.
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\ CIAP REPORT
OF FINDINGS, 1974  PRELIMINARY (EARLY 1974
CRUTZEN 2-D MODEL RESULTS;
18 25° N-45° N ANNUAL AVERAGE
\ NAS, 1975
16 N
14 \\\
12
1057 20 16 212 ) 3 0 rt
OZONE COLUMN CHANGE, percent
Jetia77.1

FIGURE S.1.

Ozone column change results by various models. The
injection rate assumed at each altitude is 1,23 x 109
kg NO, (as NO,) per year into a hemisphere. The NAS
and cfap curv@s are based on 1-D model results,
adjusted to correspond to changes to be expucted in
the “nemisphere" (NAS) or "corridor" (CIAP). The
curve at the right represents annually averaged
results for 259 N - 450 N from runs with the

Crutzen 2-D model adjusted, assuming linearity, to
the same total input rate, as for the other curves,
but distributed by latitude accoarding to CIAP
traffic estimates. The Crutzen results are after

6 model years.
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between these results and prior results should, however, be noted, as should the
fact that the model shows enhancement rather than reduction (as in the other
models) in the ozone column for Nox injection telow about 14 km. These results
indicate that subsonics enhance but supersonics reduce ozone; furthermore,
effects of SSTs are generally smaller than found in the earller models. Where
ozone enhancements occurred, the onzone increase came about due to increased
ozone concentrations near flight altitude. Effects at low latitudes were smaller |

P T TS

than at midlatitudes in the Northern Hemisphere. In some cases, enhancement was
noted in the Northern Hemisphere and slight depletions in the Southern.

A full explanation of the differences between the Crutzen 2-D model and
prior results cannot be offered. It should not be concluded that the reduced
effects are due only to inclusions of the methane oxidation reactions and the
use of a lower OH + HO2 reaction rate. ' :

4, 1990 Fleet Effects on Ozone An original goal of this effort was to
estimate effects on ozone of future fleets as a functlion of time. The complexi-
ties in chemistry, possible changes 1n stratospheric chlorine content with time,
an apparent need for further examination of fleet emission estimates, and
limited modeling results have forced postponzment of this goal. However, to
galn an appreciation of possible effects, an IDA-modified "1990 high" emissions
estimate was developed, based on SRI/ADL estimates, but with adjustments (upward
in altitude) of SST emissions and of the total of subsonic emissions, both of
which were done to achieve better correspondence with data reported elsewhere
and belleved to be reliable. No NOx technology improveﬂonts were included.

The various adjustments need further evaluation. The resulting total modified
fleet emissions of NOx were 2,81 x 109 kg/yr as N02, with altitude and latitude
distributions summarized as given in Table S.6. The actual emissions model
used l-km vertical (above 6 km) and 10-degree latitudinal resolution.

N

o - L R T

TABLE S.6. DISTRIBUTIONS OF NO, FROM 1990 “HIGH" FLEET
(MODIFIED); TOTAL NOy: 2.81 x 109 kg/yr

e ot N e e 2 Tt s, QU o0y SEATE e S e T A b T SR 2 M e

Percent of Percent

Altitude Band, Total Nox Latitude of total Nox :

km Emissions Band Emissions !
; 6- 9 17.91 60-90° N 2.10 L
| 9-12 75.78 30-60° N 73.80 : %
’ 12-14 3.46 0-30° N 18,04 i ;
v 14-16 0.84 0-30° s 4.74 | g
; 16-18 1.67 30-60° 5 1.32 : i
} 18-19 0.34 §0-90° § 0 .
; é
: oo
'3 1
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This 1990 "high" fleet includes the equivalent of 142 Concordes and
Tupolevs, based on FAA figures. (However, see note, p. S=5.) A larger number
(201) would have been implied by the figures nsed in CIAP yearly for fuel flow
‘ per aircraft, whereln fewer hours per day were assumed per aircraft.

e e e o e b

These emissions were studied in the 1~D model at Lawrence Livermore
Laboratory (Fig. S.2) and in a 2-D model (Fig. S.3) at Aerospace. Neither run
included chlorine effects nor the effects of added water. The Aerospace model
used approximately the same "1976 chemistry" as did Lawrence Livermore Laboratory,
but more complete (although stl1ll not well established) methane oxidation
chemlstry, slightly revised from that used by Crutzen. The dynamics used in the
Aerospace 2-D model reasonably reproduce the excess carbon-l4 data. Both
modeling approaches showed slight enhancement in ozone columns, but magnitudes
varied. For the 2-D model, ozone enhancements of 0.4 to 1.4 percent (after 5
years) were found 1n the Northern Hemisphere, varying with latitude and season;
enhancements (not shown) were also found in the Southern Hemisphere. The 1-D
model, wilth simplified methape oxidation chemistry (which probably underestimates
ozone production) showed global average enhancements of less than 0.1 percent,

% with both Chang/1976 and Hunten/. /4 K, profiles. A netting out of ozone
g production and destructlion effects 1s involved in both models, so that the ratio
of results 18 sensitive to slight modeling differences.
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5. Caveats on Fleet Results A number of caveats must be noted with regard
to the foregoing results. The uncertainties in 1-D results already described
apply; simllar uncertainties, in general, apply to 2-D models. These runs did
not include chlorine chemistry nor, like most modellng exercises, did they
inciude any effects due to water injection from the exhaust. The 2~D models may
not have reached steady-state, particularly in the Southern Hemisphere. Methane
oxidation chemistry 1is not well established, and 1ts uncertainties have not been
i explored. The assumed NOx emission indices were based on probe-sampling tech-

: niques, which may be lower in general but not uniformly low Tor different alr-
craft; the SST (ozone-reducing) component of the fleet might increass relative
to that of the subsonic portion. The chemical kinetics used will probably be
revised as more data becomes available., Varlous thermal effects, and possible
feedback effects, have not been explored.
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A further point is that the enhancements noted include a combination of
ozone enhancement at low to medium altlitudes and ozone reduction at high alti-
tude, the latter effect being of smaller absolute magnitude. The distribution
of this average effect over the globe in the 1-D model or around the zones in a
2-D model 1s in question. The point 1s considered briefly in this document for
the 2-D case; a tentative conclusion 1s drawn that zonal nonuniformity would not

involve some reglons with high enhancement and other regions with depletions.
The point needs further study.
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FIGURE 5.3. Aerospace Model Results for Modified 1990 "High" Fleet _é

Source: Widhopf, 1976 4
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D. Aijrcraft Effects on Climate

Potential climate changes due to alrcraft exhaust specles were studiled
in both CIAP and COMESA. The effort, however, (at least in CIAP) was consider-
ably less intense than was the effort on the ozone problem. COMESA found the
problem to be rather insignificant, finding that 1000 Concordes operating 5.5
hours per day would have a negligible Iimpact on surface temperature [0.05 K or
less (cooling)]. In the CIAP Report of Findings, the climate change question
was converted to a criterion of a 10 percent change in stratospheric optical
depth (emphasizing aerosol effects from the sulfur content in the fuel), which
) corresponds by CIAP methodology roughly to -0.07 K temperature change. The
criterion of a 10-percent change in optical depth permitted a very large (2070)
Concorde fleet. Both COMESA and CIAP found the aerosol effect to be larger
than the water effect, roughly by a factor of 2. COMESA argued that net effects
should be computed for the total of the varlous exhaust constituents. (The
approximately 0.05 K cooling figure quoted above does not include thils netting
out.) COMESA, in general, indicated good agreement with CIAP, except that
thelr estimate of ozone decrease was a factor of 2 or 3 smaller, and its climatic
effect correspondingly lower than in CIAP.

;
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_ The various climate modeling results are considered herein, but 1-D

| model results are emphasized; these results could be most easily applied to the

1 aircraft problem. It 1s noved that avallable model results for different

% exhaust specles involve different assumptions, and none include the potentially

important effects of the altitude distribution of changes. The latter effect

could not be included here; some rough approximations were made, however, to

i put the effects of various exhaust spcoles on a common besis. As was done in

‘ CIAP, the burdens at steady-state were computed from 1-D Kz profiles (Chang/1974
and Hunten/1974); however, for aerosols, a correction was made for gravitational
settling (sedimentation), which substantilally reduced the burden of particulates
relative to water vapor. This correction, along with certain other revisions
in aerosol cooling and water vapor warming effects resulted in water vapor
appearing to be the most important ingredient in the climatic-change sense.
Purther, 1if the iong residence times implied by the Hunten/1974 KZ profile are

; used, a climate change criterion of 0.1 K (warming) could become of significance

: if .a 20-km cruise altitude (mach 2.7) SST should be proposed.
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Application of these adjusted models to the 1990 "high" SST fleet (142
Concorde/Tupolevs) led to a calculated hemispheric mean temperature change in
the range of 0.0 to 0.016 K (warming). The models were not applied to the sub-
sonic fleet portion, in view of the probable dominunt effeéts of contrails,
which are primarilly a subsonic problem, but for which no tie to numbers of air-
craft has been made. A COMESA model run suggested, however, possibly significant
warming due to contralls.

e I T i g

i et o A
o e HAD B T e B S S e e Y e e AR o TS

R RIS P

y

' ".

o T oS
2T i,

R e,

Ty
e
=4,

2‘;;;‘:374

B R - : -




Pl LTl o o i Sl alde e, S AN A AROIR L Sl YTF S S g it 3 ks T TR T R R e £ LR T T TR O -
F: . - St R T R E (Rt

The uncertainties in climate-change computations, such as described 3
4 in the foregoing, can hardly be overstated. In our view, however, such esti- §
3 mates provide a necessary preliminary indication of the risks of climate change l
§ assoclated with SST operations. .iore sophisticated work, preferably in at least
' two dimenslons, and recognizing altitude ana latltudinal distribution effects,
1s to be encouraged.

S.5 SOME RECOMMENDATIONS AND SUGGESTIONS

This review has 1dentified a number of problem areas which lead to signifi-
cant uncertaintles 1n the calculated results., Many of these problems have been
recognized, and in some cases programs may well be under way directed towards
their resolution. The following suggestions are made only on the basis of the
problems indicated herein, and are not necessarily intended to imply that such
work 1s not currently being done. .

1. Engine NO, emission data uncertainties must be resolved, and forecasts
of emissions estimates as a function of latitude, season, and altitude
<« must be improved. Potential NO, emission reduction schedules should
" be reexamined.

b g 7

2. Detailed study is needed of the dynamice important in the region of
prineipal airveraft traffie, 30° to §5° N, and at altitudes above and
below the highly varying tropopause from, say, 6 km to 20 km.

T i A AR o B e U sl i SHi T AT T bt ol T

Such data, because of their seasonal and latitudinal variabiiity,

SR At orkr

would be used most effectively in 2-D models, but a collapse of 8such |
data to 1-D would be useful in resolving uncertainties due to differing '

estimatee of 1-D dynamics near the tropopause. "Rainout coeffiocients"

alao need better resolution for NO, and ite derivatives.

3. Certain reactions and species oritical to osone production and
destruction need additional measurement and study. Methane (and per-

o R 2 I

[ -

haps higher hydrocarbon) osone-forming reactione, a number of reactions
involving the HOp radical, the reactions forming and/or destroying
HNOgz, NOgz, NyOp, CIONO, (and perhape other c10,-NO, interacting aspeciesa) ; i
are all in this category. Both laboratory and field measurements are !
needed; ftield measurements should include simultaneous measurements of ;
the concentrations of a number of species as a funotion of altitude, :
particularly ia mid-latitudes.

4. As stratospherice No,, chlorine, and water content all affect calculated
ozone changes due to NO, additione, reeults of new measurements or new

ST e s X Sl

projectione (as policy decisions are made) should be incorporated into
the models. The present large uncertatinty in the N,0 budget raises

questions about the understanding of all odd nitrogen budgets and needs
resolution.

5 cailatii s a s e,

S-17




§. More attention should be given to water vapor in general, its tranaport,
its climatic effects (including poseible feedback effects), its chemie-

try effeats, and ites use as a tracer in the stratosphere.
é.

Ozone models need additional work, using 1-D, 2-D, and eventually 3-D
models; pres nt nncertainties 8seem to be unacceptably large:

a. 1-D modzls. Reduction in the uncertainties regarding the best
representation of eddy diffusivity near the tropopause would be
degirable; the studies outlined in (2) above may help. The
implications of alternative chemistry' and other variables to ;
derived values of K, in the mid and upper stratosphers, and
resultant implicatione to aireraft No,, 6éffects would be of interest.
Inclugion of water vapor injections along with No, (tied perhaps

to excese odd nitrogen in the model by emission tndices) would
elarify water-effects questions.

Uncertainties in results due to
uncertainties in methane oxidation and related chemigtry would be

of interest. The effeote of employing fluxz, rather than eoncentra-
H

tion boundary conditions, ag for methane, should be investigated.
b. 2-D models. At present, modele in two dimensions secem to be
particularly useful in computing aireraft effects in view of

% nearly fixed airveraft oruise altitudea in an atmoaphere in whiah
%. ;

tropopause heights and utmogpheric uynamics vary with aeason and

latitude. Such models are empirical, ao that data from a variety
of tracers need to be employed im model development. Chlorine

%1 chemigtry should be included, as should be techniques to incorporate

g atreraft-added water vapor. Proceduree to reduce computer require-

b ments, perhaps by allowing the model to fireu distribute the pollu-

L tant without chemical reactions,

ey T Y

e T

should be ~onstdered. Linearity
of effects with added No,, for sources at different altitudes should

be tnvestigated, as should the effects of aources at different
latitudes.

TR

A study of past NO_ (and othar contaminant) perturbations, matehing

computed results agatinst ozone records, could be a valuable test of
the models,

o

Longer rung with aimulated airoraft fleets should ba
made to insure that steady-state conditions are being reported, and

tranaient effecte should be considered for fleete ochanging with
time.

Peedback effecots may also be important and should be investigated
(8ee item ? below).
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e. 3-D modele. These powerful models tend to be computer-limited.
Such models, however, can be used without chemistry in studies of
dynamice, and should be useful for improvement of 1-D and 2-~D
modela. The use of euch models in etudies of the distribution
with longitude of tropospheriocally enhanced and stratospherically
depleted osone, as deduced from 2-D models, would be of interest.

Improved climate modeling, designed to estimate the overall interactive
elimatic effeots of aireraft exhaust, rather than of individual com-
ponents, 18 needed to develop better understanding of the climate-change
question. The various feedback effects (e.g., troptical tropopause
temperature and watcr content) and latitudinal, and altitudinal distri-
bution queatianﬁjgequire at least a 2-D model. Since such modeling
should incorporate chemigtry, then the model would aleso be an ozone modal.
Aside from interactions with the oaone question, the climate question
gaems to be of significance primarily to the advanced SST problem.

Some aoncern, however, exists with regard to contrail effects from

present subsonics.

The problens associated with the monitoring of aireraft effects will
requi.se additional etudy, measurements, and modeling., The many sources
of possible vsone change (atitreraft NOw, golar proton fluzes, N20

from fertilisere ond power plante, halocarbons, ete.) zhould, in
prineiple, be separated in termg of time and place (latitude and
altitude) where effeots could be mogt eastily discerned. Model exer~
ciges are necesgsary to gutitde efforte aimed at dietinguishing among
these presently small and complex effecta.
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i 1. AIRCRAFT EMISSION: POTENTIAL EFFECTS
i ON OZONE AND CLIMATE

1.1 INTRODUCTION

1.2 BACKGROUND

In 1970 and early 1971, during debates on the U.S. SST program, consider-
able controversy arose as to the effects stratospherlic aircraft might have on
stratospheric czone, which shields the earth's surface from harmful ultraviolet
light, and on climate, which, of course, affects all aspects of 1life on earth.
The concerns related to the nature of the stratosphere, which tends to hold
pollutants for long periods of time, and to the fragile nature of ozone, an
unstable trace species, the concentration of which, it was argued, would be
reduced by nitrogen oxldes present in aircraft exhaust. As a result of
these concerns (although the U.S. SST program was stopped, but recognizing
the fact of SST development programs elsewhere in the world), the Climatic
Impact Assessment Program (CIAP) was implemented by the U.S. Department of
Transportation, and charged with pursuing the questions raiged,®

P e

T TR

' The CIAP efforts, which involved expenditures of some $25 million and
i inputs from hundreds of researchers of many disciplines, was organized in such
a way as to provide predictlions of the impacts in physical, blospheric, and
economic terms under various forecast alr traffic and emission contsol scenarios,
f The program was essentially completed in a technical sense in December 1974,
?t with the summary report, the CIAP Report of Findings (Grobecker et =l., 1974),
¢ beilng delivered to Congress in February 1975: detalled supporting documents,
in particular, six large monographs, were delivered in later monthas in 1975.

=T 3 P S S S

#For readers desiring further historical background, certain papers

and documents will be of particular interest. These include the SCEP
(1970) report, the Crutzen (1971, 1972) and Johnston (1971) papers, the
Commerce Technical Advisory Board (CTAB) (1972) report, the Australian
Academy of Sciences (1972) report, the Report to the House Science and
Astronautics Committee (1971), and the House (1971) and Senate (1971)
Hearings in which various viewpoints were expressed. The testimonies
of McDonald (1971) who firs¢ tied SST emlssions to increased skin _
cancer incidence, and of Newell (1971) who discussed climatic and :
ozone effects of water vapor and of particulates and other matters of !
interest are noteworthy. Note that the original (pre-1971) concerns
about ozone depletion due to SSTt were based on (erroneous) estimates
of the effects of water vapor emissions, rather than NOx emisslons.
Possible biological effects were reviewed by the Natlonal Academy of
Jolences in the 1973 report (NAS-NAE, 1973).
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In addition to the CIAP studies (although funded by CIAP), a concurrent and
independent study was cerried out by the Climatic Impact Committee of the
National Academy of Sciences, their report, "Environmental Impact on Strato-
spheric Flight," (NAS, 1975), being distributed in April 1975. Independent
studies were also carried out in Europe, by the British (COMESA, "Committee on
Meteorological Effects of Stratospheric Adrcraft"), and by the French (COVOS,
"Comité sur les Conséquences des Vols Stratospheriques"™). 'The COMESA report
became available in May 1976. The complete COVOS report has not been recelved,

although modeling results (Bertin et al., 1976) were received about the time
thls document was being finalized.

The CIAP studles were concerned not only with alreraft crulsing in the
stratosphere, but alsc wit’

the flight of rocket-powered vehicles through the
stratosphere.

Partly as a result of this aspect of the CIAP investigations,

the question of chlorine effects on the stratosphere arose (the space shuttle
booster rockets emlit HC1l) and thils led to studies of the fates of the halo-
carbons widely used in aerosol spray cans and refrigerants (see Molina and
Rowland, 1974). These concerns led to a further study by the National Academy
of Sclences, whlch has had an impact on the aircraft prcbiem. Their results,
(NAS 1976, 1976a) which became avallable in September 1976, were published in two
related reports, "Halocarbons: Effects on Stratospheric Ozone," and "Hdalocarbons:
Environmental Effects of Chlorofluorcomethane Release." This investigation has
led co revicions in the best estimates of certain reaction rates and to increased

recognition of the complexities involved in the atmospheric ozone problem, as will
be discussed later herein.

Both the CIAP Report of Findings*® (1974) and NAS (1975) reports concluded
that large-scale stratospheric flight, unless accompanled by drastic reductions
in nitrogen oxide emisslions, particularly by supersonic ailrcraft but not ex-
cluding subsonic alrcraft, would lead to unacceptable reductions in strato-
spheric ozone. Water vapor emissions were concluded to have little effect on
ozone, These reports also concluded that reductions in ozone would lead to
increases at the earth's surface in the flux of ultravioclet light in the 295-320
nm erythemal (or sunburn) regime, and would thereby lead to increases in skin
cancer rate, at about the rate of 2 percent increase in skin cancer for a 1 per-
cent decrease 1n ozone column. The climatic effects were felt to be less predict-
able, but potentially significant, due to cooling effects of aerosols created
from sulfur in the fuel; desulfurlizaticn was called for.

The magritude of potential alrcraft-induced effects depends on the rate and
altitude ‘as well as on locatlon and season) of introduction of pollutants to
the stratosphere, all of which depend on the size, makeup, and route structure
of future aircraft fleets (and, of course, on any emission reductions achieved).
CIAP thus developed certain fleet forecasts, largely almed at worst-cagse analysis;

—
Or "ROF," for convenlence.
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these forecasts were largely developed, 1in their phllosophical basis, prior to 5
the steep fuel price rise t'ollowing the oill embargo in late 1973. The pro- | f
Jections included beth subsoni~ and supersonic alrceraft, but the emphasis in % 'g
computational exercises and in the chemliegtry employed was on supersonic aircraft. y
Nevertheless, results were shown (CIAP, 1974; NAS, 1975) wihich implied possibly ;
significant effects of subsonic alrcraft alone, in the not too distant future.

These projections and thelr suggested effects were clearly in need of further

. careful examination. The High Altitude Pollution Program (HAPP) was set up to

pursue these matters, under the sponsorsailp of the Federal Aviation Administra-
tion. The work reported here has been carried out under HAFP.

T TS

X In order to gain further perspective on the time frames involved in

éf avolding deleterious aircraft eft'fects, recognizing current economic conditilions, : ;
é‘ HAPP sponsored the development of revised fleet furecast to 1990, assuming :

present and projected subsonics and only current SSTs toc be avallable. HAPP
also suggesced tentative guldelines as to possibly acceptable changes in the

;i ozone column of 0.5 percent (decrease) and of 0.1 ¥, both in the Northern

§
Hemisphere where fleets are concentrated. These tentative guldelines are noted

;
frequently in the various discussions which follow.
;o " 1.3 OBJECTIVES AND LIMITATIONS

e

& This study has several objectives. A principal objective is to review and
b 4 compare results of three principal studies which have appeared on the alircraft
effects question (CIAF ROF, 1974; NAS, 1975; COMESA, 1975). A second objective
1s to review and summarize progress made in these extremely difficult problem
areas, ®: of December 1976, the nominal cutoff date for input to the report.

: part of this.second obJective 1s to develop revlised estimates of potential

1 future ailrcraft effects (to 1990), using recent FAA projections as to ailrcraft
fleets and emissions; effects of subsonlc aircraft, and, in particular, the new
higher flying subsonles, such as the 747SP, are of special interest. A third
related objective 1s to consider time-dependent aspects of these effects, as

fleets generally grow with time, and effects would be expected to lag fleet
growth.
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In a broader sense, the objective of thils work, as with the CIAP and HAPP
work in genersl, 1s to provide the understanding by means of which potentlally
significant deleterious effects of alrcraft can be anticipated and thus avoided.
Airceraft, however, have long life times, and new technologies tend to be proved
ard applied slowly. Possible adverse effects must thus be anticipated at least y
a decade before their occurrence, so that this, and similar work, must lean
heavily on long-range, and clearly debatable, fleet forecasts.
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The major focus of this review and study effort 1is on potential ~hanges
: in the ozone column, with climatic effects being given lesser embhasis. As
; indicated earller, the time frame emphasized is from the present to 1990.
study does not include possible blologlcal or economic effects; >r these
subjects, the reader 1s referred to CIAP Report of Findings, 1974, Monographs
5 and & of the CIAP series (both 1975), and to NAS (1975) and NAS (1976, 1976a)
reports,
i Note that climatic effects, in the simple terms used here, refer only to
computed mean hemispherlc temperature changes based on certaln mathematical
X models. 1In view, however, of current poor understanding of climate and
5 climatic changes, such computed values should not be interpreted to be pre-~
é! dictions, in the usual sense, of the effects of alrcraft exhaust; these numbers '
i should, instead, be viewed as seml-quantitative estimates of the climate risks . ;
involved, using temperature changes a3 a measure. Some quantification of these :
effects, 1n terms of best estimates using current modeis, is essential in view
of the critical importance of climate.

X A

This

Finally, before goling in depth into these various matters, 1t must be
appreclated that the atmosphere 1s an extremely complex system, and the sclence
of trace specles, thelr motions, and their effects on ozone and climate, is a
j ' developing one. While policy makers must always act on the basis of prudence
? and risk, the possibility always exists that new findings may drastically change
ﬂ previous conclusions. In gzeneral, of course, continued researc. leads to con-
I vergence of fact and theory. In this area, such continued research is qlearly
1

|
i

V= i

essentlial. In reporting on these matters, therefore, as described helow, a
%} basically chronoclogical approach 1s used, the reasoning being that results have
‘ differed with time and, to date, at least in our opinion, few "final" answers

e U SO

;; : have emerged. ; f
%‘ ' 1.4 ORGANIZATION AND GENERAL CONTENT OF THIS REPORT ’ '
g‘ é ' The following materlal treats, first, CIAP and FAA projections as to air-

craft fleets and their emlssions, nominally to the year 1990. No attempt is

made t0 include possible reductions in emlssion indices, although some comments

are included. The study then turns to the major question of interest, l.e.,

the ozone column and changes in 1t which may result from these projected fleets

(or parametric fleets), based on various l-D and 2-D models. The treaument

ﬁ starts with model results available about at the end of CIAP (December 197L4),

f and then discusses COMESA results and information based on post-CIAP modeling

] studies; 1-D and 2~D results on the FAA "1990-high" fleet are included. The
uncertainties are discussed, as well as the research areas which appear to need :

PR TS

emphasis.

Y D S R VAT - P
= L e LM T TN ol o R e B e S B e £ S

R

1-4

P

sy
!
i
I
}
1
i
e

e PEEL R




¥ T e it ¢ e T A A ) S e———— T

i
i
]
i
:|
!

The climate change question ls addressed in the final section. For reasons
to be discussed, it 1s concluded that little can be sald about climatic effects
of subsonlec alreraft. Available 1-D model results are applied to the FAA pro-
Jected SST rleet and results discussed.

Six appendices follow Section 4, which completes the main text. In the
first of these (Aprendix A), the detalled results of an ozone effects study are
déscribed for alrcraft at different altitudes and distributed by latitude; this
study used the Crutzen 2-D model, and was carried out at the National Center for
Atmospheric Research (NCAR). The second appendix (Appendix R) discusses certain
details of the studies by COMESA on the ozone question. In the third appendix

(C), a study 1s reported in which the motion of zirconium-95, injected by

Chinese weapons tests, 1s described in a 1-D parsmeterization. In the fourth
appendix (D), available 1-D parameterizations of atmospheric motion are ncted,
and residence times (burden/flux for continuous injection) and injection coeffi-
clents computed. In Appendix E, possible emission index constraints on a new
SST are discussed, assuming HAFP guldelines are followed; this treatment 1s
considered primarily as 1lndicating an approach rather than one of definitive
treatment, in view of the great uncertainties involved. 1In Appendix F, the
climatic and ozone effects of g hypothetical SST fleet bullding up with time

are computed using a 1-D approach and a very simple model. The 1llustration
provided 1s indicative of the type of time-dependent information (preferably,
however, 1in more than one-dimension) which modelers might eventually be asked

to provide. The final appendix, (F), discusses in a preliminary fashion some
issues about detectability of changes in ozone and climate that arose during and
to some degree subsequent to the CIAP program.

For convenlence, the recommendations resulting from this work have been
included in the summary.

1.5 ON USE OF THIS REPCRT

As in any review, a possibility of misinterpretation of original sources
exists. Furthermore, although the length of the following material might
suggest otherwise, an effort has been made to incorporate as much materlal as
possible herein by reference rather than by reproduction. For these reasons,
the reader 1s urged to have available for ready reference at least the principal
cited documents (CIAP ROF, 1974; NAS, 1975; and COMESA, 1975), and to go to
other original published sources to the maximum extent feasible.
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2. AIR TRAFFIC, FUEL FLOWS, AND EMISSiONS PROJECTIONS
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2.1 INTRODUCTION

As indicated earlier, the environmental impacts of aircraft of concern here
depend on the rates and locations-~-altitude, latitude, and longitude~-of injec- ;
i tion of certair exhaust specles of interest. The rates of injectlon depend, in 2
§ turn, on the air traffic demand (as well as alrcraft types and load factors
achieved), which sets fuel flow requirements, and on the emission characteristics
) of the fuels and combustors used. Altitude distribution depends on the types of
: aircraft, with supersonic aircraff operating higher than subsonic aircraft; geo-
graphical distributlion depends on the murkets served. All these factors change
with time; furthermore, the environmental effects lag the alrcraft operations,
g so that the effects at any given time depend on prior history, which means that
the rate of traffic growth can also be important. (See Appendix F for an
. i1llustration.)
i While these matters are, in fact, exceedingly complex, usable emission rate
estimates can be developed by a combination of alr traffic projections {passenger
and freight), and their corresponding fuel flow requirements, and emission index
; data (emissions per unit of fuel burned), obtained from present engines and fuels.
[F Emission indices of certain critical species (Nox*, 802) can be changed by tech-
v riology; others (H2O, 002) cann.t, except by change of fuel. The time at which
emission lndex changes may be necessary depends on computed effects as a function
of time, recognizing alr traffic growth projections. Projected fuel consumption
rates, as a function of altitude (typically in kilograms of fuel burned per year)
and emlssion index data are thus the fundamental working data needed. As noted
: above, altitude and geographical distribution of emissions depends on the types
:ﬁ of alrcraft assumed and markets served. The aggregation of emissions permitted
depends on the model: for a 1-D model, global totals in each altitude band are
used; for 2-D models, zonal totals®* in each altitude band are used.
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‘- In quantifying these projections, one can make various optimistic or pes-
g simistic assumptions about the rate of growth of air traffic; optimistic assump- i
tions about growth rates obviously make any assoclated environmental problems :
{f more urgent in a time sense. One can also make various assumptions about SSTs,
" present or advanced. In these matters, the CIAP projectlons and the FAA pro-
J-~tions which follow differ, based in large measure on the differing goals for

3 WA T b s,

NO, on a molar basis is the sum of NO and NOp; on a mass basls "as NOp" the
mofar sum isg assumed to have the molecular weight of Noz.

11
A zone, as used here, refers to the region between two latitudes as, e.g.,
between 30° and 40° N.
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which the projections were made and on the differing times and economic con-
ditlons at which the projections were initlated. Thus, the CIAP projections
were initiated in 1972, before the steep fuel price rise in late 1973, were long
in time--in effect to 2025--and tended to be maximum-growth and mach-2.7-S3T
oriented. The FAA projections, initiated in 1975, were intended to recognize
current economlc conditions, and that a new SST would probably not be in commer-
clal operation by 1990, the nominal end point of the FAA projections.

Actually, a number of CIAP projections were made, among which were "realistic
upper-bound" and "expected traffic" projections. The upper-bound case was empha-
sized, and a number of fleets (subsonic and supersonic aircraft) computed to serve
the associated traffic, including a fleet with an advanced SST, a fleet with only
present SSTs avallable, and a fleet with no SSTs. The "expected traffic" case
was treated only under the assumption that an advanced SST would be available,
and concluded that 241 such alrcraft would (or could) be in operation by 1990.
These fleets are summarized in Appendix D of the CIAP Report of Findings and
described in detail in Monograph 2 of the CIAP serles. At present, however, and
for purposes ¢f this report, the advent of a mach 2.7 SST by 1990 is consldered
unrealistic. Emphasis in this report is thus on the cases where only current
SSTs and subsonic aircraft are considered to be avallable. In general also, no
assumptions are made as to when improved technology will result in fleets having
reduced emission indices, i.e., the treatment 1s centered around proJected fleets
having the same emission index characteristics as do aircraft operating today.

2.2 CIAP PROJECTIONS AND RELATED DATA
2.2.1 Projected Air Traffic and Fleets

Alr traffic projections for North Amerlca and the world, as prepared by
English et al. (197%5), are shown in Fig. 2.1; these data were also summarized
in Appendix D, CIAP ROF (1974). Tabulated data are given in Tables 2.1 and 2.2.

Note (Table 2.1) that the upper-bound case involves an 8-fold growth in
yearly world air passenger traffic between about 1970 and 1990 (Table 2.la), and
about a 24-fold growth in air freight (Table 2.1b). The expected case involves
a l-fold growth in passenger traffic and a 1l4-fold growth in freight in the same
time frame. The growth in per=-capita travel and cargo (Table 2.1lc) 1s, of course,
less than the total growth, because of population growth.

The upper-bound case was developed using the year 2025 as an "anchor point",
assuming rapld growth in both population and per-capita affluence, with inter-
polation to intermediate years. Gompertz-type*® growth curves were developed for

*Gompertz curves of the type y = a exp(-brt), where 0<r<l, have a character-
istic slow 1nitial rise, followed by a more rapid rise and subsequent
maturation or leveling off.
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TABLE 2.1.

CIAP UPPER-BOUND AIR TRAVEL AND AIR CARGO PROJECTIONS
CIAP ROF, p. D-69

SOURCE:

(a) Revenue air passenger demand, realistic upper-bound prediction (billions of pkm)

Region 1970 1980 1990 2000 2025
Africe 9 20 51 166 2,103
Latin America 16 47 163 565 4,238
North America 260 739 1,570 2,750 7,133
Asia 19 224 906 2,617 13,551
Europe 122 337 821 1,681 5,728
Oceania 11 3 107 308 1,731
U.S.8.R. 78 289 842 1,886 6,798
World 535 1,687 4,460 9,973 41,282

(b) Reveriue air cargo demand, realistic upper-bound prediction (billions of tonne-km)

Region 1970 1980 1990 2000 2025
Africa 0.2 0.7 2.3 9.5 320.3
Latin America 0.5 2.3 13.7 66.1 996.9
North America 6.0 26.3 120.9 391.1 02,797.8
Asia 1.0 8.1 44.8 187.3 2,572.6
Europe 3.0 15.9 88.6 347.7 3,367.2
Oceania 0.3 1.2 5.7 20.0 186.0
U.8.8.R. 1.5 5.5 23.2 98.1 993.3
World 12.5 60.0 299.2 1,119.8 11,234.1

(c) Annual per capita travel

Passenger-kilometers

and cargo, realistic upper-bound predictions.

Cargo (tonne-km)

Region 1970 13980 1990 2000 2025 1970 1980 1990 2000 2025
Africa 27 42 82 198 1,201 0.7 1.4 3.6 11.4 182.9
Latin America 57 124 324 846 3,106 1.7 6.1 27.3 99.0 730.6
North America 1,142 2,828 5,223 7,964 1*,590 26.5 100.8 402.3 1,132.5 5,723.0
Asia 19 85 269 607 1,695 0.5 3.1 13.3 43.4  321.8
Europa 263 666 1,484 2,780 7,572 6.6 31.5 160.4 575.0 4,451.6
Oceania 565 1,193 3,068 6,555 17,580 13.9 46,2 163.3 426.2 1,889.9
Uu.8.8.R. 322 1,037 2,626 5,122 13,043 6.1 19.7 72.4 266.5 1,905.8
World 147 371 782 1,389 3,182 3.5 13.2 52.5 155.9 865.9
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TABLE 2.2. CIAP EXPECTED AIR TRAVEL AND AIR CARGO PROJECTIONS
SOURCE: CIAP ROF, p. D-70

(a) Ravenuea air passenger demand (billions of pkm)

Region 1970 1980 1990 2000 2025 !

Africa 9 16 34 87 541

o Latin America 16 34 86 202 490
: North America 260 598 1,022 1,294 1,478 {
| Asia 39 131 354 641 1,083 i
; Europe 122 215 381 507 691 l
; Oceania 11 20 55 117 291 l
,-“ U.5.8.R. 76 172 380 553 829 '
‘\ i
i World 535 1,186 2,312 3,401 5,403 i
i i
J. 1
o (b) Revenue air cargo demand (billions of tonne-km) !
' Region L Le10 1980 1990 2000 2025 '
Africe . 0.2 0.5 1.5 5.1 85.1 ;
Latin America L 0.5 1.7 7.4 24,2 119.8 .

North America 6.0 21.5 80,5 190.4 611.9

’

Asia , 1.0 5.8 21.3 56.2 256.7

Europe 3.0 12.3 50.6 130.7 516.3

Ocesnia 0.3 1.0 3.6 9.5 39.2

U.8.8.R, 1.5 4.0 12.9 35.8 153.8

world’ 12.5 46.8 177.8 451.9 1782.7

. |
(c) Anhual per capita passenger travel and cargo, expected projections ‘

4
i
j

Passanger-kilometers _Cargo (tonne-km)

/," Region 1970 1960 1990 2000 2025 1970 190 19390 2000 2023

/' Africe 27 37 62 133 534 0.7 2.8 2.8 7.8 84.2
’ Latin America S7 9% 195 402 N4 1.7 4.8 16.7 48.2 174.6 ;
North America 1,142 2,403 3,751 4,425 4,229 26,5 ©6.3 295.4 249.9 1,751.0 1 |
s Asia 19 54 122 191 224 0.5 2.4 7.4 16.7 $3.2 i ‘
. Europe 263 448 762 970 1,180 6.6 25:7 101.2 249.9 B82.3 ] ]
Oceania §65 895 2,087 3,872 6,673 13.9 42.7 137.5 312.8 900.1 ; i
u.8.8.R. 322 628 1,226 1,671 2,128 6.1 14.5 41.6 108.2 394.7 ‘
4
World 147 279 452 598 684 3.5 11.0 35.6 79.4 225.8 i 4
' 1
3
!
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each of the major areas involved. The "expected" :ase (Table 2.2) was developed

in simllar fashion to that for the upper-bound case, except growth rates were
taken to be lower (see pp. 8-25 and 8~26, CIAP Monograph 2).

The fleets of aircraft required to serve the projected traffic were devel-
oped by a computer model, using hypé%hesized alrcraft, as given in Tabie 2.3,
and economic selection rules as to the most profitable aircraft for each route.
The model had no "memory" in that the fleets selected for a given year had no
necessary relatlion to fleets selected for traffic, say 5 years earller; as a
consequence, severe fluctuatlons in fleet mix were found, as shown, for example,
for the LR3J in Table 2.4, which gives projected numbers of aircraft for one CIAP
case. This fact had little consequence in terms of fuel flows required, however,

since different subsonic aircraft differed only by small amounts in terms of fuel

consumptlon per passenger-kilometer. Of more importance was the assumption that

the alrcraft operated at 50 percent load factor for passengers and 60 percent for

freight, requiring thereby, in effect, twice as large a fleet as theoretically

(but not practically) possible. Also, the fleets predicted were designed to

serve the peak summer season, wlthout allowance for load factor lncrease in the

summer. Seasonal splits were developed as follows, based on the peak summer
values:

Summer 1.0

Fall 0.71

Winter 0.52

Spring 0.75

Average 0.75

In all calculations made using the CIAP estlimates, the average yearly rates
were used. The number of alrcraft was not used directly. This procedure was
pnaferred, partly due to the integrating effect of the atmosphere, and partly

because load factors vary during the year, making fuel flow rate varlations during
the year less than indlcated for these seasonal traffic values.

Two special case fleets of particular interest here were generated in CIAP
as shown in Tables 2.5 and 2.6. 1In one, Table 2.5. it was assumed that no new

SS8T would be bullt, and upper-bound traffic was served only by subsonic alrcraft

and by mach 2 (Concorde/Tupolev) SSTs. In the second, Table 2.6, it was assumed

that no 8STs would be avalliable, with upper-bound traffic served only by sub-
sonic aircraft,

The CIAP model included no fuel penalty for carrylng freight unless
carried on all-freight alrcraft.

The effect of this assumption was that, when
passengers were carrled by SSTs, which carried no freight, "free'" cargo space was

lost, more alr frelghters were required, and 1ittle decrease in total fuel con-
sumption by subsonic aircraft resulted, as will be shown in Section 2.2.2.
(Note, for example, the model demand for 720 cargo alrcraft 1n Table 2.5 versus

560 cargo aircraft in Table 2.6, also the number of passenger-carrying aircraft.)
To

some degree, this effect 1s an artifact of the mndel.
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TABLE 2.3. AIRCRAFT POSTULATED IN CIAP
SQURCE: CIAP ROF, p. D-73

e St s et 15 i o, ¢

e w5 50

“Existing or near-term aircraft expected prior to 1980.

{ 3|
i c;l‘;o Sacondary Cruise Gross Fuel
i Adrcraft Range Passenger capacity cargo spaad weight flow Kg fue .
' _type  (km) capacity (kq) gkég (km/hr) (kg) (kg/hr)* per_pkm
; Sa 3,200 140 - . 870 - 5,600 .060 \
; ES3I* 3,500 170 - - 900 99,000 3,900 .051 ;
1 [ od 6,100 105 - - 2,130 174,000 19,100 W17 i
b ASST 6,300 170 - - 2,130 226,000 20,500 (113 5
L4J¥ 9,000 180 75,000 18,000 900 362,000 10,700 .064 ;
; R AL 5,500 295 50,000 10,000 880 200,000 6,600 (7,300) .051 }
A LR3J* 9,200 270 50,000 9,000 890 252,000 7,700 (B,200) .064 ;
e T4* - 9,500 145 - - 870 - 4,500 071 !
4 L2g% 3,500 230 - 8,000 670 150,000 5,400 (6,200) .054 i
,‘ LRL4J* 10,000 285 50,000 11,000 930 299,000 9,500¢10,400)  .072 :
»{ g LRT4J* 12,000 200 27,000 5,000 870 163,000 4,500 .052 ¢
‘. LASST 7,400 295 - - 2,880 328,000 40,800 .096 {
LL4J 12,000 600 100,000 13,000 930 408,000 11,800 .042 {
HST 12,000 300 - - 5,410/6,960° 362,000  100,900/39,200°  .038 j
Acx 12,000 1,000 150,000 23,000 870 544,000 16,100 .037 !
|
|
|
i

Nomepnclature: S3%J Small three-jet transport L2J Large two-jet transport
ES3J Extended small three-jet transport LRi4J  Long-range large four-jet transport
SST Small supersonic transport LRT4J Long-range traditional four-jet transport
ASST Advanced supsrsonic transport (magh 2) LASST Large advanced supersonic transport P
L4J Large four-jet transport LL4y Very large four-jet transport
i L3J  Large threg-jet transport HsT Hypsrsonic transport
' LR} Long-vange three-jet transport ACX Advanced very large transport
T4J Traditional four-jet transport
'Fiquru in parentheses apply to thrust uprated versions in year 2000; rest of table not applicable to year 2000 case.

Assumes 50-percent passengor load factor; ignores cargo. Computed at cruise speed.
Cclimb and cruise average, respectively.
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TABLE 2.5. FLEET MIX DEVELOPED IN CIAP TO MEET_UPPER-BOUND 1990
AIR TRAFFIC DEMAND: ONLY PRESENT SSTs AVAILABLE
SOURCE: CIAP ROF, p. D-77

BRI o T

System* Passenger Largo :{
| Concorde/Tupolev 378 -
; ES3J 206 - A
! Led 150 - , 4
5 L3J 178 98 | 1

LR3J §3 145 : '

; L4y 3,490 237 | §
| LL4Y 3 36 ! 4
| . LRL4J 120 1 | b
g ACX 543 203 ! p

Total 5,121 720 i :

TABLE 2.6. FLEET MIX DEVELOPED IN CIAP TO MEET UPPER-BOUND AIR 4
TRAFFIC DEMAND; NO SSTs AVAILABLE |
SOURCE: CIAP ROF, p. D-77 5

System 1990 2000 ;
: Passenger Cargo Passenger targn 4
i ES3J 146 .0 387 0 3
] L2y 48 S 1,562 0 ]
3 L3J 52 4 2,046 1 ‘ ¥
; LR3J 133 33 4,890 4 3
; L4J 3,412 265 1,1 2,219 ’ :
gi LL4Y 55 14 150 189 f ]
] LRL4Y 51 0 0 0 g }
3 ACX 679 244 1,860 _938 i ;
‘ Total 4,576 560 12,006 3,361 |
i b
g The CIAP model also included no military traffic nor charter traffic to i
& vacation spots. More importantly, it included only traffic traveling more than ; 3
L 700 km nonstop. The odel-derived numbers for fuel flow, at least in total, i ;
ﬁ and for current periods as, for example, 1970, were clearly low, by a factor of A X

1.5 to 2.0 (see ROF, p. D-65, and FAA figures, later herein). :

Hypersonic, aireraft, which would operate in the 27-km to 33-km range, are
not expected until about the year 2015, according to CIAP, 1.e., beyond the time
frame of prime~1nterest. Hence, they were not considered by CIAP, and are

3T TR

LI

TR

#See Table 2.3 for nomenclature.
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obviously excluded here. The altitude distribution of emlissions was based on
alrcraft type and route length, as given in Tatle 2.7. These altitude distribu-
tions are somewhat arbitrary, partlcularly for subsonlc aircraft. Thus, as seen
in Table 2.8, Downle (1974) showed that, at least for U.S. transcontinental
traffic in 1972, only a very small amount of traffic reached 12.5 km (41,000 ft).*

e Tordbsne i o m o s

TABLF. 2.7. FLIGHT PROFILES FOR EMISSION CALC:JLATIONS:
CIAP MODEL
- SOURCE: CIAP ROF, p. D-81
Aircraft Distance Altd Band
Classification km

I a

t
(
i Subsonic 0-3,000 9
E >3,000 12

§ Present supersonic 0-100

100-300
300-700
>700

Future supersonic 0-80
80-170
170-260
260-500
>500

TABLE 2.8. FUEL CONSUMED AT SPECIFIED FLIGHT ALTITUDES
IN MORE THAN 600 U.S. BOEING 707 TRANS-
CONTINENTAL FLIGHTS IN JANUARY AND
FEBRUARY 1972
SOURCE: CIAP ROF, p. D-61

Fuel burned

-—
Ro RN RVl
[ | [ I |

DY —F =2 ams A — - —
—SROINW RCINNWYW 1IN b— ®

P —
oo ;W
t

T e e ok e e e =

G . W et e T L T “.

Flight altitude 4 :

1,000 ft (km) 1,000 1b (x 10" kg) Percent ;

41 (12.5) 154 (7.0) 0.55 k

39 (11.9) 6,858 (311.1) 24.35 : g

37 (11.3) 10,140 (459.9) 36.00 : y

35 (10.7 3,057 (138.7) 10.85 b

23 (10.1) 152 (6.9) 0.54 é

3 (9.4) 881 (40.0) 3.13 i

, 28 (8.5) 1,655 (75.1) 5.88 3

3 26 (7.9) 5,268 (239.0) _18.1n |

: 28,165  (1,277.7) 100.0 ;

: !

i The CIAP distance criterion resulted, even for the year 1970, in about 25 : &

% percent of the total subsonic fuel belng in the 1l2-km to 15-km altitude range. ' .

g This result was nearly invariant with time. 1In passing, it should be noted that 4

§ in the computations reported in the CIAP ROF, long-range subsonic aircrdft, such ; i
§ as the TUT7SP, were assumed to crulse at 13.5 km (44,280 ft), the midpoint of the : 1
I :
; —_—
5 #See also Table 2.23, Section 2.3.1. j
ﬁ : i
r 2-10 | é
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TABLE 2.9. ANNUAL FUEL CONSUMPTION CALCULATED IN CIAP FOR THE 1990
EXPECTED FLEET {109 kg/yr)
SOURCE: CIAP ROF, p. D-88

Year and altitude band

(km) _ Subsonic# Supersonic
1970
9-12 10.6 0
12-15 3.6 0
15-18 0 0
18-21 0 9
Total 14.2 0
1980
9-12 26.7 0
12-15 9.0 0.16
15-18 0 1.18 _ ,
18-21 0 0 ;
Total 35, 1.34 :
4
1990 , A
9-12 43,7 0 ;
12-15 15.3 3 E
15-18 8] .7 . :
18-21 0 14.6 '; 4
Total 59.0 15.3 { 3
; 4
2000 i ]
a-12 75.0 0 ;
12-15 29,4 0 ‘ ;
; §
15-18 0 1.8 . b
!
18-21 0 57.4 ; i
K
Total 104.8 39.2 " :
b
_:‘4
*The distribution by aititude Ls now consildered 3
3 unrealistic. See Section 2.3. g
3
2-11
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12-km to 15-km band, which, as wlll be seen later, is now belleved to be too high
as a mean value. More data on these points wlil be provided, but the figures
shown in Table 2.7 were the basis for the CIAP computations.

2.2.2 Fuel Flow Projections

As noted earlier, the upper-bound case and the expected case both included
an ‘anced mach 2.7 SST, introduced in the mid-1980s. Nevertheless, there e
aspects of these projJections that are of interest. Thus, in Table 2.9, the fuel
flow is given for the expected subsonic fleet by the CIAP model. If we note, as
shiown in Table 2.10, that the presence of an advanced SST has little effect on
fuel consumption by subsonics (in the CIAP model), the data in Table 2.9 can be
compared to other fuel flow projections, wlthout undue concern that the CIAP
"expected fleet" includes a now-not-expected advanced SST.

TABLE 2.10. SUBSONIC FUEL CONSUMPTION BY SUBSONICS WITH
SEVERAL ASSUMPTIONS AS TO SSTs; CIAP UPPER-
BOUND 1990 TRAFFIC MODEL (107 KG/YR)
SOURCE: CIAP ROF, pp. D-85, D-87

Scenario Subsonic Fuel Flow
Advanced 5ST 110.1
Present SST 117.8
No SST 118.0

Table 2.11 gives summarized data for the present SST-only case, assuming
upper-bound traffic; in this case, the SST fleet consists of 378 Concorde/
Tupolev aircraf't. This case is of interest in that latitudinal distribution of
emissions 1s provided for both large subsonic and supersonic (mach 2) fleets,
which 18 considered to ve of parametric value and has been used for 2-D modeling
(Appendix A). The detalled fuel flow data are given in Table 2.12. As noted
above, however, the altitude distribution for subsonic traffic is considered to
be invalld, based as it ls only on route length criteria.

TABLE 2.11. FUEL GONSUMPTION BY ALTITUDE BAND; PRESENT
SSTs ONLY; CIAP UPPER-BOUND 1990 TRAFFIC
(109 KG/YR)
SOURCE: CIAP ROF, p. D-87

Altitude
__band Subsonic Supersonic
9-12 km 85.7 0
12-15 km 32.1 1.3
15-18 km 0 11.3
18-21 km 0 0
Total 117.8 12.6

2-12
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TABLE 2.12.

20-25°
25-303
30-352
35-40
40-45°
45-50

Total

o 0O0000000O0 [+ 000
nHthvhhnhity ZZZZIAXRZZZAZZZZZZ2

DISTRIBUTION OF FUEL USAGE BY ALTITUDE AND LATITUDE BANDS;
PRESENT SSTs ONLY; CIAP UPPER-BOUND TRAFFIC

SOURCE: CIAP MONOGRAPH 2, pp. 9-62 to 9-64
Subsonic Supersonic
9~12 km 12-15 km 12~15 km 15-18 km

Fuel 2 Fuel 3 Fue). 5 Fuel 3
0.069 0.080 0.116 0.361

0.104 0.121 0.194 0.603

0.106 0.123 0.226 0.703

0.157 0.182 0.227 0.706 0,0015 0.116 0.0105 0.093
1,610 1.871 1.927 5.992 0.0452 3.481 0.482 271
6.242 7.256 2.685 8.349 0.0389 2,996 1.100 9.THT
11.279 13.110 6.378 19,832 0.237 18.253  3.477 30.810
9.773 11.350 5.585 17.366 0.144 11.090 1.596 14,142
12,346 14.351 3.121 9.705 0.285 21.949 0.808 7.160
12,291 14,287 2.447 7.608 0.163 12.554 0.331 2.933
9.581 11.137 2.015 6.266 0.0665 5.122 0.558 4,944
7.035 8.177 1.333 4,145 0.0091 0.701 0.610 5.405
4.517 5.250 1.459 4,537 0.958 7.378 0.720 6.380
4,052 4,710 1.150 3.576 0.0616 b,74y 0.652 5.777
2.146 2.494 0.857 2.665 0.0632 4,867 0.304 2.694
0,920 1.069 0.665 2.068 0.0175 1.348 0.202 1.790
1.298 1.509 0.810 2,518 0.0092 0.709 0.293 2.596
0.490 0.570 0.301 0.936 0.100 0.770 0.0851 0.754
0.386 0.449 0.276 0.858 0.0345 2,657 0.0348 0.308
0.370 0.430 0.207 0.644 0.0155 1.194 0.0157 0.139
0.301 0.350 0.0988 0.307 0.00004 0.003 0.00004 0.0004
0,287 0.334 0.052 0.163 0.00008 0.006 0.0044 0.0399
0.386 0.449 0.025 0.080 0.00024 0.018 0.00075 0.0066
0.233 0.271 0.0039 0.012

0.0361 0.042 0.00029 0.022 0.00029 0.0026 '
0.0085 0.010 0.00057 0.0051
0.0071 0.008 0.00029 0.022 0.00029 0,0026
86.031 100,000 32.160 100.000 1.29844 100,000 11.2854 100.000

#The number of places carried here 1s for internal consistency only and is not
intended to imply significance,
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Examination of the data 1n Table 2.12 will show that almost all the aircraft
fuel 1s consumed in the Northern Hemisphere, with a major fraction used In the
35° to 55° N band.

Longitudinal distribution of fuel flows 1is provided for selected cases in
CIAP Monograph 2. These data are not used here, however, nor have they been used

P

in any modeling work to date.

2.2.3 Emission Indices and Projections

A. Present Values

The emlssion indices used in the CIAP model in computing global emis-
sions rates are given 1n Table 2.13. The NOX values used for subsonic airecraft
are based on data on older, low-compression-ratio engines (JT3D and JT8D). For
more modern engines, higher values, as given in Table 2.14, are recommended.
(Broderick, CIAP Monograph 2, p. 4-50). fThe CF-6, JT9D, and RB-211 engines arc
used on wide body subsonic aircraft; the Olympus 593 and NK-1U44 engines are used
on the Concorde and Tupolev S3Ts. !

TABLE 2.13, ENGINE EMISSION INDICES ASSIGNED IN CIAP
TO0 THE CURRENT FLEET

SOURCE: CIAP ROF, p. D-81 ;

Altitude |

Emission species {km) Subsonic Supersonic i

3

Oxides of nitrogen (as NO,) ‘g-}g 10 g/kg fuel }g g/kg fuel |

15-21 - 18 i

Carbon monoxide (CO) 3 3

| Total hydrocarbons (THC) 0.5 0.5 3
! Soot 0.02 0.02 !
- H,0 1.25 x 10° 1.25 x 108 }
co, 3.22 x 10 3.22 x 10 ;
50, 1 L 1
: Total trace elements 0.0 0.01 i
Lubricating oil 0.1 0.1 2

TABLE 2.14, CURRENT TECHNOLOGY AIRCRAFT NOy EMISSION INDICES E

AT CRUISE AS NO, (RECOMMENDED VALUES) K

SOURCE: CIAP MONOGRAPH 2, p. 4-50 ﬁ

CF6, JT9D, Olympus 593, JT3D, %

j RB211 NK-144 JT80D 5

f Oxides of nitrogen 16 18 6 d

{ g(N0,)/kg fuel §

; Carbon monoxide 4 3.5 4 1

: g(C0)/kg fuel ¥

: Total hydrocarbons 0.1 0.2 0.1 )

r 9(CHy)/kg fuel %

¢ . i
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Carbon monoxide and total hydrocarbons are (or have been) of little
concern; 1in effect, such materials create ozone, although in negligible amounts.

The NO, emission figures given in Table 2.14 are for "typical" cruise
conditions. The values shown are sstilsfactory for first-cut analysis, but for
more detalled study the variations along the flight path, in both fuel flow rates
i and NOx emission indices (which decrease about with the square root of pressure
| and other factors) need to be examined.
|
I

Emission index estimates for the Kuznetsov NX-1U4 engine, in use on the
1 Tupolev, were obtained during CIAP and are included as Table 2.15.

i TABLE 2.15. TENTATIVE EMISSION INDICES.

! KUZNETSOV NK-144 ENGINES

1 SOURCE: CIAP MONOGRAPH 2, p. 4-43

i

: co, 3,150 g/kg

| H,0 1,280 .

; NO, (as N02) 18.4

| co 3.4

i THC (total hydrocarbon) 0.17
50, 1.0

{ A strong cautionary note must be added here relative to NO, emission

! : indices, in that values reported above (Tables 2.13 to 2.15) are based on probe

W 1 sampling. A still unresolved discrepancy exists between probe sampling and a ;
‘ spectroscopic method tested at the Arnold Engineering Development Center (AEDC)
(Davidson and Domal, 1973), which gives, particularly (almost five-fold) under ¥
afterburning conditions, much higher NO, values than obtalned by’ probe sampling. : Pl
" Data 1llustrating the effects are glven in Table 2.16.%

TABLE 2.16.

‘

YJ93-GE-3 ENGINE EMISSION MEASUREMENT BY 3 §

, PROBE AND SPECTROMETER TECHNIQUES ) 3
b SOURCE: Davidson and Domal, 1973 { g
i Simulated NO concentration (ppm) g
X flight Engine : ¥
] condition, Altitude, power Probe LUV g
fi mach no. kft setting sampling sgegfrometer i
i 1.4 35 Mititary 56 \]5 é
2.0 55 Military 70 165 -i

2.0 55 Min. afterburner 80 175 i

2.0 55 Max. afterburner 110 278 ;

2.6 66 Military 100 323 ]

Max. afterburner 130 617 ;

*The data of Few et al. 1977 (1974 and 1975 date), imply discrepancies §

similar to those shown for the max. afterburner case over a wide range
of conditions. Other data, however, (Lyon et al. 1975; Gryvnak and
Burch, 1976) imply negligible or small errors (~ 30 percent low) with
probe sampling.
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The questions associated with the validity of these two techniques are
serious ones and in obvious need of resolution. A particular question relates
to whether the NO, which may be present in the high-temperature stream, is indeed
present after dilution with ambient air, or whether the NO 1s destroyed by the
same processes (which may not be heterogeneous), resulting in lower values in the
samples drawn through a probe.

For purposes here, values developed from probe sampling are used, as has
been the case in CIAP and related programs. The clear possibility must be recog-
nized, however, that these values may be several-fold low.

B. Potentia) Emission Index Reductions (other than S0,)

Possible emission index values with improved combustor technology were
estimated by a NASA ad hoe committee in 1973. The values are shown in Table
2.17; a CIAP interpretation is given in Table 2.18. 1In general, very low NOx
emigssion indices (3 or less) are based on the assumed implementation of lean
premix combustion techniques, which have been demonstrated in the laboratory
but have associated with them some rather significant questions (flashback,
relight, safety, etc.). Ultra-low NOx values (0.3) have also been demonstrated,
using very lean flames or catalytic combustion techniques.

TABLE 2.17. NASA AD HOC COMMITTEE 1973 CONSENSUS ESTIMATES
OF CRUISE EMISSION INDICES WITH CURRENT AND
PROJECTED TECHNOLOGY, JP FUEL
SOURCE: CIAP MONOGRAPH 2, p. 5-84

NOx co THC Soot

Mission propulsion system
g(NO,)/kg fuel  g(CO)/kg fuel g(CHz)/kg fuel g(C)/kg fuel

Current technology

CF6, JT9D, RB211 16 4 0.1 0.1
Olympus 593, NK-144 18 3.5 0.2 0.1
JT30, JT8D 6-8 4 0.1 0.1
CTOL turbofan (subsonic)
1. Anticipated emission

reduction technology 8 3 0.5 0.02
2. Advanced emission

reduction technology 3 3 0.1 0.02
Nonzugmented SST/(dry)

turbojet

1. Anticipated emission

reduction technology 14 3 0.5 0.02
2. Advanced emission

reduction technology 3 3 0.1 0.02
ASST/duct-burning turbofan
1. Anticipated emission

reduction technology 12 30 10 0.02
2. Advanced emission

reduction technology 3 15 3 0.02
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TABLE 2.18. PROJECTED NO, EMISSION INDICES AS NO,
SOURCE: CIAP ROF, p. 103

NO_, Emission Index:

Engine Type (Aircraft System) 9(NO,)/kg Fuel

Current Technology (operational
through 1985)

- subsonic (JT9-D/B747) 16
- supersonic (Concorde) 18

Anticipated Reduction Technology
(implemented 1980-1985 time frame)

- subsonic 8
- supersonic 12 - 14

Advanced Reduction Technology
(possible by 1985-1990)

- subsonic 3

~ supersonic 3
Projected Minimum

- subsonic 0.3

- supersonic 0.3

The time schedule for NOx emission 1ndex reductions suggested in Table
2.18 may well be optimistic. This observation (which is not based on detalled
study) follows from the information presented by D.W. Bahr, at the 4th Conference
on CIAP (PFebruary 4-7, 1975), and on testimony before the EPA* (January 27-28,
1976) by various englne companies, A two-fold reduction (at low altitudes still
seems several years away from being implementable, although already pursued for
5 or more years. As noted above, concepts glving 6-fold or greater reductions
will require new approaches and some years of testing. If, as may be possible,
these new concepts can be applied only to new engines, reductions in fleet

average values would take place very slowly, unless expensive engine replacement
programs were to be implemented.

#Public Hearing on Control of Alr Pollution from Aircraft and Aircraft
Engines, Jan 27-28, 1976, EPA, Washington, D.C.
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2.3 FAA PROJECTIONS

2.3.1 Procedures

The outlook for air travel, and particularly SST travel, changed substan~
tially durlng the course of the CIAP program, due both to economic¢ factors, such
as the abrupt fuel price rise in 1973, and to environmental factors, such as
were developed during the CIAP program itself. Also, the scope and nature of the
problems had shifted from focus on advanced SSTs to focus on current SST and
current and advanced subsonics. For these reasons, new proJections were required,
and were undertaken by the FAA in 1975, with contracts being issued to Stanford
Reseurch Institute (SRI) and to Arthur D. Little, Inc. (ADL). The SRI work
provided projections of aircraft-operating (flight) hours in various altltude and
latitude bands for 22 categories of aircraft, as given in Table 2.19 (reported by
ADL). The ADL work used these data, along with fuel flow, as glven in Table 2.20,
and emission index data as glven in Table 2.21 to generate rates of pollutant
introduction. The base year was 1975, with high and low forecasts made for 1980,
1985, and 1990. Use of flight hours as a variable produces the desired pollutant
flow data but does not 1lndicate the number of aircraft involved.

The procedures used by SRI in developing forecasts are described in their
contract report, only a draft of which has been available to us. The model used
was an existing one adapted to the FAA forecasting problem. The model has been
tested by "backcasting" historical data, with good results claimed. The model
is an "aggregate model rather than a microanalytical one." The model dnes not
attempt, as did CIAP, to select the most economic alrcraft for each route, a
procedure which may have caused the CIAP model results to exhibit large fluctua-
tions in specific aircraft types with time. Routes of 400 miles or less were

excluded, a procedure similar to that followed in CIAP, in which routes of 700 km
or less were excluded.

The forecast use of SSTs was noted by SRI to be a particularly difficult
problem in view of the uncertainties surrounding this type of travel; any pro-
Jections are necessarily somewhat subjective. SRI noted that, according to fare
and time elastlicity estimates, the SST should capture most of the first-class
traffic on applicable routes, which represents roughly a 6 percent passenger
diversion, a smaller diversion than used in CIAP. However, because of FAA
interest in SST effects, more generous”assumptions were used which 1ncreased the
size of the SST fleet; these assumed that, up to 1985, SST flights would divert
roughly 30 percent of the flights in eligible markets, and in 1985-1990, 45
percent. SS8Ts were assumed to operate at 90 percent load factors versus 55 per-
cent for subsonics. SRI states thelr bellef that these forecasts of SST activity
are extremely optimistic; the assumptions led to SST growth rates of 17 to 21
percent over the 1980-1990 period versus 4 to 7 percent for total traffic. SSTs
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TABLE 2.19. AIRCRAFT TYPES AND ENGINE CHARACTERISTICS
ASSUMED IN FAA PREDICTIONS
SOURCE: Arthur D. Little, Inc., 1976, Tables 1 and 2

e —— e a6

Average
Gross
Aircraft Weight , Alrcraft Included

Type Airframe Engine 1b and Remarks :
(1) Lo L1011 JT9D | 340,000 L1011l .
(2) 707 707/320 JT3D 261,000 707, DC-8, 720, )
vCc10, 880, 990 i
(3) 727 727 JT8D 154,000 727 b
| (4) 737 737 JT8D : 100,000 737, DC-9 !

f (5) 47 Tu7 JT9D 626,000 747 except TUTSP _
| (6) D10 DC10 CF6 360,000 DC10 f
| (7) A3 DC10 CF6 281,000 A300B; scale from : X
! DC-10 : ;
| (8) TR1 727 SPEY 511 117,000 Trident series; scale 4
5; fuel flow from 727 i
i (9) Fa8 737 SPEY 511 83,000 F28, BAC11ll, Caravelle; , X
| scale fuel flow from 737 §
i (10) T34 737 JT8D 104,000 TU134, TU1OU4; scale {
3 from 737 ‘
1 (11)  T54 707 JT3D 134,000 U154, IL18; scale ’

| from 707

F (12) Y62 707 JT3D 302,000 IL62; scale from 707 §
1 (13) ¥66 DC10 CF6 360,000 IL86 i
i (24) 4o Sabreliner Typical T-1 21,000 YAKHO | {
| engine | j
! (15) TX7  DC10 CF6 300,000  7X7; scale from DCLO g j
J | (16) 748 4T JT9D 444,000 T4TSP; scale from T47 | :
; (17)  DOX DC10 CF6 300,000 DCX200; same as TX7 i
! (18) MISC 737 Typical P-2 95,000 #; scale fuel flow | }
' engine from 737 ! f
(19) LR Learjet Typical T-l 12,000 Learjet i %
engine ] :
(20) ¢5 Sabreliner Typlcal T-1 21,000 Falcon, HS1l25, Cita- ] b
englne tion i 4
(21) QULF Sabreliner Typical T~ 21,000 Gulfstream, Saber- §
engine liner, Jetstar . '
(22)  ssT Concorde Olympus 338,000 A1l S8ST 1
- [
#A11 aircraft in schzduled service not otherwise includead. &
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were considered ineligible for stage lengths less than 2,000 miles. For the
T4TSP class, 1t was assumed that these alrcraft would be purchased for stage
lengths exceeding 4,500 miles. As will be seen later, the total forecast use of .
aircraft of the TU4TSP class by 1990 1s modest (approximately B0O flight hours 5

per day). i
Trajectorlies used by SRI, based on FAA recommendations for the 3SSTs, are

given in Fig. 2.2, For the T47SP, the FAA~recommended altitudes are glven in

Table 2.22.
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FIGURE 2.2. FLIGHT PATHS FOR CONCORDE AND TUPOLEV-144 S5STs
SOURCE: ICAO/OACI/NKAO, 1974

SRI assumed that, since most alrcraft schedules are symmetric, as much time
was spent golng eastbound as westbound and adjusted flight hours at altitude
accordingly. (Jet stream effects were apparently not included.) Ascent and
descent times were treated separately, based on fixed time perlods and rates for
ascent and descent for each aircraft.
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TABLE 2.22. TIME TRACTIOWN-CRUISE ALTITUDES FUR 747SP
SOURCE: FAA, 1976

Stage Lengths Eastbound ‘Westbound

0-2,000 miles 100% at 41,000 ft 100% at 43,000 ft

> 2,000 miles 50% at 37,000 ft 50% at 39,000 ft
- 50% at 41,000 ft 50% at 43,000 ft

Data for other aircraft types were provided to SRI by FAA. By far the most
heavily traveled band is the 10-km to 1l-km band (32,800 to 36,100 ft). This 1is
shown in the following Gata, included in the SRI report.

TABLE 2.23. FLIGHT HQUR ACTIVITY BY ALTITUDE STRATA*
SOURCE: Stanford Research Institute, 1976

Altitude Stratum (km) Daily Flight Hours

6- 8 203

8- 9 485

9-10 898

< 10-11 1,314
1112 433

12-13 99

13-14+ 13

*These data are for June 1975 for the area over the Mid-
western and Eastern United States. General aviation activity

is excluded.

Note that this distribution 1s by flight hours, not by fuel consumption.
Moreover, these data do not appear to agree with that shown in Table 2.8, where
60 percent of the fuel consumption (at 7.9 km and above) 1s in the 1l-km to
12-km band, versus 13 percent (in flight hours) in thils band in Table 2.23.

2.3.2 Results

Results obtalned from the preceding studies follow. In the first set of
these, the ADL results are given directly, i.e., as reported. 1In the second set,
certain corrections to these results are made which appear to be called for on

the basis of information reported or developed earlier in this report or else-
shere, as will be noted.

A. Fuels and Emissions Data as Reported

The as-reported data are summarized in Table 2.24,
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TABLE 2.24., TOTAL AYERAGE FLIGHT HOURS/DAY, FUEL CONSUMPTION AND
EMISSIONS/YEAR, ABOVE 6 km, 1975~1990,* NO TECHNOLOGY
IMPROVEMENTS ON EMISSIONS. AS REPORTED.
SOURCE: Arthur D. Little, Inc., 1976

1980 1985 19990
Item 1975 Low  High Low  High Low  High
Flight hr/day%#
Total 24,625 30,266 34,010 36,295 47,484 44 402 68,849
S8T 0 87.5 100.2 264 .2 352.3 504,2 813.2

Fuel, 106 kg/yr
Total 45,540 62,250 70,150 83,520 110,590 109,780 173,660

0 863 988 2,540. 3,390 4,880 7,860

SST
Emissions, 106 kg/yr

Total NO k2s 6n9 686 707 937 967 1,530
(as N025“"

SST NO_ 0 13.1 15.0 39.2 52.3 75.1 121.2
(as sz)

Total H20 56,930 77,810 87,690 104,400 138,240 137,230 217,080

SST H20 Q 1,080 1,235 3,175 4,240 6,100 - 9,825

Total SO k5.5 62.3 76.2 83.5 110,6 109,8 173.7
(as 802

SST SO 0 0.863 0.988 2.54 3.39 b,88 7.86
(as 862)

®Note that, for internal consistency, more places are carried than

are consldered significant.
#®Average of June and November forecasts; taken as yearly average.

'“'guggonic NOx emissions need to be reviewed. See footnote, Table

These results are compared to the CIAP results in Table 2.25. Perhaps
the most striking difference 18 in the fuel consumption estimates for subsonic

aircraft, the FAA flgures being about twice those of CIAP.
is in the altitude bands employed; l.e., above 6 km with FAA and above 9 km by

CIAP. However, in the FAA estimates, the fuel used above 9 km represents about

85 percent of the total subsonic fuel (based on 1990 figures), so this fact
accounts for only a portion of the discrepancy. It was recognized during CIAP
(and stated earlier, Section 2.2.1) that the CIAP model estimates for 1970 were
low (see p. D-65, ROF), where 1970 fuel above 9 km was estimated at about twice
the CIAP model figure. CIAP projectlions were, of course, primarily concerned with
SST traffic; here it 1s of interest to note that the CIAP upper-bound case with
only Concorde/Tupolev SSTs available utilizes considerably more SST fuel (12.6 x
109 kg/yr) thar. does the FAA "high" estimate case (7.89 x 109 kg/yr). The CIAP
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"expected" case 1is not directly comparable, in that no estimate was made for

this traffic with Concorde/Tupolev only available. However, if the CIAP 1990
"expected" fleet 1s taken as half the upper-bound fleet (based on fuel flows),

it would appear that the CIAP "expected" fleet, with Concorde/Tupolev only, would
have about the same SST usage as the FAA high estimate.

TABLE 2.25. FUEL CONSUMPTION COMPARISONS,
CIAP AND FAA (109 kg/yr)

CIAP? c1ApP? FAAD
Expected Upper Bound Low Hiqh
Subsonic SST §uEsonic SST Subsonic S5ST Subsonic SST
1970 14,2 0 14.2 0 - -- -- --
1975 45.5 0 45.5 0
1980 35.7 1.34° 50.2 1.6° 61.4 0.86 69.2 0.99
1985 81.0 2.54 107.3 3.39
1990 59,09 15,39 117.83 12.63 104.9 4.88 165.8 7.89
110.1¢ 27.6

3From 9 km up. Source: CIAP, ROF, pp. D-85 to D-88.

bFrom 6 km up. Source: ADL. Approximately 15 percent of the total
subsonic fuel is used in the 6-km to 9-km band. ‘

cConcorde/Tupolev assumed.
dLarge advanced SST assumed.

CIAP SST fuel above 9 km (Concorde/Tupolev) is almost all (90 percent)
in the 15-km to 18-km band; FAA SST fuel is only 59 percent (1990 high case)
above 15 km in the total used above 9 km, or 50 percent of the total used above
6 km.

Growth rates can also be compared. The growth rate for subsonic travel
1970 to 1990 for the CIAP expected flget 1s roughly 7 percent per year and for
the CIAP upper-tound fleet roughly 11 percent per year, whereas the FAA fleet
projections involve a growth rate (1975-1990) of U percent and 7 percent,
respectively, for low and high projections. The CIAP "Concorde/Tupolev only"
case involves . ST growth rates (upper-bound) of 23 percent per year (1980-1990),
wi.ereas the FAA figures call for 19 percent and 23 percent, respectively, for
low and high cases. As ndfed earlier, these growth rates were considered
optimistic by SRI.

Fuel consumpti&n and NOx emissions by altitude band as reported are
given for the 1990 high FAA fleet in Table 2.26. Longitudinal distributions of
fuel consumption and NOx emissions for the total fleet and fcr various alrcraft
ol interest are given, again as reported, 1n Tables 2.27 and 2.28.
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TABLE 2.26. FUEL CONSUMPTION AND NO_ EMISSIONS,
1990 HIGH FLEET. AS REéORTED,_ )
SOURCE: Arthur D. Little, Inc., 1976

Nox. 106 kg/yr

Fuel, 10° kajyr
Altitude ubsonic SST subsonic* 55T

6- 8 10.67 0.652 110.98 7.17
8- 9 13.98 0.581 123.49 6.40
9-10 35.10 0.543 331.12 5.97
10-11 59.03 0.502 480.08 4.73
11-12 40.08 0.465 319.04 4.36
12-13 6.17 0.427 39.37 4.69
13-14 0.65 0.387 5.80 7.73
14-15 0.394 7.89
15-16 1.378 26.25
16-17 1.157 20.82
17-18 0.847 15.7
ey 0.527 9.48

165.68 7.860 1,409.88 121.20

*See footnote, Table 2.21.

Note (Tables 2.27 and 2.28) that the altitude distribution of SST NO,
emission differs somewhat from CIAP data. Thus, FAA peak NOx emissions are in
the 15-km to 16-km band, and extend into the 18-km to 19-km band. The higher
altitude emissions (above 18 km) are presumably based on inclusion of higher
flying (than Concorde) Tupolev aircraft in the fleet mix. In CIAP, NOx emissions
From current SSTs were assumed to be centered at 16.5 km, and not to extend above
18 km. Leach et al., at the 3rd Conference on CIAP (February 26 - March 1, 1974)
also indicate peak SST (Concorde) fuel consumption and NOx emissions to be in the
16-km to 17-km band, rather than in the 15-km to 16-km band as reported by ADL.

Note alsc (Table 2.23) that the total fuel used by subsonic alrcraft in
1990 above 12 km 1is 6.82 x 109 kg/yr, of which 90 percent is in the 12-km to
13-km band. These figures can be compared to the figure of 15.3 x 109 kg/yr
for the CIAP expected fleet (Table 2.5) in the 12-km to 15-km band.

Some further breakdown of the FAA filgures is of interest: The FAA pro-
Jectlons include 21 subsonic aircraft types, many of which are assumed to enter
the 12-km to 13-km band (39,360 to 42,640 ft) a portion of the time. Only a few,
however, are assumed to enter the 13-km to 1li4-km band. These are the TU7SP, the
7X7, the "miscellaneous" category (of which the 737 is representative), and the
Lear and Gulf business Jets. Of these, two aircraft, the T47SP and the TXT7, may
be considered to be advanced subsonics; "1990 high" data on these alrcraft are
given in Tables 2.27 and 2.28. Their projected growth is as shown in Table 2.29.
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TABLE 2.29. GROWTH IN ADVANCED SUBSOMICS, 747SP CLASS AND
2 7X7 CLASS, FLIGHT HOURS PER DAY

1 SOURCE: Stanford Research Institute, 1976 E
747SP Class 7X7 Class ! 4

Year Low High Low High ; j{

; ! "-

! 1975 0 0 0 0 ! 7

; 1980 ‘ 145.32 163.42 0 0 i E:

; 1985 443,03 686.09 1.895.10 2,516.32 ! 4
¢ 1990 527.83 833.83 6,623.76 10,444.67 i L.
£ The 7X7 class of alrcraft i1s thus postulated to grow rapidly, replacing § E

! certain other aircraft in*‘the process. However, the 7X7 is not postulated to 5 9

Q spend an appreclable portion of its cruise at high altitudes, as does the T47SP. i -
4 The estimates are given in Tables 2.30 and 2.31. E 5
h ' !
ﬂ ' TABLE 2.30. ALTITUDE DISTRIBUTION OF FLIGHT HOURS FOR : ¥
' ! 747SP AND 7X7 CLASSFS 5 .

i : SOURCE: Arthur D, Little, Inc., 1976 %

i : IX7* i

§ Altitude 7475P* 1985 1990 %

‘ 10-11 0.0M 0.323 0.328 5

? 1112 0.479 0.310 0.270 %

: 12-13 0.239 0.0738 0.0811 . 3

: 13-14 0.237 0.0170 0.0120 % i

: *The distribution for the 747SP is almost invariant with time. { i

b i TABLE 2.31. FUEL CONSUMPTION ESTIMATES FOR ADVANGED : %

{ ! SUBSONICS IN HIGH ALTITUDE BANDS, 107 KG/YR, 1 ]

; : 1990 HIGH FLEET ! @

SOURCE: Arthur D. Little, Inc., 1976 1

Total Subsonic 7475P X7 :

3

10-11 59.03 0.039 7.63 }

1-12 40.08 1.408 5.64 §

; _ 12-13 6.17 0.580 1.425 ?
: 13-14 0.647 0.44 0.173 !
! $
A According to these data, the T7X7 and T47SP will (in 1990) burn 95 i
. percent of the fuel used by subsonics in the 13-km to 1ll-km band. The 747SP ’

itself will use 68 percent of the total; a small additional amount will be used

by "miscellaneous" and business ,et categories. These aircraft (the TUTSP and
7X7) use only one~third of the total fuel in the 12-km to 13-km band, however,
and lesser fractions below that.
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The relative NOx contribution by these various classes of aircraft
depends, of course, on their emission indices. With the ADL emission index
numbers (see Table 2.21), the 747SP class contributes a greater fraction of l \
total NOx emissions than indicated in Table 2.31. .

e e T} Y ST

PP

B. MHModified Emissions Estimates

It has been noted* that the NOx emission index used by ADL for CF6- |
engined aircraft appears to be low by a factor of about 4; it is our under- ,
standing, based on data in CIAP Monograph 2, that the CF6 and the JT9D engines !
have similar NOx emission characteristics. It was also noted that the distri- :
bution in a vertical sense of NOx emlssions from Concordes was welghted towards
lower altitudes than reported by Leach et al. (1974), of British Aircraft Corp.
i independent (IDA) estimate was thus made of the Concorde distributions using
h Rolls-Royce published data by C. J. Scott (1974), with derived results as shown in
Fig. 2.3. The data shown apply after reheat cutoff at 13.2-km altitude for ISA"
conditions for two cases, one of which (109,000 kg end-of~cruise weight)
corresponds to the North Atlantic run; the other 1s for a limiting altitude~
range case, wlth lesser reserves. No data are available for shorter runs. The
( data given in Fig. 2.3 can be broken into whatever altitude increments are
g desired. The average Concorde emission index, computed by IDA from fuel flow
‘ ; data provided by Scott and the integrated NOx emlsslong, corresponds to about
f 20 g N02/kg fuel--about 10 percent higher vhan the value quoted in CIAP and

e e £ I

An

E

R A

B S

elsewhere In this document.

, Scott (1974) does not provide estimatez of emissions during the descent

? phase, but these should be small; he also does not provide emissions during the
time afterburners are operating below 13.2 km. Substantlial quantities of fuel
are burned during the initial acceleration phase, but because of the low altitude
involved, effects on ozone are probably small. (See, however, Appendix A.)
Also, Scott assumed a 0.6 power of Nox emission index with pressure, which he
cautioned might be high, but the measured values under simulated conditions
seemed to agree reasonably well with the predicted figures. ie included a +12

=

4
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?
¥ !
{ E percent correction on measured Nox values to correct the stratospheric humidity
; & conditions. Scott also provides curves for varlous other ISA conditions; at ‘
; F higher (than ISA) temperatures the aircraft flies lower (and may need to off- . i
i i load to obtain the necessary range). Seasonal effects may thus enter in g g
4 ﬁ' computing altitude distributions of emissions. (See Section 2.4.) ; j
& g Based on these and other relevant data, a revised set of figures ; g
: % (ﬁable 2.28) was generated for NO, emissions only, and for the 1990-high case | 3

ﬁ ohly. The procedures used were as follows: %

% See footnote on Table 2.21.
##International Standard Atmosphere Supplement, 1966.
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FIGURE 2.3. CONCORDE TOTAL NO, EMISSIONS, kg/FLIGHT
ABOVE 13.2 km (affer reheat cutoff), ISA
CONDITIONS
SOURCE: Developed from data published by
C. J. Scott, 1974
1.

The NOx emissions for CFP6-engined aircraft in each altitude-latitude

box (ADL, 1976, pp. C~18 to C-24) were summed separately for (a) aircraft
types 6, 7, and 13; and (b) for aircraft types 15 and 17, these groups
having slightly different reported emission indices (p. 10), (See Table
2.19.) The incremental NOx rate for each group was then calculated,
assuming the same emission indices as gilven for the JT9D at the specifled

altitude. These two incremental rates were then summed and added to thu
reported total (Table 2.28).%

%The incremental rate for NO_, (kg/yr) for each aircraft in each box is
simply the reported rate tifles the ratio

(E'IJT9D/E.I.i - 1)

where E.I.JTgD is the emission index (at the given altitude for the
JT9D), and E.I., is the quoted emission for the 1% atrerars.
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2. The distribution of emissions with altitude for the SST was revised in
rough accordance with the data in Fig. 2.4 by shifting the emissions
in the 17=-km to 18-km pand into the 1l5-km to 16-km band and the other
two up 1 km. No change was rade to the 18-km to 19-km band or lli-km
to 15-km band., The following data (Table 2.32) provided the justifica-
tion for this redistrihution,

TABLE 2.32. COMPARISON FOR SST EMISSION DISTRIBUTION
ESTIMATES (15-km TO 18-km BAND)

Leach et a1..3 1974

titude

km ' Nox Percent Figq. 2.2‘ Percent2 45-60°N Percentz
16-16 2.625E7 41.8 23.0 25.1 22.5 25.2
16-17 2.082E7 33.1 40.0 43,7 45.6 51.1
17-18 1.871E7 25.0 28.5 30 21 23.7
Total 6.278E7

1cOncorde only
2Norma1ized
3Report on 3rd CIAP Conference, p. 77, Fig. 22

No change was made to the altitude distribution of subsonic emissions,
even though they appeared somewhat questlionable, as noted earlier.

Leach et al. put about half the 15-km to 18-km NO, emisslons from
Concordes in the 16-km to 17~km band, with about equal amounts above and below,
About 44 percent are in this band, with somewhat more above than beslow, based on
Scott's data (Fig. 2.2). ADL puts only 33 percent in this band. Also, the FAA
fleet includes some TU~-lilds (number unspecified) which should increase emissions
in the 17-km to 18-km band as well as put some in the 18-km to 19-km band. It
thus ueemed reasonable to adjust the quoted 15-km to 16-km and 16-km to 17-km
band emlssions as indicated ahove. The distribution becomes about as estimated
ror Concorde (Fig. 2.2), but with somewhat woure in the 17-km to 18-km band than
estimated by Leach.

The summarized results are shown in Table 2.33. Obviously, the revised
figures should all be rechecked.

2.3.3 Fleet Size Estimates

The preceding results are based on average fli~ht hours per day. The
number of alrcraft required is also of interest., These Qave been provided for
the low or base case by B. Hannon of FAA, and are given in Table 2.34.
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: TABLE 2.34. WORLD AIR CARRIER FLEET TURBOJET
» COMPOSITION (1990 BASE FORECAST)*

SOURCE: FAA
Year
1975 1980 1985 1990

i ' Supersonic
‘ 4 engine -- 20 47 88

Wide Body
i 4 engine 240 414 741 1,103
! 3 engine 260 845  1,31) 2,067
i 2 engine 5 35 765 855
E Standard Body
5 4 engine 1,464 834 415 --
¢ 3 engine 1,285 1,188 872 593
! 2 engine 2,375 1,075 569 132
! (Other) -~ 1,206 1,488 1,883
| Total 5,629 5,617 6,208 6,721

S e

*Source: B. Hannon, FAA, 20 August 1976,

i

A corresponding estimate for the "high case" 18 not avallable. On the '
basis of aircraft hours per day, however, the SST figure, which may be of
greatest interest, would be %%% X 88 or 142 aircraft in 1990.

The fuel consumption (kg) per SST per year in the FAA analysis is higher than

in the earlier CIAP analysis. This 1s evident from the data in Table 2.25
4.88 x 107
—88

G SN I P

e

AT R e T AT

9
X .85 = 4,71 x 107) vs that in Table 2.11 (13L§3§819— = 3.33 x 107).
The FAA estimate evidently assumes more hours per day per aircraft above 12 km

than did CIAP. The CIAP estimate for the 1990-"High" fuel flow would be 201
SSTs.

2.4 A WORD ABOUT FLIGHT ALTITUDES

Altitudes used by ailrcraft, and quoted heretofore, are not true geometric
altitudes above sea level, except in rare circumstances. Alrcraft, in the
absence of other constraints, operate at defined "pressure-altitudes," these
being the indicated altitudes when a pressure altimeter is set at 1,013.25 mbar
at sea level and calibrated with the standard atmosphere; a table of values 1is
given in Table 5.3 of the U.S. Standard Atmosphere Supplements (1966). The
"standard atmosphere" used 1s invariant with season and locale, as necessary. for
flight safety; geometric or absolute altitudes, of course, will vary, perhaps as
much as 1/2 km or more above or below the nominal flight altitude. For examp @,
an alrcraft operating at 193 mbar, with a pressure altitude of 12.010 km, would
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have a geopotential altitude (which 1s nearly the geometric altitude in this
region of the atmosphere) of 11.214 km at 75° N in January and of 12.635 km at
30° N in July.

In some cases, as with the Concorde, additional complications enter; the
turbine inlet temperature, e.g., cannot exceed recommended values. Where
amblent temperatures are higher than standard values, this limits mach number,
which in turn forces lower cruise altitudes (by as much as 2 km) (see Scott,
1974), off-optimum operating conditions, and use of reduced payloads. The
altitude distributlon as a function of season, including any variations in flight
frequency and in weather (which must be treated statistically), becomes a matter
of considerable compiexity.

The pressure-altitude versus geometric-altitude question 1is of significance
in modeling (for models set up in geometric coordinates), but the limited reso-
lution of avallable models, the noncentration of traffic in mid-latitudes, and
the recognized presence of other uncertaintlies has precluded their inclusion to
date.

2.5 CONCLUDING COMMENTS

The foregoing NOx emission estimates are based on probe-sampling techniques.
It should be reemphasized that these may be low by a factor of 2 to 5, Judging
by results from an in aitu UV absorption method (see Section 2.2.3). This is an
obviously critical uncertainty and must be resolved.

Note also that a number of significant differences are evident between the
1974/CIAP and current SRI/ADL/FAA projections as to aircraft operations. These
can be summarized as follows:

1. 'The annual fuel consumed by subsonic aircraft, according to the ADL/FAA
figures, 18 ahout twice as great as that estimated with the CIAP model.
The low altitude (below 12 km) emissions of pollutants are correspon-
dingly greater.

2. The fuel consumed by subsonic alrcraft at altitudes above 12 km is
considerably less in the FAA results than in the CIAP results, and
welghted more closely to 12 km.

3. The CIAP projections emphasized a mach 2.7 advanced SST beyond about
1985. No such vehicle is now expected by 1990, the end point of the
FAA projections.

4, According to FAA projections, the growth rate of SST travel, with only
the Concorde/Tupolev avallable, is modest, calling for only 88 (as a
low or base estimate) to 142 (as a high estimate) such aircraft by 1990.
No directly comparable figures are available from CIAP, but the "high"
estimate here would appear to be about the same as the "expected"
estimate in CIAP.
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5. NOx emission estimates are in need of reexamination, not only because
of the measurement uncertainties noted herein, but also because of
questions that became evident while preparing this section, Questiona
that led to the preparation of the "modified" fleet emissions included
herein (Section 2.3.2-b and Table 2.33). The altitude distribution of
emissions i1s rather critical; 1t is noted in later materilal herein
(ef. Appendix A) that NO, emissions appear to have opposite effects on
the ozone column abnve and below about 14 km. Seasonal distributions,
and altitude distribution changes with season, may also be significant.
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r 3. EFFECTS OF ATRCRAFT' EXHAUST PRODUCTS (PRINCIPALLY NOX)
ON THE OZONE COLUMN

3.1 INTRODUCTION

This chapter reviews availlable published studies and recent results (ob- ‘
tained under HAPP) on the effects aircraft exhaust products may have on the
ozone column. The principal component of interest in such exhaust is NOx (NO + E
N02), and most studies have dealt only with effects of Nox. Some fragmentary g
information 18, however, available on effects of water vapor. Emphasis here is
on model results and interpretation of aircraft effects, rather than on the

models themselves. |
This review begins with some background material (Section 3.2) on ozone

production and destruction, emphasizing stratospheric ozone. The effects that

changes 1in the ozone column at various latitudes and seasons would have on the

flux of "damaging ultraviolet" [or DUV, (NAS, 1976, 1976a)], which 1s associated

with sunburn and skin cancer, are indicated briefly.

R TR T T ey

s

The modeling problem is then discussed in general terms (Section 3.3).
Detailed modeling results follow in Section 3.4, in essentially chronologilcal
order, beginning with results published in the CIAP ROF (1974) and the NAS (1975)
reports. The COMESA (1975) results are then reviewed briefly, with more details
provided in Appendix B. More recent work, most of which has been carried out
unider HAPP, 1s then described. This more recent work includes time-dependent
effects using a 1-D model, and effects of added or revised chemistry (methane j
oxidation reactions, chlorine effects, etc.). A discussion of effects of uncer- i
tainties in results due to reaction rate uncertainties is included. Flnally, &
recent 2-D model result for an FAA "1990 high" fleet is described; in this run,
chlorine chemistry was not included but methane oxidation reactions and use of

certain revised kinetlcs were included.
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% As will be described, inclusion of the methane vxidation reactions (possibly
i when coupled with minor changes in reaction rates), gives results for NO, injec-
tions that indlcate subsonic alreraft, in general, will increase rather than
decrease [as in CIAP (1974); NAS (1975)) the ozone column. As zonal averages

are involved 1n the results, however, tha question arises regarding the distri-
bution within the zone of the enhancements in ozone column. This question is

discussed in Section 3.5.

The question of model valldation, particularly for 1-D models, 1s discussed
in Section 3.6. A summing up is then added as the final section (3.7).
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3.2 BACKGROUND

3.2.1 Stratospheric vs Tropospheric Ozone

The great bulk of the.protectlve ozone column is in the stratosphere, as
is evident from Fig. 3.1. (The stratosphere was, in fact, once known as the
"ozonosphere.") For this reason, when effects of supersonic aircraft, which
would cruise well into the lower stratosphere, came under investigation (as in
CIAP), emphasis was guite naturally on stratospheric ozone and the chemistry
pertinent to it. For lower altitude flight, however, as 1s the case for sub-
sonlc aircraft, methane oxidatlon reactions, which form ozone ir the troposphere,
become significant, so that both stratospheric and tropospheric ozone chemistry
must be treated in computing effects on the ozone column. The possible impor-
tance of these reactions was noted by Johnston and Quitevis (1974), and by
Crutzen (1973), but were not included in CIAP ROF (1974), or NAS (197%5), calcula-
tions; the COMESA (1975) effort considered them briefly. The importance of
these reactions 1s evident from results to be reported later herein.

Tropospheric ozone is highly varilable and 1ts sources and sinks a matter
of much current debate (see, e.g., Chameldes and Stedman, 1976), and much work
remains to be done. No attempt 1s made here to review the controversles and
complexities 1in the general tropospheric ozone questlon. Rather, and what
appears to be of more interest, the treatment 1ls limited to the incremental
ozone computed by modeling studies, based on methane oxidation and assoclated
reactions. These reactions are probably, although not assuredly, the principal
ones of interest at the altitudes at which typical subsonic aircraft cruise.

Stratospheric ozone 1s reviewed briefly in the following section.

3.2.2 Stratospheric Ozone

The stratosplieric ozone question has intrigued researchers for many years,
and while a great deal of progress has been made in recent years, 1t is clear
that significant uncertainties remain. The pr-blems are extremely complex and
certain important aspects extremely sonsitlve, for example, to what appear to
be minor uncertainties in reaction rates (as will be dlscussed in Sectlon 3.4.6).
These 1atters are treated in considerable detall elsewhere (Johnston, 1975;
NAS, 1975; CIAP Monograph 1, 1975; buewer et al., 1976a). A brief recapitulation,
however, from the viewpoint of this work, seems appropriate.

The observed facts about ozone, based on NAS (1975), are indicated in sample
férm in Flgs. 3.2, 3.3, 3.4, and 3.5, supplementing Fig. 3.1. Note in Figs.
3ﬁ2 and 3.3 that the ozone concentration (mol/cm3) and the ozone column are at
a}maximum in the spring in the polar regions, and that (Fig. 3.4) there is
c?nsiderable variability on varicus time scales, including those of the solar
6¥Cle' The maximum mixing ratio (molecules of 03/molecules of air), Fig. 3.5,
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usually is found in the tropics, ncar about 30 km, although higher mixing ratios

(up to 23 ppm) have been rerorted in small regions of the polar stratosphere
(Heat!.,, 1974) near 4 mbar, following a major stratospheric warming, suggesting
unaccounted-for sources of ozone. The problem faced by atmospheric scilentists

IS TE SR PEN AL AR

is to explair the observed distributions of ozone in a time~-dependent, three-

- AT,

¢*menslonal (3-D) sense.

TRy,

As Johnston (1975) points out, the ozone "problem" can be approached in two
ways, depending on what one wlshes to deduce. Thus, one can approach the problem
in a very fundamertal sense, using a combination of radiation data, photochemis~-
try, and dynamics, to determine whether the ozone distribution can be matched.
This approach, inciuding dynamics, 1s clearly necessary if one wishes to 3
determine the effects of a perturbing pollutant source, for the rate at which
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FIGURE 3.4.

FIGURE 3.5.
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Long-Term Variations in Total Ozone in the Northern Hemisphere.
The sharp seasonal variations are shown in the top panel. An
11-year running mean is inscribed in the top panel and repeated
in the bottom panel. A possible 11-year cycle 1s indicated
before 1960, An increasing trend is indicated for 1960-1970,
but the 1970 high value 1is st111 less than high values before
1960. It is generally recognized that the data base before

1960 is too sparse to offer firm support to these suggested
long-term trends,

Source: NAS, 1975, p. 121
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such materials are removed from (and distributed through) the stratosphere is
critical to the problem. However, i1f one wishes simply to understand the
factors controlling formation and destruction of ozone in the existing strato-
sphere, one can, according to Johnston, lgnore dynamics (other than to show
that transport to the troposphere, with destruction at the surface is small in
comparison to the total ozone production rate) and utilize observed "snapshots"
of ozone concentrations, along with knowledge of photochemistry and certain
critical trace specles, to see whether known instantaneocus ozone production
mechanisms match known ozone destruction mechanisms. The second approach would
appear to be preferable from a chemical rate standpoint as various uncertainties
can be explored in more expeditious fashlon.

Using this latter approach, Johnston (1975) has argued that the classic
pure alr Chapman (1930) reactions,

0, + hv (below 242 nm) + 2 O (1)
0+0,+M-~ Oy + M (twice) (2)
o3+o-~02+02 (3)

03 + hv (visible, UV) + O

on a global basls, produce O3 (reactions 1 and 2) at five times the rate that
03 is Jestroyed by reaction 3, Reaction 4, the photodissociation of 03, is not
of concern, since the most probable fate of the oxygen atom is to recombilne

5 + 0 (4)

with 0,, according to (2) reforming 03. Johnston (1975) explores the uncertain-
ties 1n this computation at length and demonstrates, teyond reasonable doubt,
that other mechanisms (in effect catalyzing reaction 3), must be responsible

for destructlon of the majority of the ozone formed by reactions 1 and 2. He,
and others, had, of course, come to this conclusion some years, perhaps a
decade, earlier. It 18 of interest to note, historically, however, that as
recently as 1963, using then-current reaction rates and Chapman chemistry,
Prabhakara (1963) developed dynamics with which he was able to explain the ozone
balance.

It 1s now clear the chemistry of stratospheric ozone is far more complex
than indicated by the Chapman reactions. Reaction 3 ié evidently catalyzed
(homogeneously) by a number of cycles, which are of differing importance at
different altiSudes; these include cycles involving wate. chemistry (HOx,
including H, HO, and HOO), nitrogen oxide chemistry [Nox, or NO + NO2 and
perhaps, NO3, the latter at low altitudes], halogen oxide chemistry (primarily
Cle, but including Brox) and, of course, possibly heterogeneous -atalysis. A
simplified set of reactlions important to the ozone balance is given 1in Table
3.1; more detalled 1istings are given later in this section. According tc
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Johnston (1975), the NOx cycle is the most important; he gives the instantaneous
rates of formation and destruction of O3 in Table 3.2.

TABLE 3.2. THE INSTANTANEOUS OZONE BALANCE, 1029 MOLECULES/SEC*
SOURCE: Johnston, 1975

January 15 March 22
Gross rate of formation 500 486
Average transport to troposphere 6 6
Chemical loss by difference 494 480
Chemical 1loss by Chapman 86 89
Chemical loss by water reactions 56 54
Chemical loss by other mechanisms 352 337

Johnston (1975) further found that, 1f the combined concentration of NO
and NO2 1s 3.6 x 10 molecules/cma, ozone productlion and destruction would be
in balance. This figure 1s within the (rather wide) range of measured values.

With inclusion of these various cycles, the problem becomes exceedingly
difficult. It would appear, for example, that in order to establish the rela-
tive importance of the various cycles, data on trace specles, such as H20, NOx,
Clox, etc., must be obtained in a detaill to mateh that of the exlsting ozone
i data, and highly accurate reaction rate, photolysis, and radilation (scattered
: ; and direct) data must be availlable. Interactions between these different cycles
(HNO3, C1lONO, ClONOZ, HC1l, HOCl, ete.) would all need to be included.
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Most stratospheric NO, is thought to come from the oxldation of N2O by
energetic oxygen atoms [0(!D)] produced by photolysls of ozone. N,0 1s produced
in the soil by biological processes; it is also apparently produced during
; combustion, as in coal-fired power plants (Craig, 1976). Also, N,0 production
‘ by soil bacteria presumably increases with fertilizer use; hence, there has
been increased concern with all sources of NEO and fixed nitrogen as to potentilal
effects on ozone (Liu et al., 1976; McElroy et al., 1976; Johnston, 1976;

% Crutzen, 1976a; Blackmer and Bremner, 1976). The calculations are highly

S : uncertaln because a large unknown sink for NEO apparently exisps in the tropo-

& . sphere and there 1s uncertainty as to the time delays 1nvolved'(years vs.
; centuries).
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Stratospheric ClOx comes from photolytlc disscciation 1n the upper strato-
sphere of chlorine-containing compounds such as CClu, CH3CI, CFZCIQ, and CFCL3.
CH3CI 1s probably the only naturally occugring source of materlal; the others
are man-made. The impact of chlorine-containing compounds, particularly CF2012
and CFCL3. which are produced in large quantities for use as aerosol propellants
and refrigerants, has been the subject of extensive study in the perlod since

—

#3ee Duewer, et al., (1976a) for revised estimates. i
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the CIAP Report of Findings was issued (see NAS, 1976, 1976a; also United
Kingdom Department of the Environment, 1976). Much has been learned about
stratospheric chemistry in the process. It 1s now evident that there are
important interactions between the Clox, Nox. and HOx cycles, as will be shown
in a later section. The present best estimate of chlorine content of the strato-
sphere in all forms 1s about 1 to 1.5 ppb, but this 1s expected to increase in
the future, partly due to the large present reservolr in the troposphere, and
partly due to continued manufacture of CF2012 and CFCl3 for at least =ome uses.
This level of chlorine 1s thought to reduce ozone content somewhat lvss than

{ 1 percent (NAS 1976, p. 5-13) based on 1-D modeling exercises, but 1s neverthe-
less of importance in estimating effects of NOx added from aircraft.

3.2.3 Effects of Altered Ozone Levels on Erythemally-Weighted Surface UV Flux ; 1

1

|

!

i A. Generc k ¥

Under typical mid-latitude conditlions, almost no photon flux reaches the
ground with wavelengths below about 295 nm, as shown in Fig. 3.6 (Cutchis, 1974)
for a specific ozone column. For thinner ozone columns, the drop off in flux
with decreasing wavelength 1s not as fast, but the behavior 1s similar. In any
event, the absolute total flux in the region of Filg. 3.6 is of llttle interest;
rather, what 1s desired 1s a welighted flux, recognizing that certaln wavelengths
have more blological effectiveness than others. The weighting curve usually
used, that of the Commission Internationale de l'Eclairage [or CIE, see Cutchis
(1974) ] peaks at 297.5 nm. This curve is known as the erythemal (reddening)
efficlency curve, and was derived by determining the relative effectiveness of
various: wavelengths in producing detectable reddening (sunburn) on untanned white ' }
. Caucasians. An analytical model of the CIE standard (STD) curve is gilven in ;
! Fig. 3.7, along with a curve showing the absorption spectrum of DNA. The assump- '
tion is usually made, based on skin cancer induction experiments on hairless
mice, that the erythemal welghting curve can also be used as a carcinogenic
welghting curve. As damage due to ultraviolet light absorption might well be
associated with integratced energy absorption by DNA, use of a DNA-absorption
welghting curve might be preterable. However, as 1s evident in Fig. 3.7, the
DNA absorption curve and the standard erythema curve, over the important 295-320
nm range, are roughly constant in ratio. As a result, the percentage changes
in calculated dose with changes in ozone are nearly the same with use of either
welghting curve. Erythemally weighted UV doses are sometimes known as "sunshine
units." The term "damaging UV," or DUV, for welghted flux in the 290 nm to
320 nm reglon was used in halocarbon effect studies (NAS, 1976, 1376a), as roted
earlier.
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Changes in annual integrated erythemally weighted doses for varilous
changes in ozone have been computed for various latitudes by Schulze (1974), with
results given in Fig. 3.8. His curves are perhaps the easlest to use of various
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curves, but suffer in detail by his faillure to include radiation received below
300 nm. The error introduced thereby 1s insignificant for small changes in
ozone, but become significant at large changes. Thus, according to computations
by Cutchis (1974), the erythemal dose at 0.341 atm-cm and with a solar angle of
30 deg is 0.1385 units, of which 0.0085, or 6 percent, is below 300 nm; at 50
percent depletion, however, the total dose is 0.4290 units, of which 0.0978 or
23 percent is below 300 nm. The corresponding ratios of sunsnine units are
2.55, ignoring the portion below 300 nm, and 3.10, including the portion below
300 nm. :

5 200% 200%
§ 30°N - Aquetor- 30°5 §0°N und 60°S Norojpo! und Sdojpo/

§ Bener (1960) x Urboctr Bener (1950) » Urboch Bener (1969) « Urbach

8 150% 150%
BN

3

3 100% ‘ 00%
Y

x

®

$ sox p so%
[

3

3

'§ a’ 't (N I A A 1 ' ' i Il 4 L a“

0% -10% -20% -30% -40% ~50% 0% -I0% -20% -30% -40% -50% 0% -KO% 0% -X0% -4k -S0%

Abnatme der Oronkonzen/ralion —
3-2-77-14

FIGURE 3.8. Increase of "Carcinogenic" Solar UV Radiation with Decrease
of Ozone Concentration, both in Percent. Calculations based
on annual sums of irradiation from sunrise to sunset.
Source: Schulze (1974)

Values developed by Schulze (1974) follow for a 10 percent decrease in
ozone, for the lncrease in "carcinogenic UV."

At the equatorial zone +18 percent
At middle latitude +19 percent
At the north and south poles +27 percent
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8. COMESA Studies on UV Changes with Ozone Reduction

Studies by COMESA (1975) have clarified these issues further. They
showed first that the ratio of scattered UV to direct UV is dependent only on
zenith angle and wavelength, and not on ozone amount. This greatly simplifies
the computational burden, and has been shown to be satisfactory by detalled
study. Their results, which are independent of ozone amounts, are given in
Table 3.3. It should be noted (Table 3.3) that the ratlos developed are, in
addition, almost independent of wavelength, except at high zenith angles,
supporting an assumption made by Cutchis (197%4).

One set of computations by COMESA that 1s of particular Interest,
shows the sensitivity of the change in erythemally welghted UV (to changes in
ozone) to uncertainties in the absolute spectral location of the erythemal
efficiency curve, (See Table 3.4.)

TABLE 3.3. RATIOQ OF DIFFUSE TO DIRECT UV PENETRATION
SOURCE: COMESA, 1975

Zenith Angle (deg),

Wavelength

Interval (nm) R 30 60
290.0 - 291.5 0.76 0.93 4.76
294.5 - 296.0 0.82 1.07 4.30
299.0 - 300.5 0.85 1.07 3.90
305.0 ~ 306.5 0.90 1.13 3.56
309.5 - 311.0 0.93 1.13 3.16
314,0 - 315.5 0.93 1.12 2.89
318.5 ~ 320.0 0.90 1.08 2.64

TABLE 3.4. ERYTHEMALLY WEIGHTED FLUX, uW/cm2
SOURCE: COMESA, 197§

Erythemal

Curve Shift Zenith Angle and 03 Thickness
nm 20 deg, 0,25 atm-cm 60 deg, 0.4 atm-cm Ratio
+1.5 67.7 0.31 220
-1.5 35.7 0.09 400

The absolute erythemally weighted flux 1s clearly sensitive to the
absolute location of the erythemal weighting curve, Furthermore, as shown by
the trend in the ratios (which have no ovher significance), the calculated
change in erythenially welghted dose with given change in ozone will also devend
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on the absolute location of this curve.
constant in these calculations but 1s 1tself not well establlished.

Latitudinal effects are shown in three COMESA curves.,

RTINS I Yar e FRV

A TR TR SRR 1 NS Y RAIN T D s A S ey

The shape of the curve itself was kept

The first of

these (Fig. 3.9) shows the percentage change in sunburn dally dosage (erythemally
welghted UV dose) for 10 percent ozone change as a function of latitude and

Season,

It 1s seen that the percentage changes are smallest
largest in the arctic regions.
(weighted) increase in Joules-cm™°

The second (Fig. 3.10) shows

(Fig. 3.10) looks quite different from the first, the change

in the arectic and large in the tropics.

for the same ozone change.

in the tropics and
the absolute

The second curve
in flux being small

Thils 18, of course, because of the very

rapld change in yearly sunburn dosage with latitude, as shown in Fig. 3.11, on
which the log scale should be noted.

2.4 F
2.2
X

-3
g 20
o
o
[
5
] %
H
R~
o 18k
o
»
e
o
s

16 20% Increase from 50°N=47°N

50% Increase from 50°N=42.5°N
100% Increase from SO°N=32.5°N
1.4 1. L . 4__ 1 J
60° 40° 20° 0° 20° 40° 60°
s Latitude N
3-2:77.17 *
FIGURE 3.11. VYearly Sunburn Dosage (J/sg cm)

Source: COMESA, 1975
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It will be seen later here that 2-D modeling results show ozone deple-
tions due to SSTs to be small in a percentage sense in the troplecs, but ingrease
toward the poles. This fact, comblned with trends as shown in Fig. 3.16 for a
constant percentage depletion, suggests a compensation of factors, so that the
absolute increasc in flux may tend to be roughly constant over a given latitude
band. If skln cancer incidence can be tied to absolute flux values, the obser-
vation might simplify the making of estimates of skin cancer changes due to
NOx injected by supersonic aircraft.

The COMESA analysis (p. 399) indicates that for a vertical sun a l0-per-
cent decrease in ozone leads to a l6-percent increase in erythemal dosage. For

a 30~degree zenith angle, they find 20 percent versus 23 percent given by
Cutchis (1974).

The variability in annual erythemal dosage from year to year at various
stations is also of interest. COMESA gives such data (p. 400) showing standard
deviations of from 2.7 to 8.6 percent. PFigure 3.11 ig‘;ntefbreted by COMESA to
show that, for someone living at 50° N, a 20 percent increase in UV dosage 1s
equivalent to moving to y7° N, 300 km south. These equivalences, of course,
ignore changes in 1ife style with latitude.

COMESA also notes the importance of aserosols and clouds, and the fact
that stratospheric aerosols from alrcraft reduce the penetration of UV, com-
pensating somewhat for changes due to changes 1in ozone. They note that, 1if
other factors remaln constant, the change in erythemal dosage 1s about 1.5

times the change 1in ozone at low latitudes, increasing up to about three times
at 60° N in the summer.

C. Weather Effects

Penndorf (1976) brings up a point of considerable interest with
regard to varilabillity of ozone with weather. He quotes data which show the
ozone column to be as much as 120 percent of the mean monthly value 1n the rear
of a moving cyclone and as little as 70 percent of the mean value west of an
anticyclone. GQood weather 1s assoclated with such periods of low ozone, a point
which could be 1mportant in computlng exposures of the populace to damagling
ultraviolet.

3.3 THE MODELING PROBLEM IN GENERAL

3.3.1 Introduction

It was noted in Sectlon 3.2.1 that, if one 1s interested in the general
problem of effects of high-altitude aircraft, subsonics as well as supersonics,
the chemistry utilized must include reaccions known to be important in both the
troposphere and the stratosphere. It also follows that the dynamics of the
atmosphere must be treated more carefully, particularly in the region of the
tropopause. This ls because, as shown in Fig. 3.12, aircraflt traffic, in
general, Is conceentrated in the region of the northern tropopause gap, a
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region of the atmosphere which 1s highly varilable in terms of tropopause helght,
sometines having multiple, folded (or no) tropopauses; this reglon is also the
reglon of jet streams and is generally complex in 1ts behavior (see Danlelsen

et al., CIAP Monograph 1, Chapter 6; Downie, CIAP Monograph 2, Chapter 7).
Subsonic alrcraft operating in this region, at constant altitude, fly sometimes
above and sometimes below the local tropopause, perhaps on subsequent days.
Downle (CIAP ROF, p. D-62) gives some statlistics on the probability that an
aircraft at a given altitude will be in the stratosphere for different locales
and seasons; the probability ilncreases in the winter for flight farther north.
Supersonic aircraft, on the other hand, particularly mach 2.7 alrcraft at 20 km,
cruise above these more complex regions, well into the stratosphere, reducling
somewhat the uncertainties assoclated with transport of thelr exhaust products.

In order to determine the effects of added pollutants on ozone, one must
first develop a model of the natural or unperturbed atmosphere which "credibly"
reproducas certain observed characteristics of the real atmosphere, including
natural sources of sinks of critical trace specles. Perturbing sources (pollu-
tants) are then introduced into the model, and the perturbed atmosphere compared
to the natural atmosphere. Philosophically, of course, there is no proof that
thils prccess 1s valld, since many degrees of freedom exist in the modelilng
process; there 1s thus great interest in comparing observed effects of known
perturbations (as, for example, from nuclear weapons tests) to model-predicted
behavior. Unfortunately, this process also 1s faced with substantial difficul-
ties, as shall be discussed later in this section.

The real atmosphere 1s far too complex to attempt to include 1ts known
behavior in any model, and various simpliflied models are used; these 1nclude
1-D (one dimension, height only), a 2-D {(two dimensions, height and latitude),
and 3-D (three dimensions, height, latitude, and longitude) representations.
The computing time for these approaches varies with the complexltles introduced,
but generally increases raplidly with the number of dimensions used.

Models can be {°'me-dependent or steady-state approximations and can
approximate the chemistr,; involved with a widely varying number of reactions
and elements. Order-of-magnitude computing times run from 1 minute for a 1-D
(fixed solar zenith angle) run, to 2 hours for a 2-D run (at 20 minutes per
model year), to perhaps 20 hours in a 3-D run, in all cases using a high-speed
computer such as the CDC-7600 or IBM-360/95. These times are quoted for models
with increasingly simplified chemistry with increases in dimensionality. 1-D
models with fixed solar zenlth angles also have the advantage of rapid con-
vergence (with simulated times of 100 to 300 years) to a suitable number of
decimal places, whereas 1n higher dimensionality models, the comrouted results
do not necessarlly ever repeat precisely from year to year, so that comparison
of "natural" and "perturbed" atmospheres requires careful procedures (see
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Appendix A). 1-D models have also been run with diurnally and seasonally

varying solar zenith angles, which then involve long computational times and
difficulties in convergence (and intevpretation, as the computed ozone column

1s out of phase 1ln a seasonal sense with measured values). 1-D models cannot

include (or to date have not included) seasonally varying dynamics and tropo-
pause heights, etc.

The mathematies, physics, and philosophy behind these different modeling
approaches is discussed at length in Monograph 3 of the CIAP Seriles, and 1n
briefer form in Appendix E of the CIAP Report of Findings. The philosophy
behind 1-D modeling 1s discussed by Hunten (1975); limitatlons were noted by
Mahlman at the 4th CIAP Conference, February 4-7, 1975.
given in the COMESA report (1975).
treatments.

Discussions are also
No attempt will be made to repeat these
What follows 1s a brief discussion of these approaches, with
emphasis on some of thelr characteristics and limitations.

As 1-D models have
been used most widely, these are discussed at greatest length.

3.3.2 1-D Models

The fundamental assumptlon in 1-D modeling 1s that for a given
specles, at a given altitude, in the absence of sources or sinks, the
globally averaged mixlng ratlio gradient controls the globally averaged

vertical flux, according to: - af
¢ = - K n ==
z2 9z
-2 ~1
where ¢ = flux, mol~cm “~sec
Kz = "eddy diffusivity"” coefficient, r*m2—sec'l
n = alr density, mole-m™
f = mixing ratio of specles being considered, (mol/mol)
z =

altitude, cm (but quoted in km)

Kz, in trils formulation, 1s a function of altitude, the relationship with
altitude forming a "KZ profile."

The same value of Kz 1s assumed to apply to
all trace specles.

A large number of KZ profiles have been used, six of which are shcwn 1n
Fig. 3.13. Typically, a large Kz value 1s used in the troposphere up to a
model tropopause at 10 to 16 km, at which Kz drops abruptly by one or two
orders of magnitude and after which, Kz increases with altitude. The Chang/1974
(upper figure) K, 1s unique in that minimum K, is at 30 km; the profile was
sevised following studies by Dickinson (NAS, 1976a) in the chlorofluoromethane
work to give the "New Chang" or Chang/1976 (lower figure) K, profile, 1n which
minimum Kz 1s found at about 21 km. The Chang/1974 and Hunten/1974 Kz profiles
played important roles in the CIAP Report cf Findings. (See Section 3.4.)
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Note that because modelers tend periodically to revise their preferred Kz

profile, a date or reference should be gilven along with any model profile
described by name.

It should be noted that some authors contend that their 1-D models represent
mid~-latitude conditions, rather than global or hemlspheric average conditions.
Mahlman at the 4th CIAP Conference, February U-7, 1975, however, considers the
interpretation of 1-D model results to be fundamentally ambiguous. Also, as
different tracers have different sources and different sinks, KZ in principle
and as computed from 3-D models {see Section 3.4.2 this report) may vary widely
for different tracers, and can include negative values. Neverthelese, 2-D
models have similar conceptual limitations (see Sectlon B below), and 3-D

models are, as noted earller, computer-~limited; much work has thus been done
with 1~D models.

Several aspects of 1-D profiles control the computed effects of aircraft
perturbations. The sink for NOx is primarily in the lower troposphere (at or
near the ground, with rainout) as the high-altitude photolysis sink 1s of only
moderate significance (see Section 3.4.3F); at steady state there 1s essentially
no upward flux. Thus, pollutants, introduced continuously, must in a model
sense "diffuse" from the altitude of injection to the ground, at & rate equal
to the 1Injection rate., The reslstance to diffusion and, hence, the mixing ratio
gradlent requlred to transport muterial at steady state, 1is proportional to the
reciprocal of the product of Kz and air density at each altitude. The overall
gradient between the point of injectlon and the ground (and thus the degree of
contamination above the inJection altitude at steady state) depends on the
integrated resistance. The integrated resistance for a source above the tropo-
pause depends on the tropopause height (and "thickness"), and on the minimum
value of Kz below the altitude of injection. It 1s evident, therefore, that a .
source (see Flg. 3.13) at 15 km, above the Hunten tropopause but below the :
McElroy tropopause, would show vastly different effects with the two profilles.
Simllarly, a steady source at 20 km would show far less effect with elther .
Chang nrofile (1974 or 1976) than with the Hunten profile. !

KZ profiles have been deduced in various ways: The Chang/197l Kz profile
(see CIAP Monograph 3, p. 4-159) was developed from heat transport and
particulate tracer data.* However, the preferred technique now appears to be to
rely on measured changes in concentration of a reactive tracer with altitude,
in particular, for upper altlitudes, methane, and, to a lesser extent, NQO. The
techniques used and the uncertainties involved are discussed by R. Dickinson
in the NAS report (1976a, Appendix B). The methane data are sparse, and
avallable principally at one latitude (32° N). The technique used involves
inversion of the measured concentration data to obtain an effective KZ between
layers, assuming the concentrations of species which react with methane
(OH, OlD, and Cl) are known as well as the rates of reacti~ns involved.

*An alternative technique, based on aeroscl data, is given by Rosen and )
Hofmann (1975). :
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Some of the necessary species concentrations can be estimated from measure-
ments (HZO’ 03, HC1l, C10), if such data exist and appropriate global averages
can be deduced; other reactive specles data (C1, OlD, OH) can be computed
assuming photochemical equilibrium, using known rate constraints, and model-
computed photon fluxes. As the rate of destructlion of methane at any altitude
depends on 1ts concentration, and on concentrations of and rates of reactlon
with reactive species, there is a clear coupling between the concentrations of
various species, and photon fluxes, chemistry, and the dynamics (Kz) generated.
If the process were carried through iteratively to fit a specified methane
proflle, a consistent data set would result, although this has generally nct
been done. In any event, a questlion exlists to what extent 1t 1s proper to
decouple the process and use the Kz profile (generated with one set of chemistry,
etc.) to explore effects of changes in chemical reaction rates or of changes 1n
the radiative transport treatments, such as includling multiple scattering, etec.
This questicn would not apply if the K, proflle could be developed from "true"
transport data.

It should be noted also that different tracers such as CHu and NQO, do
not lead to identical Kz profiles. This 1is shown by Dickinson (Appendix B,
NAS report, 1976a). Furthermore, the avallable methane data lead to serious
matching problems (that is, Kz values show erratic behavior) in the 20-km to
30-km region.

The critical low-altitude portion of the Kz profile, near the tropopause,
cannot be obtained satisfactorily from methane profiles, as methane lifetime 1is
too long at these altitudes. The tropopause height assignment 1s somewhat
arbitrary, dependent on the problem being considered. Thus, Hunten (NAS, 1975)
used 14 ¥m (but, in effect, recommended 12 km for typleal flight reglons);
Dickinson (NAS, 1976a) used 15 km, and McElroy et al., (1974) used 16 km.

The assigned minimum in the KZ profile, and the thickness of the tropopause

region, are also somewhat subjective but can be tested by studies of the rate

at which a tracer is removed from the stratosphere. Carbon-14 data were so used

in NAS, 1975 to argue for the Hunten/1974 profile, as discussed in Section

3.6. A study 1s included here (Appendix C) of the behavior of zirconium-95,

which was injected =zc 40° N at an altitude of about 18 km, and thus 1is of
particular interest to the Concorde SST problem. Results are glven in Section

3.6; it 1is noted that eddy diffusivity value assignments and tropopause height
assignments are necessarily coupled 1if tracer removal behavior 1s belng considered.

For a Kz profile with a sharply defined tropopause, such as the Hunpen
profile, the relative position of the ailrcraft and tropopause is of cruclal
importance in determining computed effects. Where the aircraft is known to be
above the tropopause only some fraction of the time, an averaging problem exlsts
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which has been ignored to date. A seasonally varying Kz profile could, in
principle, be developed, but 1t 1s not obvious how the necessary 1input data could
be obtained, nor what the results might mean.

As noted earlier, in developing 1-D models of the natural atmosphere,
tracer profiles of varilous trace specles are given, such as ozone, nitrogen
oxides, HNO3, etc., and compared to available measurements, which usually show
wide variations and are not claimed to be global averages. One lmportant
tracer, however, namely water vapor, on which a grcat amount of (not very
reliable) data exist, 1s normally excluded; water vapor is normally put into
these models as a fixed or known specles rather than as a computed quantity. A
simple reason is that, with normally assigned tropopause temperatures, far too
much water vapor would be present in the stratosphere 1f saturation at the
tropopause 1s assumed. (The MSO N July standard atmosphere tropopause is at
-57.5o C at 177.8 mb, for which saturation water vapor partial pressure would
be 53 ppm.) The behavior of water vapor is not well understood, although
measured data (which vary widely) can be reproduced empirically in reasonable
fashion in 2-D models. A significant fraction of the stratospheric water vapor
comes from methane oxidation. Because water vapor 1s an important component of
aircraft exhaust, and affects the chemistry involved, it becomes important to
understand 1ts effects, particularly 1f NOx emission 1ndices are reduced.

Water vapor 1s alsc an important tracer of atmospheric motion. (The question

has been asked, if mid-latitude water vapor does not rise, why should NOx from
aircraft?) A model used by Hunt (1974) in studying stratospheric molsture

(Fig. 3.14) is illustrative in thls regard. Water vapor changes can be incor-
porated, but only crudely, in 1-D models, based on residence time considerations,
mixing ratio enhancements, or by ratiolng to augmentations in nitrogen oxides,
ete.

The dryness of the stratosphere 1s usually explained by arguing that
stratospheric air must, in large part, have entered the stratosphere where the
cold tropical tropopause "traps out" water. Hunt (1974) appears to dispute
this, but the calculated net fluxes are very sensitive to modeling assumptions,
for example, whether the tropical tropopause 1s at 190 K as used by Hunt, or
193.15 K as given in the 1966 model atmosphere (15° N), over which range the
saturation vapor pressure of ice variles by almost a factor of 2. Harries (1976)
makes the same point in a careful review of water data. These matters need
further investigation 1f the effects of alrcraft water vapor are to be under-
stood.
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FIGURE 3.14. Schematic Diagram Indicating Water Vapor Fluxes both into
and in the Model Stratosphere. The full lines represent
the large-scale eddies, both vertical and hnrizontal, while
the dashed lines represent the mean meridional circulations.
The tropopause is shown by the hatched areas.

Source: Hunt, 1974

- Another point should be noted with regard to the applicability of 1-D
models to the aircraft problem as compared to the halocarbon problem. The
halocarbons are released at the surface, dispersed worldwlde 1in the troposphere,
and destroyed by photolysis in the high stratosphere. Their degradation prod-
ucts are, of course, eventually removed in the troposphere and the detaills of
the downward transport problem become of 1lnterest; however, the detalls of the

upward transport process, whetner -~r
the troposphere, would seem to be of
other hand, are released at altitude
earth's atmosphere; the materlals so

how often the materlals are recycled to
little interest. Alrcraft sources, on the
in a relatively concentrated region of the
released are not significantly destroyed

in the stratosphere, but have a short lifetime in the troposphere. The effects
on the ozone layer depend on the degree of contamlnation of the mld-stratosphere
and this, in turn, depends on the rapidity with which the pollutants enter the
troposphere, a process which varies with latitude, and on the rate of removal

of the materials once they have entered the troposphere. Detalls of the
stratospheric-tropospheric interchange processes, as well as the removal rates
used (the "rainout" coefficients) become important. Two-dimensional model
results for 20-km inJections have shown a sensltivlity to rainout coefficient
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(Section 3.4.2) and relative effects will be expected to be greater at lower
altitudes. For these reasons, as well as questions resulting from seasonal
variations in tropopause height and dynamic¢s as noted earlier, 1-D models,
which may be appropriate for halocarbon studies, seem less appropriate than
2-D models for quantitative evaluation of aircraft effects.

3.3.3 2-D Models
Two-dimensinnal models, in which zonalgrather than globel {or perhaps
models, strictly empirical and

bemispheric) averages are used, are, like 1
Such models

obviously require a great deal more input data than do 1-D models.
can be purely diffusive (but in two dimensions), characterizing all motions in
terms of eddy diffusion coefficients, or can include mean motions. The
difficulties in obtaining good input data to descrive the motions involved have
led to criticism of such models (see NAS, 1975, p. 113, for example). However,

a great deal of tracer data do exist, in 2-D and seasonal array, which can be
applled in the development of such models without arbitrarily collapsing to

1-D behavior; much of the motion data are completely decoupled from the chemistry.
There are still difficulties in that mean motions are highly correlated with

eddy transports, so that mean and eddy motions tend to cancel (see CIAP Mono-
graph 1, Chapter 6; also CIAP Monograph 3, Chapter 4). Nevertheless, as noted
earlier, such models can empirically incorporate seasonally varying tropopause
heights, seasonally varying dynamics, and water vapor, all of which are essential
to the alrcraft problem. As noted earlier, the computer time required for 2-D
models ls far greater (perhaps 100-fold) than for 1-D models, particularly
because there 1s no known means to take Iincreasingly large time steps, as is

done in 1-D models, because all values in the computation change seasonally or
continuously, and year-by-year computations must be continued until suitably ;

close to equilibrium.

3.3.4 3-D Models

Three-dimensional (3-D) models, which give longitudinal as well as
latitudinal effects, will ultimately be needed. These mudels have major
theoretical advantages over 2-D models in terms of large-scale dynamics, but
are seriously computer-limited in terms of including both adequate chemistry,
radiative transport, and dynamics (see CIAP Monograph 3). Three-dimensional
modeling efforts were undervaken under CIAP sponsorship at MIT (Cunnold and
Alyea 1975, Alyea, et al., 1977; also CIAP ROF, 1974, pp. E~78 to E-88). The
model was only partly developed at the end of CIAP, at which time 1t incorpo-
rated elements of 1-D (subgrid vertical transport), 2-D (NO2 distribution), and
3-D (ozone distribution) models. Results on ozone depletion of SST sources
were reported on a 2-D basis. Results are given in Section 3.4.2.
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Three-dimensional models would appear to be of particular interest for s+udy
of the effects of subsonic airsraft because of questions relating to the unifor-
mity of effects around a latitude zone in the troposphere (2-D models give only
a zonal average). No studles of such source have been made iIn a 3-D model.

Some preliminary consideration of this question 1s given in Sectlon 3.5.

3.3.5 A Further Caveat

One further caveat should be noted before giving results of various models.
That 1s that both fleet sizes and stratospheric composition will change with
time, but not in predictable fashion. It has been noted that halogens, for
example, will increase in the stratosphere over the next decade or more 1f for
no other reason than due to the large present reservolr 1ln the troposphere.
Water vapor also changes with time, for reasons that are not understood. Effects
on ozone of added water and NOx wlll depend on the chlorine, and background
NOx water, contents. Also, changes in composition (N02, H,0, CHu, particulates,
ozone) all affect stratospheric temperatures, changes in which affect strato~
spheric ozone. For the most part, however, with the doubtful exception of the
CO2 and halogen contents, any prognoses are too speculative to be of value,
and have been ignored herein.

Results of various modeling exercises follow, arranged largely chronogically.
Changes with time have come about due largely to changes in preferred rate
coefficients, which have a considerable effect on the results, and to inclusion
of more complex chemistry. For example, as indicated in Table 3.1 and as shown
in Section 3.4.6, the rate of one particular reaction rate

OH + H02 -+ H20 + 02

has a strong effect on computed ozone depletion by SSTs. In the CIAP and NAS
(1975) studies, a value of 2 x 10'10 cm3/sec was used; in halocarbon studies,

a value of 2 x 10'11 cm3/sec was preferred, based on newer data and reevaluations.
This change, if adopted, reduces the ozone-destroying effects of SSTs by some

60 percent (at 17 km). Also, important interactions exist between the NOx and
Cle cycles, which have only recently been recognlzed. And, as noted several
times, CIAP and ovther studies 'n the CIAP time frame did not include methane
oxidatlon (smog) ozone-produclng reactions or the effects of chlorine. Neverihe-
less, for completeness, all these results are included in the following.
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3.4 RESULTS OF VARIOUS MODELING STUDIES
! 3.4.1 CIAP, 1974, and NAS, 1975 Results

e

A. 1-D Models

The work of two investligators, Chang (see CIAP Monograph 3) and

A Hunten (see Hunten, 1975; also NAS, 1975), dominated conclusions drawn by
CIAP in the ROF; only Hunten's work was accepted in the NAS report (1975).
The CIAP results were hased on an arithmetic average of the Hunten and
Discussion of the Hunten and the Chang models follows.

crra Ty

AN SR AR

Chang results.

Hunten (1975) first derived a Kz proflle, based on methane life- : ;
times and boundary flux estimates for the upper portion of his model atmo- : g
sphere and other considerations for the tropopause portion; his K results :
! were sbown in Flg. 3.13. The lifetime estimates for CH, were based on OH !
v and 0D estimates from Wofsy and McElroy (1973), using then-current chemistry,
¥ adjusted to account for night-day effects. No attempt to "close" the Kz- ? %
chemistry iterative loop was made (see Chang, Uth CIAP Conference, ?
& February 4-7, 1975).

The rather slow vertical exchanme implied by the Hunten 1974 Kz
profile near the tropopause was argued to ve consistent with the known rate
at which excess carbon-1l4, produced by nuclear weapons tests, had been
observed to leave the stratosphere (see NAS/CIC, pp. 146-149, also Johnston,
et al, 1975). The validity of this has been questioned (Chang, L4th CIAP Confer-

. ence, 1975); the point 1is further discussed in Section 3.6.

RELRONE

o e et e

L In developing the Hunten model, no rnew computer rung were made.
(1974) that, in

] Rather, the assumption was made, based on McElroy et al.,

the absence of stratospherlc sinks (NO photolysis was neglected), the aug-

mented mixing ratio of NOy (NO + N02 + HNO3) above the point of injection

would be constant, and dependent only on the Kz profile below the point of
injectlion; an injectlion coefficient was derived to determine this augmented
nixing ratio (see Appendix D, this report), and ozone depletions were
estimated by using the ozone depletion results of McElroy et al,, (1974),
including a thermal feedback effect (which did not include effects of
added NO2 or H2O). The temperature-feedback-corrected results showed
smaller depletions than did the isothermal results. The model also in-
cluded an approsimation rather than a full modeling approach to estimate
effects below about 28 km. The McElroy et al., (1974) depletions, as cor-
related by Hunten, are smaller than predlicted using CIAP chemlatry and the
Hunten K, profile (see NAS, 1975, p. 1i5).

Hunten (1975), (also NAS, 1975, pp. 1i10~-119) gives the following
formulae from which injection coefficients and ozone depletions can be
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calculated, based on the Hunten Kz profile.

(z - zt)
Hp

a = C(e - D}

=

where
a is the injecticn coefricient (10'17 cme-sec)
Z 1s flight altitude (adjusted)

and the other symbols have numerical values as follows:

. ' Helght,
km

ﬁ Zt’ km HE’ km c_ D
; 0 - 10 10 6.2 0.087 0

| 10 - 14 10 6.2 0.29 0.70
i 14 up 14 18.1 16.7 0.979

Given o, the pollutant mixing ratio above the altitude of injJection,
X, 1s obtained by

] X = aQ

where Q 1s in mol/cm2-sec. Hunten uses the area of a hemisphere (2.55 x
i 1018 cm2) in calculating Q.

Given x, converted to ppbv, Hunten turned to McElroy et al.,, (1974)
3 to obtain ozone depletions using his courrelation of McElroy's results for

it the temperature-~corrected case, obtalning, as shown in Fig. 3.15, the
formula

§

y = 1.405 x - 0.0105 52

where GH is the percentage ozone depletion by the Hunten formulae.

As noted earlier, because McElroy et al. ighored the compensating

f temperature effects of NO2 (and any effects of HQO), the temperature-cor-
rected case may understate effects. McElroy's isothermal case 18 also shown
on Fig. 3.15, and the results correlated, giving

|
|
j
i
4
%
z
;
i
:

PENIST N

i - 2
: 8190 = 1-91 X - 0.0305 x

e Hunten considered his K, profile with a ll-km tropopause to be

E assoclated with 32° N, the latitude at which the CH, data were taken. For
’ : traffic at higher latitudes, he recommended use of his model with aircraft
b f traffic shifted upwards in altitude, the argument being that contaminants
5 ’ mix along a surface parallel to the mean tropopausgse. In particular, for
typical traffic, which he took to be at 40° N, he recommended 2-km flight
altitude adlustments, At flight altitudes near the model tropopause, this
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FIGURE 3.15. Correlations of McElroy et al., (1974) Estimates of Ozone Depletions
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has a very large effect on calculated ozone depletions (6-fold at 12-km true
flight altitude).

Values of ozone depletion computed via the Hunten procedure are

given in Table 3,5, for an assumed 108 kg/yr NOx injection, As a point of
reference, 10~ kg/yr Nox corresponds to about 159 Concordes, or 256 advanced

subsonics, based on the numbers used in the NAS (1975) report (p. 29).

TABLE 3.5 OZONE DEPLETIONS (HEMISPHERIC, PERCENT) WITH INJECTION OF
108 kg/yr N0x (as NOZ) AT ABOUT 400N, HUNTEN MODEL*

Altitude 107V cn?

cm” sec 6Hunten 6Iso**

True Adjusted a x - ppbv  1.405 x - 0.0105 x*  1.91 y - 0,0305 y°
9 n 0.1378 0.0224 0.032 0.043

12 14 0.3507 0.0570 0.080 0.109

13 15 1.318 0.2142 0.301 0.408

14 16 2.302 0.3741 0.524 0.710

17 19 5.664 0.9204 1.284 1.732

20 22 9,633 1.5654 2.174 2.915

23 25 14.316 2.326 3.2 4,278

*Treated in the CIAP Report of Findings as equal to the changes in the principal
traffic "corridor.”

**Not part of the Hunten model.

Note that the Hunten formulae, as used here, are for a fleet at
about 40° N.

The computed depletions are for the hemlsphere; no mention 1is
made of global average values. 1In CIAP 2-D studles (see Section B following),
1t was found that a value about twice the global average represented a

"ecorridor value"; 1.e., the depletion to be expected in the 300 N-60° N
region due to heavy traffic in that region.

The hemispheric average was
somewhat less than the corridor value.

Thus, iIn the CIAP ROF, the Hunten
"hemisphere" effect, as calculated, was treatcd as the "corridor" effect;
this same procedure 1s used here.

Chang's extensive computational results on O3 reduction which were
performed in 1973 were correlated in the CIAP ROF (p. B-19), using a simple

least-squares fit, according to the formulatio.,

= a x
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The results,

to give values for a and b at specified flight altitudes.¥
For

# however, were heavily influenced by cases for large ozone depletions.
cases involving low values of depletion, consistent with HAPP guldelinzs,
it seems more reasonable to fit Chang's act gl results, at injections of
0.124 and 1.24 (x 109) kg Noe/yr, giving values as in Table 3.6.

v Ozone depletions, using these formulas, arc given in Table 3.7,
§§ using 2 x 108 kg/yr as an input global value, to give corridor values cor-
responding to 1 x 108 kg/yr injection (f»r consistency with the Hunten

T s

§
? formulas} and CIAP procedures.
As noted, the CIAP Report of Findings took a numerical average of

ﬂ the Hunten and Chang results. Following that approach, the values shown in
‘ !

g Table 3.8 would be found. ‘
i , 1
Note that the largest differences between the two models lies in . ;

This shows the powerful effect of the Hunten 2-km

the 13- to 1ll4-km reglon.
In effect, this

i adjustment assumption on the effects of subsoniec alrcraft.
: assumption puts all aircraft operating at 12 km or higher, above a sharp

! tropopause, on a continuous basis.

Tt T v

B. Higher Dimensionality Model Results

During CIAP, mucl. was learned about the general behavior of a
precipitation-scavengeable pollutant introduced into the stratosphere
through application of Mahlman's 3-D GCM (General Circulation Model) (see
CIAP ROF, pp. E-90 to E-93). These data showed, for example, the buildup
of pollutant with time as a function of iatitude, for 20-km injzction at

4 30o N, and were utilized In estimating hemispheric distribution of pol-

4 lutants at steady state. In addition, Mahlman at the 4th CIAF Conference (1975)

5 ) showed some of the limitations of 1-D modeling, if treated in terms of global ;
i average gradients, fluxes, and implied K, values for different tracers. Some §
i information similar to this is glven in Section 3.2.3. 1In addition, preliminary ;
runs were made with fixed dynamics (constant October) 2-D model from Aerospace '
(George Widhopf); Rao-Vupputuri and Hesstvedt also presented results for

steady-state conditions (see CIAP ROF, pp. E-62 to E-72). Of these models,

the furthest advanced at the time of CIAP's completion appeareil to be the

MIT model (Alyea, Cunnold, Prinn, ROF, 1975, pp. E-78 to E-88).

i s B Kl

TR e ST v A

Four runs, three perturbed atmosphere cases, and one natural atmos-

phere case, have been reported by t¢he MIT group.*#® The three perturbed

A A s ety bk A
e 03 ) e e M L s A i s

%See also CIAP Moncgraph 3, pp. 4-170 to L4-172 for alternatlve
correlation procedures and other discussion.

##The fourth run was analyzed by MIT after CIAP completion
and reported in their contract final report. See Cunnold and
Alyea (1975), and Cunnold et al. (1977).
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TABLE 3.6 DATA AND CORRELATIONS FOR OZONE DEPLETIONS (GLOBAL AVERAGE
PERCENT) WITH DERIVED COEFFICIENTS, CHANG MODEL (CIAP ROF,

1974)
ATti tude, NO, R;te‘ kg/yr (x) . Coefficisats, & = ay®
km 1.24 x 10 1.24 x 10 2 b
9 .005 .05 .0403 1.0
12 - . .35 .282 1.0
15 14 1.37 1.107 .9906
17 .29 2.77 2.243 .9801
20 .72 6.29 5,137 9413
23 1.33 10.33 8.525 890

TABLE 3.7 CORRIOOR OZONE OEPLETIONS, PERCENT, WITH INJECTION QF 1 x 108
kg/yr NO, (as N02) INTO HEMISPHERE, CHANG MODEL (CIAP ROF, 1974)

Alt{tude, Ozone Depletion,
km Percent
9 0.008
12 0.056
15 0.225*
17 0.463
20 1.129
23 2.035

*Interpolated

TABLE 3.8 CORRIDOR OZONE DEPLETIONS, PERCENT, WITH INJECTION OF 1 «x 108
kg/yr NOy (as NOZ) INTO HEMISPHERE, HUNTEN, CHANG, AND CIAP

MODELS (CIAP ROFS 1974)

Flight Altitude,
km Hunten Model Chang Model CIAP (average)
9 0.032 0.008 0.020
12 0.080 0.056 0.068
13 0.301 0.090* 0.196
14 0.524 0.1¢3* 0.334
17 1.284 0.463 0.874
20 2.174 1.129 1.652

*Interpolated graphically
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cases all used an injection rate of 1.8 x 109 kg NOZ/yr, injected in a 1-km
thick, l0-degree-wlde band, centered as shown:

Run 17 Natural atmosphere

Run 18 20-km injection, 45° N
Run 19 17-km injection, 45° N
Run 20 20-km injection, 10° N

Three-~year integrations of the perturbed atmosphere were used,
after a much longer 2-D distribution run for the Noa. Results are given in
Figs, 3.16a through 3.16d. The results show some anomalous behavior, in
particular the ozone enhancement in the 17-km injection case in the Southern
Hemisphere winter (Fig. 3.16b), Numerical results are given in Table 3.9
for annual global, hemispheric, and 45° N average, and for MSO N in the
The hemispheric average seasonal depletion values are given

o
B
s

rohe

,-’
l
!

T

summer season,

in Table 3.10.
Note that the global average effect was not significantly changed

with changes ln latitude of injection, in these two cases at least, The ;

Northern Hemisphere average value was, however, greater with more northern

injection, as was the depletion in the important summer season at h5° N.

The Southern Hemisphere effect was greater with tropical injection, as might

R

» be expected,
! Also, the ratio of effects (Northern Hemisphere/Southern Hemisphere)
was greater for farther-north and lower-altitude injections.

O A AR - R N s

The MIT model used a 30-day rainout lifetime for NOy in the tro-
posphere., As a re§u1t, some fraction of the added NOy was found to enter
the troposphere in mid-latitudes, be transported equatorially, and returned
to the st+atosphere in the rising branch of the Hadley cell. The actual
value to be used for the rainout coefficlent 1s not well established, and ; :
is important in determining the effect of added NOx in the stratosphere on
the ozone layer. (See Prinn et al.,, 1975, 1974 for data on NO, augmenta-
tions; ozone effects are not given.) The COMESA (1975) group used 7-day
and l4-day rates in their 2-D modeling, and 30 days in their 3-D modeling

LN

R AL

i (see Appendix B). :
s The rate of response of the MIT 3-D model atmosphere to an imposed

NOX source at 20 km at h5° N is shown in Fig. 3.17 for several locatlons.

The Southern Hemisphere effect lags the Northern Hemisphere by 5 or more

years, a point which would be important, for example, in monitoring effects

of a growing fleet., 1In effect, since fleets may well change substantially

in a 5-year period, the steady-state effects shown in Fig. 3.17 might never

PP

occur.
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TABLE 3.9 OZONE DEPLETIONS, PERCENT, WITH INJECTION OF 1.8 x 107 kg/yr
NO, (as NOp) MIT MODEL
SOBRCE: Clnnold and Alyea, 1975; 1977

L
Annual :
Hemispheric Average o
Annual Depletions, % At 45" N*
¢ Global Average “Northern Southern Summer Annual
Injection Depletion, % Hemisphere Hemisphere Season Average
} 45% N, 20 km 1.9 16.1 7.7 20 19 %
] 45% N, 17 km 5.8 8.2 3.4 N 10 !
! 10° N, 20 km 12.5 15.5 9.4 13 15 ! ;
A —_—— ! K
{ *Obtained graphically from Fig. 3.16 2 i
f ! ,
b 5 .
z;
3
:
% TABLE 3.10 SEASONAL HEMISPHERIC AVERAGE OZONE DEPLETIONS, PERCENT, WITH 4
?{ INJECTION OF 1.8 x 109 kg/yr NOy (as N02) MIT MODEL k;
x SOURCE: Cunnoid and Alyesa, 1978; 1977
éi Northern Hemisphere /
@E Injection at Mar-May Jun-Aug Sep-Noy Dec-Feb , !
& ; i
bl 45° N, 20 km 17.4 15.9 15.5 15.7 : j
£ 45° N, 17 km 6.0 8.4 7.7 10.9 i g
& R
- 459 N, 20 km 13.7 12.6 16.8 18.3 ] 5
gy : b
i i 1
¢ Southern Hemisphere i 3
kl Injecticn at Mar-May Jun-Aug Sep-Nov Dec-Feb g
( —_— 3
45% N, 20 km 6.5 7.2 8.4 8.7 ;
El
45% N, 17 km 5.9 2.3+ 4.0 2.5 ;
10° N, 20 km 13.3 11.0 7.2 6.2 i
-_— i
*Anomalous behavior %
;
| a
) o
.3
- . .“. “ ) — . ' : 1
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FIGURE 3.17. Approacn of Incremental NOy, to Final Value, 1.8 Mt NOy/yr
(as NOp) at 20 km and 480 *, 2-D Model Results.
Source: D. M. Cunnold, private communication, 1976,

The MIT results can be compared to the Hunten 1-D and Chang 1l-D
models. The Hunten model, for 45® N inJection (with a 2-km adjustment)
gives a Northern Hemisphere value of 31.2 percent depletion (which is slightly
beyond the range of applicability of the correlation). The Chang model
{p. E-59, ROF) gives a global average value of about 8 percent (interpola-
ting); the hemispheric value (at double the rate) would be about 15 percent.
These figures'should be compared to the Cunnoid-Alyea values of 12 percent
and 16 percent. At 17 km, the Hunten model would give 20.4 percent; the
Chang global average value 1is 3,7 percent, and a hemispheric value (at
double the rate) is about 7.3 percent. These latter figures should be
compared to the MIT values of 5.8 and 8.2 percent, respectively. The Hunten

values are thus considerably higher, and the Chang values somewhat lower,
than the Cunnold-Alyea results.

These results were all based on CIAP chemistry (in particular,

OH = HO2 ® 2 x 10'10) and do not include "smog" reactions with methane or
chlorine reactions.

3.4.2 COMESA Modeling Results (1975)

The COMESA program operated over the years 1972-1975. The report,
which tecame available to us in May 1976, describes the extensive work car-
ried out during that period. The two programs (CIAP and COMESA) operated
during the same time frame and benefited from mutual interactions. Never-
theless, due to differences in approaches and some differences in chemistry,
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results differed somewhat from those reported either in the CIAP ROF or in
the NAS/CIC report. A review of the COMESA work is included as Appendix B
to this report; a very brief review follows.

COMESA modeling efforts on the effects of alrcraf't effluents on ozone
involved 3-~D, 2-D, and 1-D models. The 1-D modeling exercises used diur-
nally and seasonally varying solar zenith angles, a departure from the pro-
cedures used in CIAP. The COMESA models also included the injection of

H20, CHu, CO, and CO2 in proportious expectea rrom a Concorde fleet.

The COMESA 3-D general circulation mcdel (without chemistry) was run
for one year, studying the distribution of 03, HZO’ and NOx as tracers., The
results were collapsed to 1-D for comparison to published (Hunten/1974 and
Chang/1974) K, profiles). The different tracers showed widely differing be-
havior, including negative values of Kz as shown in Fig. 3.18. Gross
averages, however, were developed which implied that the Hunten/1974 profile
implies vertical motions to be too 3low in the lower stratosphere and the
Chang/1974 profile to be too s}ow in the upper stratosphere.®

With regard to the results from the 3-D tracer studles, COMESA concluded
that: '"Consideration of these results casts considerable doubts on the
value of current 1-D models except for the purpose of first estimates and
enphasizes the need for a more sophisticated treatment of the dynamics,"
In discussion, COMESA alsn questions the concept of 2-D models.

At the completion of ne effort, the COMESA 2-D model was still at an
early state of development, and considered unsuiltable or perturbation pre-
dicticns; 1t was used, however, to estimaite -atitudinal distributicn of
effects. Results on latitudinal distribution were similar to those re~
ported in CIAP (p. B-20, ROF), although after only 3 years of equivalent
running time, statlonary state was not achleved.

Two 1-D models were used by COMESA, bcth using diurnally and seasonally
varying sun angles, with fixed Kz profiles; Chang/l974 or Hunten/1974 model
runs typilcally up to 10 years were used, but stationary state was not always
evident., The first model (Model A) which included methane oxlidation chem-
istry, l1-km resolution, and Chang Kz, a 10-km lower boundary and 50-km upper
boundary, showed initial ozone enhancement by subsonics (at 11 km to 13 km)
but (after 3 years) a slight depletion, varying with season, as shown in
Fig. 2.19. J.STs showed depletions at all times. The second model (Model B)
extende® :rom the ground to 48 km, with 2-km resoclution, but utilized sim-
plified chemistry (no smog reactions). Runs with 1-D models included SSTs

*The Chang/1976 profile (Fig. 3.13) utilizes a larger vaiue of X,
in the upper stratosphere,
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FIGURE 3.18. Vvalues of K
Fluxes and ﬁ1x1ng Ratios (average of three tracers) (m¢/sec)

Source: COMESA, 1975
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FIGURE 3.18.

Percentage Changes in 03 Columns (Model A). Ths injection
rates at both altitudes were taken as 1.24 x 1034 molecules
NOo/yr (9.5 x 108 kg NOp/yr), corresponding to approximately
1280 Concordes and about twice as many subsonics. The model
lower boundary was 10 km, probably too close (as noted by
COMESA) to the subsonic injection level.

Source: COMESA, 1975
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and subsonics, alone and in combination. The most surprising result was an

insensitivity to Kz for S8Ts (Concorde/Tupolev), with Chang/l1974 and
Hunten/1974 Kz profiles giving about the same effect on ozone; with sub-
sonlcs, however, the difference In results was substantlal,

The COMESA report concluded that about 600 Concordes (each producing
8 x 10° kg NOx/yr) would be required to cause 1 percent ozone depletion in
the 30° N - 60° N region; a global average value would be about 1/2 percent,
and the Southern Hemisphere value would be about 1/4 percent, The effects,
as interpreted by COMESA, are about 1/6 those given by the NAS/CIC and
about 1/3 those given in CIAP, They further comment that the results "in-
dicate that the reduction of ozone caused by present subsonic fleets (which
15 widely regarded as negligible) will be less than doubled by addition of
a hundred or more Concorde-like SSTs," (COMESA, 1975, p. 388). The refer-
ence to the present subsonic fleet 1s apparently based on the 0.1 percent
figure quoted in the CIAP ROF, rather than to COMESA's own (Model A) results.

The COMESA report does not utiiize the 2-km adjustment to airecraft
altitude used by NAS and by CIAP in applying the NAS model., COMESA also
notes that their ozone depletion results are about half those found by
Chang for the same Kz. They comment that the diurnal treatment may reduce
the effects, Part of the reduced effect, however, (based on later studies
by Lawrence Livermore Laboratory, Section 3.2.6) can be attributed to a
lower value for the rate constant (6.7 x 101 rather than 2 x 10"10) f'or
the OH + HOp reaction.

The COMESA report also describes theilr measurements work, and discusses
uncertainties in the understanding of certain important trace specles. In
thelr view, the measured NOx in the stratosphere 1s larger than implied by
the models, suggesting sources other than N20. If the point is verified,
the stratosphere would be less sensitive to added NO, than predicted by the

models, A brief review of thei, arguments is included in Appendix F.

3.4.3 Time-Dependr~t and Other Effects, 1-D Model [CIAP chenistry (no
chTorine or ‘smog" reactions), Lawrence Livermore Laboratory/IDA

studies, December 1975

A. iime-Dependent Effects

In preceding sections, approximate "steady-state" changes on ozone
were reported, assuming a continued injection at constant rate for many
years-~in some cases, 30 to 300 years, to be reasonably certaln of reaching
steady~-state results. In any real situation, the rate of approach to the
steady-state value 1s also important, since fleets change continuously with
time; it is obviously of interest to be able to estimate time-dependent
effects for various fleets from steady-~state and respective data. While
substantial questiona may exist about whether the rate of approach to
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equilibrium in a 1~D model has any physical reality in terms of the rate of
approach in the atmosphere, it would seem that *f the 1-D parameterization
has any validity the rate of response might also, Latitudinal variations,

of course, are expected, as was shown in Fig. 3.17. In any event, by using
1-D response time data aloag with 1-D steady-state data, simplified procedures
have been developed here which glve time-~dependent, 1-D effects for fleets
changing with time, and which, for the SST case at least, ca. Lec made to
match the results obtalned in a full computer simulation, as will be shown

in the following. The data are from runs made at Lawrence Livermore Labora-
tory, 12-13 December 1975, using the same chemistry as used by Chang in CIAP,
except that a "half sun" (signifying an average of night and day) was used,
whereas in CIAP a "full-sun" was used.

Normalized ozone depletions versus time, using a step change in
source, are shown for several cases in Figs. 3.20 (Chang/1974, Kz) and 3.21
(Hunten/1974 Kz). The labeled data show the altitudes of injection and
source strengths in kg Nox/yr (lE9 = 1 x 109 kg Nox, as NO,, per year)., In
each case, the inset graph gives time to e-fold and half the time for two
e-folds. Note, however, that particularly for low-altitude injections, the
initial response to the perturbing Nox is to increase the ozone column,
rather than to decrease it, so that an e~folding time, which implies an
exponential approach to equilibrium (l-e'kt) is invelid; an e-folding
approach, however, 1s not unreasonable as an approximation technique for
injections at higher altitudes. The initial opposite effect at low altitude
was obtalned even in the absence of "smog" reactions, and was due to NO2
interference* with the HOx cycle at low altitude prior to diffusion of the
pollutant NO2 to ozone destruction altitudes. Modeling of this behavior for
time-dependent fleets might be accomplished by assuming superposition of
sources, but no data are avallabl: to support such an approach,.

. The overall response ti + (e-folding) increases with decreasing
altitude, and, thus, residence .ime, directly opposite to the effect which
would be expected on a box model of the stratosphere. Presumably, at some
altitude, the reaponse time would increase with altitude as residence time
effects become dominant, an effect hinted at by the shape of one of the
inset curves in Fig. 3.21. Response time may also be somewhat injection-
rate-dependent (see inset on Fig. 3.21).

To test a simple approach to the time-dependent problem, square-
wave response time and equilibrium data were applied to an hypothesized
Concorde bulldup and phaseout case, and compared to a detailed computer run.

*W. Duewer, private communication, January 1977
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FIGURE 3.21. Normalized Ozone Depletions versus Time. Hunten/1974 K,

The approach used assumed ozone depletions, in each band, to change with
time according to

: ~ ~1/R o ~-1/R
6n+1 = Gne t + 6n+1 (l-e t),

where Gn ozone depletion at the end of the year n+l,

+1
* ozone depletlon at end of year n (beginning of year n+l),

= steady-state ozone depletion for NOx injection rate at
beginning of year n+l,

Rt = response time, years; here taken as half the e-folding

and two e-folding %imes.
b The functional relationships for steady-state 03 decrease used in
the simplified procedure (above) follow:

i 3-43.
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14 km 6° = 0.7258 R
| 17 km §° = 2,34 gO-98,
ﬂ where 6° 1s global average 03 depletion in percent and R 1s in units of 109 ’
j kg/yr NO, injection.
1

The depletion function used at 17 km 1s slightly higher than thac
i used previously (which was bacsed on Chang's 1973 results, pp. 13-17, CIAP
ROF), 1n accordance with results obtained in December 1975. NO, injections
were taken to be at 14 km and 17 km, rather than at 13.5 km and 16.5 km,

as in CIAP, as even injection altitudes are required in the Chang model.

The SST was assumed to bulld up and be phased out over a 29-year
period. The NOx emissions, per alrcraft year, were taken as 1.082 x 105 kg
: at 14 km and 9.47.4 x 105 kg at 17 km, A response time of 2.56 years was
§ used at 14 km and 2,38 years at 17 km, averaging one and two e-fold times.

: Final results are shown in Fig. 3.22. Good agreement was found. although a
% slightly larger response time could be argued. (Three years was .riled, and
found to be much too 1arge.)' Tabulated results for even years are presented
in Table 3.11,

TABLE 3.11. OZONE CHANGES DURING FLEET BUILDUP AND PHASEOQUT

BRI p A T L A S

: Actual* Simplifiea ,

, Year (LLL) __(1oA) B

A 2 0.0075 0.009 y
3 4 0.0226 0.0242

T 6 0.0401 0.0416 ]

g 8 0.0587 0,060 ‘

3 10 0,0777 0.0789 1

3 12 0.0895 0.0892 E

;. 14 0.094 0.0936 :

3 16 0.096 0.0955 4

] 18 €.097 0.0964 E

: 20 0.0975 0.0967 d

22 0.0903 0.0882 1

24 0.0756 0.0737 i

26 0.0581 0.0564 |

28 0.0394 0.0380 :

30 0.0205 0.0187 3

32 0.0086 0.0081 :

34 0.0041 0.0035 i

: 36 0.0020 0.0015 !

5 38 0.0013 0.0007 :

: 40 - 0.0003 §

F b

*Provided by J. Chang, Lawrence Livermore
Laboratory, 13 December 1975

The procedure apperrs to0 be satisfactory. It should be not2d that
the response time question was not addressed in CIAP, or taken 1iato account
in fleet-effect considerations.

vars st mA AL e iE.
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E{ 297613 TIME, years ‘i
3 FIGURE 3.22. 1-D Time-Dependent Fleet and Model Ozone Effects Example. i
g CIAP chemistry. ¥
G B. Reversibility With Elimination of NOx Source }
[ ¥
4 h
i ’ From a mathematical polnt of view, the sudden removal of a source
f of NOx at a given altitude from a column in equilibrium is equivalent to
3 the sudden addition of an Nox source to a column in equilibrium. In a sense, %
g one 1s an instantaneous negative source and the other an instantaneous §
positive source. To demonstrate the poant, however, several cases were run g
: by Lawrence Livermore Laboratory, 12-13 December 1975,
i. The first test involved a source at 9 km held constant for 30 years,
3 using the Charng/1974 K, profile. The final condition (which involved a

slightly greater time than 30 years) was then taken as the initial condition,
the source was set to zero, and the model again run for 30 years.

miCar Bire 2 eSO e S

FPeproducibllity was found in this case to be good to flve places
(8.35069 x 10'° mol/cm® initial versus 8.35072 mol/cm® final). The be-
havior as a function of time was found also to be essentially symmetrical
clther with a suddenly imposed Nox input or to a suddenly imposed Nox shut-~
off, up to about 10 years after the change. The symmetry included the
initlal response; 1n this rcase, NO2 removal initlally decreased ozone.
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Beyond about 10 years, small random errors appeared to distort the behavior
very s8lightly. This initially opposite behavior might be of interest if
confirmed and 1if emission controls on a fleet were being considered.

C. Additivity of Sources at Different Altitudes

One run was made to test the additivity of several sources at dif-
ferent altitudes.

The summed run used the same sources as 1in three single-
source runs, all using Hunten's KZ profile. Results, at steady state are
presented in Table 3.12, using run numbers as assigned at the time of the

runs:
TABLE 3.12. 1-D SOURCE ADDITIVITY TEST
NO_ Source

ATtitude, X ' -403/04
Run km 107 kg/yr Percent
1.2 ] 2.0 0.0829
1.4 15 0.2 0.577
1.6 22 0.2 3,92
Sum 4.58
2.3 Summed sources 4,48

The summed results from the three initial runs were found to

be slightly above the result with summed sources, as expected (since ozone
depletions cannot exceed 100 percent).

The time-phased response in the summed case (run 2.3) was dominated
by the large source at 22 km (run 1.6).

The choice of input conditions used here was probably nct a good
one in view of the dominance of a single component.

Note that in the correlations of Chang's results (p. B-19, CIAP ROF)
and in the plot (p. E~59, CIAP ROF), which are of the form y = axb, where
b varies above and below unity, the additivity of sources 1s imperfect,
even for sources at constant altitude injection.
D.

Effects of Water Added Simultaneously With NOx

Five runs were made to test the effects of water vapor augmentation

on ozone depletion. These data willl be of principal interest if low NOx
combustors are developed., Steady-state conditions were considered, which
seemed to be ra2ached somewhat slowly. In each case, equilibration with
added water was carrlied out beforea NOx was added, and the end point distri-
bution used as the starting point. The added water vapor was arbitrary,
and based simply on a constant multiplier at every point in the column.
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0.08 (Chang) and 0.25 (Hunten) years.

finds 0.072 and 0.21 years (Appendix D).
give approximately 5.3 years,

i v A T Y

Results showed the effect of added water vapor to be Kz-dependent
as to sign, and smaller in magnitude than reported by Crutzen (1974) With
Chang's/1974 K, profile, added water caused a slight decrease in ozone (a
25 percent increase in water causing a 0.016 percent decrease in ozone),

whereas with the Hunten/!(z prolfile, a 25 percent increase in water led to a
0.15 percent increase in ozone.

Effects with small input NOx rates, in
addition, were additive,

As noted, the water effect found here, even with Hunten's Kz. for
which the effect 1s positive, is still conslderably less than that reported
by Crutzen (1974), who found a 1.5 percent increase 1n ozone with a doubling

of water vapor (compared to the equivalént of 0.5 percent for a doubling
found here). McElroy et al., (1974) found a 0.1 percent increase in ozone

for a 24 percent increase Iin water vapor (NAS, 1975, p. 161), compared to
the 0.15 percent found with the Hunten/lg?ﬂ K at 25 percent 1ncrease found

here. Crutzen (1976) has aince reported a minor decrease in ozone with
increased water vapor.

Water effects might be of greater significance in a more realistic

chlorine~containing model stratosphere (see Section 3.2.7) Thermal effects
of water vapor on stratospheric ozone would also need to be considered with

low NOx emission-index combustion,

€. Residence Times

As a matter of additional interest, the added burdens of NO

(NO + NO, + HNO3) were computed for comparison to inert tracer computations
by Chang in the CIAP ROF (p. 19) and by Bauer et al

(Appendix D).
TABLE 3.13. RESIDENCE TIMES FOR ADDED ODD NITROGEN

Altitude, K 4 Burden goy‘ Input gate Residence Time,
km oz Run __mol/cm {mol/cm”-sec) Years
9 Chang 1.1 2.150E14 1.616E8 0.042
9 Hunten 1.2 4.146E14 1.616E8 0.081
22 Hunten 1.6 2.2439E15 1.616E7 4,39
22 Hunten 1.7 11.3347E18 8.08E7 4.35

For comparison, residence times at 9 km in the CIAP ROF (p. 19) are

For these same conditlons, Bauer
At 22 km, the ROF (p. 19) would

The burden bulldup of NOy with time was also examined for run 1.6

In the case of run 1.6 (22 km, Hunten Kz), it appeared that the NOy burden
buildup followed the ozone depletion change fairly closely, with both re-
sponding (e-folding) in about 3.7 or 3.8 years, somewhat faster than the
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spparent residence time), However, in runs 1,1 or 1,2 (9 km, Chang 3and
Hunten Kz)’ the NOy ¢olumn buildup was much faster than the ozone depletion. t
In run 1.1, 78 percent of the equilibrium incremental NO + NO, burden was i
reached in 1 year (HNO3 data were not available, but should not affect the }
}
y

result much); in run 1.2, 82 percent of the NO + NO2 incremental burden was
reached in 1 year.

Response time and residence time are evidently not well related.
Also, residence times (burden/flux) apparently vary with the tracer. In the
case of Noy, this may be explainable by interaction with N20. the concentra-

tion of which was found to be affected by an artificial Nox source, and by
reactions with atomie nitrogen.

F. Pollutant Mixing Ratio Constancy

bt e

A fundamental tenet of the injection coefficient approach, as used

§
by Hunten, 1s that the augmented mixing ratio of pollutants above the point !
of injection 1s constant.

! The point was investigated, using the rur data generated at Law- %
4 rence Livermore Laboratory (LLL) for several cases, and compared to values P
g read from the graphical data presented by McElroy et al. (1974). The LLL ]
i

- results showed a definite decrease with altitude, decreasing by a factor of
2|

1
X 2 or more between 28 km and 40 km, whereas McFlroy's results were more nearly i
i constant. In a subsequent analysis, Duewer et al. (1976), showed this 7
A effect to be due to destruction of NO and NO, vy N atom reactions. However, %
i} ozone depletlon results were found tc be not significantly affected by the %
%, inclusion or deletion of these reactions as shown in Table 3,14, %
' TABLE 3.14, OZONE DEPLETIONS* WITH AND WITHOUT N ATOM REACTIONS g
(Global; 17 km, 2.46 x 107 kg/yr NO,) ;
: X2 Wi th Without z
: Chang/1974 1.75 1.77 1

: Hunten/1974 6.68 7.25

- Crutzen-Isaksen/Y975 1.31 1.36

*Source: Duewer et al., 1976.

3.4.4 NASA-Ames 2-D Model Results (January 1976)

Borucki et al. (1976, have published preliminary results of a 2-D
model study of ozone depletions due to supersonic aircraft. The model
extended from the ground to 60 km in 2.5-km intervals, and from 80° s to
80° N. Results were considered to be preliminary in that further work was
felt to be needed on the transport parameters, The model did not include
the methane oxidation reactions, but did use a lower value (6 x 10"11

e e sG22It e i Gt A O e

cm3/sec)

rim s N e P
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for the OH + Hu, reaction than was used in CIAP (2 x 10710 em3/sec). The
authors compared their results to those of Cunnold and Alyea (see

Section 3.4.1.B). The agreement was found to be good for similar runs 1in
the Northern Hemisphere but not as good in the Southern Hemispliere.

These authors reported ozone depletions as a function of latitude
for NOx injection at the rate of 1,8 x 106 metric tons/year at 20~-km altl-
tude for three different latitudes of injection (30-40° N, 40-50° N, and
50-60° N). Results were largely inaensiﬁive to the latitude of injection.
At 45° N, the calculated depletion was 20 percent for 30-40° N injection
and for 50-60° N injection, but 19 percent for 40-50° N injection

3.4.5 Crutzen 2-D Model Results (early 1976); methane reactions included;
chTorine reactfons excluded

A8 noted in Section 3.1, the methane oxidaﬁion reactlions produce ozone
in the presence of Nox; Johnston (1974), in fact, pointed out that the rate
of ozone-generating reactions crosses the rate of ozone-destroying reactions
at about 13 or 14 km altitude in a 1-D model. These reactions were not in-
cluded in any of the CIAP or Ni modeling work described heretofore; one of
the 1-D models used by COMESA did include these reactions, but use of a
lower boundary of 10 km made any results due to alrcraft at 11-13 km rather
dubious, as COMESA points out (see Section 3.4,2, this report). The Crutzen
2~D model, from which first results with SST sources were reported in the
4th CIAP Conference (February 1975) did, however, include these reactions,
80 that 1t became of particular interest to carry out runs with this model
to compute the effects of aircraft at various altitudes. Such runs were
made, with the pooperation of P.J. Crutzen and NCAR in the winter and early
tpring of 1976.

The Crutzen model i1s described in his 4th CIAP Conference paper
(Crutzen, 1975); at the time of the runs to be described, however, the model
had been modified in the rate of meridional transport to fit data accumu-
lated following the Fuego eruption.

Detalled results of these runs are given in Appendix A, and sum-
marized briefly in this section., The most interesting aspect of the results
was that the model runs simulating subsonic and advanced subsonic aircraft
generally showed increases in the total ozone column in northern flight
latitudes, as will be seen; however, 1t must be emphasized that the results
are tentative, in that the chemlstry 1s uncertain and work is needed on the
model for use near the tropopause, the region which was of prime interest
here; also steady state may not have been achleved 1n the six-yzar model
period utilized. In addition, it was found that the model does not handle
water injections properly, so results include only the effects of NOx in-
Jections (as, of course, do most other modeling results).
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The model uses 6 x 10"11 cm3/sec for the critical OH + H02 *> H20 + 02

reaction, somewhat lower than 2 x 10"ll value recommended in NAS, 1976a
(Larger values of this reaction rvate increase the ozone

(see Section 3.4.7).
cycle described by J~'nstor

depletion.) The model did not include the NO3
(see Table 3.1), but Jjudging from other results (see Section 3.4.8) 1t is
doubted that inclusion of the cycle would have substantially alftered results.

The point should, of course, be checked.

The model was used for latitudinaliy distributed NOx injections, based
on Table 2,12 (Section 2, this report), at four levels (level 9, approxi-
mately 11 km; level 10, approximately i2.5 km; level 11, approximately
14.3 km; and level 13, approximately 18 km). The model is 1in pressure unilts,
80 quoted geometric levels represent standard atmosphere pressure altitudes

(see Section 2.14).
Inputs were parametric, in that the 1.8 vertical km resolution of the
model could not be matched to the actual flight trajectories of the various

The injection rates selected, however, were related to the data

alrcraft.
For example, the level 9 run

given in Table 2,12 only in a general sense.
was based on a 50 percent increase over the total subsonlc fleet fuel values

given in Table 2.12 (to allow for low-altitude traffic) and an emission
index of 16 gﬁ N02/kg fuel, corresponding to fan jet engines, was used,
rather than 10 gm kg as in CIAP, which corresponded more to current low-
pressure~ratio engines., Small perturbations resulted with the injection
rates usec¢; to galn accuracy, both the perturbed and natural stratosphere

were run beyond initlal starting conditlons, and the changes noted at cor-

responding times. The runs were carried for six years, which appeared to
give stable results; however, long slow changes could not be ruled out,
particularly in the Southern Hemisphere (see Fig. 3.17).

The 4input conditions, which were not varied seasonally, are shown 1n

Fig. 3.23. A sample 2-D seasonally varying result is plotted for 1ll-km
injections in Fig. 3.24; detalled tabular data are given in Table 3.15.

The variations with injection altitude for 35° N, 45° N and 55° N are shown
in Fig. 3.25 for a normalized input of NOx of 1 x 109 kg/yr, assuming lin-
earity for the input rates shown in Table 3.16; linearity, however has not
been demonstrated. The variations in latitudinal distribution between dif-
ferent levels were also ignored in preparing Fig. 3.24, but this effect

should have been small.

The enhancements found in ozone column are small.,
ratios, i1t can be deduced from the data in Appendix A, Figs., A-11 and A-12,

that the increase in ozone for ll-km injectlon 1s about 12 percent, or
about 0.12 (5 x 1011) or 6 x 1010 mol/cm3. At 11 km, the atmospheric den-

sity is about 7.6 x 1018 mol/cm3 (U.S. Standard Atmosphere, 1962) so that
the mixing ratio augmentation is 8 ppbv.

In terms of mixing
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3.4.6 Reaction Rate Uncertainties and Their Effects in 1-D Ozone
Depletion ModeTing X eactions excluded], Augus Y

During CIAP, a considerable effort went into the study of reaction
rates, and recommended rates, with estimated uncertainties, were established
(see CIAP Monograph 1, Chapter 5). As a practical matter, the recommended
values, and the same general sets of reactions (ignoring methane oxidation
reactions) and rates were generally used by the various modelers, The
principal differences between different modelers' results thus came about
due to differences in the 1-D "dynamics" employed; i.e., the Kz profile.

As a result, modelers tended to agree as to the sign, but not necessarily
the magnitude of the effects, of Nox on ozone. Also, some tendency resulted
to underestimate the uncertalnties involved, a factor of 2 being quoted in
the NAS report {(p. 29) for the Hunten model results at 19.5 km, a factor of
3 at 16.5 km, and a factor of 10 "either way" for subsonic aireraft.

The question of uncertainties in ozone effects due to uncertainties in
the chemical thermal reaction rates has been pursued subsequent to the CIAP
effort by a group at Lawrence Livermore Laboratory (Duewer et al,, 1976a).
Uncertainties in photodissoclation rates, or those due to thermal feedback
effects, scattering, etc., were not included. The results show that true
uncertainties are generally larger than estimated, Es well as the possibil-
ity (or as shown eariler for the case of subsonic aircraft, the probability)
that the sign of the effect may be incorrect.

The procedure uced by Duewer et al., (1976a) was to study ozone column
perturbations in a 1-D model, for glven NOx input cnnditions, as reaction
rates were cystematlcally varied, within the uncertainty ranges quoted by
the NBS, to maximize or minimize the effects on ozone, The reactions used,
and their range, are given in Table 3.16. Three basic cases were considered.
In Model A, rates used in CIAP were used, with the important exception that
reaction 19 (OH + HO, + H,0 + 02) was set equal to 2 x 10711 cm3/sec, {a
value preferred by modelers of the halocarbon problem (NAS, 1976a)] rather
than 2 x 10710, as 1n CIAP. With 2 x 10710, the model was termed Model A”
In Model B, the rates were set *o the end of the uncertainty range which
maximized the destruction of ozone, 1In Model C, the reactions were set to
minimize destruction of ozone, In further refinements, the fate of NO3 was
varled, either to form NO + 0,, which destroys ozone, or to N02 + 0, which
has no effect on ozone; these possibilities were given subscripts 1 or 2,
respectively. Finally, in recognition of the low probabilicty of either
Model B or C being correct, a model study was made (models C‘l and C‘2)
in which only four critical rates were set (plus Reaction 19) to the NO, -
minimizing end, and these reactions *hus examined further. Photolysis
rates and temperature-dependence facto. 3 were left unchanged. The Kz profile
used was that of Chang/1974, with exceptions to be noted.
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TABLE 3.16. REACTIONS, REACTION DESIGNATORS AND RATE PARAMETERS : ;
FOR THE VARIOQUS MODELS USED IN UNCERTAINTY ANALYSIS g
j SOURCE: Duewer et al., 1976a 3
. k|
| Photolysis Rates at the Indicated ! 'i
: React ion Altituded for Model A, . }
Formula Number 5 km 30 km 15 km . k|
; 0,4 hv - 20 a 7061000 10k aMx10 ¥ f 3
0y +hv =040, 2 2.8 x 107 aux10tt 207 000 : :
0y ¢ b« 0'm) o 0, 3 a9 x 107 5.85 % 107° 7.9 « 107 : y
WD, * hy+ WO+ 0 M $.03 x 107} T T vo': D% (AP ;
NS b =k + 0('D) 5 R N R N TR p
HO # hy s N +0 " 1.35 % 1076 890 x 107" 730 x 10°¥ j :
HNO; + hy = O + NO, 9 €105 s w': 321 21077 '
Mgy + hv + 20K » 8.5 5 1070 6.39 x 107 2.22 x 10°% 3
O, by« OH + O 9 1.98 107" .40 x 1078 Lok ' 4
HO; # hu = HO 4 0, ho, Elther J10, or JI0, I3 sssumed to be the only ;
uo, +hy » uoz +0 .l|o2 fate of no, s i3 Indlcated by model subscript. .
Arrhenlus A fu!or. ‘
for Indlicated Mode! Tmurnurc“
A [} [ Dependence
0s0 M0 e n X! 1.07 x |?;:“ 0.91 » u_:;:" 1.26 » '?;:‘ + 510,
040,20, K2 19 x 1o s a0l 2.4 % o ~2300.
Oy ¢ HO = WO, + 0, K3 9510 1.6 x 10 7. %10 -1200.
074 M0, + H0 + 0 K. s w0 0.4 k107" 7.9 . 10712 -
N0 + 0('0) + Hy + 0, XS 11 k0" 0.7 x 107" 1.7 x 10710 -
w0 + o('0) + 2m0 K 11 |o::: 0.7 x m::: R m::: -
N0 a0 s0 K7 OER 0.7 x 1o AR -3150,
NS HO Ny s 0 " 27210 21 %10 3.4 x 10 -
N e NO, - 2W0 ) 6x107"2 6 x 1012 0. -
0('0) + Hy0 + 2 K10 15000710 2.8 x 10710 ik 10" -
o'y s chyoonecny ki1 kx0T 12x10'® 507 -
0y ¢ OH < HO, + 0, 2 1.6 107" 0.8 x 107'2 32 x 00712 - 1000,
D0, s H "1} s x 1! 270" 67x 10" -
0y HO = OH + 20, Kt toxe"? o5 x107"? 2.0x 107" -1250,
0+ Ho, + OH + 0, x$ 8x10°" . 2x 10" 3. x 10! - 500,
Heo, +nan, +H K6 2.08 x lo‘: 2.0 x u_:;:‘ 177 x m::: + 1%,
M0y e0H+0, ) 1.23 x 10 1.0 x 10 1.5 x 10 - 562,
HO, + HO, + W0, + 0, K8 30! 6x 10" s w i - 500,
WOy + OH = H,0 5 0, kg™ 2. 107!t 2x 100 15 x 107! -
on v Ho, ¥ wwo w2o* 4 x 10" 2x10" . 8x10"? -
OH + HNDy = Hy0 + MOy K21 (X lo::: &S x W::l 1.8 % 10::: -
N10: + ?u - uzn + noz K22 1.7 x IO-“ 2.7 x lo_,‘ 1l x lo__“ ~ 910,
Ny ¢ 0{0) + M= N0+ B (73] 2.8 1?1 S.6 x !?: V.hou l?z -
n;nozonto‘o K2k 9x 10 9 x 0 1x10 -~
HO+ 0+ HsNO, + N ks w10 2, 00Y 8x 108 + gt
N0+ HO, 4 N0, + OK 26 2 10':: 63 x |o':: 6.3 010" -
O e oM H0+0 x27 1a10" 1.6 n 107 0.63 x 10”"" - 550,
WO e M+, K28 5.7 x 107 1.8 x 1012 18 x 9" --
MO, vy W, + 0, K29 Ly a1’ ssert'? g 0" -2870.
OH & Chy + Hy0 + CHy X0 2.36 x sg‘)” 215 » lg'” 2.6 x w:" -1710.
O s e K0, ¢ N X3! 2.5 % 10 _:’ b ox 10 3n 1.6 x 10 3:3 +250¢.
H0, + 0+ OH + HO, K32 .75 x 10 .36 x 10 3L nlo 16,
0f'o) + w0 +H k31 N PR A NS YL R SR Tl --
cn’ 03 2Ho, + CO © Assumed to ba the only fete of CN’

“Constant A in K = A oxp(C/T) 10 units of eal/see (u‘/n: for 3 body pricesses)

oz

L}

Constant € in K = A enp(C/T)

L] -
*"node) A' diffars from A only In thet KIS is set to 2 x 107 '°
experiments.

s the valus used In most of the CIAP

**k10 13 prassure dependent. In our model K20 = K[M}/{1.12 10'8. {m]) where K Is vatus tabled
above. This is & fit to the aititude dependent expression given by Hempson end Garvin (1975).
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Input N02 rate was 2000 mol/cm -~gec over a l-km band; this corresponds
to 2.456 x 107 kg/yr of No, (as N02\ on a global basls. Results might also
be interpreted as "corridor" results for a Northern Hemlsphere fleetdemitting
1.23 x 109 kg/yr, as was done in the CIAP ROF (1974). In round numbers, for
the 17-km injection case, using COMESA NO rates per Concorde per year
(8 x 105 kg/yr), the 1.23 x 109 kg/yr figure correaponds to 1500 Concordes;
with NAS (1975) numbers (6.28 x 10° kg/yr), nearly 2000 Concordes are implied.
The equivalent number of Boeing 2707s (at 20 km) is arguable; if based on
the 1074 figures (p. 101, CIAP ROF) of 9.2 x 10° kg NO,/yr per B-2707, the
figure corresponds to 1340 Boeing 2707s. If based on the 1970 estimate (same
reference), the figure courresponds to 354 Boelng 2707s. These figures ignore
a slight altitude correction; i.e., 17 km and 20 km are not the proper welghted

cruise altitudes for these aircraft.

Water effects were studied briefly by arbltrarlly increasing the water
content of the stratosphere at all points by 10 percent in several cases.
The various results are summarized in Table 3.17.

TABLE 3.17. PERCENTAGE OZONE DEPLETIONS {GLOBAL AVERAGE)
WITH VARxATtON IN THERMAb RATE CONSTANTS,
CHANG/1974 K,; 2.46 x 107 kg/yr NOx INJECTICN
SOURCE: Duewer et al., 1976a

IR T Mininized

K19 «=2x 10 K19 =2 x10 Maximized Minimized 4 Rates
lnjcct!o:MAltitude. ﬁll 5:2 ﬁl 21 " El El E:l E:Q
17 - 4.3 - 3,82 -1.7% - 3?16 - 8.06 +1.74 +2.22 +0,61 +1.01
20 - 9,79 - 8.47 - 5.2 - 4,03 -15.92 +1.6) +2.64 -0.20 40.70
35 -17.24 -15,34 -14.06 -12.4¢6 -25.1 -6.42 -4.77 -9,20 -7.80
1.1 x Hy0% +0.03 - 0,01 - 0.14 - 0.21 + 0,18 -0.52 -0.54 -0,36 -0.38
1.1 x Hy0, 17 - 4,25 - 3.48 -1 88 - 1.34 - 7.89 +1,23 +1,67 +0.26 +0.63
1.26 x H20. 20%+ - 9.56 - 8,37 - 5.55 - 4,50 -15.48 +0,28 +1.21 -1.1 -0.29

*No Nox injection.
"5::12nted by IDA. The water effect 1n all cuses is taken as the difference between the first and
rows.

The “"CIAP" A‘l and A’2 results are not ldentical to those reported in the

ROF [p. B-17 (rote that there is a 10-fold NO, rate error on page B-17 ROF);
also p. E-59], which at 17 km would be about 5.1 percent, or at 20 km, about
10.7 percent. The CIAP ROF numbers corresponded to A‘ in terms of the NOg
photolysis reactions. The differences between CIAP and current results may

be due to inclusion »f the CH3(+2)2 Hoq + CO ozone-forming reactions; also,

a "half sun" (current) rather c¢han a full sun (CIAP) or change in removal
mechanism (rainout) may have affected results.
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The data shown ii Tablie 3.17 are c¢f obvious significance to the SST
problem. The first point 1s that use of a smaller value of K19 (2 x 10'11
cm3/sec) reduces effects previously computed substantially, If, following
a recent recommendation attributed to H.S. Johnston (see Table 3,1), it 1is
assumed that the NO3 photolysis goes cile-third via route 1 and two~thirds
via route 2, then a weighted Al-A2 value can be estimated as -1.36 percent
at 17 km versus =4.34 percent 1in A‘1 or -5.1 percent in CIAP, a reduction of
some 70 percent. A second point is that the uncertainty as to the effect is
much greater, with results at 17 km, for example, ranging from ~8.06 percent
to +2.,22 percent., Note that the CIAP result {-5.1 percent) is closer to the
Model B result (-8,06 percent) than to the Model C result (42,22 percent).
This is because of the poweriul effect of the reaction 19 on the CIAP result.

Similar points could be noted with regard to the higher altitude injections.
The 35-km InjJection is, of course, purely academic, involving as it would
necessarily, some form of hypersonic {(ca. mach 8) vehiclé.

No rigorous way (even within the i-D context!) apparently exists to
model the water effect in a 1-D model. However, using an injection coef-
ficient approach,® with the Chang/1974 profile a water mixing ratio enhance-
ment of 10 percent is found for 17-km injectton. Similarly, at 20 km, the
e values quoted in the two bottom rows of

enhancement 1s 26 percent.
in an approximate way, the simultaneous effects

Table 3.17, which include,
of water and Nox addition, may thus be considered the most plausible for
this Kz profile under the varlous conditions. Note that, wnere NOx effects

are minimlized, water effects are maximized, so that it appears to be im-

portant to include the water effects. The figures in the bottom row have

been estimated assuming linearity and ignoring differences in the profile
below 20 km for the injection coefficient and Lawrence Livermore Laboratory

approaches,
Runs were also made by Duewer et al., (1976a) using the Hunten/1974

(without 2-ka adjustment), Crutzen/1974, and Wofsy/1975 profiles, for various

sets of chemical reaction rates. Results are shown in Table 3.18.

#The injection coefficient (Appendix D) at 17 km is 1,223 x 10"17
cme-8ec; the water emission index is taken as 1250 gm/kg; the NOx
Background water vapor was

emission index 1s taken as 18 gm/kg.
about 4,32 ppmv on this model. Calculated enhancement 4is 0.434 ppmv.

3-58

T AT X
i S .

R B [

N T R e S N ey S

T T et

e Bt e i enc, ,
A e e i S AT SR e AL

N

cemias

¢ R B nei, 4 ot




I AP ATERER T

TABLE 3.78. OZONE DEPLETIONS (GLOBAL AVERAGE) FOR VARIGUS K,
PRCFILES AND CHEMICAL REACTION RATE SETS; NN,

INJECTION: 2.46 x 10° kg/yr AT 17 km
SOURCE: Duewer et al., 1976a

Ez_ R - -
Chang/1974 ' -1.75 -1.16 - 8.06 +1.74 +2.22
Crutzen-Isaksen/1975 -1.32 -0.95 - 5.10 +0.68 +1.02
Wofsy/1975 -4.88 -3.41 -14.74 +0.47 +2.08
Hunten/1974 -6.68 -4.60 -16.95 -1.69 +1.00

Note the powerful effects of the rate uncertainties; even the Hunten KZ
profile gives ozone enhancement in Model C2.

In intercomparing the results in Table 3,18, an interpretation problem
arises, As noted earlier, the "corridor" value at a given Nox input rate
was taken in the CIAP ROF as being equal tc the global average value at -
twice the input rate. For the Hunten profile, the further problem enters
of the 2-km adjustment recommended for mid-latitude flight; according to
this recommendation, the value shown for the Hunten pr.file should apply to
the hemisphere for flight at 15 km, Cor half the total input rate, 1l.e,,
1.23 x 109 kg/yr. For comparison to these results, the formulae given
earlier (Section 3.4.1; also NAS, 1975, pp. 116-119) can be used (for 1,23
b4 109 kg/yr, at a model injection altitude of 17 km) to give 8,97 percent
depletion.

Duewer et al,, (1976a) meke several additional important points. The
first, and probably most important of these, 1s that in spite of the wide
diversity of reaction sets employed, the available trace measurements data
are sufficiently spread so that none of the models can be excluded on the
basls of measured NO, NOQ, Nzo, HNOB, or O3 data. Observed OH data, however,

(Anderson, 1976) are most easily consit-ent with the lower value for K19’ which
would eliminate Model B as constituted. Computed CHu data, usling these differ-

ent chemistries, which would he of interest, are not given. Also, computed
profiles of varicus specles are given only for the Chang/1974 Kz profiles.

A second point, of perhaps lezs practical interest, 1s that, with the
different models, the relative importance of ozone destruction rat by the
NOx and Hox cycles and the Chapman reactions 1s greatly altered. The HOx
cycles become more important and the NOx cycles less important as reaction
sets move from B to C. (ClOx reaction cycles were not included in these
calculations,)

¥ive reactions are considered to be of greatest importance by Duewer
et al., (1976a). These reactions, set tu thelr appropriate uncertainty

3-59

s e . ey

[,

i

A PS5 55 Sl s T e SR o e & BT 5

3 MWL,

et e i

BRI R Wit




YT (e e et T R TS

limits, comprise Model C”, As shown in Table 3,17, ignoring H20, effects
on ozone are small or positive with this set, independent of Kz profile.
The reactlons are:

; HO, + HO + H,0 + O, (Kyg) | S
j HO, + 05 » HO + O, (Kyy) v :
*} HO, + HO, * H,05 + O, (K g8) :
» HO, + NO . NO, + HO (Kyg) . ',.
; HO + NO, + HNO, (Kpq)

HO2 reactions, in general, are very important to the ozone problem,
Because of reaction 26, NO2 formation, followed by photolysis, 1s a source
of ozone. These reactions have been reviewed by Duewer (private communica-
tion, September 1976)# In general, more data are needed on all, and all are
difficult on which to get data. Temperature dependence data for several of
the reactions are unavailable., Availleble data are in conflict, particularly
in view of measurements which yleld reaction rates, not in absolute terms,
but in terms of certain products and ratios of rates (see DeMore and
Tschulkow-Roux, 1974). However, of these five reactions, Duewer (private
communication, September 1976) on reviewing the data considers cnly th and
K26 to approach values used in Model B, whereas the other three all seem to
approach {(or in the case of KEO to be more extreme than) those used in
Model C. He estimates subJectively that the probabillity of Model C” repre-
senting the stratospheric response to NOx 1s of the order of 1 percent.

R, Dy AT

o ik

LoBSE

The foregoing results have, of course, all come from 1-D models with
all their limitations. Turthermore, as noted earlier, the decoupling of
chemistry-generated stratosphere dynamics in several of the profiles** while
: studying effects of varying chemistry can be questioned. Also, unless C or
?f C” chemistry 1s correct, a probably more important question relates to
which of the various Kz profiles 1s to be preferred. Uncertalnties 1in
effects will be reduced only as more kinetic data become available and as
& more tracer data are used, preferably in models of higher dimensionality.

B G TR PENE BRI = I e ) N I s AP TS

3.4.7 Fall 1976 Lawrence Livermore Laboratory Results (1-D, showing
chTorine effects, water effects, and 1990 fleet effects)

A. Intrnduction
The intensive studies carried out during 1975-~1976 on the effects
of halocarbons on strutospherlc ozone had an impact in a number of important
ways in the evaluation of NOx alrcraft effects on stratospheric ozone. ;
# See Duewer, et al., 1976z for detalled discussion of reactlons ;
K12, K14, K18, K13, K20, and K26.

#%The Chang/197U profile was not based on methane profiles or the
chemistry of methane destruction.
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These changes came about due to revisions in "best values" of certaln rate
constants and due to recognition of interaction between chlorine catalytic
cycles and NOx catalytic cycles, and to revisions in Kz profiles, in par-
ticular the Chang/197Y4 profile. To illustrate these effects and to show
computed effects of future fleets, a series of 1-D runs were made at Law-
; rence Livermore Laboratory (September~Qctober, 1976). These results are

i summarized here. The revisions in input data follow,

i B. Chemistry |
A complete listing of "1976 chemistry" as used by Lawrence Livermore !

Laboratory 1s given in Table 3.19. This listing, in general, follows the

"A" chemistry listed before, with revisions in O(lD) reactions (KS’ K6, KlO’

Kyq» K33) and in reactions K;g (HO2 + H02) and K4 (OH + NO, + M); of these,

the last change is the most important, the expressions as used being satils-

factory in the stratosphere, although somewhat too slow in the troposphere 3

(D. Wuebbles, private communication, October 1976). Note that, as in "A" '

chemistry, the critical reactlon OH + H02 -+ H20 + 02 has been asslgned a

rate of 2 x 10"11 cm3/sec. NO3 photolysis was assumed to proceed 66 percent

v in the "do-nothing" cycle (NO2 4+ 0) and 34 percent in the ozone-destroying

g path (NO + 0,).

; } Chlorine chemistry as used by Lawrence Livermore Laboratory is included
] ? in Table 3,19, Note that lmportant interactions occur between the Clox and
the NO, cycles in reactions K45 and K48, Also, K19, which strongly affects
; the calculated OH content, interacts with K20 and K54, with low values of

E K19 reducing the effects of added NOx and increasing the effects of added

N G e
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N i chlorine. d
2 : Perturbation runs made with the above chemistry follow below. However, |
? . for comparison, runs were also made with "partial Widhopf chemistry," which
ﬁ differs from the above by excluding chlorine chemlstry and in choice of : 3
rates for the O(lD) reactions K5, K6, K10, and K33, The Lawrence Livermore f :
Laboratory model assumes instantaneous conversion of CH3 to 2 HOQ + CO as ;
a slmplified substitute for the more complex methane oxidation reactions
used by Widhopf (see Section 3.4.8) and Crutzen (Section 3.4.5) and may well g
f
i

understate ozone production in this process (W. Duewer, private communica-
t. n, September 1976).
In addition, because of still-remaining uncertalnties about chlorine

nitrate, runs are reported below with and without inclusion of chlorine
The rationale i1s that the computed gquantity, and thus significance,

© L AR L e

nitrate.
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TABLE 3.19. LLL 1976 CHEMISTRY: Oy, NO,, and HOy !
Source: Lawrence Livermore Laboratory, Fall 1976 !
€10, Chamistry J.)
Arrhenius !
Rastanastont Aesction A Factort® | -
n Ot hvs0¢0 (1) rn
a 0y + hv+ 040, Qa(2) !
M 0y ¢ hv =+ (') + 0, Qa(s) |
; X D+ 0yt MOy H 1.07 x 1073 axp{sr0/7)
é ke 0+ 0y« 20, 1.9 x 107" anp(-2300/7)
‘ ] NOy # by« NO ¢ O Qu(4)
X Oy + MO+ WOy * O, 9.0 x 10713 exp(-1200/7)
0 0+ NDy + KO+ 0, 10 107
i g0 ¢ by + Ny ¢ 0('0) Qus)
s Hgo ¢ 0('0) < Ny ¢ 0 7% 107" :
X 10 ¢ 0('0) + 200 RN
i NO+hy e N O ()
) No0,+K0e0 1.4 00907 wxpl-180/7)
1] N o NG s Ny ¢ 0 RERLRY 3
Ko 0('0) + Hy0 « 20M 2.1 010710 ;
' ) 0('0) + CHy = OH o CH, 110710 :
: an NNOy + hv + OH ¢ NO, QU7
; e Dy ¢ OH + HOy + 0, 1.6 x 10712 axp(-1000/7) y
E K3 040N 0 ¢ H a2 xeY
: e 0y ¢ Hog + ON + 20, 1.0 x 10713 qupt-1280/7) 1
i e 0+ HOp * OH + 0 RN »
: K14 Nt Dy sMeHDy s 2.00 x 10°3 axp(290/T) )
{ Q7 Dy ¢ H e 0N+ O 1.23 % 10770 axpl-462/1) ;
; K10 WOy ¢ HOp = HyOy ¢ 0y 1.7 x 107" expt-s00/1) ,
! : Ky MO, ¢ OR = HyD + 0y 2.0 x 107"
i K20 ON + WOy # M s HNOy ¢ N u._LJ_p__:Tuj_U_LO[_U__ 3
' 1,166 x 10778 exp{222/T) + N ) ;
: k21 OH + HNOy + Hy0 ¢ NOy 8o x 0™ i
i " Hay ¢ hv + 20H Q(8) i é
- ; K22 Hyhy ¢ O + HyD + KO 170 107" ewp(-n0/m) ;
¢ | k22 Nyt D) A MmO oM 2107 ; |
f E 24 N+ NOp » NgO 8 0 IRERURG , a
4 ; 1] RO+ 0+ NWaNOpoM 3,98 x 10732 exp(940/T) : 4
3 ; K26 NO + MOy + MOy ¢ OH 2.0 1 10°" ; 4
- g K6 My + 010} « 0N + W 2.9 x 10" [ ;
1 xa? OH ¢ OH » HyeO ¢ 0 1.0 0 107" wap(-880/7) § )
: xee N+ 0y NO+ O, 8.7 0000 ' §
\ K2 NOg ¢ Oy + N0y + O 1.2 w1071 axpt-e80/7) i L
§ L) HOy # hv » ON 4 0 LETE)) ;
1 X3 O & CHy » g0 * CHy 238 107" axptanio/t) !
: k8 OH & ON & N o HgOy ¢ M 1.8 x 10737 aup(2e00/T) !
A st Hgdy + 0 » OH ¢ WO 2.8 1 107" e (-0128/T) ;
: an 0 ¢ CHy + ON ¢ CHy 3.8 0 107" exp(-dnbo/T)
¢ K32 €O ¢ OH » H + COy 1401071
4 (TH oty e Mmoo oM 2. 107" enploy/m)
) 9o, N0y + hv s NOp # O 0.0¢
3 "9, o TM0 0 0.0
; - chy ¥ 2 M0y ¢ cO Instantenecus fate

sssuned for CHy

i [, ;
R e « Follows tadle 3.4, |
.éf seln cud/eac for two-body or cl‘lue for thrae-bady reactiens. !
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K34

K3s
| e
| ka7
X8
K39
| K40
| k)
ka2
| K49
K4
Kt
K46
ka7
1)
)
1)
ks)
Ks2
K83
Kud
Kss
K86
K87
K88
Kss
K60
Ks!
Ké2
K83
K4

Kes
Kis
Ke7
[{1]
ké9
K70

TABLE 3.19.
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f
(CONTINUED) ]
!
Arrheniuy ’
Raaction A Factorse
€1+ 0y +€10 +0, 2.97 x 107" anp{-203/1) ;
1 + 0C10 » 2010 5.9 x 1c°) |

€140, 4 NaCloy N
€1+ CHy » HEY + CH,

€1+ €10, + €1y + 0,

€1 + €10, + 2010

€1+ N0+ M s CIND 4 N
€1+ CIND & €1y & WO

C) 4 HOp + M s CINDy ¢ W
€1 ¥ CINDy » €1, + WO,
€10 4 0+ €1 + 0,

NO + €10 « NOp + CI
€10 4 0, + €10, + 0,
€10 + 04 + 0C10 + 0,
€10 + no, ¥ cine,

€10 + €10 + €1 + 010
€10 + €10 » C1, + 0,
€10 ¢ €10 + £1 4 €10,
R + 0('0) « 61 ¢ OH
CI1NDy + HC1 + 0y + HNO,
OH + HC1 » Ha0 ¢ €}

0+ HCY + OH + €1

€10, M+ €1 40, ¢ M
0+ 0610 + €10 + O,

NO + 0C10 » NO, + €10
N+ 0010 + MO ¢ 10

N 40010 + ON + €10
€1+ 0K o HET 4 0

Tl + Hop + HEY + 0,

€1 % HNDy  HCY + KO,
€10, + HOy » HC1 + 20,
€1y + hy » 201

HEY & by + K+ €1

€10, ¢ hv « €10 + 0{'p)
€10 4 by > Gl 40

€10 ¢ by = c1 + of'0)

*

+

*

-

T GIND 4 hy s €1 4 HO

CINOp ¢ hv » C) 4 NDy
0610 ¢ by + €10 + 0('D)
0610 4 hv + €10 4 0
CFyCly 4 by » 261
CFCly ¢ v » 2.8 01
CCly + v+ 200

crety + 0('0) « 26
cryc1, + 0('0) 4 ot

Tl s My e HEL & W

c1 4 "202 + HCY ¢ No,
0 4 CINDy+ C10 + WO,
OH + CHyG1 « HyD ¢ HOy # HE1
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17 0 10733048

5.4 x 10712 exp(-1123/1)
s x 10"

1.4 210712

1.7 110722 axp(Bs3/T)
3.0 x10°1

6.9 % 103 exp(2n1e/1)
3.0 x 10712

3.30 x 107" ap(ergym)
113 % 107" aup(s200/7)
1.0 x 1072 oxp(-2763/7)
1.0 x 10712 exp(-2763/7)
0.08 » uuo, formation
2.0 x 1072 qup(-2300/T)
2,0 x 10713 exp(-1260/T)
2 x 10713 axp(-1260/7)

2 x 10710

0.0

2.0 x 1072 exp(-310/T)
1,78 x 10717 xp(-2273/7)
1.8 1 10°% eup(-4000/T)
8.0 x 10°1?

3.4 x10°"3

6.0 x 10712

8.7 x 10"

2.0 x 10°'2 qup(-t070/7)
3.0 x 107"

4.0 % 10" exp(-1800/T) ,
3.0 x 10°'? !
Qco(t)
(1218 3}
aca(y)
Qcu(4)
qca(s)
qca(6)
qcu(?)
aci(e) :
0cu(9) !
Qco(10)

acs(1y)

aco(t2)

5.0 x 10710

5.3 % 10710

8.7 x 107" exp(-2400/1)

1.0 x 107" exp(-010/T)

2.1 1 10™"
1.8 x 1071

e e -

exp(-1049 /1)
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of ClONo2 depends on diurnal averaging procedures as well as on the multiple
scattering effects. Results cited with ClONo2 are thought to provide a

best estimate if multiple scattering is not included. The "truth" may lie
between effects computed with and without ClONoz, although ClONOz is

necessarily included in any hest estimate, and diurnal effects are clearly
significant.

C. K, Change

As noted in Section 3.2,1 in discussing Fig. 3.13, analysis of methane
profile data by Dickinson (NAS, 1976a, Appendix B), CFM led to a revision i
of the upper portion of the "old Chang" or Chang/1974 Kz profile, increasing
eddy diffusivity values appreciably in the region above 20 km. In the '"new
Chang" or Chang/1976 profile, the minimum K, occurs at 20 km, whereas the
minimum was at 29 km in the "old Chang" profile. (At 29 km, the new value
18 2.56 x lou cma/sec rather than 3,65 x 103 cmz/sec; at 50 xm, the new
_ value 1s 2.35 x 105 rather than 5.41 x 10".) In addition, the "new Chang"

f profile uses a lower value for tropospheric Kz, 1 x 105 rather than 3 x lO5
[ cmz/sec. The remainder of the profile (10-20C km) was not changed, Further
1 profile data are given in Appendix D of this report (Table D-3).
1

D. Results

& amman wEen

Results obtalned for a varlety of cases are given in Table 3.20. The
following points can be made:

1. Altitude Effects at Constant Injection Rates A series of runs were
made at a constant input rate of 2000 molecules N02/0m3 over a l-km altitude
| layer. As before, this corresponds to 2.46 x 109 kg/yr as N02 into the
5 , global atmosphere, but if assumptions made in CIAP (1974) are utilized, can

f be interpreted as the effects in the flight corridor of a fleet of half the
§ size (about 2000 Conecordes or 3000 advanced subsonics, using NAS, 1975
: figures) operating in the Northern Hemisphere., Effects at different alti-
. . tudes of injection as a function of the background chlorine level in the
; ; stratosphere are shown in Fig, 3.26 for the Chang/1976 K, profile and in
' ’ Fig. 3.27 for the Hunten Kz profile. Results are shown with and without
: ClONO,. Water effects are not included. The chlorine contents correspond
: roughly to current values at about 1 ppb, to a nominal 1990 value at about
2 ppb (assuming minimal further growth or perhaps a cutback in fluorocarbon
production), and to a 4 ppb level, which is probably implausible, representing
continued production at current levels or some growth, at some undefined

time in the future. The same data are plotted in different fashion in Fig.
g > 3.28.

%
P
:
‘i
j
4
]
’%
}
[
;
§
!
b
§
i

=
TR e e e
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i i The results with the Chang/1976 K, profile show slight enhancement
f or very small decreases in the ozone column for subsonic aircraft operating
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TABLE 3.20, OZONE MODELING RESULTS, SHOWING EFFECTS OF K, PROFILE

AND CLX CONTENT

i SOURCE: Lawrence LIvermore Laboratory (LLL), Fall 1976

; Chemistry "

F

E osone Columns (10%% on*?) or 8 Change (+ or -)

§ . With (+) and Without (-) C1ONO,

i i?i?ﬁﬁéﬁ? No, o1x, 102 cqfn‘[19z§ guneog[191“3 Chang/1974
P4 on3 aso ppb.. + 1080, - C1ONO, + C10NO, - C10NO - C1ONO,

' - - 0 8,542 8.2135 7.8266

3 9 2000 0 +0,066 - 10 -

! 13 2000 0 -0.098 .08 -

?I 17 2000 0 -1.147 =4.059 -0,065

: 20 2000 0 -lt,198 -10.636 -2.916 X
- -- a 8.3689(2:92)g,2142(3.02) g g199¢1.19) 4 ggg(1:19) g 5y75(1.32) ;
9 200 ~l -- +0,0085 -- o =. ]
9 2000 a1 +0,011 40,090 0.117 -0.043
13 200 ~l - +0,0097 .- - 2
13 2000 w1 -0,703 +0.099 0.163 +0.057 , \
17 200 Al -0.,063 =0,029 «0.,160 - ! ;
17 600 ~1 -0.194 ~0,096 ~0.794 - : &
17 2000 1 ~0,703 -0.399° ~2.788 ~2.157 +0.108 : ;
20 200 Nl - -0.202 - - - } .
20 2000 ~l -3.259 -2.605 -8.762 -7.841 ~1.289 ! |
- - "2 8.2511(1:93)7 g569(2:0) g gu33(1:98) 5 9154(2.0) |
9 2000 ~2 +0,091 40,108 0.126 +0,143 } 3
13 2000 2 +0.088 +0.216 0.198 +0.283 | 4
17 200 a2 -0.028 +0.030 ~0.103 - j i
17 600 n2 -0.092 +0,079 -0.388 - -":l
17 2000 n2 -0.398 +0,140 -2.333 ~1,167 { g
20 2000 n2 -2,607 -1.420 -8.057 -6.314 !
- - " 8.0125(3:7) 7,u384(4:0) ; §
9 2000 b +0.110 +0,144 ’ ?‘
13 2000 ol +0,242 +0,483 ! ;
17 200 4 +0,045 +0.152 : é
17 600 ~l 40,117 +0.436 ‘ ‘1,
17 2000 i +0.231 +1.201 : 9
20 2000 “ -1.269 +1,029 ]

101x is the sum of active chlorine species (principally €1, €10, HCl, CIONoz).
Vuluou superscripted on total O3 column indicate actual C1X used, where reported.
2-km flight altitude adjustment not included.
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HUNTEN /1974 K, (+2 km )* \ ’

)

e
FLIGHT ALTITUDE, km
>
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: *Flight altitudes for the Hunten K, profile are taken to be 2 km
' below model injection altitude (NAS, 1975) for typical fleets.
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8
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FIGURE 3.28. Data of Figs. 3.26 and 3.27 Replotted. 3

(C20ND, included) - ]
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to 13 km. The Hunten profile shows the same effects, but the 2-km adjust-
ment and the known strong change in effect at 14 km (12 km adjusted) suggests :
that aircraft operating above 12 km might lead to ozone depletion, but more E
runs would be necessary to establish the point.

2, Linearity The question of linearity of effects was studled in a
Beries of runs also with and without ClONO2 at 17-km injection. Results
with CIONO2 are shown in Fig. 3.29. Some curvature appears in the plot, but
it 18 not clear how much of this 1s due to small round-off errors or conver-
gence criteria differences, Based on these data, however, the assumption of
linearity would seem to be acceptable only as a rough approximation, even
for conditions ylelding only a few percent ozone reduction.

A superposition run was made for the following condlitions: ‘ 4
! K, profile: "new Chang" ? %

Background 1 ppb ;
No C1ONO, %

Injection rates: 200 molecules/cm3~sec

P

: Results at each altitude and for the summed injections are as
shown in Table 3.21.

e g o s e,

TABLE 3.21. SUPERPOSITION TEST IN A CHLORINE-CONTAINING ATMOSPHERE

§ (1 pob C1X). EQUAL NO, RATES AT EACH ALTITUDE. OZONE | ;
‘ g CHANGE, PERCENT, ! L
: ' SOURCE: Lawrence Livermore Laboratory, 1976 g §

: Altitude, Ozone Change,* 2 §
; : —km —Percent i 3
) 9 +0.0085 i !
i 13 +0.0097 } ;
: 17 -0.0292 ; !
] 20 -0.2021 ! 3
: Sum -0.2131 (simple addftion) 2 3
é 9,13,17,20 -0.2204 (computed) | !
| i o
é *The final digit is probably not significant. 3
j

The dominance of the value at 20 km precludes firm conclusions, but
linear superposition appears to be a reasonably good assumption, as was the
case without chlorine chemistry (Section 3.4.3).

ERPESIS

X omnit e

3-69

o r——— s memipa e WYL




" +0.5
4 - CHANG /1974 Kz
8 17 km INJECTION 3.7 ppb CAX
g
8
z O v
§ \ P
(¥} \\ j
i % ’\\ 1.93 ppb CAX ,}
D .
1 -l
X 8 0.5 .~.“-_‘ 4 ;
3 w ot TS 1.02 ppb CAX | 4
; z ]
Q
o :
.
| {o
-1.0 . ! i
i 0 400 800 1200 1600 2000 | 3
! 4
; A
! |
! )
; 0 ;
i
§ - »
; | |
§ HUNTEN/1974 K ?
o 17 km INJECTION !
o - g |
2 j
5 ;
z 1.98 ppb CAX !
S -2 !
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FIGURE 3.29. Ozone Change Linearity Tests. C10NOp Included, The curves :
are based on points at 200, 600, and 2000 mol/cm3-sec over ;
1 km at 17 km. :
Data Source: Lawrence Livermore Laboratory, 1976 :
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3. Water Effects The importance of water in a stratosphere polluted
by Cl1X and NOx was suggested by Liu et al., (1976). The paper implied a
considerable sensitivity of ozone depletion results to stratospheric water
vapor content. The point was further studled at Lawrence Livermore Labora-
tory, using conditlons as follows:

Injection rate: 2000 mol/cm3-sec, 1-km global
K, profiles: Chang/1976, Hunten/1974

ClX contents: 1.12 ppb at 40 km (Chang/1976)
1.28 ppb at 40 km (Hunten)

Water multipliers: O, 1, 1.1 (or 1.2), 2, 5
Baseline water content above 14 km: 4.32 ppmv
The chemistry used was "1976" chemistry (Table 3.19)

Results are shown for the '"new Chang" profile in Flg. 3.30a and
for the Hunten profile (without altitude adjustment) in Fig. 3.30b, Results
follow the same general trends as reported by Liu et al., (1976). However,
some interpretation 1s called for.

First of all, the scale of the water multiplier must be noted:. A
five-fold change 1n water vapor would be possible only with very great
positive feedl .ck effects, as very large fleets of SSTs,* at 20 km, even
with residence times corresponding to the Hunten Kz prcfile, would be re-
quired to as much as double the stratcspherlc water content due to alrcraft
water emissions alone; most estimates are for much smaller changes. The
large values used by Liu et al. (1976) were based on an assumed nositive
feedbacn in which a depletion of ozone due to NOx was assumed to lead to an
increase 1In the tropical trepopause cold trap temperature and a corresponding
increase in water content. The most probable effect on the troplcal tropo-
pause temperature is, however, unknown, as effects of NOR’ water vapor, and
sulfates would need to bpe determined in a satisfactory model. If the air-
craft exhaust water vapor effect 1s the dominant c¢limatic effect, the tro-
popause temperature should decrease rather than increase, providing a nega-
tive feedback effect (Manabe-Wetherald, 1967; COMESA, 1976, p. 494), A
strong effect, however, 1s implied, and th'e question needs further study.

The solid lines on Fig. 3.30 show the change in ozone with in-
creased or decreased water in the stratosphere; an Increase in water above

*Using fuel flow per advanced SST as in the NAS study (9.1 x 107
kg/yr), a 1.25 gm/gm water emission index, a residence time

of 5.2 yr (CIAP ROF, p. 19), a hemispgere factor of 1,4, and
stratospherlic water content of 2 x 10 2 kg, a fleet slze of
2400 advanced SSTs 1s required to double stratospheric water

content.
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the normal value (a multiplier of 1.0) decreases ozone. The dashed lines
show the change in ozone due to a specified change in water vapor when {
coupled with a NOx injection of 2000 mol/cm3-sec over 1 km at 17 km. The ;
dotted lines show the change in ozone ressulting from the added Nox, relative ?
to what might be termed a natural stratosphere containing more or less water :
than the normal model atmosphere. Note that crossovers occur (at a multi- '
plier of about 2.5 with Chang/1976 and a multiplier of about 4 with Hunten/1974) f
where the NOx addition does not change the ozone column. If the stratosphere i
is drier than the model atmosphere implies, Nox effects are increased, rela-
tive to those in the model atmosphere. A further interpretation can also be
made using the dashed curve directly 1f an estimate of the change in strato~
spherlc water for a given NOx input rate can be made: Iignoring feedbacks,
the Chang/1976 K, dashed curve should be read at about 1.1 multiplier to ‘
get the combined effect and about 1.3 for the Hunten Kz curve, assuming a f §
water to NOx emission index ratio of 1250/18, Without feedback, the water
effect appears to be rather small.

4, Results (1990-high fleet, modified; no chlorine) The modified 1990
fleet collapsed to 1-D was run by Lawrence Livermore Laboratory without
chlorine species, to be consistent with the Widhopf model runs. Results
were printed out each year until several years showed the same values,

A Results are shown in Fig. 3.31. Note that both Kz profiles show slight ozone

j enhancements, in spite of the presence of an equivalent of about 140 Con-
cordes and Tupolevs operating up to the 18-km to 19~km region. The "partial

: wWidhopf" chemistry described earlier shows slightly smaller net effects. A

; l4-km tropopause was used with the Hunten model; 1.e., a 2-km altitude adjust-

: ment was not made. This correction, if made, might well have put the total
fleet effect with the Hunten Kz profile on the negative side., Note that a
substantlal number of years of operation are required to bring effects near
to equilibrium, particularly with the Hunten Kz profile.

3.4,8 Average 2-D Model Results, "1990 High" Fleet Effects

e —
i S bR
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A. Mndel Description and Tracer Studfes )

Widhopf et al., (1976) have recently summarized progress anhd results f ]

in thelr 2-D time-dependent photochemical model of the atmosphere. This : 4

i model has been under development for several years, first under CIAP and for
ﬁ about the past year under HAPP. The model is briefly described by Widhopf

i as follows: ‘

The atmospherie model solves the time-~dependent species
conservation equations for the tranaient agd spatial vepiation
of the following trace speciea° 0(3p), o(iD), 0,. NO NO,,

_; N0, HNOs, N, OH, HO , H, CHy, and CO in tHe entire’
: meridiongl plane con%inLously throughout the year. A 10-deg
latitudinal and a 1l-km resolution from the surface up to 35 km

RO NPT FH VRt

R R

3-73

A

e I C o L

——r LT
.
t
:
4
-
Y

——T
»




3
i
3
4
g
2
&

¥
.

:
4

Y

e

is uged in the computations. A 2.5-km resolution is used
from 35 to 50 km. Transport by mean meridional circulation
and large scale turbulent eddies is also included by para~
meterization. A second order accurate numerical finite
difference scheme 13 used to solve the system of conser-
vation equations which 1s outlined by Widhopf at the Uth
CIAP Conference, February 4-7, 1975. The reaction system
. and reaction rates used in the model are listed (in Table
» 3.22). This system includes smog chemistry together with
the other important etmospheric reaction cycles. Rain-
out/washout of NOyx, HNO3, and H202 18 included in the
model, whereas the distribution of water vapor 1is prescribed.

0.3 1
¥
¢
o 0.2'-—7
g !
Al
i we A
3 /]
O ]
£
oy
] “: HUNTEN/1974 K_ (14 km TROPOPAUSE, LLL 1976 CHEMISTRY, WITHOUT CZOx)
»” '
|
- N ! | —
\ CHANG /1976 K_, LLL 1976 CHEMISTRY, WITHOUT C{Ox
\__ HANG/TWE K _, "mImAL WIDHCjPF" 1976 cnl MISTRY, wulmour cioa;
o 2 4 é 8 10 12 7] 16 18 2
. : . ; YEARS

1Heig.24.9

FIGURE 3.31. Global Average Ozone Column Changes with Time Following Introduction
of the Modified "1990-High" Fleet NO, Emissions, No Chlorine.
Data Source: Lawrence Livermore Laboratory, 1976
. The smog chemistry referred to by Widhopf in the quotation above
18 the methane oxidation chemistry, as used by Crutzen (see Appendix A)
(reactions RAT through R53), but with certain rate constant changes recom-
mended by D. garvin (private communication, August 1976), in particular

TNNISLT S i

SR

& reactions 44, 46, and 51, for which the Crutzen model values are given in

% Appendix A. The rest of the set, in particular changes made in the important
] reactions 12 and 16, was developed from CIAP (NBS) recommendations and as

g a result of fecommendations by Lawrence Livermore Laboratory.

ﬁt The Widhopf model was developed initlally using diffusion coeffi-

g{ cients as presented by Luther (1973) and the mean meridional winds as
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developed from various sources, including tranaport of particulate radio-
active debris. Widhopf, however, found these data to provide an inadequate

simulation of excess carbon-l4, a gaseous tracer, produced by nuclear weapons
tests, as well as incorrectly predicting ozone at high latitudes. Widhopf
thus modified the transport coefficlents using the data on excess carbon-ll
as a guide, and developed modified coefficients which adequately simulated
the movement of excess carbon-l4 for a 3-year period (with some exceptions

as, e.g., the 9«km to l3-km region at high latitudes), and also provided
better ozone-matching at polar latitudes. Other photochemlically active

tracer species (NO, NOE. HNO3, OH, and CO) were also examined, with a reason-

able match found for model-derived values to the various, rather uncertain,
measurements.,

The model-derived o3 values are compared to measurements in
Flg. 3.32.

The general agreement 1s seen to be quite good.

Widhopf has carrled out two additional tests of the dynamics of his

The first involved the data on tingsten-185 which isotope was
deposited by an explosion at 11° N in the summer of 1958,

been used in a number of studies of stratospheric motion.

model,

This tracer has

Widhopf found his
revised coefficients to give a somewhat better fit to this data than did his
earlier values,

Partliculate settling was not included in these calculations,
The second test involved the behavior of zirconium-95, an isotope deposited

at about 18 km and 40° N by Chinese weapons tests in 1967 and subsequently.
These tests were of particular interest being at mid-latitude (rather than
equatorial, as were the tungsten-185 injections, or polar, as were the bulk
of the excess carbon-14 injections), and at an injection altitude near that

at which mach @ SSTs travel. The zirconium-95 data are treated in a 1-D
sense in Appendix C of this report. These data showed strong difterences
wlth season, with slow removal noted following summer injections and rapid
removal noted following winter injections. The particular case studied (to
date)} by Widhopf was for a summer injection (17 June 1967), using data col-
lected in October 1967 and thereafter. Ir thls case, Widhopf found it

necessary to make a rather large®* allowance for settling of the particulates

in order to match the tracer behavior, as shown in Figs. 3.33 and 3.34, but
the general behavior of the model was good.

®Note that Widhopf used (in Piga. 3,33 snd 3.34) a density of
6.44 gm/cc and a radius of 0.15u. Telegadas and List (1969)
quoted a density of 2 gm/cc and radii ranging from 0.02u to
0.15u. As settling veloclty is proportional to the square of
the radius times the density, the settling veloclty used by

Widhopf (at, say, 20 km) corresponds to a particle of density
2 gm/cc and a radius of 0,27%u.
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b, FIGURE 3.33., Test of Widhopf 2-D Model Dynamics Using Ir-95 Data.

i Total burden vs. time, with and without settling,
ﬂ Particle density of 6.44 gm/cm* assumed

K
: Source: Widhopf, 1976 p
i 4
' i
ﬂ B. Fleet Effects Results ﬁ

The model was run using NOx injections (at constant rates) based on A
A , the modified fleet forecast (1990-high) given in Table 2.33. The model was ;
i run, using an October start, for five model years, extending both the natural

and perturbed atmospheres for comparison, Results are shown in Fig, 3.35 for
the Northern Hemisphere, covering latitudes 20° N to 60° N.

3 i A

An enhancement
in the ozone column was found over the entire hemisphere at all seasons.

Enhancements were found to decrease with increasing latitudes. An apparent
slight downward trend with time suggests the desirability of extending the
- runs for additional years (see Flg. 3.17 describing the MIT results).

The maximum enhancements were found to occur in the fall and minimum
enhancements to occur in late winter or early spring, varying somewhat with
latitude. The average ozone column enhancement at 30° N to 40° N in the
summer period (months 56 to 59) is about 0.8 percent.

e T B 2 D at W Y

e L e e D SRS T e Ly N L

Quantitative results for the Southern Hemisphere are not yet avail-

able (15 November 1976); however, appreciable enhancements were found (Wid-
hopf, private communication, November 1976).

This result is a principal
3 disagreement with the Crutzen model results, which showed little or negative
! effects in the Southern Hemlsphere for subsonic aircraft.
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FIGURE 3.34. Test of Widhopf 2-.D Model Dynamics Using Zr-95 Data, X b
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C. 'Comments

While some disagreement and considerable uncertainty surrounds both
the Crutzen and Widhopf model results, it seems evident that inclusion of
methane oxldation chemistry has a powerful effect on the computed effects of
aircraft fleets. Note that the Widhopf result included the effects of some
142 Concorde-Tupolev aireraft, as well as a large increase in subsonic
traffic (both "present" and "advanced" types) in all cases using emisslon
indices typical of today's engines. The total effect of this fleet, as
computed, 1s an enhancement of the ozone column,

The substantially greater net ozone production in the Widhopt 2-D
results when compared to the Lawrence Livermore Laboratory 1-D results, is
probably due to a number of factors. However, the greater ozone production
by the Widhopf methane oxidation path relative to the simpler path used in
the 1-D results may well have a strong effect, as the net change is a result
of a varlety of production and destruction mechanisms.

« Quite obviously, the above rzsult, as well as the componente which
make up these results, need further study and verification. The uncertainty
range should be determined, using plausible estimates for critical reaction
rates. Chlorine chemistry, N205 (in Widhopf's model), and water a2ffects all
should be included. PFurther studies on the dynamics using all available
tracer data would also be desirable. For example (see Section 3.5), a
"hidden source" of carbon-14, 1f present as suggested by Chang at the Uth CIAP
Conference, February 4-7, 1975, would lead to erroneous model dynamics if
carbon-14 data were used exclusively, but anomalies, and the need for correc-
tlons, should become evident with the use of addltional tracers.
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3.5 LONGITUDINAL DISTRIBUTION QUESTIONS

Results have been described herein from two separate 2-D models which show '
ozone column enhancements due to subsonic aircraft as a functlon of latitude. ‘ .
Inasmuch as these resulta are based on zonal averages in the troposphere (in L”
which zonal uniformity would hardly be expected) as well as on the combinetion
of a tropospheric enhancement with a stratospherlc depletion, a further examina-
tion of the distribution of these effects is necessary. The possibllity might :
exist, for example, that the tropospheric air mass crossing the Pacific might
be cleared of incremental Nox and ozone, leaving the West Coast of the Unlted 3
States exposed only to the effects resulting from a stratospheric depletion. ?

T,

These questions are in detall extremely complex. However, on examining the
model data in connection with some elementary considerations, some useful obser-
vations seem possible.

Data from the Crutzen model runs are shown in Table 3.23. The data are
for 450 N on August 30 after six model years, a time selected for its expected X
relevance to biospheric UV exposure, as noted earlier. The different injection
rates at different altitudes should be noted. In all cases, a depletion 1is
i found above 19.8 km, and in all cases an enhancement is found over the O-km to
1 16.3-km altitude range. If the tropospheric component 1s taken as th:.i portion
to 12.7 km, and complete zonal uniformity is assumed above 12.7 km, 1~ follows
: that & reduction below the tropospheric zonal mean of even 100 percent would not
f lead to a column deficit for 10.8~km and 12,7-km inJections, but any reduction

below the tropospheric zonal mean would result in a deficit for injJections at
14.5 km and above.

i : TABLE 3.23. OZONE COLUMNS AND CHANGES, 45° ON

R e A S
."(.A(‘ "y p'«: A

AT R

S o o)
Rt

s

N

!

q

4

%

1

i ; AUGUST 30, CRUTZEN 2-D MODEL RESULTS §
& : Ozone )
; ‘ Column, Ozone Column Change in Dobson Units in Increment, é
‘ ‘ Naturai With NO, Injections at () km of 109 [] kg/yr !
s : Altitude Atmosphere, j
i : Increment, Dobson (10.8) (12.7) (14.5) (18.0) %
i ; km Unite [ 2.06] [ 0.455] [ 0,455]) [ 0.226] !
: i 19.8-55 233.3 -0.4 -0.3 -0.7 -1.6 3

j 16.3-19.8 43.7 +0.2 +0.1 0 -0.1 é

; 12.7-16.3 18.8 +0.5 +0.3 +0.4 +0.1 3

f 0.2-12.7 32.8 +2.2 +0.5 +0.3 0 ; %

: 0.2-16.3 51.6 +2.7 +0.8 +0.7 +0.1 . i

; 16.3-55 277.0 -0.2 -0.2 -0.7 1.7 i j

£ 0.2-55 328.6 +2.5 +0.6 0 -1.6 g E

: 0.2-55 percent - +0.76 +0.18 0 -0.49 ! ]

¥ ozone change : ’

? : ﬁ
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The above results would seem to indicate that, at least for present sub-
sonics and for the N0-50° N zone, even if the computed zonal mean value 1s
composed of a larger-than-mean increase over regions of heavy air traffic (thz
U.S., the North Atlantic, and Europe), and a smaller-than-meen increase over
the Paciflc, there would still be no region witnin the zone where an enhanced
UV-B dose rate would be expected. The same conclusion wonuld app . to follow
for advanced subsonics (recognizing that the model run at 12.7 km nominal was,
in fact, spread ~ser the 11.8-13.6-km altitude bard) but the "safety margin" is
reduced, For higher-altitude flight, as at 14.5 km and above, depletions would
likely be expected 1n some or all parts of the zone. Some increase in zonal
uniformity might, however, be expected as residence times (particularly above
the tropopause) increase with altitude (see, e.g., Relter, 1975; Bach, 1976).

While zonal nonuniformlty may not lead to regions of enhaiced UV-B with
present and advanced subsonles, it 1s still of some interest to estimate the
degree of nonuniformity that might result. To do so, a nominal upper tropo~
sphere residence time of 30 days 1s adopted as suggested by Newell (1971),
noting that Machta et al,, (1970) quoted a higher figure (90 days). As used
here, the term residence time refers to the time after which 1/e of the mass
of a pulse of precipltation~scavengeable material would remain in the étmosphére.
Resldence tlime would, in fact, vary with season, altitude, and latitude. 1In
order to galn some estimate of zonal uniformity, the time to circle the globe
is needed. Newell (1971) shows zonal east-west wind speeds in the 30° N to
60° N latitude band at altitudes of 9 km to 15 km to be of the order of 10 m/sec
to 35 m/sec, with winter speeds (20 m/sec to 35 m/sec) being roughly twilce those
of summer (10 to 15 m/sec). At, say, 15 m/sec, the time required to circle the
globe 18 22 days. Values of 22 days or so are less than or near the quoted
e-folding time at 10 km so that a circling of the globe would rdsult in only
partial removal of pollutant materials. In fact, the comparison cof minimum
normalized value of pollutant level, which might be, say, 0.52 (baszed on
1-e722/3%) | relative to the peak level, should instead be compared to the mean
zonal value which, with the same numbers would be 0.71 [based on (30/22) x
(1-e'22/30)] rather than the peak value, so that for this set of numbers the
minimum value is only 27 percent below the mean value.

Furthermore, the use of the globe-circling time is probably overly conser-
vative, in that some of the polluted air masses, as from the U.S, and the North
Atlantic, are further polluted in moving over Europe and the Soviet Union.
Thus, the travel time in which no pollutant is added would often or usually be
considerably less than the 22 days used above for illustration. As a result,
zonal effects would be more uniform than indicated.
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The above result 1s based on literature values of upper tropospheric
residence times, which are reasonable for a region in which clouds are few and
precipitation is rare (except in the tropics). It is of interest, however, to
couple in independent cloud spreading data to see whether such data are com-
patible with the quoted times. To do so, we turn to Bauer (1974) who provides
plots of horizontal and vertical spread of clouds with travel time.

For large clouds, which are equivalent conceptually to clouds which have
traveled for a long period, Bauer gives an horizontal eddy diffusivity which
characterizes the further spreading of the order of 5 x 109 cmz/sec. for
vertical spreading, the data are less convincing, but a K of the order of
105 cm /sec, as is often used in 1-D modeling, would seem appropriate.

Glven these eddy diffusivity figures, an estimate can be made of the
] additional horizontal and vertical spreading which would occur after, say, 20
; days additional travel time. The calculation is based on the simple relation-
; ship r2 = 3Kt, where r 1is a characterlstic cloud width, K is eddy diffusivity,
: a 1s a constant with a value of 4 for horizontal spreading or 2 for vertilcal
-{ spreading, and t 1s time. It follows that if thé cloud has an initial dimension
1
{

o e

Ty the corresponding effective 1n1tial time ts is aro/K, and the cloud dimen-
sion at time t, later is simply [ro + aKttll/2 where t, 1s the travel time

4 being considered. It follows that a cloud initially 1000-km wide by 5-km thick
{ would grow to 2200 km in width and 7.9 km in thickness after 22 days of travel.
' The horizontal spreading, of course, removes no pollutant, but the vertleal
spreading, by moving material Into the ralnout region, does. T.e vertical

f apreading in this concept 1s in terms of mixing ratio, which because of in-
creasing density with decreasing altitude, means the center of mass of the
material moves downward. If the 58 percent spread in depth should thereby
result in a 58 percent loss of material in 22 days, an e~folding "residence
time" of 40 days would result. These filgures have but little quantitative
significance, but sorme rough consistency is implied between this approach and
the figurcs (30 to 90 days) quoted from the literature.

In all the above discussion, 1t has been Implicitly assumed that
incremental ozone concentrations are related ilrectly to the incremental NOx
added by aivcraft; processes which remove NOx are assumed Lo also remove excess
ozone. As noted in Secticn 3.1, however, there are controversies in this field,
engendered largely by Chameides and Walker (1973) who argue that methane oxi-
dation provides large local sources of ozon2, particularly at ground level.
These authors argued for a phctochemical lifetime of 10 days at 10 km, photo-
chemical lifetime being the local concentration divided by the local production
rate. These estimates have since been revised; Chameldes and 3vedman (1976)
now qucte 10 days at low altitudes, 100 days at 5 km, and 700 days at 10 km.
Even 8o, thelr results are not in full agreement with earlier results,
suggesting ozone to be largely inert in the upper troposphere, as shown by the
figures in Table 3.24.

v B d e 21l e e A 20 s S T3S i, e TR T ST D P T X e TR

e o, AL M T b

R P kTS L IAOL

3-8

AT TP DT, SN ST S B2 ek 1 7o et e e«

AN e Rt e

VAT L s A < e AR LT T SO Ry L s R T R . I et e

%

- A3

4

.

Py

’

X

R SR

et N




e

s i e

ki wwm&mﬁ:@wmm;',ﬁ.?mﬁmx_:_

TABLE 3.24. OZ0NE REPLAZCEMENT TIMES {(CONCENTRATION/
PRODUCTION RATE) AT 10 KM, 450 N, SPRING
Qzone concentration, mol cm'3 1.6 x 1012 (CIAP Monograph 1,
Fig. 5§-23)
Ozone production rate, withogt 1.0 x 1072 (NAS, 1975
meth?ne reactions, mol-cm- Fig. A-22)
sec”

Ozone production rate from CH,- 8 x 103 {(CIAP Monograph 1,

NO, reactions Fig. 5-26)
Replacement time, without 5 x 105
methane reactions, yr
Replacement time, with methane 6

reactions, yr

Obviously, uncertainties still exist in the tropospheric ozone questilon,

and in the relative ilmportance of photochemistry and transport at various

altitudes in the troposphere. See Fabian (1974), Chameides and Walker (1976),

Chatfleld and Harrison (1976), and Dimitriades et al., (1976), Danielsen and
From the standpoint of the problem at

Mohnen (1976), for further discussion.
cf 10 days, the

hand, however, it should be noted that even a replacement time
shortest figure cited, is far longer than necessary to eliminate any concerns
about significant diurnal effects (i1.e., for example, whether the enhanced ozone
column might not appear until, say, nocon or later, permitting increased ultra-

violet during the morning).
3.6 MODEL VALIDATION ATTEMPTS

3.6.1 Introduction
Demonstration that a gilven model reasonably reproduces certaln observed
charactevristics of the natural at.nosphere, e.g., the distribution of ozone or

other trace specles, 1s never proof that the model will correctly predict the

effect of some hypothesized perturbation., It is thus always of interest to

compare the observed behavior of the atmosphere following some known perturba-~
tion, such as NOx introduced by a nuclear weapons test, to the model predictions

Several val dation efforts merit comment.

3.6.. Excess Carbon-14

It has been noted that methane profile data are not very useful in deter-
Yet, this

mining the critical tropopause reglon portlion of the Kz profile.

rortion, in effect, contrcls the rate at which (in a 1-D model) a pollutant
A consideradble

introduced above the tropopause will leave the stratosphere.
To find which of

variation exlists between the various meodels in this regilon.
these profiles most nearly durlicate the behavior of a gaseous tracer,
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Johnston et al. (1975) turned to published data on excess carbon-ll {as 01“02)

formed In the stratosphere by nuclear weapons tests, largely in the 1958 to
; 1962 period (see NAS, 1975 pp. 1U46-149).

This tracer 1s removed from the
stratosphere more slowly than are particulate tracers; as a gas, however, 1t
h

was argued to be a better simulant for NOx than are partlculates, for which
settling may influence removal rates. Johnston et al.

d e s uartae T SR dpe e e

thus took the available :
. excess carbon-14 data (concentrations at various altitudes and longitudes) k

collapsed 1t along lines parallel to the mean tropopause, and found it to fit
into more extensive proflle data taken at 32° N.

He then took initial conditions R
at varlous times, and studled predictlions of later concentration profiles using

various Kz proflles. He concluded that the Hunten K, profile best represented

the removal of the tracers, most other profiles showilng far too rapld a removal
rate.

L T

A number of questions have been, or can be, ralsed about this data,

its
treatment, and its Iinterpretation.

As a start, the principal contributors to
the atmospheric burden of carbon=14 at the time of Interest were large Soviet

devices exploded at 75° N latitude, in particular one 57-Mt device. No reliable i
lata seem to be available for the helght of cloud formed from such devices; ;
much of the cloud, however, should have gone higher than the maximum sampling :
altitude in northern latitudes of 20 km. (Seitz et al., 1968, give 20 km to

30 km as the cloud height spread fo: a 30-Mt USSR test.) Chang (1975) has
argued that an unsampled reservolr of excess carbon-lli was "feeding" the region
at 30° N, although Johnston argues that he sees no evidence for 1t. The
suitability of carbon~-1ll, which 1s not removed by precipitation in the tropo-
sphere, as a tracer to simulate a scavengeable tracer has also been questioned;
COMESA, e.g., argues that each tracer has in effect its own Kz profile.

Mahlman (1975) also dlscusses the issue, showlng that lack of a sink in the

troposphere does have some effect on apparent Kz's, but more modeling work was
needed to clarify the effect as a function of time.

ot R A S AU

The Johnston argument 1is
that mixing ratios in the troposphere were too small during the study period
to slignificantly affect the back transport.

and the confounding of date by earller tests,

g S PN R R

e et et T o i T R TN R

The total amount of carbon-14,

i1s also at question. This 1is
shown by Flg. 3.36, which shows the amount of carbon-18 which should have been

formed, according to iccepted estimating procedures, and the amount measured.

Note, in particular, that the sum of the 1961 and 1962 inputs seem to be
inconsistent with the measured amount in 1963.

Note also that earlier tests
also contributed to the burden for many years, as material 1s cycled into the
troposphere and returned to the stratosphere.

oo it SR R A S

e e AU TR A R e TR T

The effective residence time
for carbon-14 increases with time, as shown by Telegadas (1971, Fig. 3.37).

The perilod selected for study affects the results achleved.

The data and
analysls alsco show somewhat anomalous behavior.

Thus (see Fig. 3.38), in
7. January 1964, the data show the Hunten model to slightly underpredict the
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rate but, nevertheless, to be the best of all shown; the January 1965 data
(Fig. 3.392) show serious unprediction by the Hunten model. The later data
(eight years after the tests, Fig. 3.40) actually show the Hunten model to

: overpredict the rate of removal, a fact probably related to the general return
} to the stratosphere of material removed earlier.

s o B s i i it on s

% EXCESS CARBON-I4 EIGHT YEARS AFTER END OF 1961-62 NUCLEAR BOMB TEST SERIES
; {Initial Condition For Calculations, Jon. 1965; Observations, Nov. 1970}
;: T r \ L ! T LS T T “"-\\ AJ
; \\\ ¢ ' |
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'] : 33777 : 9

§ i FIGURE 3.40. Tests of Various K; Profiles Using Data on Excess Carbon-14,
Period: eight years after tests.
Source: Johnston, Kattenhorn, and Whitten, 1975

bl

% The treatment of the data and the interpretation of the results also

@! ) merit some comment. Thus, in order to obtain a representation for an effective

\J : global gradient, applicable to a glcbal average profile, Johnston corrected each
1ﬁ ; time period for "leakage" to the Southern Hemisphere. The problem being solved

il : thus seems more applicable to a unif rmly polluted global stratosphere, with 3
the same concentratlon profile at all latitudes, than %o an aircraft source in
i) a rather narrow latitude band. 1In reality, as shown by Mahlman (1972) and

ﬁ- others, localized alreraft sources, at steady-state, create strong local gradi-
g: ents which presumably increase the rate of transport. Chang [private communi-
% cation (1976)] has argued that his 1s a mid-latitude model, so there appear to

AT A T A i 0 AL o i S U e A 2 R

be conceptual differences involved. Also, as lesser points, 48 noted earlier,
the Hunten profille was later adjusted by 2 km for use in the airecraft problem,
whereas none of the other profiies have been. And Johnston et al., (1975)
adjusted the data at 40° by 1 km rather than 2 kin as recommended by Hunten;
however, most SST traffic at least would be farther north\fhan\§0° in any event,
80 this adjustment, 1f acceptable in concept, would seem to be QBE?opnggﬁe.

. e e o b

L ]

In our view, none of the questions about carbon-1ld as a tracer preclude™ ..
its use to provide what may be a conservative estimate of the rate of transport
between the stratosphere and the troposphere. However, 1in view of the fazt
that the data are 2-D in character, and that transport does take place between
hemispheres and back and forth between the troposphere and the stratosphere,
the data can best be utilized in a 2-D model. ix
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3.6.3 HTO Transport

Mason and Ostlund (1976) have discussed remnval of water vapor from the
stratosphere, using tritium oxides as a tracer. These data do not appear to
have been glven the extensive anaiysis which has been given to the excess
carbon-14 data, but are of interest as a precipitation-scavengeable gaseous
tracer, more analogous to NOx than excess carbon-1ld. The data indicate an
e-folding time of water vapor in the lower stratosphere (10-18 km) of 2 ¢ 0.2
years. In Mason and Ustlund's analysis, an eddy diffusivity of 3.45 x 10 cmz/
sec at 40° N war used with a 10-km tropopause, implying much more rapid trans-
port than does the much lower Hunten tropopause value (2.3 x 103 cmz/sec at
14 xm) which Johnston et al., (1975) argue to be supported by the carbon-14 data.

Note also that Newell (1971) quotes mean resldence times for carbon-14
and tritium as 3.3 and 3.5 years, respectively, citing L. Machta (private
communication, 1970) and Gulliksen (1970). He notes that these times are longer
than those for particulaftes, which he quotes as 1-1/2 to 2 years in the region
below 25 km,

These various data appear to be worthy of further examination.

3.6.4 Zirconjum-95

A brief study of downward transport in the region of prime alrcraft traffic
was carried out in this work (see Appendix C), using data from the Chinese
weapons tests, which took place at 40° N and 90° E. These data seemed to more
closely simulate the aircraft problem than earller tests, which took place
mostly in the troplcs or at 75° N. Debris from the tests was initlally emplaced
at about 18 km; the tracer was zirconium-95. The Chinese tests were carried out
at several seasons. Summer injections and winter injections were found to
behave quite ditferently, with material injected in the summer belng retained
until the following winter, whereas winter injections began to come out imme-
diately. The analysis used a time-dependent diffusion model. The technlque
usea was to determine an effective K, between the altitude of injection and the
tropopause, based on known global removal rates from the stratosphere, followed
by calculation of an injection coefficient and resldence time for continuous
irjection. An approximate correction was included for settling. The analysls
showed that the mean effective Kz is strongly dependent on assumed tropopause
height, which in this reglion is highly variable. However, because the mean
KZ and the distance between the injection altitude and the tropopause are
coupled together, it was found that the injection coefficient and the resulting
residence time for continuous injection were not strongly affected by varlations
in assumed tropopause height.

Results, which are applicable only to 18-km injections in midlatitudes, are
shown 1n Table 3-25, with comparison to values calculated for other profilles:
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TABLE 3.25. COMPARISON OF INJECTION COFFFICIENTS AND RESIDENCE
TIMES DERIVED FROM Zr-95 DATA WITH THOSE
CALCULATED USING VARIOUS K, PROFILES

\

i Injection coefficient tR'

| Source 10717 cmb-sec yr_

! This analysis

| K, = 1 x 10% (11-kn tropopause) 1.77 1.52

% Kz = 5 x 103 (14-km tropopause) 2.37 1.78

i Kz = 1.75 x 104 (11-km tropopause) 1.04 0.95

! Kz 7 x 103 (14-km tropopause) 1.73 1.33

é Chang/1974 (18 km) 1.71 1.42

J Chang/1976 (18 km) 1.76 1.58

: Hunten/1974 (18 km) 4.60 3.55
Hunten/1974 + (18 km, latitude adjusted) 5.19 4,61
Wofsy/1975 (18 km) 3.21 2.57

This analysis suggested that the Hunten Kz profile, with or without the é

2~km latitude adjustment, glves excessive residence times and injJection coeffi- i
clents. The results are in agreement with those computed using the Chang/1974 1
or Chang/1976 profiles and do not seem to be inconsistent with the Mason and ;

@ Ostlund data (1976) on tritium oxides, described earlier,.

A preliminary attempt was made to use the same model using the C-1ll ;
data. However, uncertaintles, particularly in initlial injectlon heights and
burden, in the proper way to handle highly varying seasonal behavior, and in
the proper period to be used made the effort guestionable. A further examination

. of the data may, however, be useful in putting some upper and lower bounds on
the estimates.

3.6.5 2-D and 3-D Model Studies and the 2-km Adjustment Question in the
Hunten 1-D Model

N o P e

While the testing of a model with anotner model is objectlonable in
prineiple, it 1s of interest to compare results from models of higher dimension-
ality to those from the 1-D models. 1In particular, the 2-km adjustment recom-
mended by Hunten for midlatitude flight merits attention, because it has a
powerful effect (6-fold by formula) on computed ozone changes for fligat at
12 km, 1.e., for present and advanced subsonics.

e st b 2 D s A5, 2

b m— et Cotts et

Based on results from his 3-D model, Mahlman (private communication, 1975)
has estimated the residence time (burden/flux at steady state) for a precipitation
scavengeable tracer continuously injected at 20 km and 30° N as 16 months (1.3 yr).
The Hunten Kz profile gives 4.6 years for the same injection altitude; the Chang/
1974 profile gilves abocut 2.0 years at the same altitude.
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Using their 2-D pure diffusive transport model,
tion, 1976) feund that for continuous injectiecn of a precipits*ion-scavengeable
tracer at 11 km to 13 km in the 40° N te 50° N band, the -.sldence time (burden/ :
flux at steady state) corresponded to 0.25 yr. Th~ .unten profilas, with a fx

2-km upward adjustment on the injection, taki.ig an average according to
(RLB + 2Ry + Rls)
T

Machta (private communica-

glves 0.71 years. Without the 2-km adjustment,
(R11 + 2R,, + R

12 * RByg)
q

glves 0.37 yr. The difference 1s due to ralsing the

injection across the model tropopause with the 2-km adjustment. The Chang
profile, on the same basls, gives 0.27 yr.

Ozune depletion modeling efforts by the MIT group have already been de- 5 3
scribed for 20-km injectlions at 10° N and 45° N (Section 3.4.1). On a global ; §

average basls, the effects were glightly greater at 10° N than at NSO N (12.5
percent versus 11.9 percent).

e e et e e
IR

The Northern Hemisphere value was slightly : %
larger, however, with 45° N injection (16.1 percent versus 15.5 percent). The , 4
depletion value (which might be taken as the "corridor" value) at 45° N, ‘

however, was conslderably larger for U5° N than for 10° N injection (20 percent
X versus 13 percent) (See Table 3.9).

: The NASA-Ames results (see Section 3.2.5) gave ozone depletions which were
L insensltive to the latitude of injJection, over the 30o N to 60° N region.

| The MIT results can be argued to support the philosophical basls for the 3
: } adJustment in flight altitude with latitude in the Hunten 1-D model 1f the
computed depletlion 1s taken to be applicable to the region of heavy traffiec.
The data would not support the adjustment if computed depletions by the Hunten
model are taken to apply to hemispheric average depletions.

Dickinson (NAS, 1976a p. B-10), working the methane-inver‘sion—to-xz problem,
used a mathematical coordinate transformation such that the reglon from the local

tropopause to 20 km 1s linearly stretched into the assigned mean tropopause (15
i km, his case) to 20-km region.

o AN AT R Tl

If his procedure were applied to the aircraft
problem and to the Hunten Kz profile, there would te no adjustment for flight

; at 20 km, an adjustment to 14 km for all flight at (above) the tropopause

:. (whether the tropopause 1s 17 km or 8 km), and linear transformation in between,
§ i.e., flight at the half-way altitude between the tropopause and 20 km would be
e assigned to 17 km, halfway between the llU-km Hunten tropopause and 20 km.

é . Flight at 17 km in midflagitudes, taking the mean tropopause at 12 km, would be
s assigned to 14 + g (6) or 17.75 km, rather than 18 km as it would with the

E ; Hunten approach. Flight below the tropopause could be similarly transformed

¥ . between the surface and tropopause levels, but would stay below the tropopause.
% ; Thils approach weuld appear to be preferable if adjustments of thls type are to
és

X

F

e T T AR ¢ - e’ I SOl I &

T A e R IBanAB

‘ be attempted.
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3.6.6 Nuclear Weapons Tests--Injection of NO_

In principle, nuclear weapons tests should provide excellent tests of the
NOx—O3 theories, in that very large quantities of NOx (perhaps 1.5 million
tons during the period 1958-62) were injected lnto the stratosphere by such
tests., The first authors to railse this polnt were Foley and Ruderman (1972);
the issue has subsequently been examined by Johnston, Whitten and Birks (1973),
by Bauer and Gilmore (1975), by the NAS (pp. 158-159), ny COMESA (1975), and by
COVOsS* (Bertin et al., 1976). Model results, using the Chang/1974 K, profile
were presented in the NAS (1975) report; an average depletion of 4 percent wus
computed by Chang for the year 1963; decreasing to about 1 percent by 1967.
The peak depletion, however, as discussed below, was computed at about 5 percent
(Duewer, private communication, 1976). The question of whether or not the
effects were or should have bezn noticeable or detectable has been argued at
length. The NAS (1975) report (p. 159) suggests the tests were responsible
for a "missing rise" in ozone, which should have occurred due to effects
assocliated with sunspot cycles at about that time. (See Wig. 3.4 this report.)
Ellsaesser (private communication, 1976) finds alternative explanations related
to sudden stratospheric warmings. Johnston (1976a abstract) suggests that there
i1s an 1Initial ozone production by nuclear weapons explosions and the time
required for the initlal ozone production to be removed 1s substantial. He
concludes that an initial enhancement of ozone, as observed followlng a 2-Mt
test at 15° S, 1s compatible with the theory. The shori-term effects with
larger weapons, which rise to altitudes where photochemical equillbrium 1s
reached more rapidly, would appear to need additional examination.

As noted earlier, NAS (1975) accepted the Chang results in discussing the
effects of bomb-~injected NOx on ozone, hut rejected the Chang model in deter-
mining aircraft effects. To explore this matter further, the problem was rerun
at Lawrence Livermore Laboratory using the Hunten/1975 Kz profile, as well as
with the Chang/1974 and Chang/1976 Kz profiles, and with revised chemistry and
NO production rates per megaton. It was found (Duewer, private communication,
1976) that the peak depletione with the Chang/1976 profile and the Hunten profile
were similar; furthermore, presumably because of the lower Kz values near 30 km
with Chang/1974 than in the Hunten model, the rates of recovery were not greatly
different, The Chang/1976 profile showed greater ozone destructlon effects for
injections near 30 km, and rapld recovery, but with the LLL 1976 chemistry and
NO/megaton estimates, the peak effects were similar to those computed earlier.
More analysis of these results may be deslrable, as 1s the carrying out of the
same computations with a 2-D model. A 2-D seasonally varying model would allow
for the great varilabillity in dynamlcs and effects between tropical and far north
injectlons at different seasons, and would provide better predictions as to
where and when effects should have been maximized.

#Received too late for discussion and intercomparison herein.
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The COMESA report also discusses the bomb tests at some length. They find

that the bomb tests, according to their calculations, should have produced about
a 1 percent decrease, much smaller than that given in the NAS report. They then
argue that since this could not be detected, the effects of over 1000 Concordes
would be similarly undetectable. (The detectability question is in need of
careful definition.) A considerable difference exists between the detectability
of a pulsed event, a long-term slow change as fleets or halocarbons build-up
with time, and a more-or-less abrupt change should a step-function fleet be
imposed and operated concinuously. See Appendix G for further discussion.

3.6.7 Solar Proton Events, Polar Cap Absorption (PCA) Effects

The solar proton event of August 1972 was an unuuually large one which
produced, according to Crutzen, (1975) some 6 x 10 15 mol/cm2 of NO, mostly
above 60° geomagnetic latitude. Assuming, as does Crutzen et al. (1975), that
this flux was produced over one-sixth the earth's surface, the total number of
NO molecules was of the order of 5 x 1033 molecules, or equivalent on a global
basis to the NO introduced by detonation of some 50 to 300 Mt of nuclear bombs,
depending on the value used for NO molecules/Mt. [The smaller yield would
result from the value used by Bauer and Gilmore (1975) of 1 x 1032 molecules
NO/Mt. The larger velue corresponds to 0,17 x 1032 molecules of NO/Mt, the
lower value suggested by Johnston et al., 1973]. Most of this NO was produced
at high altitudes, with the maximum (in mol/cm3) being in the 40 km to 50 km
region. Crutzen (1975) proposed that this event be used as a validation test
for photochemical models, and in a sutsequent paper, Heath, Krueger, and
Crutzen (1975) compared ozone measurements with model prediction. The record
showed a dramatic change above 4 mbar (38 km) at 75° N to 80° N following the
event, the ozone column dropping about 2 mbar out of 13 mbar, in reasonable
agreement with model predictions. This was taken to be confirmation of the
chemical scheme, in regions where photochemical equilibrium prevails. The
change at lower levels, where the ozone column was greatest, would obviously be
less easy to detect, as the absolute change of 2 mbar was nearly 20 percent of
the total above U mbar; the percentage changes on the ozone column above the
surface, however, would be much less. Further analysis will be necessary to
see whether the NO effects can be traced to lower altitudes and latitudes as a
function of timed (It might be possible, using a 2-D model and careful
observation, to exclude certaln sets of chemistry and dynamics as leading to
predicted effects outside the uncertainty bounds on those olserved.)

An earlier event, with energy deposited at higher altitudes (54 lm to 67 km),

where the HOx eycle, rather than the NOx cycle as above, is thought to control
ozone, demonstrated the effects of increased HOx on ozone [Crutzen, private
communication (1976)].

¥Phnotolytic destruction of NO may be important in this case. Such destruction

is definitely important in the case Jdiscussed in the mesosphere (following
paragraph).
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Zinn and Sutherland (1975) point out that four large solar flares occurred
in May-July 1959, each producing 5Ax 1015 mol/cm2 NO above 65° for a total some
2.5 times that of the August 1972 event. These authors state that these four
together should have produced about a 1 percent decrease in 03 inventory.
Obviously, any detailed modeling efforts studying bomb effects in 1958 to 1962
should include the solar proton events.

Two points should be noted about the PCA work. First, detection of the
effect was made vastly simpler by coupling model predictions about where and
when the effect should be sought with observations; detection would have been
much more difficult from total ozone column measurements. This point 1s in
line with the discussion in Appendix G. A second point is that the solar proton
events deposit NO, in a different altitude and latitude region than do aircraft
sources, Alrcraft effects involve questions of.transport to these altltudes
and the chemistry in a considerably lower region of the atmosphere.

3.7 A SUMMING UP

It 1s evident from the preceding sections that large uncertainty bars must
be put on aﬁy estimate of ozone change due to aircraft operation. An array of
estimates results from considering various chemistries, various kinetics (thermal
rate coefficients), and various dynamics, as illustrated in Fig. 3.41, which
figure does not include chlorine chemistry or uncertainties therein. Other
aspects of such modeling exercises involve large further uncertainties--feedback
effects, thermal effects, photolysis rates, radiation phenomena, and the finer
points of the chemistry, including actlvation energies, quantum ylelds,
absorption cross sectlion reaction paths, etc. And, to return to basics, the
NOx emission indices still involve the unresolved discrepancy between in-situ
UV absorption methods and direct sampling techniques (see Table 2.16, Chapter 2).

Although necessary, statements of uncertainty are inherently unsatisfactory.
Of more value, perhaps, 1s a discussion of apparent trends in results, as work
has progressed, operating on the assumption that continuing work and more
detailled examination of the various phenomena lead to more nearly correct

results. On this basis, the data in the previous section can be argued to show
the following:

1. For subsonic aircraft, inclusion of the methane oxidation reactions
has completely alteréd the CIAP (197U4) and NAS (1975) plcture of the
effects of this class of aircraft on the ozone column. However,
uncertaintles in these reactions have not been explored, The methane
oxidation reaction {like much of the stratospheric chemistry) 1s not
adequately understood, and tropospheric dynamics and tropospheric
stratospheric interghange processes are exceedingly complex and
difficult to model.n\REVErthglgfs, present computational results do

T~
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FIGURE 3.41. Ozone Change Estimates by Various Models Illustrating Uncertainties 3

Due to Chemistry and Dynamics. The NOy injection rate at each g

altitude is constant at 2000 mol/cm3-sec over 1 km, or 1.23 x 109 i

kg (as NOp)/year if assumed in one hemisphere. Chlorine chemistry A

is not included. Procedures as used in CIAP, 1974, have been used !

to compare 1-D &nd 2-D models by taking midlatitude "corridor" 3

effects to be the same as glisbal effects at half the rate. The 4

flunten/1974(+2) result 1s for model injection at 17 km, which is E

argued to apply to flight (in midlatitude) at 15 km, Linearity b

has been assumed where necessary. :
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suggest that subsonic aircraft, particularly tlhose typical of the bulk
of today's fleets, increase rather than decrease the ozone column, at
least in the hemlsphere in which they are operating. TFor the so-called
advanced subsonics, such as the TU47SP (which, in fact, 1s 3 operation
now), the plcture 1s less sure, for these aircraft will spe.d a greater
fraction of their cruise time 1n the stratosphere than do the shorter-
range alrcraft; the advanced subsonics may increase the ozone column
very slightly, but there may be areas wherein the latitudinal zone
where slight depleticns may occur. A dlscrepancy exlsts between the
Crutzen and Widhopf 2-D model results for subsonlc aircraft, in that
one model shows ozone enhancement in the Sout.aern demisphere and the
other shows very slight depletions.

Other 1mportant polnts should be noted abou% subsonic ailrcraft, their
NOx emissions, and their injectlon altitudes relative to the tropopause.
It was noted in Section 2 that a number of assumptions made in the CIAP
subsonic fleet computations seem to be in error, in particular, the
flight altitude v-.sus ran.= assumptlon, which, when coupled with the
3-km resolution emplcyed, put a substantial fraction (approximately

25 percent) of the subsonic emissions at 13.5=km altitucde (44,28u ft),
an erroneous result. Thils fraction, belng based largely on distances
Letween cltles, was nearly invariant with time. Tials approach,

coupled with the NAS recommendation that 2 km should be added to actual
flight altituc¢ . for mid-latitude operation in using the NAS model, put
a substantial portion of subsonic aircraft as well as "advanced"
subsonics (like the T747SP) contlnucusly above the model tropopause at
14 km. Such subsonlc aircraft are, in fact, above the tiopopause only
a porticn of the time, the fraction depending on the route. Growth
rates in CIAP were also assumed to be substantial, (i4.15-fold from

1970 to 1990). Using "IAP figures for the expected fleet in 1990
(Table 2.9) and the NAS mo-“el (see p. 2°¢, NAS), one would estimate

an ozone depletion of

15.3 x 107

x 0.16, or 0.94%
2.6 x 10

by 1990, due to high-altitude subsonics; the corrasponding CIAP
estimates (see p. xvi, ROW) would be

A9
li'—3—"—*—°-g x 0.079 or 0.60% depletion,
2.0 x 10 —_—

Relan

Bt £ A bl A T A £

[EEVP

e A A s ey e P

R

3
2

IR RS & WO

.




e

oy

N T o R L A R L Ay L T Py o SRS Kt TN T A

both results exceeding the tentative FAA 0.5 percent guldeline. If,
however, the SRI/ADL forecast, with 1ts subsonlc altitude distribu-
tions, are taken with the "high" 1990 projections (Table 2.26), the
Crutzen model results (Table 3.15), using an average of the level
10 and 11 results, would give an estimate for the high-altitude
portion of the subsonic fleet without controls at N5° N and August
30, as follows:

L5 x 106
0.455 x 10° u
For lower-altitude subsonics, computed enhancements are greater. These

L~

0.183 + 0
2

; or 0.009% erhancement.

s

results must, of course, be consldered tentatlive for reasons already
discussed and summarized below.

For supersonic aircraft operating at 17 km to 20 km, the results of

all studies to date, except those with highly improbable combinations
of thermal reaction rates, indicate depletions of the ozone column.

The magnitude of the resulting effects for any given number of alrcraft
is, however, 1n considerable doubt, as evidenced by the horizontal bars
in Fig. 3.41. Again, however, if the trends are examined, there
appears to be some reason to bellieve the effects of such aireraft

NO, emissions (for a specified fleet) are smaller than indicated in
NAS or CIAP. These effects are summarized in Table 3.26.

The computed smaller effects, with more recent calculations, as
1llustrated in Table 3.26, result primarily from revisions in certain
key reactlon rates, primarily the OH + HO2 reaction, plus certain
other effects resulting from a simplified methane-oxidation (ozone-
forming) path and from inclusion of chlorine chemistry. It must be
cautioned, however, that the revised reaction rates used in the

LLL 1976 chemistry are based only on cacreful examination of limited
data, in which data on individual reasctions rather than on ratios of
reaction rates were emphasized. Other groups analyzing the same
limited data could well settle on different estimates of the most
probable rate of values. 1In any event, no amount of analysis can
substitute for new and careful measurements Further changes 1n these
estimates may be expected, particularly as new data are obtained.

Resilts equivalent to those given in Table 3.26 are not available for
2-D mordels. Note, howevei, that the Crutzen 2-D model, with distri-
buted emissions from a fleet at 17 km (see Fig. 3.25) would, assu. -ing
linearlty, giva + "th 1.0 Mt/yr NOx injectlon, about 1.8 x 1.5 or 2.7
percent ozone depletion at HSO N on August 30. The Cunnold-Alyea
results fc  summer season (Fig. 3.16), however, give about 10 percent
depletior for a 17-km injection. The differences undoubtedly lie in
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different chemistries (the Crutzen model being more complete, and
including methane oxidation and N205, for example) and probably in
different dynamics, but are obviously not fully resolved.

e e

TABLE 3.26. CHANGES IN COMPUTED OZONE
DEPLETION RESULTS FOR SSTs

! Global average values 2 Hemisphere values >
é NO, fnput = 2.46 x 10° kg/yr NO, = 1.23 x 10° kg/yr
i Chang/1974 K, Chang/1976 K, Hunten/1975 K, ;
£
G
f Injection altitude, km 17 20 U7 20 17(15) 2 20(18) 2
g CIAP ROF, 1974 -5.1  -10.6 - - -16 ¢ 23 4 '
4 NAS, 1975 - - - - -8.97 -17.4 :
4 Revised OH + H0z, in-  ,-1.75 -5.21 - - -6.68 -
o clusion of CHa oxidation : \ :
g LLL chemistry, 1976, no -0.065 -2.92 -1.15 -4.20 -4.06 -10.64 1 3
£ X .
e LLL chemistry, 1976, 1 - - -0.70 -3.26 -2.79 -8.76 3
¢ ppb C1X 9 i
i LLL chemisgry, 1976 - - -0.40  -2.61 -2.33° -8.06 ;
ég 2 ppb CIX i
b ;
= ! Most of these results are from calculations made at Lawrence Livermore 3
i Laboratory. 3
: 2 Thg calculations at LLL were made with a global injection rate of 2.46 x 4
;- 107 kg/yr NO2 at 17 to 20 km model altitude. The results may be interpreted 1
4 by the Hunten Model according to NAS, 1975 as a hemispheric value at half this ‘
i injection rate for a mid-latitude fleet 2 km lower than the model injection !
;f : altitude, i.e., at the altitude shown in parentheses. f
éf ' 3 Approximate, A simpliified methane oxidation pathway is fncluded. For {1lus- | j

tration here, the pathway NOg + NO + 02 is used. See Table 3.17 for further ; 4
3 data. (Duewer, et al., 1976b) : :
;‘ 4 The Chang computational model, with CIAP chemistry, gives higher depletions i b
", :;gh the Hunten K; profile than does the NAS formula. See Fig. A.38, p. 145, : 3

5 Includes C10N02 in a manner which may overestimate NO, effects. See Section :
. . :

6 1 ppb C1X may be a reasonably correct present value; 2 ppb might be a 1990 value.

Questions about dynamics, particularly near the tropopause, are still j
serious and unresolved, as indicated by the large differences between the :
results using the Chang (1974 or 1976) and Hunten/1974 K, profiles. The Chang 5
profiles reasonably match particulate data and the Hunten/197u profile
reasonably matches gaseous carbon-1l4 data. Both sets of tracers involve imper-
fect data, so that the questions cannot be resolved unambiguously. The Hﬁnten/

1974 Kz profile may, nevertheless, be somewhat extreme; the Wofsy/1975 profile
(Fig. 3) which 1s of the same form, was developed after the Hunten/1974 profile

i A s i o s

was developed and shows somewhat lesser effects. (See Table 3,18.)
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The latitudinal adjustment of alrcraft altitudes in o 1-D medel td compen-
sate for changes in tropopause height as recommended in NAS (1975), merits a
brief further comment. Where the adjustment artificially puts alrcraft
continuously above the tropopause, whereas it is known that the aircraft spend
a significant portion of the yearly flight time below the tropopause, the
i adjustment 1s clearly incorrect. At SST flight altitudes (17-20 km), the
correction 1s 1n the proper directlon if the so-computed depletions are taken :
to apply to the latitudes of heavy flight, but, based on limited 2-D results, §
the correction does not seem to be appropriate if results are to be treated as ‘
hemispheric averages. Alternative transformations of the altitude coordinates
with latitude (tropopause helght) as used by Dickinson (NAS, 1976a; see Section '
3.6.5) might be preferable. In any event, such arguable correctilons obviously :
become unnecessary 1f 2-D models are employed.
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The above comments need to be viewed in terms of a progress report on ;
complex problems. Much additlonal study, analysis, and data-taking will be 3
necessary before understanding of these processes can be consldered adequate.

& e g o Y,

A partial list of problems needing attention on 2-D models is included at .
the end of-Appendix A. i ﬁ
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4, POTENTIAL EFFECTS ON MEAN SURFACE TEMPERATURE

4.1 INTRODUCTION

In this section, the possible effects that high-altitude aircraft exhaust
may have on mean surface temperature are discussed and applied to a postulated
SST f'leet. The extreme limitatlons in current understanding of what causes
changes in climate, and thus in our ability to predict such changes, are
recognized. Nevertheless, if a reasonable probability exists that some activity
may affect climate, 1t 1s only prudent to make a best estimate with avallable

knowledge of the magnitude and sign of the effect, along with estimates of

the uncertainties involved. This 1s done here, using various climate model

results developed elsewhere, primarily in CIAP. The COMESA efforts are also
reviewed, as are NAS (1975) views on the uubject.

A number of climate-modeling a'. ¢+ n:3 are noted in the following material,
but the application studlies will te C: »gely on 1-D models. This is not
because of any preference for such mod t is rather because more "usable"
results are avallable from such models = .2 present time. Discussion will be
limited to mean temperature effects au. .ceu.y~-state,”" by which is meant effects
resulting after a decade or more of continued operations at some constant rate.
Time-dependent effects, which add uncertalnty to the already severe uncertalnties
implied with steady-state effects, are discussed in Appendix F, wherein the type

of time-dependent information that modelers may eventually be asked to provide
1s 1llustrated.

Before proceeding further, it i3 important to note that climate modeling of
aircraft effects has not been given nearly the emphasis that has been given to
the ozone-depletion problam. A single effect -~ that of the sulfate aerosols =-

was emphasized in CIAP studles; other effects, those from ozone depletion and
N02 and water addition, were treated briefly.
are available.
the

Furthermore, few post-CIAP results
Those that are, and which are mostly qualitative and related to
recognition of the importance of the altitude distcibution of aircraft-
related perturbations (R.E. Dickinson, 1976; V. Ramanathan, 1977, private commu~
nication), tend to cast doubt on earlier treatments. Thus, quantitative

#Indeed, in our opinion, in order to account for known latitudinal and
altitude distribution of scurces, and to include possible feedback
effects (as on the tropical tropopause temperature) higher-dimension
models, including some chemlstry, are mandatory. Ultimately, ozone-
depletlon models and climate models may, 1 fact, converge.
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e8timates given in the following treatment must necessarily be viewed with consid- :
erable reserve., However, the rasults to be discussed have involved significant
research effort, and are belleved to be the best general set of results avallable
for application at this time. if

As noted earlier, application studies here rely heavily on results generated ;
or included in CIAP. However, an important departure is made from CIAP tech~ i
niques (as described in the Heport of Findings, Appendix B), in that a correction ;
for sedimentation is made in the case of sulfate aerosols, thereby giving exhaust ‘
gases greater residence times than particulates; this point was made in NAS (1975)
and by others (e.g., Newell, 1971) earlier. Also, in view of the currently
unmodeled effects of contralls, and other uncertalntles in the case of subsonics
(see however, Section 4.3.3 in the following), the avallable techniques are con-
sidered applicable only to aircraft operating primarily in the stratosphere, that
is, SSTs. The case studied thus involves only SSTs.

4.2 BACKGROUND
4.2.1 Species and Effects of Concern

It was noted 1n Section 2 that the primary products of combustion of air-~
craft fuels are 002 and H20, with much smaller quantities being produced of Nox,
co, 802, unburned hydrocarbons, soot, and variocus metal oxides. Of these various
ingradients, the NAS and CIAP reports both concluded that the ingredients of
7 primary concern in a climatic sense are 802, Nox, and HZO, and these will be
; emphasized here, 002, while an ctvious candidate, is present in massive quanti-
; ties in the atmosphere (~500 ppm by mass) so that atmospheric CO, content is
ff relatively unaffected, even by large fleets of aireraft; furthermore, because of
3 the long atmospheric residence ‘time of 002, the effects of alrcraft CO2 are
) _ probably not significantly related to the altitude of emission. To clarify these
2 ' points, some numbers on the 002 Question are provided later in this section.
Water vapor, because it 13 present in small concentrations in the stratosphere
(~3 ppm by mass) could be significantly altered in content by large fleets, and
because of 1ts importance in the earth's radiation balance, 18 of concern in a
climatological sense. 302, after being discharged from the engines, 1is converted
to sulfurlc acid particles (nominally 75 percent stou), and such particles would
alsc affect the radiation balance. NOx has a twofold effect. First, because its
addition to the stratosphere reduces ozone, which is important in ultraviolet,

J visible, and infrared regions, and, second, because NO2 (as part of the Nox) is
i a brown gas which itself absorbs and reemits energy over a wide spectral range.
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In addition to such direct effects, various possible feedback effects can
; be suggested which could be important. Thus, any changes in stratospheric

temperatures due to ozone depletion, N02 or water addition, etc., could affect
the tropopause "cold-trap" temperature which is thought to have a strong effcct
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on stratospheric water content. Any change in clcudiness i1s importart climat-
ologically (Manabe and Weiherald, 1967; Schneider, 1972) and could come about
due to changes in the stratosphere¥* or directly by contrails. Some discussicn
of effects of change in cloudiness will be included in the following material, .
but changes 1in cloudiness are generally not predictable.

3
!
|
|
3
|

Numerous other effects, presumably secondary in significance, can also be
sugzested. Thus, changes ln stratospheric temperatures due to particulates oz
water, etc., affect ozone content by affecting reactlion rates. SO2 itself,
prior to conversion to stou particulates, is an absorber of UV-B. Heat added
by combustion and turbulence induced by aircraft motion could affect atmospheric
dynamics, although probably in a minor way.

4.2.2 Some Observations on the Various Studies

IErL S SR o o aTo b e P LLLE Sy

Before +“ing into further detall on climatic effects, certain phillosophle

differences . 1d be noted among the NAS (1975), CIAP (1974),%* and COMESA é
(1975) reports. The NAS (1975) document, after some discussion, but before !

drawing conclusions, states (p. 55) that

i e 3 ..

In summary, it 1s possible that emissions of NOx, sox, and water
vapor by high-altitude aircraft flying in the stratosphere may pro-
duce long-term climatic changes; such changes may or may not be
negligible in terms of effects on 1life at the earth's surface.

i Although climatle effects, 1f they occcurred, would be of enormous

; importance, the link between stratospheric modification and change
of climate is very poorly known. (emphasis added)

i

Nevertheless, the NAS document, provides some rough estimates of possible
climatlec changes from aircraft exhaust, as ahall be noted in further discussion. X
However, 1t 18 clear that the NAS gives less credence to the predictabillity of
climate change than is implied in the CIAP Report of Findings, wherein model-
derived estimates of effects from specific constituents (SO2 and HZO)’ while
admittedly ol large uncertainty, are computed, costed out, and plotted against
fleet size.

VRN
it

Both CIAP and NAS reportec treat questions of climate change due to sulfate
. particles independently from climate changes due to water vapor, even though
’ these are belleved to be of opposite sign in terms of temperature changes, and

HEUSICHE AEVRIN I S S

%Greenstone (1976) has, in fact, noted that a correlation exists
between reduced ozone and increased ciocudiness in the 1966-1¢7%
period. Pena and Hosler (1970) suggested that shock waves from
SSTs could create condensatior nuclel in supercooled clouds.

##Here the "CIAP report" refers p:imarily to the first 130 pages
of the Report of Findings.
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both come from the same ailrcraft exhaust; however, the CIAP report (Report of
Findings, p. xxiii, p. 74) does argue that climatic effects of ozone deplestion
are compensated by NO2 addition; the COMESA r~nort (p. xxi1) argues that compen-
sating effects should be netted out. No evaluation i1s given of the effects of
alrcraft exhaust, in 1its totality, in either CIAP or the NAS reports; the COMESA
report, while claiming to take compensating effects into account (p. xviil) is
difficult to interpret quantitatively in terms of fleet effects (see Section
L.3.3). The NAS report emphasizes particulate effects, but does note possible
water effects at various points in the text (e.g., p. 54); however, in the Issue i
and Findings (p. 7), the water vapor question is specifically discounted, as
follows:

Although large fleets of SSTs could bring about a small 1ncrease

in the (stratospheric) water vapor content, this would have only

a small influence on the radiative balance, because the radiative
effect of water 1s small compared with that of carbon dioxide, whose
concentration is a hundred times larger.

This statement is not otherwilse elaborated by the NAS. Nevertheless, some
comparative effects numbers are provided by the NAS. 1In fact, the NAS, the CIAP,
and COMESA reports all suggest, without, in the case of NAS, being explicit, that
the climatic effect (cooling) of aerosols, from fuels containing a nominal 0.05
percent sulfur, is greater than the climatic effect (warming) of water vapor from
burning the same fuels. (On NAS, p. 5S4, 1t is stated that global average warming
due to H20 may be of the order of 0.1° C due to "high-altitude aircraft" of un-
specified quantity; on p. 56, it 1s stated that "high-altitude fiight operations
...Would produce long-term global changes of no more than a few tenths of a
degree Celsius;"). The CIAP Report of Findings ccmparison states (p. T4) that
the S0, effect 1s about 1.75 times the H,0 effect. The COMESA report (p. 516)
shows a water vapor effect to be about half the SO2 effect, but the numbers on
which this plot is based are difficult to reconstruct (see Section 4.3, this
report.) Both the NAS and CIAP reports conclude that sulfur should be removed
from aircraft fuels in the future. COMESA makes no recommendation on this
matter.

The procedures used by CIAP and COMESA are &gscribed below. The NAS
document includes no independently derived techniques, although an exploration
1s made therein (Section K) uf the uncertainties in the CIAP procedures.

4.2.3 Mean Changes and Their Limitations

An important limltation applies to all the model approaches to be discussed.
This is that, at best, an estimate of a global or hemispheric mean change (or in
the 2-D case, a zonally averaged change) 1s obtalned. It is reczognized that
climatic changes, which occcur naturally, are usually greater in high latitudes
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b than in tropic latitudes, but for aircraft sources concentrated in the mid-lati-
i tudes, these observatlions might be misleading. Furthermore, it 1s not known

how any resultant mean changes might be distributed in an east-west sense nor in k'"
& seasonal sense. That 1s, an average decrease in temperature might involve a

cooling in cne part of the world or one part of the year, and a warming elsewhere

or at a different time. Similarly, a zonal average model might show reduced

average precipitation in certain latitude bands, but this might involve an

averaging of, say, rainfall in the Pacific Northwest rain forest and the Sahara

Desert, a case where the distribution of the change would be all-important. It

i1s, of course, also possible that a net effect of some perturbation on, say, mean
hemispheric temperature could be zero, but that a redistribution of some type in

a time or geographical sense would be involved which could be significant. Such

questions are far beyond the modeling work discussed in the following.

i 4.3 CLIMATE CHANGE MODELING
iz 4.3.1 (Climate Modeling in General

BRIEST

TR RSO,

R

ﬁ The various climatic modeling approaches are discussed in Chapters 6 and 7
bt of Monograph 4; Appencix F, of the CIAP Report of Findings; and Chapter 5 of the
A COMESA report. A lrrge body of literature also exlsts -- papers by Gates (1975),
ﬁ : Smagorinsky (1974), and Schneider and Dickinson (1974) are particularly

1 : noteworthy.

The best models, from a theoretical point of view, are time-dependent, 3-D
models; these incorporate as much fundamental physics as possible. A number of
. . such models exist. At this time, however, 1t is probably fair to state that even
% ; the most advanced such models -~ although having made great progress -- are still
3 in an early state of development, and faced with severe computational, data, and
even theoretical problems. The computational problems are such that only a small
number ["one to several dozen," (Gates, 1975), assuming coordinated usage] of
"experiments" can be performed each year, Data questions are numerous as, for
example, in whether the sun has been constant during known climatie changes and
possible effects thereof [see Dickinson (1975), Lockwood (1975)], how the oceans
circulate, etc. Cloud behavior 1s critical, but poorly known. Theoretical i
questions have, in fact, been ralsed about whether climate 1s even determiniztic, :
i.e., whether it can shift to variocus alternative states without shifts in exter-
nal forcing functions., A decade or more may yet be required before such models
can be expected to treat the airceraft-induced climate change question quantita-

tively.

As noted above, a full discussion of CIAP-clinate-modeling approaches is
avallable in CIAP Monograph 4, and of COMESA modeling efforts in Chapter 5 of the
COMESA report. Only a very brief review of these efforts is attempted here,.
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4.3.2 CIAP Climate Modeling

A. Discussion

The CIAP climate change computations (cf. Appendices B, E, and F, CIAP .
Report of Findings) were based primarily on 1-D modeling, modified somewhat,
however, for possible ice-albedo feedback effects, and for hemispheric effects
(as compared to global average effects) from 2-D and 3-D {ozone depletion) and .
3-D (general circulation models, inert tracer) models. These results are dis-
cussed hereln. CIAP also sponsored, and preliminary results were obtained from,
4 a 2-D zonally averaged climate model (ZAM), but no quantitative conclusions were
drawn from the results in terms of potential aircraft effects (see CIAP Report

of Findings, pp. 46 and F-127 to F-130).

In discusuing climate change modeling "in CIAP," 1t is necessary to
distinguish the material used in the Report of Findings in the main text, pre-
pared about September/October 197k, from additional, mostly later, modeling
K results, -- which became avallable in time for inclusion in Appendices E and F.
Subsequent material also has come from Ramanathan et al. (1976), Harshvardhan
and Cess (1976), and Pollack et al. (1976, 1976a). Thus, the water vapor effect ﬁ
in the main text of the CIAP Report of Findings was based (p. B-28) on Manabe 1
and Wethersld (1967); the ozone-NO, changes were assumed to cancel out, Dased .
on preliminary calculations (CIAP Report of Findings, p. 74); and aercsol
effects were apparently based on early single wavelength calculations of Herman.
However, additional later data were presented in the appendices (see, e.g., 4
pp. B-23 and F-116). The available data will be discussed bglow. However, these '
data leave much to be desired in tebma'of consistency and other factora. Thus,
effects of water vapor increases, ozone reductions, and NO2 increases were all
treated in a model in which the distribution of tropospheric relative humidity
was held constant for any given surface temperature (but varied with surface
temperature changes), whereas, in CIAP, the aeroscl effects were computed with-
out coupling in changes in tropospheric water vapor; a late paper (Pollack
et al., 1976a) includes such effects for aerosols but gives no results for water
vapor or other gaseous constituents. The constant relative-humidity-distribution
model gives about twice the effects that an earlier constant-absolute-~-humidity-
distribution model did (Manabe and Wetherald, 1967; Ramanathan, 1976). In
Ramanathan's modeling studies (197L4), the changes in H,0, NO,, and O3 were
assumed to be constant with altitude in terms of percentage mixing ratio changes;
however, Ramanathan et al. (1976) note the importance of the distribution of
changes in a vertical sense_zés well as in a latitudinal sense) but the tie to
alrcraft effects has not ye{ bzen made. Aerosol computations in CIAP were
based on an assumed uniform loading from 15 km to 25 km over the hemisphere,
which 1s probably unrealistic. Furthermore, the CIAP work on aerosols -included

what, in effect, 1s a 2-D ice-albedo feedback correction which makes computed
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effects about 1.5 times those couputed in certain 1-D models, as were used in

computing gaseous effects. The change in results if this factor is included

is noted below.

Different modelilng approaches were thus used in CIAP in determining
the climatic effects of added stratospheric aerosols and of changes in the
gaseous constituents (water and Nox additions and ozone decreases). Latitude
and altitude-distribution gquestions were not addressed. Effects were not con-
sidered simultaneously or interactively. Some data on additivity (i.e., the
absence of interactions), were developed by COMESA (Section 4.4.5).

B. Gaseous Constituent Changes (Hzo, 03, Noz)

1. Models Used The data that follow are based on the 1-D radiative
equilibrium, constant relative humidity distribution modeling results of

Ramanathan (see material following p. F-90 and p. F-125, ROF). Two sets of his

modeling results are avallable, based on constant cloud-top altitude (CCTA) and
At one point recently, based on

constant cloud-top temperature {CCTT) models.
the work of Cess (1975), the constant cloud-top temperature model was believed

to be preferred; more recently, however, 1t appears there 1s no theoretical
preference for one or the other (Ramanathan, private communication, 1976).

As shown by Manabe and Wetherald (1967), the constant relative humidity
assumption seems to fit existing data on tropospheric humidity b tter than the
assumption of constant absolute humidity; unfortunately, this agreement does
not necessarily establish the validity of the model under perturbed conditions.
Also, because these are equilibrium models, there 1s no informaticn provided on
the rate of approach to a new equilibrium state.

2. MWater Vapor The water vapor change/surface temperature effects
obtained by Ramanathan (1974) and CIAP Repcrt of Findings (p. F-125) for a
CCTA model, assuming an initial 3-ppm (mass) mixing ratio of HEO in the strato-
sphere are shown in Table 4.1,

TABLE 4.1, SENSITIVITY OF SURFACE TEMPERATURE INCREASE (°C)
TO STRATOSPHERIC INCREASE OF WATER VAPOR (ppm)

SOURCE: Ramanathan, 1974

Temperature Increase (°C)

Stratospheric Mass
Constant Cloud-Top

Mixing Ratio

of Hy0 Altitude
3.0 x 1078 0
3.3 x 1075 Q.06
3.6 x 1078 0.12
4.5 x 1078 0.27
6.0 x 10°5 0.50
47
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For small changes in the range of interest, the range appears to be,
for the CCTA model,®

AH2O .
AT-O.G-—QE ) :

where .. 1s in °C or K (Kelvins).

Note that, while the model 1is developed in terms of a ratio, the
temperature change is not extremely sensitive to the background water vapor
value used. Thus, for 1.5-ppm change from 3.0 to 4.5 ppm, the temperature
change 1s 0.27 K; for the next 1.5 ppm, the change 1s 0.23 K. The constant
(0.6) should be changed with the background water assumed, although later herein
we treat 2.67 ppm ® 3 ppm, and make no correction.

For the CCTT model, the results are 60 percent larger, giving

AH20
AT-l.O—H-2-6 §

The CCTA model implies a ¥ value of 100 K, i.e., an 0.01 change in
solar constant leads to a temperature change of 1 K, whereas the CCTT model
implies a x value of 160 K. One of us (H. Hidalgo), and J. Coakley (private
communication, 1976), argue as noted earlier, that these values should be multi-
plied by 1.5 to include the ice-albedo, decade time~frame, feodback effects
included in the treatment of aerosols.™ However, the implications of this have
not been pursued in terms of the Implled energy balances within the models
(Ramanathan, 1976, private communication). ;

e A R e

cds

RATAL

Several techniques have been used to estimate the fractional change in
stratospheric water vapor for a given ailreraft source strength., The approach
used in the CIAP Report of Findings (and herein) treats water vapor as a gaseous g
pollutant with removal at the ground or in the troposphere. Weickmann (p. 7-22,
CIAP Monograph 3) and the COMESA report (see below) ratic an alrcraft source
strength to the natural flux into (and out of) the stratosphere; this method

o Il 3t

CIAP Report of Findings (p. B-28) used a proportionality constant
of 0.5 K rather than 0.6 K, basing the number on results from an
asgsumed doubling of water vapor. Also, V. Ramanathan (private commu-
nication, 1977) points out that a preferred form for this relationship

wo,ld be AT = 1.2 ‘g; =1}, where H is the perturbed water contact
o

f
LTV SEREALSR o7y SN S TR ST

and Ho is 3 ppm (mass). The differences are negligible in the range

of interest.
®8p180 Coakley (1976) based on different emissivity data (Cess, 197L4)
finds the temperature change due to added watar to be considerably

smaller than does Ramenathan, obtaining values about 65 perrent of
those found by Ramanathan.
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ignores changes 1in residence time with changes in alrcraft altitude, and may
well give low estimates of stratospheric water perturbations by SST &and high
values for subsonics. A third method is that of the 1-D injection coefficient
as used by Hunten (pp. 116-118, NAS Report; also Appendices C and D, this
report), which computes the augmentation in mixing ratlio above the point of
injection; as the injection coefficient increases more rapidly with altitude
than the residence time (the mixing ratioc decreases below the point of
injection), this method tends to maximize aircraft altitude effects, As the
fluxes of water vapor in the stratosphere are not well understood (see Chapter
7, CIAP Monograph 3; also Section 3.3.2, CIAP Monograph 1), the "correct"
methed 1s obviously unknown and debatable. In all cases, some correction 1s
necessary to adjust for the concentration of air traffic within a hemisphere.

According to Weickmann et al. (CIAP Monograph 3, p. 7~19), the global
stratospheric water contest in 1.78 x 1012 kg, based 