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ABSTRACT

A review is provided of recent (December 1976-June 1978)
1 jevelopments in problems associated with estimating the potential

effects that aircraft emissions at crulse altitudes may have on
the earth's protective ozone shield and/or surface climate.
Background infeormation is provided as deemed necessary for con-
The review shows that one recently measured key reaction
rate {HOE + NO -+ NO2 + HO) has had dramatic effects on the ozone
uestion. Cecmputed effects on the ozone column of nitrogen ox-
ides (which, unless in very large quantity, now cause an increase)
and water vapor emissions (which, unless thermal feedback effects

)

re included, cause a decrease) from supersonic transports (at

—~3J

-20 xm) are now small and, on balance, apparently positive, at

least for moderate fleets (several hundred aircraft). Subsonic
aircraft also appear to cause small increases in the ozone column,
* nowever, no new modeling results are available. The new HO2 + NO
rate has affected model duplication of the natural atmosphere
adversely; another important new rate (HO2 + 03 + HO + 2 02),

not vet incorporated in available results, may reduce this dif-

ficulty. Second-order effects (thermal feedback) have become ‘
important, particularly in modeling water effects; the modeling
of water transport processes, however, involves many uncertain-
tles. Additional modeling studies are needed. Progress 'in

emissions measurement uncertainties and brief comments on pos- 5
sibly important climatic aspects are also included.
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modeling parameters.
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SUMMARY

This report summarizes recent (December 1976-June 1978%)
developments 1n the estimation of potential effects of aircraft
emissions at cruise altitude on the protective ozone layer and
on surface climate. Background information is provided as
deemed necessary for context. The subjects covered include
developments in aircraft emissions, ozone modeling (atmospheric

dynamics and chemistry), and briefly, climate.

S.1 BACKGROUND AND STATUS IN BRIEF

The subjects discussed herein have been under continuing
study since about 1970 when the advisability of continuing
development on the United States supersonic transport (SST) was
being intensively debated. The original environmental argument
related to exhaust water vapor reduction of the stratospheric
ozone layer; in 1971 a much larger effect on ozone was predi-
cated due to the nitrogen oxides (NOX) in the exhaust. Climatic
effects due to water vapor and sulfur dioxide (from sulfur in
the fuel) were also forecast. Although the U.S. SST was can-
celled, the issues remained; also, other SSTs were in develop-
ment. Accordingly, to pursue the questions railsed, a large,
several-year, multimillion-dollar study, the Climatic Impact
Assessment Program (CIAP) of the Department of Transportation,
was undertaken in late 1971. Results of this study (Grobecker
et al., 1974), as well as of a concurrent National Academy of

The principal cutoff date for this work is June 1, 1978.
Where feasible and critical however, certain information
reported at the World Meteorological Organization (WMO)
meeting (Toronto, June 26-30, 1978) has been included.
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ic ozone depletion problem t«
subsonic aircraft was added. Many unanswered questi
In 1975, to implement and extend the findings

High Altitude Pollution Program of the Federal Aviation Adminis-

tration was established. At about the same time,
[ recognized threat to the ozone layer from halocarbons can ndey
intensive investigation by other groups During the \
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these various efforts, new chemical reaction rate constant

measurements have been undertaken and new chemistry

ivio lude =] aof Wi oh have ~1 e s Ao {3 Atrd ot e St ,

included, all of which have caused dramatic revisions in com-
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puted effects of aircraft emissions on fhe ozone layer.

comprehensive review of these various developments was pr

as of December 197

and distributed in 19

Qcom

1977). The 1977 review showed computed SST depletion effect

on ozone f{at constant NO_ input) to have decline

lthough uncertainties increased), and that NO_ f:

would result in an increase in the ozone column,

the decrease reported in CIAP.

december 1976 have continued ths t e o

—

Changes since
CIAP trends in NO_ effects on ozone, but have introducec g
new difficulties, in that modeling results reported herein a:
from models which do not adequately match the "natur:
here. Matching of the natural atmosphere is generally =
sidered to be a necessary (but clearly not a suffi
tion to credibly predict effects of perturba

very late chemistry changes, which have not yet been includ
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omewhat unsatisfactory; nevertheless, modeling efforts with
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rate constants treated parametrically permit certain observations
as follows: Currently (see S.3 below and Section 3.5.6 in the

main text), i1t appears that the NO_ constituent of engine ex-

haust from both SSTS at 17-20 km (except in very large numbers)
and from subsonics at 9-14 km, will contribute to an increase in |
vapor emissions, on the other hand, at
tend to decrease ozone unless, as gome
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available. It seems gquite probable, however, that the effec

(i)

nan

over the next 20 years or so from subsonics will be greater

rom supersonics. Subsoniec aircraft tend to inerease the ozone

column by increasing the ozone concentration in the upper tropo-
tThis

potential increase may become a mat- !

‘J

s discussed in our previous report (Oliver et al., 7)
-

climatic effects of both subsonics and supersonics are doub 4

G
but may involve warming; water vapor is probably the emitted

ingredient of greatest climatic importance for either type of

ireratt. More “tde is needed on effects of altered vertical
procfiles of radiatively significant species such as ozone and
water vapor.

y uncertainties remain. Recent develop-

n
ments are described in the following sections, with emphasis on
t

to be of current interest.
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S.2 AIRCRAFT EMISSIONS

Sl NOx Emissions Measurements

Large uncertainties--factors of 2 to 6--still exist in air-
; craft NO_ emission estimates, because spectroscopic techniques

have yielded far higher values for NO

>han have standard probe

o

techniques. Progress toward reducing these uncertainties is

being made. Data have been accumulated which show that under

some conditions, NCX in a hot can be destroyed on
sampling, and that measured NO_ contents vary with probe details
No probe design ever, has ylelded NO results in hot gas
streams as high as those found using ultraviolet spectroscopic

)

techniques at the Arnold Engineering Development Center (AEDC).
he spectroscopic techniques are difficult and are currently

al resolution of the differing

i
results obtained by probe and spectroscopic techniques may well

show that both techniques have been in significant error under

some circumstances. A better understanding of proper measure-

ment techniques should r

LT’

SELLEN

S.2.2 Fleet Projectians

A recently published (February 1977) FAA document, Aviation

Futures to the Year 2000, which is limited "almost exclusively

o the United States," shows minimal expectation of SST traffic
increase. Of five scenarios considered, only one, "Expansive
Growth,” includes any SST traffic; this implicitly unlikely

rio includes some 230 SSTs by the year 2000, with about

90. An aircraft manufacturer's projection (McDonnell-
Douglas) includes 118 SSTs by 1990. Continued growth in the

subsonic fleet is generally expected.

S.2.3 Fleet Emissions

A detailed global emissions estimate provided by British

5 o
Alrcral

Corporation is included for a small Concorde fleet

(nine aircraft). Ozone change calculations for this fleet using

S-4

e




current chemistry have not been attempted, but would be ex-

ceedingly small.

S.2.4 NOx Emission Reduction

Some progress in achieving lower NOX emission indices in
advanced combustors has been reported, but the problems in
achieving substantial reductions in practical systems are evi-
dent. A significant aspect is that technological advances

eading to improved performance (lower specific fuel consumption)
appear to be in conflict with those leading to lower emissions;
if conventional or modestly modified zombustor technology is
used, i.e., without emissions reduction techniques, a substan-

tial increase in NOX emission index with time could be expected.

S.3 O0ZONE MODELING DEVELOPMENTS

S.3.1 1-D Transport--General

N2O concentration vs. altitude measurements at various
seasons and latitudes by Schmeltekopf et al. (1977) have resulted
in new estimates of average vertical transport as used in 1-D

models. Results show average vertical transport in the middle {

stratosphere (17-27 km) to be approximately twice as rapid as i
derived earlier by some modelers from CHu measurements. The f
powerful effect of including one tropical profile is evident.
The N20 data, however, provide no information for the region i
near the tropopause ecritical to computation of aircraft effects.

) This region involves widely differing estimates by various

modelers. A 1-D analysis, (Appendix B), of the transport of

~

.r-95 from a source at UL0°N across the tropopause indicates

stratosphere~to-troposphere transport rates to vary seasonally

but, cn the average, to be more rapid than implied by some Kz
profiles (e.g., Hunten, 1975; Turco and Whitten, 1977) and
slightly slower than in others (e.g., Chang/1976); it is recog-
nized, however, that the analysis is preliminary in view of
certain simplifications introduced. A brief examination of

Q=
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available 3-D modeling results from NCAA-GFDL#¥* indicates
(qualitatively, because the computations are not fully reduced)
support for 1-D models (such as Chang/197€6) which show rather
gradual transition across the "globally-averaged" tropopause;
the 3-D modeling work also has shown earlier that feedback
(troposphere-to-stratosphere) of excess C-1lidis significant
after one year or so, suggesting that this tracer is applicable
primarily at relatively early times following injection. It
can, of course, be debated whether tropospheric-stratospheric
transport can be adequately represented in such models for
sources near the tropopause.

S.3.2 1-D Transport of Water Vapor

Injections of water vapor into the stratosphere by aircraft
have become of increasing interest in terms of effects on ozone
and climate, as noted above. Appropriate procedures for model-
ing this tracer are, however, in some doubt: sources and sinks
are not well established. The tropical tropopause cold trap
concept does not operate satisfactorily in 1- or 2-D models.
More study on this problem is needed, particularly if thermal
(radiative) feedback effects, which are evidently important,
or both chemistry effects and water content itself (through
changes in the tropical tropopause temperature) are to be esti-
mated. Only 3-D modeling, perhaps using models more advanced
than those presently avallable, would seem to be adequate for
the feedback estimates; as a practical necessity however, tech-
niques to decouple this aspect from the detailed chemical cal-
culations must be considered.

5.3.3 Trace Species Measurements

Of the many trace species measurement programs, two merit
particular mention because of the questions raised by the results

¥
National Oceanic and Atmospheric Administration-Geophysical

Fluid Dynamics Laboratory

3-6




obtained. The first of these 1s the various Cl a
surements of Anderson et al. (1977); one set of these, in
particular, shows an inexplicably large stratosph

tent (~ 8 ppb). Chlorine content and chlorine ch
of which (along with the measurements themselves) ar

gquestion by these measurements, affect the response of str

g7
spheric ozone to N i injections. The second relates to the 202
measurements by Noxon (1978), who finds N02 contents in t
troposphere to be an order-of-magnitude smaller than previously
believed. NO, content in the troposphere affects
chemistry (CH, O3 contents) and thereby the response o
spheric (and, in fact, stratospheric) ozone to NOx a

other injectants. ;

$.3.4 Chemistry 4

The single most significant recent development in ozone
chemistry and its modeling has been the direct measurement of
the rate of the reaction of HO, with NO (Howard and Ev

&

1977), indicating a U40-fold increase in rate at room t

[

3
(]
)

over a previous (CIAP-era) evaluation. The temperatu
ficient has been reported to be moderately positive, the rate
increasing slightly with decreased temperature (Howard, 197
Use of this rapid rate leads to substantially increased ozone
content in model "natural'" atmospheres, an increase which is
particularly evident in 2-D models and 1s of sufficlent magni-
tude to be of concern. However, direct measurement of the

H02 ok O3 reaction rate has also been reported very recently
(Zahniser and Howard, 1978); the new rate should ameliorate

the excess ozone problem, but evaluation runs are not yet avail-
able. HO, chemistry is apparently becoming moderately well

2
established, although important uncertainties still exist (as,

e.g., in the HO, + OH and methane oxidation reactions) and
possible pressure dependencies, temperature effects, etc.,
still need investigation.

n
i
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A number of species have been noted as being of new or
and HOC1.
Certain reactions and trace species contents in the troposphere

altered significance; among these are HOENOO, H,0,,

are also of indirect but potentially great significance to
stratospheric ozone; reactions affecting troposphere OH content
affect the lifetime of methane and hydrogen-containing chloro-
carbons, and thus the flux of such materials into the strato-
sphere.

$.3.5 SST Effects on Qzone

.

Three recent 1-D studies are reviewed: as indicated above,
none of these specifically include the latest HO2 + O3 reaction
rate, but available parametric evaluations indicate clearly
that the new rate will increase the prcbability that NOX in-
Jections at SST altitudes will lead to an increase in the czone
column. In general, as computed, the three studies reviewed
agree that recent chemistry changes (primarily the HO, + NO
change) lead to local enhancement of ozone from NOx i;jected
at SST altitudes (17-20 km). The net column effect for "Moder-
ate" injections (of the order of, say, the expansive growth
230 SST, year 2000, fleet noted above, is probably positive as
indicated, but depends nevertheless on the exact choice of re-
action rates, emission indices (NOX/HEO ratio), and a number of
modeling details (Kz profile, feedback effects). For "very
large" injections, however (the magnitude depending on the Kz
profile used), column ozone depletion is expected due to "satura-
tion" of the ozone-enhancement effect in mid-altitudes and an
increase in destruction at higher altitudes. Water vapor addi-
tions cause slight ozone decreases in the two models where its
effects have been studied under fixed temperature assumptions;
if thermal feedback (stratospheric cooling effects of the added
water) effects are included, the effect of water additions on
the ozone column become either negligible or enhancing. As in-
dicated above, higher order modeling of such feedback effects is

desirable, as

e , obviously, would be better knowledge of thermal and

2

1.0
S=0

e




possibly pressure effects on rate coefficients. The water/N

A
| ratio is clearly a variable of interest; there may be, depending
' on further evaluation of feedback effects, an optimum cruise

value leading to minimum risk to the ozone column, probably

| varying with fleet size and altitude.

$.3.6 Subsonic Effects on Ozone

No new results are available for the effects of subsonic
on the ozone column. The new rate for HO, + NO, however, can

be expected to increase ozone enhancements for specified

injections.

S.3.7 Model Validation

As noted above, use of "current” chemistry (i.e., witl
the late H02 + 03 rate result) to model the "natural" atmospher

] involves some new questions, as there is a tendency for the

e
models to generate too much ozone; the problem 1s most evident

i
with 2-D models. The newly reported HO_, + O, rate will allevi-

()

ate this problem, but by how much is not yet established.

the perturbed atmosphere, some partial success in matching

(oF

short-term, observed ozone depletions to model predictions hazs

been achieved in both 1-D and 2-D models for solar proton events,

i but unexplained aspects exist. Moreover, significant apparent

anomalies still exlist over the longer term in comparing oz

destruction predictions to ozone records in the cases of nuclear
weapons tests and chlorofluorocarbon releases. A dominant fac-
tor appears to be variation in solar ultraviolet output with
time. The various modeling efforts all need to be reexamined
in the light of up-to-date chemistry. Studies with 2-D or 3-I
models, recognizing the array of known ongoing perturbing infli
ences, will be of particular interest to the ques
A time-dependent 2-D "catalog" of perturbing influences over

period 1955-1975 has been prepared (Bauer, 1978).

5=9
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1. INTRODUCTION AND BRIEF REVIEW

This report presents continuing developments in the prcblem
r

of predicting effects that future fleets of high-flying aircraft
may have on the czone column and on surface climate. The issues

arose in the 1970-71 time frame during debates on the advisabi
of continuing the United States supersonic transport (SST) pro-
gram. Initial concern was with water e u
lated decrease in ozone resulting and with
on climate. The concerns shifted later (1971) as rate constants
were reevaluated, to emphasize NOX which, in a catalytic ozone

destruction cycle (Crutzen, 1970; Johnston, 1971), was postulated
N

to lead to substantial ozone destruction [3 to 50 percent,
Johnston (1971), depending on assumptions], should large fleets 4

ho
of SSTs come into operation (Crutzen, 1971, 1972; Joh
1971). Concern with the climatic effect 5
sulfur in the fuel and the sulfuric acid deriveé ther
also expressed in this time frame.

Although the United States SST program was canceled, the

(o

ssues and the scientific problems remained, as other SSTs were
in development elsewhere and the possibility remained that new
SSTs might be developed in the future. To pursue these matters,
a large multimillion dollar, multidisciplinary program, the
Climatic Impact Assessment Program ( P)
Department of Transportation, beginni
Findings from this program was rel

et al., 1974). This study, as well as ¢

the National Academy of Sciences (NAS, 1975) and by the United
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Kingdom (COMESA, 1975), large
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i raft would have a deleterious effect on the ozone column, al-
though the estimated magnitudes of the effect differed. Compari-
son to pre-CIAP est fficult du
T Y auoted the differing averages involved
| Y 1uotLea, ne W« 1CI'lNE avelagtos 1INVOoLVvVEU
pheric ., oY corridor), estimates
| flight hours per d: per S5T and thus NO_ emissions ©
A
pected per year, etc. A nominal Northern Hemisphere figure for

500 large advanced mach 2.7 SSTs operating at 19.5 km (not 500 of
the canceled U.S. SSTs) according to the CIAP Report of Findings
©

rthern Hemisphere; the NAS
e

15 percent. Effects per unit of (continuous) N x €mission were
noted to decrease with decreasing altitude; however, even sub-
sonics, and particularly advanced subsonics operating to nearly

e
ant threat to the 11

aif(s
ozone column in view of expected growth rates. Water emissions

were considered to have little effect on ozone. The CIAP report '
o T Anr s s = I T 2 - 1 ~ $ e T - L P~ -~ £ 3
ave considerable discussion toe the cooling climatic effect of

(at 0.05 percent sulfur in the
water vapecr and the small
affecte of other exhaust ingredients. Climatie effects were

11 implied to be rather small, and of more remote concern in

? g e o S 2 b i 35 e n NER A £ =
ime sense, than were the ozone effects.

n 1975, in order to implement the findings of and to extend
ied out in CIAP, the High AlEitu i

on Program (HAPP) of the Federal Aviation Administration was
e effects of halocarbons (
fluoromethanes and others) on the ozone layer became a matter
al i est, and much research

was undertaken. This research made evident the greater complex-
of stratospheric chemistry than had been recognized in CI

of more importance to the aircraft problem, however, certain

reac n rates, previously evaluated somewhat indirectly, were
t in > asured direct




All of these matters were reviewed in a previous repc
prepared under FAA/ HAPP sponsorship (Oliver et al., 1977
on information available as of December 1976. The repo

sized developments in the 1975-76 time period and noted changes
which had occurred relative to findings and assumptions reported
in CIAP (Grobecker et al., 1974) and in NAS, 1975. A brief
review of that work, conducted in the 1975-76 period and of the
developments which resulted, follows.

1.1 FLEET PROJECTIONS AND ALTITUDE DISTRIBUTION OF EMISSIONS

Changes 1in fuel prices and general economic conditions
between the initiation times of CIAP and of HAPP, and recognition
of the need for better altitude resolution for emissions near
the tropopause, made new projections necessary. These were made
and resulted in substantially altered and more detailed
tions. These projections did not include a large, mach 2.7
advanced SST by 1990, as had CIAP. In additicn, future fuel

consumption by SSTs, expected fleet growth rates, and fuel con-

sumption by advanced subsonics at peak cruise altitudes (near
14 km) were all found to be much lower than in CIAP. However,

a caveat persisted, in that NOX emission estimates were in ques-
tion because of a large measurement discrepancy between accepted
probe-sampling techniques and a new in situ ultraviolet spec-
troscopic technigue. The spectroscopic technique indicated much
large values for NOX.

1.2 NOX EFFECTS ON THE OZONE COLUMN

A review of the chemistry (reaction rates) controlling the
production and destruction of ozone in an NOX—HOX-OX atmosphere
indicated that uncertainties were much larger than recognized
in CIAP; it was shown that NOx emissions from SSTs might actually
increase the ozone column slightly rather than decrease it, or

the effects could be substantially more deleterious than reported

1-3




in CIAP, all of these potential results being within reaction

rate uncertainties. The uncertainties were largely in reactions

involving the HO, radical. Uncertainties in parameterized trans-

port azlsc affected the results. ©Overall, for

oy}

ecified NO
Bp x

injection rate corresponding to a very large fleet (2000 mclecul

3

cm~-sec over 1 km at 17 km, globally equivalent to about 4,000

Concordes), results varied from -17.0 percent to +2.2 percent

global ozone change.

Water effects from aircraft exhaust were also studied
briefly in these uncertainty studies. It was found that when
NOX negative effects on ozone are maximized by & choice of re-
action rates, water vapor, which is also present in the exhaust,
Increases ozone; where NO_ effects on ozone are minimized or

positive, the water emissions reduce ozone.

During the course of this and related work, recommende
reaction rates were being changed and interactions of ‘Cy and
NOX with ClOX chemistry were being recognized. One particular
reaction rate (for HO, + HO » H,0 + 0,) was revised downward
(somewhat excessively by current estimates) ten-fold; this de-
creased computed SST effects on ozone some 40 percent, but in-
creased effects of halocarbon injections. Interactions with C10
) Sesm NOX effects on

ozone with increased chlorine content, and other changes also

cycles, which yield reduced (or positive

D

combined to show reduced deleterious effects of SST NO on ozone,
In addition, ozone-forming reactions involving methane OXLda ion
and nitrogen oxides, recognized but not included in CIAP, were
put into some models. Inclusion of methane oxidation reactions
in 2-D model studies showed that subsonics, in fact, appear to
increase rather than decrease the ozone column; in addition,
while supersonics tended, in these calculations, to decrease the
ozone column, the combined effect of the projected 1990 "high"
traffic fleet, including both supersonics and subsonics, was to

increase ozone slightly. The increase varied with season and
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latitude, with a
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certainties were recognized to be large

1.3 CLIMATIC EFFECTS

Little new climate modeling work was under

prograrni. part of the review in

However, as

the postulated effects of the various exhaust
examined in detail,

dence times, etc.

o

maximum enhancement of about 1.

The work was aimed at determ

Uy
thes
t+alre
vVantT
ver
Yier Y

ot

using available models, estim:

degree possible, the effect of SST exhaust on cli
than focusing on the effects of S0., which result

movable (at some cost) impurity in the

indicated that, according to available models,

(warming) is greater than the sulfur effect (af
sulfur), or other effects (NO,, ozone changes);
appeared to be a warming due te SST aircraft ex
than a cocling. The same calculations were not

subsonie fleet, it
effects

being argued that the
include contrail
cable. Climatic effects

HAPP

fleet were found fto

large fleets of advanced SSTs, climatic effects

might well limit fleet size, assuming me spe

value (0.1 K, for example) from rcraft coul
It is evident from the above that many c

standing of aircraft effects occurred in the pe
December
1974) and December 1976,
SO

could be

et al., the cutoff dat
et

changes

2l 4 report. The rate of

anticipated. These have indee

ticularly in the ozone modeling area Relative

attention has been given to climatic effects of
and equivalently dramatic changes are lacking.
marizes these recent developments, as of June I

change was s

1974 (the date of the CIAP Report of Fir
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ble and critical however, certain information presented
orld Meteorological Organization in Toronto (June 26-30,
has been included. No attempt to include other develop-

ments which may have been reported during June 1978 has been

15 !
made. An attempt is made, however, to give enough additional
background material so that coherence and perspective are -

I'ne material that follows is organized in the same general
-
fashion as have been previous reports (Grobecker et s LOTH
Oliver et al., 1977); thus, aircraft emissions are first dis-
cussed, followed by a treatment of ozone effects and (mi: al L

climatic effects. Conclusions and recommendations from the
efforts have been brought forward to the summary section, already

presented.

et i
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2. AIRCRAFT EMISSIONS

241 NOx MEASUREMENT UNCERTAINTIES

2.1.1 Introduction

As discussed in the earlier report (Oliver et al., 1977),
optical measurements of NO in aircraft exhaust have disagreed
sharply with measurements made according to standard probe tech-
niques (SAE ARP 1256). The disagreements were first noticed in
work begun at AEDC in 1972 (Davidson and Domal, 1973) and are
not yet resolved, but some new information is available. A
brief history of the problem, some reinterpretation of old data,

and these recent developments follow.

2.1.2 Background Data

Representative data obtained by Davidson and Domal (1973)
are given in Table 2-1. The tests were made with a J23 engine
mounted in an altitude test cell. The optical procedure (see
McGregor et al., 1973) utilized the NO (0,0) y-band, measuring
absorption in individual spectral lines in the ultraviolet (225 (
to 227 nm). The probe procedure used standard techniques, with »
the gas samples being brought through an orifice and a sampling

line to analytical apparatus.

Note that large disagreements occurred, particularly at

higher mach numbers and altitudes and under afterburning con-

ditions. No data were obtained at subsonic conditions.

2-1




TABLE 2-1. AVERAGE NO CONCENTRATION IN THE EXHAUST OF A YJ93-GE-3 ENGINE
COMPARISON OF VALUES MEASURED IN-SITU BY UV ABSORPTION AND
MEASURED BY SAMPLING. (DAVIDSON AND DOMAL, 1973)

Simulated Flight Conditions Concentration Measurements, ppm

Altitude,
Mach  thousands of ft Power Setting Absorption Sampling

1.4 35 Military 75 56
2.0 55 Military 165 70
Minimum Afterburning 175 80
Maximum Afterburning 278 110
2.6 66 Military 323 100
Maximum Afterburning 617 130

It is of interest that analytical data obtained on sample
gases which had passed through a probe and sample line were in
reasonable agreement using several techniques, including chemi-

techniques

luminescence, dispersive infrared, and wet
3 b

Dispersive

(and, as will be shown shor
infrared data (on the probe-sampled gases) were reported by
Forney (1973) and were with

nescence techniques under all conditions. Comparison of the wet
1%

chemistry data to that based on the chemiluminescence data were

not made by Davidson and Domal, but are reported in Table 2.2
using their data.
These large disagreements rrompted further work. In one

study, at Wright-Patterson AFB, a T-56 jet engine combustor was

3 AavriA W AS € 5 PRy R % N /' TT - r\
used, and two different optical in-situ techniques (II nad )
~ 16 a1 - ~ s 4 \ ¥ - 2 ~ Y aamy 12 ~ - > 119 < Mys
were used along with conventional sampling procedures. Twc
5 N1 3Ty EE £~ 2 raat 3 oatrAare 7 ' ¢ S vy 1 3 " N F S AT e
groups of investigators were involved, one group from AEDC (Few

et al., 1976) and one from Aeronutronic (Gryvnak and Burch, 1976).
¥ .

The inlet air temperature to the combustor was 756 K (900°F),

. o 1A SO o P 5% 4kt &-F 38, - Ry : 0 N1 2 wae 11aa8/f
pressure was 120 psig,* and a fuel-to-air ratio of 0.013 was used.
& & b ]
M J o~ - T “ T + -
¥M. Roquemore, Wright-Pattersor B, priva communi e on,
\ S 1077
12 April 1977
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Fuel was JP-4. The exhaust gases from the combustor (at 1200 K

1700°F) passed through a choker, intc plenum (wherein ambient

air was entrained), and through about 18 ft of 12-11 luct
prior to sampling [at about 933 K (1220°F)]. Samples were taken
3 in. and 18 in. downstream of the 13-in. duct. The temperature
3 in. downstream was about 847 K. 'hese conditions were appar-
ently intended to be indicative of the emis ons in th rece

o L 3 ~ e | . 4 |5 <19 + £y o~ Yy L I N aTal sy o o = 3
atmosphere behind an aircraft. Results from the AEDC group and
A~ 1 N o s ~ ~ r o < Mah 1 -~ ) 2 A 4~ &
from the Aeronutronic group are given in Table 2-3. Note that

both UV and IR techniques

(even after passage through a choke and 18 ft of . e, on which
Surfacg reactions 111 A have +alravy nlana) Rerngiice rardi+iornas
e  EeaCLLONNS coulLa nave vadnell 1aCC ) . DeCallst >CNA1T Eons

differed, it is difficult to compare these results to those ob-

tained on the J93 engine by AEDC(

TABLE 2-3. COMPARISON OF OPTICAL AND PROBE MEASUREMENTS
FOR NO USING A T-56 COMBUSTOR

AEDC (UV) (Few et al., 1976)

Probe (ppmv) Optical Optical/Probe
3 in. downstream 109 178 1.63
18 in. downstream 70 114 1..63

Aeronutronic (IR) (Gryvnak and Burch, 1976) i
Optical/Probe |

Flat profile L2
Bell profile 1.37
Asymmetric 1.5

A related stud:
also Lyon, 1975.
emissions, both nonaf
using J85 and J79
talned at the engi

feet downstream.




these were used under the widely varying conditions between the
engine exhaust plane and points downstream. While some anomalies
were noted, no obvious change occurred in the NOX emission index

distance downstream, with or without afterburning, leading

=
-
-t
Y
o)
(@]

the investigator to conclude that probe sampling gives accurate
results, even under afterburning conditions. It is possible to
bret the same data in a somewhat different fashion, as 1is
n this report in Appendix A, with results that suggest,
but de not prove, that reactions were taking place in the probe
G

in some of the runs.

o ~ 4 s a 2 Al
sSyscenm, at i1eas

another investigation carried out in 1974-1975 (Few et
), the validity of the UV analytical technique was

studied by comparing NO measurements using UV and conventional
methods on gases drawn through a probe; results were also ob-

tained in-situ, on the hot gas stream.

The results, as indicated earlier and as shown in Fig. 2-1,
showed excellent agreement downstream of the probe by conventional
and in-situ spectroscopic techniques, but the values so obtalned
were about one-sixth those found in the free stream. The impli-

f the UV technique is correct, is that some five-sixths
ee stream NO was destroyed in the sampling probe. The

7

il

¥
conditions used (about 600 K combustor inlet temperature, 55 psia,

uel/

power at about mach 0.9 and 36,000 ft, and were not exceptional;
i.e., afterburning or high altitude, high mach number flight was
not simulated. Furthermore, since a 6-fold ratio was found at
the combustor exist, but a much smaller ratio implied at englne
exit by the J93 data, it could be speculated that much NO cre-

ated in the combustor is being destroyed in the turbine.

2.1.3 Related Investigations

The possibility that probe sampling of hot reactive gases
can give erroneous results has been recognized for many years,
and was almost certainly considered when developing ARP1256.

2

‘4




Probe Sample Data - Commercial
Chemiluminescent Analyzer

1, 600 r Sample Transfer Line Absorption Data o
In Situ Absorption Data - Combustor Exit
1,400 -
1,200
1,000+
€
a
g 800 |-
600 |-
400
200 -
0 : l ! | | -
0 0.01 0.02 0.03 0.04 0.05 0. 06
FIA
FIGURE 2=1. NO concentration as a function of the fuel-to-

air ratio for turbine engine combustor exhaust
obtained by various means.

Source: Few et al., 1977
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Nevertheless, recently obtained results--in addition to those
cited above--imply that much remains to be learned.¥ A brief
review follows.

Samuelson and Harman (1977) and Benson and Samuelson (1977)
review past work and the possible homogeneous and heterogeneous
reactions that can take place in sampling combustion gases con-
taining nitrogen oxides (NO and NOz), and report on experiments
involving mixtures of NO (500 ppm) and NO2 (75 ppm) in an N2
carrier gas containing various other gases (02, 002, H2, Co,

CHy » C2Hb’ C3H6), with two probe materials (316 stainless steel
and silica). A temperature range from 25 to U400° C was investi-
gated. The following results seem to be of particular interest

here:

l. In general, silica probes show less reactivity than
stainless steel probes.

2. In many of the tests, NO, was converted to NO, but the

sum of the two remained inchanged.

Sen i Oz—free mixtures containing H2 or C3H6 (but generally
not with CH,, CO, or Cth), NOX was removed, in some
cases quantitatively, depending on reducing gas concen-
tration, at temperatures of 400°C or lower, particularly
over stainless steel. The concentrations used were 500

and 1000 ppm C3H6, and 0.5 to 3 perecent H

no
.

These results are of considerable interest, indicating as
they do the possibility of reactions taking place on the probe
tips or in the sample lines. Of course, the mixtures used were
not representative of typical combustor gases, lackling excess
oxygen and combustion moisture. (Results with CO might have

Thus, while NO at room temperatures is known to be thermo-
dynamically unstable, its kinetic stability is very great.
Nevertheless, it can decompose slowly heterogeneously. Re-
cently published data (Robertson et al., 1977), for example,
show that NO in Ny (250 to 1000 ppm) decomposes by 3.3 percent
in 6-10 months in steel cylinders and by 3.8 percent in 17
months in commercial cylinders.
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been different had H,O been present, as water gas shift
7 <
could have resulted in H2 reactions with NO. Whether th

would take place in oxygen-containing streams is unknown.)

Effects of probe materials and probe designs have also been
studied recently at AEDC (R. Bryson).¥*¥ The probe designs used
are shown in Fig. 2-2. An AVCO-Lycoming AGT-1500 combustor was
used. This combustor, 5.5 inches 1in diameter and 12 inches
long, was designed for use in a tank gas turbine, is symmetric
in configuration, has a well-defined flow field and was thus
considered particularly sulitable for these te
shown in Table 2-4. Their results showed the following:

1. The quick-quench probe as recommended by GE (Lyon et al.
1 N 5] han the AEDC basel
we N oL S >Nan Tl 1L DL DAase

1975) gives lower NO values than the AED( asel
probe, which latfer inveolves a large sample tube and

a noncritical pressure drop.

2. Baseline probe results were independent of tip material.
3. Strange results were evident for CQC. High CO values

were associated with low NOX. CO wvalu

probe, as well as NO values, thus app

UV results at these fuel-to-air ratios can be estimated
roughly from Few et al. (1977), as being about 175 ppmv at ‘
0.01, 605 ppmv at 0.02, and 860 ppmv at 0.03. The highest values
found by probe at corresponding conditions (39 ppmv at 0.01
ppmv at 0.02, 228 ppmv at 0.03) were always much lower than those
estimated from UV spectrometry. It follows that obe design
18 important, but,; particularly in light of indep sndence of
probe material, does not appear to explain the differences be-

tween the two methods.
In another AEDC study (Few, 1977) of particular interest
+

o the subsonic aircraft case, optical NO measurements were made

of the exhaust from an F-101-GE-100 engine at simulated altitudes,

Private communication October 11, 1977. See Bryson and Few, 1978.
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TABLE 2-4. COMPARISON OF EMISSIONS MEASURED
WITH THE VARIOUS PROBES
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under subsonic conditions, and as a function of distance from
the centerline. Unfortunately, probe results were not taken in
the same test, but extrapolations were made from probe results
(an orifice-type probe) taken on a similar engine earlier. The
results are shown in Fig. 2-3. Note that a rapid drop-off in
NO occurs with distance from centerline. The apparent agree-
ment between probe values and optical values at larger radii is
perhaps misleading due to the extrapolation procedure used;

in addition, mass flux as a function of radius is unknown, so
that it is impossible to cobtain a reliable estimate of total
NOx flux by the two methods, although this would be of interest.
If, however, uniform mass flux per unit area is assumed, and
the plot accepted as drawn, the mass weighted emissions by
optical techniques would be about 35-40 percent above these by
probe.

An optical procedure was also used in an attempt to measure
NOQ. No discernible absorption was found, indicating, for the
setup used, less than 20 ppmv of NOE‘ It was concluded that
most of the NOx is as NO.

The above results suggest significant difficulties in using
probe-sampling techniques, although there is no proof that the
spectroscopic values are correct; there are other additional,
somewhat fragmentary, data which tend to confirm these diffi-
culties and indicate the need for further work. Thus, Seery
and Zabielski (1977), in reporting on work carried out to study
chemistry in flames (rather than on measurement methcds per se),
give a comparison of NO content in a flame formed by methane
and air (stoichiometric at 0.1 atm), as measured by molecular
beam samples (with mass spectroscopy) and by a quartz micro-
probe. The microprobe samples were found to show far lower
(factors of 5-10) NO values than those found by the molecular
beam system.
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A related investigation is underway in which measurement

ethods are at issue. MNo conclusive results are yet available,
t somz2 questions about the accuracy of the ultraviolet spec-

troscopic technique as developed at AEDC have arisen

|
b
1

. Zabielski, private communication, 1978); it does not

ppear, however, that the uncertainties at issue would account

a six-fold difference, as found at AEDC in some investiga- e
ons. (See Fig. 2-1.) This preliminary finding may be impor-

ant and may, in concert with the probe studies, indicate that

€
both the probe and spectroscopic results have been in some error.

Returning to probe questions, there is also recent evidence
that heterogeneous processes may enter, which could be involved
on uncooled parts in sampling afterburning mixtures or could f
take place with soot particles carried in the hot stream. Thus,
Myerson (1978) found that a pyrolytic type of carbonaceous

deposit, highly reactive to NO decomposition, could be formed

on the walls of a ceramic reactor being used in the study of
homogeneous reduction of NO by hydrocarbons (as in auto exhaust

mixtures) at temperatures of the order of 1400-1500°C. The

e A = 4 A

oxygen in the NO appeared as CQ, the nitrogen as N,. The input
=
N
2
yining 0.4 percent i-C,H.., 0.4 percent 0,, and NO at the level
L, ) =

of 1000 ppm. These conditions, of course, do not exist in usual

gases in the experiments typically involved mixtures in

con-

t

V)

ways present to some
ich showed that

degree. Myerson also refers to earlier work wh
i gen would react with NO (at
u

graphite resistant to attack by oxy
1233 K). The homogeneous reactions ar >, also of
esumably,

a ama et al.
1978) which showed that fuel-bound nitrogen 1is converted to N2

in the presence of small amounts of O, during pyrolysils at 600-

error in chemiluminescence methods have been studied by Mathews ;j
[ |
£

kb !
“Ralld 8 5
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et al. (1977). These have to do with relative quenching effi-
ciencies of different third bodies--water vapor showing a hi
quenching efficiency, for example. It appears that errors of

20 percent or so may be involved with different mixtures

combustion gases. In addition, the possibility exists that
other nitrogen-containing gases may be converted to NO in the
analyzer. Obviously, the questions involved merit attentiocn
in any measurement program using these techniques.

2.1.4 Significance: A Probable Upper-bound Estimate of HQY
Emission Index of Concorde )

The significance of the NOX measurement uncertain

obviously relates to the question of how many air
cause a specified effect. What would be needed in order t
bound such effects are measurements using a validated UV spec-
trometric technique (if probes are shown to be unreliable

existing engines under appropriate operating conditions rather

than on combustors or other research-type setups). In the ab
of such information, the significance must be determined in-

directly. In doing so, it must be considered t s
both probe and UV spectrometer data are suspect, and ra f
the two techniques cannot necessarily be applied from engi

to engine.

The first comparison of interest is that of the emission
index data derived from the T-56 combustor test (Few et al.,
1977) to that obtained from engine tests (Davidson and Domal,
1973) both at AEDC, as shown in Table 2-5. The nonafterburni
case at military power is used. Here, the engine tests,
when conducted under considerably more severe conditions,¥*

* s s 3 ~ 7w iy % vy a
According to Davidson and Domal (1973), the NOy i n inde
increases by the 2.5 power of the combustor inlet temperature.
The emission index for the T-56 combustor at K 1 would,
by this relationship, be twice that at 600 K, 0 gm

NOp/kg fuel by UV techniques, using the data Table 2.5.
alue (100) is about half the equilibrium value for dry air,
nis 0 C

v
this inlet temperature, at an equivalence ratio of 0.
(Blazowskil et al., 1975).
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lower emission indices by spectroscopic techniques than were
obtained at the output of the combustor for the combustor tests
using the same technique. This would seem to imply that con-
siderable NOX reduction takes place in the turbine (which seems

doubtful).
TABLE 2-5. NOx EMISSION INDEX DATA COMPARISONS

T-56 Combustor Test (Few et al., 1977)

a
Temperature Pressure NO, E.T. (as NO,)
Inlet, K Inlet, psia f/a (Probe) (Tn-Situ)
598 56.4 0.010 4.8 28.0
598 46.2 0.020 8.3 48.9
600 54.4 0.030 10.4 46.8
604 52.1 0.040 8.9 50.3
605 57.0 0.051 8.6 523
J93 Engine Test (Davidson and Domal, 1973)
NO. E.I. (as NO,)
X 2
Temperatgre Pressure . g
Inlet, K Inlet, psia f/a (Probe) (In-Situ) Comment
590 82 0.0211 4.60 6.04 Mach 1.4,
35,000 ft
672 93 0.0196 6.70 14.90 Mach 2.0,
55,000 ft
800 59 0.0150 12.03 35..9 Mach 2.6
66,000 ft

4Based on NO alone. NO2 data are not reported but should be negligible.
bFrom Fig. 12, p. 44 (graphical) Davidson and Domal (1973).

“These values are derived from the reported NO ratios and the NOy emission
indices from probe measurements, assuming the NO», component is constant.

As another comparison of interest, the J93 data can be com-
pared to the Concorde data (CIAP Monograph 2, pp. 4-34), as in
Table 2-6. Note that the J93 probe data, if converted to con-

ditions used in the Concorde, agree well with Concorde probe




data (16.7 vs. 16.8). Also, if the spectroscopic data are cor-
rect, and emission index (E.I) of about 50 gm Noz/kg fuel might
ig

be as ed to the Concorde at cruise. The agreement in probe

&)

n
is somewhat surprising in that the probe data obtained

=
)_.J
O ot

res

0

vy AR
b

)Y AL

C were apparently somewhat (~ 10 percent) low compared to
other turbojet data. (See Davidson and Domal, 1973, p. 52.)

TABLE 2-6. COMPARISON OF CONCORDE (PROBE) AND J93 NOX RESULTS

NO_ E.I.
Temperature Pressure In- 2 (Test No.);
Inlet, K let, psia f/a (Probe) (uv) Conditions
Concorde
801 102 0.0147 16.8 (4) Mach 1.99
58,879 ft, ISA-9 K
824 95 0.0141 177 (7) Mach 2.00,
58,000 ft, ISA+5 K
J93 (measured)
800 59 0.0150 12.0 35.9 Mach 2, 55,000 ft
J93 (converted to Concorde conditions)*
800 102 0.0150 167 49.9

*Estimated values, assuming PO'6 dependence based on results presented by
Blazowski et al., 1975; prorating the quoted results at 59 psia.

2.2 FLEET FORECASTS OR PROJECTIONS

Fleet forecasting, the problems inherent in it, and in the
fleet figures generated thereby, have been discussed in earlier
reports (see Oliver et al., 1977, Pozdena 1976, Athens et al.,
1976, CIAP Monograph 2, 1975) and will not be discussed in de-

tail here. Nevertheless, it is of some interest to consider

two papers which have become available since our previous report.

One of these, Aviation Futures to the Year 2000 (published by
the Department of Transportation, FAA, February 1977), was

2=16
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sponsored by the FAA; the other, Geddes (1977), is a projection
by McDonnell-Douglas, updating similar earlier publications.

In 4dvtation Futures, five scenarios are assumed, considera-
tion being given "almost exclusively" (not further defined) to
the U.S. fleet. The scenarios are based on sets of assumptions
as to population, business productivity, cost of domestic crude,
etc. Certain data extracted from the report are given in Table
2-7. Note that SST traffic is included only in the most opti-
mistic "expansive growth" scenario. Note also the assumed
prices of oil: in the "muddling through" scenario, with $14
0il, the jet fuel consumption is less in the year 2000 than at

present .
TABLE 2-7. UNITED STATES; YEAR 2000 ESTIMATES*
Limited Muddling Resource Individual Expansive

Key Variables 1974 Growth  Through  Allocation Allowance  Growth

Population {millions) 212 250 297 250 250 297

Gross National Product 1.3 1.9 ! 2.9 4.1 4.3
10'% 1973 dollars

Cost of Domestic Crude 11.0 8.5 14.0 8.0 6.0 <5
1973 dollars/barrel

Enplaned Passengers 207 406 272 471 788 1113
Millions/yr.

Total Revenue 131 259 167 304 485 597

Passenger Miles
Billions/yr.

Jet Fuel Consumption 190 317 158 317 537 850
MiTlions of
barrels/yr.
Carrier Fleet 2420 3790 2430* 3540 5660 7670
Total Aircraft
Mix (percentage)
747-type 5 4 8 9 10
707-type 0 4 0 0 0
DC-10 type 12 2 20 17 20
727-type 62 64 59 95 41
Small (50 15 16 10 11 9
passengers)
T 0 0 0 0 3
Large (1000 0 0 3 3 4

passengers)

Jet STOL (15 0 0 4 5 13
passengers)
Source: FAA, 1977
e
2670 in 1985
2-17




Direct comparison of the Aviation Futures results with those
of McDonnell-Douglas (Geddes) is difficult, as time periods
differ, some questions arise as to what is included in the two
forecasts, and there is a difference in focus, one (Geddes)
emphasizing passenger miles and the other passenger enplanement
and operations. Nevertheless, some figures have been developed

for comparison of the two sources, as shown in Table 2-8.

TABLE 2-8. FLEET COMPARISONS

1985 1990 2000

Total Aircraft

Aviation Futures (“Expansive U.S.") 3890 -- 7670

McDonnell-Douglas (world) 7217 7908 --

McDonnell- Douglas (U.S.)?} 3115 3270 --
SSTs

Aviation Futures ("Expansive U.S.") ~ 20 (100)2 230

McDonnel1-Douglas (world) 16 118 --
U.S. Passenger Miles/yr. (Billions)

Aviation Futures ("Expansive U.S.") ~260°  ~ 350° 597°

McDonnel1-Douglas 302 ~ 380 --
1 ; g
Prorating U.S. numbers by U.S. share of world schedule/passenger-miles.

2Interpo]ated

3In this scenario, a rapid growth in jet STOL takes place between 1985

and 2000, reducing average passenger-miles per enplanement. The approxi-
mate figures shown were estimated by this author, assuming 630, 585, and
540 (their numbers) miles per trip average in the respective years.

The McDonnell-Douglas projections show a new SST introduced
in 1986. The Aviation Futures document does not indicate the
SST types. Aviation Futures shows a 1000-passenger plane to be
in operation (~ 40) in the expansive-growth scenario by 1985;

McDonnell-Douglas does not include such a craft.

2-18
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2.3 CONCORDE EMISSIONS ESTIMATES

In a previous report (Oliver et al., 1977), NOx emission
estimates were provided for the Concorde aircraft as well as
for a "1990-High" estimate of a world fleet. No new world fleet
results are available, but new estimates have been provided for
the Concorde by P.C. Beadle of ‘the Britlish Alreraft Corporatlon
(Beadle, 1977). The new estimates are for only a nine-aircraft
Tleet, but cover a wide network, and are the only estimates
available for the full altitude-latitude range. The data are
still subject to adjustment, as certain approximations have been
made in treating the various atmospheres at different latitudes.
Nine aircraft, of course, are of little environmental signifi-
cance, but the distribution may be of interest to traffic mod-

}—

e

(4]

&

The network Beadle studied is that planned "for likely
operation" in 1978-1979. The route network shown in Table 2~9
is served by nine aircraft, totaling 57.5 hours daily usage,
from 6.4 hours per aircraft per day (or 2330 hours each per

year).

The NOx (as NOZ) emission index data used by Beadle is
shown in Table 2-10. These were generated by him and involve
a much larger correction to zero humidity than used by Scott
(1974) or recommended by Blazowski et al. (1975), so that the
emission index values at cruise are 20-40 percent higher than
given previously by Scott. Beadle argues that his correction
gives a better fit to available data for supersonic flight con-
ditions.* Other emission indices recommended by Beadle are
given in Table 2-11; the data are from COMESA (1975).

Beadle's correction seems excessive in view of the data re-
ported by Scott where an 80 percent reduction in inlet
humidity resulted in an increase from 17.7 to 18.4 to 19.3
kg/NOo/gm. Scott corrected for the remaining 20 percent

water with a 3 percent further increase. Beadle's (continued)

2=19
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CONCORDE ROUTE NETWORK SUMMARY

TABLE 2-9.

Route
) i Distance, Flight Time, Fuyel, Weekly
i g1 Destination nmi minutes kq Frequency

London Washington 3,306 222 73,591 /

New York 3,060 203 69.385 14

. Bahrain 3,056 222 L8 1T 4

ashinaton London 35423 209 77,945 Vi

Paris 3,546 215 79,853 7

J v London 3515 89 68,059 14

Paris 3,266 201 69,964 14

ahrain London 3,070 235 73:709 4

Singapore 3,624 235 77,785 3

3 Washington 3,464 226 80,971 7

New York 3,221 208 76,774 14

Dakar 2,485 171 58,520 2

Santa Maria 1,474 119 35,760 1

ir yre Bahrain 3,640 220 79,866 3

Melbourne 3,387 221 175310

1kar Paris 25502 166 260 y

Rio de Janeiro 2,789 130 2192 2

nta Maria Paris 1,454 M S E 1

Caracas 2,785 175 025 1

bourne Singapore 3353 223 ,994 3

10 de Janeiro Dakar 2,779 1173 849 2

Buenos Aires 15150 88 013 2 (1979)
iracas Santa Maria 2,793 172 195 1 '

ienos Aires Rio de Janeiro 1,150 87 451 2 (1979) i
usrce. Geadle, 19077 ‘

et ——————

correction for the remaining 20 percent of water is 25 per-

cent or more, which is difficult to understand
Blazowski's theoretical arguments
>lazowskl suggests that
yetween air at 300 ppm and air at 3 ppm at stratosphere condi-
1/2 percent.

r

+

Y ons
v 1Ullo

should be

about

(Blazowski,
the difference in NO

in view of
1975).

emission
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TABLE 2-11. CONCORDE EMISSION INDICES (OTHER THAN NOX, 502)
Source: Beadle, 1977

Emissions other than Ngx Emission Index (g/kg fuel)
Water Vapor 1270
Carbon dioxide 3140
Carbon monoxide 3.5
Unburnt hydrocarbons 0.2
Particulates K

Beadle's analysis (like Scott's) was based on use of an
International Standard Atmosphere (which is the same as the U.S.
Std. Atm. 1976 for purposes here) plus-or-minus varying incre-
ments in temperature, with the standard atmosphere assumed for
the troposphere (to 13 km) and a uniformly cooler or warmer
atmosphere above, rather than standard atmospheres for other
latitudes. Some uncertainty is recognized in so doing, but the
resulting estimates should still be suitable for modeling pur-

poses, in view of the other uncertainties involved.

The Concorde is limited to a pressure altitude of 18.3 km
or 60,000 ft (Scott, 1974), or about 72 mbar. The geometric
ltitude resulting varies with season and latitude from about
17.6 km (arctic winter) to about 18.6 km (30°N in summer).
Beadle gives fuel flows and NOx (as NOE) emissions from 0
km by 1l-km bands and from 40°S to 55°N by 5° latitude

His results are given in Tables 2-12 and 2-13.

+ 0
CcO

\O

=

band

(9]

Beadle also analyzes normalized emissions by altitude bands
in the stratosphere (15-16, 16-17, 17-18 km) as done earlier by
Oliver et al. (1977, pp. 2-32) in adjusting A.D. Little (Athens
et al., 1976) estimates. Beadle finds Oliver's adjusted values
agree reasonably well with his estimates, if taken to apply to
the Northern Hemisphere wherein most of the traffic lies. How-

e e e

ever, surprisingly large relative amounts of NOx enter the 18-19 km
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band, differing from earlier estimates. Because such distribu-
tions are sensitive to the assumptions made in treating the
atmospheric temperature profile, such discrepancies may not be

surprising (or, probably, too important).

The NOX emissions shown by Beadle are almost certainly too
small to be noticeable in a computer perturbation study. A 50-
fold increase (corresponding to 450 aircraft) would perhaps be
appropriate for modeling purposes for accuracy; however, to
test possible nonlinearities (see Section 3.5.5), several fleet
sizes would need to be examined.

The Beadle results just shown are nominally for geometric
altitude models. Resolution is probably such, however, that
little additional uncertainty will be introduced if these dis-
tributions are used in pressure coordinate models. It is impor-
tant to recognize that a substantial part of the total emissions
is released in climbing to altitude, so that models assuming

aircraft at a single altitude may give misleading results.

it NOx EMISSION REDUCTION EFFORTS

The CIAP (CGrobecker et al., 1974) and NAS (1975) studies
indicated that both subsonic and supersonic aircraft would re-
duce the ozone layer if fleet growth were to continue as then
expected unless NOX emission indices are substantially reduced
(6-~fold or more). This goal thus became an add-on to efforts
which had been underway for some time to reduce emissions at
takeoff and landing, based on EPA proposed standards, and pro-

grams were initiated under NASA sponsorship. All these efforts

“=J

were reviewed in a conference held at NASA Lewis in May

=)

=
O
-

(Aircraft Engine Emissions, 1977). The Stratospheric Cruis

Emission Reduction Program (SCERP) (Diehl et al., 1977, op.cit.)

@

is of particular interest. Much of the "clean combustor" work
directed to EPA goals 1s of general technical interest, but the

modest reductions achievable by the combustor modifications
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ind effects of engine transients (relight requirements, compres- %
or stall, etec.). All these problems (and the SCERP program)
re in a relatively early state of development. Nevertheless,
interesting results have been achieved. Thus (Fig. 2-5),
very low NO_ emissions can be achleved, such as 0.3 gm NO,/kg
fuel the inlet conditions shown, at an equivalence ratio of
).4 (which is uncomfortably close to blowout) with greater
AAAAAAA 99 percent combustion efficiency. It is also of interest
that pressure has little theoretical effect on NO formatior
at 1le onditions, as shown in Fig. 2-6, in contrast to the
usu e 06 ncy found with conventional com-
bustors The fragmeritary experimental data are not very illu-
The e margin question and fuel air preparation prob-
> e iy ha
1 i 1a
ver h
LNCreast
nd illustrated by Diehl et al {
orced circulation techniques are discussed by Roberts and
Bu (1977) in the same document. These involve use of lean
remi and prevapcrized fuel-air mixtures with a recircula-
£16 one for flame stabilization. Studies on these concepts
vere begun in March 1974 and were in the final stages at the
time of the Aircraft Engine Emissions Conference (May 1977).
The ¢t concepts studied were jet-induced circulation (JIC)
and rtex air bla (VAB); these are illustrated in Fig. 2-9.
'he goals, in were low NOX emissions (1.0 gm/kg) along
with low CO (0.5 gm/kg) and total hydrocarbon (0.5 gm/kg)
e ion indices at a combustor inlet temperature and pressure
o f aind 5 atmospheres, with a combustor outlet temperature
f °R, using Jet A-1 fuel. The techniques are, in effect,

out the le

rrying

an premixed
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prevaporized combustion processes over a range of operating r-
ditions (idle, takeoff, cruise). In the JIC system, the

and fuel are premixed and fed (at 30° relative to the comt

axis) into a combustion chamber in a direction counter to the
eventual flow. The VAB system involves concurrent flow, witt
variable angle swirl vanes; reaction stabilization occurs in

a resulting vortex recirculation.

4

Early efforts showed that low NUy emissions at cruise con-
=

ditions could be obtained, with the VAB concept the be

from an emissions standpoint at cruise, and essentially meeting
the goal of 1.0 gm/kg. However, as was noted in earlier dis-
cussion, the lean stability deteriorated (and CO emissions in-

creased) rapidly with decreasing inlet temperatur

M

N
’)

0
n
¥
<

in Fig. 2-10, so that the simple, lean, premixed

constant-

-

4 o)

geometry combustor cannot be considered for use across the range

of engine conditions.

More recent work with these concepts has been concerned

with seeking ways to avoid the problems

indicated above, using

variable dilution, variable geometry, staging

ete

The fo

egoing discussion has been intended to
=]

i7%
briefly some of the possibilities and

ultra-low NOX combustors. It would appear obvious that con-
siderable time and money will be required before such concepts
can be brought to the level of safety and sophistication re-

o

juired for aircraft use. Stationary gas turbine systems or

automotive appl

o

,_,
=2
=,
¢}
=
s

e

cations using these approaches might

come bef'ore those for aircraft.

2.5 SOME COMMENTS

- : , ; 9 i = R ’ e
The foregoing discussion permits only a few general obser-

vations. Thus, uncertainties in emission indices still exist
as they have since 1973. Aircraft fleet projections, particu-

larly of SSTs, have dropped dramatical

ly. Progress is being
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FIGURE 2-10. CO emissions with a vortex air blast
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with various inlet temperatures, illus-
trating rapid rise in CO at low inlet
temperatures.

Source: Roberts and Butze, 1977

1de on noy cruise emission reduction programs (although the

sinal basis for these efforts, as will be described more

fully in the following sections) has been shown to be in sub-

doubt) but the attendant problems in achieving large

reductions in NOY emission index values are all too evidéent.
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3. OZONE MODELING DEVELOPMENTS

3.1 INTRODUCTION

As noted in Section 1.0, the cut-off date for input to our
previous summary report under the HAPP effort (Oliver et al.,

) was December 1976. Since that time, there have been a
number of developments affecting the computed effects on ozone

" aircraft emissions, chiefly in the kinetics area. The prin-

cipal effort, in a natlonal sense, in this period has been
ievoted to the halogen problem; the fertilizer question has
also been subjected to some study. The sheer volume of this
other work, and its somewhat peripheral relevance to the air-
craft question, preclude its detailed review here. An attempt
will be made to draw from these work developments which seem to
be of particular interest to aircraft effects and to the uncer-

tainties therein.

As will be evident in the following material, changes 1in
chemistry which have generally reduced computed effects of NOx
additions have brought what have been secondary issues to the
fore, such as the effects of thermal feedback, of simultaneous
water-vapor injection, and of detailed choices in reaction
rates; the sign of the effect on the ozone column change can
vary with choices in these matters, as well as with other model- !
ing details. A recently passed law is of interest in this con-

c

nection and merits comment.

3.2 SOME COMMENTS ON PL95-95

In connection with modeling "details," the apparent impact
of Public Law 95-95, passed on August 7, 1977, should be noted.

3-1




This act, Clean Air Act Amendments of 1977, covers many aspects
of air qualjty; however, amendments to Section 126 are of prime
interest here. This amendment adds a Section B to this section

1

of prior legislation entitled "Ozone Protection;" the amendment

refers only to ozone in the "stratosphere'". The stratosphere
by definition (Sec. 152) is "that part of the atmosphere above
the tropopause," and thus includes the mesosphere, etc. The

act states that the "Administrator [of the EPA] shall conduct

a study of the cumulative effect of all substances, practices,
processes, and activities which may affect the stratosphere,
especially ozone in the stratosphere" and goes on to cite halo-
carbons, other sources of chlorine, bromine compounds, and
emissions from aircraft. EPA thus becomes the lead agency for
protection of stratospheric ozone, and through a Coordinating
Committee, reviews and comments on research by, and research
plans of, other agencies. An interim report by the NAS has,

in fact, already been prepared under this act (NAS, 1977).

While the full implications of this act are still developing,
an apparent (if perhaps temporary) result has transpired due to
emphasis in the act on changes in stratospherie ozone, rather
than on changes in the ozone column, including changes in the
upper troposphere, which total effect, of course, controls
changes at the earth's surface. This emphasis can lead to awk-
ward reporting problems for investigators. Thus, 1n connection
with climatic effects, release of halocarbons may cause depletion
of ozone in the stratosphere, which would involve a cooling at
the earth's surface; however, on incluslon of the tropospheric
greenhouse effect of the halocarbons themselves, the net effect
appears to be a surface warming. Similarly, 1-D atmospheric
ozone modelers, if the act is taken literally, may decide not
to include the troposphere in their models, and may obtain

thereby misleading results,* particularly if aircraft effects

¥

It should be noted that modelers who exclude the troposphere
have argued the opposite; that is, tropospheric chemistry, in
their view, is so poorly understood that inclusion of the
troposphere can lead to misleading results.

3-2




are being computed. With aircraft (see e.g., Hidalgo and Crutzen,
1977), particularly realistic fleets with principal traffic in
the upper troposphere, significant changes can take place which
may be more important at ground level than the very small
change (possibly of the opposite sign) which may result in the
stratosphere. Any model excluding the troposphere necessarily
fixes conditions more or less arbitrarily at the lower model
boundary (the tropopause), thereby affecting or suppressing the
changes which would take place at this altitude in a model with
a troposphere included. Erroneous or misleading estimates of
ozone effects, like those for climate, could result using such
procedures.

PR}

3.3 TRANSPORT PROCESSES: 1-D PARAMETERIZATION

3.3.1 Background

The fundamental problems in representing atmospheric trans-
port processes or "dynamics'" in a one-dimensional parameteriza-
tion (the "KZ” profile) have been described at length elsewhere
(see, e.g., Mahlman, 1975; COMESA, 1975; NAS, 1976, Appendix Bj;
Oliver et al., 1977). Here we note only that (1) in principle,
each tracer has its own prdfile, depending on 1ts sources and
sinks; water vapor, e.g., very likely behaves differently than
does either NOx or ozone; (2) fundamental ambiguities as to
interpretation of 1-D results are evident, with some modelers
arguing that their models represent "global (time and spa-e)
averages" and others, mean mid-latitude conditions, ete.; and
(3) for sources near the tropopause, no satisfactory means e
taking into account time and latitude-varying tropopause heights,
or regions of upwelling or subsidence, has been developed. In
spite of these and other problems, however, the great computa-
tional simplicity introduced by carrying out computations in
one-dimension has insured their continued use. Attempts to re-

fine such representations are of continuing interest, as are

3=3
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intercomparisons of the estimates used by
Some recent developments, with relevant ba
follow.

32 NZO Tracer Studies and Derived KZ p
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aspects

Local K_profiles vary tremenc 51y with latitude, with,
e.g., Alaska values being up ] orders of magnitude
Panama values. authors' words,

profiles prol ly have little physical

a Panama profile, of which only cne was avail-
the time of the 1977 paper, roughly tripled the
average eddy diffusivity otherwise obtained, in the
km altitude range principally discussed.
he area-averaged eddy diffusivity coefficients derived
were found to be a factor of 1.5 to 3 times those found
by Hunten (1975) using CH, data taken at Palestine,

4
Texas. This result relied heavily on the Panama data.

In this author's opinion, the KZ profiles derived by pro-
cedures, such as those used by Schmeltekopf et al., seem most

appropriate a material, such as N,O or one of the long-1lived

to
halocarbons, which involve a surface source, with long 1life and

good mixing in the troposphere, and a stratospheric sink. To
what extent the mean K_ profiles so derived are applicable to
stratospheric sources, concentrated in terms of latitude, and

with tropospheric sinks, is a matter of some debate.

The procedures used by Schmeltekopf et al. (1977) give K_
preofile data for roughly the 17-27 km region, and as such are
alone sufficie for use in 1-D modeling. However, Crutzen
978), from the same group, in a study of chlorocarbon
ozone, utilized these and other data to form a K_-

profile which they characterized as follows (in cm¢/sec):




K. =T x 10" 0 sz s 8 km

e = 3 I ; : s

K. =8 x 10" + (4 % 10° -~ 7 3.107 ){z =15)/ 8 < z = 15 kn

K_ =4 x 10% exp [(z - 15)/5.54] 15 % 2 % 29 ¥n
4

K =5 x 10 29 = 7 =< 50 lar
L s J

K, =5 x 10" exp [(z - 50)/10.9] 7 > 50

The values from 15 to 30 km are based on the N.0O data. AL

higher gltitudes, the values are based on methane data (Ehhalt
et al., 1974), adjusted by a factor of 2 to account for day-

night averaging. As noted earlier, the Schmeltkopf 1977 K.
&

values are considerably greater in the 15-25 km region than ar

the Hunten 1975 values.

This profile was included in comparison studies herein of
effective Kz values (see Section 3.3.6 below) and is also of
general interest. For aircraft (and other) effects studies,
in a later paper, using a 1-D steady state model, with a 1
lower boundary, Crutzen and Howard (1978) used a modified K

profile, still based on the N,0O data, as follows:

Above 15 km
K =5 x 105 exp [(2-15)/8], but < 10

f

From 10-15 km, two profiles were used

K_ (high)= 5 x 103 axp [(18=2)/2]

with Z in km and K_ in cm™/sec.

The statement is made that the K _ (high) relationship is more
appropriate to global conditions, representing a continupus
transition from troposphere to stratosphere, whereas K_ (low)
is more appropriate at latitudes poleward of 40°. These rela-

tionships are sketched on Fig. 3-1, along with certain cther

profiles of interest.
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3.3.3 The NASA-Ames Model KZ Profile

Poppoff et al. (1978) and Turco and Whitten (1977) describe
the NASA-Ames 1-D model. The KZ profile used by them (see Sec-
tion 3.5.5) in a recent assessment and referred to as a "WT" or
"Wofsy-type" profile is pletted as Poppoff et al., 1978, on
Fig. 3=-1. This profile includes a very low eddy diffusivity
region near the model tropopause, followed by a rapid increase
in K_ with altitude. The plot shows a K_ value for the tropo-
sphe;e taken from Turco and Whitten (197%); their recent model-
ing exercises, however, have not included the troposphere
(Poppoff et al., 1978). The small eddy diffusivity values in
the 13-15 km region lead to slow transport of material to the
troposphere and large accumulations (long residence time, or
burden/flux) from steady stratospheric sources. The profile in
the region was developed to make the model consistent with
transport of excess C-14, following Johnston et al (1976).%

The Hunten/1975 profile is also shown; it also was noted by
Johnston et al. (1976) as leading to a reasonable representation
of the excess C-14 data. There has, of course, been contro-
versy surrounding the use of excess C-14 data in this manner.
See Chang, 1975; Mahlman, 1975; Oliver et al., 1977 (pp. 3-85

to 3-89); also Mahlman and Moxim, 1978 as discussed in Section
3= 35 below.

Turco and Whitten (1977), in agreement with Johnston et al.
(1976) note that it would be difficult to reproduce excess C-14
data with a tropopause set higher than 13 km. This height is
thus properly a global model tropopause which may not (in our
opinion) have any physical reality relative to aircraft flight
in, for example, mid-latitudes.

¥

The WT Ky profile also leads to good agreement with the
measured N0 and CFM distributions (R.C. Whitten, private
communication, 1978).
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3.3.4 Latitude-Tropopause Adjustments

In the above velin and as noted earlier, the proper treatment
cf aircraft altitudes relative to tropopause altitudes, and pro-
h

D
per mean values thereof for various problems of interest, has
d

adequate attention. Hunten (1975) recommende

a 2-km upward adjustment of aircraft altitudes for trafrfic at
sbout 40°N, to compe ifferences betwee

40°N and about 30°N, fo 11 i 1 rofi
CL9T5)
simple approaches of

oped. Mahlman

alternative adjustment procedures were recommended for tropo-

pause height variations; if adopted, these approaches would at

st keep aircraft ositions correctly above or below local
t opau heights (See Oliver et al., 1977, pp. 3-94.) The <
procedures used by Crutzen and Howard (1978) were describe ?

"WT" profile, with a 13-km tropopau
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adjustment. |

3.3.5 Some Relevant Aspects of a 3-D Tracer Study

Mahlman and Moxim (1978) have carried out a model experiment
which is relevant to the questions just discussed. In this
experiment, using a 3-D global general circulation model, an

stantaneous pulse of inert water-soluble tracer was injected

on 1 January at 65 mbar (~ 18.8 km) with its center of 36°N and
180°E. The pulse was spread in such a way that most of this
tracer was contained in a "single stratospheric disturbance."

One aspect of their results is of particular interest, repre-

sented by Fig. 3-2. In this figure, time and zonally averaged ‘
mixing ratio profiles in October of the fourth model year are ‘
shown. While it is not possible from the plot alone to derive

S
K_ profiles (a steady state distribution does not prevail), it
(0]

(S
0 0

of interest t

note the smoothness of the "global average"

L)
|
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curve up to 38 mbar relative to curves for other latitudes. In
general, a break in the curve is caused by a change in the
rapidity of vertical transport, which in 1-D modeling would be
represented by an "eddy diffusivity."# A decrease in slope is
analogous to a decrease in eddy diffusivity. Qualitatively,
these 3-D results (in our opinion at least) tend to support the
use of HT profiles with relatively smooth transition from tro-

pospheric to stratospheric values, at least for "global average"
1-D models.

As a separate matter, Mahlman and Moxim (1978) note (refer-

601831

03

to Mahlman, 1975, for more detail) that feedback of C-14
from the troposphere to the stratosphere would affect apparent
removal rates of excess C-14 during the second year following
cessation of testing. Thus, the relevance of excess C-14 at
longer times as a tracer is brought into question (excluding
other considerations); however, Mahlman and Moxim (1978) also
find that the water-soluble gaseous tracer is removed somewhat
more slowly than were particulates from weapons tests, indica-
ting that sedimentation does play an important role over longer

times (perhaps more than one year).
3.3.6 Studies Using Zr-95 Data i

In a previous report, Oliver et al., 1977 (Appendix C) work ¢
by Bauer, Oliver, and Wasylkiwskyj was reported in which the
behavior of Zr-95 injected by Chinese nuclear tests (40°N, 90°E,

approximately 18 km altitude) was examined in a 1-D model as a

function cof time after several events at different seasons.

T e rert o P\ e o?

This work has since been substantially revised (Bauer et al.,

1978) and, for completeness, is included as Appendix B of this

D models do not use eddy diffusivities, except in subgrid
parameterizations in which very low values are used. In the

articular experiment described, zero vertical subgrid eddy |
diffusivities were used. i
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The reason advanced by Bauer et al., 1978, for examination
of the Chinese data 1s that these data more closely resemble a
mid-latitude stratospheric aircraft source with a tropospheric
sink than do any of the other data used, such as data on CH“ or
N,O which involve a globally-dispersed surface source and &
sEratospheric (primarily high-altitude tropical) sink. 1In
Bauer's approach, the available data are treated in terms of
a two-step model (a constant tropospheric KZ and a constant
stratospheric K_) which is justified, at least for an initial
investigation, gn the basis of simplieity:; 1.e., 4 minimum in
the number of variables 1s needed to describe the data invelved.
The appropriate K_ form for mid-latitude stratospheric sources
is not well estabzished in any event. A correction is included
for sedimentation. Two mean tropopause values were considered
(11 and 14 km) to determine the sensitivity of results to this
variable. The data show that removal rates are much more rapid
in the winter than in the summer, so that difficulty is encoun-
tered in attempting to develop an appropriate mean X_ for use
in 1-D time- and space-averaged modeling. By makingbwhat were

considered to be suitable assumptions, however, the authors
were able to develop approximate mean stratospheric eddy diffu-
sivities (tropopause to 18 km) and to calculate therefrom mean
residence times and injection coefficients (a) in the manner of
McElroy et al. (1974), or Hunten (1975 or 1975a). Results are
shown in Table 3-1. Mean KZ values (K) found for the various

e i

tests are shown in the tabulation. The recommended values are

those shown with an assumed 1ll-km tropopause.

The results in Table 3-1 suggest that residence times or
injection coefficients for 18-km injections by either the Chang/
1674 profile or the Chang/1976 profile are somewhat low, but
that some of the other model values, particularly using the

2-km adjustment on the injection altitude recommended by Hunten
(1975), are apparently high. As noted, a strong caveat is

implied by the great seasonal variability found and the approxi-
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TABLE 3-1. COMPARISON OF RESULTS FROM DIFFERENT MODELS FOR 18-km INJECTION*

R e e TR e

*See Appendix B (or Bauer et al., 1978) for details.

3-13

RV R’
Source 10 cm--sec yr
This analysis (Two-Step Case)

11-km tropopause

with sedimentation (K = 7.25 x 103 cm2/sec) 2.4 2.0

without sedimentation (K = 9.75 x 103 cm2/sec) 1.8 5
14-km tropopause

with sedimentation (K = 2.44 x 103 cmz/sec) 0 %

without sedimentation (K = 4.55 x 103 cm2/sec) 5 1

Other K-Profiles*

Chang/1974 1.7 1.4
Chang/1976 128 1.6
Hunten/1975 4.6 3.6
Hunten/1974 (+2)(18 km, latitude 71 4.6

adjusted to 20 km)
Crutzen/1974 1.8 1
Crutzen-Isaksen/1975 1.9 LA/
Wofsy/1975 3.2 £.8
Crutzen et al., 1978 2.3 2.0
Poppoff et al., 1978** 4.4 3.6
Crutzen and Howard 1977/1978

High 2.4 20

Low 3.3 SR

A K; of 7 x 104 in the 0-10 km region was assigned for these calculations.
The troposphere is not included in the Poppoff et al., 1978 work.




mations needed to get annual means. It 1s suggested, however,
that since the large Soviet tests in 1961-1962 took place in the
late fall, overestimates of pollutant burdens may result if a

year-round average Kz value is applied in computing effects.

Further analysis of these and other data using a more com-
plex model (KZ increasing with altitude above the tropopause) is
anticipated in follow-on work.

3.3.7 The Water Problem

a. Stratospheric Water. The original focus of potential

SST effects on ozone was on effects due to added water vapor
(see, e.g., H. Harrison, 1970; Hearings, 1971, p. 451 ff). A
change of 0.2 ppm, as was suggested might result from an SST
fleet, was estimated to cause a global average reduction in
ozone of about 0.8 percent based on calculations by London and
Park (Hearings, 1971). The reaction rates used were subsequently
revised, with water vapor becoming of much less importance.¥

The NOx issue was raised in 1971 (Crutzen, 1971; Johnston, 1971)
and became of dominant interest. Lately, however, with further
revisions in reaction rates and with the NOX problem becoming
of lesser significance, the water problem has arisen again, as
will be discussed more fully in a later section. This leads to
the question of how water vapor should be handled in 1-D and
2-D models.

¥
These early calculations were based on an assumed value for

the rate of the HO, + 03 reaction of 10-1 cm3 molec-lsec™1,
as used by Hunt (1966) in modeling the ozone column using an
HOyx - Ox atmosphere. It was later pointed out by Nicolet
(1970) that the rate was probably much too high; modelers
accepted his arguments and (initially) set the rate to zero
in investigating the NOy catalytic cycle and its effects on
ozone (Crutzen, 1671, 1974). It is of interest that the
early water vapor efforts, as well as later efforts involving
NOx, illustrate the fact that a model which reasonably dupli-
cates a "natural" atmosphere may not correctly predict the
effects of a perturbation to that atmosphere. Duplication

of the "natural" atmosphere in a model is generally considered
to be a necessary, but clearly not a sufficient condition, to
predict effects of perturbations.

Yl




There are several related aspects to the water-vapor guestion.

First, perhaps, is the limited data base in terms of reliable
measurements at various times and places. (See Harries 1976,
Pendorff 1977, Ellsaesser 1974.) According to Ellsaesser (1974),
the data that do exist suggest that the conventional tropical
tropopause cold-trap argument (Brewer, 1949) is guantitatively
unsatisfactory in explaining stratospheric water vapor; a sink,
specific for HQO vapor, is needed, which Ellsaesser suggested

may exist in the Antarctic night. More data will be required

(temperatures, upwelling velocities, relative humidities) to

()

ully test these suggestions. It seems possible that the appar-
ent problem may, in fact, be an artifact of averaging processes.¥
The vapor pressure of water (ice) varies by a factor of about 2
with a 4°C change in temperature near -80°C, and regions in the
tropics exist (as pointed out by Ellsaesser, citing Angell and
Korshover 1974) wherein 12-month running mean temperatures are
-84.5°C to -81.5°C, significantly colder than the -80°C nominal
tropical tropopause used by Ellsaesser in his analysis. It may
be precisely these cold regions through which air is entering
the stratosphere. Similarly, tropospheric air enters the strat-
osphere on the anticyclonic side of jet streams in mid-latitudes;
in these regions, temperatures considerably below zonal mean
values are not uncommon (J.D. Mahlman, NOAA GFDL, private com-
munication, 1978). These zonal inhomogeneities can be (and are)
modeled in existing 3-D models (as at GFDL), resulting in a
satisfactorily dry stratosphere.*¥* (A CH, contribution is not

£

included in the GFDL model.) None of this, of course, proves

*
I am indebted to Dr. J.D. Mahlman of NOAA/GFDL for pointing

out this and other "3-D" features of the water vapor question.
**It is of interest that the GFDL model referred to has an

excessively cold polar night, resulting in an excessive

estimate of the Antarctic sink proposed by Ellsaesser.

Even so, the resulting "sink" is of almost no signifi-

cance. (J.D. Mahlman, private communication, 1978.)
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against which to test the models is inadequate.

The above discussion suggests that water vapor tran
into (and out of) the stratosphere i1s dependent on proce
which can be represented in 3-D modeling, but which lea
difficulties in 1-D or 2-D models. In these simpler mo
the cold-trap concept cannot be applied if mean temperat
ar employed; rather, some further prescription is nece

This is conventionally done in 1-D models by specifying
vapor content above (or at) some model tropopause, and
what more complex ways in 2-D models. It is not overly

cult to develop some prescription in these models which

to a reasonable "natural'" stratosphere, but it is diffic

establish that this prescription will permit an estimatse

perturbations to be expected from a stratospheric water

This 1s certainly true if thermal feedback effects of ws

vapor, or effects on the tropical tropopause temperatur
n

changes in water vapor) are in question.

b. Water Vapor in the Upper Troposphere--Implicati

that the models duplicate the real atmosphere, as the d:

ssary.

AN Some-—

ons .

That fthe stratosphere is dry (very low relative humidity, except,

presumably, near the tropical tropopause) in certain re
well established.* There seems to have been less atten
to upper tropospheric water contents in mid-latitudes,

information that is available may have some implication

1-D and 2-D modeling problems. Thus, data exist which

upper tropospheric air, in general, apparently being mi
dry stratospheric air (see Danielsen and Louis, 1977),

}anabe and Wetherald (1967), after reviewing rather 1i
data, modeled relative humidity h as a function of Q(=
pressure/surface pressure) according to h = h¥* “_8 gs
h* = 0.77, with adjustment to prevent the mass mixing
from dpopping below 3 ppmm. Manabe and Wetherald (197
model (2-D) relative humidity values (zonal means) of

percent in large areas, including the tropical t“opn a
which figures presumablv reflect the averaging processe
described in Section 3.3.7a above.
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fairly dry (i.e., low relative humidity).* The Amarillo data
lotted on Fig. 3.3 at about 30°N, show a relative humidity of

about 19 percent at the tropopause.¥* It is of interest also

that the Amarillo data, as well as data a

~

Washington, D.C.,

ot

and Trinidad (CIAP Monograph 1, p. 3-52) show a gradual change

' =
L-T0N

eference) over Greenland show abrupt increases below about

tions, as in the cold regions near jet streams referred to
earlier, and data such as that for Greenland, the air near the
tropopause in mid-latitudes is not saturated. The existence,

on average, of rather dry upper tropospheric air suggests that

extremely rapid, as implied by models using large values of

tropospheric eddy diffusivity: further, the lack of gradient

across the tropopause suggests that extreme step changes in

actual atmosphere. There is some additional support for this

crossing the tropopause.

/

c. Water Vapor - General. The somewhat murky picture (in

a quantitative sense) of water vapor transport in the upper

¥
Saturation mixing ratios in Fig. 3-3 have been computed from
the 1966 U.S. Standard Atmosphere and from the Smithsonian
Meteorological Tables (List, 1958).

*
The data of McClatchey et al. (1972) as plotted by Ramanathan
(1977) alsoc indicate low relative humidltles in the upper
troposphere in the aArctic (winter and summer), mid-latitude
(winter and summer;, and the tropics (~ 15 percent at 10 km
The plotted data appear to be suspect, however, in the stra-
tosphere (~ 0.6 ppmm).

}.

B

"It is of interest that Poppoff et al. (1978) view this same
data in a directly opposite way. We plan to examine these
data more carefully in future work.

S=1t

ri

in mixing ratio across the tropopause; however, other data (sam

vertical mixing from below in this region is not (on the averag:

lack of step change in the data on HTO distributions with alti-

mbar (which might represent the tropopause).** With some excep-

eddy diffusivity at the tropopause are not representative of the

tude across the tropopause (see Mason and Ostlund, 1976) wherein

abrupt changes in concentration or in gradient were not found in
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troposphere and stratosphere is (following Danielse
1977, who do not discuss water but d

£ 1 source of stratospheric air 1s
certain regions of the tropies with little wve:

elsewhere and general subsidence poleward. The a

the stratosphere carries with it a small amouni
which, in general, is then transported by bulk fl

sc-called troropause gaps into the troposphere,
further mixed longitudinally and meridionally.
obviously also is carried into the stratosphere by
from mid-latitudes, as evidenced by regions of rel
water vapor mixing ratios (6 ppmm or 10 pi
traverse (80°N to 50°S at 17-19 km) by Hilsenrath
Antarctic sinks may exist (Ellsaesser, 1974; Stanf
Kuhn, 1977), as may Arctic sinks, but these

in terms of the water budget and transport. It wou

water vapor introduced above the tropopause in mid-
has an uncertain fate; some meridional transport i

the sloping tropopause would certainly occur. Becau
general subsidence, vertical transport would be sup:

not eliminated.

For reasons such as these, and because H,0 was
ent consequence, CIAP modelers generally made no att

include water vapor injections (COMESA modelers

of interest that the K_profile generated by COMESA

vapor "behaves" better than that for NO_ (see Fig.

latter involves negative regions near 18 km. Howeve:

COMESA model shows much too high a water content in

sphere (~ 50 ppmm at 20 km in the Northern Hemisphere,

ing with increasing altitude, and varying with seaso

3

of the order of 5 ppmm at 33 km in the fall; see Fig

COMESA, 1975), so that it is not clear to what extent
rived Kz profile for H,O0 duplicates the "true" atmospl

duced" to one dimension.

12
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FIGURE 3-4.

st

2
I(I(mzuec)
Globally averaged one-dimensional

K; profile based on water, ozone

and NOp, fluxes and gradients; derived
from 3-D results.

Source: COMESA 1975
ne cases in CIAP and in HAPP, estimates of the effects
r vapor have been made using adjusted water contents
n residence time or other arguments (as at Lawrence
re Laboratory; see Oliver, 1977); in other cases, rain-
fficients (essentially fractional rates of decay at some
ltitude) have been used. In still other cases, modelers
ed the water content at some level (as NASA Ames,
mol/cm~ at 10 km; Turco and Whitten, 1977), and assumed
5 profile applies to water as to other species. "Rain-
fficients" have also been applied in 2-D models over cer-
titude and latitude bands in the troposphere (G. Widhopf,
communication, 1978).
1irly, as water vapor effects on ozone and thermal feed-
fects become of significance, more debate 1s called for
"proper" way to model water vapor in reduced dimension
3-20
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SOME IMPORTAN
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siderable

has taken place or been reported in the pe

our previous
worthy of note in

ments.

Fipst 'of &
1977,

the halocarbon

ebial py and

to
understanding of o
is

content importa

tion of the

ffluents

(Anderson,

PEeDOEE,

response

The C1l measurement

T MEASUREMENTS OF TRACE SPECIES

number of field measure
iod hetw this
Two of these effor

view of the questions

(the C1 and €10

Anderson,

hese measurements of
1978) is of particular

problem,

to ‘the

but is significant
zone chemistry and, because

nt to the computations, to

spec

cularly

S vt s A St

ies

and

Ure—

Anderson

importance

of stratospheric ozone to perturbations
. In brief, Anderson et al. (1977) have re-
of profile measurements of Cl and C1l0 taken
tober 1976, and 8 December 1976 over Palestin

S

measurements, however, showed wide

ferent flights--a factor of about

four profiles show a peak ClO content higher than called for by

any of the models; the profile for December 1976, in particular,
showed ~ 8 ppb of C1l0 at 30 km, some three times the 1ighest

value predicted. As at least some of the ClX 1s necessarily ir
the form of HCl, the al ClX content of the stratospheric

air implied by the flight was clearly far larger than can be
ccounted for by any known sources of chlorine. results

have not yet been explained; a discussion is included in Hudson,
1977. The July 1977 flight also showed excessive chlorine

(~ 7 ppbv. It is of interest that in this flight, the OH and
O, contents looked normal (Anderson, oral presentation, Toronto,
ilf:]; l.e., the excess chlorine, if present, was having nc

evident impact on ozone. Wofsy (1978), in a det led review of
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3.5 CHEMISTRY CHANGES AND MODELING RESULTS

1 3.5.1 Introduction

In the sections just preceding, certain developments have
been noted on the parameterization of transport processes. These
developments have not, in general, been fully "folded" into the
modeling results, partly because ambiguities are involved, but
also and primarily, because other developments--in chemistry--
have occurred which have been of more immediate significance.
These developments in chemistry have reduced net effects of NOX
injection on the ozone column substantially while somewhat in-

creasing H20 effects; whether the net effect on the ozone column

is positive or negative depends on a number of modeling variables,
included among which, however, is the parameterization used for

transport. Transport processes are thus still of significance.

3.5.2 Chemistry Changes and Uncertainties

a. Previously Identified Problem Reactjons. 1In a pi

i
neering study of uncertainties, Duewer et al. (1977 and 1977a)
pointed out the importance of five key reactions in evaluating

perturbations of stratospheric ozone by aircraft (in a chlorine-

free atmosphere): These are, using their reaction numbers: g
HO, + NO - OH + NO, (R26) f
HO, + OH » 0, + H,0 (R19) i
& & = i
RO+ HOS == H 08 4 S0 (R18) f
& & Zne &
HO, * O, = OH + 2 0, (R14) ,
(= 3 M ) & &
OH + NO, > :{:403 (R20) a

These reactions have since been reviewed by the same group
(Duewer et al., in Luther, 1977). Recommended values for these
(and numerous other reactions) have also been provided in Hudson
(1977), along with discussion and estimated uncertainties.
Crutzen and Howard (1978), and Poppoff et al. (1978) also dis-
cuss the various rate data for these and other reactions of
significance.

3=23
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T'he rate of reactions involving HOE’ particularly at strato-
spheric temperatures and pressures, are, in general, still not
fully established, although 1lmportant progress has been made.
Based on at least one example (see below) the uncertainties
quoted, in our opinion, tend to be underestimated. 1In fact, the
most important changes in computed

rcraft effects since our

air
previous report have resulted from the measurement at room tem-
7) te of

ature by Howard and Evenson (197 of the ra Reaction 26:

o

HO, + NO -+ OH + NO. (R26)
(= (<

o - a0 s B : : .
The rate found, (8.1 = 1.5) % 10 ° cm3/sec at 296 K, has since
: : -12 - o o
been confirmed (z 0.1 x 10 ) by four groups (Howard, 1978).
This figure can be compared to the "survey" value quoted in

~n oo~

G222 sah 200 Kool 2 % lO_'LJ cmj/sec (with

T AKD 7

Monograph 1 (p.
an uncertainty factor quoted of 3 either way), a factor of
slower.
In very recent work (reported June 1978), Howard (1978)

reports the following temperature-dependent rate for this re-

1+

N

I+
N

-lq - ) \ /m
7) % 107" exp [(25H 0)/T]

ver the range 230-400 K. This positive temperature dependence,

and the rate measured, are in marked contrast to earlier values.
Simonaitis and Heicklen (

1977) reported, e.g., a rate constan

12 3 -
€ em’/sec and a temperature de-

at room temperature of 1 x 10~

pendence, based on certain assumptions as to other reactions

)/T. Hudson (1977) gives no temperature de-

pendence, but gives an uncertainty at 230 K, corresponding to
maltiplier of 1.4 to 0.35.

n studies prior to the Howard (1978) work, authors assumed

temperature dependence as follows, with k values shown at room

my 2 4
empera

cure and at a nominal stratospheric temperature:




Crutzen and Howard, 1978

X296 ¥ K230 &
k = 3 X 10_11 exp (—390/’1‘) 8 0 x jp,-lZ 5§ 5 x 1(‘._L“
26(HE) - . G Je ) (S U

Luther et al., 1977 (p. 47)
~-11

N = 28 0 = ~ ) 5 —l2 B q T A ;:
K36 (uE) HESaI8s e T 0 exp(-500/T) 7.9 x 10 b.g x 10

In later work at Lawrence Livermore Laboratory (LLL) (Wuebbles,
1978), the above temperature dependence for this reaction was
dropped (See Section 3.5.lUc.).

The central value exgression for k26 developed by Howard
(1978) yields 9.96 x 1022 at 230 K. The much higher than
heretofore measured rate for this reaction, its positive tem-
perature coefficient, and the fact that measurements by the
technique recently used by Howard (and others) require low
pressures (< 10 Torr, Burrows et al., 1978) have raised the
possibility that a pressure-dependent three-body effect may be
involved. Howard (1978) argues however, based on certain re-
lated data, that the measured rate as reported is applicable
at atmospheric pressure.

This reaction, with this new rate, has a powerful influence
on both tropospheric and stratospheric ozone chemistry in at-
mospheres containing NOX, as shall be shown.

A second important reaction, which accounted for much of
the change in computed NOX effects on ozone between the period
of the CIAP report (Grobecker et al., 1974) and our recent re-
port (Oliver et al., 1977), i1s Reaction 19:

- | )

HO2 + OH 02 + H2O (R19)
The CIAP figure of 2 x 10720 ¢m3/sec was revised in the
previous Duewer et al. evaluation (1977) to 2 x lo-ll em>/sec

the Hudson report recommends 3 x lO-ll. Burrows et al. (1977

reported a direct measurement of 5.1 x 10'11, but this figure,

J=2b




based on other evidence, is considered to be high both by LLL
(Duewer et al., 1977; Luther, 1977) and by the NASA panel. (One

might argue, in general, for the validity of direct measurements

over indirect, in view of experience with the HO2 + NO rate data.)
The reaction

HO., # HO,y = H,0, + O

2 2 2

is also clearly of significance in view of the importance of

(R18)

HO2; e.g., in its reaction with NO. The importance of the re-
action also depends on the rate of destruction of the H,0, formed,

272 -

as discussed by Poppoff et al. (1978). Several room temperature Z
measurements of the rate have been made (Luther, 1977), which ;
e .

appear to be in good agreement (at 2.5 x 10 L with * log k of il

0.3; Hudson, 1977). However, there is concern (Hudson, 1977)
in light of the Howard and Evenson (1977) measurement, that
competing reactions may have been inadequately accounted for j
(Burrows et al., 1978). An argument is advanced by these authors

for the formation of HQOU as an intermediate and extended to

argue for possible pressure dependence in H02 + NO and C1O + NO

reaction. No temperature dependence data exists for Reaction 18; {
the Luther (1977) report suggests a range of eEl%QQ which alone

represents a much larger uncertainty than indicated in Hudson t

(1977 ).

Crutzen and Howard (1978) in parametric studies used two |

values for this reaction:

-13

H

12 6—500/1

k (standard) 5 % 108 (9.3 x 10

(2.8 x 10

at 298 K) :

4 e—500/T -12

1.5 % 107

k (high) at 298 K)

A fast rate constant for this reaction; according to Crutzen and
Howard (1978) and Duewer et al. (1977), increases ozone deple-

tlon.
The rate of the reaction

H02 ar 03 % OH + & 02 (R14)
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is also (still¥) quite significant to modeling of ozone in nat-

ural and perturbed atmospheres. A very recent (June 1978) ex-
pression has been reported by Zahniser and Howard (1978) as

kyy = (1.4 = D.4) = 10‘lq exp (=580 = 100)/T

over the range 250 - 370 K. At 230 K, the central value using

15

this expression is 1.1 x 10 ~° cm”/sec.

The rate expression used by LLL for Reaction 14 is 10'13

exp(-1250/T), which yields 4.4 x 10_16 cm3/sec at 230 K. The
rate quoted in Hudson, 1977 is, in cm3/sec, qu = T3 X lO_lu
e_1275/T, with * log k equal to 0.3 (a factor of 2). The ex- ’
pression yields 2.9 x lO-16 at 230 K. Crutzen and Howard (1978)

use two values, a "standard" and a "high" value as follows

k standard = 1073 exp (=1525/T), or 1.3 x 10-1° at 230 Kk

and -13 =16
k high 2 x 10~ exp (-1250/T), or 8.7 x 10 at 230 X

The NASA (Hudson, 1977) rate is sensitive to the rate of HO2 +
HO,, which, as pointed out earlier, is uncertain, and may be
ingluenced in turn by reevaluation of the impact of the H02 +
NO reaction. Note that the new rate expression given, at 230 K,
a value 3.8 times that given by the expression in Hudson (1977).
The uncertainty quoted in Hudson (1977) corresponded to a fac-

tor of 2.

Crutzen and Howard (1978) [as well as Poppoff et al. (1978),

also Duewer et al. (1977 and 1977a), Table 3.5, later herein]
show that if the reaction, H02 + 03,
ozone column is reduced, but NOx additions tend to enhance

is "fast," the "natural"

ozone. The effect is a subtle one, involving a decrease in a
reduction (which thus becomes an enhancement); i.e., as ex-
plained by Crutzen (private communication, August 1977). If

Cycle 1, for which the HO, + O, rate is controlling,

2 3

¥
See first footnote Section 3.3.7a.
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OH + @, > H02 + .0

3 2
HO2 + 03 + OH + 2 02
2 O3 =0 O2

is rapid, then this ozone destrucftion cycle is significant. As
NO is added, however, the cycle is slowed by the competitive

reaction of HO2 with NO as follows:

QH + 0, = HO, + O

2 2 2
HO2 + NO - NO2 + OH
NO2 + hy + NO + O
0 =+ 02 = O3

No net reaction

which decreases the destructiveness of the HOy cycle.

The fifth reaction listed by Duewer et al.--that forming

HN03——still involves a number of uncertainties but other reac-
tions, as below, are of greater current interest.

Hudson (1977) cites two additional reactions in the HOX
series which the NASA panel felt to be worthy of particular

attention,

OH + 0, - HO, + O
3 2

H@ . @ = GH G
2 2

and e

The uncertainties in these rates, in addition to the first
four cited above, contribute significantly, according to Hudson
(1977), to the overall uncertainty in stratospheric models.

b. Some Other Reactions and Species of New or Possibly

Increased Significance. There has been considerable effort

in the past few years devoted to stratospheric chemistry,
which is particularly important to the halocarbon problem (see,
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e.g., Hudson, 1977; Watson, 1977). As most of this work is of
secondary interest to the aircraft problem, no attempt will be

made to review it here. Rather, discussion will be limited to

a few items which seem to be of interest.

HO,NO, (peroxynitric acid). HO2NO2 was not considered in
modeling done under CIAP nor has it been included in most reac-
tion schemes since. Attention to this species was apparently
drawn by Simonaitis and Heicklen (1976) with subsequent atten-
tion being given it by Cox et al. (1977) and by Jesson et al.

(1977) .

The speciles is an analog of the well-known peroxyacetyl
nitrate (PAN) important in smog chemistry. According to Cox
et al. (1977), HO2NO2 is not important in the troposphere,
having a lifetime of only 9 seconds at 298 K. At stratospheric
temperature (220 K), however, the lifetime is estimated at about
one month (Jesson et al., 1977) to 0.3 years (Cox et al., 1977).
It could thus be an important "reservoir" for both HO2 and NOz,
and could enter into a variety of possibly significant reactions
(Jesson et al., 1977); its peak concentrations would be in the
20-30 km region, and could reach 1-3 ppb, largely at the expensé
of HNO, concentrations (Jesson et al., 1977) without NO and NO

2
concentrations being much affected.

2

Absorption data and photodissociation products are appar-
ently inadequate. Modeling runs showing the possible effect of
this species are not extensive; however, Poppoff et al., 1978,
assuming HO2NO2 to be photolyzed at the same rate as H 02,
found that its inclusion reduced ozone production by NOX, but

the absolute effect on the ozone column was small.

Hocl. Jaffe and Langhoff (1978) have carried out a theo-
retical study of the ultraviolet photodissociation of HOC1.
The results do not agree with earlier experiments which indi-
cated a double~peaked absorption spectrum with peaks at about
220 and 320 nm; the theoretical results showed significant

J=29
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absorption only at the shorter wave length. The significance

of this 1s, of course, the HOCL is not photodissociated by the
relatively strong flux in the 300-350 nm region, so that HOC1l
has a much longer life than previously believed for Cl species,
reducing the effectiveness of the Cl catalysis cycle (see Prasad
et al., 1978). Jaffee and Langhoff (1978) estimate HOCl1l life

due to photodissociation (to Cl + OH) as 5.3 h at 40 km and 56

h at 30 km. They point out, however, that other processes as,

e.g., reaction with O(SP) may predominate in controlling the
1ifetime.

HOC1l could have some significance in the aircraft effects

problem, thus such processes as

HO2 +£ G0 = Hagl + O2
or (heterogenously)

ClONO2 + H 0 = HOCL & HNO

2 3

(These formation mechanisms were suggested by Jaffee and Langhoff,

1978).

HZOZ' Poppoff et al. (1978) point out the fact that a
"long" wave (> 255 nm) absorption tail for H,0, has been ne-
glected in both CIAP and in Hudson (1977). ihgs neglect pro-
duces an erroneously large estimate of H207 in the lower strato-
sphere. 1n their model, CHMO2 is assumed ;o behave like HQ
Neglect of the long wavelength tail would put both of these

species at fairly large values (v 1 ppbv) which Poppoff et al.

suggest would be incompatible with experimental data.

The reaction ClO + OH - products. This reaction, which,

if it proceeds according to
Cl0 + OH = HC1 + O,

at moderate rate, would be important in stratospheric chemistry,
DA,

=

for two reactive species are destroyed (R.E. Roberts,
private communication, 1977) in the process.

3=3U
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Classically, a reaction such as the one cited is assumed by
kineticists to be a four-center reaction and too slow to be of
consequence. In this case, however, the extreme energy release
involved (~ 55.6 kcal/mol) and its possible chain-terminating
character, suggest that it merits investigation. Its importance
also relates to CHM content; this reaction would be of greater
importance with the recent CHU profile measurements of Ackerman
et al. (1977) than with earlier profiles (W.S. Smith, private

rommunication, 1977).

The speculative reaction 0, + CLO » 0,Cl0. Jesson (1978)
v

in a speculative suggestion, commented that if the reaction
O2 -+ GO > 02010 takes place,

followed by
0,c10 ¥ c10, + 0

and
ci0, Wewo+0

2

a mechanism for odd oxygen production would result, but no evidence

is known for such a reaction.

3.5.3 O0ther Modeling Changes

Recent models have been improved in terms of their ability
to incorporate such effects as multiple scattering, diurnal
averaging, and thermal feedback. Each of these effects can be
shown to be of significance; in 1-D modeling, however, the appro-
priateness of the various procedures, as in 1-D modeling in gen-

e

e

al, can be debated: each represents an improvement on an al-
ready "globally-averaged" process of sorts. The appropriate
means of further averaging is never fully clear. In COMESA
(1975) efforts, 1-D models were used with fully diurnally and
seasonally varying sun, but with fixed eddy-diffusivity profile.
Currently, modelers feel this process uses too much computer
time, and may be difficult to justify; instead, in what seems

be a reasonable approach, the appropriate time-averaged
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species product concentrations are determined by simpler diurnal
averaging studies. The object, of course, is to avoid, in ki-
netic calculations, the multiplying together of concentrations
of species which exist only at different times of the 24-hour
period. As far as is known, however, all models "turn the sun
on" and off over the entire mcdel altitude simultanecusly for
all wavelengths in these diurnal averaging procedures, thus
ignoring differences in sunrise and sunset with altitude and

wavelengt

Thermal feedback effects also involve obvious guestions

D
n
n

D

wm

jsh)

N

D

@}

o)

U
o W
|

to whether the "average" heating or cooling proces
priately considered, or whether the heating

ftrace speg¢ies in diurnal modeling, are in

time and/or space from the chemical reaction processes.

In spite of these questions, in this author's opinion,

these "improvements" to the 1-D models are justified in indi-

cating the potential importance of various physical phenomena,
but higher (pz rably 3-D) modeling will be necessary to pro-
vide a more guantitative indication of their significance.

3.5.4 Effects of Recent Chemistry Changes on Model Atmospheres

Incorporaticn of the Howard and Evenson (1977) rate con-
stant in existing models increases the ozone in the model "nat-
ural'" atmosphere. The effect is evident in 1-D mo s, but

rather easily dismissed since total ozone in a 1-D model varies

significantly with Kv profile chcice as well as with emistry,
and considerable ambiguity exists as to whether a 1-D model 1
a global average, a mid-latitude, or a hemispheric model. 1In &

2-D model, the effect becomes quite obvious, as shown in Fig. 3.5,
provided by Widhopf (private communication, 1278). Note the large
excess of ozone in the model atmosphere over that measured. This
model had previously provided a more reasonable match between

calculated and measured atmospheres.* (See Widhopf et al., 1977).

¥
Chlorine species are not included in these model results.
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It can be anticipated that the fast HO2 + O3 reaction, as
recently reported (Zahniser and Howard, 1978; Section 3.5.2),

: will reduce the excess of ozone, but to what extent is not yet
known. In 1-D model results (Zahniser and Howard, private
4 communication, 1978), use of the new HO2 + O3 rate which is
some four-fold faster than the old rate, at 230 K, brought the

1-D ozone column from 10.6 to 9.6 (x 1018, cm—z).

This approx-
imate 10 percent reduction apparently would not be sufficient
k to bring the computed Widhopf model into line with the measured

values, but would be expected to improve the situation.

3.5.5 Recent Calculations of Aircraft Effects (1-D)

a. 7The Different Models Compared. Potential SST effects
on ozone have been reestimated in detail in light of recent

(post-1976) changes in chemistry by workers at three organiza- ‘
tions--Lawrence Livermore Laboratory (LLL), National Center for i
Atmospheric Research (NCAR) and the National Aeronautics and
Space Administration at Ames (NASA-Ames). These studies have
all used 1-D models, but these have varied in important details.

No new studies have been done in the subsonic question. Only
draft copies of the studies are available to us at the time of
writing.*¥ A review as of July 1977 was prepared by Broderick
(1978), which is scheduled for early publication. The paper by
Broderick includes results as affected by the Howard and Evenson
(1977) rate for the HO2 + NO reaction; however, some effects not
included in that paper have since become available, and these {
results are emphasized in the following.

The characteristics of the three 1-D models which seem
most pertinent to this discussign are shown in Table 3-2. The
models themselves are described in detail elsewhere (Chang et
al., 1977; Poppoff et al., 1978, and Turco and Whitten, 1977;

—
The final version (Poppoff et al., 1978) became available
during the review period.

3-34




TABLE 3-2. MODELS AND RUNS COMPARED?

Aspect LLL NASA-Ames NCAR/NOAA
Troposphere Included Yes No2 No
Altitude Range, km 0-55 10-120 10-65
Steady State (SS) or

Time-Dependent (TD) 0 TD SS
Vertical Resolution 1 km 2 km 1 km
Multiple Scattering Included Yes No --
Albedo Effects Included Yes No --
Diurnal Averaging Included Yes Yes ==
Thermal Feedback Included Yes No --
C1X chemistry Incluced Yes Yes Yes
Smog chemistry Included Yes3 Yes Yes

"Basic" K, profﬂe(s)4

Chang/1976 WT; Chang/1976

5

Crutzen et al, 19786

Water Vapor Changes Parameterized7 Computed Computed
NOX injection rates Varied Varied Fixed
Nox/HZO ratio Varied Varied Fixed
H,0 injection (alone) Yes Yes No

1

Refers to models in the configuration used to generate the main body of re-
sults discussed here. Each group has a number of models. The various ef-
fects listed as "included" can, of course, be excised if desired; similarly,
effects shown as not included can, in general, be included if desired.

2NASA—Ames has a second model which includes the troposphere; they find that
tropospheric ozone is little affected by SSTs.

3simplified. See Oliver et al., 1977.
4By this is meant the implicitly preferred profile. Results are reported
for various profiles by eacn group.

5"Wofsy-type,“ a profile similar to that of these authors but developed by
NASA-Ames based on excess C-14 data. See Section 3.3.3. This is referred
to elsewhere herein as the Poppoff et al., 1978 profile.

6Two versions are used to correct approximately for latitude (see Section
3.3.2). These are referred to as Crutzen and Howard (1978) "high" and
"low." The mid-stratosphere portion is based on Schmeltekopf et al. (1977).

7Very recent calculations have included computed changes in H20.
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injections of NOx and HQO at various altitudes, and for '"near-
term" and "far-term" NOX emissions technology. "Near-term'" en-
gine technology implies today's combustor technology; "far-
term" technology includes two possible NUX emissions levels,
roughly 40 percent and 15 percent of today's values. The ac-
tual values used are quoted below. Their model, as indicated
above, did not include a troposphere. Their results, which
follow, are of particular interest in that they show clearly,
for small to reasonable SST fleet sizes, the change in signi-
ficance of H2O and NOX emissions due largely to the revision of
the H02 + NO reaction rates.

Two aircraft types were considered by Foppoff et al., 1978,

with varying NOx emission indices, as shown in Table 3-3.

TABLE 3-3. AIRCRAFT AND FLEET CHARACTERISTICS
(Poppoff et al., 1978)

Nominal*
Nominal Nominal Fuel NOy Emission Fleet Emissions
Nominal Altitude, Flow Rate, Index, 108 kg/yr
Type Mach No. km kg/hr/aircraft g NO»/kg NO, H20
A Pa 20.0 37,800 546 1.47 125
6.0 057 125
20 G.19 125
B 03 175 35,200 18.0 1.65 1717
7.0 0.64 117
3.0 0.27 187
*100 Aircraft, 7 hours/day. From Poppoff et al. (1978)
The reported ozone depletions are given in Table 3-4. Re-
sults are given for the "Dickinson-Chang" profile (or Chang/

1976), and for "WT" (Wofsy-type) profile.
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TABLE 3-4. OZONE CHANGES CALCULATED FOR 100 AIRCRAFT
WITH DIFFERENT NO, EMISSION INDICES
% % 0zone Change*
Cruise

Altitude, NOy E.I., Injections, 10% kg/yr NOx Only  NO plus Ha0
Type km g NOo/kg NOy H20 ocl  wr2 ocl T2

A 20.0 15.6 1.47 125 0.12 0.12 0.07 0.03
6.0 0.57 125 0.05 0.05 0 -0.06

2.0 0.19 125 0.02 0.02 -0.03 -0.08

B 17.5 18.0 1.65 117 0.13 0.13 0.10 0.06
7.0 0.64 117 0.05 0.05 0.02 -0.02

3.0 0.27 117 0.02 0.02 -0.01 -0.05

%
The Ames authors point out that these near-zero numbers, obtained by inter-
polation, involve substantial (fractional) uncertainty.

]This is referred to as the Dickinson-Chang profile; it has been referred to
elsewhere as the "Chang/1976" profile (or at times as the "new" Chang pro-
file).

2Th1's is the NASA-Ames "Wofsy-type" profile, developed by NASA-Ames (see

Section 3.3.3).

The results given in Table 3-4 are plotted in Fig. 3-6 for
the two K7 profiles. Note that the ozone column increases with
increasedJNOX injection at constant water injection rate; the
depletion appears to be due to the HZO injections. The NOX re-—
sult 1s entirely opposite to that found in CIAP. The H,O effect
on ozone was never clear in CIAP; in one paper however ECrutzen,
1974), it was reported that water vapor, according to then-
current chemistry, actually inereased ozone slightly. Prior to
CIAP and the NOX issue, however, as noted in an earlier section,
water vapor depletion of ozone was a major question with regard
to the SST (Section 3.3.7).

Poppoff et al. (1978) also give effects as a function of
”Ox and HEO injection rate at 20 km in Fig. 3-7, and in Fig. 3-8
as a function of altitude, for a specified NOX injectlon rate.
In Fig. 3-7, the water effects and NGX effects are computed sep-

arately. The scales are sized however for an NOK emission index
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1.17 xg0 "~ kg/yr

OZONE COLUMN CHANGE, percent
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525785

FIGURE 3-6.

1.0 2.0
NO_ INJECTION, 10 ka/yr AS NO,

NASA-Ames 1-D model results plotted here to show effects of
varying NO, injection rates at constant Hp0 injection rates.
The water rates correspond to 100 SSTs at 17.5 and 20 km for
Dickinson-Chang (DC) and Wofsy-type (WT) profiles. The points
plotted involve approximations so the curves are not as pre-
cisely located as might be inferred.

Data Source: Poppoff et al., 1978 (see Table 3-4)
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FIGURE 3-7. Separate effects of water and NOy injections at

20 km at various rates on the ozone column above
10 km as calculated at NASA-Ames (Poppoff et al.,
1978) for three K, profiles. The water abscissa
and the NOy abscissa are coincident for a NOy
emission index of 6 gm/kg (as NO2) and water
emission index of 1.3 kg/kg. For other NO
emission indices, the water effect should ée
scaled; e.g., the NASA "current" technology SST,
the water effect is 6/15.6 or 0.38 times the value
read at a given NO, abscissa.

Data Source:

Poppoff et al., 1978
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Effects of NOy and NOy and Hp0 injections at
various altitudes on the ozone column above
10 km as calculated by NASA-Ames (Poppoff et
al., 1978). Resu ts s'own are for a NOy in-
jection of 7 x 10 (as WOf /year and for
+h1s NO, rate plus 1 5 x 101 kg Hp0/year,

or two Kz profiles. A NOy emission index of
6 gn/kg fuel (as NO7) is implied.

Data Source: Poppoff et al., 1978
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Note also that according to these results, an optimum NO

emission index should exist, varying with selected K_ profile
3 7

and fleet size, to provide minimum effect on the ozone column.
This optimum is, of course, a "1-D" optimum, and should not be
given too much credence. It is not obvious from these resu

that very low emission index values are a necessarily attrac-

)]

tive goal.

Poppoff et al. (1978) give an extensive discussion of un-
certainties and effects of various rate constants. They point
out in particular the sensitivity of the results to the rate
constant used for the H02 = O3 reaction. Thelr results are in-
cluded as Table 3-5. Note the always deleterious effects
water vapor. For details other than those shown in the foot-
notes, the reader is referred to Poppoff et al., 1978. They
also point out quite convincingly that estimates of uncertain-
ties are unreliable and apt to be misleading.

c. Crutzen and Howard (1978). Crutzen and Howard

Q
r
(ot
(@
b
4y,
bH

ozone changes due to injections of NOX, NEO’ and chlorofluoro-

methanes. As noted in Table 3-2, a steady-state stra“c;ohcrL:

model was used. A combination of concentration (N,0, CH,, CO,
[~ s ¢
H,0, H,, CH3C1) and flux (odd nitrogen, Cl,, ozone) boundary
< &«
conditions was used at 10 km, the lower boundary. A major pur-

pose was to lnvestigate effects resulting from changes in the
rate used for the HO2 + NO reaction, and to consider effects

due to other reaction rate uncertainties

The authors chose equinox at 4o° latitude as being
sentative of global conditions. Two eddy diffusivity profiles
differing only below 15 km were used to represent global. averag
(K: high) or conditions poleward of 40° (K low) as

(See Section 3.3.4). An injection rate (over Al KY/

-3 -1 g
molecures cm “sec and 2 x 105 qzo molecules cm “sec was used

in all cases; this corresponds to an injection rate of 1.23

x 107 kg NO, per year and 9.64 x 1 kg H,O per year; a fuel
L=
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TABLE 3-5. SENSITIVITY STUDIES OF OZONE
PERTURBATIONS DUE TO SSTsli
(Source: Poppoff et al., 1978)

Stratospheric ozone column
changes due to SST NOy injection

Model Modification (noncumulative) without/with water vapor effect
Increase background NZO by 50% -0.35%/ -0.88%
Increase total chlorine to 5 ppbv3 +2.13%/ +0.42%
Eliminate chlorine nitrate formation -0.80%/ -0.81%
Eliminate scattered radiation +0.55%/ -0.54%
Eliminate diurnal effects +0.30%/ -0.50%
Use Moortgat CHZO quantum yields4 +0.68%/ -0.38%
Include N02N02 formation d +0.17%/ -0.74%
Decrease the HO2 + O3 rate by a factor of 36 -0.50%/ -1.10%
Increase the HO2 + 03 rate by a factor of 3‘6 +1.80%/ +0.13% *
Increase the OH + HNO3 rate by a factor of 3 -1.74%/ -1.90%

Decrease ambient HZO from 1.0 to 2.5 ppbv at 14 km -0.07%/ -1.10%

'A global NO, injection rate of 7 x 10° kg NO,/yr and 1.5 x 101! kg H,0/yr
at 20 km are assumed; the WT diffusion coeff%cient has been used for~each
sensitivity test. See Poppoff et al. (1978) for detailed discussion of
these effects.

2For reference, the nominal ozone column changes are +0.40%/ -0.62%,
respectively.

3An increase of about 3 ppbv.

4Represents an increase of about 50% (varying with altitude) in the yield of
hydrogen radicals over baseline model values.

The baseline HO, + 03 rate is 7.3 x o te e 1275/ w3 sec. Note that the
corresponding tripled rate at 230_K is 8.6 x 10-16 cm3/sec, a rate which is
Tower than the value of 1.1 x 10-] cm3/sec calculated from the Zahniser
and Howard 1978 expression (Section 3.5.2a).

14

5

6

cm3/sec.

The baseline OH + HNO3 rate is 8.0 x 10~
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consumption of 7.71 x lOlo kg/year and an NOx emission index of
16.0 g NO2/kg fuel is also implied. The fuel flow corresponds
to 684 of the type A aircraft (at 7 hours per day) described in
the previous section. Injections at 13, 16, and 20 km were
studied.

The effects due to variations in three reaction rates and
the two eddy diffusivity profiles were computed. The three reac-
tions and rate expressions used are as follows, using nomencla-
ture as in Section 3.5.2.

HO, + OH -~ O, + H,0 (R19)
HO, o3 + OH + 2 0, (R14)
HO, + NO - OH + NO, (R26)
HO, + HO, + H,0, + 0, (R18)

Reaction rate effect studies used the following values in cm3/
molecule-sec. The value at 230 K is shown as a representative

stratospheric value.

Expressions k 230 K

Kigegp) = 2+1 % 19 same

Kig(piy = 5-1 % i same

Kyy(sry = 10713 exp (-1525/K) 1.3 x 10718
Kyy(nyy = 2 X 10713 exp (-1250/K) 8.7 x 10716
Kog ey = 3 X 107 exp (-390/K) 5.5 k10"
o7 e 10712 exp (-450/K) 7.1 x 10713
Kig(spy = 5 X 107° exp (-500/K) 5.7 % 10713
Kig(nyy = 1+5 X 1071 exp (-500/K) 1.7 x 10712
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Here "ST" refers to "standard" and "hi" to a "high" value; :

HE refers to the Howard and Evenson measurement (using a tempera-

ALl

ture coefficient consistent with an A factor of 3 x 10~ and

their value of 8 x 10_12 cm3/sec at 296 K); and "C" refers to an

expression based on the Cox (1975) measured value.

The Crutzen and Howard results are summarized in Table 3-6.

TABLE 3-6. STRATOSPHERIC OZONE COLUMN CHANGES, PERCENT

Case 1 2 3 4 5 6
k19 ST ST hi Sili hi ST ;
k14 ST ST ST hi hi ST f
k26 C HE HE HE HE HE ;
kig ST ST ST ST hi hi
i
K,, HIGH-~POLEWARD 40° |

Altitude
Injection, km

i3 -0.23 +0.07 -0.20 +0.71 +0.22 +0.08 g
16 -1.15 -0.37 -1.03 +1.21 0 -0.39 {

20 -3.08 -1.55 -2.75 Fvalil -1.01 -1.64

Kz’ LOW--GLOBAL

13 -0.81 -0.26 -0.91 +1.67 +0.40 -0.24

16 -2.06 -1.05 -2.17 +2.19 +0.06 ~1.05

20 -3.95 -2.37 -3.91 +1.82 -1.04 -2.41
’ |
The effect of the Howard and Evenson vs. Cox measurement j
: of Reaction 26 is seen by comparing cases 1 and 2; the faster |

rate results in smaller, or opposite sign, effects on the ozone
column. Note that the actual rate used in these calculations
i{s less than the recommended NASA rate (Hudson, 1977) of 8 x

10_12, which assumed no temperature correction.
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The effects of the rate of Reaction 19 can be seen by com-
paring Runs 2 and 3. Note that the standard value for this reac-
tion (Case 2) is taken by the authors to be 2.1 x 107+1; the re- ‘

commended value by NASA (Hudson, 1977) is 3 x 10~*T and the only |
direct measurement (Burrows et al., 1977) is 5.1 x lO"11 (which

i is used in Case 3). Note that the rate for this reaction was
taken as 2 x 10"10 in CIAP, resulting in large ozone depletions.
Case 3 would seem to be reasonable as a perhaps conservative

estimate.

" The powerful effect of Reaction 14 can be seen by comparing
cases 2 and 4, with a fast rate* resulting in ozone enhancements
at all altitudes. The reasons for this were discussed in Sec-
tion 3.5.2. Note that the rate recommended in Hudson (1977)
at 230 K is 2.9 x 10_16, close to the geometric mean (3.3) of

the two values (230 K) developed from the Crutzen-Howard ex-

pressions. Duewer et al. (previous section) use an expression
which gives 4.4 x 10_16 cm3/sec ak 230 K,

The small effects of the rate of Reaction 18 can be seen
by comparing cases 2 and 6.

The effects of using all high values vs. all low values §
can be seen by comparing cases 1 and 5. Assuming k18 has PLittle
effect, Case 5 can be compared to Case 4 to again show the
strong effect of Reaction 19.

The effect of a reduced effective transport rate at the
tropopause can be seen by comparing the Kz high to the Kz low
values. As most aircraft traffic is poleward of MOO, the K_
(high) values may be most appropriate, although the interprgta-
tion of these results is subject to some debate.

-15

—
The "fast rate'" used here is still slower than the 1.1 x 10 ~-

g
cm3/sec value found by Howard (1978). See Section 3.5.
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Crutzen and Howard also show the vertical redistribution

of ozone that takes place in Case 4 for 16 km injection (1.21
percent net increase). In this case, ozone was enhanced from
10 to about 27 km, above which ozone was depleted. Maximum

percentage local ozone enhancement was 8.36 percent at 10 km,

the lower model boundary.

Crutzen and Howard conclude that ozone enhancement from
SST injections, accepting the Howard-Evenson measurement, would
result only with some combination of a fast rate for HO2 + O3
> + OH. The high rate for H02 + O3 has,
in fact, since been reported (Zahniser and Howard, 1978), as

and a slow rate for HO

discussed earlier.

d. Lawrence Livermore Laboratory (LLL) Results (Luther,

1977). These workers have continued their extensive studies
of atmospheric perturbations due to aircraft, halocarbons, and
nuclear weapons tests, etc. Several aspects of their work are

of particular interest here.

Historical changes in aircraft ozone depletion results
with changes in chemistry and K, profile. The LLL workers
break their reporting of this work into two periods: 1974-1976,
167€-September 1977.

The LLL results for the 1974-1976 pericd, in which chlorine
chemistry was not included, are shown in Fig. 3-9 for 17- and
20-km injections. The Chang/1974 profile results, with 1974
chemistry, represent the starting point; the second point (mov-
ing down) shows changes resulting from the use of the Chang/
1976 Kz profile (referred to by NASA-Ames in the previous sec-
tion in the Dickinson-Chang profile), with the same chemistry.
Other results, using the Chang/1976 Kz profile, with changes in
chemistry, are shown. The biggest single effect in this time
frame was clearly the result of the revision of the HO + HO
rate (R19) from 2 x 10710 cm3/sec in CIAP to 2 x L s
their then-preferred value. Note again that a somewhat higher

2
cm3/sec,
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-11 3 : e .
value (3 x 10 em”/sec) is recommended in Hudson (1 !
that both groups reject the only direct measurement of 5.1

-~J
-11 . - - : ) -
10 (see Section 3.4.2). Details of the other rate chanres

'alct -1l C O

\O
3

are given in Luther (1S77).

Changes:

Start (1374)
K

Z

NZO + hy

17-km
injection

Methane reactions

HO + HOO
HO + HNO4

NO,4 + hv
0(' D) reactions
HO + NO, + M|

HOO + HOO

HOO + O}

20 km
injection

e tton b E ] Lo 1
0o -2 -4 6 =8 -100 -12

Change in total oczone — %

FIGURE 3-9. Changes in calculated ozone depletions
over the 1974-1976 period due to various
changes in modeling parameters. Global
injection rate of NOy, (as NOp) taken as
2.46 x 109 kg/yr. The K, change refers
to the Chang/1976 profile. See Luther,
1977, for details. See also Broderick,
1978.




Following this work, a number of changes were made to the

LLL model, including the addition of multiple scattering, in-
clusion of chlorine chemistry, and modification of some addi-

tional reaction rates and absorption cross sections in accord-

of
Ol

ance with the recommendations in Hudson (1977). (A rat
-1
2 x 10

the then-preferred LLL ‘value; later runs have used

m

e
i 3 . . e L =
cm”/sec was retained in these modeling exercises as
9
3% 30 7 .)
These changes resulted in an increase in ozone reduction for

the same injection rate (2000 mol/cm3

-sec over 1 km; 2.46 x
109kg/yr as NO2) from about 1.0 percent at 17 km and 4.0 per-
cent at 20 km as in Fig. 3-9 to 1.3 percent at 17 km and 4.8
percent at 20 km, respectively. At this point, introduction

of the Howard and Evenson rate constant had dramat

[
i
=
o
M
-y
L]
()
(o]

+
”
-

as shown in Table 3-7, which table also includes LLL results
using the Hunten/1975 Kz profile. Note that these results in-
clude an assumed temperature coefficient for the Howard and

Evenson measurement, reducing the rate at a nominal strato-
2

spheric temperature (230 K) to 4.9 x 10~ rather than 8.1 x
=
10 lh, as recommended in Hudson (1977), and presumably reducing

the magnitude of the change in effect; however, the slower rate

used for the OH + HO2 reaction works the other way.

TABLE 3-7. OZONE COLUMN CHANGES SHOWING EFFECTS OF THE HOWARD
AND EVENSON (1977) REACTION RATE MEASUREMENT. GLOBAL
NO, INJECTION 2.46 x 109 kg/yr (Source: Luther, 1977)

Change in 03 Column, ° Change in NOX.
NOx Injection
KZ Profile Altitude (km) 01d Rate* HE Rate* 01d Rate New Rate
Chang (1976) 20 -4.79 0.55 46.7 47.9
17 - 1.31 1.96 27 a3 27.8
Hunten (1975) 20 -10.8 -6.90 96.2 97.1
17 -4.35 0.83 61.4 62.3

*The "old rate" used is 2 x 10'13cm3/sec; the HE rate is based on the
Howard and Evenson 1977 measurement, with an assumed temperature
coefficient [4.28 x 10-11 exp (-500/T).
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Injection rate effects and modeling comments. In studies
under CIAP, ozone depletions calculated using 1-D models were
generally found to be roughly linear with injection rate. Thus,
the Hunten formula involved the expression

§ = 1.4055 - 0.0105x°

where
§ = percent ozone depletion

X = incremental mixing ratio of odd
nitrogen, ppbv, which is proportional

to injection rate

In the range of interest, the linear term dominated. Sim-
ilarily, in correlating Chang's 1973-74 results, expressions
were used of the type

_ b
§ = aXy
where Xy = annual injection rate and a and b are constants.
Values of b ranged from 1.0 at 9 km to 0.89 at 23 km. (See

pp. 3-32, Oliver et al., 1977).

With 1976 studies (see p. 3-70, Oliver et al., 1977) using
the Chang/1976 profile, ozone column changes were found to be
linear with injection rate at 17 km; however, nonlinearities
were evident with the Hunten K_ profile. Introduction of the
Howard-Evenson rate for the HO;—NO reaction has now made non-
linearity even more pronouncedt This is shown by the LLL data
given in Fig. 3-10 for 17- and 20-km injections of NOx (and by
the NASA-Ames results given eariier); the changes since the
previous report (Oliver et al., 1977) are shown for convenience.
Water injections are not included in Fig. 3-10 nor are thermal
feedback effects. Note that the total enhancement with either
profile is less than 1 percent for 20-km injections and (appar-
ently) about 2 percent for 17-km injections. Note also the
scale of the injections: 1000 molecules/cm3—sec over 1 km al-
titude corresponds to 1.23 x 109 Kg NOX as NO, per year. With
the yearly N - emission figures (NAS, 1975) cgted for Concorde,
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FIGURE 3-10. Ozone column changes for 17 and 20 km NO, injections calculated
at Lawrence Livermore Laboratory, using their 1-D model, for
two eddy diffusivity profiles (Chang, 1976 and Hunter, 1974)
1 with 1976 and 1977 chemistry sets. The 1976 values are taken
from Table 3-20 (p. 3-65)(0liver et al., 1977) for an atmos-
phere without chlorine. A number of changes were made in
going to the 1977 results.
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this corresponds to about 2000 aircraft on a global basis, or
about 1000 in the Northern Hemisphere, if the ozone depletion
is assumed to be that in the "corridor." A figure of 500 mole-
3

cules/cm~~sec at 20-km corresponds to 375 (NAS, 1975) "large

SSTs" on a global basis.

An interesting point now emerges which can be studied only
in a 2-D model. This is that injection conditions could exist
which on a global average basis would imply enhancement; how-
ever, this might consist of a "corridor" in which depletion
occurs, and a larger area elsewhere, where enhancement occurs.

Obviously, higher dimension model studies are needed.

Additional important points result from these LLL calcula-
tlions. irst, as has been mentioned earlier, the NOX injection

alters the altitude distribution ef NO . This is shown in Fig.
X

for three injection rates with the Chang/1976 KZ profile. The

ozone concentration is increased at low altitudes and decreased

at higher altitudes. The absolute concentration, of course, varies
with altitude so that percentage changes in concentration cannot
be interpreted directly in terms of column changes. Note also

that even though the net effect on the ozone column might be zero
G

in a 1-D model, a climatic effect could result from the altitude

)
3

redistribution of ozone as well as from the added NO.,, H.O 1d
&

802. A final important point, already made, is illustra%ed in
Fig. 3-11, in which ozone concentration changes near the tropo-
pause (which in this author's opinion are best developed in a

model such as this one, i.e., one with a troposphere), are

g
for the LLL 1-D model with several NOX injection rates at 20 km.

Multiple scattering and surface albedo effects. The LLL
authors studied the effects of including or not including mul-
tiple scattering and of changes in surface albedo. Results for
NOX injections were generally insensitive (approximately 1 per-

cent increase) to these changes, although in one near-zero case
- b > b

=
3=52




the sign of the effect reversed (from -0.07 percent with pure
absorption to +0.39 percent with multiple scattering and a sur-
face albedo of 0.25. For halocarbon injections, however, the
effect of multiple scattering is quite significant, increasing

the depletion estimate by about 20 percent.

km

Height -

4 0 4 8 17 16

Change in ozone concentration — %

FIGURE 3-11. Percentage changes in ozone vs.
altitude for three injection
rates of NOy at 20 km. The rates
shown are in molecules/cm3 sec
over a 1 km band, and correspond
to global injection rates of 0.62,
1.23, and 1.85 x 109 kg NOy (as
NOp) per year. Chang/1976 K;
profile.

Source: Lawrence Livermore Laboratory, 1978

Water vapor injections and thermal feedback effects. As
was found earlier by Liu et al., 1976, increases in the strato-
spheric water vapor were noted to lead to a decrease in ozone
in the NASA-Ames modeling work (Poppoff et al., 1978), as al-
ready discussed. These effects have been further investigated

by LLL, including studlies of thermal feedback effects, which

later were not included in Poppoff et al. (1978).

=33




ey et e v i

The LLL results, including feedback effects for parame-
terized water contents with the Chang/l9Yé Kz profile, and re-
vised chemistry (from that used in Figs. 3-10 and 3-11), are
shown in Fig. 3-12. Details of the chemistry used are given by

Luther and Duewer (1978); important changes from the 1977 chem-
1 - L . . -12
istry used in Figs. 3-9 and 3-10 include use of 8.0 x 10

. ;
em”~sec

ol T j i T .
, independent of temperature for the HO, + NO reaction,

Y, o L N e i
and 3 x 10 cm”-sec ffor the H02 + OH reaction. An HQX in-

jection of 1000 mol/cm”-sec at 20 km was used for the injection
studies. The results show that increases in water, with or

without NOY injections, reduce the ozone column; however, with

thermal feedback, the effect on ozone of the increase in water

content is largely eliminated.

T

LLL investigators also report earlier computations of

I8l

=3

®

water effects using other chemistry sets, for both the Chang/
i

i
1976 and Hunten/1975 KZ profiles. Resulting effects were simi-
lar for the Chang/1976 profile but differed somewhat; the ozone
was depleted by the degree of depletion decreased with increased
HQO with thermal feedback for the Hunten/1975 case. All such
results are, of course, sensitive to the temperature coefficients

used for the reaction rates and many of these are poorly estab-

1

Wuebbles (1978) reports on later calculations carried out
at LLL, in which the water increase was calculated rather than
parameterized. The reaction rates used were those suggested by
Hudson (1977), which are much the same as those used in the
computations shown in Fig. 3-12. A ClOX content of 1.7 ppbwv
("current" levels) was assumed, along with the Chang/1976'pro-
file. The computations included multiple scattering, but did
not include thermal feedback. Results are shown in Table 3-8.
Note that water and NOX injection effects on ozone at 17 km are
roughly additive, but somewhat less than additive at 20 km.

No results with the new model are available for the Hunten
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Change in HZO — ppmv

Lawrence Livermore Laboratory modeling results
showing water effects on the ozone column with
and without consideration of thermal feedback
effects. Chang/1976 K, profile. NOy injection
rate 1000 mol/cm3-sec over 1 km. For detailed
chemistry, see_Luther et al, 1977; critical rates
include (in cm3/molecule-sec) 8.0 x 10-12 for

HO, + NO, e x 10-11 for HOp + OH, and 7.3 x 10-14

exp (-1225K) for HOp + 03.




TABLE 3-8. EFFECTS OF COMBINED NO, - Ho0O INJECTIONS
ON THE OZONE COLUMN CHANG/197é K, PROFILE;
HUDSON, 1977 CHEMISTRY.

(Source: Wuebbles, 1978)

Ozone Column Change, %
Injection Rate 17-km 20-km

mol/cm3-sec* Injection Injection
NOX 1,000

HZO 0 155 147
NOX 0

H0 177,000 -0.16 -0.47
NOX 1,000

HZO 177,000 +1.42 +1 .11
NO, 1,000 +1.13 +0.42
HZO 531,000

“over a 1-km altitude band, 1000 mo]/cm3 ~S8C of NOy corresponds
to 1.23 x 109 kg/yr as N0»); 177,000 mol/cm3-sec” of H»0
Eg/yr of Hy0.

corresponds to 8.5 x 1010
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3.5.6 2-D Model Results
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results incorporating both the Howard-Evenson

Bs

=

(

mode
X

rate and chlorine chemistry are available. A 2-D evaluation

< <
+

including these is underway at NASA-Ames; the evaluation will

include Widhopf modeling results as part of their study. Widhopf
and Glatt (197

do report briefly on runs using the Howard-

)
bvenson rate data, along with cther revisions, but not includ-

O

ing the wvery recent HO, + 0O, measurement or chlorine chemistry.
3
The run used a model fleet of both subsonic and supersonic air-

craft and included beth H,0 and KOX injections; the fleet was

th reported in Oliver et al., 1977, except that the NOX injec-
cion rate 15 km (the SST cruise component) was tripled.

The prime differences from earlier results (Widhopf et al., 1977)
was an increase in the total ozone column over and above that

S 5 - o]
uted earlier. The total ozone column increased at 40N by

u
about 3.5 percent of the background in the fall vs. about 1.2

e

percent in earlier runs. A minimum in the increase was found

in the winter with about 1 percent in the current result vs.
about 0.4 percent earlier. -The model suffered, as noted earlier,

from an excess of ozone in the "natural" atmosphere.

3.6 VALIDATION ATTEMPTS

Studies of model estimates of ozone depletion for "known"
events for use in comparison with the ozone record have contin-

ffects of the solar proton event of August

PP | Mh e Tvrelndg —
uedad. LRese LRneluae €

The August 1972 solar proton event and its effect on ozone
ed and compared to satellite observations
by Crutzen et al. (1975) and by Heath, Krueger, and Crutzen
(1976). The work has been updated with current chemistry by
Borucki et al. (1978) in a 2-D mcdel. In the Crutzen et al.

studies, reascnable agreenment (with some ambiguities) between
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theory and observation could be argued, at least over the early
period following the events. The Borucki et al. work showed
that the new chemistry has little effect on the results for HGX
perturbations at the altitudes involved; substantial unexplained
discrepancies, especially at low altitudes, were noted (R.C.
Whitten, private communication, 1978).

Injections of NOX from nuclear weapons tests in the 1958-
62 period have also been studied by several groups, following
a suggestion by Foley and Ruderman in 1972 (see Foley and
Ruderman, 1972, 1973; Bauer and Gilmore, 1975; COMESA, 1975;
NAS, 1975). Only 1-D model studies have been performed, al-
though there is evidence (see Appendix B) that the season and
latitude at which the explosion takes place is important. Model
studies showed that hemispheric average depletions of the order
of 6 to 8 percent should have occurred, but whether there was
any evidence that it did occur can be debated (see Bauer and
Gilmore, 1975; NAS, 1975, Angell and Korshover, 1977). The
measurement by Howard and Evenson (1977) of a much faster rate
for the HO2 + NO reaction than thought earlier, led to an im-
mediate possible explanation for the apparent discrepancy, be-
cause it implied a much lower sensitivity of the ozone column
to NOX injections. Calculations by LIL (Chang et al., 1978)
have indeed shown a lesser sensitivity, with reduction in esti-
mated effect to about 2-4 percent, depending on (unknown)
stabilization altitudes for an NOx cloud. The 2 percent lower
value would not be inconsistent with observations (Angell and
Kceshover, 1977); within the uncertainties, then, the LLL authors
argue that there are not necessarily any incompatibilities be-
tween theory and observation.

It should be noted at this point that a major point made
in NAS (1975) is not discussed in Chang et al. (1978), and re-
lates to solar cycle effects on ozone; a missing "increase" is

noted by NAS. Indeed, substantial variations in total ozone
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might be expected if the solar ultraviolet and the ozone column
variation with time is as large as may be the case (global ozone
changes of 7 percent or more, solar maximum to solar minimum,
Callis and Nealy, 1978). This variation, which is quite un-
certain, represents the largest known potential source of ozone
variability during the 1955-1975 time period (see Bauer, 1978).
Obviously, if an ozone record is to be examined for comparison
with models, all such variations with time should be considered.

Finally, a perhaps more significant discrepancy lies in
the ozone records versus the model results in terms of the halo-
carbon problem. Thus, Crutzen et al. (1978) compute that ozone
decreases of 0.65 percent per year should have been occurring
at about 40 km due to transport of Cl species from halocarbons
released at the surface. However, during this same period,
based on Umkehr records, Angell and Korshover (1977) show a
general upward trend, as does Pittock (1977), based on balloon
flights over Aspendale, Australia. Taken at face value, these
observations would represent a serious challenge to the C1X
theories. Questions about the Umkehr data, however, and other
possible reasons for observed changes, preclude any such con-

c¢lusion.

These various model validation questions are all evidently i
confounded by a variety of time-varying phenomena (see Bauer,
1978). A critical requirement would seem to be the difficult

one of establishing solar ultraviolet variability with time,

vty e —

preferably as a function of sunspot number or some other easily

identifiable variable.
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4. CLIMATIC EFFECTS

4.1 INTRODUCTION

Little specific research attention has been given to the
potential climatic effects of aircraft exhaust in the period
since the cut-off date (December 1976) for input to our previous
report (Oliver et al., 1977). The reasons for this, of course,
relate to the complexity of the climate problem in general, to
the lack of an immediate or evident threat from aircraft, and
to the finite nature of resources with which to study aircraft
effects; in addition, from a national standpoint, interest has
moved into problems of more immediate policy relevance, princi-
pally the potential effects of halocarbons and of increases in
atmospheric carbon dioxide. Even for these however, the actual
level of climatic modeling work accomplished has been modest
(although further work is certainly in the planning stage) and
quite cautiously reported. (See e.g., NAS, 1976; NAS, 1977.)

In view of this general lack of new work specific to air-
craft climatic effects, there would seem to be little to discuss.
This is not quite the case, as climate modeling and climate
research, wherever done, are applicable in general to a variety
of problems. Furthermore, it seems appropriate to devote a few
paragraphs to the ensemble of current climatic threats, and to
note the common and uncommon features of the aircraft threat
vis-a-vis the others. 1In addition, there have been some studies
of rather direct (if not necessarily quantitative) relevarnce,
and some apparent trends in the treatment of the general problem

seem worthy of note. These follow in the order just mentioned.
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4.2 THE VARIOUS (AND CHANGING) "THREATS" TO OZGNE AND CLIMATE

ct

A number of the various "threats" postulated (in recen
years) to climate and ozone are given in Table 4-1, along with
some characteristics as now perceived. Note that any material
which affects ozone, either in total column or in altitude or
latitudinal distribution, also affects climate; similarly, any

factor causing a change in climate--or a change in stratospheric

~

temperatures--will affect this ozone column.

The aircraft threat (NOX) is shown in Table 4-1 as leading
fo an increase in ozone, a result shown by at least some models
(see Section 3), even for aircraft operating at 20 km. For N.O
from fertilizer or power plants (directly from combustion, or
indirectly from fixed nitrogen), the table shows a decrease in
ozone, but the chemistry as used in the calculations on which
this result is based 1s in need of revision; some models do show
an increase. From a climate (mean temperature) standpoint, both
aircraft effluents and NQO increases may well result in warming,
although in both cases a "netting out" of cooling and warming .
effects involved: for aircraft, see Oliver et it
N2O, the tropospheric greenhouse effect of added N,0, which
absorbs at 7.78 um in a "partial window" and also 5t 17 um and
4.5 pym, all in the infrared, probably more than compensates for
the cooling which would be expected if stratospheric ozone is
depleted. No model calculations including both these effects
are known to this author; however, Yung et al., 1976, indicate

0.5 to 0.75 K warming with a doubling of N,O, whereas Crutzen

and Howard (1978), indicate at most a 10 percent reduction in

stratospheric ozone for a doubling of N,O. A 10 percent re-

duction of stratospheric ozone may involve a
order of 0.1 K (see Oliver et al., 1977, pp. 4-10, 4-11
ignoring ozone altitude redistribution effects, NO, changes,

etc.
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The threat toc ozone g stratospheri ¢ X
bromine is currently--as a result of several revisions in re-
action rates--considered to be larger per unit of halosgen
added than at the time of the NAS (1976) report. However, the
actual magnitude of the expected threat is probably down some-

e ;
Lo -
able concern for the future (particularly sometime after the
year 2000) with substantial warming ex e et B o GRE f

current CO, content should double, and low cloudiness should

remain unchanged.** [It is

that Smagorinsky, |

n

outstanding authority on
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cautious view on the effects to be expect Es Gk =8
J ported in NAS, 1977.]% A considerable planned for
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eritique offered by Robinson, 1978.




the 002 problem; however, a CO2 budget question (Kerr, 1977; |
Woodwell, 1978) exists which must (or should) first be resolved. N
One power plant exhaust ingredient, COS, has no known tropo-

spheric sink, is not removed by lime scrubbers, and will pre-

sumably increase the stratospheric aerosol layer with some

compensating (cooling) effect. The fly ash and SO2-derived
aercsols would also have some effect--whether warming or cooling
is perhaps controversial--but these will likely be removed from
the stack gas by scrubbers and precipitators. It is of interest,
as pointed out by Robinson (1977), that the net loss in solar

radiation due to sulfuric acid aerosols (assuming 2.5 percen

«t
e e
=

sulfur in the coal and no scrubbers) could exceed the heat i
released by combustion, arguing that these effects should not
be considered in isolation. An increase in CO2 will cause a
cocling of the stratosphere, with a reduction in thermal reaction

rates of ozone-destruction cycles, resulting in a slight increase

in ozone (ceteris paribus!).

Nuclear power plants, whatever their other aspects might
be, are not normally considered to be a threat to ozone or to
climate, except for waste heat effects. However, as pointed out
by Boeck (1976) such plants do generate, and waste fuel repro-
cessing could release, Kr-85 which is a B8 emitter with a 10.8
year half life. Kr-85 would affect atmospheric electricity,
with unknown, but possitly important, effects (see Markson, 1978);
also, some NO would be formed as the principal 8 (0.249 MEV) is

slowed in the air. Both climate and ozone could be affected by
the various processes involved. With care, of course, Kr-85
could be largely contained rather than released to the atmos-

phere.

These various threats have common and unique features.
All, of course, involve much the same chemistry and physics,
and all could impact similarly on the biosphere if, e.g., there

is a general warming, or a destruction of stratospheric ozone,

4-5




etc. But there are important differences both in a gecophysical
and policy sense. Thus, alrcraft sources are concentrated in
mid-latitudes with effluents that have a short 1life in the tropo-
sphere; halogen and NEO sources involve surface releases of
materials with long tropospheric lives and with stratospheric
destruction. Carbon dioxide is inert in the atmosphere but is
absorbed by (growing) plants and the oceans. These differences
mean that effects will differ relatively with latitude and
response and recovery times will also differ. From a policy
point of view, it is important to know whether the atmosphere
would recover in 5 years or 100 years if an error were made.
Aircraft, of course, have long life times (approximately 20 i

years) and policy decisions are difficult to reverse; should it

prove necessary, the atmosphere would recover if the polluting
source were discontinued, much more rapidly in the case of air-
craft than in the case, e.g., of halocarbons.

4.3 CLIMATE AND CLIMATE MODELING - SOME DEVELOPMENTS OF
INTEREST

4.3.1 5Scope

Climate modeling and the study of climates are fields in
their own right, and no attempt will be made here to assess the
real or potential significance in evaluating aircraft effects
of the various publications in this field. A few papers have
touched on matters of evident interest, and some comments on

these matters follow.

4.3.2 Predictability of Climate Change

In a particularly sobering paper, Robinson (1978) examines
the prediction equations for complicated hydrodynamic flows "in
a critical and didactic manner." His conclusions are obviously
pertinent to the entire modeling problem, and seem to be best
presented by direct quotation:

"The only logically valid prediction with the types of
equations now used in meteorological practice 1s one of no
change.

b6
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"Predictive equations ostensibly based on dynamics

are empirical and must be validated empirically.

"...0ther predictive schemes merit a priori the same
careful consideration as those ostensibly based on dy-

Ay
J

namics.

"Empiricism, in itself, does not limit the value of a
predictive scheme but it does impose stringent require-
ments for validation. The implications of this are
particularly disturbing in the context of understanding
and predicting climate change, where the historical
record is insufficient to provide useful validating
statistics, unless, as seems unlikely, it can be greatly
improved in detail. Validation of an empirical method
of climate prediction must proceed simultaneously with
its application. Several prediction intervals must
elapse before the performance of the method can be
assessed; for example, skill in predicting decadal
averages might begin to be quantified after a century of
application. There is no reason to expect a more rapid
resolution; even if the relevant atmospheric statistics
are stationary, the integral time scale is certainly

more than a century."

Robinson's critiques must obviously be kept in mind when
climate change estimates are offered. As Robinson indicates,
however, the third statement above represents the positive
implication of his arguments. 1In effect (and Robinson does not
' make the statement), 1t might be argued that relatively simple
i formulations compared to large general circulation models (such
| as 1-D or 2-D models) may provide useful, if not necessarily
quantitatively reliable, information; in a sense, all such pre-
} dlctive techniques must await validation and any prediction at
the present state of understanding (in this author's opinion)

14_7




hould be considered primarily as a measure of risk rather than

R 2w e SR

s
as a quantitative prediction. Other, perhaps more pragmatic,

aspects and results, follow.
3

.3 Stratospheric Aerosol Effects

The principal climatic effort in CIAP was in stu
effects of aerosols resulting from fuel sulfur in SSTs, e
Oliver et al., 1977). The conclusion reached in CIAP was that 3

such aerosols will cause a cooling effect at the surface.

water-vapor-induced warming was argued in CIAP to be smaller

than the cooling effect of the aerosols; a reexamination in our
previous report (Oliver et al., 1977) however, recognizing sedi-
mentation effects and attempting internal consistency in the
treatments,; suggested that the warming effects were probably
larger. No studies (of which we are aware) have been undertaken
to resolve this disagreement. ©Studies have, however, been
reported which pertain specifically to aerosol effects. It is
of interest that there now seems to be agreement that strato-
spheric aerosols do cause some cooling effect. The quantifi-
cation of this effect, however, for a specified fleet, remains
highly uncertain, because both steady-state burdens and effects
per unit mass involve many unknowns.

A paper of specific and general climatological interest is
that of Mass and Schneider (1977). These authors in a follow-up
study to an earlier paper (Schneider and Mass, 1975) report on
statistical evidence as to the influence of sunspots and vol-
canic.dust on long-term temperature records. The authors
conclude that their earlier (1975) conclusions, which showed

a dominant effect of sunspots, does not hold up on critical
examination; they do find, however, that a volcanic signal can
be weakly detected in the temperature records. This result

thus minimizes questions associated with numerous contentions

or analyses by other authors who have studied effects of vol-
canic dust, and who have largely or totally ignored sunspot

>
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numbers (e.g., Lamb, 1972; Mitchell, 1961, 1970; Oliver, 1976;
Bradley and England, 1978). It is also of intereéest that
Livingston (1978) has recently reported measurements which
indicate a cooling of the sun's photosphere with increased sun-
spot activity, rather than a warming, as required; e.g., if the
"Little Ice Age" is to be explained by the lack of sunspots

1

during the Maunder Minimum (Schneider and Mass, 1975).

A Ssecond paper reguiring comment 1s that due te Hamill

T

on, and Kiang (1977). These authors have examined in detail

¢
O

the microphysical processes affecting stratospheric aeroso

specifically those composed of sulfuric acid and water, such as
&t from 502 effluent from aircraft. The authors

1e altitude region in which nucleation of such parti-
place and find that it corresponds to that region of

the stratosphere where such particles are gene
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Various features of the

m

rosol layer can be e
analyses. Of particular inte 5t 18 theilr obs
droplets are unstable--i.e., they will evaporate~-at higher
altitudes, above about 30 km, and that such particles will grow
with time at lower altitudes, depending on the ambient H,SO,
vapor pressure. Computations of residence times and injection
coefficients for particulates, such as those by Bauer and
Gardner (Appendix D in Oliver et al., 1977), assuming such
particulates to be inert, thus cannot hold for sulfuric acid
aerosols. Hamill et al. (1977) point out some of the still
yutstanding questions about their modeling work, among which 1is
the role and importance of (NHu)? 30, at various altitudes.
Analyses of such particles are provided by Farlow et al. (1977);

these authors report finding various insoluble materials in the

particles and conclude that sources other than volcanoes con-
3 h % S PSS A 37 R =l Mhea o Ao ] $ v
tribute signmificantly to such agrosols, The aerosols; in

reneral, were found to be mixtures of solids and liquids rather

than pure suliuric acid.
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A 1-D aerosol model based on this and additional analysis
has been developed by the same group (Turco et al., 1976).

4.4 A SOVIET VIEW

Budyko and Karol (1976) in a review of CIAP research, and
Budyko (1977) in an article on present-day climatic changes,
present views on climate modification which differ from that
presented in CIAP and elsewhere. Since stratospheric pollution
problems are global in nature, and agreement must be multi-

national, it seems important that these views be recognized.

In Budyko and Karol (1976), the climatic impact of aerosols
and water vapor as presented in CIAP are reviewed. A case is
drawn from CIAP which indicated by the year 2000 that a drop in
the average air temperature of 0.16°C would result from air-
craft-generated aerosols. They note a cooling of about

0.1°C (including NO, compensation), due to 10 percent ozone

2
reduction, and a warming of 0.1 to 0.2°C from water vapor. They
then state "Thus, the total effect of the influence of the

change in the mass of the ozone and water vapor on thermal
condition may prove to be insignificant even with high levels

of aircraft propulsion effluents.” [Note that this interpre-
tation differs from that in CIAP, where (p. 74, Grobecker et al.,
1974) it was argued that NCQ increases compensated for ozone
decreases, and temperature changes due to ozone changes were

not treated. ]

After further discussion of various other aspects of the

CIAP work, Budyko and Karol (1976) note that the effects of
sulfate aerosol obtained by CIAP agree reasonably well with
their own independent estimates. They then note the possibility
of a "directed impact" on climate due to the burning of sulfur
in the lower atmosphere, and argue that another circumstance is
of essential importance to an evaluation of the conclusions of
the CIAP research. This circumstance 1s the expected increase

in temperature due to increases in carbon diox
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of fossil fuels, and they point out that the increase in expected 1
temperature of 0.5 to 1.0°C exceeds the cooling due to strato-~

spheric aircraft. This warming would result in reduced precipi-

tation in mid-latitudes, with "substantial losses in the economies

of many countries."* The stratospheric aviation effect may then

prove to be, first, insignificant compared to other changes, and

second, the aerosol may diminish the CO2—induced tendency

towards warming. They point out that the second effect was ;

noted by them earlier, and give references. ,

In the later paper, Budyko (1977)%%* argues for the coupling
of climate theory with economic aspects. He includes plots
which show that as the mean annual temperature anomaly for the
northern hemisphere (and for 75-85°N) increased (since 1883)

the precipitation in mid-latitudes decreased; decreases in in-

tegrated precipitation (as measured by the Caspian sea level)
correlated with decreases in wheat yield. He then discusses
climate models, effects of atmospheric transparency and changes
in cloudiness and albedo, examines data, and concludes that

b
least for periods over which the ice-albedo feedback is small

-

climate models satisfactorily explain natural changes and are
thus capable of predicting anthropogenic factors on climate.

He considers 002 and aerosol (tropospheric) effects on climate,
and warns that warming may result with a decrease in rainfall

in mid-latitudes (presumably leading to reduced food productiocon).
He then refers to his earlier works, and points out that an
increase in stratospheric aerosol could be effected to counter

the effects of CO2 warming.

¥
Budyko and Karol also criticize the CIAP investigators for not
including in their evaluation the increased rainfall in mid-
latitudes with global cooling, even though the information,

in their view, was available to the CIAP investigators.

10

* %
According to Tellus, the manuscript was received November 19,
1975 and in final form June 4, 1976.
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APPENDIX A

AN ALTERNATIVE LOOK AT THE GENERAL ELECTRIC EMISSIONS DATA
(Lyon et al., 1975; Lyon, 1975)

A.1 BACKGROUND

d in the main text, the issue of the appropriate-
probe sampling technigues articularly under afterburn-

ing conditions) to determine NO_ in jet ine exhausts was

(7)

work of Davidson and Domal (1973), who found,
yectroscopic techniques, that probe technigues

p
may give severely low NO_ values. The question led fo th

e ref-
erenced work by GE investigators who studied L?x measurements
by probe techniques over a wide range of conditions (military
power to full afterburning) and from zero to about 24 nozzle
diameters downstream. The J85 and J79 engines were used. The
GE wo id not employ spectroscopic technigues, but did sample
oc

combustion gases at high and low temperature conditions and

with various degrees of dilution. GE concluded that the probe

technigques, used properly, give emission index values indepen-
dent of position downstream, and hence, implicitly, the probe
c

The GE effort was broken into several phases. The first
phase was exploratory. The second phase involved a great deal
of data collection, but some difficulty with measuring instru-
ments was noted, and analytical procedures were under develop-
ment. The data did show a disconcerting tendency to give higher
ucx emission indices as gas samples were taken from cooler (more
dilute) regions, but material balance questions were evident in
many cases. Examples of these effects are shown in Table A-1.

A=

PRECEDING PAGE ELANKeNOT FILMED

P A W S— S "

T I RN

S

Rl




TABLE A-1. APPARENT NOX EMISSION INDICES vs. DOWNSTREAM POSITIONS
J85-5, MILITARY POWER, PRELIMINARY TEST RESULTS

Metered Fuel Calculated E.1. NO

Station, ft Flow, pps Fuel Flow, pps e
0 0.683 0.687 4.4
3575 0.689 0.614 4.7
7.5 0.708 0.654 4.7
15.0 0.719 0.598 6.7
30.0 0.714 0.280 10..3

Source: Lyon et al., 1975 (p. 124)

Similar trends were noted at other conditions and for both
engines, although the calculated fuel flow and metered fuel
flows did not all behave in the fashion shown in this example.

The difficulty was ascribed to measurement errors, primarily
s gl CO2 content at large dilutions, and in some cases to back-
ground contaminant levels. A technique was thus developed in
which measured NOX was plotted against measured CO2 values, and
emission indices deduced from the slopes. This technique was
then used, together with improved instrumentation in Phase III.
Phase II involved measurements at four stations. Phase III in-
volved measurements only at the exhaust plane and about 24 noz-
zle diameters downstream. Results of Phase III work to be ana-
lyzed here are shown in Figs. A-1 to A-4; the corresponding
detailed tabular data are given by Lyon (1975) (Tables 41, 45,
49, and 53 for military power and Tables 44, 48, 52, and 56 for
maximum afterburning power). Tables A-2 and A-3 show the GE

summarized results.

Figure A-U represents an extreme case in which a severely
polluted atmosphere is implied, with background NOX, hydrocarbon,
and C02 eontents of about 2, 5, and 10 ppmv, respectively. The
plots indicate a negative hydrocarbon emission index; the entries

are dashed in Table A-3.
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FIGURE A-2.
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FIGURE A-3.

COg, %

Emissions concentrations vs. COp for J79-15 engine,
60 feet aft of exhaust nozzle, at military power
levels. Final data by Far Plume Method.

Source: Lyon et al., 1975
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Emissions concentrations vs. COp for J79-15 engine,
60 feet aft of exhaust nozzle, at max. A/B power.
Final data by Far Plume Method.

Source: Lyon et al., 1975
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Note that the slopes of the lines in these figures are
largely determined by the richer (and hotter) gas samples, the
data at highest dilutions tending to have little weight. 1In
order to see whether there may be information of interest in
these high dilution data, an alternative procedure, which gives
greatest emphasis to dilute gas samples, has been developed,

and is described below.

A.2 ALTERNATIVE PROCEDURE

In the approach that follows, no attempt is made to deter-

mine a mass-weighted emission index for the entire stream.
Rather, the question is asked whether the various data on indi-
vidual air samples imply higher emission indices as the parcels

are cooled by mixing with ambient air.

Note that if fuel and exhaust gas compositions are known,
the NO_ emission index and the air-to-fuel ratio for that

sample can be calculated simply according to

0-3(9 XNOX "
E.I.NOX=-———f§—————, gm NOx/kg fuel '

Air-to-fuel = E%Q - 1, gm/gm
where :
= P + Xﬁcc} + )_(Q_% 3

= C
“Os ~ 20" 10

‘ y !
and P,y = percent CO,, above background. XNOX’ Xoo» Xop are !

=
measured NO_, CO, and unburned hydrocarbon contents, in ppmv
t

, 1f necessary, for ambient levels).

At dilute conditions, where CO and HC contents are negli-




e s e e g g S

NOX
E.I.NO_ = 0.329
X B
CcO
2
or, more precisely,

o,
E.I.NOX = 0.329 s
CO2

where correction is made for background levels of NOx and COF'
This is the basis of the GE procedure. Unfortunately, howevér,
background NOX and CO2 levels were not measured (except indirectly
by noting intercepts) so that high dilution results, which may
contain the desired information are subject to severe uncer-
tainties. To explore these effects, certain assumptions were
necessary as follows:

1. The CO2 content was reduced by 0.032 percent, the known
minimum level, or, in some cases, where the instrument
showed a slightly smaller value (e.g., 0.02 percent)

by the minimum value measured.

no

The ambient NOX was assumed (a) to be zero, or (b) for
the downstream cases, a value was read from a plot such
as Fig. A-U, reading the NO, value at 0.032 percent Co,.
(Ambient NOx values on unpolluted air are < 1 ppbv,
which are negligible in this context.) Plots such as
Fig. A-l were not prepared by GE for the cases at the
nozzle exits. The NOX levels at this station are,
however, still normally far above any normal background

level.

Calculations using these procedures were made for military
and maximum afterburning power for the J85 and J79 engines.
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A.3 RESULTS

Results for the four cases studied are shown in Figs. A-5
through A-8. Solid points are based on the assumption of negli-
gible background NOX; crosses include a correction for back-
ground NOX.

Note that this method of plotting permits incorporation of
samples taken at any point in the plume.

A.4 DISCUSSION

In all cases, the apparent NOx emission index increases at
high dilution. The effect takes place at much lower dilutions

at maximum afterburning than at military power.

A correction for background NOX has, as would be expected,

a powerful effect on the apparent emission index at high dilu-

tions. The correct value of background NOx to use is unknown,
and may have changed during the course of the run. Thus, there
is great uncertainty in the derived value of the NOX emission

index.

In the afterburning cases, an interesting region exists in
which the NOx apparent emission index decreases with air-to-
‘ fuel ratio. This may imply destruction of NOX with time by
1 reactions with CO, H,,
a minimum, more NOx may be generated by heating of excess air.

or hydrocarbons. After passing through

Probe surface reactions may also enter.

For the military power cases, the rise in apparent emission
index at air-to-fuel ratios greater than about 1000 to 1 is
puzzling. The temperature rise at dilutions of this order is
small: at 18,000 Btu/lb of fuel, the temperature rise at 1000
to 1 is about 72°F. Surface catalytic effects would seem im-~
probable. The temperature maintained inside the line is higher
(about 300°F) but still doesn't seem high enough to initiate

surface catalytic reactions (such as the water-gas shift reaction,

A=17




followed by NO reduction). [It would be of interest, if it

has not been done, to run known mixtures of NO (in moist air
containing CO and hydrocarbons) through a probe tip and several
hundred feet of line as used in the GE tests.]

The GE report, in general, shows slightly higher emission
indices for the downstream location than for the nozzle exit.
In the J79 maximum afterburning case, the value is lower, but
the method of plotting shown in Fig. A-8 would not lead to the

same conclusion.

In early work at AEDC [Davidson and Domal (1973)], the error
in using probe techniques was greater with afterburning than
without. It is debatable whether the results plotted here sup-
port this observation, due to uncertainties about the NOX cor-
rection. (Note suppressed zeroes in Figs. A-6 and A-8. Note
also that a correction of 2.2 pomv in Fig. A-8 appears to be
excessive.)

A.5 FINAL COMMENTS

Before any interpretation of NOx emissions data can be
accepted which shows large increases in emission index with
dilution, the mechanisms involved would need to be established.

The work reported by Benscn and Samuelsen (1977), e.g., might
suggest NOX reduction on the probe tip by unsaturated hydro-
carbons. However, if this mechanism were operating, one would
expect low NOx emission indices in samples with large hydro-
carbon contents. A brief perusal of the afterburning data
(Table 52, e.g., Lyon, 1975) shows no such effect. Furthermore,
the good linearity of NOx vs. 002 found in the GE plots, and the
reasonable agreement (by their methods) between nozzle exits

and 30 (J85) or 60 (J79) ft downstream stations, would seem to

preclude any massive effect of probe tips, etc.
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APPENDIX B

ON THE USE OF Zr-95 DATA FROM CHINESE ATMOSPHERIC
1 THERMONUCLEAR EXPLOSIONS TO STUDY STRATOSPHERIC
: TRANSPORT IN A ONE-DIMENSIONAL PARAMETERIZATION

B.1 INTRODUCTION

There has been considerable discussion [Grobecker et al.
(1974), COMESA (1975), NAS (1975), NAS (1976), Oliver et al.

(1977)*%] on the transport of materials injected into the lower

stratosphere. Particular questions arise for the only currently
existing SSTs, Concorde and Tu-144, which, in airline service,
will inject most of their exhaust products in the 15-18 km
altitude, 40-60°N latitude region. The one-dimensional para-
meterizations of this motion by different workers differ sub-
stantially.

From the standpoint of altitude and latitude of injection,
the single set of data which are most directly comparable to
stratospheric aircraft flight, in particular, the Concorde and
Tu-144 SSTs, are the 2Zr-95 data from the five Chinese 3-Mt
thermonuclear explosions that injected debris at 18 km alti-
tude, 40°N, 90°E - see Telegadas (1974 and 1976). Here we
examine the integrated stratospheric burden of the radioactive

isotope Zirconium-95 (Zr-95; 65 day half-1life) in terms of a

*We should like to thank H.S. Johnston, D.M. Hunten, L. Machta,
J.D. Mahlman, and K. Telegadas for helpful comments. The
present work supersedes that reported in Appendix C of Bauer
et al. (1977), which was based entirely on Model I (see Sec-
tionn B.3.1).

WNOT F1LMED
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one-dimensional model which uses an effective mean eddy diffu-
sivity K (assumed to be constant above the tropopause) and an
effective mean tropopause height 2 (which characterizes an
effective height of injection above the local tropopause) as
parameters to characterize atmospheric transport of precipita-
tion-scavengeable materials.

B.2 EXPERIMENTAL DATA

The U.S. ERDA (now DOE) "Airstream" program has involved
sampling radiocactive debris from aircraft flying at altitudes
of 15 to 20 km along a flight path following generally along
the West Coast of North and South America, from 72°N down to

50°S (more recently to 10°S only). These flights

-
job)

1t regular

S
intervals of 4-6 months, are supplemented by occasional balloon
e (

The Chinese nuclear explosions are conducted at Lop Nor
(40°N, 90°E), which is roughly at the opposite meridian of
longitude to the Airstream corridor; in general, East-West
transport is considered to be fast compared to North-South
transport, so that the Airstream profiles of radioactive debris
should provide an effective zonal average profile of a tracer
of atmospheric motions some weeks after the detonation. This
assumption, made by Telegadas in deriving an estimate of the
vertical, zonal averaged distribution of radioactivity with
height, introduces some undertainty into the data, especially

at early times.¥

¥

Thus, J.F. Louis (private communication, May 1976) who
analyzed the 1967-1970 data with a two-dimensional model,
treated the effective latitude of injection of the 1967
debris as 55°N rather than U40°N; evidently, the cloud from
that detonation was caught in the Central Asian summer high-
pressure cell and thus took a relatively long time before it
was zonally spread.

\
| \ »i



Our primary concern in this work is with the rate of removal
of radicactive debris from the lowest stratosphere on a global
basis, although the height distribution of radiocactivity in

the stratosphere is of some interest.

Among other parameters (such as altitude and season), this
remcval rate will vary with the latitude of injection, so that
the analysis that follows applies specifiecally only to the
latitude under study; i.e., 40° or, generally, mid-latitudes.
The data are described in terms of altitude/latitude pro-
files presented every 3 months in terms of a stratospheric
burden of the isotope Zr-95, decay-corrected to the time of
letocnation. The integrated stratospheric burden of Zr-95 for
the various Chinese 3-Mt thermonuclear explosions computed by
Telegadas (1974, 1976) are shown in Fig. B-1. The numerical

data from which Fig. B-1 was prepared are the basic experimental
data analyzed here. Note that for a summer injection there is ]
significant decrease in stratospheric burden until midwinter, E

while with a winter injection of tracer, the stratospheric bur-
den decreases steadily. 13

Figure B-2 shows the vertical Zr-95 activity distribution
observed after the various Chinese nuclear tests. While the
data are subject to major uncertainties because the Airstream
sampling took place sc far from the latitude of injeetion and !
ften quite a long time after the actual injection, all the
data suggest an injection height of the debris in the 17-19 km

altitude range. The low value observed some 16 weeks after the

ey

October 1970 test is evidently due to large-scale cloud motion

some time well after the injection (cf. the distribution

mated one week after that same test).

T -

In a one-dimensional model, one crucial parameter for a
juantitative interpretation of transport out of the strato-
sphere is (:1—20), the height of injectlion above the local
tropopause. Inspection of Fig. B-2 shows that the present

= ] =
) DA l®
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results are consistent with injection heights zq of 17-19 km

and with local tropopause heights Z, of 10-12.5 km. We describe
the data in terms of a mean injection height zy = 18 km and a
mean tropopause height z, = 11 km, corresponding to a net in-
jection height (zl-zo) = 7 km above the local tropopause. [The
tropopause height over Lop Nor (40°N, 90°E) is highly variable,
ranging from 10 km in winter up to 14-15 km in summer--see,

e.g., Crutcher and Davies (1969).]

As an extreme in variability of the effective stratospheric
injection height, we also consider - 14 km which gives
(zl-zo) = 4 km. The quantity (zl—zo) will tend to be preserved
in North-South transport since--while the local tropopause
height changes significantly with latitude--the lines of con-

stant mixing ratio for stratospheric injectants tend to remain
parallel to the local tropopause, suggesting North-South trans-
port parallel to the sloping tropopause [e.g., NAS (1975),

p. lL6; Machta and Telegadas (1973).]

B.3 ANALYSIS OF THE DATA

B.3.1 Mathematical Formulism

For a chemically inert tracer of mixing ratio f(z,t) which
is injected at time t = 0 at some altitude z = zq in the strato-
sphere, the transport equation may be written in terms of an

effective eddy diffusion coefficient K(z) as

(3/3z)[n(z)K(z)3af/3z] = n(z) 3af/3t . (B.1)

We treat the stratosphere as a region of constant and rela-
tively small eddy diffusivity coefficient K, characterized by
a tropopause at height Zgos below which transport is very much
faster; the eddy diffusivity profile is taken as

B-8
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K, constant, in the stratosphere; i.e., for z > Z,

K(z) = (B.2)

Kt’ constant, in the troposphere; i.e., for z < Z.

where, typically, K, 2 10 K. This simple K-profile was used by
lachta (1974) and by Crutzen (1974); it is used here because it
permits transport out of the lowest stratosphere to be described
in terms of only two parameters, namely K and Zg (The value of
K, is typically not critical, as long as it is sufficiently

t
greater than K.)

Most current models for K(z) show a monotonic increase with
height above some minimum in the 10- to 20-km altitude range that
is associated with the tropopause; Lindzen (1971) points out that
this is a general characteristic associated with the decrease in
density with increasing height. The present model does not show
this increase in K at higher altitudes. However, any model sat-
isfying Lindzen's criterion requires at least three parameters
in the region of interest here [perhaps Zos the lowest value of
K above 24 and the slope dK/dz or d(log K)dz above zO], and we
prefer to analyze the Zr-95 data in terms of this simplest pos-

sible model before going to the additional complexity of a three-

parameter model (which we plan to do in future work).

We a2lso assume an isothermal stratosphere, so that in the
region of interest

nfeg) = noen(z—'zo)’/H (B.3)

where n(z) = total particle number density at height z, Ny =
n(zo), and the "scale height" H = kT/Mg is taken as 6.3 km (cor-
responding to T = 216 K). 1In the region from 10 km to 20 km,

which is of direct interest here, the assumption of constant

temperature is quite well satisfiled.

B~

B s et St e e e




With the assumption of Eq. (B.3), the differential equation

(B.1) becomes
(3/3z){K(z)af/az} - {K(z)/K}af/3z = af/at . (B.4)

Clearly, this equation simplifies somewhat further with the

assumption of Eq. (B.2) for the eddy diffusivity profile, K(z).

We initially ignore sedimentation of the aerosols carrying
the Zr-95 tracer (postponing discussion to Section B.3.3 below),
and now we wish to solve the diffusion Egq. (B.4) with the con-

dition (B.2) for K(z), for the following initial condition
£(z,0) = q &6 (2 - zl) . (B.5)

which corresponds to instantaneous point injection at height

; the 1nitial injection is not precisely a delta-function

Lo
.

injection, so there is & slight time correction, as discussed

in Section B.3.2.

Main emphasis is clearly on the stratosphere; in the tro-
posphere; l.e., Lor 2z < 2o we have made three different approxi-
mations, of successively increasing accuracy and complexity,

namely,

e "Infinite Model" I: We solve the transport equation
(B.1) for constant K (equal to the stratospheric value)
for all z. This 1s a very simple model, but does not
describe the situation in the troposphere or the lower
boundary at all accurately.

¢ "Semi-infinite Model" S: Once again, we solve the trans-
port equation (B.l1) for constant K in both the strato-
sphere and the troposphere, but now we assume an absorb-
ing surface at some height 25 (which may be taken as on
the ground, at the tropopausé, or at some intermediate

altitude, possibly corresponding to the altitude of rain-

out).
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e "Two-step Model" T: We assume different rates of trans-

port in the stratosphere and troposphere [i.e.,

in Eq. (B.2)] and zero mixing ratio at the ground.

The solution of Eq. (B.1l) with the initial condition (
for the infinite model I can be shown to be--see, e.g., Mar
(1976)--

~

= A2 ( : . s Z / -
(z,8) = q(4mke) ™ 2exp { —(Kt/4) [(1/21) - (z-z, .F/r’.tJ ‘l (B.6)

With the more satisfactory treatment of the lower boundary
by model S, it can be shown [Feller (1968), Martin (1976)] that
1

the so

6]

ution for z > gz, &
fs(z,t) = f‘I(z,t {1 - exp [--(z--zz)(z:L 22)/Kt]} . {B.7)

For the "two-step" model T, there is an additional require-

ment to matching stratospheric and tropospheric solutions at the

e ident that f(z,t) must be continuous

further, since there is no source or sink
ux transported across z = z_must

be continuous. By integrating Eq. (B.1l) with respect to z, this

condition is seen to be

n(z) K(z)af/dz = continuous at z = 2z " (B.8Ba

(®) 5 ¥

or
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It may be shown that the solution of the two-step model
characterized by Eq. (B.4), with the initial condition of Egq.

(B.5), with the matching condition (B.8b) at the tropopause 2

and with a sink at the ground so that
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fal2,t) = %3 £Xp (:-zw)/zh.[ dx exp-Xt << - § d\r,z,zn)h(z,z1,:,:, (B.LO)

K, =K
[}mx_cos<,: + == sin<,:‘} sink(z-2 ) + kK sink,z _cosk(z-z )
} aal = 3 Lai o jE o) o’

~ [®) <

\/[(Kt'x) Py
- sing. 2z * KK < + K-si z (B.11
5% inkpz oK cosk .z K sinkoz ( )

and

q = ghratospherfe X o £ ie., 0<ds<l . (B.13)

opcspheric K K > =

The function fT(z,t) cannot be expressed in terms of tabu-
lated functions, but the total stratospheric burden of tracer,
which is the quantity that is analyzed here, can be expressed
as a single integral that can be evaluated numerically--see
Eq. (B.15) below.

g‘A derivation of this result, using transform techniques
appropriate for the boundary conditions, has been given by
W. Wasylkiwskyj, IDA Inter-0Office Memorandum of 1 July 1977,
and addendum of 2 September 1977, "A one-dimensional model °
for studying diffusion of injectants in the stratosphere."
Copies of this memorandum are avallable on request. It may
be verified by direct substitution that Eq. (B.10) is indeed
a solution of the problem.
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For comparison with the results of Fig. B-1, which gives the
total measured stratospheric burden of Zr-95 as a function of
time, we need the total calculated stratospheric burden of tracer,

Bj(t) = jn(z) fj(z,t) dz; (J=I,8,7) . (B.14)

A
o]

Numerical calculations of Bj(t) have been made using the
two-step model T of Eq. (B.10). Significant qualitative insight¥
can be gained with the simple model I of Eq. (B.6) which gives

0 ~(z-2)/H
BI(t) = n(z) fI(z,t) dz = nq e Ul(x,) » (B.15)
2
o
where
1/2 : 1
x, = (1/2)(Kt) [asm - (z,-z)/ke) | (B.16a)
1/2(1 + erf xo) for Xy < 0
U(xo) = (B.16b)

1/2(1 - erf xo) for T, @ 0

The overall relationship between time ¢t, X and U(xo) is

given in Table B-1.

¥

There are quantitative defects in model I, which gives high
values of K because the relatively fast transport in the
troposphere cannot be simulated in any other way by this
model.

|
|
o
|
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TABLE B-1. Xo AND U(xo) FROM EQ. (B.9) AS FUNCTIONS OF TIME (FROM MODEL I)

Time t Small H(Zl'zo)/K Large
X, large, 0 (Kt)1/2/2H
negative

U(xo) 1 0.5 (1/2)(1-erf xo)+0 as toe

The physical meaning of Egs. (B.15 and B.16) is relatively
clear-cut. The quantity qnoe_k‘:l_zc‘)/h in Egq. (B.15) is the
total number of molecules per unit area injected at t = 0 at
o 215 X is a time-dependent variable, and U(xo) is the frac-
tion of injected material that remains in the stratosphere

after time t, where B xc(t).

From Table B-1 we see that a simple way to determine K is

from the time t. , at which U(xo) or the stratospheric burden

_L,/z

in the approximation I has half its initial value, because
+ - - ol . .
“I.s (zl zo) H/K (B.17)

This result shows qualitatively how the effective stratospheric
K~value depends on the decay time of the stratospheric burden
and also on the effective injection height above the tropopause.
Note, in particular, that a given decay rate (1/t1;%) may be
obtained by rapid transport (K large) through a large distance
<ZI-ZO>’ i.e., a low tropopause; or by slow transport (K small)
and a high tropopause, i.e., slow transport through a short

nce only.

Ad O

te that the net transport rate in the stratosphere is pro-
K(z) n(z)3f/3z. 1In comparing the infinite model I

-step model T, we note that in the lower stratosphere

3f./3z | because of f, = 0 at the tropopause while

# teé that at early time fT(zl) = fI(zl)]. Thus, fob

in the stratosphere, model 1 gives slignificantly
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faster transport than does model T, and conversely, to explain

m

N | o = ean T i) St o At T ) ey Fians
given set ol data witin model T requires a smaticer h-value

T, an expression for the stratcspheric

burden B..(t) in the form of a single integral which can readily

be evaluated numeri

is given below:

“’I'(U =

2

e

KT 1 —5

2 i
w -K L(u‘" + 7—7)
% 5 e Vo 5 5
2qn c(.Au ..1,/‘11 } di_e s e
N e

[ o et kd e adl e R
‘\ (o w2t T3 °“‘"l'l‘u w F 3H .,ltm,r.u KpCOSK 2 t i Jlxm,l,zu hlrxx(tl (.U) + xd.‘lnr,]_...‘uw(..r,_\ )

(:l: sl bk COSKy2 ‘)‘ + »\'.d"sln‘),\,l.x:“
Here, k., is defined in Eq. (B.1l2) and d is defined in Eq.
4
Note that the value of k. passes through zero as «
0

4= . A o
FADIL A when

'S -~ - - < 0
L 2 I 2 =g
E H
we must make the substitution

cosxT:o —————m coshKTzo

(B.19b)

sin km2 = isinhk

e T

— /

in the integrand of Eg. (B.18

=
~r

It is of interest to compar

—
9}
.
)
2

s

the solution f, of Eq.
' 4

are
with the much simpler solution fo of Eq. (B.7), bearing in mind

o
I

—
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lim fT = Qﬁz2 = %Q; i.e., a sink at the tropause, (B.20a)

because K<<Kt

s(z, =0); i.e., a sink at the ground if (B.20t)

Some representative results for the burden Bq(t) and B.(t)
shown in Table B-2 for various values of thevparameter;.

see that for short times (about 1-4 months) the d-dependence of
BT(t) is very small, but for the times of interest here, which
are typically 8-16 months, there is a significant variation be-
tween the values of BT(t) for d ~ 0.03 - 0.1 (which are considered
to be representative), and the limit d - 0. The present cal-
culations are reported for d = 0.03; the choice of d affects
BS(t) and thus the rate of transpcrt out of the stratosphere

for a given value of K, but the numerical value of the eddy dif-
fusivity in the troposphere, K, = K/d, is not important for the

©
subsequent discussion.

TABLE B-2. STRATOSPHERIC BURDEN By(t) FOR THE TWO-STEP MODEL AS A FUNCTION

OF TIME, FOR VARIOUS VALUES OF d = Koy ovocpero/Kioooo here
Time, months

- Kstrat/Ktrog 1 4 8 12 16
0? 2.515 1.993 1.382 1.017 0.782
0.01 2.516 2.003 1.392 1.026 0.790
0.03 2.516 2.020 1.412 1.043 0.804
0.1 2.517 2.066 1.480 1.105 0.857
0.3 2.518 2.131 1.614 1.258 1.003
3 2.520 2.217 1.807 1.518 1.303

We show values of B(t)/1018q for injection height z; = 18 km, tropopause
height z5 = 11 km, stratospheric eddy diffusivity K= 104 cmé/sec.

3This is actually case S, z, =z, = 11 km - see Eq. (B.20a)
bThis is case S, Zy = 0 - see Eq. (B.20b)
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B.3.2 Initial Condition

The initial Zr-95 profile as a function of height used here
is taken from Telegadas (1974), Fig. 45. It can be fitted quite
well to a Gaussian profile

£(z,8 ) = £ expd- (z-2,)%/0 °} (B.21)
R g 5FE ( l) o}
with Oy = 2.15 km, which can be reconciled with the delta~function
injection of Egq. (B.5) by the equivalence
2 -~
o "~ = 4 K ¢t (B.22a)
o} o)
© = ¢ 3 B.22b
calc obs 0 ( 2b)
where t__. = time from a delta function injection, and
b e o time after the nuclear explosion.
QOUS
Representative values of ﬁo are shown in Table B-3 as functions
: 3 2 " !
of K. Boer K = 3 x L8 cm /sec the tc values are so small com-
pared to the observation times shown in Fig. B-1 that the equi-
valence of Eq. (B.22) is indeed satisfactory.

TABLE B-3.

K,cmELg
3

tqs months
4.4
Nl
0.44
Q.15

10
3 x 10
10t
3 x 107

3

Correction for Sedimentation

like most other radioactive isotopes, 1s

small particles whose mean radius lies in the range
2

TIME CORRECTION to AS A FUNCTION OF K [SEE EQ. (B.22a).]

carried on

0.02 um to

e v




0.15 um (see Drevinsky and Pecci, 1965; Telegadas and List,
1969). We assume that the density of the particles is

p = 2 g/cm3 and that the mean radius R = 0.1 um, as did
Telegadas and List (1969). Spherical particles of this density
and radius have a sedimentation speed ¥ 3.6 x 10-3 cm/sec

at an altitude of 18 km (see, e.g., Junge et al., 1961), which
corresponds to a net settling of about 100 m per month. One
way to correct for sedimentation is to assume that the mean in-
jection height falls with the effective sedimentation speed v_.

S
Thus, the effective injection height above the tropopause is

i
Zl,o(t) = Zl,o - j[ ¥y [%’zl,o(t)] gt 4 (B.23)
0

since the sedimentation speed depends on radius and on ambient
neight (or density). A plot of ;l(t) s given in Fig. B=3, for

p =2 g/cm3, R =0 e

With this correction, we replace X of Ba. ((13) by

~

Ey ™ /2 (Kt)l/2 [(1/5) - (?l,o(t)/Kt)] s - {B.28)

and thus u(xo) by U(xo).

It has been pointed out (by H.S. Johnston, private communi-
cation, 1975; also Poppoff, Whitten, and Turco, 1978) that the
residence time of aerosols is very sensitive to particle size
and could be affected by aerosol growth and coagulation processes.
In keeping with the use of a relatively simple model, we make
the present simple estimate of the effects of sedimentation.

Note, however, that the effect of sedimentation on the present

M
4]

timate of stratospheric K-values is particularly significant

=
o
s

relatively small stratospheric diffusion distances (zl—zo)

i.e., for high values of the assumed mean tropopause. Overall,

-

the correction for sedimentation introduces significant uncer-
tainties, and it may be desirable to reexamine the present esti-

mate on the basis of any additional experimental data.
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FIGURE B-3. Effective injection height for aerosols as a I
function of time, Z(t). |




vy S ——

B.3.4 Data Reduction for (K,zo) Parameterization

To reduce the data, we normalize the tracer concentrations
: shown in Fig. B-1 to give

tracer burden (corrected for decay
maximum burden observed for the event

Aexp(t) = (B.25)

This quantity is shown in Fig. B-4, where we also show calcu-

lated values of the normalized tracer burden, () o

Acalc
the following set of parameters:

N
]

11 km - height of tropopause

N
1}

18 km - height of injection
zy from Fig. B-3 to correct for sedimentation from
an initial 18-km injection.

We see from Fig. B-4 that experimental data for all five
events extend to A = 0.6 but not to A < 0.5, and thus we
eXxp exp

define the quantity to ¢ by the relation

Aexp(t0.6) = 0.6 (B.28) {3

and use to 6 rather than t which cannct be determined from

A7 2
all five events) to compute K for a given value of Zq

Note in Fig. B-4 (or Fig. B-1) that the stratospheric bur-
den due to the October 1970 shot falls rather abruptly some 7

R

months after the event. While this decrease may be spurious
(since the later values of burden are lower-bound values due

to contamination from the French tests of summer 1971), yet il o

may be correlated with the fall in mean altitude in the profile
some 4 months after the event shown in Fig. B-2. In the analysis,
we shall use the three events of June 1967 (slow decay-summer),
September 1969 (intermediate decay-fall), and December 1968

(fast decay-winter) as representative of the data. The charac-
teristic times ty.6 for these events are listed in Table B-4,
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FIGURE-B-4.

Decay of stratospheric tracer burden as a function of time.
Comparison of results from the Chinese tests (from Telegadas,
1974, 1976) with the predictions of the "T" model with and
without sedimentation for various eddy diffusivity (K) co-
efficients. Note that the final data points marked with an
arrow are lower-bound values, as the radioactivity data from
the Chinese tests were obscured by new fallout from later
(French) tests. Tropopause height taken as 11 km, d = 0.03.
Note that the data of 10/70 fall abruptly at *; this corre-
lates with the earlier motion down of the peak. Also, the
data of 12/68 have been extrapolated to the 12-month point P
used to determine Aexp (12 mos.) for the analysis of Eq. (27).

B-21




TABLE B-4. EXPERIMENTAL PARAMETERS FOR VARIQUS TESTS
USED IN THE DATA ANALYSIS

Test of
Parameter 12/68 10/70 9/69 6/73 6/67
tO 6 (month) 5.7 8.2 9.0 9.45 100
Aexp (12 months) (0.305) (0.555) 0.59
F
In Fig. B-5, we show K as g funetion of £, . for z_ = 11,

14 km, Z, = 18 km, and as Z (t) from Fig. B-3, co
3

®
w0
(S35
(o)
FJ
=
C
0]
(¢}
i
=
O
3
to

sedimentation as is sugg
The qualitative character of the results i1s plausible:

a. Increasing z, decreases (z,-z_) and thus [cf. Eq. (B.1
decreases K for a given tige delay;*
b. Sedimentation accelerates
value of K is needed if sedimentaticn is considered
than if it is neglected. In particular, for a 1li-km

tropopause,; which only requires transit through

zl-zo) = I km in the stratosphere, very little diffusion
is needed to supplement the sedimentation as p
by the present model.

¢c. The experimental results in summertime call for a much

smaller value of K than do the winter results.

A different way to analyze the data is to obtain an annual
average of activity; i.e., to ask for the activity 12 months
after the event and to match this with the model as a function

of K, rather than by asking for the time 9.6 of Eg. (B.26).

We see from Figs. B-1 and B-4 that for the fast event of

December 1968, there are no data as late as 12 months after

¥

Note that the quantitative relation of Eq. (B.17) that
for a given removal rate, the ratio of K to (z1-245) is
constant, is not satisfied for the present model %.

ro
no




CASE T, d  0.03
INJECTION AT Z 1B kN
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TROPCPAUSE
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FIGURE B-5.

1
1
|
i
1z, 14 xm J
10

Time for stratospheric tracer burden tc decrease to
60 percent of 1ts peak value, to 6 computed with and

without sedimentatiom, shown as a function of eddy
diffusivity K. Calculations are shown for tropopause
height z, = 11 and 14 km. The corresponding decay
times ca?culated from the various nuclear explosions
are also shown.
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the event, but by extrapolation we obtain the point P in Fig. B-4
which is used here; the Aexp values used here are listed in
Table B-4.

Explicitly, we obtain X from the relation

= 12 months) = A liits = 12 months + tO(K); (K)] (B.27)

Aexp(tobs calc calc

In Table B-5 we show effective mean K-values in the lower
stratosphere obtained from to 6 [see Eq. (B.26)] and from Ae
(12 months) [see Eq. (B.27)].

Xp

The following points should be noted:

a. The K-values corrected for sedimentation are considered
preferable to those not so corrected (but note the
limitations of the correction, especially for Z, = 14 km).

b. The two different procedures of determining K, of
Eq. (B.26) and Eq. (B.27), give rather similar numeri-
cal values; the differences can be understood on phy-
sical grounds.

c. The significant difference between K-values for summer
and winter injection can readily be understoocd in terms
of the experimental results of Fig. B-1.

c. Calculations have also been made for varying injection
heights, zl = 16, 20 km, with reasonable consequences,

in that larger values of z require smaller values

1 %
of K to compensate, etc.

B.4 APPLICATION TO STEADY-STATE INJECTION

Given the effective stratospheric K-values deduced here,
it is possible to compute atmospheric residence times and in-
Jection coefficlients for the continuous injection of tracers
(injected at 18 km altitude and 40°N latitude), by using the
present model for a K-profile [cf. Eq. (B.2)].
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TABLE B-5. EFFECTIVE K-VALUES COMPUTED FROM EXPERIMENTAL DATA
SR
(IN 10° cm“/sec)

Experimental Situation

Tropopause at 11 km

From A(12 mo.), i.e.,
12-month average

With sedimentation

Without sedimentation
From tO 7 decreases to
0.6 of mgx1mum

With sedimentation

Without sedimentation

Tropopause at 14 km

From A(12 mo.)
With sedimentation
Without sedimentation

From to 6
With sedimentation
Without sedimentation

NOTE: We use model "T", with d = K

September 1969

Slow-Summer  Intermediate-Fall

December 1968
Fast-Winter

N O
(@]

—
.

Ve gy e ——

10.5
14.0

10.3
12.0

ik 2 g P




The atmospheric residence time tR is defined as atmospheric
burden/flux, while the injection coefficient a is defined for
a steady state by McElroy et al. (1974)--see also Hunten (1975)--
as follows:

a = X/Q (B.289)

where X - molecular mixing ratio at and above the injection
height z24 (which is constant in a steady state), and @ = source
strength.

For the case of an isothermal stratosphere with scale height
H (= 6.3 km, corresponding to T = 216°K), and an isothermal
troposphere with scale height Ht’ and for the K-profile of

Eq. (B.2) we have the following expressions for gaseous tracers:

pes ‘:‘_ < -Z /Ht ]

+ = 2 - e at - H - ©

‘m z (zl Zo) X, 2 ht i e ) ! (B.29)
2 (z,=-z )/H H -z /H
H S £ 97 e -

= [ =3 e .30

a 7 2 1 B 1 e GBS 300

o] t o

For aerosols, the treatment is more complex [see Bauer,
Gardner, Oliver (1977)]. Here we confine the discussion to

gaseous injections, which are of greatest interest.

Given these formulae, we can compute injection coefficients
and residence times for various values of the spatial and tem-
poral mean eddy diffusivity coefficient K (between 18 km and
the tropopause) as derived from the erperimental data. Before
doing so, however, some discussion of the appropriate mean on a

time-weighted basis 1is necessary.

Let us reexamine how material leaves the stratosphere. Frcon
Fig. B-1, it appears that material injected in summer does not
leave at all until the following winter. However, the Aexp(lz
month) estimates of Egq. (B.27) do provide annual mean K-value

for a summer injection. Here we shall use an annual average
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E = 142 (&

summer ¥ Kwinter) (B.31)

based on the Aexp(l2—month) estimates, taking into account the
effects of sedimentation. The results obtained in this way are
compared with those of some other studies in Table B-6. Refer-
ring to Fig. B-2, we see that an annual mean tropopause height
B 11 km is most appropriate; we show results also for a high
tropopause, z, = 14 km, for which the short diffusion distance
implies that K is quite small and the effects of sedimentation

are extremely important.

In Fig. B-6 we compare the present estimates of K with those
of several current models listed in Table B-6. Note the effects
of sedimentation on an annual-average basis, and in particular
the wide variation between effective K-values for summer and

winter injection.

B.5. A FINAL COMMENT

The most striking characteristic of the radicactive fallout
data of Telegadas (1974 and 1976) is that they display a very
strong seasonal variation, with transfer to the troposphere
being much more rapid in late fall and winter than in summer.
This effect is not included in most one-dimensional models, in
which an annual average eddy diffusivity profile is used, and
may have resulted in an overestimate by such models of the cal-
culated ozone reduction following the massive Soviet atmospheric
nuclear tests of fall 1961 and fall 1962 [see Foley and
Ruderman (1973), Bauer and Gilmore (1975), and p. 159 of NAS
(1975) 1.
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TABLE B-6. COMPARISON OF RESULTS FROM DIFFERENT MODELS
FOR 18-km INJECTION

A, t

0-17

Source 1 cmz-sec ¥

This analysis (two-step case "T", d = 0.03)

11 km tropopause
With sedimentation (K = 7.25 x 10° cn?/sec) 2.4 2.0
Without sedimentation (K = 9.75 x 108 cmz/sec) 1.8 1.5

14 km tropopause
With sedimentation (K = 2.44 x 10° cm/sec) 5.0 3.5

Without sedimentation (K = 4.55 x 103 cmz/sec) 2.5 1.9
Other K-Profiles*
Chang (1974) 1.7 1.4
Chang (1976) 1.8 1.6
Hunten (1974) 4.6 3.6
Hunten (1974) (+2)(18 km, 7.3 4.6
Jatitude adjusted to 20 km)
Crutzen (1974) 1.8 1.7
Crutzen-Isaksen (1975) 1.9 1.7
Wofsy (1975) 3.2 2.6
Crutzen et al. (1978) 2.3 2.0

>*
The more recent (1975-78) eddy diffusivity profiles used here are shown
in Fig. B-6; the older ones, which were used during CIAP, are listed in
Oliver et al. (1977). A1l estimates are made for 18-km injection, except
for the "Hunten (1974) (+2)" estimate which corresponds to a 20-km injec-
tion as an adjustment for the latitude variation of mean tropopause height,
the procedure recommended in NAS (1975), p. 118. Conceivably, other pro-
files should be similarly adjusted, but we have seen no such recommendation
for the other profiles.
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FIGURE B-6. The present results for an 11 km tropopause compared with some
other, currently used, eddy diffusivity profiles. Note the
effect of sedimentation (see Section B.3.3) on an annual av-
erage bases, and also the large summer/winter variation.
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