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PREFACE

Since July 1, 1975, Lawrence Livermore Laboratory (LLL) has been participating in the High Altitude
Pollution Program sponsored by the U.S. Department of Transportation's Federal Aviation Administration.
This report describes the major accomplishments and significant findings during the fiscal year ending Sep-
tember 30, 1977, for work performed at LLL under Reimbursable Agreement DOT-FA76WAI-653. T'here
are two major research areas covered by this agreement: (1) numerical modeling of the atmospheric response
1o stratospheric perturbations. and (2) the processing. archiving. and analysis of satellite ozone data. Fach of
these research areas has been divided into a number of subtasks. and the successful accomplishment of these
subtasks has required contributions and cooperation from many participants. The work reported here should
be considered the collective effort of all those listed below.

Scientific Administration
Joseph B. Knox, Division Leader
Frederick M. Luther

Numerical Modeling

Frederick M. Luther, Principal Investigator
James k. Burt

Julius S. Chang

William H. Duewer

Hugh W. Ellsaesser

Joyce k. Penner

Raymond L. Tarp

Donald J. Wuebbles

Satellite Ozone Data Analysis
James E. Lovill, Principal Investigator
James S. Ellis
v
John-Gilbert Huebe
John A. Korver
Freda A. Phelps
Thomas J. Sullivan
Patrick P. Weidhaas
Roger L. Weichel
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ANNUAL REPORT OF LAWRENCE LIVERMORE
LABORATORY TO THE HIGH ALTITUDE
POLLUTION PROGRAM—1977

1. INTRODUCTION

The High Altitude Pollution Program (HAPP)
was initiated by the Federal Aviation Administra-
tion to ensure that aircraft engine emissions in the
stratosphere will not result in unacceptable effects
on the biosphere. Lawrence Livermore Laboratory
(LLL) has participated in HAPP since July 1975.
The primary research emphasis at LLL is on
numerical modeling of the atmospheric response to
stratospheric perturbations. The modeling effort at
LLL covers four major research areas:
photochemical kinetics, coupled kinetics and
transport, radiative transter, and meteorological
analysis.

A fundamental tool in the LLL effort has been
the one-dimensional transport-kinetics model. This
model. which includes as complete a set of the im-
portant chemical and photochemical reactions as is
feasible, is designed for time-dependent perturba-
tion and sensitivity studies. The model includes 28
chemical species and 83 chemical and
photochemical reactions. Species concentrations are
computed at 44 [evels in the atmosphere, extending
from the ground to an altitude of 55 km. The model
uses an accurate numerical method for solving stiff
systems of differential equations. Vertical transport
is parameterized using a one-dimensional diffusion
formulation which describes hemispheric-average
net vertical transport by an altitude-dependent dif-
fusion coefficient. The model can include tem-
perature coupling between changes in composition
and reaction rate coefficients.

During the past year we improved this one-
dimensional model by adding multiple scattering ef-
fects to the photodissociation rate calculation and
by developing a more accurate method for incor-
porating diurnal averaging. We also directed con-
siderable attention to the problem of evaluating the
effect that changes in key chemical rate coefficients
(as a result of new measurements) have on the
model’s sensitivity.

In addition to the one-dimensional model, we are
in the process of developing a two-dimensional
transport-kinetics model.

Support for model development is shared be-
tween HAPP and another project at LLL involving

assessment of the chemical and climatic effects of
atmospheric nuclear explosions. The latter project is
funded by the Division of Military Application
(DMA) of the Department of Energy. Although the
same numerical models are used for both studies,
the applications of the models are quite different.
For example, the study of the climatic effect of
nuclear explosions is primarily concerned with the
time-dependent response of the atmosphere to pulse
injections of NO,, whereas the HAPP study is con-
cerned with steady-state injections of NO,. Work
relating to model development or refinement
benefits both projects, and consequently such work
has been divided between the two projects. In this
way each project’'s sponsor benefits from the par-
ticipation of the other sponsor.

In August 1976, LLL's participation in HAPP
was extended to include the processing, archiving,
and analysis of global ozone data derived from a
new series of Air Force meteorological-satellite sen-
sors: the cross-track-scanning multifilter radiometer
sensors. The Satellite Ozone Analysis Center
(SOAC) was formed at LLL for the purpose of
producing high-quality total-ozone data based on
radiance measurements made with the new satellite
sensors. The goal is to develop a capability for
producing daily maps of total global ozone that can
be made readily available to the scientific com-
munity. Our initial task is to demonstrate the
feasibility of obtaining good ozone data from the
satellite measurements. To do this we must first
develop a satisfactory method for converting the
satellite measurements to total ozone data. We plan
to assess the quality of the resultant ozone data by
comparing it in detail against corresponding Dob-
son ozone data obtained at selected stations in the
world surface network of Dobson observatories.
This feasibility study is scheduled for completion by
June 1978.

In this annual report we describe LLL's major ac-
complishments and findings in HAPP studies since
July 1, 1976. Earlier HAPP work is described in our
First Annual Report (Lutker et al. 1976). In the
present report we emphasize the resuits in the at-
mospheric modeling area and limit our discussion




of the SOAC project to a description of the satellite major tasks and objectives. The results of the SOAC
mulufilter radiometer sensor and a summary of the feasibility study will be described in a later report.




2. RESEARCH ACTIVITIES: TRANSPORT KINETICS
MODELING, PHOTOCHEMICAL KINETICS,
AND RADIATIVE TRANSFER

Becuuse of the complex nature of the work. most
of the research tasks represent the combined effort
of several scientists rather than individual contribu-
tions. It is not possible to separate the tasks by
research area or scientific discipline because of the
team approach. Most of the work described below
has been or is in the process of being submitted for
publication in technical journals.

2.1 A Fully Diurnal-Averaged
Model of the Stratosphere

An outstanding question in the formulation of
stratospheric chemical kinetics models is the proper
averaging procedure for photochemical reaction
rates involving diurnally varying chemical species.
We have developed a fully diurnal-averaged model
(DAM) that is consistent with our diurnal model
(DM). By definition, these two models are consis-
tent if the average tracer concentration from the
diurnal-averaged model is the same as the diurnal
average of the time-dependent solution from the
diurnal model, and if all the corresponding
averaged photochemical reaction rates are also
identical. With the DM model we can calculate rele-
vant details and compare the results with at-
mospheric measurements, and with the DAM
model we can study the long-term atmospheric
response to any perturbation. To study this latter
class of problems with the DM model would not be
economical. A computation procedure has been
devised to assure the total consistency between these
two models under all given conditions.

Model Description

We shall limit our discussion to the one-
dimensional model since this is our current develop-
ment. The procedure described is directly applicable
to two-dimensional models. In a one-dimensional
model of the stratosphere. the continuity equation
for a specific trace species i is

)
~3-F) + P = Lo, + S, (1D)

where n; is the concentration of species i at time !
and altitude z. F(n;) is the net vertical transport flux,
P, and L;n; are the nonlinear chemical and
photochemical production and loss rates. and S, is
the net production or loss rate due to any other
process. If Eq. (1-1) is averaged over a time period T
(here assumed to be 24 hours) which is very small
compared to the time scale of the problem of in-
terest. then

Fy S s e
Y S;F("i) + Pi - Li"i + S‘. : (1-2)
with the bar representing the following averaging
process:

t+T/2

el s
¢ = T f M(z,t’) dt” .
t-T/2

The net vertical flux F(n;) is usually represented
by

Fn) = ~K,p o) ,

where K, is the one-dimensional diffusion coef-
ficient and p is the air density. Because K, and p are
independent of n; in this approximation,* the net
vertical flux F(n;) is a linear function of n;. Further-
more. since K, and p are assumed to be independent
of time, i.e., to have no variation over the averaging
period. we have

Fn) = =Ko (o) = Ko (o) = () .

The_source function §; is usually well defined.
hence §; is easily computed. Equation (1-2) will be
self-consistent if we_can express the nonlincar ex-
pressions in P; and L;n; in terms of ;. Fortunately,
P; and L;n; are both linear sums of terms in the form
of the typical two-body chemical kinetics reactions

*Itis true that K , may be derived from some known n, distribu-
tions. But once it is derived the 1-1 model assumes K, us a lixed
input variable.
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K, nn, or the photodissociation reaction Jn,. The

e S 2
Kincuies reaction rate coefficient K, may be a func-
ton of p but not of n, or n,. We define the diurnal
weighting factors oy (2) and 3,(2) by

'\.,"."l =a, K onon

and

Sice Ky is defined and is independent of time, we
have

a: ® nl"' { nl ",I

and

=m .l‘ n .

The computation of photodissociation rates has
always been an expensive part of stratospheric
model caleulation, hence T's are expensive to
evaluate in the DAM model. If we define g, by

8, = I / gt

then the computation in the DAM model will be
significantly simplified. Using the results from a
dwrnal model we can determine Wi, T, &, W,
JN S0 that o and 3, can be obtained for every
chemical and photochemical reaction in the model.
Using the s and 8°s evaluated from the diurnal
model. we can now write Eq. (1-2) in terms ol the
diurnal-averaged concentrations i,

an,

ST -V E@) ¢ P@ AT T, K IN0M)

= e, K, o 3% 0 00, + 8 (1-3)

m*
where . k. m are taken to represent species usually
different from 1. Formally, Egs. (1-1) and (1-3) are
tdentical in form except that every reaction rate in
Eq. (1-3) 1s multiplied by an o or @ factor deter-
mined from the solutions of Eq. (1-1).

The DM consists of Eq. (1-1) and its associated
boundary and initial conditions. In this model the
photodissociation rate coefficients vary throughout
the day and vanish at night, and the local concentra-
tions of many trace species such as O( 'D). O( P).

NO. HO,. Cl. C1O. HO. HO,. etc. also have strong
diurnal variations. For the DAM. i.e. Eq (1-3) and
the appropriate averaged initial and bound.ry con-
ditions, all the photodissociation rates are constant
on the diurnal time scale. All solutions ot | 4. (1-3)
represent averaged concentrations. i.e.. they exhibit
no diurnal varniations. As such. solutions ot bq. (1-
3) are not directly comparable to many atmospheric
measurements. Most atmospheric data are taken
under daytime conditions or during sunset or
sunrise. For the present model 1t 1s quite simple to
recover the time-dependent solution (DM model)
from the averaged solution (DAM model) In the
derinvation of «'s and 3's a third set of variables 3,'s
can be defined.
n:\n\\ll & 7| "| ;

Consequently, given any n, from the DAM model.
the corresponding noontime concentrations can be
obtained through a simple multiplication. and this
n'I°°" can be used as the input condition to the DM
model to obtain the corresponding time-dependent
diurnal solution.

In this formulation of the DAM model. it is im-
plicitly assumed that the diurnal weighting fuctors
are essentially constant even though the individual
concentrations . hence the corresponding n,. may
vary considerably in magnitude. This assumption is
valid if the functional shapes. i.¢.. the periodic func-
tions representing the individual diurnal trace-
species concentrations, are not sensitive to varia-
tions in the absolute magnitude of the concentra-
tions. This simple fact can be directly veritied with
the DM model through the iteration procedure out-
lined in Fig. 1. Given initial estimates of a's and 3's.
we can use the DAM and DA models alternatively
to assure that the o's and 3's and n's are indeed con-
sistent for any given atmospheric condition. Since
this-ondy involves a few diurnal cycles with the DM
model at a judiciously chosen juncture of the
calculation, the fulk iteration procedure is rather
economical. In fact, in the present calculations in-
volving the study of potential NO, and CIX pertur-
bations in the stratosphere. we have tound that two
or at most three iterations are sufficient to assure
constancy of better than a few percent over most of
the stratosphere for every trace species. The only ex-
ceptions are NO; and NyOg above 40 km. At this
altitude these species play such an insignificant role
in stratospheric chemical balances that even major
errors in their local concentrations have no signifi-
cant impact. Purely for the sake of theoretical con-
sistency. a study is still proceeding to understand
the interesting diurnal behavior of N1Og so that a




.

Estimate noontime n's to start problem

.

Use diurnal model to compute a's, 3's, and n's

)

Use diurnal-averaged model to compute new n's
(to go with a’s and p's from previous step for
comparison with values computed in next step)

1

Use diurnal model to compute new a's, 8's, and n's

1

Are new a's, 8's, and n's close enough to previous

No

values?

Yes

Diurnal-averaged model is fully diurnal-averaged,
with consistent sets of a's, 3's, and n's

\

Application, analysis

Ligtoe ! lteration procedure followed in the diurnal-averaged model (DAM),

better averaging procedure can be defined
specifically for N,Oq to reduce this local variation
in diurnal weighting factors.

Discussion of Results

The a's and d's calculated from the diurnal model
tor some of the reactions in the model are shown in
Pigs. 2 and 3. These reactions were selected not
because they are the more important ones in the
model but because they represent some of the in-
teresting features found in the derived multipliers
for kinetic rates to be used in a dwrnal-averaged
model

If a reaction involves a species that does not have
a diarnal variation (e the concentration is essen-
tially constant over a 24-hour period), then the a's
for that reaction will be 1.0. Therefore, if a reaction
mvolves HNO, or HCL for example, the weighung
factor will not change the original reaction rate.
However, if both reactants in a two-body reaction
have diurnal varations, the value for a will be dit-
ferent from 1.0 For instance, for reactions involv-

g two species whose diurnal variations are in
phase and predominantly determined by photolysis
(1.e.. both having extremely small concentrations at
night relative to their daytime values or vice versa),
the expected values for a would be approximately 2.
Thus, as shown in Fig. 2. the s for the reactions
ClO + NO and HO + HO; are both approximately
2 in the lower stratosphere. In the upper strat-
osphere ClO does not decrease much at mght, and
the value for a falls off sharply. Above 45 km ClO
actually increases at night, hence it s out of phase
with NO. On the other hand. the weighting factor
for the CIONO, formation reaction ClO + NO, +
M varies exactly in the opposite manner as com-
pared with Cl10 + NO. In the lower stratosphere
ClO and NO, are out of phase while above 45 km
they are in phase (Fig. 4). For other important reac-
tions such as NO, + O and NO; + HO + M, this
variation in phase relation s again different. The
diurnal variations of the reactants involved are very
much out of phase both in the lower and upper
stratosphere. These few examples show quite clearly
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Ligure 2 Curves relating « to altitude for some typical chemical kinetics reactions in the diurnal-averaged model.

that although the phase relationship in diurnal
variations can be used as a qualitative guide in ap-
preciating the diurnal effect on net reaction rates, it
is by no means adequate. Due to the complexity of
the chemical system only detailed calculations such
as are used in our current procedure can provide the
proper balanced evaluation. It is to be noted that
when diurnally averaged concentrations are used in
the rate expressions, the weighting factors (or
correction factors) can have a very large effect on
some of the reaction rate coefficients, increasing
them by more than a factor of 2 or decreasing them
by several orders of magnitude.

Figure 3 shows similar results for the photo-
dissociation rate weighting factor 3. Again there is a
phase relationship between the variation of
photodissociation rates and the individual trace-
species concentrations. In fact from Fig. 3 it is
quickly apparent that above 35 km photolysis is a
dominant mechanism in determining the local con-
centrations of CIONO,, NO,. and N;,Os, although
this is not the case for HO,. A strong out-of-phase
relation with the photodissociation coefficient. J,

shows that photolysis is the dominant loss
mechanism. From this small sample of values for g,
it is clear that no single averaged solar zenith angle
or simple averaged photolysis rate coefficients can
approximate the loss rates corresponding 1o even
this small sample of photodissociation rates.

The computation procedure in the limit (i.e.. in-
finite iteration) is actually the full diurnal model.
Current experience indicates that a uniform local
accuracy of better than a few percent deviation can
be achieved with two or three iteration cycles. For
such information as total ozone column or total
NO,. CIX, etc.. one iteration would be sufficient.

2.2 Analysis of Selected
Chemical Rate Data*

Our earlier work (Duewer et al. 1977b) identified
several reactions for which variations in the rate
coefficients have a significant effect on model sen-
sitivity. Reduction of the uncertainties associated
T*See Duewer et al. (1977¢).

S
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Figure 3 Curves relating o to altitude for some typical
photodissociation reactions in the diurnal-averaged model. 109 i T T i T
with these rate coefficients would in turn reduce the 108 NO., (20 km) ~
uncertamnty associated with the model assessments 2
of the aumospheric response to stratospheric pertur-
bations. For this reason we have carefully analyzed T e g ~
the chemical rute data for these reactions. taking 107 [ ClO (20 km) )

into account recent laboratory measurements con-
ducted at other laboratories. Our analyses for these
reactions are ginven below .

In evaluating an experimental measurement. one
normally takes the precisior-based standard devia-
ton of the measurement as a lower limit 1o the ex-
pected error. Historically, precision has often been a
very unrealistic basis for estimating the experimen-
tal error in chemical rate data, especially when the
measurements are indirect (that is, based on in-
ferred concentrations using an assumed Kinetic

Ligure 4 Diurnal variation of NO, and (10 concentrations in
the atmaosphere at altitudes of 20 and S0 km.
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mechamism in an often furly complex reaction
scheme) See for example the reviews of Llovd
(197 1), Baulch et al (1972, 1973, and Hampson
and Garvin (1973) In cases where the concentra-
uons of reactive species are directhy measured. the
preciion may be a reasonable estimate of the error,
dlthough even in these cases disagreements between
ditferent workers, while usually small, are also often
larger than those suggesied by precision alone (See
the discussion of reaction 12 below.) In such cases
the crror between moeasurements by difterent
workers may provide o reasonable esumate of the
expected error. But tor imdirect measurements
where the concentrations of reactive species are in-
ferred trom a mulustep mechanistie model. large
svstematic errors are more hhely and are frequently
encountered in the hterature. as tor example in the
reviews by Divon-Lewis et al (1974), Baulch et al
(19721973 and Lloyd (1974)

We analyzed chemical rate data for six reactions
nall reacuons 180 1412019, 26, and 20 as specitied
in Table I of our Farst Annual Report (Luther et al
1976). Cur analyses tollow

Reaction I18. HO; + HO, - H,0, + O,

This reaction acts as a sink for HO radicals, both
by transforming them mto the “reservoir™ species
H>Os and through the reaction sequence

HO, + HO, = H,0, + 0,
HO + H,0, ~ H,0 + HO, .

where water s unreactive. The available data and
reviews are summarized in bigo S

This reaction has been measured at only one tem-
perature.* The measurements of Foner and Hudson
(1962), Paukert and Johnston (1972). and Hamilton
(1973) are in excellent agreement. All of these in-
volved direct detection of HO-  The indirect
mewsurement of Burgess and Robb (1937), dis-
cussed in the reviews of Baulch ecal (1972) and
Llovd (1974), s thought o be in error. The
measurement by Hochanadel et al (1972) involved
a direct measurement of HOs. hike the other
measurements, but was indirect in that the value s
based on modeling a fairly complex reaction system
Hochanadel's measurement was discussed by Kaut-
man (1975), Llovd (1974). and Hanulton (1975}
Naulman and Lloyd point out probable crrors in
the data analysis, and Hamilton shows that this rate
constant appears to have an anomalous dependence
on water concentrations, and that this etfect could
have caused Hochanadel et al. to overestimate the
rate by about a factor of 3.

——

* A\ preliminary unpubhished measurement over a4 narrow tem

perature range has been reported by Cox (private commumga
4 « 168

ton, 197Me k= 14X 10 e
tvatio energy obtamed for this reaction is surprising it may in

). The large negatine ag-

volve some of the compheations responsible tor the anomalous
watervapor dependence observed for this rate constant, singe
these incompletels understood processes might very well hane o
strong temperature dependence o any case, 1t seems obvious
that measurements of this reaction over 4 broad temperature
range are urgently needed. If Con's expression s even approx-
imately vahd, a novel complex mechanism s mmphed for this
reaction. This type of mechanism had been suggested as o plause
ble occurrence long before experimental data supporting ot were
avatlable (H. S Johnston, private commumeation, 1976)  \t
present we preter the NAS A panel’s recommendation (Hudson
1977), but we believe the uncertamnty to exceed a factor of 3

Tahle 1 Calculated changes in total ozone due to an NO, injection as NO; in a I'km-thick layer of air for vanous

mpection altitudes, injection rates, and concentrations of ClO,.

Percent change in total ozone
calculated with following assumptions:

Chang (1976) K, profile,
ClO, concentration of:

Hunten (1978) K, profile,
ClO, concentration of:

.

NO{ injection rate Injection
(molecules cm 3« s) altitude (km) 0 L ppdb 2 ppb 4 ppb 0 Lppd 2 ppd
2000 20 -4.20 =-3.26 =26l -1.27 -10.64 -8.76 =8.06
2000 17 ~1.15 -0.70 -0.40 0.23 -4.06 <279 EPIR R
2000 13 =0.10 0.01 0.09 0.24 0.08 0.16 0.20
2000 9 0.07 0.08 0.09 0.11 =0.10 0.12 012
600 17 - -0.19 -0.09 0.12 =0.79 =0.39
200 17 _ =006 =-0.03 0.04 0.16 -0.10
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? Thought to be unreliable; see Lioyd (1974}, Baulch et al.
(1972), Hamilton (1975), and Kautman (1975).

”Erom table of Baulch et al. (197.2).

Figure 5

There are few data on the temperature depen-
dence of this reaction.* In his early review, Nicolet
(1964) assumed a temperature-dependent rate coef-
ficient of § X 1012 T 12 ¢-1000T [1oyd (1974)
assumed a temperature-dependent rate constant of
1.7 X 10 e 590/T hysed on the room-temperature
measurements of Paukert and Johnston (1972) and
Foner and Hudson (1962) and theoretical expecta-
tions for the high-temperature rate. Hampson and
Garvin  (1975) averaged the measurements of
Paukert and Johnston and Hochanadel et al. and
adopted L loyd's temperature dependence in recom-
mending the expression k = 3 X 10 '1¢ =500 T yp.
certain by a factor of 2.

The assumed temperature dependence is arrived
at by combining the room-temperature rate coef-
ficient with a plausible theoretical estimate of the
high-temperature rate coefficient. In our opinici,
the room-temperature rate coefficient is fairly well

*See previous footnote,

S g eal 1= S opl s

Expernimental data (1

7) and reviews (8-15)

Symbol  Reference T (K) k (cm37s)

1 Burgess and Robb 300 1x10'0
(1957

2 Hochanadel et al. 300 95x10 '?
(1972)*

3 Paukert and 300 36 v 10 '?
Johnston (1972)

4 Hamilton (1975) 300 32x10"?

5 Foner and Hudson 300 3010 '
(1962)

6 Hamilton and Liu 300 2510 "
(1976)

7 Cox (1977) 273-338 1.4 < 10 !¢ o080

8 Lioyd (1974) 300~ 1000 1.7~ 107 'V e 5001

9 Hampson and Garvin  300-1000 3 10°'1¢-500 T
(1974)

10 Models (this work) - =
11 Lloyd (1971)° 300-800 1.4X 10715007

12 Nicolet (1964) Not 5X 10712 71:2¢-1000/T

given
13 Bauich et al. (1972) 300
14 Hudson (1977) 200-300

3.3+ 0.3)x 1072
2.5 % 10712

15 Stolarski (1977) 200-300 1x10°"?

Summary of available data for k \, (HO, + HO, ‘H,0, + 0,).

known and should be based on the uverage of the
rate constants reported by Paukert and Johnston
(1972). Foner and Hudson (1962). and Hamilton
(1975) with a subjectively sstimated uncertainty of a
factor of 1.5. However, the temperature dependence
is effectively unknown. The rate constant could be
nearly independent of temperature, or its tem-
perature dependence might be as strong as
e £1000 T

We accept the preferred value for kg recom-
mended by Lloyd (1974), but we believe the rate
constant to be uncertain by roughly a factor ot 4 at
stratospheric temperatures.

Reaction 14. HO; + O3 +~ OH + 20,

This reaction effectively controls the efficiency of
the HO, ozone destruction cycle in the lower
stratosphere and shifts the ratio OH:HO; toward
OH.

This rate coefficient has never been measured
directly, but there are three pertinent indirect




meisurements (see g o). Anderson and Kautman
(197 1) deternuned an upper hinat tor K, relative o
Kacand DeMore (1970, DeMore and Tschuikow -
Roux (1974), and Simonaitis and Heieklen (1973)
measured the rato of Ky, 1o the square root of kg
(R The vanous measurements are all roughly
comntent with cach other and with the recom
mended rate piven by Hampson and Garvin
(1973 * Indeed. as demonstrated by Johnston and
Nehon (1977 at room temperature tie agreement
between different measurements of Ry seems o
sugpest that Ry provides an additional constraimt on
N g more severe than the estimated errorin the rate
comstant. However, DeNore and Tschuikow-Roux
wentthied o systematic error (resulting from  the
fiite optical depth of their system) that causes their
ratio 1o be low by an amount that we estmate to be

—

1 the prehmman vadue for K gdetermined by Con (1977) 4y
wed i the estimation of K oaveny different expression s ob-
taned tor K than has been used carhier At present we do not
Bavor an evprossion based on Cox (197 ) but recommend that
be comvidered as 4 posaibihiny

10 o

W'

100 1K)

about a fuctor of 1.25 £ 0.2 (as entered on Hig. 6,
Fig. 7 presents the uncorrected ratio data). \pplica-
ton of this correction fuctor reduces the agreement
between DeMore and Tschuikow-Roux (1974) and
Simonaitis and Heieklen (1973), and 1t s not the
only plausible source of systematic error. W hen one
considers that even the relative rate constants are in
direct measurements derived from a tairly complex
reaction  system,  the quoted  error bounds  of
Hampson and Garvin seem a hittle large at room
temperature (because of the experimental precision)
but possibly oo narrow for stratospherie condi-
Lions

Reaction 12, OH + Oy - HO, + O,

Ihis reaction contributes directly o the HO
ozone destruction rate. However, it s also an im-
portant tactor in controlling the ratio of OH 10 HO,
i the models. Because these effects oppose each
other. our model 18 only moderately sensitive to this
rate constant. We include Ky i our discussion
because some of the data for Ky and Ky are in the
form of ratios involving k

Expenimental data (1 -4) and reviews (5 10)

Symbol - Reterence 1 (N) K oemt g
i Anderson and 220450 16 0 T e
Kautman (1923
2 DeMare (19710 300 L g

R g “
3 Stmonattis and 225-208 2.7% 10 ' 1IN0

Heicklen (197311

a DeMare and 273-332 6.2\ 10 13, 4007

Isehuikow Rous
{ H)"”h (oY)

H Garvin and Hampsan 225 Q08 RS RLRTREL R
(1o
6 Ulovd (1974) 2000500 120 10 M e

? Madels (this wark) 200 300

N Hudson (192 72) 200-300 7.3 X 10\, 13T
9 Stolarski (1977) 200-300 1\ 10 W 18T
10 Imphications of 6548 \ 10 'V W0

Con (1927

TUpper it based on ratio to K 12
““.Ullq\ 1o (N " pte
' Recalculated using Ky from Llovd ( 1974)

SCorected by a tactor of 125 1o allow for a systematic
error discussed by the authors

CUsed a igher vatue of K w (average of Hochanadel et af 19722
and Pavkert and gohnston 1922)

Frewre n Summary of available data for k| (HO L+ Oy CHO #2204,

10
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Values for k> have been independently measured
by four research groups as summarized in big ¥
The room-temperature measurements of  Davis
(1974) and of Kurylo (1973) were made using the
Mash-photolysis resonance fluorescence technique.
Accordingly they are both very direct and very
precise measurements. (Both quoted values are
averages of large numbers of separate determina-
tions.) The error quoted by Kurylo (1973) was 87
Davis® (1974) error was £4%. These two measure-
ments differ by more than the precision bounds.
although the agreement is very good by any other
standard. The measurements of Anderson and
Kaufman (1973) are also dircct and precise. but they
were made using resonance fluorescence detection
in a flow system. Flow irregularities are always a
potential problem in flow system measurements.
and the measurement is probably slightly less ac-
curate than the flash photolysis measurements.

The measurement of DeMore (1975) was also
rather precise but was indirect, being based on a
measurement of ozone in a photolysis system in-
volving O,, water, and CO,.

We would use the average of the Davis. Kurylo,
and Anderson and Kaufman measurements (o es-
tablish a room-temperature rate constant and then

Expenmental data (1, 3, O, 2-4) and reviews (5, 6)

Symbol  Reterence T (K) Kk (em37s)

1 DeMore (1973)" 300 8x 1014
A DeMore (19750 271-333 2.4 x 1012 ¢ 123077

o Anderson and 220-450 1.3 X 1012 ¢ 996/T
Kaufman (1973)¢

2 Davis (1974)¢ 300 (7256103 x 10"

3 Kurylo (1973)4 248 6.5 0.5)~ 10"

4 Simonattis and 300 1.5x 10"
Hewcklen (19730

5 Hampson (1973), 220-450 1.6\ 10 '?¢ '0001

quoted by Hampson
and Garvin (1974),
and models A, A’,
and C' (this work )
6 Models B, C

(this work)

(Not Hudson (1977) 1,8 10 g “10Q0R

plotted)

1000/T(K)

Y Indirect measurement.
YIndividual determinations are plotted as triangles.
" individuat determinations are plotted as circles.

"va precise measurements. Plotted points are averages of
many individual determinations.

Ligure 8. Summary of available data for k ;, (OH + O, + HO, + 0,




kyg — cm/s

apply the activation energy measured by Anderson

and Kaufman o provide a temperature-dependent

rate constant. In our appraisal. an appropriate ex-

pected error would be a factor of 1.2 at room tem-

perature, increasing to a factor of about 2.5 at

| 200 K. For the purposes of stratospheric modeling.
our estimate is only trivially different from
Hampson and Garvin's (1975) recommendation for
this reaction.*

Reaction 19. HO + HO; + H,0 + O,

If the faster of the quoted rates for reaction 19 is
correct. then this reaction s the major sink for
stratospheric HO, radicals. 11 the slower rates are
4 correct, itis still a major sink for HO, radicals.

*The NASA pancel (Hudson 1977) recommends that this rate
constant be lowered by 8 because ol an error in the O absorp-
tion cocthicients used in reducing the experimental data. We
would concur.
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ASeveral problems with this measurement have been discussed in the
reviews of Lloyd (1974) and Kautman (1975) and in Hanulton (1976).

YRatio measurement  Actual measurement covered the range 273 342 K
and gave a temperature-dependent rate. Slanting lines give these values
for various assumed values of the other rates in the ratio.

CHigh temperature experniment, indirect determination.
Nndirect determination based on an analysis of the HO, + NO system.
" As quoted by Baulch et al. (1972).

This reaction is very difficult to measure. and no
direct measurement has been published. (\ recent
direct determination does exist. 5.1 X 101 by
Burrows et al. 1977, but it is inconsistent with upper
limits estimated by othe.s.) Clear conflicts exist be-
tween the various measurements (see Fig. 9). There
are two measurements at room temperature
(DeMore and Tschuikow-Roux 1974, Hochanadel
et al. 1972) which lead to values in the range of 2
X 10-'"" o 6x 10" The high-temperature
measurements of Friswell and Sutton (1972)k = 2
X 10 ', Trde (19692 X 10" < k< 2% 101,
and Glinzer and Trde (1975)(k < 6.6 X 10 'y and
the room-temperature measurements of Hack et al.
(1975)%k <3 X 107" and Chang and Kaufman
(1976)(k < S X 10 ') provide upper limits substan-
tially below the high measurements. Semiguan-
titative arguments based on absolute rate theory
and the rates of similar reactions lead to estimates

Experimental data (1 -8) and reviews (9 14)

Symbol  Reference T (K) K (em? s)
1 Hochanadel et al 208 2 X108
(1972)
2 DeMore and 300 6-1Bx 10"
Tschuikow- Roux
(1974)%
3 Friswell and 2000 2 x 1o
Sutton (1972)¢
4 Troe (1969)° 1000 2=20N 10°12
(Not Hack etal. (1976)' 298 .3\ 10 "
plotted)
5  Glanzer and Troe 1250-1800 6.6 \ 10 '
(1976)¢
6 Dixon Lewis et al.  1300-1600 (3« 1.5 10"
(1974)
(Not Kaufman (1964), 300 B NG
plotted) review based on
Foner and Hudson
(1962)
7 Burrows etal. (1977) 300 5110
8 Chang and Kautman 36y10"
(1977
9 Kaufman (197%) 300 V=3 x 1
10 DeMore and Watson 200300 1 6 10"
(1976)

" Lloyd (1924) 300- 1000 83 10 'y B0

12 Nicolet (1970)" a1t p! 2, 8000

13 H.S. Johnston in 2000300 2 2010 "
Hampson and Garvin
(1974)

14 Duewer (this work) 200300 10" w0 M

(Not Hudson (1977), 3o
plotted) Stolarski (1977)

Ligure 9 Summary of available data for k ;o (HO + HO, - H,0 + Oy,
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for the rate constant in the range of 3 X 10 2w
X 10 " (Kaufman 1975). Further, the observed
stratospheric OH - concentrations  (Anderson,
private communication, 1978) are very difficult to
support in models using the faster rate coefficients
for this reaction.

None of the above arguments 1s conclusive.
Chemical theory has difficulty in predicting slow,
nearly temperature-independent rate coefficients for
simple reactions such as that for

OH + HNO, ~ H,0 + NO,
(ky, > 89 X 107" em?/s)

and must be used with some caution. The
stratospheric models may be in ervor in other ways:
thus they do not provide a conclusive test of the
HO, sink rates

We note that, as was discussed carher, Kinetic
comphcations in the reaction system of Hochanadel
et al. (1972) have been identified by Hamulton
(1975) and Kautman (1974), and the data analysis
of Hochanadel used parameters at values not
currently accepted (Lloyd 1974). Dinon-Lewis et al.
(1974) make similar criticisms of the analysis used
by Friswell and Sutton (1972). Thus, those experi-
ments should be used with even more caution than
the other indirect measurements. The data of
DeMore and Tschuikow-Roux (1974) were taken in
the form of the ratio

Kjg * Ky

Kyt Ky
This ratio can also be caleulated from the various
models. I this is done, we find that the experimental
temperature dependence for the ratio has the op-
posite sign from the temperature dependence that
can be deduced from the models unless kg has a
significant activation energy or there are substantial
errors in the activation energies used tor the other
rate coelficients. None of the models agrees with
this ratio over a very extended temperature range.
Ihe analysis of Johnston and Nelson (1977) in-
dicates that heterogeneous reactions may account
lor much of the discrepancy in the room-
temperature values for this ratio, but not for the dif-
ferences in activation energy

In our concerted variations of rate constants,
where K and kg were varied in the same sense, and
k> (which appears to be relatively well established)
was either held constant or varied in the same sense
as k4 (and oppositely to kg and K jg), we found that
models A and A’ of Duewer et al. (1977b) are the
extreme models, A’ being in approximate agreement

with the experiment near 300 K, while B and € are
fairly close to the extrapolated data near 250 K, and
A\ and C antercept the extrapolated expernimental
curve near 180-200 K.

{C s troubling that the models, especudly modei
A, are as far from this experniment as they are
However, the experimental ratio was indirectly
determined and may be serioushy  atfected by
heterogeneous processes. Although, o first order.
this ratio was free of the identified systematic error
that appeared in the ratio of kg to (k) ' trom the
same work, the data analysis was such as 1o poten
tilly magnity errors - the directh deternmned
quantties.  bFurcher, if the rauo determined by
DeMore and  Tschuitkow-Roux (1974) 18 correct,
then an appreciable activation energy tor k. very
strong negative activation energy for k. or a large
error in the ratio of k3o (k190 ' 2 (R ) s implhied

Finally, we note that in their recent recommenda
tons to NASA, W, B, DeMore and K. Watson
(private communication, 1976) recommended the
use of values in the range of 1-6 X 10 ''em ¥ s for
k‘\)

Because of the indirect nature of the vanous ex-
periments and the apparent incompatibility of the
results of various workers, we have been guided
prinrily by the rates of similar reactions wnd by
theoretical considerations and secondarily by the
observed concentrations of stratospheric OH. We
consider S X 1017 10 8 X 10 ' em s 10 be the
plausible range of values tor K jg. with k = 2 x 10 !
cm Ys alikely value ™

Reaction 26. HO, + NO ' NO; + HO

I'his reaction couples the NO, and HO_ cyveles Tt
reduces the efficiency of both cycles, especually in
the lower stratosphere where NO> s usually
photolyzed.

T'he available data are summarized in bag. 100 Al
of the data are obtained by indirect methods.t and
we find no clear basis for deciding which are the
most reliable measurements.

*The NASA panel recommendabon (Hudson 1977 o) 3
1] "
N0 seems as reasonable as our use of 2 X 10

lhe recent measurement of Howard and Eyenson (1977008
10" At 300 KL was directly determined and seems substan
tally more plausible than any other published measurement ot
this quantity. Moreover, several other unpublished determina
tons of this rate constant have been made recently which seem o
lie in the range 8 X 10 o x 10 Thus we would aept
Howard and Eyvenson's room-temperature rate constant and
speculate that the temperature dependence would be o the range
200 1 1o 800 T with -300 T a plausible value
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Experimental data (3 1 6) and reviews (7 L)
Symbol  Reterenge TiKI A fem? gt

\ Mack et al (19725) 298 666 24 10 M e V001

1 Glanger and Troe 1260 1810 & 10 10
(9%

2 Payoe ot ol (1973) 300 &t

i Semonaitis and 300 165 10"
Mewhien (1923)

1 Cox (197451 208 1o 10
Semanaits and 208 1.0N 10 V¢
Hewkten (1976)

6 Howard and 298 810
Evenson (1927)

Baulch et ol (1973) 300 i

8 Hampson and Garvin 300 2« 10!
(1974)

9 Lloyd (1974) 300 1.2 55014

10 Models (this work!
n Hudson (1977) 200- 300 9y
12 Stolarsky (1977) 200300 2N 1012000

Ligure 10 Summary of available data for k5, (HO, VI NO, + HO).

We note that the newer data suggest that the
room-temperature rate constant was un-
derestimated by Hampson and Garvin, but that the
reaction may have a sigmificant temperature depen:
dence. As a result, we believe that the uncertainty
factor applied might have been increased, but that
the range considered s appropriate for
stratospheric conditions.

Reaction 20. OH + NO; + HNO,

This reaction reduces the effect of both NO and
HO, on ozone by tying up both species in the
relatively inert species HNO;. Further, it catalyzes
HO, destruction through the reaction

OH + HNO, ™ H,0 + NO,

Reaction 20 s dependent on both temperature
and pressure, and the pressure dependence s a fune-
ton of the identity of the third body M. As a result
of this we have chosen to present the data in the
form gwven in Fig. 11 The alutude dependence por-
trayed does not pertain to actual measurements at
various altitudes, but rather to measurements at
various temperatutes and pressures interpolated or

extrapolated to the conditions of the U.S. Standard
Atmosphere. There are other pertinent measure
ments, including recent work (e.g.: Davis 1974, P
Atkinson, private communication, 1976). However,
most of that work does not cover stratospheric tem-
peratures, is not compatible with the data presenta-
tion adopted, und is not included in Fig. 11. The
data of the various workers do form a reasonably
consistent set of measurements, However, as is evi-
dent i Fig. 11, for the conditions of the lower
stratosphere the data of Anastasi et al. (1976) fall
somewhat outside the expected error range guoted
by Hampson and Garvin. In this range the curve
quoted from Anastasi et alois an interpolanion trom
the data, but the Hampson and Garvin recommen-
dation is based on a substantial extrapolation. The
two expressions agree in the range of 30-45 km,
where both are interpolating functions. In order o
cover the full range of our model, 0-58 km, we it
the primary data of Anastasi et al. to the expression

L 2726 x 10713 8O,

k A
116 X 10'8 27377 4 M
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Pigure 11 Summary of available data for k ,,, (OH + NO, = HNO, .
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This torm s theoretically justified at moderate and
low pressures but not at high pressures where it
should underestimate the rate constant.* (More re-
cent data by Anastasi and Snuth (1976) indicate that
this s indeed the case and suggest that our curve
may underestimate the tropospheric rate constant
by nearly a factor of 2)) We beheve that the data of
\nastast et al provide the best available estimate of
this rate constant under stratospheric conditions
and that the expression we have fitted to their data
may be accurate to within a factor of 1.5 over the
range where it s an interpolation, but that it may be
i error by a factor of 2 to 3 for tropospheric condi-
tons. The esumated error quoted here tor inter-
polated values s domunated by our estimate of
plausible magnitudes ot svstematic errors and by
differences  between  experimenters in the low.
pressure range. The fittng error s relatively small

If we consider the five rate constants K4 Ko Ko
Ko and Ky two of them (K g and Ky seem hikely to
be more extreme in their difference from the value
given by Hampson and Garvin than the value used
m model €' of Duewer et al. (1977b), and two
others (K)y and Ky) have contheting measurements
and are highly uncertamn. The data suggest that the
renuunirg one, Kpgo may have large errors m enher
sense, depending on the value of k¢ \Upresent our
best estimates fol these (and other) rate constants
lead o a model-predicted ozone inerease for lower
stratospheric NO injections. However, the continu-
g uncertanty i chenmucal reaction rates leaves am-
ple room for another reversal of the sign of the com-
puted response o NO{ imjections in the lower
stratosphere.

2.3 A Reanalysis of the Effect
of NO | Injections on Ozone

Whenever there has been a significant change in
the one-dimensional stratospheric model, we have
reanalyzed the effect of the change on the model's
sensitivity to NO, mjections. The effects of past
changes in the model are discussed below in two
parts. The first part updates our understanding of
the effect of NO injections from high-altutude air-
craft on stratospheric chemistry from the end of the
Chmatic Impact Assessment Program (CIAP) in
1974 to the end off 1976, and the second part updates
these results to the present.

* The NBS group has recommended a complex expression for
this rate coeticient that has been aceepted by the NASA panel
(Hudson 19770 AL present we would aceept that expression

16

Changes During the Period 1974-1976

During the period 1974-1976 many changes were
made in the one-dimensional stratospheric model to
reflect our increased understanding of atmospheric
processes, especially chemical reactions. Reaction
rates were remeasured (or guesses were replaced by
measurements and or new guesses). and new reac-
tons were added. In particular, chlorine chenustry
came o play an important role in stratospheric
chemical modehng, whereas chlorine was not con-
tained inany of the NO, mjection modehing caleula-
tons done during CIAP

The effect of changes in the LLL model chemistry
tand transport) from 1974 unul December 1976 1s
shown in Fig. 12, Only NO-HO-O, chemistry (no
ClO) was included in these calculations. A detled
description of the changes in each of the reaction
rates s given in Appendix AL Figure 12
cach sequential change in the model affected model
sensitivity. The largest effect came from changing
the reaction rate coefficient for OH + HO, + H,O
+ O trom 2X 10 0102 X 10 ' Changing to the
new transport coefficient (Chang 1976) resulted in
approvmately a 10% increase in the predicted
ozone reduction, Most of the changes individually
had a smal) effect, but together they were signifi-
cant. The chemical changes in the model (without
changing K,) up to December 1976 reduced the
predicted change in ozone by a factor of 4.7 for a
17-km imection and by a factor of 2.9 for a 20-km
dyection

shows how

Changes
i G T N TR |
Start (1974) 17-km
K, injection
N,O + he

Methane reactions
HO + HOO

20 km

HO + HNO, ISCLGN
NO4 + he
0(' D) reactions
HO + NO, + M
HOO + HOO
HOO + O

e TR PSS, PR (TR TN |

0 2 4 6 -8 10 12
Change in total ozone %
Figure 1) Effects of changes in model assumptions (ordinate) on

nlculnlni'chnnm- in total ozone (abscissa) for an injection of
2,46 X 10 kg yrof NO _ at altitudes of 17 and 20 km.
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Since Mohna and Rowland (1974) first noted the
potential etfect of the chlorofluoromethanes
(CEMy), CECHy and CEACly, on the stratospheric
ozone. much cffort has been given to determining
the eftect of chlorine species such as Cl, Cl1O. HC),
CIONO,, ete. on stratospheric chemistry. The 1976
calculanions predicted a background concentration
of ClO (€1 + ClO + HCD in the natural strat-
osphere of 1 ppb resulting from CHLCl and CCly
without any CEMs. With the addition of CEMs, we
calculated  approximately 1.5 ppb  stratospheric
ClO, tor current levels of CECH and CECLy, 2 ppb
ClO, tor predicted 1990 levels of CHFMs due to con-
stant production beyond 1973, and 4 ppb at steady
state (100-200 years).

We made a series of caleulations to determine the
effect of various background levels of ClO, on the
predicted ozone reduction due to NO imjection. As
an amtal conditton for the calculatons, a
background steady-state  atmosphere  contamning
various levels of CIO (1. 2. or 4 ppb) was denved.,
then the model was caleulated to steady state with
NO, aireraft ennssions of 2000 molecules em ‘s as
NOs mjected into a 1-km-thick layer centered at
vartous alttudes (9. 130 170 or 20km). These
caleulations were carried out with the Chang (1976)
and the Hunten (1975) K, profifes. The results are
summarized in Table |

For stratospheric injections of NO (at 17 and
20 km), increastng the background levels of ClO,
decreases the magnitude of the ozone reduction.
The effect of the ClO background is substanual,
even leading to a net ozone increase for a 17-km
NO, injection with a ClO, background of about
4 ppb. The changes m total ozone are small for
tropospheric injections of NO,. The results for in-
tections at 9 km should be considered to be within
the ““noise,” since these changes are the net result of
ozone reduction above about 20 km and ozone
production below 20 km. Because the model uses
fixed boundary conditions and incorporates rainout
processes for NOy and HNOy, a large effect should
not be expected from a 9-km injection. The change
in total vzone is basically linear with NO, injection
rate using the Chang (1976) K, profile but not with
the Hunten K, profile.

Caleulations were also made for an NO-HO-O,
atmosphere using an FAA estimate of 1990 aireraft
emissions. The model mput used is shown in
Table 2. With the Chang (1976) K, profile there was
a net inerease in total ozone of 0.158% after the first
year, which reduced to a steady-state pet increase of
0.02% after the tenth year. With the Hunten K,
profile, a 0.20% merease in total ozone after one
year reduced to G.04% at steady state

Changes Since 1976

Since the end of 1976 there have been a number of
changes to the stratospheric model including
changes in chemical rate coefficients and improve-
ments in the representation of physical processes,
such as ancluding multiple scattering 1 the
photodissociation rate calculation. The changes in
model chemistry up 10 June 1977 were based upon
the Hudson (1977) reevaluation of chemical rate
data (see Table A-1 in Appendix A). These changes
led to an increase in the ozone reduction estimates
due 0 an NO, injection of 2000 molecules em s
as NO, at either 17 or 20 km. The most sigmiticant
change since December 1976 was a new measure-
ment of the reaction rate for NO + HO, - NO, +
OH by Howard and Evenson (1977). Using a direct
measurement technique, laser magnetic resonance,
they measured this reaction rate to be roughly 30
tumes faster than previously thought. The effect that
this one change in a chemical rate measurement has
on the model is shown in Table 3. With the Chang
(1976) K, profile. there is a reversal in the sign of the
ozone change such that aircraft emissions in the
lower stratosphere cause an increase in total ozone.
With the Hunten K, profile, there is an ozone
decrease for a 20-km injection but an 0zone increase
for a {7-km injection,

Figures 13 and 14 show the effect the change in
the HO, + NO rate has on model-derived species
concentrations. The new faster rate has a large im-
pact on stratospheric constituents such as NO (as

Table 2 Estimated 1990 aircraft emissions used in the
LLL 1-D model.

R

Emissions
Altitude (km) (kg NO; yn)
6 $.857 x 107
7 a7 x o®
8 1932 x 10°
9 4.364 x 10°
10 7.645 x 10®
1" 7627 x 10}
12 3410 x 10°
1 4.859 x 107
14 1188 x 107
1$ 1.180 x 107
16 2098 x 107
17 2.354 % 107
18 1.515 x 10’
19 4739 x 10*
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Tehle 3

The effect on model sensitivity of changing the rate coefficient for the reaction NO + HO; -~ NO; + OH. 0OMd

rate = 2.0 X 10-'3, new rate = 4.28 X 10-!! exp (-500.T) (Howard and Evenson 1977).

Change in 0, (%) Change in NO_ (')

NO, injection

K, profile altitude (km) Old rate New rate Old rate New rate
Chang (1976) 20 ~4.79 0.55 46.7 479
17 -1.31 1.96 27.3 27.8
Hunten (1975) 20 -10.8 -6.90 96.2 97.1
17 —4.38 0.83 614 623

much as a factor of 3 lower concentration at 15 km)
and OH (a factor of 2 larger concentration at
15 km). Other species more indirectly related to the
reaction of HO» + NQO, such as ClO and CIONQ,,
are also strongly affected by the new rate.

There is now a nonlinear relationship between the
magnitude of the NO, injections and the predicted
change in total ozone. This s illustrated in Fig. 15
for 17- and 20-km njection altitudes. Note that
doubling the rate of an NO, injection does not
result in doubling the change in ozone as was found
during CIAP. Depending on the magnitude of the

injection, either a new increase or decrease of total
ozone results.

The change in the local ozone concentration s
shown in Fig. 16 tor three different NO, injection
rates at 20 km. There is a net production of Oy in
the lower stratosphere and net destruction in the up-
per stratosphere. 1tis the summing of these two ef-
fects that determines whether a net ancrease or
decrease in total ozone s caleulated. Theretore,
while there may be no net change in total ozone for
aspecific NO injection, there may be large predie-
ted local ozone changes in the stratosphere. Such

60 T ' T ]

NO

T T 20 T T
——==0ldrate: k=1.7x 101! ¢ 1000T

——— New rate: k =4.28 x 10" e‘50°’T_

/
20l "
\
\
101§ -
\
\
0 | |
108 107 108 109 10'0 10"

Concentration — molecules/cm3

Figure 13
is based on Howard and Evenson (1977),
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figure 14 Effect of the change in the HO, + NO reaction rate on model-derived concentrations of HCL, €10, and CIONO, .
— T T 7 - Figure 15 Calculated change in the ozone column at steady state
'20_ r s .I ! as a function of NO _ injection rate (as NO, ) for injection altitudes
2} () km injection 7] of 17 and 20 km. An injection rate of 2000 molecules ¢ s in a
L, Chang (1976) K 2 / hemispheric shell 1 km thick corresponds to an annual injection
2’——\/ T rate of 1.23 X 10 ' kg/vr.
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Figure 16 Calculated change in the local ozone concentration
versus height for NO _ injection rates of SO0, 1000, and 1500

molecules ¢m Y.< in a 1-km-thick layer centered at 20 km.
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local changes could have important chmatic con-
siderations

Maor uncertamties still exist in our knowledge of
stratospheric chenustry . 1t s possible. and even
hikely. that turther sigmificant revisions will be made
in the tuture. Not only will reaction rates change.
but 1t s stull possible that processes not yet included
mav play an important contributing role

2.4 Effect of Chlorofluoromethanes
on ()zone

b ive seenanos have been developed to describe
passible future vanations in the production rates of
CECL ch-1h and CESCL (F-12) The scenarios are
histed below

I Constant production of CFMs at 1975 levels
Production rate equals 347,000 tonnes vr for F-11
and 415,000 tonnes vr for F-12*

2. Partial ban on the use of CHMs n the United
States beginming | July 1978 Constant production
at 1975 levels unul 1 July 1978, dropping to 70% of
1975 levels thereafter

3 Partal ban on CEMs in the United States
beginning 1 July 1980 Same as scenario 2 except
reduction beginming 1 July 1980

4 Partial ban by the United States and several
other countries concurrently on 1 July 1980. Con-
stant production at 1975 levels until 1 July 1980,
then dropping to 33% of 1975 levels.

S Technical breakthrough allowing a drastic
reduction in CEM production in 1984, Constant
production at 1975 levels until 1 July 1984, drop-
ping to 0% of 1975 levels thereafter.

The one-dimensional transport-kinetics model
was used to assess the potential ozone reduction for
cach of these scenarios. The model chemistry was
the same as hsted in Appendix A for 1977 with the
exception that the rate coefficient for the reaction
NO + HOs was 6 X 10" The computed change in
total ozone relative to an ambient atmosphere
without F-11 and F-12 1s shown in Table 4 1or each
scenario as a function of time. Known production
rates for F-11 and F-12 were used for the period
before January 1976.

The effect of changing the reaction rate for NO
+ HO. 1o Howard and Evenson’s (1977) recent
measurement of 8 X 10 'Y would be to essentially
double the effect on ozone caleulated i Table 4.
bFor example, using the new rate increases the
steady -state ozone reduction for scenario 1 to 15%
as compared with the 7.9% shown in Table 4.

—_—

*One tonne = | metre ton = 10 ; 1YY

The predicted ozone reduction for a partial ban in
the United States beginning in 1978 (scenario 2) dif-
fers very little from that for a partial ban beginning
in 1980 (scenario 3). The ozone reduction at steady
state 18 in direct proportion to the steady-state
production rate of CEMs.

2.5 Effect of Multiple Scattering
on Species Concentrations and
Model Sensitivity*

Molecular multiple scattering, the earth’s surface
reflection, clouds. and aerosols have all been shown
to have a significant effect on stratospheric and

*See uther et al (1977b)

Teblc 4 Calculated percent reduction in total ozone as a
function of time for the five CFM release scenanos
described in the text.

CFM release scenario (see text)

Year 1 2 3 4 N

1976 048 0.48 048 048 0.48
1977 0.58 0.58 0.58 0.58 0.58
1978 0.68 0.68 0.68 0.68 0.68
1979 0.77 0.77 0.77 0.77 0.77
1980 0.87 0.87 0.87 0.87 0.87
1981 0.96 0.95 0.96 0.96 0.96
1982 1.06 1.03 1.0§ 1.0§ 1.06
1983 117 111 1.14 113 1.17
1984 1.4 1.18 1.22 .19 1.24
1985 1.33 1.24 1.29 1.24 1.33
1986 1.42 1.30 1.36 1.28 142
1987 1.52 1.36 142 1.31 149
1988 1.60 142 148 1.33 1.54
1989 1.69 148 1.54 1.36 1.58
1990 1.78 1.54 1.60 1.38 1.60
1991 1.86 1.60 1.66 1.40 1.62
1992 1.9§ 1.65 1.71 1.42 1.63
1993 2.04 1.71 1.76 1.44 1.63
1994 2.12 1.76 1.82 145 1.64
1995 2.20 1.81 1.87 1.47 1.64
1996 2.28 1.87 1.92 1.48 1.64
2001 2.68 2.12 2.17 1.56 1.64
2011 J40 2.58 2.63 1.70 1.63
2021 4.08 298 RNLR] L8 162
2031 461 3.34 3.38 192 161
2041 s 3.65 3.69 2.01 1.61
2051 5.54 393 3.95 2.09 1.60

~




troposphernie radrative intensities at photo-
dissoctative  wavelengths.  The importance of
molecular scatterimg and surface albedo and their
effect on atmospheric photodissociation rates have
been discussed by Luther and Gehnas (1976).
Paramctenizauons of the effect of muluple scatter-
ing on photodissociative flux densities have been in-

cluded i one-dimensional  transport-kinetics
models by Crutzen and Isaksen (1976). Callis et al.
(1976). Ashby (1976). and Kurzeja (1976). Crutzen
and Isaksen (1976) use a two-flux approximation to
account for the direct and scattered radiation. Calhs
ctal (1976). using a detailed solar radiation model.
compute correction factors which are then applied
1o the photodissociative rates computed assuming a
purely absorbing atomic and molecular at-
mosphere. The correction factors vary with altitude
for cach photodissociative reaction, and they are
assumed to be unatfected by changes in atmospheric
composition.

W e have assessed in detail the effect of including
molecular muluiple scattering and surface reflection
in the transport-kinetics model on ambient species

concentration profiles and on model sensitivity to
perturbations affecting stratospheric ozone. The -
fect of muluple scattering was incorporated into the
photodissociation  rate calculation by applying
correction factors to the short-wave fluxes used in
the pure absorption calculation (the mcethod s
described in detail below). Caleulations were made

with the 1977 model chemistry listed in Table A-1 of

Appendix A with the exception of a few rates in-
dicated in Table 5. Calculations were later repeated
using NASA recommendations (Hudson 1977) and

Howard and Evenson’s (1977) new mceasurement off

the rate for NO + HO,. These changes are hsted in
Table 5.

The solution of the one-dimensional purely ab-
sorbing radiative transfer equation at a particular
alutude ¢, solar zenith angle . and atmospheric
composition {N{ is given by

Folz,:00:{N,} . 1) = Bi(=)

X exp[—r'\(zp.vu.‘NA} ] (5-1)

Table 5 Reaction rate coefficienis used in the latest calculations, See Table A-1 for other reactions.

Old rate New rate

Reaction (used in first calculation) (used in second calculation)
0, + NO - NO, + 0, 23 x 107'% exp (-1450/T) 2.0 x 10712 exp (-1450'T)
0, + OH - HO, + 0, 1.6 x 107" exp (-1000/T) 1.5 x 107" exp (1000 T)
0, + HO, = OM + 20, 1.0+ 107" exp (-1250/T) 7.3 x 107" exp (-1225'T)
0+ HO, - OH + 0, 3.0 x 107" 35 x 107!
HO, + fm: ~ 1,0, + 0, L7 x 107" exp (=500/T) 25 x 10712
HO, + OH ~ H,0 + 0, 20 x 107" 3.0 x 107!
NO + HO, -+ NO, + OH 1.7 x 107" exp (-1000/T) 80 x 107"
N+ 0, ~NO+O, 50 x 107'7 exp (-650T) 20 x 107" exp (<1070
o'D)+ M -0 +M 20 x 107" exp (107T) 22 x 107" exp 991
NO + (10 - NO, + Q1 22 x 107" 1.0 x 107" exp (200 T)
Cl0 + Q0 - €1 + 0Cl0 1.5 x 107" exp (-1238/T) 2.0 x 107'2 exp (-2200/T)
€10 + €10~ 201 + 0, 45 x 107" exp (-1238/T) 50 x 107" exp (1238 )"
1o + €10 - €1 + €0, 9.0 x 107" exp (-1238/T) 1.0 X 10712 exp (-1238'T)
OH + HCI + H,0 + Q1 2.8 X 107'? exp (—400/T) 3.0 x 107'2 exp (425 T)
0 + 0010 - €10 + 0, 50 x 107" 20 x 107" exp (=1100'T)
Cl+ OH - HCl + 0 20 x 107" exp (-1878/'T) 1.0 x 107" exp (-2970/T)
€l + HNO, + HQ + NO, 6.0 x 107'° 1.0 x 107" exp (-2170/T)
CIONO, + 0 - €10 + NO, 5.0 x 107'? exp (-840/T) 3.0 X 107'? exp (=808 T)
1o + No, - CIONO, s.0x 107" exp (1030 :{ ;.7'0‘2:;_::_4(“‘“0_5

F ;
Differs from value given by Hudson (1977).

hNu recommendation for this rate is given by Hudson (1977),
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I, dA is the flux of photons in the wavelength inter-
val d\ about A. and F (=) d\ represents the solar
flux at the top of the atmosphere. The optical depth
7y Iy given by

f\(',s'on‘*N:J '()

f 2 N, (20 u"l\l.\.l’(nl sec 0,(1) dz .
2, A

(5-2)

In bq. (5-2) the summation on A\ includes all at-
mospheric absorbers. each having number density
Ni(z.) and a total absorption cross section
[N T(2)). Most generally, o} [\.T(2)] is a function
of the temperature T(2).

The photodissociation rate for transforming
species 1 to species ) is denoted by

Iz, 0,0 Niz,. 0

= f o AT ] Fy (2.0, {Ns} L0 dx
all A

(53)

The microscopic photodissociation cross section
731 JAT(z,)] is often written in terms of the quan-
tum vield Qy (i +) as

op i\ Tz )] = of NTiz)l Q (=i . (54)

It should be noted that significant uncertainties
remain in the data used to calculate the
photodissociation coefficients in the models. For
example. major uncertainties remain in the
branching of O, photolysis near 310 nm to either
O('P) or O('D). in the branching and quantum
yield for NOj photolysis. and in the methodology
for calculating the photolysis of species having
banded or line absorption-cross-section structures,
such as Os or NO.

When molecular multiple scattering and surface
albedo are included in the radiative transfer calcula-
tion, Eq. (5-1) is no longer the solution of the
radiative transfer equation. However, the flux in the

direct solar beam F} is given by an equation similar
Lo (>-1)

F,\(’p-(‘u"‘\.:\,‘“ ok L

X cxp]-.';(zp.()”.‘N__\,.t)] - (3-5)

where the optical depth along the slant path. 73, 18
given by

T, /l‘.()“.(N .\‘ .()

‘f z N, (2.1 ui\.U\.T(/,)] sec ¢ (1) dz
7 A
z,
v [ z N (z.1) i (\) sec 0,(1) dz .
z 1
p

(5-6)

In (5-6) the summation on i includes all atmospheric
species. and oy is the Rayleigh-scattering cross sec-
tion for species 1. FX(Zp M AN {0 1 (5-5i differs
from Fy(z,M).AN({.0) as defined by (5-1) 1 that at-
tenuation due to both absorption and scattering is
included in (5-5). whereas only absorption is in-
cluded in (3-1).

The photodissociation coefficient also depends
upon the scattered (diffuse) radiation given by

f oy li- ATzl

all A

1

"i—-j(zp Y

X |Fy(z,.00. Ny.O + f (z,w) deof dX -
4n
(5-7)

where Iy is the specific intensity of the diffusce radia-
tion and w is the solid angle. Including the ettect of
molecular multiple scattering and surface albedo in
the calculation is simply expressed by changing the
value of ¥ appearing in (5-3). For clarity we define

F:‘S(multiple scattering) = F{ (zl‘.el\.{N_.\‘ .()

+ f';\"’p“‘” dw . (5-8)

4n




Henceforth, 10N (pure absorption) will refer to the
flux defined by (3-1). Aside from substituting FNS in
place of FYY i (3-3). all other aspects of the
photodissociation rate calculatnon are the same as
for the purely absorbing molecular atmosphere.

The eftect of muluple scatterning was incorporated
into the photodissociation rate caleulation by ap-
plying correction factors to the flux by used in the
pure absorption calculation. These correction fac-
tors. which are given by the ratio FNS /PN were
computed for the unperturbed species profiles using
the same detailed solar radiation model as 1 uther
and Gelinas (1976). A separate factor was computed
for each of the 44 levels and for each of the (48
wavelength intervals between 133 and 735 nm. Dif-
ferent sets of correction factors were computed for
cach assumed value of surface albedo A, using a
solar zenith angle of 45°

Correction factors for a solar zenith angle of 45°
are qualitatively similar to. although somewhat
larger than, those computed by | uther and Gelinas
(1976) for # = 60°. The correction factors are nearly
constant with height above 20 km, but they may
vary significantly with height in the region below
20 km. which is where most scattering events oceur,

Including multiple scattering in the  photo-
dissocuation rate calculation affects the
photodissociation coefficients. the ambient species
concentration profiles. and the model sensitivity to
perturbations by NO, and CIX pollutants. Fach of
these effects is discussed separately below.

N

Photodissociation ( oefficients

Table 6 compares photodissociation coeflicients
for pure absorption and for multiple scattering
computed for the same ambient model atmosphere.
These coelficients were computed for a solar zenith
angle of 452 and a surface albedo of 0.25. For reac-
tions with strong absorption at wavelengths less
than 290 nm, muluple scottering has the most
significant effect on the photodissociation coel-
ficients below 25 kni. The coelficients are changed
only slightly above 25 km. Reactions with strong
absorption at wavelengths greater than 290 nm
show enhancement at all altitudes due to muluple
scattering. At altitudes above 10 km, including mul-
tiple scattering increases the photodissociation rates
by a factor of 1.27-1.46 for Oy, 1.56-1.64 for NO,,
1.23-1.67 for CINO,, 1.07-1.65 tor CIONO,, and
1.33-1.60 for OCIO. There 1s less than a 7% change
n the photodissociation rates above 30 km for O,,
HNO;, 1,05, HO,, ClO. CEsCL,and CEC At
lower altitudes there is significant enpancement for
several of these species due to multiple scattering.
For example, at 10 km the photodissociation rate is

increased by a factor of 1,59 for HNO;. 1.59 for
H,0,, and 146 for ClO.

Species Concentration Profiles

The concentration profiles for selected O, HO,.
and CIX species are shown in Figs. 17-20 for the
ambient atmosphere prior to inclusion of multple
scattering. These figures define the reference condi-
tions for assessing the fractional change in concen-
tration caused by multiple scattering

I'he changes in concentration of chemical species
due 1o multiple scattering relative to the pure ab-
sorption calculation for a surface albedo ot 025 are
shown in Figs. 21-24. Figure 21 shows the effect of
multiple scattering on O species concentrations,
The large percentage increase in O 'D) near 10 km
occurs where the ambient concentration s very
small: nevertheless. it has a significant effect on at-
mospheric chemistry. The increases in O Py and
O('D) in the 20-t0-30-km region are duc 1o in-
creased photolysis of Oy, Because of differences in
ambient concentrations, a small  percentage
decrease in Oy causes large percentage increases in
the other species. The increase in O 'P) near 40 km
is due primarily to increased photolysis of NO,.
Ozone at this height is increased largely as a result
of the reduction in the efficiency of the NO,
catalytic destruction cycle caused by the increased
rate of NO, jhotolysis. The rauo of column-
integrated total Oy computed with muluiple scatter-
ing to that computed with pure absorption s 0.90

Figure 22 shows the effect of muluple scattering
on HO, species. Increased OH below 30 km results
from increased rates for the reaction HNO, " OH
+ NO, and HOs % 20H. Since the concentration
of H>05 below 38 km s much larger than that of the
other hydrogen onde species. a small percentage
decrease in HLOs can cause a much larger pereent-
age change o OH and HO, as evidenced near
10 km. The increase in O D) feads to an increase in
the production rate of HO, . OC'Dy + 11O
JOH. vet there s actually a gecrease in HO in the
region around 10 km This occurs because conver-
ston of HLO5 1o 2O0H by photoly sis substantially in-
creases the HO destruction rate through the reac-
tons OH + HOy + HYO + Oy and OH + 11,0, -
HAO + HO,

Figure 23 shows the effect of muluple scattering
on NO species. Because the NO» photolysis rate s
increased, the concentration of NO and the rauo
NO 'NO, are both increased at all altitudes. There
is very little HNO; above 30 km, so NO, decreases
in this region because of increased photolysis.
Below 30 km, NO, increases because of increased
photolysis of HNO;, which is the most plenuful
NO, species in this region.
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Tehlc & Comparison of photodissociation rates calculated with and without multiple scattering. The values correspond to
a solar zenith angle of 45° and half-sun to account for day-night averaging.

Reaction Altitude (km) Jp.\ ") "M\ TS Al .",\
0, + he oc'p) ¢ 0, 40 274 x 1074 349 x 107 1.27
30 240 x 107°° s x 107? .33
20 206 x 107? 295 x 107! 1.43
10 201 « 107? 294 x 10°? 1.46
0, + b~ 0o'D) + 0, 40 9.0 « 10! 9.09 x 10°? 1.00
i ' : 30 $.30 « 10°° s30x 10°° 101
: { 20 749 x 10°°¢ 9.66 X 107° 1.29
i 10 S44 x 1070 8.26 x 10°° 1.52
| O, +hp =0+ 0 40 301~ 10710 300 x 107 1.00
: 30 1.83 x 1o~ "! 174 x 10" 0.98
| 20 573 107" 442 x 107" 0.77
% 10 764 « 10720 891 x 10°%° L7
| NO, + v+ NO + 0 40 497 « 107? 773 x 107} 1.56
! 30 485 x 107° 767 x 107" 1.58
20 474 < 107 7.74 x 107° 1.63
10 472 107 7.74 x 107° 1.64
; HNO, + hu - OH + NO, 40 3.50 x 10~ ° 351 x 107" 1.00
k1) 466 x 10°° 4.54 x 10°° 0.97
20 328 x 1077 454 x 1077 1.40
i 10 260~ 1677 4.16 X 10 1.59
’ M0, + by 20 40 200~ 108 214 x 1078 1.01
30 379 % 10°° 407 x 10°° 1.07
20 1.30 » 10°° 185 x 10°° 1.42
10 110 x 10°° 125 x 10°° 1.89
HO, + hy = OM + O 40 6.50 x 10°° 649 x 10°% 1.00
3 30 338 x 10°° 29 x 1070 0.95
20 105 x 1078 8.08 X 10 0.77
10 1.55 x 107" 181 x 107" 117
CIONO, + he = CI0 + NO, 40 221 % 107! 237 x 107! .07
30 5.09 x 10°° 6483 x 10°° 1.34
20 341 1078 546 x 10°° 1.60
10 3.28 x 1078 540 x 1078 1.68
CINO, + e+ €1+ NO, 40 6.03 x 107* 742 x 107 123
30 341 x 107! 489 x 107" 1.43
20 273 % 107? 446 x 0! 163
10 264 x 10°¢ 442 % 0! 1.67
OCI0 + he -+ CIO + 0('D) 40 227 x 10°? 302 % 107 (KR
30 153 x 10! 209 x 107 1.50
20 140 x 107! 223 x 107! 1.89
10 139 x 107! 2\ 107! 1.60
GO+ e 2 O s 0 40 161 x 107! 162 x 10 Lo
30 177 x 107 178 x 10 1.
20 137 x 1078 286 % 10 ° 1.2t
10 1.57 x 10 29 % 100 1.46
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tuble 0. (continued)
Reaction Altitude (hm) J\'.»\ 6" JM.\' TS Iuspa
CELCL, + hy = X 40 542 x 1077 s.4 x 1077 1.00
Wi 30 607 x 1078 s83 x 1078 0.94
20 192 x 10 '° 145 x 10°'° 0.76
10 LW x 107 ' 1.28 x 10°'° 117
CECL ¢+ by 25 Q1 40 439 x 10°° 440 x 407° 1.00
' 30 520 % 1077 494 x 1077 0.95
20 .79« 107? 136 x 1077 0.76
10 153 x 1078 178 x 107 116
50 |
40
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fiewre 17 Caiculated concentration profiles for (O ‘mooc oy,
and O for the ambient atmosphere, without multiple seattering,
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Figure 18 Calcnlated concentration profiles for OHL HO,  and
H,O, for the ambicat atmosphere, without multiple seattering,
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Ligwre 19 Caleulated concentration profiles for HNO ( \O,,
and NO for the ambicnt atmosphere. without multiple scattering
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Ligure 20 Calculated  concentration  profites for (1, (10,
CIONO,, and HOL for the ambient atmosphere, without multiple
scattering.
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Multiple scattering has a large effect on NO,
photolysis but a negligible effect on HNO, above
30 km (see Table 6). The reduciion in HNO; above
30 km. therefore. is due to a decrease in the HNO,
production rate brought about primarily by the
decrease in NO,. The percentage decrease in NO, is
greater than the increase in OH., consequently there
iy a net decrease in the rate of the reaction OH
+ NO, " HNO,. The ratio of total column abun-
dance computed with multiple scattering to that
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Ligure .;I Changes in calculated concentrations of O, O *py.
and O 1) when multiple scattering is included (compare Fig. 17).
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Figure 22 Changes in calculated concentrations of H,0,, HO,,

and OH when multiple scattering is included (compare Fig. I8).

computed with pure absorption is 0.94 for NO, and
1.36 for NO.

The effect of multiple scattering on species con-
taining chlorine is shown in Fig. 24. The concentra-
tion of CIONO, is reduced 35-45% between 20 and
30 km. which is the region of its maximum concen-
tration. Photolysis of CIONO; affects several other
chlorine-containing species through a complex
chain of reactions. Certain key reactions are
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Figure 23 Changes in calculated concentrations of HNO | NO,
and NO when multiple scattering is included (compare Fig. 19).
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Ligure 24 Changes in calculuted concentrations of C1ONO,,
ClO, HCL, and C1 when multiple scattering is included (compare
Fig. 20).
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CIONO, = ClO + NO,
ClO + NO » (] 4 NO,

G+ Ol HOL + ClE

The peak concentration of CIONO; occurs near
25 km. so phaotolysis of CION CtS as a strong
source of CIO i this region. The farge increase in
NO between 20 and 30 km tends to shift ClO to Cl,
leading to a net decrease in ClO i this region and
an nerease i CLoThis leads to an increase in HCL
production through reaction of Cl with CHy. The
decrease in CIONO, above 40 km occurs because of
the effect of decreased NO, on the CIONQO, produc-
tion rate (C1O0 + NO» ™ CIONO ).

Model Sensitivity

In addition to affecung the concentration of

many species in the model. muluple scattering at-
fects the model sensitivity o perturbations. This
was tested for an NO| perturbation and a CHM per-
turbation. The NO_ perturbation was an injection
of NO_ at a rate of 1000 molecules/em -5 as NO,
over a l-km-thick laver centered at 20km. The
change in total ozone at steady state s shown in
Table 7 for both the pure absorption and the mulu-
ple scattering caleulations. The ratio of the percent
change in ozone with multiple scattering to the per-
cent change with pure absorption. R = MS/ PA s
also presented in Table 7. Including multiple scat-
tering has very hittle effect on the model sensitivity
o an NO injection at 20 km (R
significant  differences in the ambient species
profiles. Increasing the surtace atbedo from 0.25 to
0.75 aiso has a very small effect on the model sen-
sitivity (R = 1.03). Consequently, the choice of A
used in the photodissociation rate caleulations s
not a critical factor in NO, perturbation studies
which nclude multiple scatiering where one s
primarily interested in the change in total ozone. It
should be noted., however, that the choice of A
signilicantly affects the photodissociation rates and
the ambient species profiles (see Luther and Wueb-
bles 1976 for detals)

Fhe effect of varations in model chemistry on the
above results was tested first by varying the reaction
rate for OH + HO> » HLO + Os, then by making
the changes histed in Table S0 A recent measurement
by Burrows et al. (1977) gives a value of .1 x 10 -1
for the rate coetficient of O + HO,. Chang and
Kautfman (1977) report an upper limit of § X 10 "
tor the rate coetlicient, whereas their experimental
results are best fitted by using a value of 2 x 10 '

1.01) in spite of

(Chang and Kaulman 1977). The calculations
described above were repeated using a value of 31
X 10 ' and the results are presented i Table 7
Chunging this rate coetlicient signilicantly increases
the ozone reduction due to this NO perturbation.
but there s no significant change in R (MS PA)

W hen the new rate coefficients hsted i Table S
were incorporated into the model, the eftect of the
NO_ injection changed from a reduction to an
crease in total ozone, Including multiple scattering
in this case significantly enhanced the ozone in-
crease. The change in A0, due to including multuple
scattering, however, is small compared 1o the
change tin A0, resulting from changing the model
chenustry .

For the CEM  perturbation, we consder the
steady-state ocone reduction due to CHNMN at the
1975 release rate. which 18 assumed to be 290
Kilotonnes 'yr for CECly and 425 Kilotonnes yr for
CELCls. Results for both the pure absorption and
muluple scattering calculations are presented
Table 8. For the CEM perturbation. including mul-
tple scattering increases the ozone reduction by
factor of 1.16 for a surface albedo of 025 \van the
case of the NO, perturbation, changing the surtace
albedo has little effect on the change in total ozone,

e.p.. the ozone reduction ereases by a factor of

Table 7 Change in total ozone due to an NO, jection
of 1000 molecules' cm¥+s as NO3 over a L-km-thick layer
centered at 20 km. R is the ratio A0y (muluple
scattering)/ AO 3 (pure absorption).

Case A0, () R

(2) OH + HO, rate coefficient
= 2N 10

Pure absorption -2.34
Multiple scattering,
A, = 02§ -2.36 Lot
Multiple scattering,
A, = 078 -2.40 1.03
(M OH + HO, rate coefficient
= S0 % 10-11
Pure absorption -3
Multiple scattering
A, = 028 -3.50 1.02
(¢) Rate changes given in
Table §:
Pure absorption -0.07
Multiple scattering,
A, = 0.28 0.39 K

a
Ratio s not meaningful for such small quantities.
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1.17 relative to the pure absorption calculation us-
ing a surface albedo of 0.75. When the rate coef-
ficient for OH + HO5 is increased to 5.1 % 10 ',
the ozone reduction with multiple scattering in-
creases by a factor of 1.22 (Table 8) relative to the
pure absorption caleulation.

Using the rate coefficients in Table § approx-
umately doubles the predicted ozone reduction due
to CHMs. In this case, including multiple scattering
stll causes a significant increase in AO; (ie.,
R = 1.21).

The effect of multiple scattering on species con-
centration proliles illustiates the importance of in-
<luding multiple scattering when comparing model-
derived concentration profiles with observational
data. For the cases studied. the effect on model sen-
sitivity of including multiple scattering ranged from
no change in AO; compared to the pure absorption
calculation to a significant increase in AQ; de-
pending upon the model chemistry. The change in
A0; due to multiple scattering, however, was small
compared to the change in AO; resulting from vary-
ing chemical reaction rates.

Table §. Change in total ozone duc to CFMs at the
1975 release rate. R is the ratio AO3(multiple
scattering)/ A0 3 (pure absorption).

Case a0, (%) R

(@) OH + HO;, rate coefficient

=2 x 10-11;
Pure absorption -6.31 -
Multiple scattering,
A, = 0.28 -7.31 1.16
Multiple scattering,
A, = 075 =741 1.7

(b)OH + HO; rate coefficient
= 8.0 % 10-11:

Pure absorption -3.86 -
Multiple scattering,
A, = 0.25 -4.70 1.22

(¢) Rate changes given in

Table §:

Pure absorption -11.95 -
Multiple scattering,
Ay = 0.28 -14.42 1.21

2.6 Effect of Changes
in Stratospheric Water Vapor
on Ozone Reduction Estimates *

The potential threat to the earth’s ozone layer of
supersonic transports’ engine effluents and
chlorofluoromethanes has received a great deal of
attenuion. Early estimates of the potential vozone
reduction considered NO, or CFM pollutants
alone. However, recent assessments have also con-
sidered the possibility of a simultaneous change in
stratospheric water-vapor abundance (Liu et al.
1976. Duewer et al. 1977b). Both of these studies
showed that increased water vapor caused enhanced
ozone reduction for the then accepted rate coefl-
ficients.

The H,0 emission index (1.3 kg/kg fuel) is much
larger than the NO, emission index (0.018 kg kg
fuel) for SSTs (Grobecker et al. 1974). An annual
fuel consumption rate of 10" kg/vr for a feet of
SSTs at a cruise altitude of 20 km would increase
the stratospheric water-vapor burden approx-
imately 15% (Grobecker et al. 1974, p. §2). Changes
in atmospheric composition due to stratospheric
perturbations might affect stratospheric  water-
vapor abundance indirectly by changing the tem-
perature of the tropical tropopause. Since the
saturation vapor pressure of HyO doubles for a rise
of 4 K in tropopause temperature (Ellsaesser 1974,
Liu et al. 1976). this could have a larger effect than
the direct injection ol water vapor in the
stratosphere.

The most thorough study to date of the eltect of
changes in water vapor abundance on the esumated
ozone reduction by NO, and CFM pollutants is that
of Liu et al. (1976). who used a one-dimensional
transport-kinetics model for their calculations, Im-
posing an increase in the water-vapor mixing ratio
of 1 ppmv at the tropopause caused an additional
reduction in total ozone of 0.3-1.0% (from their
Fig. 12) for an NO, perturbation and 0.4-1.4%
(from their Fig. §) for a CEM perturhation; the
range cited reflects variation of the reaction rate for
OH + HO, » H,0 + Oy between 2 X 10 - and 2 x
10" ¢m Vs, The largest sensitivity to changes in
water vapor abundance was associated with the
slow rate for this reaction. Although the change in
stratospheric water-vapor abundance was
postulated to be due to a change in tropopause tem-
perature, the temperature profile was fixed. and the
effect of changes in temperature on chemical reac-
tion rates was not included in their calculations. We

*See Luther and Duewer (1977)
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have expanded upon the work of Liu et al. (1976) by
including temperature changes in our calculations.

In order to include the effect of changes in tem-
perature. we used the one-dimensional transport-
kinetics model coupled with a stratospheric
radiative transfer model. The transport-kinetics
model used in this study included multiple scatter-
ing in the photodissociation rate calculation assum-
ing a surface albedo of 0.25. Calculations were
made using the model chemistry listed in Table A-1
of Appendix A and the old rates listed in Table §,
then the calculations were repeated using the new
rates listed in Table 5.

A stratospheric radiative transfer model (Luther
et al. 1977a) is used to compute the temperature
profile above 12 km. The temperature profile below
12 kmis specified. The model includes solar absorp-
tion and long-wave interaction by O3, H,0, and
CO, along with solar absorption by NO,. The
radiative transfer model is the same as
Ramanathan’s (1974) except that we have added
solar absorption by NO,. There are several dif-
ferences between this model and Ramanathan's
latest model (Ramanathan 1976), as described in
detail in his paper.

We assume that the change in surface tem-
perature s neghigible. The change in surface tem-
perature associated with a 10% reduction in ozone
due to CEMs at a tropospheric concentration of ap-
proximately 2 ppb was computed to be 0.3 K or less
by Ramanathan (1975) and by Reck (1976). Ozone
reductions up to 30% due to NO, injections were
computed to cause a change of less than 0.1 K in
surface temperature by Ramanathan et al. (1976).
Neglecting changes in surface temperature of this
magnitude has no significant effect on the results.

The tropospheric distribution of H>0 is based on
Mastenbrook (1974). The stratospheric mixing ratio
of H>0 is assumed to be 4.3 ppmv. Liu et al. (1976)
computed the stratospheric distribution of H,O by
specifying the mixing ratio at the tropopause and
assuming that methane oxidation increases the
water content of the upper stratosphere. Their
calculations showed that changing the water-vapor
mixing ratio at the tropopause by some amount
AH,0 resulted in the same change in mixing ratio at
altitudes up to 50 km. Above 50 km, the change in
local H5O mixing ratio was less than AH50 at the
tropopause. In our calculations. when the
stratospheric water-vapor mixing ratio is changed,
the same AH>O is applied at all altitudes above
13 km. thus leading to a change in stratospheric
water-vapor abundance similar to that of Liu et al.
(1976).

Large-scale dynamical processes are neglected in
the determination of the temperature profile. These
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processes have a significant effect on the tem-
perature profile near the tropopause. For our ap-
plication here. the ability of the model to compute
the change in temperature is more important than
the particular ambient temperature profile. Since
changes in atmospheric dynamics brought about by
changes in temperature structure and in the radia-
tion balance are not included in the modcl (or any
other transport-kinetics model at the present time).
there may be significant errors in the predicted tem-
perature change in the lower stratosphere. Conse-
quently, in discussing the results. we want to
emphasize their qualitative nature rather than the
quantitative details.

NO, Injection

The effect of a change in stratospheric water
vapor on total ozone was computed for cases with
and without a simultaneous NO, injection in order
to test the sensitivity of the results to the magnitude
of the NO, perturbation. We consider an NO, injec-
tion rate of 1000 molecules/cm *+s as NO, over a |-
km-thick iayer centered at 20 km. which is a larger
injection rate than that used by Liu et al. (1976).
Calculations were first performed using the fixed
ambient-temperature profile in order to verify
qualitatively the results obtained by Liu et al
(1976). then the calculations were repeated with
temperature feedback included. The results using
the Chang (1976) diffusion coefficients are pre-
sented in Fig. 25, which shows the change in total
ozone at steady state as a function of the change in
stratospheric water vapor mixing ratio. This
calculation did not include the recent changes in
chemistry listed in Table 5.

With no change in H>O, this NO> injection causes
a reducticn in total ozone of 2.25% with a tixed tem-
perature profile and 2.03% with temperature feed-
back. Temperature feedback, therefore, has approx-
imately a 10% restoring effect on the change in total
ozone, which is consistent with our earlier results
(Luther et al. 1977a).

The results using a fixed temperature profile are
similar to those of Liu et al. (1976) for the slow reac-
tion rate of OH + HO,. The slope of AO; versus
AH,0 is -0.42%/ppmv (at AH,0 = 0) with the NO,
injection and -0.64%/ppmv with no NO, injection
as compared to Liu et al.’s value of -1.0% ppmy,
thus our model is less sensitive to changes in water
vapor abundance. The results also demonstrate that
the model sensitivity depends upon the amount of
NO, present. Since the eddy diffusion profile affects
the background NO,. the results can be expected to
depend also upon the eddy diffusion profile used in
the calculation.

s
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Ligure 25 Change in total ozone vs change in water-vapor mixing
ratio above 13 km, computed using the Chang (1976) K, groﬁle
with and without an NQO_ injection of 1000 molecules/cm™ s of
NO, over a 1-km-thick layer centered at 20 km: (a) without NO |
injection, (b) with NO_ injection.

When temperature feedback is included. the
results change dramatically. An increase in
stratospheric water vapor now causes less reduction
in total ozone. the slope being 0.21%/ppmv for this
NO, injection. With no NO, injection, the model is
virtually insensitive to changes in water vapor.

An analysis of the effect of changes in water
vapor with fixed temperature is helpful in showing
why temperature feedback has such a significant ef-
fect. Profiles of the change in ozone concentration
due to the NO, injection at 20 km are shown in
Fig. 26a for various values of AH50. Destruction of
odd oxygen is dominated by HO, reactions in the
regions 10-20 km and 40-50 km. In the 10-t0-20-
km region, odd-oxygen destruction is dominated by
the reactions

OH + 0, = HO, + O, . 1)

HO, + O, = OH + 20, (6-2)

{net: .‘!O3 = 302) §

whereas in the 40-10-50-km region the dominant
reactions are

30

O+O0H-0,+H. (6-3)
H + 0, = HO, . (64)
HO, + O = OH + O, (6-5)
(net: 20 - 01) ¢

Increasing the water-vapor mixing ratio increases
the ozone destruction rate in these regions because
HO, increases (Fig. 26a). Although relatnvely large
percentage changes occur in the ozone concentri-
tion above 40 km. these changes make a relatively
small contribution to the change in ol ozone
because of the small O; concentration aboye 40 km.
The NO, catalytic cycle dominates odd oxygen
destruction in the middle stratosphere. Increased
HO, decreases ozone destruction in the 25-10-35-km
region because of two processes. First. more NO, is
converted to HNOj; by the reaction NO> + OH.
thus inhibiting the NO, catalytic cycle. Secondly.
increased HO, leads to interference with NO, cycle
destruction of odd oxygen through the reactions
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Vigure 26, Change in ozone concentration vs height due to the

NO, injection of Fig. 25, calculated for several values of AH, 0,
with and without temperature feedback.




HO, + NO +NO> + OH (6-6)
NO> -NO+ O (6-7)
(net: HO> - OH + O).

Since the rate of destruction of odd oxygen depends
upon the amount of HO, and NO, in this region,
the effect of changing the water-vapor mixing ratio
will depend to some extent upon the magnitude of
the NO, injection.

Similar results for the calculation including tem-
perature feedback are shown in Fig. 26b. Compar-
ing Figs. 26a and 26b. we see in the latter less sen-
sitivity to changes in water vapor above 40 km and
in the region 10-20 km. However. the sensitivity is
enhanced in the region 25-35km. In order to
demonstrate the effect of changes in water vapor
and temperature on ozone more clearly. we in-
troduce the quantity DO;(2) which is defined by

Al0,],

DO}“‘) = O3 (column)

(6-8)

where A[O;3], is the change in local ozone concen-
tration, and Os(column) is the unperturbed total
ozone. The function DO;(z) represents the con-
tribution per unit altitude to the change in total
ozone. The chunge in total ozone is therefore given
by the integral

ll“il\
A0, = DO,4(2) dz . (6-9)
0

In other words. the area under the curve of DO;(2)
versus 2 equals AO;. In order to extract the con-
tribution to DO; due expressly to changes in water-
vapor mixing ratio, we introduce the expression
ADO(H0). which is defined by

ADO,(H,0) = DO,(AH,0) - DO,(AH,0 = 0) .
(6-10)

where ADO3(H>0) is a function of altitude (2).
although the z dependence is not indicated. This
function is plotted for several values of AH5O in
Fig. 27a for the case with fixed temperature and in
Fig. 27b for the case with temperature feedback.
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Those regions in which changes in water vapor
either increase or decrease ozone are clearly ap-
parent. With fixed temperature the greatest con-
tribution to the change in total ozone comes from
the change in ozone concentration in the region
10-25 km. whereas with temperature feedback the
greatest contribution comes from changes in the
region 20-30 km. These differences are related to
the sensitivity of various reaction rates to changes in
temperature,

The changes in temperature due to the NO, injec-
tion at 20 km along with changes in watcer-vapor
mixing ratio are shown in Fig. 28. With no change
in water vapor. NO, injection causes a temperature
increase in the vicinity of the tropopause (15 km)
and a temperature decrease above 21 km. Increas-
ing the water-vapor mixing ratio now decreases the
temperature by varying amounts at all altitudes
above 13 km. The ozone destruction reactions have
positive activation energies, thus they are slowed
when the temperature is decreased. In contrast,
ozone production is a photolytic process ncarly in-
dependent of temperature.

Reactions (6-1) and (6-2) have relatively high ac-
tivation energies. Consequently, they are very sen-
sitive to temperature change. As shown in lig. 27.
the ozone destruction due to enhanced water vapor
in the region 10-20 km is greatly reduced duc to the
temperature decrease. The NO, catalytic reactions,
which dominate ozone destruction in the region
20-40 km, have moderate activation cnergies.
Therefore, the decrease in ozone destruction in this
region (which appears as enhanced ozone produc-
tion in Fig. 27) is also significant. but it is not as
large as in the region 10-20 km. Reactions (6-3). (6-
4). and (6-5) have very low activation energies, so
the region 40-50 km is least sensitive to changes in
temperature.

The increase in stratospheric water vapor is
postulated upon the assumption of an increase in
the tropopause temperature. The calculation indeed
shows (Fig. 28) an increase in temperature at the
altitude of the tropopause (15 km) for AH>O = 0,
which occurs because of increased solar absorption
by NO> (Luther et al. 1977a). As AH,O increases,
the temperature at this level decreases, which is a
negative feedback process limiting the change in
H,0. The tropopause temperature might also be af-
fected by changes in surface temperature resulting
from increased stratospheric water vapor. but this
effect has not yet been included in the calculation.
In order to accurately estimate the expected change
in the temperature of the tropical tropopause and
the change in the stratospheric water-vapor mixing
ratio. we would need a multidimensional model
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stratosphere perturbed by the NO _ injection of Fig. 28.
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the NO_ injection of Fig. 25: (2) with fixed temperature, (b) with temperature feedback.

capable of computing changes in dynamics
(transport) and temperature. This entails predicting
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