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PREFACE

During the fiscal year ending June 30, 1976, Lawrence Livermore
Laboratory (LLL) participated in the High Altitude Pollution Program,
which was instituted by the U.S. Department of Transportation’s
Federal Aviation Administration, under Reimbursable Agreement
DOT-TSC-76-1 with the Transportation Systems Center in Cambridge,
Massachusetts. This report describes the major accomplishments and
significant findings of the LLL work performed to date. The overall
research effort at LLL, which is primarily concerned with numerical
modeling, has been divided into a number of subtasks according to
research area. 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, Principal Investigator

Participants l
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Arthur L. Edwards
Hugh W. Ellsaesser
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1. INTRODUCTION

The High Altitude Pollution Program (HAPP) was
initiated by the Federal Aviation Administration for
the purpose of ensuring that stratospheric aircraft
engine emissions will not result in unacceptable effects
on the biosphere. The objective of HAPP is to
quantitatively determine the requirements for reduced
cruise-altitude exhaust emissions and, through
international and interagency cooperation, to ensure
that, if necessary, appropriate regulatory action is
taken. HAPP incorporates many related activities,
including modeling, field measurements, laboratory
measurements, engines and  fuels  assessment,
regulation, and monitoring.

As an active participant in HAPP during the fiscal
year ending June 30, 1976, Lawrence Livermore
Laboratory (LLL) has undertaken an extensive effort
in numerical modeling of the atmospheric response to
aerospace utilization of the stratosphere. A modeling
effort is important to HAPP for two primary reasons.
First, modeling constitutes a means of relating engine
emissions to changes in atmospheric composition.
Because of the complex physical processes and
feedback mechanisms involved, it is essentially
impossible to assess the effects of emissions without
incorporating these processes into a model and
allowing them to interact. Second, modeling
contributes to the interpretation and analysis of
experimental results and helps determine the relative
priorities for carrying out this work. The modeling
effort at LLL covers four major areas of research:
photochemical kinetics, coupled kinetics and transport,
radiative transfer, and meteorological analysis.

Photochemical  kinetics modeling must  span
gas-phase reaction processes and heterogeneous (i.e.,
gas-particle) reaction processes, constant and diurnally
(and seasonally) varying photochemical reaction rates,
a wide range of ambient temperatures and preosures,
neutral and ionized species, processes with both
accurately and poorly known rates of reaction, and
species of both acknowledged and questionable
importance in the stratosphere. Considerable attention
has been directed toward evaluation of the sensitivity
of reaction mechanisms to deficiencies in our
knowledge of reaction rates, quantum yields, and
reaction mechanisms.

The transport-kinetics models are intended for
time-dependent calculations of the response of the
stratosphere to injections of trace species by aerospace
vehicles. These one- and two-dimensional models
incorporate interactive radiative and chemical processes
coupled with transport, which is described by
prescribed mean winds and eddy diffusion coetficients

as appropriate. These models are designed to facilitate
perturbation and sensitivity studies.

Radiative transfer modeling includes (1) application
of highly detailed models to assessment of the effect
on the radiation budget of perturbations to the
stratospheric composition, and (2) development of
simplified radiative transfer models for inclusion in the
transport-kinetics models. Considerable attention has
been directed toward including interactive radiative
processes in the transport-kinetics models in order to
assess possible feedback mechanisms. —

Meteorological analysis provides guidance and
support for the modeling efforts through in-depth
studies of atmospheric processes and phenomena. A
primary responsibility of this research is to develop
test situations to validate various aspects of the
numerical models.

In addition to these major research areas, special
limited studies have been conducted using LLL’s
two-dimensional climate model (ZAM2). Climate
model development at LLL is presently being
supported by a related project involving assessment of
the climatic effects of atmospheric nuclear explosions.
This project, which is funded by the Division of
Military Application of the Energy Research and
Development Administration, and HAPP both take
advantage of numerical modeling capabilities and
scientific expertise developed at LLL during the
Climatic Impact Assessment Program (CIAP) of the
Department of Transportation. 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
concerned wich steady-state injections of NOX. Tasks
relating to model development or refinement benefit
both projects, and consequently such tasks have been
divided beiween the two projects. In this way each
project’s sponsor benefits from the participation of the
other sponsor.

These two projects together constitute LLL's
stratospheric research program. The various research
activities included in the program and their
interrelationships are diagrammed in Fig. 1. Except for
the two-dimensional transport-kinetics model, we are
beyond the model development stage. Because of
rapidly changing chemistry and rate data, most of the
effort in the transport-kinetics area during the past
year has been devoted to model improvement and
sensitivity studies. Research in the radiation transfer




area  has concentrated on the development of
subroutines for inclusion in the transport-Kinetics and
ciimate models. Several sensitivity and validation
studies were conducted using the two-dimensional
climate model (not sponsored by HAPP), and the
results from these studies agreed well with other
models. Meteorological analysis has consisted primarily
of comparing model results with observations when
possible and developing validation tests for the models.

A long-range objective of the research program is
the development of a capability for assessing the
possible climatic effects of various atmospheric
perturbations. Currently, our assessments of perturbed
species concentrations consider a large number of
photochemical reactions and are capable of treating
radiative and diurnal processes in detail, and they
assume that the effects of transport on atmospheric
composition can be represented parametrically. Our
climatic ~ assessments  treat many interrelated

thermodynamic and hydrologic processes, and the
perturbed chemical composition is treated as a given
quantity. Ultimately, our assessments will include
interaction between the chemistry and the dynamics.
The sensitivity studies conducted during the past
year were intended to increase our understanding of
the characteristics of the numerical models and the
uncertainties associated with their results. The
perturbations (e.g., NOx injections) used in these
studies were chosen so as to cause a significant model
response rather than on the basis of an expected SST
fleet size. The reader is cautioned, therefore, not to
interpret the results as predictions of the effects of
acrospace operations, but rather as indications of the
model sensitivity. Predictions of the effects of
aerospace operations on atmospheric composition must
include the simultaneous injection of several species
(e.g.. NO,. H50, and SO,). During the next yea
simultaneous injections will be considered.

LLL Stratospheric Research Program
Altitude and
Source Injection amount of
injection
1-D and 2-D Model £ Perturbation
Transport-Kinetics model =1 modification V111iﬁi;?” —e{ and sensitivity
development and improvement o studies
Rate data Perturbed
Photochemical and reaction spegies
Kinetics schemes \ profiles
Solar and :
gl Submodel Perturbation
Radiation Transfer Iggg:ize 1 development o] stidies
: i Climate Model Validation Perturbation
Climate Studies model —={ modification |—=i studies =1 and sensitivity p—e=
development and improvement studies
Meteorological Meteorological l
Analysis quidance
Climatic
effects

Fig. 1. Flow chart showing the approach LLL has taken in its stratospheric research program.
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2. RESEARCH ACTIVITIES

Because of the complex nature of the work, most
of the research tasks represent the combined effort of
several scientists rather than individual contributions.
It is not possible to separate the tasks by research area
because of the team approach. Major tasks that have
been completed are reported here in considerable

2.1 NO, CATALYTIC OZONE DESTRUCTION: SENSITIVITY TO RATE COEFFICIENTS

In recent years it has been suggested that several
of man’s activities could result in a reduction of
stratospheric ozone. This would increase the UV-B*
flux at the earth’s surface, and presumably result in
an increase in the incidence of skin cancer. It has also
been suggested that changes in stratospheric ozone
might alter the climate (Grobecker et al. 1974).
Among others, NO, from stratospheric aircraft flights
(Johnston 1971, Crutzen 1972), NO, from nuclear
tests (Foley and Ruderman 1973), and nuclear warfare
(MacCracken and Chang 1975. National Academy of
Sciences 1975a) have been proposed as capable of
reducing stratospheric ozone. In order to estimate the
magnitudes of these hypothesized effects, considerable
effort has been devoted to the construction of
numerical models of the stratosphere (Grobecker et al.
1974, National Academy of Sciences 1975b.
Interdepartmental ~ Committee  for  Atmospheric
Sciences 1975) and acquisition of data to be used for
model input and to verify model results. The major
reasons for current credence in the models have been
that they have used measured inputs (so that the
components of the model are presumed to be
separately tested) and that the models generate
concentrations of stratospheric species that fall within
the sometimes rather wide range of measured values.

While the above considerations are necessary for
model credibility, they are not conclusive for several
reasons. First, the models are known to be incomplete
in various ways. All use more or less severe
approximations in treating photon flux densities. All
1-D and 2-D (one dimensional and two-dimensional)
models use parameterized transport. All the models use
an incomplete representation of the chemistry (for
example, ionic processes and heterogeneous processes
are omitted or very crudely represented in existing
models). Second. comparison of computed and
observed concentrations is subjective since most

*Ultraviolet flux in the biologically active wavelength region,
280-320 nm.

detail. Work still in progress and several shorter tasks
that have been finished are summarized at the end of
this section. Those contributions which we feel are
particularly significant have been, or are in the process
of being. submitted for publication in technical

journals.

parameters reveal a substantial range of measured
values and hence some selection must be made of the
actual data to be compared. Finally. each of the input
parameters has some uncertainty associated with it
(e.g.. in the case of the chemical rate data the
uncertainties that have been estimated for many of the
processes range from a few percent up to a factor of
10 (Hampson and Garvin 1975)).

The first two problems mentioned are in a sense
philosophical and may not be addressable in the
framework of existing “mean state” models with
admittedly restricted degrees of freedom. The
estimated effects of processes known to be omitted
are a few percent or less. Although ionic processes have
recently been suggested to be important (Ruderman
et al. 1976), this argument is speculative. However, the
third source of uncertainty can be examined:

In principle there are several techniques available to
study quantitatively the propagation of error in a
complex model (Dickinson and Gelinas 1975, Cukier
et al. 1973, Schaibly and Schuler 1973, and Atherton
et al. 1975). Unfortunately. at present these techniques
are prohibitively expensive and are difficult to apply.
Nonetheless. it is feasible to perform experiments
which examine model sensitivity to perturbations in
individual rate coefficients or ensembles of rate
coefficients chosen with the intent of maximizing or
minimizing the model response to an incremental
change in some other parameter. This would then
provide approximate bounds for the model’s sensitivity
to rate coefficient uncertainties. In this study we adjust
the rate constants involved in a model of the HO_.
NO,, and O, reactions in the stratosphere and then
examine the effects on the response of the model to
an NO, injection. This technique is useful in
determining extreme ranges of possible effects, and in
identifying highly sensitive parameters or groups of
parameters. It is recognized that this is not very useful
in estimating the probability of errors of any given
magnitude. But it could give qualitative lower-limit
estimates of the expectation of an effect. For even
this to be done, it is necessary to estimate the

3
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distribution of expected error in the individual rate
coefficients and the sensitivity of the model to subsets
of the rate coefficients.

The quantitative meaning of the uncertainties
quoted by Hampson and Garvin (1975) and used in
this study is not easily specified. The quoted
uncertainties were intended to define a range that
would be expected by a panel of experienced chemical
Kineticists to contain the correct value (Hampson
1976). We have examined data published after the
evaluations given by Hampson and Garvin for six
reactions of particular importance to our model and
some O(ID) reactions.* We find that for lower
stratospheric conditions the mean divergence between
new data and the value cited by Hampson and Garvin
was about 1.2 times the cited uncertainty. but that
the error distribution was very different from a normal
distribution.

If. in spite of the above finding, one treats the
quoted uncertainties as estimates of the expected
errors (ie.. 1 0), then the expectation that all of the
varied rate coefficients will depart at least as far from
the “best™ values as those used in a test model, and
in the same sense. will be roughly (0.16)" where n
is the number of adjusted rate coefficients. However.

*The reactions examined were K6, K10, K11, K12, K14,
K18, K19, K20, K26. and the reactions of O(!D) with N,
05, and CO,. Only relative rates were compared for the O(!D)
reactions with species other than CO,. which were the source
ot absolute rate data in Hampson and Garvin.

Table 1.  Reactions and rate parameters for the various models used.

because the model is msensitive to many of the rate
coefficients and very sensitive to a few. this
methodology provides only a lower limit to the
expectation of a model with a sensitivity at least as
divergent from the “best™ model as the model tested.
If many of the parameters varied are insensitive, this
lower limit would be so extreme as to be meaningless.

The basic model used for these experiments was the
LLL one-dimensional model used in the CIAP
documentation (Grobecker et al. 1974, Grobecker
1975). Its structure has been described elsewhere
(Chang et al. 1974). This model includes the chemical
reactions given in Table 1. It treats the following
species  dynamically (by  parameterized  vertical
transport) as well as photochemically: O, O;. NO.
NO,, HNO,. HO. HO,. H,0,. N,O. Steady-state
approximations are made for O('D). N. and H. and
the concentration profiles of H,O and CH, are
prescribed.* The various species concentrations are
solved numerically at 44 levels extending to an altitude
of 55 km. In this study both the carbon cycle (except
insofar as methane is a source of HO_ ) and the halogen
cycles were omitted. The response of the model to
the choice of eddy diffusion profile was examined by
Chang (1974). For this study we used the LLL
diffusion profile derived in the earlier study (Chang
et al. 1974). (See Fig. 2.) Nine sets of rate coefficients
were examined:

e
*This version of the basic model is chosen specifically to
provide continuity with the CIAP Report.

Photolysis rates at the indicated

Reaction altitudes for Model ,\2
Formula Number 55 km 30 km 15 km
0, + hi - 20 T 7.76 x 10°10 1.90 x 1011 8.42 x 1016
0y +hv ~0+0, 12 2.80 x 1074 241 % 104 2.07 x 10
0y +he - 0('D) + 0, 13 4.79 % 1073 5.85 x 107 7.90 » 10
NO, + he +NO + 0 14 5.03 x 1073 4.85 x 1073 4.74 x 1073
N0 + b Ny + 0c'D) 15 4.4 % 1077 2.89 x 1078 1.44 x 10713
NO+hv =N +0 16 1.35 ¥ 10 8.90 x 10710 7.30 x 10737
HNO, + hy - OH + NO, 17 6.38 1077 4.78 x 100 321 x 107
Hy0, + hi - 200 18 825 % 107 6.39 ¥ 100 222 % 10
HO, + by~ OH + 0 19 1.98 « 1074 3.40 x 100 1.70 x 1010
NO; + he - NO + 0, o, (Fither 110, or 110, is assumed to be the only fate of
N()_; + he — N()Z +0 .II()2 N”} as is indicated by model subscript.)

4
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Reaction Arrhenius A-factor® for indicated model
Temperature

Formula Number A B C dcpcndcnccb

E 0+0,+M =03 +M Kl 1.07 X 1034 0.91 « 10734 1.26 x 1034 +510.
0+0y 20, K2 19 x 107! 15 1ot 24 x 107! -2300.
0,+NO N0, + 0, K3 9 x 10743 1.6 x 1013 7. x 1013 -1200.
0 +N0, -NO +0, K4 9.1 x 10°12 104 x 10712 7.9 x 10712

‘ N0+ 0('D) N, + 0, KS 11w 1010 0.7 x 10710 1.74 x 10710 .

' N0+ 0'p) - 280 K6 1 x 1010 0.7 x 10710 1.74 x 10710 3
N+0, -NO+0 K7 11 x 10714 0.7 x 10714 1.74 x 1014 -3150.
N+NO -N,+0 K8 2.7 x 101! 2.1 % 10! 3.4 x 101 =
N +NO, - 2NO K9 6 x 1012 6 x 10712 0. e
o('D) + 1,0 - 201 K10 3.5 x 10710 2.8 x 1010 4.4 x 1010
o'D) + CH, - O + CHy K1l 4.x 10110 32x 1010 5x 1010 :
0y + OH = HO, + 0, K12 1.6 x 10712 0.8 x 10712 32x 10712 -1000.
0+O0H -0,+H K13 42 x 101! 2.7 x 101! 6.7 x 10711 3
0, + HO, - OH + 20, K14 1.0 x 10713 0.5 x 10713 2.0 x 1013 -1250.

; 0+ HO, - OH + 0, K15 g x 107! 2 x 0! 3. x 1ot - 500.

| H+0,+M -HO,+ M K16 2.08 x 1032 2.44 x 1032 1.77 x 10732 + 290.
H+0; - OH+0, K17 1.23 « 10710 1.0 x 10710 1.55 10710 - 562.
HO, + HO, — H,0, + 0, K18 3 x |0"'_ 6« 107! 1.5 < 10! - 500.
HO, + OH - H,0 + 0, K19 201" 2x 10710 1.5 10! 3
on+No, M HNO, K204 ax 1012 2x 10712 g x 10712 =
OH + HNO, - H,0 + NO, K21 8.9 « 10714 45 « 10714 1.8 x 1013 .
Hy0, + OH  H,0 + HO, K22 1.7 % 10°M 27 x 10! 11 10! --910.
Ny + 0Dy e M N0+ M K23 2.8 « 1030 5.6 x 10739 1.4 x 10736 L
N+ NOy - N,0 40 K24 9% 10712 9« 1012 1 x 1012 -
NO+O+M -NO,+M K25 3.96 x 1033 2 x 1033 8 x 1033 + 940.
NO +§10, ~ NO, + OH K26 2x 1013 6.3 x 10714 6.3x 1013 =
OH + OH ~ H,0 + 0 K27 1x 101! 1.6 x 101! 0.63 x 1011 - 550.
N+0;-NO+0, K28 5.7 % 1013 1.8 x 1012 1.8 x 1013 =
NO, + 03 - NO; + 0, K29 1.23 x 10713 1.55 x 1013 Lx 1013 -2470.

. OH + CH, ~ Hy0 + CH, K30 2.36 x 10712 215 % 1012 26 x 1012 1710,

v OH + OH + M - H,0, + M K31 2.5 x 1033 4. x 1033 1.6 x 1033 +2500.
H,0,+ 0 - OH + HO, K32 2.75 x 10712 234 x 1012 3.23 x 1012 2125,

. o'Dy+Mm -0+ M K33 585 x 107! 414 x 10! 8.26 x 107! -

0,

1 CHy -~ 2HO, + CO (Assumed to be the only fate of CH;.)

i "Constant A in K A\ exp(C/T) in units of \lll‘/\ <rmh /s for three-body processes).

hl onstant C in K~ A exp(C/T).

“Model A’ differs from A only in that K19 is set to 2 X 10

: d

) g <
. the value used in most of the CIAP experiments

18

K20 1s pressure-dependent. In our model K20 = K[M]/(1.12 x 10 + [M]) where K is value tabled above. This is a fit to the

altitude-dependent expression given by Hampson and Garvin (1975).
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Fig. 2. K, profiles that have been used by various
investigators. The Chang (1974) profile was used to examine
the nine sets of rate coefficients described in the text.

. Model A, used the rate coefficients given in
Hampson and Garvin (1975) with the rate coefficient
for the reaction HO + HO, — H,0 + ()Z (K19) set
to 2 X 1011 ¢m3/s. This is the low end of the range
quoted, and the value currently preferred by us
(Kaufman 1975, Lloyd 1974). Branch 1 was assumed
for J10.

2. Model A, differed from model A
branch 2 was assumed for J10.

3. Model A differed from model A in that K19
was set to the high end of the range.ie.. 2 X 10°10,
the value used for most of the CIAP computations.
Branch | was assumed for J10.

4. Model A differed from model A
assuming branch 2 for J10.

5. Model B assumed all the rate coefficients were
in error by the estimated uncertainty indicated by
Hampson and Garvin (1975)* and were varied within
this range with the intent of maximizing the
destruction of Oy by a given amount of NO,,
minimizing the destruction of O by ambient O_ and
HO_. and minimizing the ambient concentrations of
NO, and HO_ . Branch 1 was assumed for J10.

p in that

’

. by

tors

“When a rate constant was reported to be known with higher
accuracy, but only at room temperature, and the room-
temperature rate constant was less than 1012 em3/s, a +3-fold
uncertainty was assumed.

6

6. Model € varied all rate coefficients within the
same  range of uncertainty with the intent of
minimizing the destruction of O5 by a given quantity
of NO_. maximizing Oy destruction by ambient O
and HO_ . and maximizing the ambient concentrations
of NO_ and ll()\. Branch | was assumed for J10.

7. Model €, differed from model C| by assuming
branch 2 for J10.

8. In an attempt to identify the reactions most
responsible for the change in model behavior. a model
C ’l‘ analogous to model €. was developed in which
only a limited set of rate coefficients was adjusted.
Branch 1 was assumed tor J10.

9. Model C differed from model ("] by
assuming branch 2 for J10.

It should be noted that the uncertainties in the
photodissociation rates, which are probably even larger
than the uncertainties in thermal rate coefficients. were
not treated here. Several approximations are involved
in the calculation of photodissociation rates, and these
approximations are the subject of concurrent research.

The following computations were carried out:

1. An ambient condition was computed for each
of the models.

2. The condition after 300 years of NO_ injection
at 2000 molecules/cm?+s throughout a 1-km-thick
layer at 17 km altitude. the average cruise altitude of
the Concorde SST, hereafter designated as NO_-17.*

3. All models were used to compute the condition
after 300 years with the above NOX injection at
20 km, a possible cruise altitude for an “advanced™
SST (NO-20).

4. Same as cases 2 and 3 with injection at 35 km
(NO-35).

5. Ambient conditions (case 1) were recomputed
for all models with the water column increased by
109%. roughly the magnitude of the increase in
stratospheric  water content expected from the
hypothetical fleet of SO0 Boeing SST's (Grobecker
1975) (1 1 X H,0).

6. Case 2 was repeated with the water column
increased by 10% (1.1 X llz(). N()\-17).

The calculated Oy columns and the percent of Oy
deviation (A0;) from the respective ambient
conditions are given in Table 2. The effect of the
choice of diffusion profile was examined for cases 1
and 2 and the results are summarized in Table 3. The

'S W Pilae o in are ive H 3 oy
K, profiles studied are given in Fig. 2.

’
2
5

*This emission rate corresponds to a very large Concorde
fleet. numbered in thousands of planes. I'or comparison we
examined a few cases assuming a tenfold smaller injection rate
and found the resultant perturbations to be about ninetold
smaller, suggesting an almost linear relationship between
injection rate and resultant perturbation.




Table 2. Calculated ambient and perturbed O, column densities (10"8cm?) and
percent deviation from the respective ambient 03 column densities
uog) for the perturbation cases 1-6 as described in the text. See text

for description of models
CIAP model “Best™ model Maximized re- Minimized response Response to NOy mini-
(high value of K19) (low value of K19) sponse to NO to \“.\ mized on four rates
! Ay Ay A, A, B C, c Cy C;
. J10 yields J10 yields  J10 yields J10 yields JT0 yields T10 yields J10 yields J10 yields T10 yields
Case NO+0, NO,+0 NO+0, NO,+0 NO + 0, NO+0, NO,+O NO+0, NOy+0
L Ambient O 7.765 7.993 7.422 7.555 7.577 6.893 6.997 7.338 7.415
2. NO-17 0 7.428 7.712 7.292 7.467 6.996 7.013 7.152 7.383 7.490
3 A0, 434% -3.52% -1.75% 1.16% -8.067% +1.747% +2.227 +0.617% +1.017%
3. NO-20 o, 7.005 7.316 7.035 7.250 6.370 7.004 7.182 7.323 7.467
A0y -9.79% -8.47% -5.21% 4.03% -15.92% +1.61% +2.647% -0.20% +0.70%
4. NO 35 0y 6.426 6.767 6.377 6.614 5674 6.450 6.663 6.663 6.837
A0, -17.24% (15.34%  -14.06%  -12.46% -25.11% 6.42% 4.77% -9.207% -7.80%
5. L1xH,0 0y 7.767 7.992 7.408 7.539 7.588 6.857 6.959 7.312 7.387
A0y +0.03% -0.01% -0.14% -0.21% +0.157% 0.52% 0.54% -0.35% -0.38%
6. 1.1xH,0,0, 7.435 7.715 7.282 7.454 6.979 6.978 7.114 7.357 7.462
NO_-17 30, -4.25% -3.48% -1.88% -1.34% -7.89% +1.23% +1.67% +0.26% +0.63%
b |
P
F Table 3.  Calculated ambient (case ?) and perturbed (case 2) O3 column densities ( 10'8m2) and percent
E deviation from the respective ambient 03 column densities (._\03) for four eddy diffusion coefficient
E profiles as described in the text. See text for description of models
~ Eddy diffusion

B
: coefficient profile Model A, Model Ay Model B Model C, Model Cy
:

Chang (1974):

: Case 1 -ambient 7.422 7.555 DS 17 6.893 6.997
" Case 2-NO-17 7.292 7.467 6.966 7.613 7:152
3

20, -1.75% -1.167% -8.067 +1.747% +2.22%

Crutzen (1975):

Case 1 -ambient 7.444 7.648 7.267 7.102 7.271
Case 2- ,\()\- 17 7.346 7.575 6.896 7.150 7.345
A()‘ -1.32% -0.95% -5.10% +().687% +1.027%

Wofsy (1975):

Case 1 -ambient 7.845 8.090 7.577 7.474 7.675
Case 2-NO -17 7.462 7.814 6.460 7.509 7.835
A0, -4.887 -3.41% -14.74% +0.47% +2.08%

Hunten (1974):

Case 1 -ambient 7.463 7. 713 7.090 1272 7.497
Case 2 \()\, 17 6.964 7.358 5.888 7.149 1872
_\(); 6.687 -4.607% -16.95% -1.69% +1.00%
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I'he computed ambient concentration profiles are
compared  with  observations in  Figs. 3-7 for
models A B, and C,. (For most species model A’
closely resembled model B and model C’ resembled
model C. Differences due to the JI10 branch were
barely detectable on these semilog plots.) Only profiles
for species for which we could find measurements are
given here.

As can be seen. the computed ambient states for
the species that have been measured in the stratosphere
are rather similar for all three models (labeled simply
as A B. and C in the figures). The concentrations
plotted diurnally averaged conditions as
“half condition  (the
photolysis rates used are one-half of the noontime rate
as calculated by the model). Only for the OH

represent

parameterized by a sun”

measurements  of  Anderson (1976) can computed
concentration  profiles be said to disagree with
measurement by more than the spread in recent

most likely to be judged inadequate. However. in order
to be more definitive, one must carry out detailed
sensitivity analyses involving diurnal models on the
details of H()\ chemistry since OH variations are highly
time-dependent.

Based on present kinetics data, models B and C are
highly improbable. The fact that they gave computed
profiles agreeing as well as model A with present
observations indicates that such agreement s
insufficient to validate a model. This seems to suggest
that for observational data to be used to discriminate
among models the concentrations must be known
within a factor of two at the very least. If. as seems
probable, many trace species vary substantially in time
and space, the above statement pertains to the
with which the concentration distribution
must be known, a much more expensive undertaking
than a single measurement.

Perturbations in the Oy column computed for a

daccuracy

measurements. From Fig. 7 mode! B would be the I7-km injection of NO ‘(case 2) are plotted on a
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lincar scale in Fig. 8. As can be seen. the tropospheric
perturbations. largely influenced by the CHy and NO
smog reactions (Chameides and Walker 1973, Johnston
and Quitevis 1974), are quite small compared to the
stratospheric perturbations. This is in part due to our
use of fixed concentrations as a surface boundary
condition. We have experimented with the lower
boundary condition sufficiently to demonstrate that
this type of surface boundary condition has a negligible
effect on computed stratospheric profiles, although the
tropospheric sensitivities are significantly attected by
the boundary conditions.

The opmion has been expressed that  model
predictions of Oy destruction for a given NO_ mjection

are accurate to within a factor of 2 or 3 (Grobecker

et al. 1974). As can be seen in Table 2, the
perturbations in the Oy column calculated from the
base case (model A) and the most sensitive case
(model B) differed by a factor of roughly 5 for a
17-km injection, 3 for a 20-km injection, and only 1.0
for a 35-km injection. Thus, in the case of maximizing
the effect of an NO_ injection the uncertainty is
comparable to that expected., and is not severe.
Further, more than half the computed difference
resulted from the variation of K19 (compare models A

and A"for case 2). However, in the case of minimizing
0, destruction (model €). an NO_ injection at 17 km
resulted in an increase in Oy equal to about 25% of
the decrease in the base case. For a 35-km injection
of NO_ all of the models predicted an Oy decrease,
the model C decrease being about 407% as large as that
of model A. Thus, the range of predicted effects is
small for a high altitude injection, and the uncertainty
is modest for maximizing the effect of an NO_
injection: however, the uncertainty is very substantial
(encompassing a reversal of the effect) in the case of
minimizing the effect of a given NO_ injection at fow
altitudes.

It it were necessary to vary all 33 thermal rate
coefficients to the limit of their uncertainty in order
to obtain this reversal, the expectation of its being
realized would be almost nonexistent. However, we
examined the results of the model C computation and
were able to identify several key parameters that are
responsible for the reversal of the calculated effect.
We found in model C that at low altitudes O,
is regulated primarily by the HO_ cycle and that the
most important parameters were those regulating the
HO_ concentrations, the reactions of HO_ with odd
oxygen, and the reactions

103 10° 10° 10 107
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Fig. 6. Calcolated equilibrium concentration profiles for HNO ;. compared with data summary of Ackerman (1975).
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Fig. 7. Calculated equilibrium concentration profiles for OH compared with observations by Anderson (1976) and Davis (1975).
Most of Anderson’s data were taken at high zenith angles, whereas Davis’s data were taken at low zenith angles. Thus, the
“half-sun™ correction should not be applied in making comparisons with the Anderson data.

“()2 + NO — NOl + HO (K26)
and
M
HO + N()2 =% HNO3. (K20)

These reduce the efficiency of the NO_ and HO_
cyveles in the lower stratosphere where the NO
destruction cycle is already inefficient because NO,
is usually photolyzed there resulting in  the
regeneration of odd oxygen.

To improve our understanding we have sought to
separate the odd oxygen destruction roles of the
Chapman. NO_. and HO_ cycles. Since the cycles are
known to be coupled (eg.. the NO_ and HO_ cycles

are coupled through K20, K21, and K26), it is unclear
which quantities would be most illuminating. As a
beginning we have defined the net odd oxygen
destruction rate (D) of each of the cycles as follows:

D(Chapman) = 2K2[0] [0,4].

(O, photolysis is omitted because we wish to
compare destruction terms.)

IXNO 1= K3 [NOJ [0, ]+ K4 [NO, 101+ K25 [NOJ{O]{M]+ K29 [NO,] [0,
14 [NO,| - J6 [NO] - K7 [N][O,] K8 [N] [NO] - K24 [N](NO,]
+ K28 [N][O4] - J1O [NO4|(if Branch | 1s assumed)

1
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(All reactions involving [N} are trivial below
50 km, as is also NO photolysis: JI0[NO,] is
treated as equal to the rate of NO, formation.)

DXHO) = K12 [0, ]{OH}+ K13 O] [OH]+ Ki4 {O,]{HO,]+ KI5 [0] [HO,)
+ KI7 [05] [H]+ KIO [0'D][H,0] - K27 [OH]* 19 [HO,)|

(The last two terms are of little significance.)

Vertical profiles of these quantities evaluated under
ambient or equilibrium conditions of models A,, B,
and C, are compared in Fig. 9. The largest
differences between the models appear in D(HO, ),
in  D(Chapman) above 40 km, and in D(NO\)

below 27 and above 45 km. Table 4 was prepared to
reflect these differences quantitatively. It gives for cach
model the relative fraction of the integral (over the
altitude range indicated) of the odd oxygen destruction
rate ascribable to each of the three cycles.

The model most comparable to the models used in
CIAP is A',. The instantaneous rates widely quoted
from Johnston (1975) are included for comparison.
The differences in results reflect differences in
methodology and definitions as well as differences in
rate coefficients and species concentration profiles.
Our results were obtained from a 1-D time-dependent
model with coupled kinetics and transport extending
from 0 to 55 km using photolysis rates averaged over
the diurnal cycle by taking half the rates calculated
for a 45° zenith angle. Johnston's values were obtained

60 T I l
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Fig. 8. Calculated perturbations in the 0, profile for a 17-km injection of NO_ (case 2) plotted as departures from the ambient

profiles (case 1) of the models indicated.
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Fig. 9. Calculated equilibrium profiles of odd oxygen
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C. Where D(NO, ) forms cusps at the left border, it changes
sign. Regions of net ozone production by NO, are shaded.

from a nondynamic model integrated  between
“tropopause” and 45 km. but using photolysis rates
for specific altitudes, latitudes. and times of day. Little
quantitative significance should be attached to these
integrated destruction rates since they do not
accurately reflect the relative importance of the various
processes in determining total O4. In an effort to
estimate the relative importance of these processes in
determining total column densities, we have weighted
the various local destruction rates by the product of
the local O5 concentration and the local lifetime* for
each level and integrated the results from 11 to 55 km.
These weighted loss rates are insensitive to the choice
of the integration limits so long as the top is above
45 km and the bottom is below 12 km.

In an effort to identify the most sensitive reactions
we generated additional models by varying smaller
subsets of the 33 K’s listed in Table 1. We found that
varying as few as three rates, K14, K18, and K26, was
sufficient for an NO_ injection at 17 km to produce
an increase rather than a decrease in the O, column.
Model C' uses the values of the three K's cited above
plus K20 from model C and the rest from model A.
As seen in Table 2 this is sufficient for a 17-km
injection of NO_ to produce an O increase more than
one-third as large as that produced in model C.

We also  examined the effect of increased
stratospheric ~ water  vapor both alone and in

*The tocal O3 lifetime was defined as the ratio of the local
O3 concentration to the arithmetic sum of the net chemical
loss rates and the flux of O3 through cach level.

Table 4. Relative fractions of integrated odd oxygen destruction rates ascribable to the Chapman, NOx, and
HO, cycles for various models over the indicated domains. For “weighted’’ integrations the loss
terms for each level were multiplied by the local 03 concentration and the local lifetime (lifetime

determined by both chemistry and transport)

D (Chapman) D (NO,) D (HO)
11-50  11-45  Weighted 11-50  11-45  Weighted 11-50  11-45  Weighted
Model km km 11-55 km km km 11-55 km km km 11-55 km
B 0.37 0.26 0.05 0.58 0.71 0.90 0.05 0.03 0.05
A .36 .29 .06 .50 62 81 .15 .09 A3
A .24 .23 .07 43 .53 .66 .33 .24 .27
A, .24 33 07 43 52 64 33 24 .29
&4 .25 .23 .09 40 .50 .50 .35 27 41
c, 0.13 .14 0.07 0.32 .38 0.45 0.55 48 0.49
Johnston (1975) - 0.17 : - 0.70 - 0.12 -

a :
Johnston used a nondyvnamic model to simulate a three-dimensional system

and 45 km

His integration was between a variable tropopause




T

combination with an NO_ injection at 17 km. As can
be seen in Table 2 (case S compared to case 1), a
10% increase in stratospheric water vapor increased the
O; column in model B and decreased it in A, C' and
C. When the increased water vapor was imposed on
a 17-km NO_ injection, the effects on the O column
were almost additive (case 6 compared to cases 2 and
S).

These experiments have led us to the following
conclusions:

. Avalue of 2 X 10°MT em¥/s for K19 leads to
an Oy reduction due to a fixed NO, injection less than
half that predicted during the CIAP program.

2. The matching of computed profiles of species
concentration against observations does not at present
provide a definitive criterion for choosing between
models, even for models as different in their response
as those described here. However, HNO;, OH, and
HO, differ most between the models and thus would
provide the sharpest discriminators if observational
data were of equal quality for all species. The observed
OH data are more easily consistent with the lower
value for KI19.

3. Species concentration profiles must be known
to better than a factor of 2 betore they can be used

discriminate between models differing widely in
sensitivity to NO\ injections.

4. The reactions

HO, + HO + H,0 + 0, (K19)
HO) + 0, ~ HO + 20, (K14)
HO, + HO, 1,0, + 0, (KI%)
HO} + NO = NO, + HO, (K26)
HO+ NO, MHNO, (K20)

are of greatest importance in determining the effect
on the O3 column of an ]\() injection in the lower
stratosphere. None of these pmussxs(n‘\up( perhaps.

K20) has a well-established rate coefficient under
stratospheric conditions. The best chance of reducing
these uncertainties is through very accurate laboratory
determinations of these rate coefficients.

5. Finally, it is worth noting that uncertainty
resulting from imperfect knowledge of the rates for
the Chapman and NO_ O; destruction cycles is small
(less than a factor of ’) lhc largest variations in the
model results arose from the uncertainty in the rates
for the HO cycle and the processes coupling the NO
and HO_ cycles. it is also suggested in Table 2 (case 5,
models A and C) that for sets of rate coefficients that
tend to minimize the response to NO_ . a major
injection of water vapor in the lower stratosphere
could significantly reduce the depth of the O5 layer

2.2 SENSITIVITY OF OZONE REDUCTION FROM CHLOROFLUOROMETHANES

TO PARAMETER UNCERTAINTIES

Since the effect of chlorofluoromethanes (CEM’s)
on atmospheric ozone was initially predicted by Mclina
and Rowland (1974), a number of papers have been
published (for example, Wofsy et al. 1975, Crutzen
and isaksen 1975, Turco and Witten 1975) describing
investigations of these effects wade with various
one-dimensional models of the stratosphere. In this
study, we examined the sensitivity of one such 1-D
stratospheric model to uncertainties in some of the
important parameters used in it. In particular, we
examined the sensitivity of the effect of CFCl; and
CE,Cly on total global ozone due to changes in key
chemical rates and diffusion coefficients.

The calculations in this study were made with LLL's
one-dimensional  time-dependent  model  of  the
troposphere and stratosphere. In  this model 92
chemical (and photochemical) reactions are used
dynamically — describe  the  stratospheric \'crliu.ll
xh\mhunnnx of 20 minor atmospheric species (O( 3p),

. NO. \(),. 50, IIN() OH. HO,, H () Gl (I,
( I() C10,. oc I() CINO, (IN(),. ll(l ((l . CF (l.,
and € I(I » while three (H, N, O('D)) are Jssumul to
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be in instantancous equilibrium. Vertical distributions
of N,, 0,. H,0, CH,. and H, were assumed constant
throughout the L.Ilt.ll]dll()n\

The chemical rates for six reactions important to
the chlorine cycle are shown in Table 5. Other
reaction rates in the model are based on the review
by Hampson and Garvin (1975). Solar flux, absorption
cross sections, and the calculation of photodissociation
rates are as described by Gelinas (1974).

Sensitivity to Diffusion Coefficients

The vertical  transport in  a  one-dunensional
“globally™ averaged model of the stratosphere is
parameterized through the so-called eddy diffusion
coefficient. There does not yet exist a unique approach
for the derivation of a suitable set of eddy diffusion
coefficients, and cach modeler has his own justification
for choosing a particular diffusion profile. Because
there are no unambiguous reasons for choosing one
profile over another, the sensitivity of the model to
that choice must be examined. The various diffusion

coefficients used in this study are shown in Fig. 2.
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Table 5.  Rates used for key reactions

Reaction

Rate Source

€l + ()3 - ClO + ()2

Clo+0 - Cl + ()2

C1 + CHy — HCl + CH3

4
OH + HCI — ll20 + Cl
ClO + NO - Cl + NOZ

OH + H()2 - HZO & 02

297 « 10 exp243/)

5.3 x 101!

5.4 % 10012 exp-1133/1)
2.0 » 1012 exp:310/T)
26 x 107" expisom)
2% |()'”

Average of Davis et al.
(1975) and Anderson et al.
(1975

Watson (1974)

Davis et al. (1975)
Anderson et al. (1975)
Anderson et al. (1975)

Low value quoted by
Hazmpson and Garvin (1975)

For each of the three diffusion coefficients (Chang
1974, Crutzen and lsaksen 1975, and Wofsy 1975).
the following series of calculations was carried out:
(1) a natural atmosphere containing no chlorine, (2) a
natural atmosphere containing chlorine assuming an
HCl mixing ratio of 10”7 by volume at the surface
and a constant CCly flux at the surface, and
(3) model 2 plus  the fluorocarbons CFCly  and
CF,Cl, introduced at the surface starting in 1950 and
running through 1975 based on world fluorocarbon
production data (McCarthy 1974).

In addition possible scenarios beyond 1975 have
been examined with model 3: (3a) continued growth
in fluorocarbon production at a rate of 10% per year,
{3b) continued constant  production at the 1973
production levels, (3¢) continued constant production
at one-halt of the 1973 production level, (3d) constant
production at 1973 level until a sharp cutoff in 1978
or in 1983 (model 3e¢).

In comparing the calculations for the three diffusion
profiles. 1t was found that when compared to their
respective chlorine-free atmospheres the inclusion of
chlorine caused a reduction of total ozone of 0.50%
for the Chang profile, 0.56% for the Crutzen profile.
and  0.627% for the Wofsy profile. With the
chlorotluoromethanes (model 3) at the end of 1975
there is a calculated reduction in total ozone (relative
to the respective  chlorine-containing  atmospheres,
model 2) of 0.77% with the Chang profile. 1.087% with
the Crutzen profile, and 1.007% with the Wofsy profile.
These results indicate an uncertainty due to choice of
eddy diffusion profiles of approximately a factor of
0.83 to .17 from the mean in the ozone reduction
predicted at the end of 1975, Inclusion of other
natural sources of stratospheric chlorine omitted in this
model would only alter the baseline level of O; and
have minimal effect on the predicted perturbations due

to chlorofluoromethanes, especially with respect to
this relative uncertainty.

The differences in predicted effects using the
different diffusion profiles can be attributed to the
different rates at which free chlorine (created by the
photodissociation  of CECl; and  CF,Cl,  mostly
above 30 km) is transported to levels below 30 km.
The Crutzen and Wofsy profiles allow more rapid
transport of the free radical chlorine to levels where
the chlorine catalytic cycle has its strongest effect on
stratospheric ozone.

Figure 10 shows the reduction in total ozone
caleulated for the case of a continued growth in CFCly
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Fig. 10. Sensitivity to the diffusion profile assumed is shown
in these calculations of the decrease in total ozone that
would result from a continued growth of 107 per year in
chlorofluoromethane production beyond 1978.
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and CF,Cl, production beyond 1975 of 10 per year
(model 3a) which corresponds  to approximately a
seven-year doubling time. As is expected, all predicted
perturbatio=s increase exponentially. For this scenario,
the reduction of global total ozone 15 5.0 to 6.92%
by the end of 1990 and 13.6 to 17.8% by the year
2000. It is significant to note that there is only a
three-year difference among the predictions as to the
time when a given reduction in ozone is reached.

A constant production rate at 1973 levels for the
chlorofluoromethanes (model 3b) was assumed in the
caleulated total ozone reductions shown in Fig. [1.
The shaded area shows the range of ozone projections
as a function of time when the 1973 production rate
is used. The time after 1975 to reach a total ozone
depletion of 5% ranges from 23 to 33 years, depending
on the choice of diffusion profile. By the year 2000,
there is a range of uncertainty of 1.3% (5.3%, Wofsy:
4%, Chang) in the predicted reduction in total ozone.
Also shown in Fig. 11 is the calculated ozone
depletion resulting from a constant production rate at
one-half the 1973 level (model 3c¢). At this lowered
release rate. a meaningful uncertainty range can be
assigned to the projected steady-state values as well
as the times needed to approach them. The different
eddy diffusion  models lead to ultimate ozone
depletions of 6.57% (Chang) to 7.8% (Wofsy). For both
scenarios the characteristic times differ very little: the
time needed to reach one-half the final equilibrium
depletion is 38 vears for the Chang diffusion and
34 years tor the Woltsy diffusion.

20 ] T [ T ok rrTy

Half of 1973 rate
1973 rate
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(=)
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Fig. 11. Calculated decrease in total ozone that would result
from a constant production of chlorofluoromethanes at the
1973 rate and at one-half the 1973 rate. Shaded bands show
range of values resulting from assumption of different
diffusion profiles.
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The effect of stopping
chlorofluoromethanes |

production  of the
hown in Fig. 12. For this
case (model 3d) constant production at 1973 levels
was assumed until the end of 1978 when all releases
were assumed to cease, For each of the tested diffusion
profiles, the destruction of ozone continues for some
tme ftollowing the stopping of  production. This
happens because the troposphere, acting as a reservoir.
continues to furnish a source ot CECLy and CF,Cl, to
the stratosphere. The minimum i the total ozone level
approximately at 8 to
production is halted, depending on the choice ot the
diffusion profile. At the peak reduction in ozone. there
was a calculated range of 0.60-0.83% additional ozone
destroyed from the 1978 levels. resulting i a peak
ozone reduction ranging from 1.75 to 2.327%. As seen
in Fig. 12, it takes 55 to 75 years (i.e.. until 2033
or 2053) to return to the already reduced ozone levels
of 1978 (when production was halted). For the three
diffusion studied, it the
chlorofluoromethanes  were halted in 1978, ozone

oceurs 13 years after

profiles release  of
reduction would continue for another decade (with an
uncertainty of *+3 years) to a peak ozone reduction
a factor of 1.5 greater than the 1978 reduction. and
it would take 55-75 years to return to the 1978 ozone
concentrations.

With production at 1973 levels continued until the
end of
7-10 years with a peak reduction ranging from 2.4 to
3.2% (approximately 309 greater than the 1983
values), and it would take 33-50 years to return to

1983, total ozone continues to fall for

]O el l T T | G lf T T [

Stop in 1983

=

[ Stop in 1978

Decrease of total ozone — %

O-] li 1 1 ) e I [4 . 18 |
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Fig. 12. Calculated decrease t total ozone that would result
it chlorofluoromethane production were stopped in 1978
or in 1983, Shaded bands show range of values resulting
from assumption of different diffusion profiles.
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the reduced 1983 ozone levels. Consequently, a
five-vear delay in halting  production  of
chlorofluoromethane would entail an increase in peak
ozone reduction by a factor of 1.4 lasting over an
additional period of 30-50 years.

Sensitivity to Reaction Rates

Another uncertainty to be examined i+ the
sensitivity to Key reaction rate coefficients import
to stratospheric chlorine chemistry. For caclh of «ix
reactions, currently used rates were chanocd test
the sensitivity to potentially controversial raic choices.
As a reference case the diftusion profile labeled Chang
was used in each of these calculations. Because of this,
it is the ratio of the change in Oy relative to the
standard case rather than the absolute magnitude that
is of interest. It is reasonable to expect that similar
fractional changes would hold for the other diffusion
profiles, although the actual reductions would be
somewhat different.

For the reaction Cl + O, = CIO + O,. the currently
used value in the model is an uvcrugc-of two recent
measurementis by Davis et al. (1975) and Anderson et
al. (1975). Both of these measurements agree quite
well at stratospheric temperatures. However, until
recently the value used for this reaction in most
models (e.g.. in the model of Woisy et al. 1975) was
1.85 X 107", the value given in the Watson (1974)
chlorine chemistry review. Using this rate in our
model. we found that the reduction in ozone by the
end of 1975 increased by a factor of 1.56. Since the
rates examined have a ratio of approximately 1.7 at
stratospheric temperatures. the change in the ozone
perturbation was nearly proportional to the increase
in the rate of this reaction.

To study the sensitivity to the reaction CIO + O
- (Cl+ O,. we varied the reaction rate coefficient from
the value in Watson (1974) of 5.3 X 1011 0 a value
approximately 17% lower. 4.4 X 10", The reason
for choosing this lower value is that it represents a
recent preliminary measurement for this reaction at the
University — of  Pittsburgh  (Kaufman,  private
communication, 1975). With the lower value the 1975
calculated reduction in ozone was reduced by a factor
of 0.88.

The rate coefficient for the reaction CIO + NO = Cl
+ NO currently  used in  our model. 2.6
X I(J'% ' exp(-50/T). is based on recent measurements
at the University of Pittsburgh (F. Kaufman, private
communication, 1975).  Until recently, the rate
coefficient recommended in Watson (1974), 1.7
x 107", was used. With the value of 1.7 X 10°'1,
the calculated reduction in total ozone for the end
of 1975 increased by a factor of 1.13.

The measurement by Davis et al. (1975) of 54

% 107h2 exp(-1133/T) for the rate coefficient of the
reaction CI+ CH, — HCl + CHy is the value currently
used in our model. However, there is still uncertainty
regarding this quantity. It differs from the earlies
measurement recommended by Watson (1974), 5.6
% pocht exp(-1790/T). This rate coefficient has a large
effect on the 1975 reduction of total ozone, the old
value leading to an ozone reduction about a factor of
1.4 greater than the new value used in our base case.

The OH + HCl = H,0 + Cl reaction rate coefficient
of 2 X 1012 exp(-310/T) measured by Anderson
et al. (1975) is the one currently used in our model.
It agrees well at stratospheric temperatures with the
value of 2.8 X 10712 exp(-410/T) recommended in
Watson (1974). Using the Watson rather than the
Anderson et al. value changes the 1975 reduction in
ozone by a factor of 0.96.

The reaction OH + HO, — H,0 + O, is extremely
important in dctcrmining-lhc amount of stratospheric
hydroxyl. OH. The OH distribution likewise is
important in determining the conversion rate of HCl
to atomic chlorine available for the ozone-destroying
catalytic cycle. Though the rate coefficient for this
reaction has not been directly measured. there are data
which support a range of values (as recommended in
Hampson and Garvin 1975). from 2 X 10'” to 2 X
LY Theory and combustion experiments tend to
support the lower part of the range. although the lower
temperature experiments support the high end of the
range. If the range of values for this rate coefficient
arc used in the 1-D model. it is found that the 1975
reduction in total ozone is reduced by a factor of 0.32
for the faster rate of 2 X 10710, The range of
uncertainty for the reaction €I + HO, —HC1 + O,
may also be large. but was not examined in this study.
Only the estimated rate of 3 X 10°MY em3/s was used
(this rate coefficient has not been measured).

Another sensitivity that is of interest is the possible
presence of synergistic effects when several rate
coefficients are varied. One test of this is to study the
cumulative uncertainty in the rates of these reactions
by choosing the rates of the six reactions such that
they would maximize or minimize the effect on total
ozone. Using the previously discussed values. the rates
were chosen in the following manner:

Maximize  Minimize

Cl + 0y HI LO*
ClO + 0 HI* LO
ClO + NO LO HI*
Cl + CH, LO HI*
OH + HCI HI* LO
OH + HO, LO* HI

*Indicates base case rates shown in Table §




1
1

e R e L

T S R P

S 2

HI and LO refer respectively to the faster and slower
rate at stratospheric temperatures. An approximate
factor of 9 was found for the ratio of predicted 1975
ozone reduction in the two extieme cases. This agrees
well  with  the bounds obtainable through direct
multiplicative  superposition  of  the individual
sensitivity factors, ie., (1.56)(1.42)(1.13) = 2.5 versus
the  direct  maximum  factor  of 23  and
(0.88)00.96)(0.31) = 0.26 versus the direct minimum
factor of 0.25. Consequently, we conclude that there
IS no important synergistic effect among these six
reaction rates. It should be emphasized that this
max-min uncertainty range was obtained by taking
some extreme values in reaction rate coefficients and
does mot represent the “most probable™ range of
uncertainty. In fact, using the individual sensitivity
tactors as reported above and some reasonable
estimates for the expected uncertainty in individ al
rate coefficients, one could derive a “most likely™
uncertainty range that could be significantly smaller
than the present max-min range.

All of the above uncertainty analysis applies to the
calculation  of the ozone reduction in 1975, This
provides a basis for estimating the uncertainty in the
steady-state ozone reduction that is calculated in a
constant-production scenario. With a constant rate of
wiection of CEM’s into the atmosphere, the approach
to the steady state of percent ozone reduction is shown
in Fig. 11. These curves are well described by an
exponential expression of the form A(1 - ¢™'). The
time-dependent term, e™', represents the atmospheric
residence time. For the CFM’s this residence time, 1/X,
depends predominantly on the eddy diffusion
coefficients (which determine the rate of CFM
injection into and the HCl removal from the
stratosphere) and on the rate of CFM photolysis. For

23 SOLAR ABSORPTION IN A STRATOSPHERE PERTURBED BY NO_ INJECTION

While much attention has been directed toward
nitrogen dioxide as a chemical reactant capable of
reducing the ozone layer of the stratosphere. little
attention has been directed toward its role as an
absotber  of  solar radiation. Solar  absorption by
nitrogen dioxide had not been expected to be
significant compared with solar absorption by ozone
because many radiative equilibrium  models  have
generated reasonable stratospheric temperature profiles
without including nitrogen dioxide (e.g., Manabe and
Strickler  1964). However, as will be shown. the
increase in solar absorption by nitrogen dioxide may
counteract a significant fraction of the decrease i solay
absorption by ozone following stratospheric injection
of NO_ (oxides of nitrogen).
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ozone reductions less than 15%. 1/N depends only
weakly on the chemics! rate constants since  the
amount of HCl in the stratosphere is nearly unaffected
by changes in these constants. On the other hand. these
rate constants strongly aliect the catalytic chain length
for ozone destruction. which appears in  the
multiplicative constant A. This implies that a change
In rate constant has, to a good approximation. the
effect of a linear scaling of the entire time-dependent
curve. Thus, the relative uncertainties estimated for the
1975 ozone reductions are applicable to the steady
state limit of a constant-production scenario

It should be noted that these experiments did not
examine the full range of uncertainties associated with
the chemical rate inputs to the model. bach of the
other 86 reactions in the model has some uncertainty,
and numerous reactions are omitted from the model
cither because there are no available data or because
the reactions are considered insignificant. A
“maximum™ and “minimum’™ analysis for the complete
reaction set could lead to unrealistic profiles for many
species in the ambient atmosphere. Such simulations
have not been carried out. The sensitivity of the model
to omitted processes (e.g.. heterogencous reactions,
ionic reactions) remains at present an uniny stigatable
problem, and poteitially a serious source of error in
stratospheric models.

Among the reactions that were studied. OH + HO,
- H,0 + 0, stands out as the most critical. Since
the .\'?rulosphsr"c OH concentration is very sensitive to
the precise value of this reaction rate coetficient and
since direct laboratory measurements of this rate
coefficient are very difficult, a good in situ
measurement program may provide some very usetul.
although indirect, data to narrow the range of
uncertainties involved.

The radiative transter model used for these
calculations  assumes  a cloudless,  plane-paralle]
atmosphere - which there 1s molecular multiple
scattering  and  gaseous  absorption  above an
isotropically scattering ground. The wavelength region
between 187.2 and 735 nm. in which molecular
oxygen, ozone, and nitrogen dioxide are the dominant
gaseous absorbers, is divided into 119 spectral intervals.
The atmosphere between 0 and 55 km is divided into
43 layers. which are 1 km thick up to 35 km and
2.5 km thick from 35 to 55 km. Each atmospheric
laver is divided into sublayers which have an optical
depth. mcluding scattering and absorpuion, of less than
0.02. There may be as many as 500 sublayers
depending upon the total optical depth of the

o Ly




atmosphere. The Gauss-Seidel iterative scheme is used
to solve the radiative transfer equation to obtain the
radiative intensity at increments ot 6 in the local
cenith angle at each level. Components of the radiative
mtensity are then integrated over the upper and lower
hemispheres to obtain the diffuse fluxes.

The absorption cross sections were derived from a
variety of sources described in Gelinas (1974). The
vertical profiles of temperature, pressure. and oxygen
concentration  correspond  to  the US.  Standard
Atmosphere (1962). and the concentration profiles for
O, and NO, were derived from transport-kinetics
caleulations.

Ihe two cases considered are N()\ injections (as
NO,) at 17 or 20 km at the rate of 2000
molecules em?=s  uniformly  distributed  over  a
I-km-thick  layer This  injection  rate 2.5
X 1012 gvear) corresponds to that of a fleet of
several  thousand  supersonic  transports  (Grobecker
et al. 1974). The stratospheric column densities of 0,
and NO, for each of the three cases are shown in
Table 6. The unperturbed O, profile corresponds to

Table 6. Stratospheric column densities (above 13
km) for O, and NO,

(molecules/cm?)

Case 0y NO,
Unperturbed 7.92x 10'8 4.06 < 101°
17-km injection 7.50 x 1018 5.43 1013
20-km injection 7.03 « 10'8 6.80 « 1019

0.305 atm+cm of O5. The 17-km injection corresponds
(by model calculation) to a 5.3% reduction in

stratospheric O and a 33.77 increase in stratospheric
NO,. whereas the 20-km injection corresponds to an
11.2% reduction in O, and a 67.5% increase in NO,.
In cach case. the fractional change in the NO, column
density 15 approximately six  times the ﬁxh'lnmul
change in the Oy column density.

For each of the three sets of concentration profiles,
O, and NO, solar absorption rates were computed for
values of the solar zenith angle 0 ranging from 0" to
78" and values of the surface albedo a_ ranging from
0 to 1. For the unperturbed case. the stratospheric
O, absorption ranged from 2957 (0= 0, a 0)

to 7.23% (0

8. a 1) of the incoming solai
radiation. For the unperturbed case. the stratospheric
NO, absorption ranged from 0.072% (0 = 0 . 4 0)

s

to 0.365% (0 = 78", ay 1) of the solar radiation
incident at the top of the atmosphere. This result
verifies that the solar absorption by NO, is normally
only a small fraction (0.024 1o 0.050) of the solas
absorption by 0O,

The ratio of “the increase in strat spheric solar
absorption by NO, (with respect to the unperturbed

case) to the decrease in absorption by Oy is given in

Table 7. The ratio of the increase in N02 absorption
to the decrease in 03 absorption for a
surface albedo of 0.25

Solar zenith angle

Case 0 30 60 78
17-km injection 0.38 0.40 0.45 0.50
20-km injection 0.35 0.37 0.41 0.47

Table 7 tor sclected solar zenith angles and a surface
albedo of 0.25. This ratio varies significantly with solar
senith angle but only shehtly with surface albedo. The
ranges of this ratio tor the 17- and 20-km injections
indicate  that the crease in NO, absorption
significantly compensates (30-507%) for the decrease in
O5 absorption.

“The change m stratospheric composition increases
the solar radiation transmitted to the troposphere.
resulting in increased tropospheric  heating. More
radiation is scattered upward from the troposphere and
a larger traction of this radiation escapes to space
because  of  the increased  transmission  of  the
stratosphere. This leads to an increase in the planctary
albedo and a decrease in the net solar heating of the
atmosphere/earth system. An analysis of the perturbed
solar radiation budget for the 20-km injection case is
shown in Fig. 13 for a solar zenith angle of 60°. The
increase i stratospheric  absorption by NO,. the
increase in tropospheric heating, and the increase in
radiation lost to space combine to equal the decrease
in stratospheric absorption by O,. The relative mag-
nitudes of these various components vary with surface
albedo. For small values of surface albedo. most of the
net decrease in stratospheric heating goes into in-
creased tropospheric  heating.  For large values of
surface  albedo. most  of the net decrease in
stratospheric heating is lost to the system as radiation
scattered to space. The increase in NO, absorption is
approximately a constant fraction of the decrease in
O, absorption for all values of surface albedo. as was

previously  mentioned.
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Fig. 13. Calculated decrease in stratospheric absorption by
O, (upper curve) and the three components that make up
this quantity as a function of surface albedo. This example
is for the 20-km injection case and a solar zenith angle of
60 .

Although  perturbations to  the stratospheric
composition due to NO_ injection lead to increased
solar heating of the troposphere. it does not necessarily
tollow that these perturbations cause an increase in
surface temperature. Perturbations to the fongwave
(IR) radiation budget must also be considered when
computing changes in surface temperature. Because of
the reduction in solar heating of the stratosphere. the
stratospheric temperature will decrease. This reduction
in emitting temperature combined with the reduction
m ozone concentration results in a decrease in the
downward longwave radiative flux entering the

24 EFFECT OF NO PHOTOLYSIS ON NOV MIXING RATIOS

It has been suggested that the only significant sink
for odd nitrogen in the stratosphere is through
transport of HNOy to the troposphere. As a result.
it NO were to be injected in the middle or lower
stratosphiere. the change in odd mtiogen (NO, = NO
+ NO, + HNO, + N) mixing ratio above the height
ot ln;ccnnn would be nearly constant (National
Academy of Sciences 1975b, pp. 114-119).

Photolysis of mtnc oxide and the subsequent
reactions of mitrogen atoms with nitric oxide act as

20

troposphere. This cooling effect tends to counteract
the increased solar heating of the troposphere.
Ramanathan et al. (1975) found that the longwave
effect dominates the solar effect for global mean
conditions. Using a radiative-convective model and a
perturbation similar to the 20-km injection case, they
computed a change in surface temperature of -0.1 K.

At biologically important wavelengths
(280-320 nm), solar absorption by NO, has only
a small effect on the amount of solar radiation reaching
the carth’s surface. ln this spectral region the optical
thickness of O is several orders of magnitude greater
than the optical thickness of NO,: thus the flux of
UV-B radiation incident at the earth’s surface is much
more sensitive to changes in O, column density.
Neglecting solar absorption by NO, leads to a shight
overestimate of the biological effects from strato-
spheric injection of NO_. For the 17- and 20-km
injection cases considered, neglecting solar absorption
by NO, caused the change in UV-B radiation at the
earth’s surface to be overestimated by 2%.

The fact that a significant fraction of the decrease
in net stratospheric heating is lost to the system as
radiation scattered to space has tmportant implications
for radiative equilibrium models and climatic models
dependent on radiative energy balance czlculations.
The effect on  planetary albedo of changes in
atmospheric  composition  must  be included 1o
accurately  compute the perturbed solar radiation
budget. Not including the albedo effect may even lead
10 predicted changes in surface temperature of the
wrong sign (Ramanathan et al. 1975). The effect of
solar absorption by NO, should also be included in
these models for case studies involving significant
changes in NO, column density. Other species, such
as water vapor and aerosols, should also be included
in more complete analyses of SST effects. but they
would not affect the qualitative results presented here.

asink for odd nitrogen in the upper stratosphere. This
paper reports an investigation of the importance of this
net NO_ sink by means of a one-dimensional
transport-kinetics model (Chang et al. 1974). In this
model the reactions

No ™ N+ 0,

N + NO = Nz + 0,

N + NO, » N,0 + 0




b

g,

provide a chemical sink for odd nitrogen in the upper
stratosphere. Using the Chang (1974) eddy diffusion
profile. a parameterization of NO photolysis as shown
by Cieslik and Nicolet (1973). and the chemical
reactions used by Duewer et al. (1976), we carried out
the tollowing experiments:

I. We computed an ambient NO_ mixing ratio
and a perturbed NO_ mixing ratio due to an njection
of NO at a rate of 2000 molecules/cm”s in
a l-km-thick layer centered at 17 km using our
standard  chemistry (with the rate constant for OH
+ HO, > H,0 + O, equal to 2 X 101 em? /). we
then \:*pc;xtcx_l the caleulation with the rates of the NO
photolysis sink set equal to zero.

2. Both of the above sets of calculations were
repeated  for the Hunten eddy dittusion profile
(Climatic Impact Committee 1975, p. 42) and for the
Crutzen eddy diffusion profile (Crutzen and Isaksen
1975).

The NO_ mixing ratios resulting from the above
calculations are given in Fig. 14. A comparison of the
results with and without the NO photolysis sink
implies that this sink for NO_ 1s responsible for both
decreasing {NO_| at all altitudes and for a decrease
in NO_, mixing ratio with altitude above about 30 km.

It is worth noting, however. that for the perturbed
cases the changes in mixing ratio are not constant with
altitude even when the photolysis sink (the only
chemical sink for NO_ in the model) is removed. This
is a result of a change in the net rate of the “natural™
production of NO_ from the reaction

N,0 + o('D) ~ 2No.

This source term changes because the ozone
concentration changes. The ozone reduction leads to
a decrease in O('D) concentrations at high altitudes
where the proportional change in solar tlux is less than
the change in ozone concentration, and an increase n
O(' D) at low altitudes where the change in solar flux
density more than compensates for the change in
ozone. The changes in N, O (because of altered solar
flux) are relatively minor. The net change in the
production of NO_ from O( D) + N, O m the model
with NO photolysis suppressed is given in Fig. 15 for
the three diffusion profiles.

The net changes in the ozone column for the above
calculations are given in Table 8. In examining the
ozone reductions it should be noted that the rate
coelticients used in the current calculations are the
recommended  values from Hampson and  Garvin
(1975). with 2 x 107! em3 s for OH + HO, . Thus.
there are numerous minor changes and one major
change in the rate coefficients used here compared to

those used to generate the CIAP findings (Grobeckes
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Fig. 14. Plots of calculated ambient NO_ - mixing ratio
(ambient) and changes in NO_ mixing ratio (ANO ) after
a 17-km NO_ injection as described in the text. Solid curves
are calculations with the normal model, dashed curves are
calculations with the NO photolysis sink suppressed.

et al. 1974). Although omission of the N atom sink
for NO_ makes a very substantial difference i the
NO, mixing ratio above 30 km. it causes only a minot
increase in the percentage ozone perturbation tor NO
injections. This results because both the ambient and
perturbed NO_ mixing ratios are reduced by the sink.
The ozone perturbation is more strongly affected for
the Hunten protfile. which was used in the formula
developed by NAS (National Academy of Sciences
1975b. p. 42). than tor the other diftusion profiles

considered.
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to an NO injection. We find that the stratosphere is
substantially less sensitive to chlorofluorocarbons when
the N atom sink is removed from our model than when

1 The effect of the N atom reactions on the O,
response of the model to a ('IU\ injection Is opposite
in sign and larger than their etfect on the O4 response
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— K_ profiles:
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§ Change 1in K*NZO*O( D) — molecules/cm™«s
Fig. 15. Calculated change in the odd nitrogen production rate in models with the NO photolysis sink suppressed. “
3
b
5 Table 8.  Ozone columns (molecules/cm?) and percent deviations
: Chang K, Hunten K, Crutzen K,
Normal, ambient 0 7.4334 x 1018 7.4627 x 1018 74437 x 1018
Normal, 17-km NO source 7.2920 « 10'8 6.9644 x 10!8 7.3459 % 10'8
A0, -1.75% -6.687 1.31%
No N atom, ambient Oy 7.2752 x 1018 7.148 x 10'8 7.1165 » 10'8
No N atom. 17-km NO source 7.1467 x 1018 6.630 % 10'8 7.0195 « 108
A0, 1.77% -7.25% -1.367%
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it is included. A model that computed a 0.51%
reduction in ozone due to chlorotluorocarbons in 1976
using our full chemistry computed only a 0.30% ozone
reduction in 1976 when NO photolysis was neglected.

This effect occurs because the reaction
NO + ClO - NO, + CI

reduces the efficiency of both the chlorine and NO_

25 OTHER INVESTIGATIONS USING THE 1-D TRANSPORT-KINETICS MODEL

Transient Effects in the Transport-Kinetics
Model

When the time-dependent response of the LLL

one-dimensional model to a constant NO_ injection is
computed. there is an initial period when the model

computes an increase or very slowly growing decrease
in total ozone. An initial increase in total ozone is
obtained when the rate of the reaction of OH with
HO, is taken to be near 2 X (ol em/s (model A.
described earlier in Sec. 2.1) and the injection altitude
is 17 km or less.

This behavior arises because, in the region below
about 20 km, a local increase in .\'()\ results in an
increase in the local concentration of ozone in that
model, and it the injection altitude 1s much below
20 km. ozone is increased. until injected N()\ is
transported up into the region above 20 km where it
causes ozone destruction.

The increase in ozone at lower altitudes results from
a combmation ot three Tactors. Given the rate
coefticient used. the most important of these (in terms
of the total ozone column) is the interference in H()\
cycle destruction of ozone caused by NO_. The
intimately related methane smog reaction has a similar
effect. and 1s the major source of the tropospheric
ozone increase. The effect of high altitude reductions
in ozone on the radiation reaching the lower
stratosphere  results i an increase  in lower
stratospheric ozone at later times. but has little effect
on the carly transient behavior

The LLL treatment of methane oxidation uses the

following reactions

CH; + OH = H,0 + CH,,
CH, + O('D) ~ OH + CH,
0,,
CH, —= + 2HO, + CO (assumed to accur
;;up-ull_\ ). i
This shortcut mechanism yields roughly the correct
imount of HO, production while underestimating O

ozone destruction  cycles, and the effect ol this
reaction s especially dependent on the NO_ mixing
ratio above 35 km.

Thus, although models of the effects of NO_
mjections on the stratosphere are not very sensitive
to the NO photolysis sink for NO_, inclusion of this
sink is quite important for models of the effects of
chlorofluorocarbons in the stratosphere. Indeed. the
concentration of NO above 35 km is an important and
poorly validated quantity in current models.

production by about one-third. It avoids an increase
in the number of species. and produces significant
errors only in the troposphere. which is controlled by
boundary conditions in any case.

The transient behavior caleulated using the Chang
(1974) eddy diffusion profile (Fig. 2) for a 17-km
injection of .\'()\ at a rate of 2000 molecules/cm”+s
in a I-km-thick layer is illustrated in Fig. 16, and the
transient behavior for a 10-km N()\ injection of equal
magnitude is illustrated in Fig. 17. The references to
branch 1 or branch 2 concern the assumed products
of NO; photolysis. In caleulating the curves labeled
branch 1. NO, photolysis was assumed to yield NO
+ 0,.and in calculating those labeled branch 2.NO,
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Fig. 16. Calculated change in the total O, column vs time
as a result of an NO_ injection  fas NOJ) of 2000
molecules cm™ *s in a I-km-thick layer centered at 17 km.
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N t O were the assumed products. Figure I8 presents
2 4 —— Y T T i the altitude-dependent change in ozone concentration
b after 0.2, 0.8, 2, 5, and 10 years for the 10-km NO,
e R : 56 assuming branc
= Model A, 10-km injection mnjection assuming branch 1
g The results  described here are of  qualitative
= 3{* significance. They are sensitive to the choice of poorly
= known rate constants, and are expected to be quite

L £ \\ sensitive to the eddy diffusion profile. The greatest
= /! N\ uncertainty is associated with low altitude injections
| AS \\ 1 of NO_. Thus, the qualitative results should be treated
Lo ~ _Branch 2 cautiously.
= i
= o o . “ w8 o
= T — New Eddy Diffusion Coefficient Profile
o 2 . <
ol Branch 1 A new vertical eddy diffusion coetficient profile has
= been derived for the 1-D transport-kinetics model. This
3 profile was designed to improve the fit with methane
+ 0 i { . i ' and  nittous  oxide  measurements  in - the  upper
S~~~ X W) =

- 0 9 4 6 3 stratosphere. It was necessitated by the requirement
C<>[ for improved representation  of  transport in
Time — years the upper  stratosphere where the distribution ot

chlorofluoromethanes becomes important. The new

Fig. 17. Calculated change in the total O column vs time eddy diffusion coetficient profile (shown in Fig. 19)

\ as a result of an NO_ injection (as NO,) of 2000 provides  for increased transport in  the upper
molecules'em” s in a F-km-thick layer centered at 10 km. stratosphere.
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Fig. 18. Calculated change in ozone concentration vs altitude after 0.2, 0.8, 2, 5. and 10 years for the 10-km NO - injection
of by V7
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Effect of CIONO, in the Stratospheric Model

The effect of adding CIONO, to the 1-D
transport-kinetics model is shown in Table 9. The

T E b T LY el
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Vertical eddy diffusion

coefficients — cm2/s

Fig. 19. New vertical eddy diffusion coefficient profile
(Chang 1976) compared with the previously used profile
(Chang 1974).

actual reaction rate for formation of CIONO, is
unknown at present, but preliminary measurements
(Kaufman 1976, Birks 1976, DeMore 1976, all private
communication) hav: indicated the rate coefficient is
between 0.05 and 0.1 times that for formation of
HNO,. Case O refers to the model without CIONO,.
In case 1 the CIONO, production rate was assumed
to be 0.1 times that of HNOj. and in case 2 the
CIONO, production rate was assumed to be 0.05 times
that of HNO;. A reaction rate of 2 X 1013 cm?3/s
(Davis 1976, private communication) was used for the
CIONO, + O(3P) in cases 1 and 2. The photolysis rate
calculated in the model for CIONO, includes the re-
cently revised absorption cross sections from Spencer.
Molina, and Rowland (1976), and the new Chang
diffusion profile (Fig. 19) was used in all calculations.
As seen in Table 9. the effect of CIONO, is to
reduce the effectiveness of the ClO released by the
chlorofluoromethanes by approximately a factor of 2.
With constant production of the chlorofluoromethanes
at 1973 levels, the ozone reduction by the year 2176
changes from 13.68% without CIONO, to 7.477% for
case 2 which has CIONO, produced at 0.05 times the
rate of HNO5. In the model. the effect of CIONO,

Teble 9. Percent change in total ozone from ambient atmosphere {containing CCI4 and CH3CI) due to

chlorofluoromethanes

2176 (constant production

1974 1976 at 1973 levels)
Case 0 (without CIONO,) 0.61 0.86 13.68
Case 1 (with CIONO, = 0.1 HNOS) 0.23 0.30 487
Case 2 (with CIONO, = 0,05 HNO;) 0.38 0.51 7.47
Case 2 (with CIONO, and rate change):
OH + HO, — H,0 + 0, 0.02 0.03
@ x 10t 2 x 1019
Cl+ 0y - Clo+ 0, 0.43 0.59
2.97 x 101! 23T, 1 g5 « 101
o + 0 - Cl+ 0, 0.38 0.53
(3.38 x 1011 75T, 53 ¢ 1011
€O+ NO - Q1+ NO, 0.40 0.55
.13 x 10711 200, 5 o ol
Clo+ CHy 0O+ CHy 0.41 0.56
G4 x 1013 VT, 56 « ot 1790,
OH + HCI 1,0 + (I 0.33 0.45

2.0 » 10712 30T, 54 (12 410T,




occurs primarily below the altitudes of importance for
the ClO catalytic cycle. The peak concentration of
CIONO, occurs at approximately 25 km. At this
altitude. the effect of CIONO, is primarily to reduce

the available NO_ (for the NO_-O5 cycle) in a region
where O3 removal is dominated by NO_ . thus
compensating somewhat for the reduction of ozone
oceurring above due to C1O_ . The peak concentrations
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ot CIONO, for both cases 1 and 2 are less than the
upper limit of 107 molecules/cm? given by Murcray
(1976).

Also shown in Table 9 is the effect of varying the
same six o reactions discussed above when CIONO, 1s
included in the model. The rates shown in parentheses
indicate the rates normally used in the model (on the
left) and the rates used to test the model’s sensitivity
(on the right). Whereas changing the rate coefficient
for OH + HO, from 2 X 107' 10 2 x 10710 em3/s
had reduced the effectiveness of C10_ by a factor of
3.1 without CIONO,. the ettect with CIONO, is to
reduce the change in total ozone by a factor of 17
(from 0.517% to 0.037) for the vear 1976. This
increased sensitivity is attributed to CIONO, tying up
NO_ in an atmosphere where Oy is prcd-nmmunll\
controlled by NO_ when OH + HO, is 2 x 107"
cm” /s (this rate will reduce the OH available to react
with NO, to produce HNO;. resulting in increased
NO and NO, levels relative to when the rate is
2 X 1w

Diurnal calculations have also been carried out for
the model containing CIONO, . The diurnal variations
of ClO and CIONO, after the 12th day (starting from
the constant-sun model results) are shown in Fig. 20.
The diurnal calculation shows less diurnally averaged
CIONO, as compared with
constant-sun calculation (see crosses in Fig. 20). This
is due to conversion of some of the CIONO, to HCI
through the diurnal vartation ot NO_ and ('l()\_ species.

values  from the

Effects of Oy 3 o'p) + O, Quantum Yields Near
Threshold

In comparing our model results with similar results
from the Michigan and NCAR groups. we found that

26 COMPARISON OF MODEL RESULTS WITH OBSERVATIONS

Catalytic Destruction of Ozone

We have been collecting observational data believed
to have a bearing on the validity of the catalytic
destruction of stratospheric O4. The data qualitatively
confirm the current theory for short-period responses
of Oy at levels above 30 km to polar cap absorption
events (PCA’s) and changes in solar flux. Above 30 km
the stratcsphere is in photochemical equilibrium, and
ozone should be controlled by photochemistry in this
region. The data reveal that dynamics may be the
dominant  controlling  process affecting  long-term
trends in ozone below 30 km. ‘

Specific examples of  differences between model

the LLL model vyielded about halt  the total
stratospheric NO_ contained in the other models. The
reason  was that the other modeling groups were
assuming a unit quantum yield tor OC D) production
from ozone photolysis at wavelengths shorter than
310 nm and  zero at  longer  wavelengths  (as
recommended by Hampson and Garvin 1975). whereas
we were using the formulation

O Dy | ! for A < 305 nm,
1+ CIA 303)/1.6
. |
OC D) = —————— for 305 < A < 330 nm.
|+ oA 303)/4.8

which was recommended by Johnston (1973). Use of
Johnston’s expression reduces the lower stratospheric
()(ll)) production by about a factor of 2 relative to
the 310-nm step function and accounts for most of
the differences in NO_ between the LLL model and
the other models. Because an abrupt threshold is
theoretically unlikely and seems incompatible with
recent results, we believe the form of expression used
in our model to be superior to the 310-nm step
function. However, we recognize that the temperature
dependence and  precise  value  of o('D) in the
300-to-315-nm

expression used is  significantly

range is quite uncertain. Thus the
uncertain.  The
sensitivity of stratospheric NO_ to an incremental NO
njection iy fairly sensitive to the ambient NO_
concentration (in an atmosphere with doubled NO,
the response of total ozone in model A to a 17-km
NO_ injection changed  from a base case 1.75%
decrease to a 1.35% decrease). Also. depending on the
importance of chlorine nitrate. the response of ozone
to a source of stratospheric chlorine may be quite
sensitive to the ambient NO_ concentration.

results and observational data are cited below. These
differences  reveal arcas  where we  have  limited
understanding  about the processes  that may  be
affecting  ozone.  Further research 1s needed  to
satistactorily explain these differences.

I. 05 and nuclear tests. Since 1962, total Oy has
increased to mean levels higher than observed before
atmospheric nuclear testing. Consequently  catalytic
destruction of ozone by NO_ generated during nuclear
tests could not be the only controlling mechanism
affecting ozone during this period.

2. 0, and PCA’s. There is no apparent dose
response relationship cither in terms of the relative
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intensities of the PCA’s of 1959, 1960, 1966, and 1972
or in terms of the colatitude of the O, data.

3. Correlation of O with sunspots. One method
i which ozone might be affected by solar activity
adopts the following argument (Ruderman and
Chamberlain 1975): An increase in sunspot activity
= increased solar wind — decreased cosmic ray flux
into the upper atmosphere = decreased NO production
= increased ozone. This theory is not consistent with
the observed variations of total ozone. O oscillations
decreased in amplitude as the sunspot amplitude in-
creased up to 1969. Total Oy increased trom a peak
sunspot maximum of 1957 to the very low sunspot
maximum of 1969, Before 1954, O oscillations
lagged sunspots by about three years: after 1963 the
vartations appear almost i phase. Oy amplitudes
exceed amplitudes computed from the Ruderman and
Chamberlain (1975) theory by about tenfold. There
are rather large hemispheric differences in the apparent
1 I-vear oscillations in O

4. Seasonal changes in total O,. The area with

the best long-period O data. Western Europe. shows
between 1955 and 1970 a 14% increase in winter Oy
and only 4% m summer O5. This suggests processes
other than photochemistry .
S. High O; mixing ratios in polar night. Heath
(1974) reported BUV observations of a 4-mbar O,
mass mixing ratio of 23 ppm at 70 N on 2 January
1971. 447 above the maximum of 16 ppm normally
observed in the tropical stratosphere. Unless the high
Oy measurement is due to instrument difficulties. this
|\~|ughl_\ suggestive of a nonphotochemical Oy source
not included in any current models. [

6. Total Oy following Agung eruption. Uniform
global mixing of the estimated 1-MT stratospheric
injection ot Cl is computed (Ryan and Mukherjee
1975) to cause a decline in total Oy of approximately

30
T 20
(0 i —
O+
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o =
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5%. 1f the bulk of the Cl from Agung remained in
the southern hemisphere as did the bulk of the Agung
dust. even larger changes in Oy should have occurred
there. Oy observations show. it anything. an increase
in total '()z tollowing the eruption.

Due to the sparseness and possible unreliability of
somie of the data, most of these differences cannot
be resolved at the present time. We have indicated,
however. several areas in which more data of a reliable
nature would be very helpful.

Effect of Sudden Stratospheric Warmings
on Global Ozone

To simulate and facilitate further investigation of
the possibility that varation i the global ozone
amount is caused by sudden stratospheric warmings
(SSW’s). observed SSW's were tabulated by year. date.
and measure of intensity. It was noted that in the
winters having major SSW's (1962-63 and 1967-68),
total O5 not only rose to higher levels sooner but also
remained above the minor SSW winter of 1966-67
throughout the following spring and summer. The data
since 1955 indicate that a minor SSW is the normal
situation in the northern hemisphere and only the
major  warmings are  abnormal. One can then
hypothesize that the O trend since 1958, down until
1962 and up since 1963 is due to major SSW's alone.
This would also explain why the trend in the southern
hemisphere appears to be much weaker or even
reversed. since fewer and weaker SSW's occur in the
southern hemisphere. Christie’s (1973) Oy analysis fits
this hypothesis very well, as shown in Fig. 21. where
the years with major SSW's have been circled. The fit
with O; trend analyses of others is not so good. but
this 'J[‘;pC:lrh to be a problem plaguing all current
theories. Later analysis suggests that late-season major
SSW's culminating after the end of January have little
effect on mean annual O for the following year. e.g..
the major SSW of 19 January through 6 February
1957, Admittedly. some of these arguments are
speculative. but it is hoped that these ideas will
stimulate further research and exchange of ideas which
might clarity this possible climatic mechanism.

Fig. 21. Time series of annual mean values of ozone
deviation.  Circles indicate  years with major sudden
stratospheric warmings. (After Christie 1973.)




2.7 POSSIBLE CAUSE OF THE PRE-1970 INCREASE IN OZONE

The upward trend in total Oy in the northern
hemisphere  from about 1957 o 1970 might be
attributable to a change in the general circulation
Those proposing such explanations (e.g.. Komhyi
et al. 1971, Crutzen 1972) have tended to be
nonspecific as to what changes have occurred. since
we are lacking in understanding i1 this area. Fmpirical
deduction seems to indicate that a weakenmg ot the
Hadley circulation and consequently of the exchange
of air between the troposplicre and the stratosphere
would lead to an increase in stratospheric O4. This
conclusion rests strongly on the opmion prevailing
prior to the unveiling of the NO_ catalytic cycle that
the troposphere was the major sink for stratospheric
O5. Current theory is remarkably consistent in showmg
that in the extratropical lower stratosphere. Oy
concentrations are in excess of those predicted by
photochemical  equilibiium. A slowdown
tropospheric-stratospheric exchange would appear 1o
allow more time for Oy in this region to decay to
the photochemical equilibrium concentrations, but
that effect may well be overpowered by other etfects.
A slowdown in tropospheric-stratospheric exchange
also reduces the upward rate of transter of N;O to
the 25-t0-30-km level, where it is oxidized to NO by
O(' D). and allows more time on the way up tor the
N, O to be photodissociated, producing N, rather than
NO. And secondly, since the Hadley cell is driven by
tropical convection which in turn maintains upward
pressure on the tropical tropopause, any weakening can
be expected to allow a lowering and warming of the
tropical tropopause. This in turn would allow a higher
mixing ratio of H,O through the cold trap of the
tropical tropopause.

Thus a weakening of the Hadley circulation with
resultant  slowing of the tropospheric-stratospheric
exchange has at least three consequences. all of which
appear to lead to increases in the stratospheric reservoir
of Oy:

1.~ It reduces the rate of transfer of O5 from the
storage region of the lower stratosphere to underlying
well-mixed  troposphere and - O5-destroying - surface
boundary layer (ie.. it reduces the tropopause value
of the K, of the 1-D model). This should result both
in a reduction in the tropospheric concentration and
surface destruction rate of Oy and an increase in total
O, in the storage reservoir of the lower stratosphere.

2. It slows the upward flux of N, O, thus allowing
more time for photodissociation and reducing the
fraction that is oxidized by 0('D) to form NO. It also
presumably allows more time for operation of the
unknown tropospheric sink, thus assuring that an even
smaller fraction survives to produce NO in  the
stratosphere.

3. It allows @ lowenng and warming of  the
tropical tropopause. which in turn allows a higher H,0
mixing ratio to pass through the tropical lm;mp;u-lw
cold trap and to increase the humidity of the
stratosphere. This i turn ties up a larger fraction of
stratospheric: NO_ - as HNO;. reducing the fraction
capable of attacking O, catalytically.

There  remams  the nagging  problem  that  the
pre-1970 increase i total Oy appears to have been
a phenomienon only of the northern hemisphere while
the Hadley cell is usually regarded as a  global
phenomenon. This s not necessarily an msurmountable
problem. We know that the northern  hemisphere
(winter) Hadley cell is stronger than the southern
hemisphere (summer cell) — twice as strong according
to Reed and Vieek (1969). and almost ten tunes as
strong according to Dutsch (1972)  and that the
topical  tropopauses  of  both hemispheres vary in
untson on an annual cycle, ie.. highest and coldest
in  January and  YFebruary  (pushed up by the
northern-hemisphere  Hadley cell) and lowest and
warmest in July and  August when the weak
southern-hemisphere Hadley cell is operative (Smith
1963). This seems to indicate that the Hadley
circulation and 1ts control of the tropical tropopause
and troposheric-stratospheric  exchange 15 strongly
asymmetric, due presumably to both the distribution
of land and sea and the eccentricity of the carth’s
orbit: the former amplifies latitudinal temperature
aradients  to  strengthen  the northern-hemisphere
Hadley cell, and the latter causes the received solar
flux in January to exceed that of July by nearly 7%.
again strengthening the northern hemisphere cell. Thus,
restriction to the northern hemisphere ot the pre-1970
increase in Oy becomes an additional argument
supporting a rctationship between the increase and the
tropospheric-stratospheric  exchange rate since the
latter and the nuclear test hypothesis are the only ones
proposed which would lead to a hemispheric as
opposed to a global phenomenon.

Finally. it is necessary to establish that there was
a progressive weakening of the Hadley circulation and
a slowdown in tropospheric-stratospheric exchange for
approximately a decade prior to 1970-71. This 1s
attested to by the following evidence.

1. Angell and (1974) found a
S-to-7-mbar/decade increase in tropical tropopause
pressure which appeared to have begun about 1957,
Associated with it was a warming of the tropical
tropopause at Singapore and Gan of approximately
I K/decade, which they suggest ¢ m.aht be related to
the increase in H,O mixing ratio in the lower
stratosphere observed by Mastenbrook (1971) over
Washington, D.C.. between 1964 and 1970.

Korshover
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2. Measurements  of Junge layer stratosphere
acrosols by both airborne collectors and remote sensing
reported a minimum and virtual disappearance of the
laver in mid-1971 (Fox et al. 1973). While the major
thinning of the layer from 1963 to this time has been
related to the Mt Agung and subsequent volcanic
eruptions, the 1971 levels represented a significant
decline over the pre-Agung values reported by Junge
and  Friend. This is even more apparent after
application to the pre-Agung data of the 5-to-6-fold
correction for impactor collection efficiency which
now appears appropriate (Cadle and Grams 1975).
Since gaseous sulfur and particulates. tike all other
material not episodically injected into the stratosphere
(as by volcanoes, ete.). must enter through the Hadley
circulation, the pre-Agung-10-1971 thinning of the
Junge layer suggests a weakening of the Hadley
cireulation.

3. Winstanley (1973) reported for the Sahel strip

of Africa and India a continuing decline in summer
monsoonal rainfall since the late 1920, apart from
a temporary reprieve in the early 1950°s. The recent
drought was the result of the cumulative effects of
a decade of below-average monsoon rainfall with less
and less rain each year through 1970.

Since tropical convection cells penetrating  the
tropical tropopause are likely to decrease even more
than summer ITCZ (intertropical convergence zone)
and monsoonal rainfall in general. Winstanley's data
also indicates a progressive weakening (from about
1957 to 1970) of the Hadleyv circulation and. thus,
of tropospheric-stratospheric exchange,

The above. of course, does not constitute proof. but
does appear to indicate rather strongly that a
progressive 10-to-13-year-long weakening of the Hadley
cell and of tropospheric-stratospheric exchange is
responsible for the progressive northern-hemisphere
increases in total O5 observed up through 1970.

2.8 WORK IN PROGRESS

Temperature Feedback in a Stratospheric Model

Perturbations  to the stratospheric  composition
atfect the stratospheric temperature profile via the
solar and  longwave radiation balance. Changes in
temperature affect chemical reaction rates, which in
turn feed back on stratospheric composition. The
temperature  feedback  mechanism  has  long  been
Jrecognized as potentially important in mitigating
perturbations to the ozone concentration, but it has
only recently been included in stratospheric models.
Barnett et al. (1975) have investigated tlie temperature
dependenye  of  ozone concentration  near  the
stratopause, and they showed that a decrease in
temperature tends to increase the ozone concentration.

In order to investigate the effect of temperature
feedback on the concentration of ozone, LLL's
one-dimensional transport-kinetics model was coupled
to a stratospheric radiative transfer model. The
temperature profile 1s determined using a radiative
equilibrium  caleulation with convective adjustment.
The model includes solar absorption and longwave
interaction by Oy, H,0, and €O, along with solar
absorption by NO,. The techniques adopted for
treating longwave radiative transfer are the same as
those described by  Ramanathan (1974). A band
absorptance formulation is used to treat the 9.6-um
band of O and the fundamental and several weak
bands of CO, and its isotopes in the 15-um region.
An cnnssivity-Iunnulzlllnn is used to treat longwave
radiative transfer by H,0. Solar absorption by O is
treated using the empirical formulation given by
Lindzen and  Will  (1973).  Band absorptance
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formulations are also adopted for treating solar
absorption by H,O and CO,. The empirical
formulation of Luther (1976) is used for solar
absorption by NO,. Solar absorption by O, and NO,
are treated independently because absorption by these
species is weak in the region where their absorption
bands overlap. Solar radiation scattered from the
troposphere is included assuming an albedo of 0.3.

A single cloud layer is included at 6.5 km with 427%
cloud cover as suggested by Cess (1974). The lapse
rate within the troposphere is assumed to be wet
adiabatic (6.5 K/km). and the temperature at the
earth’s surface is specified to be 288 K. The tropopause
height and the temperature profile  within the
stratosphere are computed by the model. The CO,
mixing ratio is assumed to be 320 ppm by volume.

The temperature profile generated by the radiative
equilibrium model is shown in Fig. 22. This profile
is similar to temperature profiles observed at tropical
latitudes. The temperature profile from the . S.
Standard  Atmosphere  (1962). which represents a
midlatitude average, is shown for comparison since this
profile 1s frequently assumed for transport-Kinetics
calculations which neglect temperature feedback. The
unperturbed temperature  profile.  which  we will
herecafter refer to as the “ambient.” is similar in shape

to the standard atmosphere but is a few degrees
warmer above 20 km. The higher temperature is related
to the model-generated ozone concentration. There 1s
excellent agreement  when  the midlatitude  ozone
profile  from the . &
Supplements (1966) is used to generate an ambient
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Fig. 22. Temperature profile derived by the model for
unperturbed conditions compared with the U. S. Standard
Atmosphere temperature profile.

temperature profile. Large-scale dynamical processes
are neglected in the determination of the temperature
profile. The processes have a significant effect on the
temperature  profile  near the tropopause  at
midlatitudes. Including these effects would likely
lessen the temperature gradient above the tropopause.

The model was applied to two perturbations to test
the significance of temperature feedback on ozone
concentration. The perturbations considered were
stratospheric injection of  NO_ and fluorocarbon
production.

Stratospheric Injection of NO_. The effect of
stratospheric  injections  of  NO_ by  supersonic
transports  (SST's) on ozone concentration  was
computed for four cases:

I.  No temperature feedback: U S. Standard
Atmosphere (1962) temperature profile assumed.

2. No temperature feedback:ambient temperature
profile from radiative equilibrium model assumed.

3. With temperature feedback.

4. Temperature feedback without including solar
absoiption by NO,.

The first case is an assumption frequently made in
transport-kinetics calculations. The second case is the
reference  condition  for comparison  with  the
temperature feedback calculation. which is the third
case. The fourth case is included to indicate the
significance of neglecting solar absorption by NO,.
These calculations are not intended to imply the effect

of a particular fleet of SST's since they do not include
the injection of other species such as H,O and SO,.
Once the significance of lcmpcrulurc-Ibcdhuck is
determined for the NO_ perturbation alone (which can
be compared with other calculations), then the case
of temperature feedback with multiple perturbations
will be considered.

The reduction in the ozone column caused by the
stratospheric injection of NO_ is shown in Fig. 23 for
the case with temperature feedback. The NO_ injection
rate as NO, represents a global average value uniformly
distributed over a l-km-thick layer centered at the
indicated altitude. The ozone reduction is a steady
state value obtained from a time-dependent calculation
as it approached equilibrium. Relatively large levels of
injection of NO_ are required to reduce the ozone
column more than a few percent. The ozone reduction
values in Fig. 23 are smaller than previously reported
(Chang 1975) by about a factor of 2 due to changes
in the chemistry. especially the OH + HO, reaction
rate. The reaction rate presently used for OH + HO,
is 2 x 10711 cm3/s. whereas previously we used the
upper limit 2 X 1010 em3/s (Hampson and Garvin
1975).

The ratio of the ozone reduction for each given case
to the ozone reduction with temperature feedback is
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Fig. 23. Calculated ozone reduction vs NO_ injection rate for
17- and 20-km injection heights.

31




shown in Fig. 24 for the 17-km injection. There are
significant differences between the various cases for
small. NO_injection rates. The two cases without
temperature feedback demonstrate the sensitivity of
the calculation to the assumed temperature profile.
The ozone reduction using the U. S, Standard
Atmosphere (1962) temperature profile is as much as
139 greater than for the ambient temperature profile,
the difference decreasing with increasing NO injection
rate.

The ozone reduction with temperature feedback but

by NO,. which is important for the perturbed
slr;m)spl.lcrc. leads to an overestimate of the
stratospheric temperature change and. consequently.
an  overestimate  of the temperature feedback
effect.

The results for the 20-km injection case are shown
in Fig. 25 Although the range of NO_ injection rates
is the same as in the previous figure. the range of ozone
column reduction is much greater. The results are
similar to the 17-km injection case, but the difference
between the various cases is not quite as large. The

ozone reduction with temperature feedback is about
5% less than that with fixed ambient temperature for

without solar absorption by NO, is substantially less
than for the other cases. Neglecting solar absorption
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Fig. 24. Calculated ratio of ozone reduction for a given case to ozone reduction with feedback vs NO_ injection rate for a
17-km injection height. Calculation assumes the NO_injection is uniformly distributed in a 1-km-thick layer centered at the
injection height.

32




I i I i) I W
1.2 20-km injection |
= No feedback — U.S. std.
= temperature
0
© -
o No feedback — ambient
= 1.1+ temperature ~
=
=
-
o)
o o
e Ly

With temperature
feedback

) S S

e

(given case)//

AL
—A\
c>m -
= Feedback without NO2
0.8 —
1 | | L =¥
0 5 10 15 20 25 30
-AO3/O3 (with feedback) — &
| i ol | 1 |
0 2 4 6 8 10 12
9

N0X injection rate — 10

kg/yr as NO2
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small NO_ injection rates, and the crossover occurs
near 147 ozone reduction.

Fluorocarbon Production. The natural atmosphere
for these calculations contained HCI with an assumed
mixing ratio of 107 by volume at the earth’s surface
and a constant CCl, flux at the surface. The
fluorocarbons CFCly and CF,Cl,y were introduced at
the surface starting in 1950 and running through 1975
based on  world fluorocarbon production data
(McCarthy 1974). The computed reduction in the
ozone column resulting from the atmospheric release
of fluorocarbons during this period of time is shown
in Fig. 26.

The reduction in the ozone column at the end of
1975 is 0.627% for the case with temperature feedback.
The ozone reduction for the fixed-temperature

calculation using the ambient temperature profile is a
factor of 1.09 greater than for the case with
temperature feedback. With the (. S, Standard
Atmosphere (1962) temperature profile, the ozone
reduction is a factor of 1.18 greater. As in the case
of NO_ injection. the results are sensitive to the
assumed temperature profile for the fixed-temperature
calculations. and temperature feedback significantly
mitigates the ozone reduction. Temperature feedback
reduces the maximum percentage change in ozone,
which occurs near 40 km. The maximum change in
absolute concentration occurs at 28 km.

Summary of Temperature Feedback Investigations.
The effect of temperature feedback on  ozone
concentration  has  been investigated for  two

perturbations  to  the atmospheric  composition.
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Temperature feedback was found to have a similar
effect for both the stratospheric injection of NO_ and
fluorocarbon production. In both cases temperature
feedback had a 5-107 restoring effect on the ozone
column  for small  ozone reductions.  Comparing
calculations based on either fixed-temperature profiles.
temperature  feedback, or temperature feedback
neglecting solar absorption by NO, revealed these
additional important points: )

1. Fixed-temperature  calculations —are  quite
sensitive to the assumed temperature profile.

2. Culculations 0f A04/04 due to NO_ injection
alone including temperature feedback may be as much
as 207 less than those using the U. S. Standard
Atmosphere (1962) temperature profile.

B

3. Calenlations that neglect solar absorption by

NO, signi _antly  overestimate the effect of

temperature feedback for perturbations involving NO
injection.

As the chemical Kinetics and transport models of

the stratosphere continue to improve in detail, the
effects due to temperature feedback will become
increasingly important and must be considered in any
assessment  of  potential  perturbations  to  the
atmospheric composition.

Variation of Tropospheric Minor Species
We are examining the latitudinal and diurnal
variations of tropospheric minor species with particulas

attention to OH. This is an initial effort to mmprove
the transport-kinetics model’s capability to treat
tropospheric residence times for modeling of aircraft
injections and also  for possible  replacement
chlorofluoromethanes in aerosols and refrigeration.
According  to  model calculations.  most ot the
tropospheric OH is contained within the tropical
region (+30° latitude). Diurnal calculations indicate a
sinusoidal vartation in the daytime concentration of
OH at tropospheric altitudes, with the maximum
concentration occurring at noon. Very small nighttime
OH concentrations are predicted.

Since the HO_ species (OH. HO,. and H,0,) have
very short lifetimes in the troposphere (on the order
of a few seconds for OH and 10* seconds for HO_
as calculated by the model), it is possible to calculate
the altitudinal and latitudinal variation of OH in the
troposphere with the 1-D model without considering
horizontal transport. The primary formation of OH in
the  troposphere  comes  through the reactions
0('D) + H,0 and O('D) + CH,. while the loss of
OH is controlled by OH + CO and OH + CH,. Profiles
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Fig. 26. Calculated change in ozone column duc to fluorocarbon production between 1950 and 1976.

34




Y

'
1 |
O | | / \ i
1.3
e
o2
8- 1.0
1125
.
=
x (Y
|
= 2
o
=
2
—
2
Z
3
2
4
i
/5
0 | |
60° 40° 208 0
N Latitude S
Fig. 27. Diurnally and scasonally averaged values of OH concentration vs latitude and height in the troposphere. Contour values
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of temperature. H,O, (‘HJ. CO. and Oy (through Table 10. FEstimated tropospheric chemical lifetimes
photaolysis o provide o' D)) were specified in the for some fluorocarbons
model and varicd with latitude according to available Fluorocarbon Lifetime (years)
measurements. The latitudinal distribution of water
vapor was taken from Oort and Rasmussen (1971), the CH;Cl 0.4
O, data are from Dutsch (1969). the temperature CH,C1, 0.2
protiles versus latitude are from Louis (1974). and the CelLi 5
CO data are from Seiler (1974). The model was then 3 i
used to calculate the diurnal OH concentrations for CH 3 Br %3 v
vartous seasons and latitudes. A comparison of these CH,ECI 0.5
4 calculations  with  the available  measured OH . :
(III‘Z(I 4.6
distribution derived from the model is shown in Fig.
27. As indicated above, 717 of the tropospheric OH CHECL, 0.7
is contained within the band 30°S 30 N. CHLCF (1 7.1
i The derived O concentrations were used to cacl 6.3
! . 5
determine the tropospheric chemical lifetime for a 274
number of fluorocarbon species based on chemical CH;Cly 1.4
t degradation via OH radical. The calculated lifetimes are
: shown in Table 10. The reaction rates for these species
with OH are based on measurements by Davis (1976). important in determining whether their future use will
The tropospheric residence time of these species is lead to an tmpact on stratospheric ozone.
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Model Sensitivity to Tropospheric N, O Concentrations

We have investigated the effect of doubling the
tropospheric N,O concentrations in - our standard
model and in~ models designed to maximize or
minimize the cffect of an N,O increase. We found
ozone decreases of 2.6% (minimum reduction), 7.5
(standard), and 11.2% (maximum reduction) for the
Chang (1974) eddy diftusion profile. Thus, the
response to a doubling of tropospheric N, O was
moderate. and the range of uncertainties was not
drastic.

Nuclear Weapons Sensitivity Studies

The time-dependent response of the model to
massive injections of NO such as might result from
the explosion of hundreds to thousands of megatons
of nuclear weapons was calculated. This work is still
incomplete and will not be described in detail at this
time. However, one significant finding was that a pulse
injection of NO_ in the lower stratosphere comparable
to that expected from a few hundred megatons total
vield using 1-to-3-Mt devices resulted in a transient
increase in total ozone when models Aj. A,. €. C,,
C l or C 4 (described in Sec. 2-1 of this report) were
used. This-s’uggcsls that single test clouds might result
in local ozone increases after a few days. making the
results of such studies even harder to interpret as tests
of theory. We are currently regenerating the coding
necessary to study single clouds.

Two-Dimensional Transport-Kinetics
Model Development

During the last year. numerous changes were made
in the two-dimensional transport-kinetics model of the
earth’s atmosphere. in the mean wind and ecddy
diffusion coefficient data. in the chemical Kinetics
data, and in the various computer codes used to
process input and output data. Numerous runs have
been made to verify the behavior of the transport-
kinetics model, and to verify the transport model by
comparison with experimental data for several passive
tracers. Current work is under way to improve the
accuracy of the latitudinal dependence of photo-
dissociation.

The seasonal average mean wind data of Louis wis
fitted with Fourier series to provide a full global
time-dependent mean wind. The eddy diffusion data
of Luther was modified to improve accuracy in the
stratosphere. Global multipliers were added to allow
modification of the mean wind and eddy diffusion
coefficients. A capability of simulating particulate
settling. using the Stokes-Cunningham tormula. was
added to allow comparison  of the model with
experimental measurements for various natural and
artificial tracers for which particulate settling may be
stgnificant.
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The transport equations were replaced with a new
mass-consistent  formulation. which i1s much better
behaved when the mean wind field is not
mass-consistent, as  when  horizontal  or  vertical
components are modified by the global multiphers. A
variable input parameter was added which allows
choice of any weighted combination of first-order
(upstream) or  second-order  (central)  spatial
differencing to model advection by the mean wind
This allows testing and partial control of the effects
of numerical diffusion and dispersion. An option to
keep concentrations fixed at any selected altitude was
added. The upper boundary condition was modified
to improve stability and avoid negative concentrations
which could result from certain combinations of steep
gradients and wind direction. These changes were
tested n a tracer version of the 2-D model with no
chemical Kinetics and a single passive tracer. with a
variety of runs simulating periods up to three years
and with different initial and boundary conditions.
Stability and accuracy were greatly improved. and
correct steady-state solutions were obtamed for those
cases with known solutions. The tull transport-Kinetics
model was run to simulate a sixsmonth period. with
encouraging results

The tracer code was used to simulate the
distribution of plutozdum-238 released by the burnup
of a SNAP-OA nuclear power source in the stratosphere
in April 1964, which was described by Telegadas
(1968). Various combinations of the particle size and
density were used to model settling. It appears that
settling significantly affected the actual distribution.
and could not be modeled quantitatively with a single
particle size.

The tracer model was also used to simulate the
distribution of excess carbon-14 in the atmosphere
released by atmospheric nuclear tests. The several
simulations began with the measured distribution in
March-May 1963, reported by Telegadas (1971). and
simulated up to three years using various multipliers
for components of the mean wind and eddy diffusion
coefficients. The model-predicted distribution of
excess carbon-14 for July 1964 is shown in Fig. 28.
and the measured distribution is shown in Fig. 29.
Good quantitative agreement was obtained for the
maximum mixing ratio and for the integrated total
load in the whole atmosphere, the troposphere. the
stratosphere, and in the northern hemisphere. All were
within 187 of the measured values. Agreement with
measured concentrations at particular locations was
qualitatively good in general and quantitatively good
at  lower latitudes. The main  differences  were
occurrence of the maximam mixing ratio at about 25
ki instead of 20 km. and concentration contours
displaced toward higher altitudes in the polar regions.




The  best overall agreement  was  obtained by
multiplying  Louis’s mean wind data by 0.5 and
Luther’s horizontal eddy diffusion coetficients by 0.5.
A ditferent vertical profile of the vertical eddy
ditfusion  coefficient  with  smaller  values in  the
stratosphere would probably reduce the altitude error
m the maximum mixing ratio and polar concentration
contours

Fhe wtracer model was also used to simulate ihe
distribution of  tungsten-185, as described in Stebbins
(1961). resulting from a release of about 10 MCi at
I8 km. 10°N latitude, on August 15, 1968. Several
ns  were  made  beginning  with  the  distribution
described tor December 1968, Fair agreement with the
measured  distributions and with Louis’s simulations
was obtained for the first cight months of the

simulation. For longer times, results diverged, probably
due to the lack of a model for rainout of the
tungsten-185 in the troposphere. The best results for
the  first  few months were obtained with
Louiss mean  wind values reduced in halt. The
vertical profiles again indicated that the vertical
eddy diffusion coefficients should be reduced in
the stratosphere.

The full transport-kinetics code is presently being
tested with new chemical reaction rates and a full
annual variation of the solar zenith angie for cach
latitude. Rapid changes in concentrations at  the
boundary of the terminator near the winter pole may
require modifications in the model to avoid the use
of prohibitively small time steps or failure of the
differential equation solver to converge.
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Uncertainties in the Odd Nitrogen Budget of the
Stratosphere

In an effort to improve our understanding of current
stratospheric models, including thenr uncertainties and
limitations, a review was undertaken of the odd
nitrogen budget of the stratosphere as computed by

the models. This review has revealed: (1) an uncertain
consensus that N,O + ()(ll)) is the principal, if not
the only. source of stratospheric NO_: (2) estimates
of the strength of the N, O source published since 1970
vary by more than an order of magnitude (0.2 to 4
X 108 molecules/cm®+s): (3) additional NO_ sources
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which have been proposed include cosmic rays,
downward transport from the thermosphere, oxidation
of NHy (which alternatively may be an NO_ sink).
and upward transport of NO, through the tropopause,
as well as surmised but yet to be identified sources.

Aerosols and the Radiation Budget:
One-Wavelength Versus Full-Flux Calculations

We have compared one-wavelength solar radiation
calculations with full-flux calculations (0.285 to 2.5
pm) in order to assess the limitations and uncertainty
of the results when only one wavelength in the visible
is used. Comparisons were made for a standard
atmosphere  with  tropospheric  and  stratospheric
aerosols. Calculations at 0.55 um greatly overestimate
Mie scattering, but good agreement with the full-flux
calculation has been obtained by scaling the aerosol
optical depth to the flux-weighted aerosol optical
depth.

In the past, assessments of the solar radiative effects
of aerosols have been made using one-wavelength
calculations in the visible spectrum. One-wavelength
calculations have the advantage that they require much
less computer time than the full-flux calculations.
Their disadvantage is that they are less accurate than
the full-flux calculations. I a method could be found
for correcting the one-wavelength calculation, then
extensive calcutations on the solar effects of
stratospheric aerosols could be undertaken at a
reasonable cost.

Two corrections must be made to the
one-wavelength calculation. One correction applies to
the fact that the radiative properties of the aerosol
at the given wavelength (usually 0.55 wm) are not
representaive of the full-flux radiative properties. This
can be corrected to a large degree for weakly absorbing
aerosols by scaling the one-wavelength results for the
changed fluxes by the ratio of the flux-weighted
aerosol optical depth to the optical depth at 0.55 pm.
The second correction applies to the difference in the
solar flux incident on the aerosol. In the case of
stratospheric  aerosols. the total downward flux
incident from above is accurate to within a few percent
of the full-flux value. However, the one-wavelength
calculation overestimates the flux reaching the earth’s
surface. Consequently, the error in the flux incident
on the aerosols from below depends upon the surface

albedo. In the case of tropospheric acrosols the
downward flux and the upward flux incident on the
aerosols are overestimated by approximately the same
factor, so the error is nearly independent of surface
albedo and can be corrected effectively with a constant
scaling tactor

The change in the upward-scattered flux at the wop

of the atmosphere due to a stratospheric acrosol layer
between 18 and 22 km is shown in Fig. 30 as a
function of solar zenith angle and surface albedo. The
solid lines correspond to the full-flux calculation. and
the  broken lines correspond to the scaled
one-wavelength  calculation at  0.55 um. The
one-wavelength results have been scaled by a factor
of 0.75, which is the ratio of the flux-weighted acrosol
optical depth (computed using the total downward
flux at 22 km) to the optical depth at 0.55 um. The
acrosol optical depth is 0.05: a zero-order logarithmic
size distribution (Toon and Pollack 1976) is assumed:
and the wavelength-dependent real and imaginary
indices of refraction are taken from Palmer and
Williams  (1975) for 75% ”2504' The scaled
one-wavelength calculation duplicates all of the major
features of the full-flux calculation (e.g., regions of
increase or decrease in solar heating and the local
maximum). There is very good agreement for small
surface albedo.

The change in the net downward flux at 12 km due
to the stratospheric aerosol layer is shown in Fig. 31.
A decrease in the net flux indicates a decrease in the
solar heating of the troposphere. The calculations show
that this particular acrosol layer can lead to an increase
in the solar heating for small solar zenith angles and
large surface albedo.

The significant variation of the change in solar
heating with solar zenith angle and surface albedo
indicates that global mean calcufations in which a solar
zenith angle of 60° and a surface albedo of 0.3 are
assumed may vary significantly from diurnal average
calculations. Future assessments of the solar radiative
effects of aerosols should take into account diurnal,
latitudinal, and seasonal variations (as well as variations
in surface albedo).

Climatic Effect of Contrails

A series of experiments to test the climatic effect
of increased cirrus clouds due to jet contrails is
currently under way using the two-dimensional climate
model ZAM2. One experiment consists of increasing
the computed cirrus cloudiness at all latitudes by a
factor of 1.2. Gary Hunt at the British Meteorological
Office has performed a similar experiment, and we will
compare our results with his. Results will also be
compared with those from the two-dimensional
COMESA model. which uses a series of latitudinally
arranged one-dimensional radiative equilibrium models
similar to those of Manabe and Moller  (1961).
Another experiment attempts to simulate the global
climatic effect of increased cirrus along a flight
corridor. In this experiment. the cirrus cloud cover
between latitudes 30 and SO°N will be incrementally
increased by 0.10.
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Contours are change in upward flux at 40 km W/mZ
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Fig. 30. Calculated change in upward flux at 40-km altitude as a function of surface albedo and solar zenith angle. Solid curves
are full-flux calculation, dashed curves are one-wavelength (0.55-um) calculation.
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Contours are change in net flux at 12 km W/m2

Surface albedo

Solar zenith angle — degrees

Fig. 31. Calculated change in net flux at 12-km altitude as a function of surface albedo and solar zenith angle. Solid curves
are full-flux calculation, dashed curves are one-wavelength (0.55-um) calculation.




3. FUTURE WORK

Future work will be directed toward further
refinement and application of a variety of specialized
numerical  models  and  supporting  research.
Refinements  which  are  planned  for  the
one-dimensional  transport-kinetics  model include
incorporating the effects of multiple molecular
scattering and surface reflection on photodissociation
rates, incorporating a parameterization of the water
vapor budget into the model, and refining the
tropospheric  chemistry so as to include the full
methane cycle and smog chemistry. The model will
be used for a number of sensitivity studies to assess
the effects of these refinements as well as the effects
of new reaction rates or photochemical pathways as
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data become available. Future perturbation studies will
emphasize multiple perturbations (e.g., NO_ and H,0
with background C1).

The two-dimensional model will undergo further
development  Additional tracer studies are planned to
refine the preseribed transport, and simulation studies
are planned to validate model chemistry.

Calculations  of  the latitudinal  and
variations — of  the  solar effects  of  perturbed
stratospheric conducted  using
concentration generated by the
two-dimensional model. Special studies will be made
using the two-dimensional climate model ZAM2 to
assess the climatic sensitivity to these perturbations.

seasonal

species  will - be
profiles
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