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PREFACE

Since July 1, 1975, Lawrence Livermore National Laboratory (LLNL) has been
participating in the High Altitude Pollution Program sponsored by the U. S.
Department of Transportation's Federal Aviation Administration. This report
describes the major accomplishments and significant findings during the period from
October 1, 1979 to December 31, 1980, for work performed at LLNL under
Reimbursable Agreement DOT-FA79WAI-034. Two major research areas are
covered by this agreement; (1) numerical modeling of the atmospheric response to
stratospheric perturbations, and (2) the processing, archiving, and analysis of
satellite ozone data. Each of these research areas has been divided into a number of
subtasks, and the successful accomplishment of these subtasks has required
contributions and cooperation from many participants. The work reported here
should be considered the collective effort of all those listed below.

On April 12, 1980, our colleague and friend, Dr. William Duewer, drowned
while on one of his frequent family outings to Point Reyes National Seashore to
collect clams, mussels, and shells - a hobby reflecting his earlier interest in marine
biology. Since joining LLNL in 1972, Bill made many significant contributions to
advancing understanding of stratospheric chemistry. In other areas of research, Bill
played a leading role in the development, verification and application of a regional
air quality model capable of simulating the evolution of photochemical air pollution.

Bill's love of chemistry, his trained, almost intuitive, understanding of
chemical kinetics, and his intense desire to determine the reason for everything
contributed to his important research accomplishments. It is tragic that he died just
when his efforts were becoming so widely recognized. He will be long remembered
by his many friends.

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

Numerical Modeling
Julius S. Chang
William H. Duewer
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Annual Report of
Lawrence Livermore National Laboratory

to the FAA on the
High Altitude Pollution Program-1980

ABSTRACT

This annual report documents the progress made on research in support of the
High Altitude Pollution Program (HAPP) between October 1, 1979 and December 31,
1980. The primary research emphases at LLNL are numerical modeling of the
atmospheric response to stratospheric perturbations and processing and analysis of
satellite infrared radiance data to determine global distributions of stratospheric
ozone. The modeling effort at LLNL covers three major research areas: photo-
chemical kinetics, coupled kinetics and transport, and radiative transfer. Tasks
completed during the past year include: comparison of model simulations of
stratospheric composition with observational data, assessments of potential changes
resulting from aircraft engine emissions and other perturbations, ozone trend
analyses, and assessments of coupled perturbations.

The satellite data processing task has three major areas of effort: (1)
radiative transfer and ozone retrieval methodology, (2) data processing, archiving,
and distribution, and (3) data analysis, interpretation, and quality assurance.
Progress in each of these areas is reviewed. Preliminary data from January and
February 1979 were processed for comparison with other data. The retrieval
methodology has been finalized, and regular data processing will begin in early 1981.

1. INTRODUCTION

This annual report documents the progress made on research in support of the
High Altitude Pollution Program (HAPP) between October 1, 1979 and December 31,
1980. Work performed during previous years at Lawrence Livermore National
Laboratory (LLNL) is described in our earlier annual reports (Luther et al., 1976,
1977, 1978, 1979a).

The research effort at LLNL is divided between two major areas of
investigation; (1) numerical modeling of the atmospheric response to stratospheric
perturbations, and (2) the processing, archiving, and analysis of satellite ozone data.
Due to the complexity of the system of governing physical and chemical processes,
theoretical models of atmospheric trace species distributions are essential tools in
perturbation assessment studies related to stratospheric ozone. Models with coupled
atmospheric transport and photochemical kinetics are used to assess the potential
effects of aircraft engine emissions and other proposed perturbations. Potential
perturbations currently under study include NOx and HOx from aircraft engine
emissions, chlorofluorocarbons (CFC), increases in CH 3CCl 3 and N20, and a
doubling of CO 2 . The effect of coupling between perturbations is also investi-
gated. Because significant new measurements of key chemical reaction rates
became available late in fiscal year 1980, the reporting period was extended to
include assessments made with updated model chemistry.

5. 1
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In August 1976, LLNL's participation in HAPP was extended to include a
feasibility study to determine whether good quality total ozone data could be
derived from infrared radiance measurements taken by a multichannel filter
radiometer (MFR) sensor carried aboard a series of satellites operated by the U. S.
Air Force. These satellites are a part of the Defense Meteorological Satellite
Program Block 5D series. The first four satellites in this series carried MFR sensors
from which total ozone data can be derived. The first satellite began transmitting
MFR measurements in March 1977, and MFR data were received from these
satellites until February 1980. These MFR data will be used to determine the
temporal and spatial variability of ozone over this period of time.

The feasibility study was completed in May 1978 with the successful
processing of 20 days of data taken during 1977. The quality of the derived total
ozone data was demonstrated by comparison with corresponding ozone data obtained
at selected stations in the world surface network of Dobson spectrophotometer
observatories. A description of the methodology used and global maps of the total
ozone data for the 20 days are contained in the report by Lovill et al. (1978).

Since completion of the feasibility study, LLNL's effort has been directed
toward archiving and processing the MFR data. Before routine data processing
could begin, an automated data-basing system had to be developed in order to handle
the large volume of data. We have also been evaluating various aspects of the ozone
retrieval methodology and making refinements.

The satellite data processing task has three major areas of effort: (1)'radi-
ative transfer and ozone retrieval methodology, (2) data processing, archiving, and

*2 distribution, and (3) data analysis, interpretation, and quality assurance. Work on
these tasks is supported in part by the National Aeronautics and Space Admin-
istration (NASA).

2. ATMOSPHERIC MODELING

2.1 Model Simulations Compared with Observations

An important aspect of validating numerical model representations of the
physical and chemical processes believed to be occurring in the stratosphere is the
comparison of computed values with data from atmospheric measurements. In this
section, we compare the results from the current LLNL one-dimensional model with
available measurements. The chemistry used in these calculations is that recom-
mended by the NASA Panel on Laboratory Measurements in December 1980 (JPL
Publication 81-3, 1981).

The difficulty in developing a diffusion coefficient (Kz) for one-dimensional

* models that is capable of calculating distributions of all species with long chemical
lifetimes (which compare well with observations) was discussed in NASA 1049
(1979), and this problem still exists. Current Kz's designed to fit CH 4 measure-
ments do not compare well with N20 and CFC data, and vice versa. Because of
this, two different Kz's (see Fig. 1) were used in the LLNL model for the
comparison with observations. The first is the Kz that has been the standard for
the LLNL model since it was developed for the National Academy of Sciences

* report in 1976 (Chang, 1976). The results using this Kz will be labeled with the

2 * ...
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FIGURE 1. Vertical transport coefficients used in LLNL model calculations. The
new Kz profile is used for test purposes.

designation LLNL Kz. The second Kz represents a test profile used in the
LLNL model to better fit available N20 and CFC data. A rigorous approach was
not used in developing this Kz.* It is used here primarily for comparison purposes,
and should not be construed as representing the best possible representation.

In the discussion that follows, emphasis is placed on those species comparisons
with observations most affected by model changes since NASA 1049 (1979). This
discussion is divided into two parts: (1) the long-lived species and (2) the free
radicals and other species having relatively short chemical lifetimes. Calculations

. were made with two different reaction rates for OH + HNO 4 . The slower rate
(8.0 x 10- 13) is based on the recommendation of the NASA Panel on Laboratory
Measurements (1980), and the faster rate (3.0 x 10- 12) is the average of two
recent rate measurements: (4.0 ± 1.0) x 10- 12 by Trevor et al. (1980) and (2.0
± 1.0) x 10-'2 by Littlejohn and Johnston (1980). The slower rate was used in

* the calculations unless otherwise noted.

-' 2.1.1 Long-Lhed Species

Comparisons of one-dimensional model results with observations of species
having long chemical lifetimes are shown in Figs. 2 to 11. The distributions of these
species are individually affected by transport processes as well as by atmospheric
photochemistry. As seen in Fig. 2, the test Kz produces a much better compari-

.! son with N2 0 data of Goldan et al. (1979) than we get using the LLNL Kz.
Similar results are found for CF 2Ci 2 (Figs. 4 and 5), CFC9,3 (Figs. 6 and
7) and CH 3 CL (Fig. 8). However, the comparison with CH4 (Fig. 3) is better
with the LLNL Kz, particularly in the upper stratosphere. It is clear that there is
a need for more data to corroborate the few measurements at these altitudes. The

k.3 ~3
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FIGURE 2. Comparison of computed and observed N20 mixing ratio profiles.

,° CH 4 measurements by Heidt and Ehhalt (see Ehhalt and Tonnissen, 1980) have not
been converted upward based on recent published corrections to their data (Heidt
and Ehhalt, 1980).

While the comparison with observations of CF 2 C9.2 with the test Kz
is quite good, the distribution of CFC9. 3, while closer to that observed with the

" test Kz still does not fall off as rapidly with altitude as indicated by the observed
- data. A better comparison is found with the Schmidt et al. (1980) data at 43 0N than

with the data of Goldan et al. (1979), which has more of e glohal coverage, extend-
ing from equatorial to polar latitudes. Curren' two- imensional models also

*=. compare better with the CF2C, 2 data than with CFCZ3 datp.

The H2 concentrations (Fig. 9) fall off rapidly above 20 km with the new
Kz. In fact, much more rapidly than the measurements of Ehhalt (1978) and
Fabian et al. (1979) indicate. However, H2 is produced photochemically as well as
being destroyed photochemically. Uncertainties in our understanding of strato-

* spheric chemistry may influence the H2 distribution derived, and may make H2
unsuitable for evaluating the usefulness of a particular Kz representation at this
time. Examining the model results with measured CO data (Fig. 10) gives no clear

* indication of which Kz profile produces the better results.

4



80 I I tI I I /

LLNL 1-D Model

70 1980 NASA Chemistry

-LLNL Kz (Chang, 1976)
.60 NewK z ' fast OH + HNO 4

50
EI

400
.C40 0 0

20 r p -- j0  fl

0 0 0
20-

Tropopauet 0 0
10- 40S 320N 40N 520 N 650N

0-

-10 1 IJI I LL I
1.0 1.5 1.0 1.5 1.0 1.5 1.0 1.5 1.0 1.5

,CH 4 mixing ratio (ppmv)

FIGURE 3. Comparison of computed and observed CH4 mixing ratio profiles.

Model calculated ozone concentrations using the LLNL and new test Kz
profiles are shown in Fig. 11. Both Kz's give a reasonable comparison with avail-
able ozone data.

In summary, because only a few upper atmospheric measurements of CH 4
have been made and because of possible uncertainties in both CH 4 and H2
chemistry, it would seem that a slower transport representation such as the test
Kz produces better comparison overall than the LLNL .Kz. However, the
absorption cross sections for photolysis of N20, CF 2C1,2 and CFCZ3 lie primarily in
the region of the 02 Schumann-Runge bands. Because of potential errors both in
the measurements of the fine structure of the Schumann-Runge bands and in the
model representation of 02 absorption in these bands, the photolysis rates of
these three species may be sufficiently uncertain in the stratosphere to make the
best choice of Kz difficult. Although other tracers (e.g., 14C) have been
suggested for developing transport coefficients for the one-dimensional models,
measurements of these tracers are sufficiently poor to make these comparisons
inconclusive. At present, therefore, the development of a single Kz to best
represent global averaged distributions of long-lived trace species remains
subjective.

5.
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FIGURE 4. Comparison of computed CF 2 C, 2  mixing ratio profiles with
observations made at various latitudes.

2.1.2 Free Radicals and Other Short-Lived Species

Comparison of one-dimensional model results with measurements of free
radicals is much improved over NASA 1049 (1979). Changes in model chemistry,
particularly in reducing lower stratospheric HOx concentrations, have, for exam-
ple, resulted in improved comparisons with the C9,O observations of Anderson et

- al. (1980) and with the measured ratio of HNO 3 to NO2 derived from the data
of Evans et al. (1976), Harries et al. (1976), and Harries (1978).

2.1.2.1 HOx species. Comparisons with the few available measurements of OH
* and H02 in the upper stratosphere (Figs. 12 and 13) still remain excellent.

However, in the lower stratosphere where the new chemistry has greatly reduced
concentrations of OH and HO 2, there are no measurements.

2.1.2.2 NOsx . Figures 14 to 18 show comparison of model results with
measurements of NO, NO2 , HNO 3 and HNO 4. While NO and NO2 concen-

- trations are still high compared to some of the published data, the overall
comparison is much better than found in 1979 (e.g., see discussion in NASA 1049 or
Luther et al., 1979). Calculated HNO 3 coneentrations still appear to be too high

" . when compared to observations above 25 km. The HNO 3/NO 2 ratio (Fig. 17) is
much closer to that observed by Evans et al. (1976) near sunset and that observed by

6
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FIGURE 6. Comparison of computed CFC9 3 mixing ratio profiles with obser-
vations made at various latitudes.
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FIGURE 9. Comparison of computed and observed H2 mixing ratio profiles.

Harries (1978) at noon. However, because HNO 3 has a much longer chemical
lifetime than NO2 , it is strongly influenced by atmospheric transport processes.
Therefore, because the measurements of NO2 and HNO 3 may be from different
air masses, any agreement between existing measurements and theory for the ratio
HNO 3 /NO 2 may be fortuitous. Using the cross-sections for HNO 4 photolysis
measured by Molina and Molina (1980), we compute peak HNO 4 concentrations
that are higher than the upper limit suggested by Murcray (1979). However, use of a
faster rate for OH + HNO 4 of 3.0 x 10- 12 decreases the peak HNO 4 mixing
ratio from 1.5 to 1.0 ppb for the chemistry used, but the peak concentration is still
above the suggested upper limit.

2.1.2.3 C9&Ox spie. Figures 19 and 20 show comparisons of model results
with measurements o CLO and HCZ. A much better comparison of the calcu-
lated CLO distribution with measurements is found with the new results than was
previously (i.e., NASA 1049 or Luther et al., 1979). The improved comparison
results primarily from the reduced hydroxyl radical in the lower stratosphere
(destroying less CH 3Ci and CH 3 CCZ3 and changing the partition between Cy +
CU.O and HCi in this region). While the data still suggest a sharper slope in the
lower stratosphere than calculated, the calculated slope is nonetheless much closer
to that measured than was the case with previous results. A possible discrepancy
may exist in the upper stratosphere where the model results suggest a sharper
decrease with altitude than is indicated by the data. More data above 40 km are
needed to verify the concentration profile in this region.

9.
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The model range refers to that reported in NASA 1049 (1979).

A good comparison with the measurements of CL.ON0 2 (Fig. 21) by
Murcray et al. (1979) still exists if the fast rate of C9.ONO 2 formation is used.
Peak concentrations are approximately a factor of three less if the slower rate is
used.

2.2 Potential Changes in Ozone Caused by Aircraft Emissions

The LLNL one-dimensional transport-kinetics model has been used to assess
the potential effects of NOx and H20 emissions from aircraft on the tropo-
sphere and stratosphere. Calculations were made using projected fleet sizes for
subsonic and supersonic aircraft as well as for a range of emission rates at
particular injection altitudes. The details of how emission profiles for the various
scenarios were developed are contained in a previous report (Luther et al., 1979) and
will only be briefly discussed in this report.

In all of the perturbation calculations to be discussed, the "ambient" or
"unperturbed" atmospheric conditions refer to the model-calculated initial state
rather than to atmospheric measurements. The change in ozone calculated for the
perturbation is relative to this "ambient" state.

As mentioned previously in Section 2.1, two different transport coefficients
(Kz) are examined in this report. We use the Kz which has been the standard

12
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FIGURE 15. Comparison of computed and observed NO2 mixing ratio profiles.
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FIGURE 16. Comparison of computed and observed HNO 3 mixing ratio profiles.

(Chang, 1976) at LLNL in recent years and a new "test" Kz, which is designed to
produce a better fit with available N20 and CFC data. The LLNL standard Kz
still fits available CH 4 data better than the new Kz . Many of the potential
atmospheric perturbations examined were calculated with both Kz's.

2.2.1 Subsonic and Supersonic Aircraft Fleets

Modifications to model chemistry since the previous evaluation in Luther et al.
(1979) greatly affects the change in total ozone expected from subsonic and
supersonic aircraft emissions. Table I shows the effect on total ozone at steady
state from NOx injections of 1000 and 2000 molecules cm 3s-1 distributed
over a 1-km-thick layer, centered at the injection altitude for a number of different
altitudes of injection. These injection altitudes correspond to typical flight alti-
tudes of various existing or proposed subsonic and supersonic (SST) aircraft. These
rates of injection are standard values used for comparison purposes and are not
intended to correspond to a particular fleet size.

The results in Table I can be contrasted to the results in Luther et al. (1979),
in which the 17 and 20 km injections of 1000 molecules cm 3S- 1 of NOx
resulted in a change in total ozone of +1.34% and +1.31%, respectively, for the
LLNL Kz. The current results show a change in total ozone of +0.01% and -2.0%,

14
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TABLE 1. The change in total ozone resulting from NOx injections distributed

over a 1-km-thick layer centered at the injection altitude.

Injection NOx injectiona Change in total ozone (%)

altitude rate LLNL Kz "Test"

(kim) (cm' 3s-') (Chang, 1976) Kz

9 2000 +0.5 +0.7
11 2000 +0.8 +1.1
13 2000 +0.9 +1.4
17 1000 +0.01 -0.2

2000 -0.7 -2.1
20 1000 -2.0 -4.2

2000 -5.3 -11.1

a Rate of emission over a 1-km-thick layer centered at the injection altitude; base

model has current level of CFCs.

30
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.- ".O Harries et al (1976, 1978) noon, 44°N

." • I I , , I I

.] 0.1 1 10 100

.%".-, HNO3 /N0 2 concentration ratio

FIGURE 17. Comparison of computed and observed HNO 3 /NO 2 concentration
ratios.
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FIGURE 18. Computed HNO 4 concentration profiles compared with the upper
limit of Murcray (1979).

respectively, for these two cases. In general, the calculated NOx-induced pertur-
bations to total ozone are much less positive than in 1979, and for some altitudes
and injection rates, the perturbations to total ozone have changed sign. As has been
seen previously, the altitude of'injection has a significant effect on the computed
change in total ozone because of the increase in residence time with altitude, and
because of the variation with altitude of the dominant chemical reactions and
cycles. Emissions from subsonic aircraft are still expected to result in a net
production of total ozone.

Figures 22-24 show the local changes in ozone calculated corresponding to
several of the NOx perturbations listed in Table I. The increases of local ozone
in the lower stratosphere and decreases in upper stratospheric ozone still persist,
but with different relative magnitudes than before. However, the importance of the
HOx catalytic cycles in the lower stratosphere has been reduced by the recent
chemistry modifications, particularly due to the rate changes for OH + HNO 3, OH
+ H2 0 2 and OH + HNO 4 , which result in reduced HOx levels in this region.

-- Because of these reduced HOx levels, the positive changes in ozone previously
found in the lower stratosphere due to NOx injections are greatly reduced. Also,
the relative importance of the NOx catalytic cycle in the upper atmosphere has
increased.

Figures 25 and 26 show the change in total ozone column computed as a
function of NOx injection rate for 17- and 20-km injection altitudes. For
injection rates less than 1000 molecules cm' 3s, the 17-km injection results in
a net increase in total ozone. Progressively larger decreases in total ozone were
found for injection rates greater than 1000 molecules Cm -3S-. The 20-km
injection produces a net reduction in ozone for all injection rates. While the change

* in ozone is nonlinear for both the 17 and 20 km injections at injection rates less than
1000 molecules cm's l, both are nearly linear at higher injection rates.
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FIGURE 19. Comparison of computed and measured C2SO mixing ratio profiles.

Table 2 shows the NOx emission rates as a function of injection altitude
that were used to estimate the potential impact of 1990 aircraft fleet emissions. As
with the similar calculations in Luther et al. (1979), these emission rates are based
on the Oliver et al. (1977) high 1990 fleet estimate.

The effect of NOx emissions by subsonic and supersonic fleets projected for
1990 are given in Table 3 and Fig. 27. In 1979, we calculated a net increase in ozone
for the 1990 fleet of 2.0% using the LLNL Kz. The change in total ozone now
found is 1.3% with both the LLNL Kz and new test Kz.

Assessments of potential changes in ozone due to future large fleets of
supersonic aircraft have focused on injection altitudes of 17 and 20 km. In addition
to the NOx injections discussed earlier, we have also reexamined the effect on
total ozone of including both the NOx and H20 injections that would be
expected from supersonic aircraft. We have assumed an emission index of 18 g/kg

17
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FIGURE 20. Comparison of computed and observed HC9, mixing ratio profiles.

fuel for NOx and 1250 g/kg fuel for H20. These are based on current engine
technology. We have also assessed the impact of future advances that may result in
approximately one-third as much NOx being emitted. The effect of the combined
NOx and H2 0 injections on total ozone is shown in Table 4. The effect of
including H20 injections is opposite to that found in Luther et al. (1979). Because
of the reduced relative importance in the ambient atmosphere of the HOx
catalytic cycle and increased importance of the NOx catalytic cycle, the added
water vapor now slightly increases total ozone compared to NOx perturbation
only. For the 17-kn injection, the added water vapor has only a very small effect
(approximately 0.1% change with the new test Kz). For the 20-km injection, the
added water vapor results in a smaller decrease in total ozone (relative to NOx
injection only) by 0.2% for the LLNL Kz and 0.6% for the new test Kz.

Two different estimates for the expected NOx and H20 emissions from a
fleet of 500 Boeing-type supersonic transports are given in the CIAP Report of
Findings (Grobecker et al., 1974). The early estimate, based on Johnston (1971),
assumes 7.5 h/d cruising at 20 km with a fuel flow of 60,000 kg/h and emissions of
1360 kg/h of NOx. The NOx and H20 emissions as a function of altitude
corresponding to this fleet are shown in Table 5 (labeled Case 1). A ratio of 141
molecules of water/NOx molecule is assumed in this case. The other estimate
(labeled Case 2 in Table 5) assumes 4.5 h/d at cruising altitude with a fuel flow of
52,000 kg/h and 560 kg/h of NOx. A ratio of 296 molecules of H2 0 per NOx

18

................... " "' ". "* "- " -...-... '....."--



I II I.I I I

LLNL 1-D Model

CIONO 2  1980 NASA Chemistry

LLNL K2 (Chang, 1976)
New Kz; fast OH + HNO4

4O- Experimental
40 (Murcray et al 1979)

-- ' " 20-

4.

20

10-1 10-10 -

Mixing ratio (v CIONO 2 /vAir)

FIGURE 21. Comparison of computed and observed C9.ONO 2  mixing ratio
profiles.

TABLE 2. Projected 1990 aircraft emissions of NOx (Oliver et al., 1977) (high
estimate) used in this study.

Injection NOx injection rate
altitude total fleet

(km) (molecules cm 3 s )

6 90
7 179
8 265
9 665

10 1167
11 1161
12 520
13 75
14 18a

15 18
16 33

" 17 43
. 18 29

19 8

aEmissions from the projected 1990 SST fleet are included at 14 km and above.
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FIGURE 22. The change in local ozone concentration due to NOx injections of
2000 molecules cm 3s" 1 over a 1-km thick layer centered at 9, 11,
or 13 km.

TABLE 3. Change in total ozone at steady state computed for projected 1990

aircraft fleet emissions of NOx.

Model AO 3(%)

LLNL Kz NASA chemistry +1.27

New test Kz NASA chemistry with fast +1.36
OH + HNO 4 (k = 3.0x10 " 12)

molecule is assumed in Case 2. The calculated change in total ozone for these two
cases is also shown in Table 5. A change in total ozone of -5.5% was computed for

Case I and -0.8% for Case 2.

2.2.2 Comparison with Past Results

Table 6 and Fig. 28 provide a summary of previous LLNL assessments of the
effects of supersonic transport operations based on an injection of 2000 molecules
(NO) er"s distributed over a I-km-thick layer centered at 17 or 20 km. The
results in Table 6 are based on published calculations made with the LLNL
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FIGURE 23. The change in local ozone concentration due to NOx injections of
2000 molecules Cm' 3 s -

I over a 1-km thick layer centered at 17 or
20 km.

TABLE 4. The change in total ozone due to NO x and H2 0 emissions distributed
over a 1-km-thick layer centered at the injection altitude.

Injection rate

Injection (molecules cm 3s-1) Change in total ozone (%)
altitude

(kin) NOx H20 LLNL Kz  New test K z

17 1000 0 +0.01 -0.2
1000 177000 +0.04 -0.1
333 177000 +0.08 +0.2

20 1000 0 -2.0 -4.2
1000 177000 -1.8 -3.6
333 177000 -0.5 -0.7

one-dimensional model since mid-1974. These results demonstrate the combined
effects of the evolution of our understanding of stratospheric chemistry and
evolution of the treatment of physical phenomena in the one-dimensional model.

Figure 28 shows the local change in ozone calculated for 17 km injections for
four calculations dating from early 1975 to the present (October 1980). Only
negative changes in local ozone were found in the early 1975 results. By late 1975,
the positive region in the lower atmosphere had appeared due to increased
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FIGURE 24. The change in the local ozone concentration due to an NO x injection
of 1000 molecules cm 3 s -  at 17 km computed using different
K z profiles.
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FIGURE 25. The change in total ozone at steady state versus the NOx injection
rate at 17 km altitude.

importance of HOx. However, an increase in total ozone was not calculated until
the reaction HO 2 + NO was found to be quite fast in mid-1977.

The historical record shows that model predictions have changed significantly
over the last six years. Although we have greatly improved our understanding of the
chemical and physical processes that determine the ozone distribution in the
troposphere and stratosphere, there is little that suggests similar changes in model
sensitivity might not occur in the future.
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FIGURE 26. The change in total ozone at steady state versus the NOx injection
rate at 20 km altitude.

TABLE 5. Effect of estimate from CIAP Report of Findings (Grobecker et al.,

1974) for emissions from a fleet of 500 Boeing-type SSTs on total ozone.

Case I Case 2

Fuel flow, kg/h - SST 60,000 52,000

Cruise h/d - SST 7.5 4.5

Fuel flow, kg/yr 7.67El0 4.27E10

Emission index NO x (as NO2), g/kg 22.7 10.8

NO emission (as NO 2 ), kg/yr 1.75E9 4.60E8
x2

H 20 emission, kg/yr 9.59E]0 5.34E10

Molecules NO x cm 
3 s- (1 kin) (hemisphere) 2 8 2 6 a 749a

Change in total ozone -5.5% -0.8%

a Assumed altitude distribution of emission (based on Oliver et al., 1977)

Altitude bands (km) Percent in each band
- 15.5-16.5 4.75

16.5-17.5 13.35
17.5-18.5 20.25
18.5-19.5 23.30
19.5-20.5 20.25
20.5-21.5 13.35

*21.5-22.5 4.75
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TABLE 6. Historical evolution of LLNL one-dimensional model calculations of the

change in total ozone expected from NOx emissions at 17 and 20 km
injection altitudes (emission rate = 2000 molecules cm" 3s-).

A03 (%)

17 km 20 km Comments

Mid-1974 -4.8 -10.2 Based on CIAP Monographs (also Chang
and Johnston, 1974)

Early 1975 -5.3 -11.2 Based on MacCracken et al. (1975);
minor chemical changes

Mid-1975 -4.3 -9.8 Based on Duewer et al. (1977); used
Chang (1974) Kz; NBS 866 (1975)
chemistry, fast OH+HO2

Mid- to late 1975 -1.8 -5.2 Same as above with slow OH+HO 2

Late 1975 -1.1 -3.5 Same as above with NO 3 +h\)
N0 2 +O

Mid-1976 -0.7 -2.9 "Old" Chang (1974) Kz; no CiOx

-1.2 -4.2 "New" Chang (1976) Kz; no COx

Mid- to late 1976 -0.7 -3.3 Same with I ppb CiOx

Mid-1977 -1.3 -4.8 Based on Luther et al. (1977); NASA
1010 chemistry (1977); slow H0 2 +NO

Mid- to late 1977 +2.0 +0.5 Fast H0 2 +NO

Mid-1978 +3.2 +3.6 Based on Luther et al. (1978); NBS 513
(1978) chemistry except modified
HO 2 + 03, HO 2 + NO; 1.2 ppb

CZOx

Early 1979 +2.6 +2.2 Based on Luther et al. (1979); JPL 79-27
(1979) chemistry

Mid-1979 +2.0 +1.1 NASA 1049 (1979) chemistry

Early 1980 +1.7 +0.6 Same with minor chemistry changes

October 1980 -0.3 -4.5 With new OH+HNO 3 (Wine et al., 1981)

December 1980 -0.7 -5.3 With new NASA chemistry
-2.1 -11.1 NASA chemistry with new text Kz
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FIGURE 27. The change in local ozone concentration due to subsonic and super-
sonic aircraft computed for 1990 fleet estimates.
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FIGURE 28. Historical variations in the change in local ozone concentration
computed using the LLNL model for NOx injections of 2000
molecules cm-3 s- at 17 km.

2.3 Potential Changes in Ozone Resulting from Other Perturbations

2.3.1 Chlorofluorocarbons

Table 7 compares recent calculations of the expected steady-state change in
total ozone from constant emissions of CFC13 (F-Il) and CF 2 CI 2 (F-12) at
1976 levels and constant emissions of CH 3 CC13 at 1979 levels with similar
calculations made in 1979 (Luther et al., 1979). The effect on total ozone expected
for January 1980 based on global emissions of these compounds since 1950 is also
shown in Table 7. The change in total ozone at steady state was -13.7% using NASA
1049 (1979) chemistry with the exception that OH + H2 0 2 was updated based on
Keyser (1980). With currently recommended chemistry (W. DeMore, private commu-
nication, 1980), we calculate a change in total ozone of -9.1%. As discussed
previously (Section 2.2), the recent chemistry modifications have reduced HOx
concentrations in the lower stratosphere. The resulting reduction in the importance
of the HOC9L chemistry (see Wuebbles and Chang, 1980) and in the importance of
the reaction OH + HC9. 4 CZ + H2 0 in the lower stratosphere strongly contribute to
the calculated reduced change in total ozone. With the new test Kz, the change

- . 1in ozone calculated at steady state is -14.2%. This increased sensitivity is expected
due to the increased stratospheric residence times found with the new test Kz. A
faster rate constant for OH + HNO 4 - H 2 0 + NO 2 + 02 (changed from
8.0 x l0" 13 to 3.0 x 10 - 12) would give a total ozone change of -9.6% rather than
-14.2%.
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TABLE 7. Effect on total ozone from constant release rates of CFCZ.3 and
CF 2 C, 2 at 1976 levels and constant release rate of CH 3 CC, 3 at 1979
levels.

January 1980 At steady state

- a A0 3  60 10 3A0mC. u AC9, a  A ,
Mb C(ppb % ppb ACx

LLNL Kz
NASA 1049 (1979)
chemistry with fast -1.92 0.84 2.28 -13.9 6.09 2.28
OH+H 2 0 2
(Keyser, 1980)

LLNL Kz
1980 NASA chemistry -0.94 0.89 1.06 -9.1 6.55 1.39

New "Test" Kz
1980 NASA chemistry -0.59 0.58 1.02 -14.2 10.5 1.35

New "Test" Kz
1980 NASA chemistry -0.33 0.58 0.57 -9.6 10.7 0.90
with fast OH+HNO 4
(k = 3.0xlO' 2 )

aAC9,x = Changes in total inorganic chlorine in upper stratosphere.

The change in total ozone expected for January 1980 is also greatly reduced
relative to the results found in 1979, from a calculated change of -1.9% previously
to -0.9% with the current model. Using the new Kz reduces the January 1980
expected change to -0.6% because of the slower chlorofluorocarbon flux into the
stratosphere. These calculated changes are those expected from chlorofluorocarbon
emissions only. Therefore, because of natural variability and additional anthro-
pogenic influences (e.g., C02 increase and subsonic aircraft), the actual expected
trend in total ozone may be quite different from that derived here (see Section
2.3.3).

Previously, the ratio of the change in total ozone divided by the change in
total inorganic chlorine was constant with time. As seen in Table 7, this is no longer
the case.

* As seen in Fig. 29, the large change in local ozone found previously below 30
km (Luther et al., 1979; Wuebbles and Chang, 1980) has been greatly reduced in the
current model with the 1980 NASA chemistry recommendations. The effectiveness
of the HOCZ and C9LONO 2 catalytic cycles for odd-oxygen destruction at
these altitudes (see Wuebbles and Chang, 1980) has been greatly reduced. The large
reduction in lower stratospheric HOx resulting from these chemistry changes and
the change in NO3 photolysis quantum yields are largely responsible for the
reduced effectiveness of these catalytic mechanisms.
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FIGURE 29. The computed change in local ozone concentration at steady state due
to CFC emissions at 1976 levels.

Table 8 shows the historical evolution of the change in total ozone at steady
state from constant emissions of F-l and F-12 computed using the LLNL one-
dimensional model. As with the SST calculations in Section 2.2, the changes to
model chemistry and model representation of physical processes since 1975 have
significantly affected the expected change in total ozone from CFC emissions.
Because uncertainties still remain in our understanding of the processes determining
stratospheric ozone, significant variations seem likely to continue.

* 2.3.2 Increase in N 20

Doubling the N2 0 lower boundary mixing ratio in the model results in a
*decrease in total ozone of -11.5% with the 1980 chemistry and the LLNL Kz

(Table 9). An ozone decrease of -2.8% was calculated by Luther et al. (1979). Also
': shown in Table 9 is the nonlinear response of doubling N20 and including constant

emission rates of CFC, 3 , CF2C9.2 and CH 3CCk 3. Including doubled N2 0 and CFC
* release results in an ozone decrease of -11.5% as compared to the change in ozone

of -11.5% for doubled N20 by itself and -9.1% for CFC release by itself.

Figure 30 shows the change in local ozone for these perturbations.
*. Interferences between the additional NOx produced by the doubled N20 and the

additional C2,Ox produced by the CFCs occur at all altitudes, but they are
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TABLE 8. Historical evolution of LLNL one-dimensional model calculations of the
expected effect on total ozone from constant emissions of F-i I and F-i 2.

AO3(%) Comments

Emissions at 1973 levels

Mid-1975 -14.0 Chang et al. (1976) as discussed in NRC (1976); no
C9,ONO 2

Early 1976 -7.5 Includes C9O0NO 2 chemistry

Emissions at 1975 levels

Mid-1977 -7.3 Luther et al. (1978)

-14.2 NASA 1010 (1977) chemistry; fast HO 2 + NO

Mid-1978 -15.9 Luther et al. (1978)

Emissions at 1976 levels

Early 1979 -18.6 NRC (1979) (actually used 1977 emission levels)

Mid-1979 -19.3 Luther et al. (1979); NASA 1049 (1979) chemistry
with slow CLONO 2 formation

-14.2 Same with fast C9,0N0 2 formation

Early 1980 -13.9 Wuebbles and Duewer (1980); same as above with
Bass et al. (1980) CH 2 0 absorption cross sections

-14.3 Molina and Molina (1980) HNO 4 absorption cross
section

-13.9 Keyser (1980) rate for OH + H2 0 2

Mid-1980 -9.5 Wine et al. (1980); includes new rate for
OH + HNO 3

Late 1980 -9.1 1980 NASA chemistry recommendation

TABLE 9. Effect on total ozone of doubling tropospheric N 2 0 concentration.

Change in total ozone (%)

CFC

Model 2 x N 2 0 release 2 x N 2 0 + CFC

LLNL Kz
1980 NASA chemistry -11.5 -9.1 -11.5
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FIGURE 30. The change in local ozone concentration computed for doubling of
tropospheric N20 concentration and for a coupled perturbation
combining CFC releases with doubled N 2 0.

particularly important below 30 km where CZO + NO C9, + NO 2 and C.O + NO 2 +

C9.ONO2 are most important in interfering with the catalytic cycle mech-
. anisms.

- 2.3.3 Doubling of CO 2

Atmospheric C02 has been increasing due to the use of fossil fuels. Instead
,* of depleting 03, the expected effect of CO 2 is to increase total ozone. The

tendency for CO 2 to increase ozone will complicate efforts to detect changes in
ozone caused by increases in CFC's. Since the calculated changes in ozone
concentration caused by C02 or CFC perturbations are largest at high altitudes,
one might expect to detect changes in high altitude 03 sooner than changes in
total ozone. We have compared the calculated change in 03 at high altitude to
statistical detection limits for change as developed from Umkehr data from Arosa,

-• Switzerland, and we discuss the significance of these results for trend detection.
The mechanisms for such effects were studied, and significant changes in the
NOx-catalyzed ozone loss rates were found (Penner, 1980).
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Table 10 shows the calculated percent change in total ozone at steady state
for three perturbations. In all three calculations the percentage change is
referenced to an ambient atmosphere that contained 320 ppmv CO 2 and 1.2 ppbv
Ckx, which was derived from CH 3 C9. and CC9.4 . As shown in Table
10, doubling the CO 2 concentration increases total ozone by 5.8%. At the upper
levels sensed by the Umkehr technique, the increase is larger; 13.3% and 20.3% for
Levels 7 and 8, respectively. The CFC perturbation describes the change in ozone
that results from constant production and release of CF 2 C9,2 and CFC9 3
at 1976 rates with constant CO 2 . In this case the effect is to decrease total
ozone by -13.9%. The calculated effect at higher levels is larger in this case also,
namely, -24.4% and -31.6% for Umkehr Levels 7 and 8, respectively.

Table 10 also shows the decrease in ozone calculated for the combined effect
. of doubled CO 2 and constant CFC production. The coupled effect on ozone is

larger than would be predicted if one evaluated the effects separately and then
added them. This nonlinear effect results primarily because the odd oxygen loss
rate from C9,x-catalyzed mechanisms are a much larger percentage of the total
ozone loss rate in the CFC-perturbed atmosphere than in the ambient atmosphere.
Since the C~x-catalyzed loss rates are not very sensitive to temperature
changes (see discussion below), the effect of increased C02 is lessened.

Figure 31 shows a time history for changes in total 03 relative to 1980, for
three different scenarios. The dotted line shows the calculated change in 03
when CF 2 C9, 2 and CFC9i3 are released at 1976 production rates, but CO 2 remains
constant. The dash-dot line describes a time history for the same CFC perturbation
coupled with a linear increase in CO 2 such that its atmospheric concentration
doubles in 100 years. For the solid line the CFC perturbation was coupled with a
faster CO 2 increase that reflects its growth rate in recent years, namely, an
increase in CO 2 emission rate of 4%/yr (CO 2 reaches 600 ppm in ^ 2035).

Figure 31 shows that increases in CO 2 will probably have a significant
effect on near-term (0-50 years) changes in stratospheric ozone and, therefore, will
complicate efforts to detect the influence of increased CFC's on stratospheric
ozone.

Figures 32a and b show the predicted change in 03 for the same three
scenarios as described above for Umkehr Levels 7 and 8, respectively. As in the

• -steady state results described above, the initial predicted change is larger at upper
levels. However, for the fast CO 2 growth rate (solid line), the decreasing trend in
03 is actually reversed in the year 2010, and 03 at these levels begins to
recover. The arrows shown in these figures refer to statistical detection limits for

*'.- changes in 03, as determined from a statistical fit of the Umkehr data from
- .Arosa (Penner et al., 1981). The method used to derive these limits is similar to

that described for total 03 by Hill et al. (1977). These limits may be interpreted
to say that for Umkehr Level 7, any change in 03 would need to be larger than
3.5%, 4.2%, or 6% after 10, 20, or 50 years of additional observation, respectively,
in order to be perceived as an abnormal change that is statistically significant. An
abnormal change or trend is one that is not present in the base period data used for
statistical fitting. As shown in Fig. 32b, the corresponding statistical detection
limits for Umkehr Level 8 are 10.4%, 13.4%, and 20% for 10, 20, and 50 additional
years of observation, respectively. The figure shows that with the data available to
date, it is easier to detect a change in 03 in Umkehr Level 7 than at higher levels,
even though the predicted percent change in 03 is larger above Level 7. This is
because the data in Umkehr Level 7 are considerably less noisy than those at upper

. levels, and therefore are easier to model statistically.
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TABLE 10. Nonlinear effects of coupled perturbations.

~Percent change in 0 3 at steady state

Umkehr Umkehr

Perturbation Total 03 Level 7 Level 8
(3 3-3 8 k m) 0-38-43 km)

i2 x CO 2  5.8 13.3 20.3

CFC -13.9 -24.4 -31.6

2 x CO 2 + CFC -10.8 -14.8 -19.8

0

.. *
0

- - - - CFM only - "

•- CFM + C0 2 (slow)

CFM + CO2 (fast)

".-10 3 I I I

1970 1980 1990 2000 2010 2020 2030

Time (year)

* FIGURE 31. The percent change in total ozone relative to 1980 is shown as a
function of time for three different scenarios. For the dashed line,
CF 2 C9i2 and CFC9i 3  were assumed to be released at 1976
production rates and CO 2 was held constant. For the dash-dot line
the same CFC perturbation was assumed and C02 was increased
linearly, such that its concentration would double in 100 years. For
th solid line the same CFC increase was coupled to the growth rate
for C02, namely an increase in C02 emission rates of 4%/yr.

The statistical detection limit for total ozone developed by Hill et al. (1977)
was 1.6% for 10 additional years of observation (see NASA 1049, 1979). This
detection limit is small because the data from 9 Dobson stations could be used for
the base period statistical model. Comparison of the predicted trend for total 03
(Fig. 31) and this 9 station detection limit shows that trends in total 03 caused by
CO 2 and CFC increases are easier to detect with the information that is currently
available from the Dobson network than trends at upper levels as obtained by the

* Umkehr method. Efforts to detect trends in upper-level 03 should be pursued,
. however, since effects of transport-caused changes and other changes that would be

perceived as abnormal, but would not necessarily have been caused by CO 2 and
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FIGURE 32. The percent change in 03 in the 7th and 8th layers sensed by the
Umkehr technique is shown as a function of time. The three scenarios
are the same as for Fig. 31. The arrows refer to statistical detection
limits for 10, 20, and 50 more years of observation, as calculated for
the Umkehr data from Arosa (see text).

CFC changes, are different for upper-level 03 (see NASA 1049, 1979). Also,
detected changes in upper-level 03 would provide additional validation for any
perceived trend in total 03.

Because C0 2-caused effects on 03 will be significant in the near term, it
is important to understand the changes induced by CO 2. Increases in CO 2 cause
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temperature decreases in the stratosphere due to increased infrared emission rates.
The temperature decrease is large at upper levels (%\I00K near 40 kin), so that
temperature-sensitive reaction rates are significantly altered in the perturbed
atmosphere. The feedback effect from the oxygen reactions,

+ M-.0 3 +M, k = 1.05 x 10 3 exp(510/T) (1)

and

0+ 03+02 +02, k= 1.5 x 10" exp(-2218/T) (2)

has been analyzed in detail before (for example see Blake and Lindzer!, 1973). We
have found that the temperature sensitivity of the reaction

N + 0 2NO + 0, k = 4.4 x 10-12exp(-3220/T) i3)

is of equal importance for the predicted 03 increase. As a result of the large
activation energy for this reaction, when the temperature is decreased, the N atom
concentration is increased. This increases the rate for the reaction

N + NO -N 2 + O  (4)

As discussed by Duewer et al. (1977), reaction (4) is an important NOx sink in the
stratosphere, so the net effect of the decreased temperature is to decrease total
stratospheric NOx. As a result of this reduction, the NOx-catalyzed ozone loss
rate is decreased, and 03 is increased.

Table 11 summarizes the effects of temperature changes on 03 loss rates
from the four chemical families, Ox, NOx, Cix, and HOx. The "03 loss
rates at 12 mb (030 kin) and 3 mb ("'40 kin) are shown as a percentage of the
odd oxygen production rate from 02 photolysis in the ambient atmosphere. For
the Ox family the loss rate refers to two times the rate for

TABLE 11. Summary of effects of temperature changes on 03 loss rates from

different chemical families.

Ox loss rates (percent of 02 photolysis)

12 mb 3 mb
Family ("' 30 kim) ( 40 km)

Ox ambient 12.6 19.4
2 x CO 2  10.3 16.3

ambient 60.4 47.8
NOx 2 x CO 2  50.6 I4.0

ambient 7.8 12.0
C 9x 2 x C0 2  7.5 13.3

ambient 9.8 15.1
HOx 2 x C0 2  9.2 14.1
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0+03-'202 (5)

Similarly, the other loss rates refer to the odd oxygen loss from the following
reactions:

NO 2 +O NO+O 2  , (6)

NO 3 +hv NO+0 2  , (7)

CLO + O- Ck + 0 2  , (8)

HO 2 + CkO HOC9. + 0 2  (9)

HO? +O-OH+O 2  , (10)

and

OH+O H+O 2  . (11)

We have assigned odd oxygen loss through reactions (6) and (7) to the NOx family,
loss through reactions (8) and (9) to the Ckx family, and loss through reactions
(10) and (11) to the HOx family, although these reactions sometimes represent the
rate limiting step for cycles which include reactions involving other families
(Wuebbles and Chang, 1980). As shown in Table 11, the decrease in the
N Ox-catalyzed 03 loss rate is as large or larger than the decrease in the pure
oxygen loss rate when CO2 is doubled. Temperature effects on the HOx- and
Cix-catalyzed ozone loss rates are small.

We conclude that: (1) the 03 decrease at steady state from the coupled
CFC and CO 2 perturbation is larger than the decrease calculated by summing the
separate effects of these perturbations; (2) the expected increase in CO 2 can
significantly affect predicted 03 trends in the next 50 years; (3) 03 changes in
Umkehr Level 7 are more detectable, in a statistical sense, than those at higher
levels; and (4) the temperature effect of CO 2 on the NOx-catalyzed 03
destruction rate is as large or larger than the effect of temperature on the pure
oxygen loss rate.

2.4 Sensitivity Studies

There are several reactions in the chemical system used in the model that are
known to have particularly large uncertainties. In Table 12, we examine four
reactions that have a potential for causing a major change in the predicted effects
of supersonic aircraft or chlorofluorocarbon emissions.

New evidence indicates that the reaction OH + HNO 4 may be as fast as 2 x
10- 2 to 4 x 10-12 (Trevor et al., 1980; Littlejohn and Johnston, 1980) rather
than the rate 8.0 x 10 -13 used in our standard model. This reaction, if as fast as
the new measurements indicate, further reducec HOx concentrations in the lower
stratosphere. As seen in Table 12, changing to the faster rate results in signi-
ficantly larger decreases in total ozone from NOx emissions and smaller
decreases for CFC emission.
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TABLE 12. Results of sensitivity calculations for various model paermeters (results
are shown as the percentage change in total ozone).

Change in total ozone (%)

17 km NOx 20 km NO x  CFC
Model content injectiona injectiona productionb

LLNL Kz  +0.007 -1.98 -9.1
1980 NASA chemistry (-0.94% at 1980)

New "test" Kz  -0.22 -4.30 -14.2
1980 NASA chemistry (-0.59% at 1980)
with fast OH + HNO 4
(k = 3.0 x 10-12)

New "test" Kz +0.01 -3.85 -16.2
1980 NASA chemistry (-1.03% at 1980)
with slow CO NO 2
formation

New "test" Kz -0.78 -5.00 -11.3
1980 chemistry with (-0.39% at 1980)
fast OH + HO&
(k = 1.0 x 0 )

New "test" Kz +1.66 +0.53 -20.4
1980 NASA chemistry (-1.35% at 1980)
with slow OH + HNO 3
(k = 8.5 x 10- 14)

a Rate of emission is 1000 molecules (NO) cm- 3s - 1 over a 1-km-thick layer,

base model has current levels of CFCs.
bonstant release rates of CFC, 3 and CF 2 C, 2 at 1976 levels; constant

release rate of CIH3 CCZ 3 at 1979 levels.

The rate of formation of CkONO 2 is still highly uncertain. Two rates are
given in the 1980 NASA chemistry, and no firm recommendation is stated. The
standard model uses the faster of these two rates. If the slower rate is used, the
calculated effects of an SST fleet becomes less negative than in the base case, while
the computed effects of CFCs become more negative. Recent measurements
(Molina, private communication, 1980) indicate that the rate of C9gONO 2
formation is less than the disappearance rate of CZ.O + NO 2 . If isomers of
CONO2 are indeed being produced, the final impact of this reaction will
depend on the form and stability of these isomers.

The sensitivity to the uncertainty in the reaction OH + HO 2 - H2 0 + 02 is not
as large as it was a year ago (Luther et al., 1979; Duewer and Wuebbles, 1980) due to
changes in other reactions that have reduced HOx concentrations in the lower
stratosphere of the model. Nonetheless, using a rate of 1.0 x 10- 10 rather than
4.0 x 10" will reduce the effect of CFC release on ozone from -14.2% to -11.3%.
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Also shown in Table 12 is the impact of using the slow rate for OH + HNO 3
rather than the recent measurement by Wine et al. (1980). The sign of the NOx
perturbation changes (becoming positive as found previously [Luther et al., 19791)
and the CFC effect on total ozone changes from -14.2 % to -20.4 %.

2.5 Calculations with Temperature Feedback and Hydrostatic Adjustment

The concentration of ozone in the stratosphere is determined by a complex
coupling of chemistry, dynamics and temperature. Most models of the stratosphere
that consider perturbations to the chemistry ignore possible changes due to coupling
and feedbacks from dynamics and temperature. These models provide a reasonable
first-order picture of how the atmosphere might respond to changes in chemistry. A
more detailed and accurate picture, however, is obtained with the use of a model
capable of also calculating the temperature structure of the atmosphere.

There are three major mechanisms that couple changes in temperature and
changes in atmospheric composition. The first mechanism is radiative coupling
between temperature and species concentrations. Perturbations to the atmospheric
composition affect the temperature profile via the solar and longwave radiation
balance. The species 03, 02 and NO 2 are the most effective absorbers of
solar radiation in the stratosphere, and 03, 02 and H20 are the most
effective absorbers and emitters of longwave radiation in the ambient stratosphere.
Large increases in the concentrations of trace species such as CFCi 3 ,
CF 2 C9. 2 and N 2 0 also can significantly affect stratospheric and tropospheric tem-
peratures by their longwave effect (Wang et al., 1976).

The temperature profile in the upper stratosphere is controlled strongly by the
amount of solar absorption by' 03. Consequently, a decrease in 03 in the upper
stratosphere results in a decrease in the local temperature in that region. In the
lower stratosphere the temperature change may have either the same or the
opposite sign as the change in ozone depending upon the magnitude of the change to
other species and on the structure of the ambient temperature profile (Luther et al.,
1977).

The second mechanism is the coupling between temperature and chemical
reaction rate coefficients. Changes in temperature may affect species concen-
trations directly by changing rate coefficients that affect rates of production and
destruction of that species or indirectly by changing the concentration of other
species upon which production and destruction rates depend.

The third mechanism is the coupling between changes in air density and
changes in rates of reaction. Under conditions of hydrostatic equilibrium and the
ideal gas law, changes in the temperature profile change the air density at a given
altitude or pressure level as the atmosphere expands or contracts. Species con-

O centrations at a given level are affected both by changes in density at the level and
by changes in rates of reaction due to changes in species concentrations and changes
in M (third-body concentration).

We used the LLNL fully coupled one-dimensional transport-kinetics model
with radiative equilibrium submodel in this theoretical study. The solar flux,
reaction rate coefficients, and absorption coefficients are those recommended in
NASA 1049 (1979) (see also Luther et al., 1979). Note that the model chemistry
used here differs from the updated chemistry used in the previous sections.
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The vertical distributions of N2 and 02 are adjusted to satisfy hydrostatic
equilibrium at each time step, and the concentrations of the other species are
ndjusted using interpolation based on the adjustment to N 2 and 02. The column
abundances of 02 and 03 at the top boundary are calculated consistent with the
calculated temperature and density at that level.

The temperature is computed using the radiative transfer model assuming
radiative equilibrium in the stratosphere. The temperature profile is computed
above 13 km and is specified below this altitude according to the U. S. Standard
Atmosphere (1976). Changes in surface and tropospheric temperatures up to 13 km
may be imposed. A full description of model results for the ambient atmosphere and
comparisons with observations for the chemical model used in this study are
included in Luther et al. (1979).

For some of the perturbations that we consider, we assume that the change in
surface temperature is negligible. Small temperature changes in the troposphere

*ii~i  (<0.5 K) are expected for perturbations to N 20, CF 2Ck 2 and CFC, 3, and thestrato-
spheric temperature changes due to the infrared properties of these species are also
expected to be small (V. Ramanathan, NCAR, private communication, 1979). Based
on the work of Manabe and Wetherald (1967), it can be estimated that an increase in
the stratospheric water vapor mixing ratio of 2 ppmv will cause an increase in
surface temperature of <0.2 K. Increasing the surface temperature (and
tropospheric temperatures) in our model by 0.5 K causes an increase in total ozone
of 0.1%. Neglecting changes in surface temperature of this magnitude has no
significant effect on the results. W4hen significant changes in surface temperature
are expected, they are imposed in the model.

Imposing a change in tropospheric temperatures has little effect on the
stratosphere at a given pressure level because the major effect of hydrostatic
adjustment is just to raise or lower the stratosphere as the troposphere expands or
contracts. There are slight temperature changes at pressure levels in the lower

* stratosphere because the upward longwave flux from the troposphere into the
stratosphere is changed. When the resulting changes in species concentrations are
plotted in a constant altitude frame of reference, the changes in species con-
centrations may appear significant even though the change in total column is small.
This effect is illustrated in Fig. 33, which shows the percent change in 03 as a
function of altitude resulting from an imposed 2.0-K increase in tropospheric
temperature. Ozone concentrations decreased slightly below 25 km and increased
by as much as 6.5% at 40 km. The apparent changes are caused by a lifting of the
ozone profile in the stratosphere due to expansion of the troposphere. Since most
studies in the past have presented results in terms of altitude coordinates, we too
shall illustrate changes in this frame of reference. However, it is important
expecially for high-altitude changes that the results be plo'ted in pressure
coordinates because remote sensing techniques provide ozo- 2oncentrations as
functions of pressure. In the following discussion we illustrate changes in both
frames of reference in order to determine the differences and to show when it is
important to distinguish between pressure and altitude coordinates.

We considered four types of perturbations. Each one is interesting as a
possible atmospheric change and illustrates a different sort of change in the
temperature structure so that the effects from including or not including
temperature feedback and hydrostatic adjustment are quite different.
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FIGURE 33. Percent change in 03 for a tropospheric temperature increase of
2.0 K.

2.5.1 Doubling of N20

Increases in atmospheric N20 cause an increase in stratospheric NOx.
The effect on 03 of increases in NOx depends on altitude. At altitudes below
n-24 km in our model, 03 is increased when the N2 0 concentration at the
ground is doubled, primarily because of increased production by a chain of reactions,
similar to those that produce 03 in urban smog (see NASA 1049, 1979).

'Ai altitudes above 24 kin, catalytic destruction of ozone by the NOx
destruction cycle is more efficient, and the net effect is that 03 (i.e., odd-
oxygen) is destroyed. The effect on the temperature structure in a tempera-
ture-coupled model, therefore, is also different in the two altitude regions. The
temperature is increased in the lower stratosphere and decreased in the upper
stratosphere.
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The separate effects of including temperature feedback and hydrostatic
adjustment in the perturbation calculation for a doubling of the concentration of
N2 0 at the ground from 320 to 640 ppb are illustrated in Fig. 34. Figure 34a
shows the percent change in 03 as a function of altitude for three cases. no
temperature feedback, temperature feedback without hydrostatic adjustment and a
fully coupled calculation with temperature feedback and hydrostacic adjustment.
Including temperature feedback alone acts to lessen the effects of the perturbation
locally, as expected from the temperature dependence of reactions (1) and (2). As
shown in Fig. 34b, the temperature perturbation is small, less than ±1.3 K, and of
opposite sign at low and high altitudes. Thus, the effects of hydrostatic adjustment
are also small and, in fact, cannot be distinguished in the figure from the case of no
hydrostatic adjustment. Similar remarks apply for changes plotted with respect to
pressure coordinates. Since the temperature change is small, there is only a small
change in the air density. Consequently, the results appear nearly the same when
plotted in constant pressure coordinates and are not shown separately for this
perturbation.

2.5.2 Chlorofluorocarbons

Figures 35a, b, and c show the calculated percent change in 03 concen-
tration and the change in temperature when CF 2 Ci 2 and CFCZ3 have
increased to 1.8 and 0.75 ppb, respectively, compared to an ambient atmosphere
which contained 0.22 ppb CF 2 C9. 2 and 0.14 ppb CFC, 3 (approximately
present day conditions). This represents the expected change at steady state for
constant production and release of CF 2 CR, 2 and CFC9, 3 at 1976 rates.
Three cases are again considered: no temperature feedback, temperature feedback
without hydrostatic adjustment, and the complete model calculation. The results in
Fig. 35a for constant altitude coordinates are similar to those presented by Chandra
et al. (1978) for this perturbation.

Comparison of Figs. 35a and c illustrates the differences caused by viewing
changes in constant altitude coordinates and constant pressure coordinates. In
constant altitude coordinates, the difference between the fully coupled calculation
and the calculation that includes hydrostatic adjustment begins to be important at
levels above 45 kin, due to the cumulative effects of temperature changes below
that level. In constant pressure coordinates, only local changes in temperature and
therefore air density are able to perturb the chemistry, so that differences between
including or not including hydrostatic adjustment are confined to pressure levels
where large changes in temperature are calculated (cf. Fig. 35b). In addition, in
regions where 03 is photochemically controlled, reductions in temperature always
have the effect of restoring the ozone concentration in pressure coordinates,
whereas they can be associated with a decrease in ozone at high altitude if viewed
in constant altitude coordinates.

2.5.3 Doubling of NZO

The changes in ozone conceiitration and temperature caused by increasing
CO 2 from 320 to 640 ppm are shown in Figs. 36a, b, and c. The calculated
temperature change is large (nearly 10 K) near 40 km. Because the temperature
change is large, the difference between the calculated change in ozone including
temperature feedback alone is also large even when viewed in a constant pressure
level frame of reference (Fig. 36c). For this perturbation, a significantly larger
increase in local ozone concentration (5% larger at pressure levels near 40 km)
is predicted with the fully coupled model.
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FIGURE 34a. Percent change in 03 for a doubling of the surface N20 concen-
tration. The full line shows a calculation that did not include
temperature feedback. The dashed line shows the results including
temperature feedback only and including temperature feedback and
hydrostatic adjustment (same line).

Figure 36a also shows the results of a calculation in which we increased the
tropospheric temperature by 2.0 K, which is the approximate steady-state surface
temperature increase expected for doubled C02 (Schneider, 1975). As noted
above, tropospheric temperature changes cause changes in air density and concen-
trations in a constant altitude coordinate system due to hydrostatic adjustment. In
this model when the tropospheric temperature is increased 2.0 K, the predicted
ozone change at 40 km is increased from 10% to almost 16%. Differences caused by
tropospheric temperature changes are negligible, however, if the change in 03 is
plotted as a function of pressure.

2.5.4 Doubling of Stratospheric H20

This perturbation is included to test the model sensitivity to changes in
ambient H2 0 levels. This perturbation is also relevant because changes in tropi-
cal tropopause temperatures (due perhaps to C02 increases) or changes in
tropospheric-stratospheric exchange rates may lead to increases in stratospheric
water vapor.

Figures 37a and b show the calculat'd change in 03 and temperature caused
by doubling stratospheric water vapor from '.6 to 7.2 ppm at 14 km. In this case the
calculated temperature change results from both increased H20 and decreased
03. The decrease in 03 is mainly the result of increased HOx, which is pro-
duced from the reaction of O(fD) with H2 0. As was the case for the preceeding
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FIGURE 34b. Change in temperature for a doubling of the surface N 2 0 concen-
tration.

calculations, when temperature feedback is included, the perturbation is reduced.
When hydrostatic adjustment is also included, differences are large throughout the
region when viewed in constant altitude coordinates (Fig. 37a), but are confined to
pressure levels where temperature changes are significant in constant pressure
coordinates (cf. Fig. 37b and c).

The results presented here have focused on calculated changes in local ozone
concentration as a function of altitude. The altitude structure of predicted changes
is important because it may be easier to detect anthropogenic changes to the ozone
layer at high altitude (NASA 1049, 1979), where local changes are largest on a
percentage basis.

Table 13 summarizes our results for the percent change in 03 at 2 mb
(0-40 kin) for all perturbations considered. The percent changes in total 03 are
shown in Table 14. In most cases the differences in the predicted change in total
03 for the three cases (no temperature feedback, temperature feedback without
hydrostatic adjustment, and temperature feedback with hydrostatic adjustment) are
small - less than 1 % in absolute amount.

To summarize, simulations using the LLNL one-dimensional stratosphere
model show significant differences in predicted local ozone changes depending on
whether or not temperature feedback and hydrostatic adjustment are included. We
find that the calculated effects at high altitude are sensitive to tropospheric
temperature changes, but that differences are minimized when results are plotted in
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Figure 35b. Change in temperature for the same calculation as in Fig. 35a (see

caption for 35a).
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TABLE 13. Percent change in 03 concentration at 2 mb.

Temperature
feedback and Temperature No
hydrostatic feedback temperature
adjustment only feedback

Perturbation (%) (%) (%)

2 x N2 0 -12 -12 -13

0.75 ppb CFCi, -23 -23 -27

1.8 ppb CF 2 C, 2

2 x CO2 (ATs = 2 K) 27 21 0.0

2 x H20 -7.1 -7.2 -8.8

aThe calculated changes in ozone are with respect to an ambient atmosphere

containing 0.22 ppb CF 2 CL 2 and 0.14 ppb CFC, 3 .

TABLE 14. Percent change in total ozone column.

Temperature
feedback and Temperature No
hydrostatic feedback temperature
adjustment only feedback

Perturbation (%) (%) (%)

2 x N 2 0 -2.3 -2.2 -1.9
0C-12.4 -12.4 -12.3

1.8 ppb CF2 C 2

2 x CO 2 (ATs = 0) 5.4 4.6 0.0

2 x CO 2 (ATs = 2 K) 5.8

2 x H2 0 -1.9 -1.8 -3.5

aThe changes in total ozone are with respect to an ambient atmosphere containing

0.22 ppb CF 2 CL 2  and 0.14 ppb CFCk 3  (approximately present day
conditions). The computed change in total ozone at steady state with no
temperature feedback is -14.2% compared to an ambient atmosphere without
CFC's.
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FIGURE 35c. Percent change in 03 at constant pressure levels for the same
calculation as Fig. 35a. The full line includes all feedbacks, while for
the dashed line the background air density was held constant.

constant pressure coordinates. Because the calculated local ozone changes are
largest on a percentage basis at high altitude (for each of the perturbations
considered), monitoring high-altitude ozone changes may provide an early warning
signal for perturbations to ozone caused by man's activities and a method for

*. validating models (NASA 1049, 1979). It is important, therefore, to include the
effects of temperature feedback and changes in the air density when computing
local changes in ozone for comparison with observational data. Including hydro-
static adjustment in a constant altitude frame of reference or air density
adjustment in a constant pressure frame of reference is particularly important for
calculations of the local, ozone depletion due to CFC's, CO 2 and H20
perturbations because large changes in the temperature structure are predicted.

In the atmosphere there is a complex coupling between chemistry, tempera-
ture and dynamics. We have explored in more detail the coupling between chemistry
and temperature, but the effect of changes in atmospheric composition and
temperature on dynamics was not included. To explore the coupling with dynamics,
all of these effects will have to be included in a three-dimensional general
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FIGURE 36a. Percent change in 03 for a doubling of the atmospheric CO 2
concentration. The dashed line shows a calculation with temperature
feedback but without hydrostatic adjustment. The full and dash-dot
curves include hydrostatic adjustment and temperature feedback.
For the curve marked ATs = 0, the ambient tropospheric temper-
ature was used. For the curve marked ATs = 2 K, the ambient
tropospheric temperature was increased by 2.0 K.

circulation model. Because of computational limitations, it is not possible to
include all of these effects in a three-dimensional model at this time. The problem
is compounded by the fact that the model simulations must cover 10s to 100s of
years for these perturbations to reach steady state. In the meantime, considerable
insight is gained by the use of one- and two-dimensional models.

2.6 Accuracy of the LLNL Mutiple Scattering Algorithm

Multiple scattering and ground reflection have been shown to have significant
effects on atmospheric photodissociation rates. Several numerical schemes have
been developed for treating these effects in transport-kinetics models (Sze, 1976;
Yung, 1976; Isaksen et al., 1977; Anderson and Meier, 1979). The scheme for
treating multiple scattering presented here differs in its assumptions compared to
that of Isaksen et al. (1977), but it lends itself to a very fast solution technique
similar to theirs.

The multiple scattering algorithm is derived based on conservation of energy.
In the development of the two-stream model, first consider attenuation of the
downward direct beam as it passes between grid levels k and k+l (see Fig. 38).
Considering fluxes in the spectral interval AX, let
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FIGURE 36c. Percent change in 03 at constant pressure levels for the same
calculation as Fig. 36a. The full line includes all feedbacks, while for
the dashed line the background air density was held constant.
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FIGURE 37b. Change in temperature for a doubling of the stratospheric H2 0
concentration (see caption for Fig. 37a).
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FIGURE 37c. Percent change in 03 at constant pressure levels for the same
calculation as Fig. 37a. The full line includes all feedbacks, while for
the dashed line the air density was held constant.

FS direct solar flux in the direction of propagation.

= downward diffuse flux of energy across a horizontal surface.

Fet = upward diffuse flux of energy across a horizontal surface.

For the k-th atmospheric layer (extending between levels k and k+l), let

fso(k) = fraction of incident direct solar flux that is scattered out of the
layer.

f s(k) =fraction of incident diffuse flux that is scattered out of the layer.

f t(k) =fraction of incident diffuse flux that is transmitted through the
layer.

ATk vertical optical depth of the layer at wavelength X including
scattering and absorption.
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Using the above definitions, the direct s~lar flux is determined by

-AT(k) sec 0
F s(k+l) = F s(k) e (12)

The contribution to the diffuse, fluxes at levels k and k+l due to scattering out of
the direct beam as it passes through the layer k is

AF e(k) + AF e(k+l) = f so(k) cos 0o [Fs(k) - F s(k+l)] . (13)

The shape of the Rayleigh scatlering phase function iv such that regardless of
the zenith angle of the incident radiation, half the scattered radiation goes up and
half goes down (for single scattering). If the atmospheric layers are optically thin,
then we can assume that half the energy scattered out of the layer goes into the
upward diffuse flux and half into the downward diffuse flux, i.e., AFe+(k)=
AFet(k+l). Scattering also occurs within a layer when the flux entering is
diffuse. The flux scattered out of the layer is partitioned the same way as when the
incident flux is direct.

For the upward and downward diffuse fluxes, we assume an average value for
sec 0 such that the transmissivity of the flux passing through a layer is
e -AT(k)sec . We use a value of 1.66 for sec E'. The results are not very
sensitive to the choice of sec 0.

At the earth's surface, the upward scattered flux of energy is given by

F = R (F s cos 6 + Fe) (14)

where R is the albedo of the surface.
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The downard flux of energy due to diffuse radiation is given by

27 7v/2
Fe+= f f I(O,¢)cos 0 sinG dO d¢ (15)

0 0

where I(0,€) is the intensity of the radiation, 0 is zenith angle, and 4 is
azimuth angle. Of course, Fe+ and I(0,€) are functions of altitude.

The contribution of downward diffuse radiation to flux density Fd+ is
given by

27t n/2
Fd+ £ f 1(0,0) sin 0 dO do (16)

Assuming that the diffuse radiation is isotropic (i.e., I is a function of altitude only),

then

F = 2iTI

and

Fe+ = nI

so

Fd =2Fe, . (17)

Similarly,

F d= 2Fe " (18)

The total flux density Fd is given by

Fd =Fs +Fd++F . (19)

Since the method of Isaksen et al. (1977) is used in a number of transport-kinetics
models, the differences between their method and the method presented here should
be described. The differences are summarized in Table 15.

Note that the expressions involving scattering of the direct beam differ by a
factor of 2 cos 0o. Consequently, the Isaksen et al. (1977) model computes
smaller flux densities for 0o < 600 and larger flux densities for 0 o > 600.

The system of equations involving Fd+ and Fd+ described above may
be solved using a successive scattering technique like that used by Isaksen et al.
(1977), or they may be solved using a matrix inversion techhnique. The following
system of equations is used with the matrix inversion technique;

Fd+(k+l) = ft(k) Fd(k) + f s(k)F d(k+1)]1/2 + f so(k) F s(k) cos 0 (20)

F (k) ftk) Fd(k+l) + fs(k)Fk) + Fd(k+l)]/2 + fo(k) F(k) cos 00 (21)

Solving for the flux density at 44 atmospheric levels for 110 wavelength intervals
requires 0.7 s of computer time (CDC 7600) using the matrix inversion technique and
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TABLE 15. Differences between the LLNL multiple scattering algorithm and that
of Isaksen et al. (1977).

Present method lsaksen et al. (1977)

* Isotropic scattering with sec 0 = 1.66 Scattered radiation is columnated with
sec 0 =sec 0o

Contribution to flux densities by Contribution to flux densities by
scattering out of direct solar beam scattering out of direct solar beam

AFdt(k) + AFd+(k+l) = AFdt(k) + AFd+(k+l) =

fso(k) [Fs(k) - Fs(k+l)] 2cos Oo  fso(k) [Fs(k) - Fs(k+l)]

Contribution to flux density at the Contribution to flux density at the
ground by scattering of the incident ground by scattering of the incident
direct radiation direct radiation

AFd+(K) = 2R cos 0oFs(K) AFd+(K) = R Fs(K)

0.3 s using the successive scattering technique. Since the successive scattering
algorithm uses less computer time and requires less computational storage space, we
use this method in the LLNL transport-kinetics model. The computationally fast

• scheme enables multiple scattering to be included in diurnal transport-kinetics
"' models.

In order to verify the accuracy of the model, flux densities and photo-
dissociation rates were compared with a much more detailed calculation. The model
used for comparison (see Luther and Gelinas, 1976) computes the intensity of the
diffuse radiation as a function of zenith angle, then integrates over solid angle to
determine flux density. The detailed model includes isotropic scattering at the
earth's surface.

The flux densities computed using the simplified model are compared with the
highly detailed flux density calculation in Figs. 39-43. The results shown are for a

*solar zenith angle of 300. The simplified model overestimates flux densities in the
wavelength interval 290-320 nm. This is the transition region between strong
absorption (A < 290 nm) and weak absorption (A > 320 nm). At wavelengths
greater than 320 nm, the results are accurate to within a few percent in the upper
stratosphere, but the flux densities are underestimated in the troposphere and lower
stratosphere.

The accuracy of photolysis rates computed using the simplified model (relative
to the detailed calculation) is shown in Tables 16 and 17 for reactions where
molecular scattering has a significant effect. The reactions are grouped by
wavelength region. For the first group, photolysis cross sections are within the
region 190-420 nm, and the rate coefficients vary by less than two orders of
magnitude between the top and bottom of the atmosphere. For the second group,
the primary contribution to photodissociation is at wavelengths less than 325 nm,
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computed using the LLNL algorithm (approx. caic.) and a detailed
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TABLE 16. Accuracy of computed photolysis rates for reactions where J(0 km)/
J(55 km) > 10-2.

• Percent error

Reaction 0-2 km 2-10 km 10-25 km 25-40 km

0 3 + hv *0+0 2  -3to-5 -5to-6 -5toO Oto+1

H 202 + hv -6. 20H -3 to -9 -9 to-ll - 11 too 0 to +1

CXONO 2 + hv - Ci + N0 3  -3 to -9 -9 to -11 -11 to -1 -1 to +1

CtNO2 +hv -C9 + NO2  -3to-9 -9to-ll -11 to-2 -2to+l

HOCL + hv - OH + CL -3 to-9 -9 to-ll -11 to-2 -2 to +1

CH 3 00H + hv - CH 30 + OH -3 to -9 -9 to -11 -10 to 0 0 to +1

HNO 4 + hv- OH + NO 3  -2 to -9 -9 to -11 -10 to 0 0 to +2

NO 2 +hv- NO+O -4 to -9 -9 to-10 -10 to -4 -4 to -2

CH 20 + hv - HCO + H -2 to -9 -9 to-1l -10 to +2 +1 to +2

CH 2 0 +hv .CO+H 2  -3 to -9 -9 to -11 -11 to -2 -2 to +1

HONO + hv 4 OH + NO -4 to -9 -9 to -11 -10 to -4 -4 to -2
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TABLE 17. Accuracy of computed photolysis rates for reactions where J(0 kin)/
J(55 km) is between 10- 2 and 10-5.

I Percent error

Reaction 0-2 km 2-15 km 15-30 km 30-40 km

S03 +hv -O('D)+O 2  +1 to-6 -7 to0 0 to +5 0 to +1

C90+hv -C9. +0 +2 to -4 -6 to0 0 to +5 0to+1

HNO 3 + hv OH + NO 2  - to -7 -9 to -4 -4 to +2 0 to +l

where attenuation due to absorption and scattering is large. For both groups, the
photodissociation rates are accurate to ±1 % in the middle and upper stratosphere,
but they are understimated in the troposphere by up to -11 %. The accuracy varies
with ground albedo and solar zenith angle. In general, the error in the radiative
transfer model is less than the uncertainty in the photolysis cross sections.

[* 2.7 Two-Dimensional Model Development

Based on our experience in the continuous development of the LLNL
one-dimensional model and the aborted two-dimensional model of a few years ago,
we are now coding up a fully modular two-dimensional model of stratospheric

chemistry. Every physical process and mathematical algorithm is written as a
-separate subroutine. The main routine calls upon individual subroutines as needed to
* build and solve individual or family trace species conservation equations as
*" illustrated in the flow diagram in Fig. 44. This flow diagram is essentially similar to

our existing one-dimensional model except for the following subroutines. Subroutine
SETKIN2D can set the chemical production and loss terms according to choices of
families such as Ox = O(QD) + 0 + 03, not only the individual species O(D),
0 and 03. The choice of families can be specified at the beginning of each

* calculation. The associated partitioning within each family is determined in sub-
* routine RADICAL. There is also the choice of fixing an individual family through
* the subroutine FIXY. This added feature allows more flexibility in using this model

in interpreting specific field data when corroborative data are available. Subroutine
RADICAL and the covergence test subroutine (CONVER) can be modified

-independent of any other subroutines. The model will have 19 latitudinal zones with
equally spaced surface weighting and 25 equally spaced vertical grids for chemistry,
extending from the surface to 50 km. The parameterized transport will be in
pressure coordinates with the mean meridional velocities represented through
stream functions so that along with the eddy diffusion transport we have a totally
conservative transport diffusion equation to be solved. The chemical terms must be
mapped to pressure coordinates at every time step using a second order
interpolation algorithm.

We will use, at most, eight families or individual trace species (e.g., Ox,
HOx, CJOx, NOx, HNO 3 , CJLONO 2 , and HC) plus an additional
four to eight long-lived trace species (e.g., H2 0, CH 4 , N2 0, CF 2 C9, 2 ,
CFCR, 3 , etc.) depending on needs. The partition and choice of family grouping
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FIGURE 44. Flow diagram of the two-dimensional model.
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will be determined through eigenstate analysis to preserve local physical
relationships among trace species. For example, the interaction among NO, NO 2 ,
and HNO 3 at 30 km can be represented by the vector equation

/[NO]\ -a I/20[NO]

(az al-Y2 Y 3  [NO 2 ]

\HNO 3)/ _y/ \[HNO 31/)
The characteristic solutions (eigenstate solutions) are

[NO] - .29[NO 2] + (4.8 x 10")IHNO 3] = 0 e

[NO] + [NO 2] - .97[HNO 3 ] = cI e
-(6 " 4 x 10 6)t

[NO] + [NO 2] + [HNO 3] = 2

from which we see that the sum of [NO] + [NO 2] + [HNO 3 ] remains constant.
Hence, the total NOx would be easy to solve. But in order to partition [NO] and
[NO 2 ] properly, we must consider the other two eigenstate solutions and consider
the need to solve them simultaneously, since we can obtain co, cl, and c2
from the previous time step. We are currently setting up the algorithm for
subroutines CHEML and RADICAL. The work on subroutine TRANSP is also in
progress. We are hopeful of some preliminary test of the full code by mid-1981.

3. SATELLITE OZONE DATA PROCESSING,
ARCHIVING, AND ANALYSIS

3.1 Overview

In March 1977 a multichannel filter radiometer (MFR) infrared sensor was first
flown on a Defense Meteorological Satellite Program (DMSP) Block-5D-series
satellite operated by the U.S. Air Force. The first four DMSP satellites (Fl-F4)
that were launched with MFR sensors measured infrared radiances in 16 channels,

including the 9.6 pim band of ozone, from which it is possible to derive values of
total column ozone. MFR sensor infrared measurements are taken day and night.

The combined data from these four sensors provided continuous global
coverage for the time period from March 1977 to February 1980. The MFR data are
the sole source of global ozone data for the period between mid-1977 and November
1978 (the end of the data record for Nimbus 4 and the beginning of Nimbus 7

measurements). The MFR data are also unique in that they are the only available
global nighttime data and the only data in the polar night (high latitudes in winter).

All of the DMSP satellites are in polar, sun-synchronous orbits at altitudes of
about 830 km. Their orbital parameters are essentially identical with the exception
of F4, which is in a nighttime ascending orbit (i.e., F4 ascends from southeast to
northwest on the night side), whereas the others are in daytime ascending orbits.
The local overpass times for each satellite are shown in Table 18. Although F2 and
F4 are only about an hour apart in their overpass times, their flight tracks are
different, thereby better enabling F4 to fill data-void areas of F2 and F3.
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Each MFR sensor measures infrared radiation emitted from the Earth's surface
and constituents in the atmosphere at 16 narrow spectral intervals (channels). The
spectral channels coincide with the atmospheric absorption (emission) bands of
water vapor, carbon dioxide and ozone. One channel in the atmospheric window is
used to sense thermal radiation from the Earth's surface. The spectral centers and
other characteristics of the 16 channels are given in Table 19. Only channels 1, 3, 7
and 16 are currently used in the retrieval methodology.

The MFR scans side to side in discrete steps of 40 in look angle. The sensor
takes infrared radiance measurements at 25 cross-track scanning locations every
32 seconds. Figure 45 shows the Earth-projected scan pattern for the 25 cross-track
measurements. The instrument could take a theoretical maximum of 67,500 sets of
measurements (of 16 radiances each) per day, but typically 35,000-45,000 measure-
ments are taken per day due to instrument sun screens (F2, F3), scan position
blockage (F3), and data receipt and recovery problems.

3.2 Ozone Retrieval Methodology

The ozone retrieval methodology is described schematically in Fig. 46. The
ozone retrieval model is developed through regression analysis using sets of
simulated MFR radiances derived from detailed radiative transfer calculations.
Historical vertical profiles of temperature and ozone concentration are used as
input to the calculations. Temperature-dependent molecular absorption coefficients
for the 9.6-1jm ozone band and the 15-jm carbon dioxide band are determined
from high-resolution line-by-line calculations. These coefficients are used to
compute transmittances at high spectral resolution for each of the temperature and
ozone profiles. These high-resolution transmittances are input to the radiative
transfer model that computes simulated MFR radiances. For each of the atmo-
spheric profiles, simulated 'radiances are computed for different surface
temperatures, cloud amounts, and instrument scan angles. Transmittances due to
the water vapor continuum absorption in the atmospheric window are calculated
with an "e-type" model. A regression model, based on data from line-by-line
calculations, plus continuum effects, is used for the tropospheric water vapor
transmittance calculations in the 15-pm spectral region. A Goody random band
model is employed to calculate the transmittances due to the 14 im ozone band.

3.2.1 Historical Ozonesonde Data

The historical ozonesonde data base consists of vertical soundings for which
temperature and ozone partial pressure are available. The soundings have been
collected by the Air Force Cambridge Research Laboratory Ozonesonde Network
and the World Ozone Data Center (WODC) (operated by the Atmospheric Environ-
ment Service of Canada in cooperation with the World Meteorological
Organization). This data base includes soundings from the early 1960's into 1980.
Selected subsets of these data are used in the radiative transfer calculations.

3.2.2 Generation of Simulated Measurements

Sets of simulated radiance measurements are computed for each of the
atmospheric soundings selected from the historical ozonesonde data base. For
computational purposes, the globe is divided into 11 latitude bands. Twenty sound-
ings are selected for each latitude band per month. The subsets of soundings are
selected randomly and tested using principal components analysis and a student's
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TABLE 18. The data periods covered by the MFR sensors on the DMSP satellites.

DMSP satellite Data period Local overpass time

F1 March 1977-July 1977 11-12 a.m. and p.m.

F2 July 1977-February 1980 9-10 a.m. and p.m.

F3 August 1978-January 1980 6-7 a.m. and p.m.

F4 June 1979-January 1980 10-22 a.m. and p.m.

TABLE 19. Nominal MFR channel characteristics.

Center Half
Channel width
number (im) (cm-') (cm- 1) Species N ESRb

1 15.0 668.5 3.5 CO 2  0.30

2 14.8 676.0 10.0 CO 2  0.09
3 14.4 695.0 10.0 CO 2  0.10

4 14.1 708.0 10.0 CO 2  0.11

5 13.8 725.0 10.0 CO 2  0.11

6 13.4 747.0 10.0 CO 0.122
7 12.0 835.0 8.0 Window 0.11

8 18.7 535.0 16.0 H2 0 0.15

9 24.5 408.5 12.0 H2 0 0.14

10 22.7 441.5 18.0 H2 0 0.09

11 23.9 420.0 20.0 H2 0 0.12

12 26.7 374.0 12.0 H2 0 0.18

13 25.2 397.5 10.0 H2 0 0.16

14 28.2 355.4 15.0 H2 0 0.25

15 28.3 353.5 11.0 H2 0 0.33

1 6 a 9.8 1022.0 12.5 03 0.05

a Used in the ozone retrieval model.

bNESR = Noise Equivalent Spectral Radiance in mW/(m2 sr cm-

C Not on Flight Model 1.
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FIGURE 45. Earth-projected scan pattern for the MFR sensor (after Nichols, 1975).

t-test to make sure that the temperature and ozone profiles are representative of
the full population. The "most representative" set of 20 is used among 500 random
selections of 20 soundings.

High resolution transmittances for the 9.6-pm ozone band and 15-im
carbon dioxide band are computed between 21 atmospheric levels for each sounding.
The accuracy of the model used to compute these high resolution transmittances has
been tested by comparison with laboratory transmittance measurements.

The weighting function for Channel 1 extends from approximately 1-100 mbwith a peak near 20 mb. The weighting function for Channel 3 extends from

approximately 10-300 mb with a peak near 100 mb. The total transmittances for
Channels 1 through 6 are the product of the carbon dioxide transmittances from the
line-by-line derived regression calculations, the 14-jm ozone transmittances
determined with the random band model and the tropospheric water vapor
transmittances from the regression model. The transmittances for channel 16 are
the product of line-by-line derived regression transmittances for the 9.6-11m ozone
bands and e-type water vapor continuum transmittances in the lower troposphere.
The transmittance profile for Channel 7 (the window channel) is from e-type model
calculations only.

Simulated radiances for the various MFR channels are computed for several
surface temperatures, cloud amounts and scan angles for each set of high-resolution
transmittances. Cloud amounts are selected randomly for, at most, two cloud
levels. The sets of cloud conditions are also chosen randomly, as are three surface
temperatures (normally distributed with a defined mean and standard deviation) for
each cloud condition. Cloud-free calculations are also computed for each surface
temperature chosen. Calculations are made for four scan angles. Consequently, 72
sets of simulated radiance measurements are computed for each atmospheric
sounding.

61

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



I

Input Model

60 representative
Historical 03 and T profiles High resolution

ozonesonde - transmittance
data calculations

_ _ __,_High resolution

High resolution 03 and CO2
regression transmittances

coefficients (60 sets)
(T-dep) 15 pm CO2, Riv9.6/um 03I Radiative

9transfer

codes

MFR Simulated
filter MFR radiance
data measurementsdata (4320 sets)

Linear
regression

Surface temp., code
scan angle,

cloud fractions Regression

_ _ _ _coefficients

for total ozone

MFR Ozone Total 03
radiance retrieval data

measurements model dat

FIGURE 46. Development sequence for the ozone retrieval model.

3.2.3 Generation of Regression Coefficients

The simulated measurement sets generated for each latitude band and month
are grouped into three-month sets. Each set of 60 soundings (4320 radiance sets)
and the total column ozone corresponding to each sounding form the basis for the
empirical retrieval scheme. Total ozone is modeled as a linear combination of two
MFR channel radiances, nonlinear functions of the ozone and window channel
radiance, and the secant of the zenith angle. The nonlinear functions are included
primarily to account for the effects of clouds and background.

The total column ozone is determined using the linear model

m
03 =o + [nfn(N,0)]

n=1
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tiere U 3 is total ozone, a0 and an are regression derived coefficients,
ano fl are functions of the MFR radiances (N) and zenith angle (0). The a
coefficients are computed from the simulated radiances using linear regression
analysis. Different sets of as are generated for each of the 12 three-month data
sets in each of the I I latitude bands.

3.2.4 Retrieval Model Continuous in Space and Time

A retrieval model that is continuous in space and time is generated by blending
across latitude band boundaries and by blending between "monthly" models.
Latitudinal weighting is used across spatial boundaries and time weighting is used to
blend between "monthly" models. The resulting model is a linear combination of
submodels in discrete time and space domains.

3.3 Data Processing and Data Archiving

The MFR radiance data are transmitted from the DMSP satellites to the Air
- I Force Global Weather Central (AFGWC). The data are shipped to LLNL on

magnetic tape. Each tape contains approximately 24 h of data in an unprocessed
(sensor bit stream) format as 36-bit packed integers. The data are converted to
60-bit words (word size of LLNLs CDC 7600 computers), then the data are
calibrated and Earth-located. A check is made for erroneous data arising from
either instrument failure, recording or transmission errors.

3.3.1 Data Processing

The calibrated, earth-located radiance data are input to the regression model
that calculates corresponding 'total column ozone values. The processing code
contains the regression models for each particular latitude band and month and
applies the time-space averaging when the ozone retrieval is made.

In order to evaluate the quality of the retrieved ozone data, we routinely
compare them with independent ground-based measurements of total ozone. The
ground-based measurements used in this comparison consist of Dobson spectro-
photometer total ozone observations that are taken close in time to the satellite
MFR measurements in the vicinity of the Dobson observatory. In line with the data
processing, MFR ozone data that are close to selected Dobson stations (within time
and distance criteria) are paired with the Dobson data and saved in a separate file
for later analysis.

3.3.2 Mapping of Total Ozone Data

The satellite ozone retrievals are averaged over 2.50 latitude-longitude grid
intervals or bins. The bins remaining empty after 24 hours of data mapping require
filling, which is accomplished by one of the following methods depending on the data
available. The methods are listed in decreasing order of preference: (1) interpolate
between the binned data of the day preceding and the day following, (2) use the
binned data from the day preceding or the day following, (3) use the zonal average
values that are computed from the binned data for that day, or (4) use zonal average
values that are taken from known climatology.

33



JANUARY 5 1979

180 Wt 1 50I4 1h OW 90 W- 60 W 30 W 0 .0 30E 60E 90E 20Ei 150E 80E

180W 150W 120W 901 60W 30W 0.0 30E 60E 90E 120E 150E 180E

FIGURE 47. Contour map of total ozone for January 5, 1979. Shaded regions

i indicate data-void areas.

After data-void areas are filled, the resulting fill-field is smoothed. This

process removes small-scale features (e.g., 50 horizontal wavelength and smaller)

but retains large-scale features (e.g., a wavelength of 600 is retained at 96% of its

original amplitude) in the data-void regions. Thus, only the large-cale features that

| change little from day to day are used as an "intelligent fill". The resulting global

ozone grid is then filtered using a Lanczos filter (Duchon, 1979) with a wavelength

~cutoff at 100 or smaller, and plotted on an ozone contour map. A map of pre-

liminary total ozone data for January 5, 1979, is shown in Fig. 47. Data-void regi ,.:s

are indicated by the shaded areas.

An ozone analysis that is to be displayed on a polar stereographic map

projection is binned and data filled in the same manner as the above cylindrical

~equidistant projection, except the ozone data are gridded on the National

~Meteorological Center (NMVC) grid rather than a 2.50 latitude-longitude grid. The

N MC grid is a rectangular grid overlaying a polar stereographic map projection.

iI3.3.3 Data Basing

- 1he computer capability at the Atmospheric Release Advisory Capability

(ARAC) center at LINL is used for data basing and data processing. Code

develc:ment is done on the LNL CDC 7600 computers, afrt, which they are

~transferred to the DEC VAX 1/780 computer' system in thW ARAC center.

~Processing of preliminary ozone d~ta for intercomparison with other satellite data

has been done on the (DC 7600 computer while the data base management system

was being implemented on the VAX 1/780 computer. The VAX ystem t L~LNI. is

more cost efficient for lrge-cale dta processing than is the (')C 7600.
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A relational data base management system called FRAMIS (Jones and Ries,
1978) was chosen for use with the data base. FRAMIS was developed by LLNL's
Computation Department for the CDC 7600, and was designed for large scientific
data bases. It took about one year to convert all 400 subroutines from the CDC
7600 to the VAX, and the version on the VAX is currently being tested extensively
on sample data sets. The ozone data base is designed in such a way that extraction
of data subsets by time and/or geographical location is performed efficiently.

3.3.4 Data Archiving

High density magnetic tape (6250 bpi) has been selected as the long-term
storage medium for the data base. One tape can store approximately one month of
data (including the raw radiances, the retrieved ozone values, and related data).

3.4 Data Analysis

In early 1980, MFR data from January I to February 15, 1979, were processed
for comparison with other satellite ozone measurements and with Dobson mea-
surements of total ozone. The ozone data were preliminary in that they revealed
some difficulties with the retrieval methodology. Various alternatives for improving
the methodology were studied, and the retrieval methodology was finalized at the
end of 1980. The data shown here are the preliminary data reported by Luther et al.
(1980).

3.4.1 Latitudinal Distribution of Total Ozone

The daily average latitudinal distribution of ozone for January 1979 is shown in
Fig. 48. The global mean total ozone is 291.3 DU, * and an average of 37,296
retrievals were made each day. The daily count was higher for the first 15 days in
February 1979, averaging nearly 42,000 retrievals per day.

The latitudinal distribution of ozone varies qualitatively as expected with a
minimum near the equator and maxima near the poles. However, the sharp drop in
total ozone between 60ON and the pole appears to be anomalously large. The drop is
even larger than shown during the early part of January when stratospheric temper-
atures were among the coldest recorded during the past 20 y.,-s. But later in the
month as stratospheric temperatures warm, the decrease becomes progressively less
with only a small decrease in total ozone between 60 and 90ON occurring for days
near the end of January. The problem appears to be that the soundings of
temperature and ozone partial pressure used in developing the regression model did
not adequately include the temperature regime that existed in early January 1979.

3.4.2 Global and Hemispheric Total Ozone

The variation of global and hemispheric mean ozone values with time is shown
in Fig. 49. The global mean ozone varies slowly with time, increasing only about 5
DU between mid-January and mid-February. The hemispheric mean values show

Dobson Unit, or the thickness in millicentimeters of the column of ozone at
standard temperature and pressure (1 atm); also referred to as matm-cm.
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FIGURE 48. Average latitudinal distribution of total ozone for January 1979.

larger variations, with the Southern Hemisphere decreasing about 10 DU and the
Northern Hemisphere increasing about 15 DU during the 46-day period. The
variations in hemispheric ozone amounts are consistent with the variations reported

• -by London et al. (1976).

The global mean of 291.3 DU for the MFR ozone data is somewhat higher than
the average for January reported by London et al. (1976) of 285 DU. When hemi-
spheric ozone amounts are compared, it is seen that most of the increase occurs in
the Northern Hemisphere. The averages are 302 and 280 DU for the Northern and
Southern Hemispheres, respectively, for the MFR ozone data compared to 293 and
277 DU from London et al. (1976). The difference is 9 DU for the Northern
Hemisphere and 3 DU for the Southern Hemisphere.

3.4.3 Comparison with Preliminary Nimbus 7 SBUV Data

Global mean ozone amounts were compared with preliminary SBUV data from
Nimbus 7 for January 1979 (Don Heath, private communication, 1980). The two sets
of data have similar means and day-to-day variations as summarized in Table 20 for
the 22 days that are common to both data sets.

3.4.4 Data in 100 Latitude Bands

Daily mean ozone values are shown in Figs. 50a, b and c for 100. latitude bands
in the Northern Hemisphere. For comparison, the ozone data for 100-latitude bands
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FIGURE 49. Daily global and hemispheric ozone amounts during January and
February 1979.

from London et al. (1976) are given in Table 21. The data are a summary of January
mean data taken between 1958-1967.

The January 1979 MFR data for 100 latitude bands are higher than the average
of the January data between 1958 and 1967, but they are not as large as the
maxin m wvlues observed during that period. The difference between ozone
amounts f . djacent latitude bands obtained from the MFR data closely match the
differenc t tween the average values for the 1958-1967 period. Consequently, the
latitude cisti ibution of MFR ozone amounts is very similar to the observed
distribution, however, the MFR data are larger by 10-15 DU.

There is a noticeable decrease in the amount of ozone on January 25 for the
40-50 0 N-latitude band (Fig. 50b). This change in ozone turns out not to be real, but
is the result of a reduction in spatial coverage. The number of data points was only
about 22,000 on Janury 25 compared to approximately 30,000 on the preceding days.
The reduced spatial coverage would not generally be a significant source of error,
but in this particular case some regions of high ozone content are missed at high
northern latitudes. This feature also appears in the data for the 50-60ON band (Fig.
S0c).

The 50-60°N-band data show a significant increase in ozone amount beginning
about the third week of January. This coincides with the onset of a stratospheric
warming event that lasted into late February.

3.4.5 Comparison with Dobson Data

The MFR total ozone data are compared with Dobson measurements in order
to evaluate the ozone retrieval methodology. A total of 37 Dobson observatories
have taken special ozone measurements near DMSP satellite overpass times. The
locations of-these Dobson observatories are shown in Fig. 51. MFR total ozone data
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TABLE 20. Comparison of global mean total ozone.

Standard

Mean deviation
(DU) (DU)

MFR DMSP F2 291.0 1.1

SBUV Nimbus 7 291.5 1.3

TABLE 21. Comparison of MFR and London et al. (1976) total ozone data for

January.

Average total ozone

London et al. (1976) MFR

Band Min. Avg. Max. 1979

0-10 0 N 223 233 246 246
10-200 N 230 243 257 253
20-30 0 N 250 264 279 274
30-40ON 287 300 319 314
40-50ON 311 340 378 356
50-60ON 328 368 421 380

have been compared with Dobson measurements taken between January 1 and
February 15, 1979, and the results are summarized in Table 22. Table 22 shows
comparisons where the MFR and Dobson measurements are within 300 km and 300
min of each other. Percentages are computed with respect to the Dobson values.
On the average, the MFR ozone values are 2.2% less than the Dobson values. For
the 607 comparisons, the RMS difference was 7.2%, which is the result of the bias
between the two data sets and the amount of noise and measurement error inherent
in each observational system.

3.5 Major Accomplishments During the Reporting Period

During 1980, the ozone retrieval methodology was finalized, and we are
preparing to begin processing of the MFR data. Many tasks needed to be
accomplished in order to get to this point. Some tasks progressed continuously
throughout the reporting period, whereas others were rather intense efforts for
short periods of time.

The reporting period may be broken into three sections where there were
significant differences in emphasis.

1. October 1979-February 1980. The major emphasis was on the initial
processing of 46 days of MFR data (January I-February 15, 1979) for
intercomparison with other satellite ozone data.
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FIGURE 50a. Daily ozone amounts for latitude bands 0-10 0N, 10-200 N, and 20-30 0N.

370-

360

5350

0340

10 330

320

310

5 10 15 20 25 301 5 10 15
January 1979 February 1979

FIGURE 50b. Daily ozone amounts for latitude bands 30-40ON and 40-500 N.
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FIGURE 51. Locations of the Dobson spectrophotometer observatories where
special measurements of total ozone have been taken for comparison
with MFR-derived total ozone data.
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TABLE 22. Comparison of preliminary MFR and Dobson data taken between
January I and February 15, 1979.

A Dist A Time 03 (sat.) 03 (Dob) A 03 a 03 RMS diff RMS diff
Station Lat. Days (km) (min) (DU) (DU) (DU) (%) (DU) (%)

Resolute 75N 8 42 149 355 389 -34.0 -8.7 46.3 11.9
Lerwick 60N 5 15,. 204 328 339 -11.0 -3.2 25.0 7.4
Oslo 60N 12 45 132 384 373 11.8 3.2 22.7 6.1
Edmonton 54N 25 82 262 392 412 -20.0 -4.8 39.3 9.5
Bracknell 51N 7 187 233 349 351 -2.5 -0.7 18.6 5.3
Hohenpeissenberg 48N 4 150 231 358 361 , -3.1 -0.9 6.7 1.9
Caribou 47N 10 88 262 391 429 -37.2 -8.7 41.6 9.7
Arose 47N 24 55 181 352 342 9.6 2.8 25.9 7.6
Bismark 47N 15 83 230 373 391 -17.8 -4.6 31.5 8.1
Toronto 44N 19 60 189 369 407 -38.5 -9.5 46.0 11.3
Sapporo 43N 18 86 213 385 416 -31.1 -7.5 43.5 10.5
Boulder 40N 16 108 211 332 347 -15.5 -4.5 27.7 8.0
Lisbon 39N 5 81 164 310 299 11.2 3.8 21.6 7.2
Wallops Island 38N 10 124 243 336 362 -25.5 -7.0 33.1 9.2
Nashville 36N 16 120 222 314 350 -36.0 -10.3 42.4 12.1
Tateno 36N 30 106 180 340 343 -3.1 -0.9 20.2 5.9
White Sands 32N 23 69 182 306 324 -17.8 -5.5 27.5 8.5
Kagoshima 32N 24 91 174 306 301 5.4 1.8 15.4 5.1
Tallahassee 30N 17 92 194 285 295 -9.6 -3.3 16.6 5.6
New Delhi 29N 11 68 80 307 318 -11.3 -3.6 16.5 5.2
Naha 26N 18 79 139 261 266 -4.5 -1.7 10.5 4.0
Mauna Loa 20N 11 106 184 266 266 0.4 0.1 9.8 3.7
Seychelles 5S 29 75 24 244 262 -17.4 -6.6 19.0 7.3
Huancayo 12S 23 65 179 249 258 -9.5 -3.7 13.1 5.1
Samoa 14S 5 49 97 244 255 -10.8 -4.2 12.8 5.0
St. Helena Island 16S 12 71 109 265 273 -8.0 -2.9 12.4 4.5
Cairns 17S 13 75 226 245 257 -12.1 -4.7 20.4 7.9
Brisbane 27S 9 92 233 267 268 -0.7 -0.3 11.6 4.3
Perth 32S 19 78 124 273 281 -7.8 -2.8 10.5 3.7
Aspendale 38S 30 88 142 276 287 -11.4 -4.0 14.8 5.1
Hobart 43S 27 106 170 279 262 16.9 6.4 20.8 7.9
Invercargill 46S 5 83 230 287 306 -18.7 -6.1 30.3 9.9
So Georgia Island 54S 37 63 34 309 305 3.7 1.2 21.4 7.0
Macquarie 54S 2 27 173 328 320 7.7 2.4 7.9 2.5
Argentine Island 65S 38 60 29 318 299 18.6 6.2 24.5 8.2
Syowa 69S 30 58 157 326 320 6.9 2.1 14.2 4.4

Station average: 607 81 156 312 319 -7.0 -2.2 23.0 7.2

2. March-August 1980. The major emphasis was on improving the ozone
retrievals at high latitudes, particularly in the polar night.

3. August-December 1980. When the changes to the methodology were
implemented and MFR data from January 1979 were reprocessed, we were
not pleased with the results. Consequently, the major emphasis was on
studies to determine why the changes did not improve our retrievals and
to develop alternative methods that would give better results.

3.5.1 October 1979-February 1980

The modification, optimization, and documentatio- of the computer codes
used for generating simulated radiances from which ozone retrieval models are
developed was completed. Improvements were made in the way absorber amounts
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were determined for layers of the various multilevel atmospheric models under the

"plane parallel" assumption for paths through the atmospheres. The technique used

for making 14 Im band model calculations was also changed. Also, major revisions
were made to the codes in order to improve the I/O, decrease the computer run
time, and to make the files simpler to manage. The result of these optimization
efforts was a reduction of total computer time by a factor of 15, with additional
savings to be realized for each satellite requiring calculations. These codes were
implemented for the ozonesonde data applicable to the January-February 1979
intercomparison effort.

Additional ozonesonde data were obtained from the WODC in order to enlarge
our ozonesonde data base and to incorporate the most recent available data. Our
ozonesonde data base includes nearly 7000 sondes from which representative sets of
data are selected for each month of the year. The sonde data were checked for
accuracy, and sondes with obvious or suspected instrument problems were
eliminated.

It was determined that measurements in Channel 2 (the carbon dioxide channel
that has a peak response near the level of ozone maximum) were affected by a
mirror stepping problem on flight models F2-F4. The design problem, causing a
movement of the field of view during the radiance measurement for this channel,
was confirmed by the Air Force and its contractor. Ozone retrieval models with and
without Channel 2 were generated and tested using F2 data for the intercomparison
period. Initial retrieval results using these models indicated that retrievals using
models including Channel 2 were not as good as those using models without it.

A versatile code was developed to analyze the derived ozone data and satellite
radiance data. Data for specific regions can be extracted and printed or displayed
graphically. The code is used to analyze retrieval problems, such as are likely to
occur in cloudy or cold background conditions. The goal was to improve the
retrievals in these problem areas. In addition, the data calibration code was
modified to handle the different data format of the F4 satellite.

We completed an evaluation of various data fill and data smoothing
techniques. Data void areas were filled with data using the "intelligent fill" tech-
nique described in Section 3.3. Codes were also developed that generate analyses at
2.50 latitude-longitude grid intervals that match the NMC global temperature and
pressure height grid.

Several multivariate analysis techniques were applied to the limited data set
from June 1977. These methods provided a means for discerning relationships
among atmospheric variables and for characterizing the variability of the data
field. Several promising graphical display and data analysis codes were developed
that should prove to be very useful when we begin regular data processing.

Several routine tasks continued throughout this period. We sent monthly
DMSP satellite overpass prediction times to each of the Dobson stations taking
special measurements. We forwarded the Dobson data that we received to NOAA
and NASA on a monthly basis as well. Steady progress was made on the conversion
of the FRAMIS data base management system to the VAX 11/780 computer system.
About half of the utility routines had been rewritten to run on the VAX up to this
time.
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The simulated radiances were used to investigate several approaches to
improving the ozone retrieval models. Problems stemming from the ozonesonde
data and initial processing, especially the insertion of a climatological upper
stratosphere, were detected. The formulations of two of the parameters used in the
retrieval model were changed to allow for band-dependent terms, achieving
improvement in model accuracy.

MFR data from January 1-February 5, 1979 were processed and data sum-
maries prepared for intercomparison with other ozone data sets. A significant
improvement in retrieval methodology was achieved relative to that used in the
feasibility study in that no satellite radiance sets were eliminated due to extremely
cloudy or cold backgrounds. As a result, daily data coverage was more than doubled
in comparison to the earlier feasibility study model.

3.5.2 March-August 1980

A major effort during this period was directed toward improvement of the
temperature climatology used to extrapolate the measured temperature profiles
above the sonde cut-off altitude. A method was develope6 whereby the temperature
at specified pressure levels above Pmin (sonde cut-off pressure) was computed
based on the measured temperatures at lower altitudes. To validate this procedure,
a method was first developed to predict temperature fields that were computed
using MFR data for several days in January 1979 for regions for which we have
temperature analyses from the Free University of Berlin (FUB). Agreement
between the two independent temperature fields was very good. The temperature
contours defining features of local temperature maxima or minima agreed very well
in the location of the features, although the magnitudes of the features were
different in many instances. By averaging the MFR-derived results over several
degrees in latitude and longitude, the satellite temperature field showed a
smoothness typical of the FUB analyses. This smoothing process however, led to
poorer agreement near areas of maximum and minimum temperatures.

We added the necessary coding to the ozonesotide processing code so that the
new method of extrapolating the temperature upward could be applied to all

- soundings in the ozonesonde data base.

Improvements were made in the sonde selection process so that the soundings
selected for input to the radiative transfer codes are representative of the complete
sonde data base for that band and month. We now make 500 random selections of 20
soundings each for each latitude band and for each month. The "best" set of 20
soundings is chosen based on a principal components analysis of 9 variables (4 ozone
densities, 4 temperatures, and total ozone for each of the soundings).

The FRAMIS data management system became operative on the VAX com-
puter, although it was still working at a basic version level. There was a DEC
system problem with their SORT routine and system debug codes. The LLNL Data
Management Group fixed the problem by writing a machine independent FORTRA N
SORT, both internal and disk-based. This provided the breakthrough needed to
continue with testing.

Coding was completed on the statistics code that summarizes ozone data in
100 lat. x 200 long. boxes on a global scale. The code is used to compaie the MFR
ozone data with similar data calculated by NASA and NOAA.
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The AVIV high-density (6250 bpi) tape-drive unit and associated software
arrived and was installed in June. This hardware component completed the data
archive system on the VAX computer. Work continued on conversion of the cali-
brate code to run on the VAX computer, and addressed several of the input
file/word-size problems. Numerous areas of improvement in the major subroutines

. of this code package were identified and were undergoing tests.

During this period, the analysis effort was concerned with research directed
towards a better understanding of the dynamics associated with the evolution of the
polar vortex breakdown and the ensuing stratospheric warming. A stratospheric
warming occurred during January and February 1979. We were studying (1) the
ozone data provided by the satellite MFR and (2) the stratospheric temperature,
height field and wind data provided by conventional, non-satellite data sources, that
have been analyzed by the FUB. Our preliminary analyses indicated low amounts of
total ozone in the polar regions prior to the initiation of the vortex breakdown.
Approximately 2-3 days after the stratosphere began to noticeably warm at 10 mb,
the total ozone column began to increase dramatically - an increase that lasted
several days. As the three stratospheric temperature pulses proceeded during
January and February, the total ozone column poleward of 60°N remained con-
siderably above the pre-vortex breakdown amounts observed during the first three
weeks of January.

In August we began to reprocess the MFR data from January and February
1979, at which time we discovered that the retrievals were not an improvement over
our earlier processing.

3.5.3 August-December 1980

Many tasks were completed during this period leading to the finalization of the
ozone retrieval methodology. Beginning in August, a series of tasks was initiated in
order to evaluate why the changes that were made to the retrieval methodology did
not result in improved retrievals. In addition to knowing why the changes did not
lead to the desired result, we also needed to develop new modifications for
improving the results.

3.5.3.1 Calculation of regression coefficients.
1. Issue: Which functions should be used? Models were developed and tested

using various combinations of independent functions. The models were
tested using satellite data in the vicinity of Dobson stations and the
retrieved ozone values were compared with the Dobson measurements.
Correlations and automatic correlation coefficients were computed for
each function with total ozone and for each function with all other
functions. A theoretical study was made of how correlations between
functions and the magnitudes of their means and standard deviations
affect the regression coefficient. We found that certain independent
functions were highly correlated with each other, thus causing problems in
the computed regression coefficients. We also tried normalizing the func-
tions in order to account for differences in the means and standard
deviations among the simulated and measured function values, but this did
not lead to significant improvement. More could be done in this area of
research, but not on the time scale for start-up of data processing. As a
result of this study, we reduced the number of independent functions from
6 to 3 (although one latitude band uses 4) and obtained a higher percent
variance explained in the retrievals.

74



2. Issue; Which stations in the ozonesonde cata hai;t should be used to derive
the regression coefficients? Models were dc,,eloped from sondes at a
dozen stations and tested against n odcls derivcd from the actual satellite
data and Dobson measurements. Various combinations of independent
functions were used in this analysis. By deriving models from satellite
data, we were able to determine the best possible percent variance
explained by the retrievals. These values were compared with those
obtained using models derived from simulated ra0cances. Certain stations
were found to have a low maximum possitle tercent variance explained,
and a few stations proved to be unreliable wthn models were derived from
sondes at these stations. Some improvement was possible by narrowing
the time interval over which the sonde data werE tak.-n from 3 months to
2 months.

3. Issue. How many latitude bands? Statistics were developed on the
latitude variation of each of the indepenint functions. Regions with
large gradients were noted, and these regions may shift in latitude as the
seasons change. Also, models that were developed on a particular sonde
station were tested on other stations to determine the latitude extent of
the model applicability. We found that the coefficients (other than the
constant term) did not vary rapidly with latitude except near the tropics.
The constant term reflects the effect of changes in the mean values of
the independent functions with latitude. Consequently, the constant
varied widely over the full pole-to-pole region. As a result of this study,
we increased the number of latitude bands from 5 to 11. The bands are
generally 10-200 wide. Even more bands could be added if there were
sufficient sonde data in the Southern Hemisphere from which tc derive
regression coefficients.

4. Issue: Can the data be split by meteorological situations? What outside
information could be used to determine the meteorological situation?
Analysis of the sonde data revealed groupings of similar meteorological
regimes, particularly at high northern latitudes. A model based on a
particular meteorological regime performed much differently than one
based on the combined population that included several regimes.
Although the approach looks very promising, it has not progressed to the
point of being operational at this time.

5. Issue: What affect does combining sondes from various stations have on
the regression coefficients? For bands where there is a significant
gradient of total ozone, the sets of sondes for various stations within that
band can have significantly different means. A model based upon the
combined set of sondes would then try to predict the difference in the
mean values between stations. A model based upon data from one station,
however, would predict the change in ozone about the mean value, bul it
would likely have a bias when applied to other locations within that band.
We tested both appronches and found that the latter approach gave better
predictability of ozone at Dobson statjoiis ithin a band. The method
does have a higher mean bias, but all statistics other than the bias were
better when coefficients were based on station data. We now develop
coefficients for each station separately and average them in developing a
band model.
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3.5.3.2 Sensitivity studies. The tasks above involved testing the model's sensitivity
to various changes that might be made in the methodology. In addition to those
studies, several other tests were made.

1. Independent data sets from one station. A test of the stability of a model
" is to work with two independent sets of data, in this case, two sets of

sonde data from Hohenpeissenberg. Models were derived from each set
separately and tested against the other set. The effect of deleting one or
two sondes from the sets of 20 was also tested.

2. Variation of surface temperature and cloud fractions. Models were

developed from the same set of sonde data, but different means and
standard deviations were used for surface temperature and different cloud
amounts were specified. The models were then tested on data near
Dobson stations and were found to be not very sensitive to these
parameters.

3. The specification of Tav in the O3CORR term. One of the inde-
pendent functions, O3CORR, uses a specified mean transmittance for the
stratosphere, Tavg, in its formulation. The parameter Tav varies with
latitude and season, but not greatly. We found, however, fhat variations
in Tavg, though slight, can cause a bias to show up in the retrievals if
the varue used in the retrieval is not exactly the same as that used in the
simulation. Slight differences occurred in the past due to the manner in
which data from different months were combined. The procedure has now
been modified to eliminate any bias due to such differences in T avg-

3.5.3.3 Evaluation of accuracy of retrieval. Special coding was developed so that
global retrieval models could be tested against the Dobson data for January 1979.
Because repetitive processing of a month of satellite data to test retrieval schemes
is a significant task, the magnitude and cost were reduced by working only with
satellite data in the vicinity of the Dobson stations. The Dobson/satellite compari-
son statistics code was modified to include comparison of the mean of all satellite
measurements taken within specified time/distance criteria from Dobson mea-
surements. The model previously compared only the retrieval point nearest in

4- distance and time to the Dobson measurement. Additional statistical tests were
also included in the analysis along with data presentation plots.

Through special arrangements with scientists at Dobson observatories, mea-
surements were obtained from five additional Dobson stations for January and
February 1979. These stations were: Churchill, Goose Bay, Manila, El Qahira
(Egypt), and Mexico City. These stations are in previously data-void areas and will
be useful in model evaluation comparisons. We also ob'.ained data from Amundsen-
Scott (South Pole) for January and February 1979 that were not previously available.

Two approaches were followed in developing the first global models for
testing. One approach used information available from the testing of various models
against Dobson data, and the other approach excluded this information. The latter
approach is the more desirable or since it is less manpower-intensive and does not
require double processing of the satellite data. The former method can be used as a
standard for comparison. When these two models were evaluated against the Dobson

* Odata, both performed nearly equally well except for the amount of bias. The latter
method had a larger bias, but both were equal overall in their ability to predict the
variations in ozone at the Dobson sites. Subsequent analysis into the source of the
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bias revealed the problem with t avg that was described abov-. Pn,' 'he bias has
been reduced. Our goal is not to reduce the bias, but rather to increase tt'e
predictability. Since our data are not calibrated to match the Dobson values, a bias
is expected in the results. Globally, the DMSP MFR ozone values are lower than the
Dobson values by a few percent was also true of the results obtained using the
methodology developed during the feasibility study (Lovill et al., 1978, 1979).

3.5.3.4 Summary. Tremendous strides have been taken in our understanding of the
sensitivity an: limitations of the ozone retrieval methodology. Tasks which were
originally scheduled for special studies later in the project were completed because
of the necessity to improve the methodology. The present methodology gives better
results than either of our two previous models for January 1979. Data processing is
underway, and we are in the process of automating many routine production

" operations.

4. WORK IN PROGRESS

We are in the process of developing a two-dimensional transport-kinetics
model that will be in the programming and validation stage during most of fiscal
year 1981. This model will be used to study latitudinal and seasonal effects of
various atmospheric perturbations.

A reassessment will be made of the potential effects of emissions from
projected fleets of high-altitude aircraft. Coupled effects will be considered, along
with studies relating to detectability of ozone trends.

Processing of the DMSP' MFR data will begin in early 1981. Data from
satellites with overlapping coverage over a three-year period will be processed.
Daily maps of total ozone and monthly statistics and comparisons with Dobson data
will be prepared for analysis and distribution to the scientific community. We will
also be conducting studies of the spatial and temporal variability of ozone related to
natural and man-made influences.
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APPENDIX A. CURRENT CHEMISTRY IN THE LLNL
ONE-DIMENSIONAL TRANSPORT-KINETICS MODEL

TABLE A-I. Chemical reactions and rate coefficients where k =AeB/T used in

the 1980 model chemistry.

Reaction A B Note

1. 0+0 2 +M -+ 0 3 +M see Table A-2 I3

2. 0+0 3 20 2 l.5x(f' -2218

3. 0 3 + NO -~ NO 2 +0 02 2.3x 10' -1450 1

4. 0+ NO02 -NO+O 2  9.3xl10' 2  0 1

5.N2 D f) N 2 +0 2  5.lxlfY' 0 1
6. N 2 0 +OftD) - 2NO 6.6x 10 ' 0 1
7. N+O 0 2NO+O0 4.4x 10 - 2  -3220 1

8. N +NO0 N 2 +0 3.4x 10 0 1

9. OftD) +H 20 - 20H 2.2x 1 0  0 1

10. 0 +OH -HO 2 +0 2  1.6x10-'2  -940 1

11. 0 + OH- O2 +H1 2.3x 10' +110 1

12. 03 +HO 2  OH +202 1.lXlV' 4  -580 1
13. O+H02 -OH+O 2  4.0x0" 0 1

14. H + 0 2 +M - H0 2 +M see Table A-2 3

15. 0 3 + H -OH+O 2  1.4x] 0' 0  -470 1

16. HO 2 + HO 2 -H 2 0 2 +0 02 see Table A-2 3

17. HO2 + OH -f H0 + 02 4.0x 10'' 0 1

18. OHf+ N0 2 + M HNO 3 + M see Table A-21

19 OHf + HNO 3  H H2 0 + NO 3  1.52xl0'3  +649 1,10

20. H 20 2 + OffH 2 H0 + HO 2  2.7x10-'2  -145 1

21. N +O0('D) +M -N,0+ M see Table A-2 3

22. N +NO02 - N2 0O 2.lxlO'' -800 1

23. NO+O+M -N0 2 +M see Table A-2 3

24. NO + HO02 - NO 2 + OH 3.5x10-'2  +250 1

25. H2 +001)) - OHf+ H 9.gx 10'' 0

26. OHf+ OHf- H 2 0+0 4.5x 10 -12 -275 1

27. N +0 3 + NO+0 2  2.Ox 10 - -3000 4

28. NO 2 + 03 4NO 3 + 02 l.2x 10-' -2450 1
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TABLE A-I. Continued

Reaction A B Note

29. OH+OH+M H 2 0 2 +M see Table 4-2 3

30. H2 0 2 +0 - OH + HO 2  2.8xi0 " 2  -2125 1

31. CO+OH+M -H+CO 2 +M see Table A-2 3

32. O('D) + M -O+M 2.1xl0 -  99 5

33. Ck +0 3  CkO +0 2  2.8xi10 -  -257 1

34. CZ + NO 2 + M - CNO2 + M see Table A-2 3

35. C9,O + 0 - C9, + 02 7.7x10-  -130 1

36. NO+ CiO -NO 2 + C, 6.5x10 " 1 2  280 1

37. CLO + NO 2 + M - CONO2 + M see Table A-2 3

38. HCi +O('D) -C9, +OH 1.4xl 0 10 0 1

39. OH + HC9, - H2 0 + C9, 2.8x10 .2 -425 1

40. O + HC .OH+Ck 1.14xl0 -3370 1

41. C2, + HO 2 - HC9, + 0 2  4.8xi10 0 1

42. CFC, 3 + O('D) -, 3C . 2.2x10 - 0  0 1,6

43. CF 2 C9, 2 + O('D) - 2C9, 1.4x10 -l  0 1,6

44. C9, + H2 4 HC, + H 3.5xI l ' -2290 1

45. CZ + H2 0 2  HCi + HO 2  1.1x0-" -980 1

46. CiONO 2 + 0 4 C9,O + NO 3  3.0xl0'- 2  -808 1,10

47. CH 3 C9, + OH -CZ + H20 + HO 2  1.8x10 12  -1112 1,6

48. NO + NO 3  2NO 2  2.0x10 - 1  0 1

49. NO 2 +O + M - NO 3 + M see Table A-2 3

50. NO 2 + NO 3 + M - N 20 5 + M see Table A-2 3

51. N205 + M -NO 2 + NO 3 + M see Table A-2 3

52. N 2 0 5 + H2 0 - 2HNO 3  1.Oxl0 - 2 0 7

53. O(D) + 0 3  202 1.2x10 -l ' 0 1

54. HO 2 + HO 2 + H2 0 H2 0 2 + 02 + H2 0 see Table A-2 3

55. O+NO 0 2 +NO 2  1.0xl0 "  0 1

56. HO 2 + NO 2 +M HNO 4 +M see Table A-2 3

57. HNO 4 +M HO 2 + NO 2 + M see Table A-2 3

58. OH + HNO 4  H2 0 + NO 2 + 02 8.0x10 - 3  0 1,10

59. C + HNO -HCZ+NO+ 02 3.OxlI0- 2  -300 8

60. HO 2 + CO - 0 2 + HOC, 4.6xI0 3-  710 1

61. Ci + HOCL - HC, + CO 3.0x10-12  -300 8
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TABLE A-1. Continued

Reaction A B Note

62. OH+ HOCk H 20+CZO 3.0x10 - 1 -150 1

63. 0 + HOC + OH + CkO 1.0x10- 11  -2200 1

64. OH + CH 4  CH 3 + H 20 2.4x10- 1 2  -1710 1

65. O+CH4 - CH 3 + OH 3.5x10" -4550 1

66. O('D) + CH 4 -CH 2 0 + H2  1.4x10 -  0 1

67. O('D) + CH 4 - CH 3 + OH 1.4xl0 "'0  0 1

68. CH 4 + Ck - HC + CH 3  9.6x10- 1
2  -1350 1

69. C9 + CH 3CZ - HO 2 + CO + 2HC9, 3.4x10 " ' -1256 1,6

70. CH 3 0 2 + NO - NO 2 + CH 3 0 7.4xi0 - 12  0 1

71. Ck + CH 2 0 - HCZ + HCO 9.2x0" -68 1

72. CH 3 0 2 + HO 2 -CH 3 OOH + 02 7.7x10- 4  +1300 1

73. CH 3 0 + 02 CH 2 0 + HO 2  9.2x10 -  -2200 1

74. OH + CH 2 0 H2 0 + HCO 1.0xl0 "1 ' 0 1

75. O + CH 2 0 - HCO + OH 3.2x10" -1550 2,10

76. HCO + 02 - CO + HO 2  5.Oxl01Y 2  0 1

77. OH + CH 3 OOH - CH 3 0 2 + H2 0 2.1xl0 - 12  -145 1,10

78. CH 3 +0 -CH 2 0+ H 1.0x10- 10  0 1

79. CH 30 2 + 03 - CH 3 0 + 202 J.0xl10 " 4  -600 9

80. CH 3 0 2 +0 -CH 3 0 + 02 3.0x10- 1 0 9

81. CLO + OH - HO 2 + Ci 9.1x10 - 1 2  0 1,10

82. CH 3 + 02 + M - CH 3 0 2 + M see Table A-2 3

83. CZO + OH - HCX + 02 Not used (,1022)

84. H 2 +OH H2 0 +H 1.2x10" -2200 1

85. H + HO 2 - H 2 + 02 4.2x10-1 ' -350 1

86. OH + CH 3OOH - CH 2 0 + H20 + OH 5.0x10 12  -750 1,10

87. O + HNO 4 - OH + NO 2 + 02 7.4x10'- 2  -2630 1,10
88. OH + CiONO - HOCU + NO 3  1.2x10"' -333 1,10

23
89. Ci + CiONO 2 - 2C9 + NO 3  1.7x10 " 2  -607 1,10

90. HONO + OH - H2 0 + NO 2  6.6x10- '2  0 1

91. OH + NO+ M -HONO +M see TableA-2 3

92. 0 + OCLO - CLO + 02 2.5x10' 1  -1166 1

93. NO + OCkO - NO 2 + CLO 2.5xI0 " 2  -600 I

94. OH + CH 3 CCi 3 4 H2 0 + 3C9 5.4x10 - 2  -1820 1
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NOTES TO TABLE A-i

1. Draft report of NASA Panel on Laboratory Measurements (1980).

2. NASA Reference Publication 1049 (Hudson and Reed, 1979).

3. The reaction is pressure dependent. See Table A-2 for discussion.

4. Estimate designed to be compatible with upper limit given in reference 1, and
low enough to have no significant effect on model performance. Reaction is
retained only to facilitate reintroduction if the evaluated upper limit should
prove to be in error.

5. Weighted average of the rates of O('D) + N 2 and O(fD) + 02 from
reference 1.

6. Product chemistry has been simplified.

7. Estimated reaction rate. This estimate is designed to include a possible
heterogeneous contribution to the overall reaction. Important only in the
lower troposphere.

8. Estimated reaction rate. This rate is estimated based on the assumption that
HNO 4  and HOC9, resemble H2 0 2  (as treated in JPL, 1979) in
reactions with C, and OH.

9. Estimated reaction rate. Rate is estimated based on the assumption that
CH 3 0 2 closely resembles HO 2 in reaction with 0 or 03.

10. Products are not given in references I or 2. The assumed products are based
on products that seem the most chemically plausible.
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TABLE A-3. Photolysis reactions. Alternative products of reaction are shown in

parentheses, but they were not used in the 1980 chemistry.

Reaction Note

1. 0 2 -20 1,2
2. 0 3 O + 0 1,3

3 2
3. 03 O(fD) + 0 2  1,3
4. NO 2 -*NO +O 1,4

5. N 2 0 - N 2 + 00D) 4

* 6. NO -N+O 5

7. HNO 3  OH+ NO 2  4

8. H2 0 2  20H 4

9. HO 2  OH+O 4

10. CZONO 2 -+ Ci + NO 3 (C.O + NO 2 ) 4,6

11. HCk +H+Ck 4

12. CkO -C9 +0 7

13. CiO - Ck + O(1 D) Not used

14. CNO2 - CZ + NO 2  4

15. OCZO - CZO + 0 7

16. CF 2 Cz 2 - 2C9 4,8

17. CFCZ 3 - 3CZ, 4,8

18. CCZ 4 - 4C9 4,8

19. N 205 - NO 3 + NO 2 (2NO 2 + 0) 4,6

20. NO NO+O 4) ,.-3 2

21. NO 3  NO + O 4

22. H 20 H +OH 9

23. HNO 4 - HO + NO 3 (HO 2 + NO 2 ) 10,6

24. HOC, -OH+CZ 4

25. CH 3OOH - CH 3 + OH 4

26. CH2 0 - HCO + H 11

27. CH 2 0 CO+H 2  11

28. CH 3C, + CH 3 + Ci, 4

29. HONO OH + NO 4

30. CH 3 CCZ3  3C9 4,8
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NOTES FOR TABLE A-3.

1. Contributes to the optical depth of the model atmosphere.

2. The Schumann-Runge bands are given a special treatment based on Hudson
and Mahle (1972).

3. The quantum yields of reactions 2 and 3 are given a special treatment based
on the temperature-dependent treatment of NASA Panel on Laboratory
Measurements (1980).

4. Based on the data of NASA Panel on Laboratory Measurements (1980).
Where data for several temperatures are given, we have used the data at ,
230 K.

5. Nitric oxide photolysis is based on the treatment of Frederick and Hudson
(1979). We have averaged rates over the sunlit hemisphere for daytime
photolysis.

6. The products used for XNO 3 (X = C9, OH, NO2 ) are all based on
analogy with C9.,ONO 2 data of Chang et al. (1979). This treatment is
highly uncertain.

7. Based on data in Watson (1974).

8. Product chemistry has been simplified.

9. Treatment based on Thompson et al. (1963).

10. Treatment based on Molina and Molina (1980).

11. Treatment based on cross sections of Bass et al. (1980).
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