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MODEL SIMULATIONS OF STRATOSPHERIC OZONE
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STRATOSPHERIC MODELS

SUMMARY

Model Simulations of Stratospheric Ozone

Multi-dimensional models are designed to provide simulations of the large-scale transport in the stratosphere.
This transport rate is combined with the local chemical production and removal rates of ozone to determine the
distribution of ozone as a function of longitude, latitude, height, and season.

There is strong observational evidence that heterogeneous chemistry (hydrolysis of N,O5 and CIONO,) is oper-
ating on surfaces of the aerosol particles in the stratospheric sulfate layer. There is a general agreement on how
this should be represented in the models. Models that include these reactions produce calculated ozone decreases
(between 1980 and 1990) that are larger and in better agreement with the observed trend than those produced by
models that include only gas-phase reactions. All model simulations reported here include these two reactions.

Both three-dimensional and two-dimensional models have been used in simulating polar stratospheric cloud
(PSC) chemistry in the vortex and how the equatorward transport of chemically perturbed polar air may affect
ozone at midlatitudes. Our lack of understanding of the detailed mechanisms for denitrification, dehydration, and
transport processes reduces our confidence in these model predictions.

No multi-year simulation has been performed to date using three-dimensional models. Two-dimensional (lati-
tude-altitude) models remain the primary tools for extensive diagnostic studies and multi-year simulations.

How well do models simulate the distributions and trends of ozone in the stratosphere?

UPPER STRATOSPHERE

The model-simulated ozone concentration in the upper stratosphere is typically 20% smaller than the observed
values, a problem that has been identified previously. This suggests that there is a problem with our understand-
ing of the photochemistry in that region.

The model-calculated ozone trends above 25 km due to emission of halocarbons between 1980 and 1990 are in
reasonable agreement with the trends (both in the altitude profile and latitudinal variation) derived from the
satellite measurements. Most of the model results did not consider radiative feedback and temperature trends that
are likely to reduce the predicted ozone decreases by about a factor of 0.8.

LOWER STRATOSPHERE

The models underestimate the amount of ozone in the lower stratosphere at high latitudes during winter and
spring. This, coupled with the model-calculated behaviors of other trace gases, indicates that the models do not
have a good representation of the transport processes in those seasons.

The partitioning of the radical species in the lower stratosphere is influenced to a large extent by the hydrolysis
rates of NpOs and CIONO,. This, in turn, affects the calculated ozone response in the lower stratosphere to
increases in chlorine and bromine. The trend in the polar region is also affected by PSC chemistry in the vortex as
well as heterogeneous conversion of HCI on sulfate particles at cold temperatures.

Comparison with the local trend derived from observations indicates that models that include only hydrolysis of
N,05 and CIONO; on sulfate particles underestimate the trend between 15 and 20 km at all latitudes. Including
PSC processing and the heterogeneous conversion of hydrochloric acid (HCI) on cold sulfate aerosol in model
simulations gives larger trends at high latitudes.
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COLUMN ABUNDANCE

The model-simulated ozone columns in the tropics are within 10% of the observed values. However, some
models underestimate the spring maximum in the Northern Hemisphere by as much as 30%.

The models calculate a trend in the tropics of about -1% per decade in the column abundance of ozone due to
emissions of halocarbons between 1980 and 1990. This is consistent with the trend derived from the Dobson
stations, the Solar Backscatter Ultraviolet (SBUV) instrument, and the Total Ozone Mapping Spectrometer
(TOMS). The model-calculated trend in the tropics is largely a result of the calculated ozone decrease above 25
km.

The decreases in column ozone at high latitudes calculated by models that include hydrolysis of N,Os and
CIONO; as the only heterogeneous reactions are between 2% to 3% per decade. This is smaller than the observed
negative trends of 4%-8% per decade at the northern high latitudes, and 8%-14% at southern high latitudes out-
side the vortex.

Models with PSC chemistry calculate a trend at high latitudes comparable to observation. However, the trend at
midlatitudes is still small compared to the observed decrease of 4%-6% during winter and spring (Northern
Hemisphere) and winter and summer (Southern Hemisphere).

A larger trend can be obtained at midlatitudes by including the effects from export of chemically perturbed air
from the polar region, by adjusting the transport, or by invoking additional chemical ozone removal cycles. The
importance of the processes has not been resolved because of the lack of laboratory and field data.

The increase in aerosol loading due to the eruption of Mt. Pinatubo was predicted to perturb the lower strato-
sphere. An idealized simulation was designed to isolate the effect of the photochemical response to a uniform
thirty-fold increase in aerosol loading starting in June that decays with a time constant of 1 year. The model-
calculated decreases range from 2% to 8% around 50°N in the spring after the prescribed increase, with the
calculated decrease diminishing to zero over a five-year period.

Model Predictions of Future Trends

Using an emission scenario that is designed to represent global compliance with the international agreements, the
calculated chlorine loading in the stratosphere reaches its maximum value about 3-5 years after the prescribed
tropospheric organic chlorine concentration achieves its maximum value. The maximum calculated chlorine and
bromine concentrations and the lowest ozone values occur within 2 years of each other in this scenario.

Comparison of the model results indicates that although there are significant differences among the model-calcu-
lated local photochemical rates and transport rates, the rates from each individual model combine to produce
reasonable present-day ozone distributions and the 1980 to 1990 ozone trend. However, as the atmosphere is
perturbed farther away from its present state (e.g., large increase in aerosol loading, changes due to long-term
trends of N,O, CHy, and halocarbons), the model-predicted responses differ by larger amounts. Current efforts -
aimed at direct validation of the transport process and photochemical process will help to resolve the differences
and bolster our confidence in the model predictions.

6.2



6.1 INTRODUCTION

Ozone concentrations in the atmosphere are main-
tained by the balance between photochemical production
(mainly the photolysis of Oy) and removal by photo-
chemical reactions associated with the hydrogen (HOy),
nitrogen (NOy), chlorine (ClOy), and bromine (BrOy)
radicals. However, this balance is not always local be-
cause an ozone molecule created at one location can be
transported to another location before it is photochemi-
cally destroyed. Ozone concentration in the lower
stratosphere is maintained by a balance among the fol-
lowing processes: production in the tropics, transport to
mid- and high latitudes, photochemical removal in the
mid- and high latitudes, and removal from the strato-
sphere by stratosphere/troposphere (strat/trop) exchange.
The magnitude of each term changes with seasons and
their combined value determines the seasonal behavior
of ozone. In the tropical upper stratosphere (above 30
km between 30°N and 30°S), the photochemical reac-
tions are sufficiently fast that local balance holds and the
local ozone concentration is determined by the local pro-
duction and removal rates. However, transport still
affects ozone indirectly by modulating the concentra-
tions of the radical species.

The role of the radical species in the removal of
ozone has been confirmed by process studies using in
situ observations. The concentrations of the radical spe-
cies are maintained by photodegradation of the
corresponding source gases: H,O and methane (CHy)
for HOy, nitrous oxide (N,O) for NO,, and halogen
source gases for ClO4 and BrO,. The large-scale circu-
lation that transports ozone is also responsible for the
redistribution of source gases, radicals, and other trace
gases that can affect the partitioning of the radical spe-
cies. Increases in radical concentrations (e.g., increases
in ClOy due to chlorofluorocarbons (CFCs) emitted at
the Earth’s surface, and increases in NOy due to N,O
emitted at the ground and stratospheric injection of NOy
by aircraft) lead to changes in ozone.

In this chapter, we discuss modeling of the season-
al behavior of ozone in the stratosphere using
multi-dimensional models. The amount of ozone in the
atmosphere may be separated into three layers according
to the processes controlling the concentrations: 1000 mb
(ground) to 100 mb (16 km) in the tropics and 200 mb
(11 km) in the extra tropics; from the first layer to 10 mb
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(30 km); and 10 mb to 1 mb (45 km) (see, e.g., Jackman
et al., 1989). Ninety percent of the ozone resides in the
upper two layers, with more than two-thirds in the mid-
dle layer. Although the models include a simple version
of the troposphere, representation of many of the pro-
cesses is incomplete (see Chapter 5 and Chapter 7 in this
report for discussions of ozone in the troposphere). In
the upper layer, where ozone is controlled by local pro-
duction and removal, the ozone concentration can be
simulated by box models if the concentrations of the rad-
ical species and overlying ozone column are known.
The middle layer has received the most attention for sev-
eral reasons. It is where the aerosol layer and the polar
stratospheric clouds reside. The observations from the
various aircraft campaigns and satellite observations
(see Chapters 3 and 4, this report) have provided a
wealth of data for studying this middle layer.

Because of limitations in computer resources, it is
not practical to use three-dimensional models to perform
multi-year simulations to study the response of strato-
spheric ozone to perturbations of the source gases and
the radical species. These calculations have been done
using two-dimensional (latitude-altitude) zonal-mean
models. They incorporate processes that have been
proven to be important. The same models are used to
compute the atmospheric lifetimes of various trace gases
(see Kaye et al., 1994) and the ozone depletion potential
indices for the halocarbons (see Chapter 13). While
questions can be raised regarding some aspects of the
formulation and representation of the processes in two-
dimensional (2-D) models, model results from
individual models that appeared in the literature are
found to be in reasonable agreement with the present-
day atmosphere (within 20% of the observed ozone
column away from the polar region).

This chapter reviews the recent improvements in
model formulation and discusses the strengths and
weaknesses of these models. An open letter was sent to
modeling groups to solicit results for a number of pre-
scribed calculations. Different models have reported the
results of their calculations in the scientific literature.
More often than not, the results are not in agreement
with each other. The purpose of the prescribed calcula-
tions is to ask each model to do the same calculations
with the sameinput so that the model results can be com-
pared. For this reason, the criterion for choosing the
prescribed conditions is that they can be easily imple-
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Table 6-1. Models providing results in this chapter.

Model Name Institution Investigators
AER Atmospheric and Environmental Research | M. Ko and D. Weisenstein
Inc., USA
CAMBRIDGE University of Cambridge, United Kingdom | S. Bekki
GSFEC NASA Goddard Space Flight Center, USA | C. Jackman, D. Considine, E. Fleming
ITALY Universita degli Studi L’ Aquila, Italy G. Pitari, S. Palermi, G. Visconti
LLNL Lawrence Livermore Laboratory, USA D. Kinnison, P. Connell
MPIC Max Planck Institute for Chemistry, C. Briihl, J. Gross, P.J. Crutzen, Th. Peter
Germany
MRI Meteorological Research Institute, Japan | T. Sasaki
NCAR National Center for Atmospheric G. Brasseur, X. Tie
Research, USA
OSLO University of Oslo, Norway I. Isaksen

mented, rather than being faithful to what actually oc-
curs in the atmosphere. For these calculations, it is more
meaningful for the model results to be compared with
each other rather than with observations. Clearly, com-
parison with observation still remains as the only real
test on the reliability of model results.

Modeling groups that submitted results are listed
in Table 6-1. They are all 2-D models. Most of these
models (with the exception of the CAMBRIDGE model)
have participated in one or more of the intercomparison
exercises, the latest of which took place in 1991 and
1992 (see Prather and Remsberg, 1993). This intercom-
parison involved 14 different groups from 6 countries.
The intercomparison was comprehensive and included:
1) source, radical, and reservoir gases important in
ozone photochemistry; 2) radioactive tracers 14C and
90Sr and the Mt. Ruiz volcanic cloud, which tested the
models’ transport; and 3) a detailed model intercompari-
son of photodissociation rates, transport fluxes, and
idealized tracers that highlighted some of the models’
similarities and differences. One result of these exer-
cises was to help eliminate simple coding errors in the
models and give more confidence that the range of pre-
dictions is due to differences in formulations and
approaches. The remaining differences will ultimately
have to be resolved by comparison with observations.
The results from these calculations will show that there
are substantial differences among the model predictions,
particularly when perturbations are large. Unfortunate-
ly, the schedule of this report does not allow enough time
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to resolve all the issues. Itis hoped that this will be done
soon.

6.2 COMPONENTS IN A MODEL SIMULATION

This section discusses how the models simulate
the distributions of the source gases, the partitioning of
the radical species, and the distribution of ozone in the
stratosphere. To simulate the distribution of ozone, the
models calculate the local production and removal rates
for ozone, and combine them with the effect of transport
to determine the ozone concentration as a function of
longitude, latitude, altitude, and season. The local pro-
duction and removal rates depend on the model-computed
distributions of the source gases and the radical species,
and the partitioning of the radicals (which in turn de-
pends on the local temperature and solar insolation).
One thing to note is that the photochemical removal rate
for ozone in most of the lower stratosphere is about 10%
per month in summer and 1% per month in winter. Thus,
it is always necessary to consider the effect of transport
and the combined cumulative effect over several years to
assess the ozone response. This is to be contrasted with
situations where activation of the chlorine radicals in the
polar vortex leads to a rapid ozone removal rate of 1%
per day.



6.2.1 Source Gases and Radical Species

The models simulate the following processes in
the life cycle of a source gas released in the troposphere:
the cycling of the source gas between the troposphere
and the stratosphere via strat/trop exchange; the photo-
chemical reactions that release the radical species; the
subsequent redistribution of the radical species by the
large-scale transport; and the partitioning of the radical
species into the active and reservoir species. A molecule
in the stratosphere can either be photochemically re-
moved, or it will spend, on average, about three years
before it is transported back to the troposphere (see e.g.,
Holton, 1990). The three-year residence time corre-
sponds to the average for all material in the stratosphere.
Clearly, material introduced to the stratosphere near the
tropopause will have a much shorter residence time. The
exchange between the troposphere and stratosphere is
simulated in the models in terms of the large-scale ad-
vection and eddy transport. This is probably adequate
for source gases such as N>O and the CFCs, and the rad-
ical families Cly, Bry, and NOy, whose distributions are
relatively uniform. A more sophisticated treatment is
needed for cases involving direct injection of radical
species, such as injection of chlorine radicals by the
space shuttle solid rocket engine and injection of NOy by
high-flying aircraft.

6.2.1.1 HALOGEN SPECIES

The odd chlorine (Cly) and bromine (Bry) species
in the stratosphere come from degradation of the source
gases. Among the source gases that have been measured
in the atmosphere, the atmospheric burdens of methyl
chloride (CH3Cl), methyl bromide (CH3Br), and other
bromomethanes are thought to be maintained, in part, by
natural sources. Other man-made sources include the
chlorofluorocarbons (CFCs), the hydrochlorofluorocar-
bons (HCFCs), the bromomethanes (mainly methyl
bromide), and the halons in the stratosphere. Photo-
degradation of the CFCs takes place almost exclusively
in the stratosphere. The hydrogenated halogen species
can be broken down by photochemical reactions in both
the troposphere and stratosphere. The Cly and Bry spe-
cies released in the troposphere will be washed out
relatively quickly and will not be transported to the
stratosphere. Thus, source gases that react in the tropo-
sphere will deliver less of their chlorine or bromine to
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the stratosphere. The radical species released in the
stratosphere are redistributed in the stratosphere and
eventually removed from the stratosphere by the large-
scale transport that parameterizes strat/trop exchange in
the models. While in the stratosphere, they will be parti-
tioned into the active species (Cl, CIO, Cl,0,, BrO) and
the reservoir species (HCI, CIONO,, HOCI, HBr,
BrONO,, HOBr). The active species participate directly
in the ozone removal cycles. Observed concentrations of
the reservoir species provide an important check for the
model results.

Model calculations have been used to simulate the
distribution of the chlorine radicals released by specific
source gases in the present-day stratosphere (see
Weisenstein et al., 1992). This can be used to estimate
the individual contribution of a specific source gas to
chlorine loading and ozone depletion. A similar break-
down can also be obtained using observed concentrations
of the source gases in the lower stratosphere (Kawa et
al., 1992; Woodbridge et al., 1994).

Two other sources for chlorine radicals were dis-
cussed in Chapter 2. These are deposition of chlorine by
solid-fuel rockets and injection of HCI into the strato-
sphere by violent volcanic eruptions. These sources are
not included in the model simulations. The estimated
input of 0.7 kiloton (Cl)/yr from solid-fuel rockets is
small compared to the annual input of 300 kiloton (Cl)/
yr from the current inventory of organic halocarbons in
the atmosphere (Prather et al., 1990a). Theoretical cal-
culations discussed in Chapter 3 show that HCl will be
scavenged in the volcanic plume (Tabazadeh and Turco,
1993). This, together with the lack of observed increase
in HCI after eruptions (Wallace and Livingston, 1992;
Mankin et al., 1992), supports the conclusion that volca-
nic eruptions contribute little to stratospheric chlorine.

6.2.1.2 THE Opp NITROGEN SPECIES

The odd nitrogen species are introduced into the
stratosphere by several sources. The major natural
source of NOy is from the reaction of N,O with O(1D),
producing two NO molecules (Crutzen, 1970; McElroy
and McConnell, 1971). This is why changes in concen-
tration of N,O will affect the concentration of NOy
radicals and ozone. Reaction of N,O with excited O,
molecules has been suggested as a possible source
(Toumi, 1993) but cannot be quantified because of lack
of rate data. Other suggested continuous natural sources
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Table 6-2. Comparison of sources and sinks for odd nitrogen species in the stratosphere.

SOURCES Magnitude
(kiloton(N)/yr)
Nitrous oxide oxidation N,O + O(ID) — 2NO 600
Transport of NOx produced by lightning in the troposphere 250
Galactic cosmic rays (solar minimum) 86
(solar maximum) 63
Solar proton events (1972, solar maximum) 35
(1975, solar minimum) 0.01
Input from mesosphere and thermosphere, relativistic electron ?
precipitations, meteors
Nuclear explosions (1961 & 1962 nuclear tests) 550

Stratospheric-flying aircraft

depends on emission index, fleet
size, and flight paths

Rocket launches ?
SINKS

Reforming of molecular nitrogen N + NO — N, + O 195

Rainout of HNO 3 transported to the troposphere 750

of stratospheric NOy that have a regional impact are
galactic cosmic rays for the polar lower stratosphere
(Warneck, 1972; Nicolet, 1975; Legrand et al., 1989),
lightning for the lower equatorial stratosphere (Noxon,
1976; Tuck, 1976; Liu et al., 1983; Ko et al., 1986; Kot-
amarthi et al.,, 1994), and the downward flux of odd
nitrogen from the thermosphere (Strobel, 1971; McCon-
nell and McElroy, 1973) especially in the polar region
during winter (Solomon et al., 1982; Garcia et al., 1984;
Russell et al., 1984). Sporadic natural sources of strato-
spheric NO, include meteors (Park and Menees, 1978),
solar proton events (Zadorozhny et al., 1992; Jackman,
1993), and precipitation by relativistic electrons (Callis
etal., 1991). The frequency and magnitude of these spo-
radic sources are not well quantified. Most models
include the lightning source in addition to N,O oxida-
tion, but ignore other sources. Mankind also influences
stratospheric NO, production through atmospheric nu-
clear explosions (Johnston et al., 1973; Foley and
Ruderman, 1973), rocket launches (Karol et al., 1992;
Chapter 10 in WMO, 1992), and high-flying aircraft
(CIAP, 1975; Albritton et al., 1993).

The odd nitrogen species introduced into the
stratosphere are redistributed by the large-scale trans-
port. They are partitioned into N, NO, NO,, NO3, N,Os,
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HNOj3, HNOy4, CIONO,, and BrONQO,. The active spe-
cies (NOy = NO + NO,) are important in ozone control.
Besides reacting with ozone, the NOy constituents are
also important in interference reactions with other fami-
lies (HOy, Cly, Bry) involved in ozone regulation
through reactions with OH (forming HNOj3), with C10
(forming CIONQ,), and with BrO (forming BrONO,).

Photochemical removal occurs in the upper part of
the stratosphere via the reaction of N with NO forming
N,. The rest of the production is balanced by transport
removal. Table 6-2 (from Jaclgman et al., 1980, 1990;
Prather et al., 1992) shows a comparison of the magni-
tude of some of these suggested sources and sinks of odd
nitrogen. Nitrous oxide oxidation is believed to be the
largest source, with lightning also contributing substan-
tially in the lower equatorial stratosphere. The transport
to the troposphere is thought to be the largest sink, with
the reforming of N, also contributing significantly.

6.2.1.3 Tue HOy SpECIES

The HO, species are produced from the reaction of
O(1D) with HyO and CHy4. Reaction of excited O, mol-
ecules with H; has been suggested as a source (Toumi,
1993) but cannot be quantified because of lack of rate



data. The reaction N,O5+ H,O — 2HNOj3 occurs on the
surfaces of the aerosol particles. After the HNO3 mole-
cules are released to the atmosphere, they can either
react with OH or be photolyzed to produce OH and NO,.
Thus, depending on the fate of the HNO3 molecules, the
reaction can be a source of OH. Model calculations
show that there is a net increase in OH when the reaction
is included (see discussion in Rodriguez et al., 1991).
Removal of the HOy species in the stratosphere is domi-
nated by reaction of OH with HO,, HNO3;, HNOy4, and
HCIl. The species OH and HO; participate in the ozone
removal reactions and modulate the partitioning of the
NOy, Cly, and Bry species.

The H,O concentration in the stratosphere is
maintained by oxidation of CH4 and import of H,O from
the troposphere. The exchange of H,O across the tropo-
pause is not well understood. Some models (ITALY,
LLNL, MPIC, MRI, NCAR) parameterized this by im-
posing a boundary condition along the tropopause.
Other models (AER and GSFC) keep the stratospheric
H,0 concentration fixed at observed values (see section
B in Prather and Remsberg, 1993) and make adjustments
for future changes from CHy increase and from engine
emissions of stratospheric aircraft.

6.2.2 Heterogeneous Reactions and
Partitioning of the Radical Species

Studies of the Antarctic ozone hole pointed to the
importance of heterogeneous reactions in affecting
ozone in the lower stratosphere. These early modeling
studies, laboratory experiments, and field measurements
were summarized in a review paper by Solomon (1990).
Subsequent studies were reviewed in WMO (1992).
Chapters 3 and 4 presented more recent evidence that
shows that heterogeneous reactions do occur on particles
in the atmosphere at rates that are consistent with rate
constants determined in the laboratory. These reactions
are

N;05 + HyO(on particles) — 2HNOj 6-1)
CIONO; + H,O(on particles) — HOCI + HNO3 (6-2)

CIONO; + HCl(on particles) — Cl; + HNO3 (6-3)
N;05 + HCl(on particles) - HNOj3 + CINO,  (6-4)
HOCI + HCl(on particles) — Cl, + H,O (6-5)
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In each reaction, a gas molecule (e.g., N,Os) is as-
sumed to collide with a particle and proceed to react with
another molecule (H,O or HCl) already on the particle.
As discussed in Chapter 3, these reactions occur on lig-
uid or frozen sulfate particles and on polar stratospheric
clouds (PSCs) at different rates. The effectiveness of
each reaction in altering the partitioning of the radical
species depends on how fast the heterogeneous conver-
sion rate is compared to the gas-phase reactions that
control the partitioning in specific regions of the atmo-
sphere. Because HCI is much more soluble on PSCs,
reactions (6-3) through (6-5) are more effective on PSCs
than on liquid sulfate particles. A common effect of the
first four reactions is to decrease the NOX/NOy ratio,
with the net effect of reducing the ozone destruction due
to the NOy loss cycle. At the same time, the reduction in
NO, also inhibits the formation of CIONO,, leaving
more of the active chlorine in the form of ClO, and in-
creases the ClO, removal of ozone. The additional
HNOj3 produced in the reaction also increases OH and
the removal of ozone due to the HO4 cycle. The last
three reactions involve direct activation of chlorine spe-
cies by converting HCl to active chlorine. The inclusion
of these reactions in the models has brought the model
results in closer agreement with observations (see Chap-
ters 3 and 4).

The information on the reaction rate constants in-
dicates that reaction (6-1) has the dominant effect at
normal stratospheric temperatures at midlatitudes (see
discussion in Hanson et al., 1994). Reaction (6-1) re-
duces the efficiency of the NOy cycle, while both the
HO, and ClOy cycles are enhanced. As a result, the HO,
cycle is the dominant ozone removal cycle in the lower
stratosphere. This has been confirmed using direct ob-
servations of OH and HO, in the lower stratosphere
(Wennberg et al., 1994). The net effect on the local re-
moval rate of ozone is small for normal aerosol loading,
so that the present-day ozone abundances calculated
with and without heterogeneous chemistry are within
10% of each other (Rodriguez et al., 1991; Weisenstein
etal., 1991, 1993; McElroy et al. 1992). However, these
same reactions make the model-calculated ozone more
sensitive to increases in chlorine and less sensitive to
added nitrogen-containing radicals.

Reaction (6-2) has a more noticeable impact on the
partitioning of the radical species for temperatures less
than 200 K and/or under enhanced aerosol loading
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(Hanson et al., 1994). Indirect evidence for this reaction
was reported in Solomon et al. (1993) and Sanders et al.
(1993), who detected enhanced OCIO in the Antarctic,
consistent with CIONO; hydrolysis on Mt. Pinatubo
aerosols before the onset of PSCs. The effect of reac-
tions (6-3) through (6-5) appears to be limited to ice
surfaces, but could be important on sulfate particles at
high latitudes under very cold temperatures (Hanson et
al, 1994). We discuss below how models attempt to
simulate the effects of these reactions.

6.2.2.1 HETEROGENEOUS CHEMISTRY ON THE SULFATE
LAYER

Reactions (6-1) and (6-2) proceed on liquid sulfate
aerosol particles that are present in the global sulfate lay-
er throughout the lower stratosphere. Molina et al.
(1993) reported experimental results that show that if the
temperature is below 200 K, the activation may also take
place on solid H,SO4 hydrates. The rates of the reac-
tions depend on the surface area density and the water
content of the aerosol, and possibly the phase of the
aerosol particle. In the models, a first-order reaction rate
constant is defined for each reaction as the product of the
collision frequency of the gas-phase reactant with the
aerosol particles in the sulfate layer and the sticking co-
efficient (¥), which is the reaction probability per
collision. The collision frequency depends on the sur-
face area density of the sulfate particles. The effect of
the varying water content and phase of the aerosol is pa-
rameterized in the models by defining an effective Y in
terms of the local temperature and concentration of wa-
ter vapor. However, there is observational evidence that
indicates that the phase of the aerosol particles may also
depend on the history of the particles, and not just on
local conditions. A final assumption made in the models
is that the products of the reaction are released to the
atmosphere. Thus, there is no sequestering of the reac-
tion products.

Most model studies have assumed a Y value of 0.1
for reaction (6-1). Recent results reported by Fried et al.
(1994) indicate that Y for (6-1) may vary between 0.077
to0.15 at 230 K for H,SO,4 weight percent between 64%
to 81%. The extrapolated rate in the atmosphere based
on their semi-empirical model ranges from 0.03 to 0.15.
Other studies (Tolbert et al., 1993; Fried et al., 1994)
discussed whether uptake of formaldehyde may change
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the composition of the aerosol and affect the Y values.
The effect of such variation for reaction (6-1) has not
been explored.

Hanson et al. (1994) recommended the following
expression for Y for reaction (6-2) :

Y(CIONO; + H,0) = 10(1.86-0.0747W)
where W is the weight percent of acid, defined as

T(0.6246Z-14.458) + 3565

W= T(-0.19988) + 1.3204Z + 44.777

with Z = In (partial pressure H,O (mb)), T is the temper-
ature in K. Hanson et al. (1994) also provided parameters
for reactions (6-3) and (6-5). They concluded from their
model calculation that the reactions should be included
in simulating the ozone behavior at high latitude winter
under enhanced aerosol conditions. The calculations in
this chapter include reactions (6-1) and (6-2) as the only
heterogeneous reactions on sulfate particles.

There are additional problems specific to simulat-
ing the effects of these reactions in a 2-D zonal-mean
model. The model results presented in this chapter use a
prescribed zonal-mean aerosol surface density specified
as a function of altitude and latitude (Chapter 8, WMO,
1992) derived from the Stratospheric Aerosol and Gas
Experiment (SAGE) observations. If we assume that the
surface area density is constant in the zonal direction, a
constant value for Yin (6-1) would mean that the conver-
sion rate can be represented reasonably well as a
zonal-mean rate. On the other hand, the parameteriza-
tion for reaction (6-2) depends on local temperature and
partial pressure of H,O. As the dependence on these
zonally varying quantities become more nonlinear, sim-
ulating the effect of the conversion as a zonal-mean
quantity becomes more problematic (Murphy and Ravi-
shankara, 1994; Considine et al., 1994). The effects of
longitudinal temperature fluctuation on the zonal-mean
rate of reaction (6-2) has been studied by Pitari (1993a).
The conversion rate experienced by an air parcel follow-
ing the actual trajectory in the polar vortex was found to
be as much as a factor of 10 larger than the rate calculat-
ed using the zonal-mean temperature.

6.2.2.2 HETEROGENEOUS CHEMISTRY ON PSCs

Modeling the effects of polar stratospheric clouds
(PSCs) involves two steps. The model must simulate the
removal of HyO and HNO; vapor when the particles are



formed, and the effects of heterogeneous conversions
that occur on the surfaces. Inside the polar vortex, the
conversion rates due to PSC chemistry are so fast that the
amount converted is limited by the availability of the re-
actants (N,Os, CIONO,, HOCI, HCI) once the particles
are formed. As a result, the calculated repartitioning de-
pends less on the details of how the reactions are
parameterized.

Early 2-D model studies of the effects of polar het-
erogeneous processes parameterized the heterogeneous
reactions as first-order conversion rates for the gas-phase
reactants triggered by location and season (Chipperfield
and Pyle, 1988; Isaksen et al., 1990) or by the zonal-
mean temperature falling below a threshold value
(Granier and Brasseur, 1992). In the latter case, the
threshold zonal mean temperature was picked to give a
reasonable PSC frequency of occurrence. Denitrifica-
tion was included in Isaksen er al. (1990) by ad hoc
removal of 50% of the HNOj in the PSC regions. Grani-
er and Brasseur (1992) included denitrification and
dehydration for Type II PSCs by introducing a first-order
removal rate for HyO and HNOs3 with a time constant of
5 days when the zonal-mean temperature falls below the
threshold value. Denitrification was included for Type [
PSCs using a first-order removal rate for HNO3 with a
time constant of 30 days. To obtain the surface area den-
sity, a log-normal size distribution was assumed. In the
3-D model studies of Chipperfield et al. (1993) and
Lefevre et al. (1994), the amounts of H,O, and HNO;
condensed to form Type I and Type II PSCs were calcu-
lated assuming thermodynamic equilibrium using the
local model temperature, H,O, and HNO3 concentra-
tions. The surface area densities were calculated
assuming that the particles have radii of 1 um and 10 pm
for Type I and Type II PSCs, respectively. Sedimenta-
tion was included for Type II particles in the transport of
the condensed material. Pitari et al. (1993) developed a
code in their 2-D model in which PSC occurrence and
surface area were calculated rather than prescribed.
They used a tracer continuity equation for condensed
material with a production term that included terms pa-
rameterizing condensation, coagulation, sedimentation,
and rainout. Different treatments for the uptake of HCI
were used in the models. Pitari e al. (1993) ignored the

uptake of HCl. Chipperfield et al. (1993) and Lefevre et

al. (1994) assumed that HCl is incorporated in the PSCs
using the mole fractions given by Hanson and Mauers-
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berger (1988). In all cases, it is assumed that the reaction
rate can be represented by an effective Y.

Modeling such processes on PSCs in 2-D models
presents special challenges. First, the motions of air-par-
cels are typically not zonally symmetric. The effectiveness
of reactions (6-3) through (6-5) depends on the availabil-
ity of sunlight to photolyze Cl, and CIONO; to form CI
and ClO. It is not clear whether a full air-trajectory cal-
culation is needed to take into account the solar
insolation experienced by the air parcel, or whether the
situation can be approximated by an average exposure to
PSCs over several trips around the globe. The problems
will likely be most severe at the beginning and end of the
polar winters, especially in the Arctic, which experi-
ences large temperature fluctuations and azonal motions
throughout the winter. The Southern Hemisphere vortex
in the depth of the winter is more uniformly cold and
zonally symmetric. Secondly, it is not clear that using
the zonal-mean temperature alone can capture the com-
plexity of the different temperatures experienced by an
air parcel. Peter et al. (1991) developed a way to use
climatological temperature statistics to derive probabili-
ties for PSC formation as a function of latitude and
altitude for both Type I and Type II PSCs. This formed
the basis of methods that other studies used to predict
surface area densities without relying solely on zonal
mean temperatures (Pitari et al., 1993; Grooss et al.,
1994; Considine et al., 1994).

6.2.3 Transport and Ozone

If ozone is calculated assuming local photochemi-
cal equilibrium (i.e., local production balanced by local
removal), the calculated column abundance will have its
maximum value of 700 Dobson units (DU) in the tropics,
decreasing to about 200 DU in the summer high lati-
tudes. The observed behavior of the column abundance
of ozone (minimum at the tropics and maximum at high
latitude) is a good indication that transport plays an im-
portant role in redistributing ozone from the production
region in the tropics to high latitudes.

Transport of trace gases in three-dimensional
chemistry-transport models (CTMs) is based on either
three-dimensional winds from general circulation mod-
els (GCMs) or data-assimilated winds derived from
observations. Because of the limitation in computation-
al resources, it is not yet practical for 3-D CTMs to
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predict evolution of chemical species over time periods
much longer than a few years. The same limitation also
precludes incorporating full chemistry into a GCM to
calculate ozone and winds interactively. Thus, the GCM
winds are calculated using prescribed ozone based on
observation.

In 2-D models, transport is represented by advec-
tion from the zonal-mean velocities and eddy mixing
coefficients. Most models used prescribed velocity and
eddy coefficients with seasonal variations. The same
circulation and temperature are used year after year to
simulate the climatological mean state. However, previ-
ous studies (Tung and Yang, 1988; Schneider et al,
1991; Jackman et al, 1991; Yang et al, 1991) have
shown that the observed interannual variations in tem-
perature would induce corresponding variations in the
transport circulation leading to changes in ozone of
about 3% to 4%. Variations in the circulation can also
come from the quasi-biennial oscillation (QBO) in the
equatorial winds. Gray and Pyle (1989) and Gray and
Dunkerton (1990) produced a QBO in ozone in their 2-D
model with interactive dynamics by parameterizing the
QBO in the equatorial winds through specification of
damping of waves. In Gray and Ruth (1993), a QBO in
the equatorial winds was introduced into the model by
relaxing the model winds toward the monthly mean ob-
served winds. The calculated ozone QBO showed
anomalies of £6 Dobson units (£3%) at the tropics and
112 DU (£2%) at midlatitudes. The broad patterns were
shown to be in agreement with the anomalies derived
from TOMS (Lait et al., 1989), although the amplitude
was larger in the model.

6.2.3.1 RELATION TO OBSERVATION

Most applications of 3-D CTMs are formulated as
initial value problems where the concentrations of the
trace gases are first initialized from observations, and the
models are then used to simulate the evolution of the
trace gases (typically for a season) for comparison with
observations. Granier and Brasseur (1991) used a mech-
anistic 3-D model with rather detailed chemistry to
investigate the mechanisms responsible for ozone deple-
tion over the Antarctic and the Arctic. Kaye et al
(1991), Douglass et al. (1991), and Rood et al. (1991)
used a simple parameterized chemistry to assess the im-
portance of chemical processing in polar regions during
the winters of 1979 and 1989. The transport of chemical
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tracers in those studies was driven by winds from the
STRATAN assimilated system (Rood et al, 1989).
Chipperfield et al. (1993) and Lefevre et al. (1994) sim-
ulated the behavior of chemical constituents in the Arctic
lower stratosphere during the winters of 1989-1990, and
1991-1992, respectively. These models used analyzed
winds and temperature from the European Centre for
Medium-Range Weather Forecasts (ECMWF). The sim-
ulations reproduce successfully the activation of
atmospheric chlorine in polar regions and predict the de-
pletion of ozone in PSC-processed air. While the
simulations cannot be used to predict the long-term be-
havior of the trace gases, they provide the opportunity to
diagnose observations and to quantify the different pro-
cesses that have led to the observed ozone depletion.
Chipperfield et al. (1993), for example, quantified the
respective contribution of the different catalytic cycles
responsible for the destruction of ozone in the Arctic
lower stratosphere during the 1989-1990 winter.

In 2-D models, the relation to observation is less
straightforward. In models that use the residual mean
formulation, the velocity and eddy mixing coefficient
can be related to observed quantities as follows. The
vertical velocity is related to the ratio of the local diabat-
ic heating rate and the lapse rate. Comparison of the
vertical velocity in the model with the diabatic heating
rate calculated from observed ozone and temperature
(Rosenfield et al., 1987) and the lapse rate provides a
reference point (see Prather and Remsberg, 1993). The
values of the eddy diffusion coefficient Ky, can be com-
pared with values derived using mixing rates for
potential vorticity (Newman et al., 1988). The interac-
tion between the vertical velocity and the eddy mixing
determines the shapes of the surfaces of constant mixing
ratios in the lower stratosphere. Measured concentra-
tions of different trace gases indicate that they share the
same mixing surfaces in the lower stratosphere when the
local photochemical time constant is longer than the
transport time constant. This sharing of the mixing ratio
surfaces is evident in that an x-y plot of the mixing ratios
of two long-lived trace gases shows a compact curve
(Plumb and Ko, 1992). This feature is present in both
observations and model results (see section H in Prather
and Remsberg, 1993). The mixing ratio surfaces in a
model defined by the advection velocity and the eddy
diffusion coefficient help to determine the latitudinal



gradient of the model-calculated column abundance of
ozone.

Finally, the simulated distributions of the long-
lived trace gases from 2-D models can be compared to
observations. Simulations of source gases NoO and CHy4
were reasonable when compared to SAMS (Stratospher-
ic and Mesospheric Sounder), ATMOS (Atmospheric
Trace Molecule Spectroscopy), and balloon measure-
ments at mid- to high latitudes between 20 and 30 km;
however, the variabilities near the winter poles were
more difficult to simulate (see Prather and Remsberg,
1993). Itwas noted in Prather and Remsberg (1993) that
direct comparison of model results for the sources gases
or transient tracers (such as the radioisotopes 14C and
90Sr from nuclear weapons tests) with observation is dif-
ficult because the transport can vary significantly from
year to year, with the quasi-biennial oscillation leading
to two distinctly separate modes of stratospheric circula-
tion. The transport as formulated in the 2-D models can,
at best, represent the averaged transport on a seasonal
time scale and does not provide any specific information
on the transport of the trace gases on shorter time scales.
Such information has to come from 3-D CTMs using
three-dimensional winds from a data assimilation proce-
dure or similar analysis using observations. Analysis of
such results should provide the information necessary to
assess the appropriateness of the transport parameteriza-
tion in the 2-D models.

6.2.3.2 TRANSPORT BETWEEN THE POLAR VORTICES AND
MIDLATITUDES

The representation of either a closed or a leaky
vortex is a major challenge for models. This is particu-
larly problematic for 2-D models, where the inherent
dependence on diffusion coefficients does not allow for a
completely satisfactory representation of either process.
Previous attempts by 2-D models (Sze et al., 1989; Chip-
perfield and Pyle, 1988) to simulate the effect of export
of ozone-poor air from the breakdown of the Antarctic
vortex suggest that the dilution process could have a
large effect on the ozone behavior year-round in the
southern midlatitudes. The results of Sze et al. (1989)
showed that for an imposed ozone hole with 50% reduc-
tion in the column, the calculated ozone column at 30°S
and in the tropics decreased year-round by 3% and 0.5%,
respectively. In contrast, the results from Chipperfield
and Pyle (1988) showed a decrease of less than 0.5%
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northward of 40°S. Prather et al. (1990b) used the God-
dard Institute for Space Studies (GISS) 3-D CTM to
assess the magnitude of the dispersion of ozone-depleted
air over several months following the breakdown of the
Antarctic polar vortex and obtained a 2% decrease in to-
tal ozone year-round at 30°S.

Prather and Jaffe (1990) used a 3-D CTM to look
at the effects of the export of chemically perturbed air.
Toumi et al. (1993) suggested that polar-processed air
reaching midlatitudes is expected to contain large
amounts of CIONO, and may also play a part in affect-
ing the ozone trend. Cariolle et al. (1990) used the 3-D
general circulation model of Meteo-France (Emeraude)
to examine the evolution of the Antarctic polar vortex.
They found ozone reduction (about 2%) at midlatitudes
in September well before the vortex breakdown. More
recently, Mahlman et al. (1994) used the Geophysical
Fluid Dynamics Laboratory (GFDL) SKYHI GCM to
show that, with the 25% depletion in total ozone calcu-
lated over Antarctica during the spring season, the ozone
column abundance at the equator was reduced by 1% by
the end of a 4.5-year model experiment, and the local
ozone concentration in the lower stratosphere was re-
duced by 5%.

The studies of Kaye et al. (1991) and Douglass et
al. (1991), in which the transport of chemical tracers was
driven by assimilated winds, concluded thatthe transport
of processed air in the Arctic to midlatitudes was limited.
Lefevre et al. (1994) reported the simulation of the be-
havior of the chemical constituents in the Arctic lower
stratosphere during the winter of 1991-1992. The model
used analyzed winds and temperature (from ECMWF)
and included a comprehensive scheme for gas-phase re-
actions, as well as a parameterization of heterogeneous
reactions occurring on the surface of nitric acid trihy-
drate (NAT) and ice particles in polar stratospheric
clouds, and heterogeneous processes on the surface of
sulfate aerosol particles. The model results showed that
the combined effects of PSC processing in the vortex,
vortex erosion, and aerosol processing at midlatitudes
led to significant ozone reductions in the Northern
Hemisphere during January 1992. However, chemical
processes produced only a limited fraction of the ozone
deficit observed at high latitudes during a period domi-
nated by a strong blocking anticyclone over the North
Atlantic.
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6.2.3.3 MODELS WITH INTERACTIVE DYNAMICS

The results presented in this chapter are mostly
from model simulations in which the temperature and
circulation are kept fixed. It is clear that the thermal
structure and the transport circulation will change as the
trace gas concentrations change. Changes can be due to
changes in ozone or changes in other greenhouse gases.
Decrease of ozone in the stratosphere and increases in
greenhouse gases will cause a cooling of the strato-
sphere. In addition, changes in ozone near the
tropopause and increases in greenhouse gases will cause
a warming of the troposphere. We will restrict the dis-
cussion in this section to the effect of the cooling in the
stratosphere. The effects from changes in the tropo-
sphere will be discussed in Section 6.4.3.

First-order effects on the coupling of ozone, tem-
perature, and wave feedback are relatively well
understood, and much of the relevant work is summa-
rized in earlier WMO publications. However, the
thermal structure of the atmosphere is controlled by a
delicate balance between radiative processes (which are
related to ozone) and dynamical processes. At the same
time, ozone is controlled by a delicate balance between
chemical production and destruction (which depends on
the thermal structure) and dynamical transport. Thus,
processes that appear to be of secondary importance can
act to tip the balance in perturbation studies.

Previous studies ignoring heterogeneous reactions
(Nicoli and Visconti, 1982; Schneider et al., 1993) sug-
gested that the cooling of the middle atmosphere could
be a mechanism for increasing ozone because the ozone-
removing cycles are less efficient at lower temperatures.
Thus, this temperature feedback is a negative feedback
in that the model-calculated ozone decrease will be re-
duced. However, a cooler stratosphere could lead to an
enhanced occurrence of PSCs (Peter et al., 1991; Austin
et al., 1992) resulting in increased chlorine activation,
giving rise to the possibility of a Northern Hemisphere
ozone hole. Pitari et al. (1992) used results from a sim-
ple 3-D model to show that the ozone response to CO;
doubling is distinctly different if PSCs are present and
heterogeneous reactions on PSCs are included. They
showed that the large stratospheric cooling caused by the
CO; increase would induce a substantial polar ozone de-
crease despite the fact that the rates of homogeneous
catalytic cycles are reduced.
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The changes in local heating will also lead to
changes in the circulation, and have an attendant effect
on the transport of heat, momentum, and trace species.
For example, latitudinal changes in the ozone distribu-
tion (i.e., the ozone hole) can lead to substantial changes
in the persistence and strength of the polar vortex, and
thus enhance the chlorine-catalyzed ozone reduction in
polar regions. Several GCM studies examined the cou-
pling between temperature change and the ozone hole.
Kiehl et al. (1988), using the National Center for Atmo-
spheric Research (NCAR) Community Climate Model
(CCM2), found that the introduction in the model of a
prescribed Antarctic ozone hole produced in the polar
stratosphere a cooling of approximately 5 K during the
month of October, and introduced a possible delay in the
timing of the final warming. A similar cooling was cal-
culated by Cariolle et al. (1990) and Prather et al.
(1990b) using the Meteo-France model and the GISS
model, respectively. However, the results of Mahlman et
al. (1994) show a larger sensitivity, where a 25% reduc-
tion in ozone produces a temperature reduction of 8 K.

While attempts to implement full chemistry
schemes in GCMs are still limited by computational re-
sources, there has been important progress in including
interactive dynamics in 2-D models. Interactive models
can be separated into groups according to the treatment
of the forcing term for the zonal-momentum equation.
The first group uses externally specified momentum
fluxes (Harwood and Pyle, 1975; Vupputuri, 1978; Gar-
cia and Solomon, 1983) or calculates the fluxes from the
gradient of the zonal mean potential vorticity from exter-
nally specified Kyy (Ko ez al., 1993). Feedback in these
modelsis limited to changes induced by changes in local
heating rates. A second group of models calculates the
forcing term explicitly from the zonal waves computed
in the model. This latter approach can, in principle, ac-
count for the effect of the interaction between the waves
and mean circulations. Examples in these groups are the
models of Brasseur et al. (1990), Garcia et al. (1992),
Garcia and Solomon (1994), and Kinnersly and Har-
wood (1993).

6.3 COMPARISON OF MODEL RESULTS WITH

OBSERVATION

If the models are designed to simulate the behavior
of ozone, an obvious question concerns how well they



simulate the ozone behavior in the present-day atmo-
sphere and the observed changes in the past decades.
Another question is to what extent we can trust the mod-
el predictions. Ironically, one cannot answer those
questions by simply comparing the model-simulated
ozone directly with the observations. The reasons are as
follows. The winds and temperature in the global mod-
els represent climatological averaged states. It would
not be appropriate to compare the model simulations
with the observed behavior in any one particular year.
The behavior of ozone is the net effect from many com-
peting mechanisms. Thus, it is difficult to come to any
definitive conclusion about the role of any specific
mechanism by simply looking at whether the model-
simulated ozone values agree with observations. The
balance among these mechanisms in the future atmo-
sphere could be very different from that in the
present-day atmosphere. The important thing is not only
whether we have the proper balance in the present-day
atmosphere, but whether the correct physics has been in-
cluded so that we can predict with confidence how
changes in these terms will affect ozone.

Comparison of model results with observations
has to be done indirectly after further processing of the
observations and/or model-simulated results. One ex-
ample is the process study that prescribes values for
winds, temperature, and concentrations of some of the
trace gases based on observations. A more restricted
simulation is performed to calculate the remaining trace
gases. A comparison is then made for the restricted set
to test the few mechanisms that control the behavior of
those species. Examples of these are the studies that use
data-assimilated winds to isolate the short-term trans-
port, and modeling studies associated with aircraft
campaigns that test the mechanisms for the photochemi-
cal partitioning. Another example is the intercomparison
exercise in Prather and Remsberg (1993) that calculates
the relative abundance of the odd-nitrogen and chlorine
species in the altitude range of 20 to 40 km, constrained
by observed concentrations from ATMOS. Other meth-
ods have been developed specifically for ozone. In
previous studies to obtain trends in the column abun-
dance of ozone, analyses were performed to take out the
quasi-biennial oscillations and the 11-year solar cycle
effects to obtain an ozone trend that can be ascribed to
changes in trace gases (see, e.g., Bojkov 1987; Reinsel et
al., 1994; Stolarski et al., 1992). The derived trend is
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then compared to a model simulation that examines the
effect of changes in trace gases on ozone. We will dis-
cuss some of the model results in Section 6.3.2.

6.3.1 Present-Day Atmosphere

In the comparisons shown below, the University of
Oslo (OSLO), NCAR, and Max Planck Institute for
Chemistry (MPIC) modeling groups submitted results
from calculations that include chemical reactions on
PSC surfaces. The Goddard Space Flight Center
(GSFC) group submitted two sets of results, one with
and one without polar heterogeneous processes.

6.3.1.1 OzoNE IN THE UPPER STRATOSPHERE

Several problems identified previously in the up-
per stratosphere have not been resolved. The Model &
Measurement Intercomparison Workshop (Prather and
Remsberg, 1993) confirmed previous findings that mod-
el-calculated O3 around 40 km is 20% to 40% smaller
than the values derived from the Solar Backscatter Ultra-
violet (SBUV) measurement (see Figure 6-1). Recent
analysis by Eluszkiewicz and Allen (1993) indicates a
deficit of 8% to 20% even when observations are used to
constrain the concentrations of the radical species.

Previous suggestions that vibrationally excited ox-
ygen molecules may produce ozone in the upper
stratosphere (Slanger et al., 1988; Toumi et al., 1991;
Toumi, 1992) are found to be ineffective because of rap-
id quenching (Patten et al., 1994). The values for the
CIO/HCI ratio derived from measurements (Stachnik et
al., 1992) are found to be smaller than model-calculated
values. Recent model simulations show that the effects
of assuming a branching that produces HCl from the re-
action of ClO with OH (McElroy and Salawitch, 1989;
Natarajan and Callis, 1991) are to increase the calculated
ozone concentration at 2 mb (Chandra et al., 1993) and
to decrease the calculated decadal ozone trend at the
same altitude (Toumi and Bekki, 1993). However, the
results from Chandra et al. (1993) show that even with
the branching, the calculated ozone concentration is still
20% too small in the summer months.

Although the amount of ozone in the upper layer is
relatively small and the error may not affect the model-
calculated ozone column, the discrepancy may be an
indication that there is missing chemistry in the models.
There is a need to obtain simultaneous measurements of
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Figure 6-1. Comparison of the model-calculated ozone concentrations at 44 km (2 mb) for 1990 with obser-
vations. The observations are the 1989 and 1990 averages from the NOAA-11 SBUV/2 and the Nimbus-7
SBUV as compiled by Chandra et al. (1993). The upper panel shows the annual averaged concentrations as
a function of latitude. The lower panel shows the calculated concentrations at 40°S for four seasons.
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ozone, temperature, and radical species such as OH,
HO,, CIO, and NO in the upper stratosphere to help re-
solve this.

6.3.1.2 OZONE COLUMN

Figure 6-2a shows the calculated column abun-
dance of ozone for the 1990 condition. The model
results are within 20% of the observations away from the
polar region. The zonal-mean total ozone derived from
the Total Ozone Mapping Spectrometer (TOMS) obser-
vation indicates that the spring maximum in the
Northern Hemisphere extends all the way to the pole,
while the Southern Hemisphere shows a sub-polar max-
imum, with the largest value occurring at about 60°S.
This has been attributed to the different surface topogra-
phies in the two hemispheres inducing different
circulations, resulting in a more stable vortex that encir-
cles the pole in the Southern Hemisphere. By adjusting
the circulation and the eddy diffusion coefficients, most
models succeeded in producing these features. Hou et
al. (1991) discussed the relative roles of the circulation
and eddy diffusion coefficients in determining the result
in the Atmospheric and Environmental Research, Inc.
(AER) model. However, none of the models simulates
the isolation of the air in the vortex. Thus, it is question-
able whether the models produce the observed ozone
behavior by simulating the actual mechanisms occurring
in the atmosphere.

In Prather and Remsberg (1993), the model-calcu-
lated ozone distributions were compared with the
average of the 1979 and 1980 observed distribution.
This was done to minimize the ozone QBO in the obser-
vation. The difference (in Dobson units) between the
model-calculated total ozone for 1980 and the averaged
observed abundance is plotted in Figure 6-2b. The cal-
culated total ozone values in most models are within 20
Dobson units (10%) of the observed value in the tropics.
The models also calculate smaller column ozone than
the observed values during the spring maxima in polar
regions, up to 100 DU (30%) smaller in some cases.

6.3.2 Ozone Trends Between 1980 and 1990

6.3.2.1 MEcHANISMS THAT CAN AFFECT THE OZONE
TREND

The distribution of ozone can be modified in many
ways. The concentrations of the radical species can be
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increased by the introduction of additional source gases
or direct introduction of radical species, such as injection
of chlorine radicals by the space shuttle solid rocket en-
gine (WMO, 1992) and injection of NO, by high-flying
aircraft (WMO, 1992; this report). The partitioning of
the radical species can be affected by changes in temper-
ature, which affect the reaction rate constants and the
frequency of occurrence of the PSCs. Analyses of tem-
perature records (see, e.g., Spencer and Christy, 1993;
Oort and Liu, 1993) suggested a cooling trend of about
0.4 K/decade. This cooling may be a result of the in-
crease in CO, and ozone depletion that occurred in this
period. The partitioning can also be affected by changes
in surface areas of the sulfate layer that affect the rate of
heterogeneous conversion. Observations (see Chapter 3,
WMO [1992]) showed that the aerosol loading has been
decreasing after the eruption of El Chichén in 1982.
Other works suggested that aircraft emission of SO,
from combustion of aviation fuel may have increased the
sulfate loading in the past decade (see Hofmann, 1991;
Bekki and Pyle, 1992).

Other mechanisms that can affect the ozone trend
are the QBO in equatorial winds (which has a period of 2
years), the 11-year solar cycle, and the El Nifio/Southern
Oscillation (ENSO) with a period of about 4 years.
Modeling of the ozone QBO was reviewed in Section
6.2.3. Previous studies using 2-D models (Brasseur and
Simon, 1981; Garciaet al., 1984; Callis et al., 1985) pro-
vided quantitative estimates for the sensitivity of ozone
to long-term variations in solar flux at ultraviolet (UV)
wavelengths. Results from four 2-D models containing
gas-phase chemistry only that were reported in WMO
(1990) indicate that the global ozone content is 2% larg-
er at solar maximum than at solar minimum. Results
from models with heterogeneous chemistry are available
from several recent studies. Unfortunately, it is difficult
to compare the results because each work used different
assumptions on the variation of the solar flux. Huang
and Brasseur (1993) reported that total ozone at solar
maximum is 0.5% smaller at winter high latitudes and
0.5% larger at the tropics compared to the values at solar
minimum. Brasseur (1993) reported that total ozone is
1% larger atthe tropics and 1.5% larger at high latitudes
at solar maximum compared to solar minimum when a
3% change in solar flux between 208-265 nm is as-
sumed. Fleming ef al. (1994) estimated that annual
averaged total ozone between 45°N and 45°S is about
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Figure 6-2a. Model-simulated column abundance of ozone for 1990 conditions. The contour levels are in
steps of 20 Dobson units.

6.16



STRATOSPHERIC MODELS

AER TOMS CAMBRIDGE - TOMS
90 T T T T v —— T — T T T
__ 60 _ L
g 2
a 30 a
8 o o}
2 2
= 30 =
5 S
-60 —
9ol v R 9l-. . z\’/é;
JFMAMUJUJASONTPD.J JFMAMUJUJASONDJ
TIME (MONTH) TIME (MONTH)
GSFC - TOMS ITALY TOMS
T 1.. T T T 90 T T T
. __ 60f Q’
(O] (O]
ol & 3of
& 8 of
= =
e E S0F
3 S
60 .
S\ QoL B SSSS
JFMAMUJUJASOND D JFMAMUJUJASONTD.J
TIME (MONTH) TIME (MONTH)
MPIC - TOMS MRI - TOMS
—— T T T T T v a0 T T T \\60
o} i )
w w
a ] S}
w w
@] 1 (@)
-] o)
[ [
E =
g g
) = w1l
ool e— . . . ‘ m.,
JFMAMGUJJASORNDJ J FMAMUJUJASONTDJ
TIME (MONTH) TIME (MONTH)
NCAR - TOMS OSLO - TOMS
T T T T LE— T T 90 T T T T T T T T
Nee———— v
\ZOJ ~ ol
a g 30 i
o} 8 of
= 2
e = 30
3 5 2
60}
P ; . s . ) L -90 . L . . , . , , . .
JFMAMUJJASONTDJ JFMAMUJUJASONTDJ
TIME (MONTH) TIME (MONTH)
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Table 6-3. Surface concentrations for halocarbons (pptv), HCFCs (pptv), NoO (ppbv), and CH,4 (ppbv) for Scenario I.

year CFC- CFC- CFC- CCly CH3CCl3| CH3Br | H-1301 | H-1211 | HCFC- | HCFC- | HCFC- | HCFC- | HCFC- | N,O CH4
11 12 113 22 141b 142b 123 124

1970 | 59.5 119.8 0.0 85.7 6.5 10.9 0.0 0.1 8.1 0.0 0.0 0.0 0.0 295.0 1420.0
1975 116.1 204.3 10.7 92.0 44.0 113 0.1 0.4 30.7 0.0 0.0 0.0 0.0 298.0 1495.0
1980 | 169.1 286.0 22.1 97.5 93.9 11.9 0.4 0.9 51.1 0.0 0.0 0.0 0.0 302.0 1570.0
1985 | 216.1 370.6 40.3 102.4 123.1 12.7 1.1 1.7 74.6 0.0 0.0 0.0 0.0 306.0 1650.0
1990 | 270.1 465.3 70.5 108.2 153.2 13.6 1.7 29 105.8 03 0.0 0.0 0.2 310.0 1715.0
1995 | 2785 502.7 86.0 110.5 148.6 14.5 1.9 3.0 138.5 2.7 3.1 0.2 1.6 313.9 1780.0
2000 | 257.4 496.9 81.9 98.1 59.1 14.2 1.8 2.4 176.5 10.2 10.3 0.7 4.2 317.8 1845.0
2005 | 236.2 478.6 71.3 87.1 23.4 14.2 1.7 1.8 214.8 13.8 17.0 1.1 6.9 321.8 1910.0
2010 | 216.2 457.5 73.0 77.3 9.3 14.2 1.5 1.4 248.2 14.2 21.8 1.6 9.3 325.9 1975.0
2015 | 197.6 436.3 68.9 68.7 3.7 14.2 1.4 1.1 258.5 14.6 18.7 2.0 9.3 330.0 2040.0
2020 | 180.4 415.8 64.9 61.0 1.5 14.2 1.3 0.9 263.6 15.0 16.4 1.8 4.2 334.1 2105.0
2025 164.5 396.1 61.3 54.1 0.6 14.2 1.2 0.7 248.1 17.6 14.8 1.6 2.0 338.3 2170.0
2030 | 1499 377.2 57.8 48.0 0.2 14.2 1.1 0.5 221.5 21.0 13.8 1.5 1.1 342.6 2235.0
2035 136.5 359.2 54.5 42.6 0.1 14.2 1.0 0.4 152.1 12.3 10.7 0.0 0.5 346.9 2300.0
2040 | 1243 342.1 51.4 379 0.0 14.2 1.0 03 104.4 72 83 0.0 0.2 351.2 2365.0
2045 113.0 325.7 48.4 33.6 0.0 14.2 0.9 0.3 71.7 4.3 6.4 0.0 0.1 355.6 2430.0
2050 | 102.8 310.2 45.7 29.8 0.0 14.2 0.8 0.2 49.2 2.5 5.0 0.0 0.0 360.1 2495.0

ST3A0N JIHIHdSO1VHLS



3.5% larger in 1985 and 1979 (solar maxima) than in
1985 (solar minimum). These values are to be compared
with the value of 1.2% derived from the statistical analy-
sis of the Dobson data on ozone and the F;g 7 solar flux
through 1984 (Reinsel et al., 1987), and the 1-2% value
cited in Chapter 7 of WMO (1990). A review of the ef-
fects of ENSO on ozone can be found in Zerefos et al.
(1992). Analyses of the observations indicate that there
was a 2% ozone decrease in the tropics after the large
ENSO eventin 1982-1983. No modeling work has been
done to simulate the suggested mechanisms to produce
the ozone response.

6.3.2.2 MobEL REsuLTs

As discussed in the beginning of Section 6.3, the
effects of the 11-year solar cycle and QBO are subtract-
ed from the ozone trend using statistical techniques.
Here, we compare this remaining trend to the model-cal-
culated trend due to changes in other trace gases. The
trends in the surface concentrations of the halocarbons,
CHy4, and N,O are discussed in Chapter 2 of this report.
The modelers were asked to perform a calculation in
which the changes in the surface concentrations of the
source gases are as given in Table 6-3. With the excep-
tion of the CAMBRIDGE model, all models kept the
temperature, circulation, and surface area of the sulfate
particles constant in the calculation. The CAMBRIDGE
model includes dynamics feedback in its calculation.

The model-calculated changes in ozone between
1980 and 1990 are shown in Figure 6-3a. The effect of
PSC chemistry is included in the OSLO, NCAR, and
MPIC models. The GSFC model results shown corre-
spond to the case without PSC chemistry. Note that most
models show a calculated decrease of about 1-2% in the
tropics, increasing to 4% at the high latitudes. Com-
pared to the derived trend reported in Stolarski et al.
(1992), models without PSC chemistry fail to reproduce
the following features: the over 6% decrease north of
50°N during March; the 6% decrease south of 40°S
throughout the year; and the large decrease in the Ant-
arctic polar vortex. Including PSC chemistry in the
model will help to produce some of these features. The
OSLO, NCAR and MPIC results all showed decreases of
about 7% at northern high latitudes. The calculated de-
creases for the southern high latitudes range from 7% to
9%. The GSFC model with PSC chemistry shows calcu-
lated decreases of about 3% at northern high latitudes
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and upto 9% in the south. Figure 6-3b shows the calcu-
lated trend as a function of latitude compared to the
derived trend between 1980 and 1990. The model re-
sults agree well with the derived trend in the tropics.
Only models with PSC chemistry calculate the large
trend at high latitudes. Around 40° latitudes, the ob-
served ozone trend is between -4% to -8 % per decade in
winter, and -4% to -6% per decade in spring and fall.
These are to be compared with the model-calculated val-
ues of -2% to -3% per decade year round. Thus, the
model-calculated trends are a factor of 1.3 to 3 smaller
than the observed trends, depending on season.

Figure 6-4 shows the calculated percentage
change in the local concentration of ozone between 1980
and 1990. The model-calculated ozone trends for the
past decade are typically 8% to 12% between 30°N and
50°N at 40 km. These values are too large compared to
the trend derived from SAGE I and SAGE II (McCor-
mick et al., 1992) and that derived from the Umkehr data
(see WMO, 1992). However, arecent study (Hood et al.,
1993) of the SBUV data indicates that the trend may be
larger and somewhat closer to the model-calculated
trends. As discussed in Section 6.3.1, a smaller trend can
be obtained if a branching for production of HCl is as-
sumed for the reaction of OH with ClO (Toumi and
Bekki, 1993). The model-calculated trend would also be
smaller if the feedback effects from the cooling of the
stratosphere due to the ozone decrease were included in
the models. This temperature feedback is included in the
CAMBRIDGE model only. Calculations from models
(Schneider et al., 1993) indicate that the feedback will
provide a 20% compensation in the calculated ozone de-
crease.

Results in Figure 6-4 show that none of the models
reproduced the 5% to 10% per decade decrease in ozone
in the midlatitude lower stratosphere derived from the
SAGE data (McCormick et al., 1992). There are sugges-
tions as to how a larger decrease can be calculated in the
models. One suggestion is that the transport parameter-
izations in the models fail to represent how ozone at high
latitudes can affect the midlatitude region. A more real-
istic representation of the transport may give a larger
ozone decrease. Another suggestion is that there may be
missing photochemistry. Solomon et al. (1994a) showed
that if IO is assumed to react with ClO and BrO at suffi-
ciently fast rates, the calculated ozone decrease in the
lower stratosphere will be larger.
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Figure 6-3a. Model-calculated changes in column ozone between 1980 and 1990. The models simulate the
effect of chlorine increase with the aerosol kept at the background values. PSC chemistry is excluded except
for the OSLO, MPIC, and NCAR models. Contour levels are in 1% steps.
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6.3.3 Effects of the Mt. Pinatubo Eruption

Volcanic eruptions introduce large amounts of
SO; into the stratosphere that will be oxidized to form
sulfate aerosol. Model simulations (Golombek and
Prinn, 1993; Pitari et al., 1993) have shown that the
background stratospheric aerosol layer can be explained
in terms of the present input of SO,, and OCS (carbonyl
sulfide). However, the lack of detailed knowledge on the
microphysics of particle formation precludes a detailed
prediction on how the surface area will change.

Prior to the formation of the volcanic aerosol, SO,
chemistry can affect the photochemical removal rate of
ozone in the tropics for the initial months after the erup-
tion (Bekki et al., 1993). The increase of the aerosol
surface area available for heterogeneous processes is the
most immediate effect of aerosol changes (Hofmann and
Solomon, 1989). However, modeling studies (Miche-
langeli etal., 1989; Brasseur and Granier, 1992; Kinne et
al., 1992; Pitari, 1993b; Pitari and Rizi, 1993; Schoeberl
etal., 1993) have shown that other effects may be as im-
portant. The UV flux is increased substantially above
the aerosol layer and may decrease below, thus affecting
the photolysis rates. Another effect is related to the heat-
ing of the aerosol layer due to the absorption of solar and
terrestrial radiation.
modify the dynamics and affect the reaction rates of
those catalytic cycles whose reaction rates depend on
temperature.

The additional heat source can

6.3.3.1 RapICAL SPECIES

The effects of the volcanic aerosol on several radical
species were reviewed in Chapter 4. The observations
and the accompanying modeling studies indicate that the
behaviors of the radical species are in qualitative agree-
ment with enhanced processing on the surface of the
volcanic aerosols. These include observation of NO,/
NOy ratios from aircraft (Fahey et al., 1993; Kawa et al.,
1993), observation of N,Os5 and HNO3; from ATMOS
(Rinsland et al., 1994), measurement of ClO from air-
craft (Avallone et al., 1993; Wilson et al., 1993), and
measurement of C10, NO, and O3 (Dessler et al., 1993)
and NO; and HNO3; (Webster et al., 1994) from bal-
loons. In addition, there are column measurements of
CIONO,, HCl, and HNOj3 from aircraft (Toon et al.,
1993) and ground-based measurements of NO;
(Johnston et al., 1992; Mills et al., 1993; Coffey and
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Mankin, 1993; Koike et al, 1994; Solomon et al.,
1994b) and HNO; ( Koike ef al., 1994). Solomon et al.
(1993) reported that the enhanced level of OCIO ob-
served over McMurdo Station during autumn of 1992 is
consistent with expected effects from the enhanced con-
version of CIONO, via reaction (6-2).

6.3.3.2 OzoNE BEHAVIOR IN THE TropicS IN LATE 1991

Using satellite and lidar measurements, Labitzke
and McCormick (1992) concluded that the monthly av-
eraged zonal mean 30-mb (24 km) temperatures at 20°N
in September and October 1991 are as much as 2.5 K
warmer than the 26-year average. Warming in the equa-
torial region was measured to be as high as 4 K. DeFoor
et al. (1992) deduced from lidar data that there was a
total lift of 1.8 km in the tropics 100 days after the erup-
tion. There are some disagreements on how the eruption
has affected ozone because of the difficulty in isolating
the effects of the QBO and other mechanisms that cause
interannual variations of ozone. Using the Nimbus-7
TOMS and the NOAA-11 satellite Solar Backscatter Ul-
traviolet/2 (SBUV/2) spectrometer data, Chandra (1993)
suggests that the maximum change in column ozone at-
tributed to the Mt. Pinatubo eruption may not be greater
than a 2-4% decrease at mid- and low latitudes a few
months after the eruption after removing the effect of the
QBO. Schoeberl et al. (1993) used a different method in
analyzing the Nimbus 7 TOMS data and derived a de-
crease of 5-6% in column ozone between 12°N and 12°S
between June and December 1991. Grant et al. (1992,
1994) compared the electrochemical concentration cell
(ECC) sondes data and the airborne UV Differential Ab-
sorption Lidar (DIAL) data to Stratospheric Aerosol and
Gas Experiment II (SAGE II) climatology and deduced a
column ozone decrease in the tropics of 9% * 4% in Sep-
tember, 1991.

Bekki et al. (1993) investigated the role of gas-
phase sulfur photochemistry on ozone in the first month
following the eruption. Most other studies did not in-
clude this on the assumption that its effect is short-lived.
Kinne et al. (1992), Brasseur and Granier (1992), Pitari
and Rizi (1993), Kinnison et al. (1994), and Tie et al.
(1994) investigated the coupled radiative-dynamical per-
turbation on ozone following the eruption and provided
diagnostics to estimate the contributions from dynamics,
radiation, and heterogeneous processing. All models es-
timated a net increase in heating of about 0.3 to 0.4 K/
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day. However, different approaches were used to deter-
mine how this extra heating is to be partitioned into
warming or enhanced vertical motion. The studies of
Brasseur and Granier (1992), Tie et al. (1994), and Pitari
and Rizi (1993) used the dynamics equations in their re-
spective models to apportion the heating. The calculated
decrease in tropical ozone in late 1991 is 9% in Pitari and
Rizi (1993), which results from a 4% decrease from
changes in photolysis rate, a 4% decrease from increased
heterogeneous processing, and 1% decrease from tem-
perature and circulation changes. The calculated
decrease in Tie et al. (1994) is 2%, which results from a
2% decrease caused by changes in photolysis rates, a 2%
decrease from changes in temperature and circulation,
and a 2% increase from changes in heterogeneous pro-
cessing. The studies of Kinnison et al. (1994) provided
separate estimates under the assumption that all the heat-
ing is dissipated either by local warming or by enhanced
upward motion. The calculated decrease is 2% (-1.5%
from motion and -0.5% from heterogeneous processing)
if it is assumed that the extra heating goes to enhanced
upward motion, and 1% (-0.5% from temperature
change and -0.5% from heterogeneous processing) if it is
assumed that all the heating is balanced by warming.
The work of Kinne et al. (1992) estimated an uplifting of
1.7 km after accounting for the warming using the ob-
served temperature change. They used a simple 1-D
mechanistic model to estimate an ozone decrease of
10%.

6.3.3.3 OzoNE BEHAVIOR IN 1992 anD 1993

Gleason et al. (1993) reported that during 1992,
TOMS on the Nimbus-7 satellite measured global aver-
age total ozone to be 1-2% lower than expected if ozone
is assumed to be decreasing at the same linear trend in
the past decade. These results are consistent with analy-
sis of the TOMS and Meteor 3 data (Herman and Larko,
1994), which showed that the 1993 ozone amount is
12.5% below the historical mean (from 1979) at high lat-
itude, 7% at midlatitude, and 4% at low latitude. Low
ozone for the winter of 1992-1993 was also reported
from the Microwave Limb Sounder (MLS) instrument
on the Upper Atmosphere Research Satellite (UARS)
(Froidevaux et al., 1994) and the NOAA-11 SBUV/2 in-
strument (Planet et al., 1994). Froidevaux et al. (1994)
also emphasized examining the latitude and height be-
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havior of the observed ozone decrease to try to identify
the causes for the lower values.

In Pitari and Rizi (1993), the model calculated a
decrease in ozone of about 12% at 60°N in March 1992.
Diagnostic results showed that this is a combination of a
12% decrease due to heterogeneous chemistry, a 4% de-
crease due to changes in photolysis rate, and a 4%
increase due to changes in transport. In contrast, the ad-
ditional ozone (about 4%) transported into the region
from the strengthening of the mean circulation in the
Kinnison et al. (1994) study tends to cancel the reduc-
tion of ozone due to the increase in heterogeneous
conversion rates, producing changes in ozone that do not
agree well with observed data. Tie et al. (1994) showed
that the changes in ozone at northern high latitudes are
-10% in spring of 1992 and -8% in spring of 1993. Be-
cause so many different mechanisms can change ozone
after the eruption, it is difficult to understand the ozone
response by comparison of model-simulated ozone with
observations alone. Additional diagnostics based on ob-
servations are needed to isolate the effects of the
different mechanisms.

6.3.3.4 IsoLATING THE EFFECTS OF HETEROGENEOUS
PROCESSING

Results from Rodriguez et al. (1994) and Kinnison
et al. (1994) showed that the effects of increased hetero-
geneous processing from the Mt. Pinatubo aerosol
caused an additional 2-5% decrease in ozone at mid- to
high latitudes in the winter of 1993. However, the results
of Pitari and Rizi (1993) and Granier and Brasseur
(1992) indicated that the change in aerosol would lead to
a 10% decrease in ozone column due to heterogeneous
chemistry alone. It is difficult to compare the model pre-
dictions because each model used a different set of
parameters to describe the aerosol loading and its decay.
In an attempt to see if the model predictions will agree
better if the models use uniform input, we prescribed the
following set of simulations. The first simulation calcu-
lates the behavior of ozone using the surface
concentrations for trace gases as prescribed in Table 6-3
while keeping the aerosol surface area at the background
value. The second calculation uses the same surface
concentrations but assumes the aerosol surface area in-
creases by a factor of 30 in June 1991. The excess
surface area is assumed to decay with an exponential
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Table 6-4. Mixing ratios for halocarbons (in pptv) for Scenario Il.

year CFC-11 CFC-12 CFC-113 CCly CH3CCl3 CH3Br
1992 281.8 487.6 79.1 110.5 178.1 14.1
1995 290.4 513.7 87.5 113.7 159.3 14.7
2000 284.6 528.6 85.5 118.5 75.8 154
2005 278.0 532.4 82.9 122.8 42.5 16.4
2010 264.3 526.9 79.6 117.7 22.0 17.6

time constant of | year. The simulation is to include only
the effect of enhanced heterogeneous processing. The
differences between the ozone in the two simulations
(second simulation minus the first) are given in Figure
6-5.

Prather (1992) investigated the potential for a non-
linear, catastrophic loss of stratospheric ozone if the
aerosol density were greatly increased following a mas-
sive eruption. None of the models indicates that such a
situation was reached in the Mt. Pinatubo case. Figure
6-5a shows the results for northern midlatitudes, indicat-
ing that the effect of enhanced processing is to decrease
the ozone. The results fall into three groups: about -3%
(AER and LLNL), about -5% (GSFC and MPIC), and
about -8% (ITALY and NCAR). The results for the trop-
ics are given in Figure 6-5b. The ozone decrease ranges
from less than 0.5% to 2.5%.

Itis unclear what the causes are for the differences
in the model predictions. Possible explanations include
the different treatments used in calculating the concen-
tration of N,Os and the different effects of reaction (6-2)
in the models caused by different temperatures being
used. The AER model and the LLNL model use an ex-
plicit diurnal variation in calculating N,Os, while other
models use various methods to estimate the N,Os con-
centration from an averaged sun condition.

6.4 RESULTS FROM SCENARIO
CALCULATIONS

For the purpose of a model intercomparison, we
have prescribed two scenarios for the source gases. The
surface concentrations of the species are specified as
functions of time as given in Tables 6-3 and 6-4. Values
prior to 1990 are based on available observations. The
growth rate for N,O is based on previous estimates of
0.25% per year. Khalil and Rasmussen (1992) showed
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that the actual increase in the past decade has been very
variable, ranging from 0.5 ppbv per year to 1.2 ppbv per
year. For CHy, a linear growth rate of 13 ppbv per year is
assumed after 1992. Recent observations for CHy
(Dlugokencky et al., 1994; Khalil and Rasmussen, 1993)
indicate that the CH4 growth rate has slowed to as little
as 2 ppbv per year.

The surface concentration for the CH3Cl is set at
600 pptv. Surface concentrations for the CFCs, HCFCs,
halons, and CH3Br were calculated using a box model
with assumed emissions and the reference lifetimes giv-
en in Chapter 13. In Scenario I (Table 6-3), the
emissions for the halocarbons follow the guidelines in
the Amendments to the Montreal Protocol. For CH3Br,
it is assumed that a background of 9 pptv is maintained
by natural sources. Emission of anthropogenic CH3Br
assumes a schedule that maintains constant emission at
the 1991 level. This, when combined with the natural
sources, results in a surface concentration of 14.2 pptv
after the year 2000. The substitute HCFCs are a combi-
nation of HCFC-22, HCFC-141b, HCFC-142b,
HCFC-123, and HCFC-124. The Ozone Depletion Po-
tential (ODP)-weighted annual production is taken to be
3.1% of the ODP-weighted emissions in 1990. In addi-
tion to the basic scenario, results are also presented for a
second scenario (Table 6-4) where we assume partial
compliance with the Protocol for CFC-11, CFC-12,
CFC-113, CH5CCl3, and CCly. The emission for CH3Br
is also assumed to be larger, resulting in a surface con-
centration of 17.6 pptv in 2010. The Scenario II
calculation extends only to 2010.

6.4.1 Chlorine and Bromine Loading

Figure 6-6a shows the model-calculated chlorine
concentrations for 58 km at SO°N. The observed concen-
trations of HCl from the ATMOS instrument for 1985
(Zander et al., 1990) and 1992 (Gunson et al., 1994) are



STRATOSPHERIC MODELS

Ozone Column Monthly % Difference

AER GSFC
1 F T T T T T T T ] 1 r T T T T T T T 3
of 3 of .
af . Af .
3 2r ] 3 2F ]
S af .- 40deg. N | S b ;
o F ] o} F ]
b= r - b= r 1
5 <4f 50 deg N 5 4t ]
£ f — 60deg. N g ]
S 5F 8 5F b
& _f 3 & f i
-6:— b -6:* ....40deg_N E
7k E 7k - - 50deg. N E
] 3 iy — 60deg. N ]
9t L L L L I L i 3 9t L L L L 1 i L 3
90 91 92 93 94 95 96 97 90 91 92 93 94 95 96 97
Date
ITALY
1 F i T T ] 1 F ]
of E of e
aF 1 AF ]
g % ER ]
3 : 8 3f 3
o F 3 o £ 3
£ r £t
o 4F B o 4r B
e e
a(._)"SE— ....40deg_N ] g)&j‘sé_ ""40deg.N ]
a F 9 F ]
6F --50deg. N A 6F --50deg.N
a — 60deg. N 1 7 — 60deg. N 4
-8F 3 -85* 3
9t 1 I I | L i I 9t L L L i I 1 1
90 91 92 93 94 95 96 97 90 91 92 93 94 95 96 97
Date Date
MPIC NCAR
ir T T T T T T T 1 1 T T T T T T T ]
of . of ‘ .
4F ] 4E ]
W 2F E o 2k ]
o E ] o b 1
& 3F 3 s 3f 3
{5} F ] @ ]
ES £ ] ES | ]
G 4 3 G 4f 3
8 sf -+ 40deg. N ] & of ---40deg. N ]
e o --50deg.N ] e o - - 50deg.N
i — 60deg. N ] — 60deg. N
US 4 7+ 4
8F ] 8f E
9 L L I 1 I | 1 3 -9 1 L L 1 1 1 L
90 91 92 93 94 95 96 97 90 91 92 93 94 95 96 97
Date Date

Figure 6-5a. Calculated percent change in ozone column at 40°N, 50°N, and 60°N for a thirty-fold increase
in surface area. The values are obtained by comparing the column calculated using fixed background aero-
sol with the column calculated where there is a 30-fold increase in aerosol surface area in June 1991 with the
excess aerosol decaying with a time constant of 1 year.
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Cly Trend for Scenario | at 50N, 58 km
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Figure 6-6a. Upper panel: Model-calculated con-
centration for chlorine for Scenario | at 58 km, 50°N
for March. The ETCL is the mixing ratio of the chlo-
rine atoms bound in the source gases at the
surface. ltis calculated using the boundary values
givenin Table 6-3. The measured value of HCI ( §)
from the ATMOS instrument for the 1985 SL-3 mis-
sion (Zander et al., 1990) and the 1992 ATLAS-1
mission (Gunson, et al.,, 1994) are shown for com-
parison.

Figure 6-6b. Lower panel: Model-calculated con-
centration for chlorine for Scenario | at 22 km, 50°N
for March. The EESC curves are calculated using
the boundary values of the chlorine source gases.
It corresponds to the mixing ratio of the chlorine at-
oms bound in the sources gases and weighted by
the ODP of the source gas. The second curve is
multiplied by 0.7, which is the fraction of CFC-11
dissociated at that altitude.
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included in the figure for comparison. Also included in
the graph is the curve labeled the equivalent trdpospheric
chlorine loading (ETCL), which is defined as the sum of
the mixing ratios of the chlorine atoms in the source
molecules at the ground. The model-calculated Cly con-
centrations can be compared with the ETCL curve after
allowing for the time lag to transport the source gases to
the stratosphere and the redistribution of the radical spe-
cies. With the prescribed surface concentrations of the
halocarbons given in Table 6-3, the ETCL reaches a
maximum in 1994. The calculated chlorine concentra-
tion reaches the maximum around the year 1998.

The model-calculated Cly concentrations at 22 km
are shown in Figure 6-6b. Estimates for the chlorine
concentrations at 20 km between 60°N and 80°N based
on measured concentrations of the organic chlorine spe-
cies range from 1 to 2 ppbv for outside and inside the
vortex, respectively (Kawa et al.,, 1992). The observed
value inside the vortex should be more representative of
the concentration at 22 km because of the occurrence of
diabatic descent in the vortex. The EESC (equivalent
effective stratospheric chlorine) curve is defined by the
sum of the mixing ratios of the chlorine atoms in the
source molecules at the ground, weighted by the respec-
tive ODPs. It corresponds to the chlorine loading values
used in Chapter 13 of this report. It can be compared
with the chlorine concentration in the lower strato-
sphere. One of the curves in Figure 6-6b is obtained by
multiplying the EESC values by 0.7, approximately the
fraction of CFC-11 dissociated at 22 km and 50°N. The
calculated Cly concentrations at 22 km among the mod-
els differ by about 1 ppbv. The models that calculate
smaller concentrations of Cly also calculate smaller con-
centrations of ozone. This is probably related to the
position of the tropopause and the strength of the circula-
tion in the models.

The time behavior of the ETCL and EESC curves
agrees well with the model-calculated curve except that
the calculated concentration in the lower stratosphere
lags the EESC curve by 3-4 years and the calculated
concentration in the upper stratosphere lags the ETCL
curve by 4-5 years.

The calculated bromine concentrations are shown
in Figure 6-7. The curve representing the equivalent tro-
pospheric bromine loading (ETBL) is included in Figure
6-7a. As in the case of the model-calculated Cly, the
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Bry Trend for Scenario | at 50N, 22 km
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Figure 6-7a. Model-calculated bromine concentration for Scenario | at 58km 50°N for March. The ETBL is
the mixing ratio of the bromine atoms bound in the source gases at the surface. It is calculated using the

boundary values given in Table 6-3.

Figure 6-7b. Model-calculated bromine concentration for Scenario | at 22km 50°N for March.

model-calculated Bry values in the lower stratosphere
separate into the same two groups.

A comparison of the chlorine loading and bromine
loading between Scenarios I and II is shown in Figures
6-8 and 6-9, respectively, for the AER and GSFC mod-
els. At 2010, the calculated concentrations of chlorine
and bromine in the lower stratosphere for Scenario II are
larger than those calculated for Scenario I by 200 pptv
and 2 pptv, respectively.

6.4.2 Calculated Ozone Trend

Figure 6-10 shows the calculated trends for col-
umn ozone between 1980 and 2050 for Scenarios I and
II. Note that the calculated ozone columns in 1980 are
quite different among the models, ranging from 380
Dobson units to 470 DU at 60°N; and 300 DU to420DU
at 40°N. The calculated percent change relative to 1980
is plotted in Figure 6-11. The maximum decrease of
about 6% to 9% is calculated around the year 2000.
Larger decreases are calculated by the OSLO and MPIC
models, which include PSC chemistry. The extra Cly
and Bry in Scenario II cause an extra 1.5% decrease in
ozone at high latitudes for the AER and GSFC models,
which do not include PSC chemistry. The MPIC and
OSLO models, which include PSC chemistry, calculate
an additional 3% decrease in ozone at 60°N in March.

The models also show different results in the rate
of recovery. Figure 6-12 shows the model-calculated
ozone behavior for S0°N. The CAMBRIDGE, GSFC,
and MRI models reach the 1980 ozone values before
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2030, while the other models show a much slower recov-
ery. Additional calculations were performed to check
the sensitivity of the ozone response to changes in N,O,
CHy, and aerosol surface area. With the chlorine
concentration fixed at the 2050 level, approximately 2
ppbv, calculations were performed to determine how the
model-calculated ozone will change under the assump-
tions listed in Table 6-5. All the models agree that a
decrease in CH4 would produce a decrease in column
ozone. The GSFC model and the LLNL model are more
sensitive to changes in CHy. All the models agree that a
decrease in NpO would produce an increase in column
ozone. A doubling of aerosol surface area in 2050 has an
effect ranging from neutral to a slight increase in column
ozone. The models do not agree on the sign of the ozone
column change when these perturbations are combined.

6.4.3 Effects from Greenhouse Gases

In Section 6.3.2.2, we discussed dynamics feed-
back as a negative feedback in the upper stratosphere,
i.e., including the effect of stratospheric cooling would
modulate the model-calculated ozone decrease by a fac-
tor of 0.8. However, the effect on the lower stratosphere
is less certain, where a cooler temperature may promote
formation of PSCs, leading to additional ozone decrease.
Here, we discuss the effect from other greenhouse gases.
Global increases in the greenhouse gases (particularly
CO3) due to anthropogenic emissions are expected to in-
fluence the Earth’s climate. The first-order effect is
expected to be a warming of the surface/troposphere sys-
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Figure 6-8. Model-calculated chlorine loading for Scenarios | and II.
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Figure 6-10. Model-calculated ozone trend for March for Scenarios | and Il.
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Figure 6-12. Model-calculated percent change in ozone for March at 50°N for Scenario I. The results from
MRI are derived from steady-state calculations using the boundary conditions appropriate for the years.

tem and cooling of the middle atmosphere. Ozone is a
primary absorber of solar radiation, warming the middle
atmosphere and reducing the solar radiation reaching the
surface. It is also a greenhouse gas, and thus acts to
warm the surface/troposphere system. Studies (Ram-
aswamy et al., 1992; Wang et al., 1993) have shown that
the latitudinal distribution of the total greenhouse warm-
ing effect due to CO,, CHy, N,O, and CFCs decreases
more sharply at mid- and high latitudes when the ob-
served changes the ozone distribution were
considered.

Using results from a GCM, Rind et al. (1990)
found that both the vertical and latitudinal structure of
the temperature change following a doubling of CO, re-
sults in increases in the propagation of planetary waves
into the stratosphere, and increased potential energy in
the lower stratosphere. These processes generated an

in

increase in the eddy energy in the middle atmosphere
with an attendant increase in wave forcing and residual
circulation, tending to warm high latitudes. This change
in the transport circulation should affect the ozone distri-
bution and, consequently, the thermal forcing of the
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atmosphere. This effect on ozone was not included in
the Rind et al. (1990) calculation but was acknowledged
to be of potential importance. Austin et al. (1992) used a
middle atmosphere GCM, which included a relatively
comprehensive ozone photochemistry that was radia-
tively interactive, in a CO, doubling scenario. The
model was found to respond very differently to the CO,
doubling when fully interactive ozone was included, par-
ticularly with respect to the occurrence of a stratospheric
warming. They also found a much larger ozone response
to CO, doubling, with reductions in ozone by as much as
150 Dobson units during Arctic spring. In contrast, Pi-
tari et al. (1992) found only a 10 Dobson unit reduction
in column ozone amounts during the Northern Hemi-
sphere spring minimum.

In addition to these changes in the middle atmo-
sphere circulation, theoretical results (e.g., Geller and
Alpert, 1980) and modeling studies (e.g., Hansen et al.,
1983; Boville, 1984) demonstrated a troposphere re-
sponse to perturbations in the stratospheric dynamics.
Both the stationary and transient components of tropo-
spheric wave structures can be modulated by the
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Table 6-5. Sensitivity studies illustrating the model-calculated ozone responses.

N,O CH,4 aerosol percent change in ozone column
ppbv ppmv March 50°N
AER GSFC Italy LLNL
2050 360 2.5 clean - - - -
baseline

A 360 1.8 clean -0.48 -1.02 -0.18 -1.16
B 318 2.5 clean 1.38 0.89 1.34 1.41
C 360 2.5 2x 0.84 0.16 0.32 0.87
D 318 1.8 2x 1.51 -0.25 1.09 0.92

stratospheric circulation. Kodera et al. (1991) demon-
strated that anomalies, initially created in the
stratosphere, can propagate into the troposphere through
wave-mean flow interactions. Kodera (1993) has shown
that many of the changes in zonal mean winds first occur
in the stratosphere, and then propagate into the tropo-
sphere, causing changes in the tropospheric subtropical
jet. Because the troposphere is the fundamental source
of wave energy for the middle atmosphere, these studies
suggest that it is important to begin to study the complex
feedback taking place between the stratosphere and tro-
posphere through temperature and wave effects. It is
unclear at this point whether 2-D models that calculate
explicit wave forcing (Kinnersley and Harwood, 1993;
Garcia and Solomon, 1994) can address some of these
issues, or if one has to rely exclusively on GCMs.

6.5 CONCLUSIONS

Comparison of the model results indicates that al-
though there are significant differences among the
model-calculated local photochemical rates and trans-
port rates, the rates from each individual model combine
to produce reasonable present-day ozone distributions
and the 1980-t0-1990 ozone trend. However, as the at-
mosphere is perturbed farther away from its present state
(e.g., large increase in aerosol loading, changes due to
long-term trends of N,O, CHy, and halocarbons), the
model-predicted responses differ by larger amounts.

As shown in Figures 6-10 and 6-11, the differ-
ences in the model-predicted ozone responses are much
smaller when considered on a percentage basis relative
to each model’s own baseline for 1980. This relative re-
sponse is useful in assessing the relative impact among
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different halocarbons and their substitute compounds
and the merits of different emission scenarios. However,
if we are to concern ourselves with understanding the
response of ozone to all perturbations, it is important to
understand the absolute response as well.

Confidence in model predictions is currently limit-
ed by the following factors:

. the need to validate the model-calculated local
production and removal rates of ozone;

. the need to validate the model-simulated large-
scale transport in the lower stratosphere;

. the ability to parameterize PSC chemistry and its
effect on global ozone;

. the capability to consider temperature and dynam-

ics feedback on ozone responses to perturbations.
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