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A three-dimensional general circulation model with
coupled chemistry for the middle atmosphere
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Abstract. We document a new middle atmosphere general circulation model
that includes ozone photochemistry. The dynamical model component is based
on the NCAR middle atmosphere version of the Community Climate Model. The
chemistry model component simulates the evolution of 24 chemically reactive gases.
The horizontal resolution is approximately 3° in latitude and 6° in longitude. It
includes 44 levels, with a maximum vertical grid spacing of about 2.5 km and
a top level at around 75 km. The chemical model distinguishes between species
where we judge transport to be critical and those for which it may be neglected.
Nine longer-lived species (N3O, CHy, H,O, HNOj3, N5O5, CO, CIONO,, HCI,
and HOCI) and four chemical families (NOy, NOy, Oy and Cl) are advected.
Concentrations of 15 species which are typically shorter-lived or are members of
the chemical families are diagnosed using quasi-equilibrium assumptions ( O(*D),
OH, Cl, O(3P), O3, HO3, NO,, ClO, NO, HNOy4, NO3, N, OCIO, Cl,0,, Hy0,).
Distributions for a number of other species are prescribed. Results are presented
from a 2-year simulation, which include only gas phase photochemical reactions
and in which the ozone distribution forecast from the chemistry module does not
affect the radiative forcing of the dynamical fields. The calculated distributions
of trace species and their seasonal evolution are often quite realistic, particularly
in the northern hemisphere extratropics. Distributions of long-lived species such
as N3O and CHy4 correspond well to satellite observations. Some features, such
as the double peak structure occurring during equinoxes, are not reproduced.
The latitudinal variation and seasonal evolution of the ozone column abundance
is quite realistic. The calculated vertical distribution of the ozone mixing ratio
exhibits significant differences from measured values. The model underestimates
significantly the ozone in the upper stratosphere (40 km) and in the extratropics,
where the maximum values occur at too low an altitude. The model reproduces
the key features expected in the distribution of fast reacting nitrogen and chlorine
compounds. Problems in the southern polar simulation (which we attribute to
the lack of a comprehensive parameterization of gravity waves) are discussed. The
model currently parameterizes only stationary gravity waves generated by flow over
orography. Other sources of gravity waves may be required to improve the model
simulation.

1. Introduction

In this paper we present initial results from multiyear
integrations of a model containing a relatively compre-
hensive representation of the dynamics and thermody-
namics of the atmosphere from the surface through the
middle atmosphere and much of the chemistry relevant
to the middle atmosphere. We believe the time has
come to attempt to couple comprehensive General Cir-
culation Models (GCMs) with equally comprehensive
chemistry models, and our initial attempt at this cou-
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pling takes place in the context of a study of the middle
atmosphere, where both the dynamics and the chem-
istry are less strongly influenced by the very compli-
cated physical processes connected with phase changes
of water and with the interaction between the atmo-
sphere and those components of the Earths’ system near
the surface (oceans, biosphere, lithosphere).

The effects of coupling the chemistry and dynamics
of the stratosphere can be important throughout the
climate system. The middle atmosphere is the place
where the largest changes of anthropogenic origin in
the Earth’s climate are occurring. A gradual cooling
has been seen in the temperature of the middle at-
mosphere, thought to be due to increasing greenhouse
gases [Chanin, 1993|, or the recent changes in ozone
amounts. In addition to the direct effect of additional
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greenhouse gases, perturbations of ozone photochem-
istry due to the release of Chlorofluorocarbons (CFCs)
and the anthropogenic production of ozone in the tro-
posphere have introduced a significant change in both
the latitudinal and the vertical distribution of ozone
[World Meteorological Organization (WMO), 1985; Ra-
maswamy et al., 1992; Wang et al., 1993]. The result-
ing changes in the vertical and latitudinal distribution
of thermal forcing influence the general circulation and
have an attendant effect on the transport of heat, mo-
mentum, and trace species. For example, latitudinal
changes in the ozone distribution (i.e., the ozone hole)
can lead to substantial changes in the persistence and
strength of the polar vortex and thus enhance the effect
of the CFCs in ozone reduction in polar regions [Kiehl
et al., 1988]. Rind et al. [1990] have shown that the
middle atmosphere response to CO2 doubling is quite
subtle. Although the general trend of a warmer tropo-
sphere/cooler stratosphere was found, a warming was
found in the northern hemisphere polar stratosphere
during winter. This is clearly not in agreement with the
first-order radiative response and may have important

implications for ozone depletion in the northern hemi- -

sphere winter by heterogeneous chemistry in the pres-
ence of polar stratospheric clouds (PSCs). The warming
was a result of the changed dynamical heating associ-
ated with the change in the residual circulation. The
result was sensitive to the latitudinal distribution of the
sea surface temperature perturbation associated with
the CO2 doubling,.

In addition to changes in the middle atmosphere cir-
culation, theoretical results [e.g., Geller and Alpert,
1980] and modeling studies [e.g., Hansen et al., 1983;
Bouville, 1984] demonstrate a tropospheric response to
perturbations in the stratospheric dynamics. Both the
stationary and the transient components of tropospheric
wave structures can be modulated by the stratospheric
circulation. Kodera et al. [1991] and Kodera [1993]
demonstrated that anomalies initially created in the
stratosphere can propagate into the troposphere through
wave-mean flow interactions. 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 feedbacks taking place
between the stratosphere and the troposphere through
temperature, ozone, and wave effects.

In attempts to understand a complex process, it is
generally advantageous to isolate one component of the
system and simplify those other components that are
peripheral to the area of focus. This has historically
been the approach taken in studies of the Earth’s cli-
mate. For example, in most “comprehensive” general
circulation models the distribution of radiatively active
trace gases is prescribed, rather than calculated within
the model (with the exception of the HyO distribu-
tion). Traditionally, ocean temperatures, the influence
of biota on albedo, and soil respiration are also pre-
scribed. In virtually all models focusing on the middle
atmosphere, the formulation of physical and chemical
processes occurring in the troposphere is greatly simpli-

fied; often when the chemistry is treated in great detail,
the dynamical and physical representations are crudely
represented. These simplifications have the benefit of
leading to faster programs. The simple parameteriza-
tions of important processes always lead to the intro-
duction of free parameters, which must be adjusted to

_tune the models behavior. They often cut out feedback

loops of potential importance by fixing features (either
deemed too complex or not of current interest) to cli-
matologically representative values, hence reducing the
variability of the resulting system.

With more comprehensive models, physical processes
are treated more realistically, and a larger set of feed-
back loops are taken into account, allowing the pos-
sibility of new behavior not seen in the simpler mod-
els. Initial attempts at coupling sophisticated ocean and
atmospheric models began in the early 1960s [Manabe
and Bryan, 1969]. Somewhat later, sophisticated sur-
face models were coupled to GCMs [Sellers et al., 1986;
Dickinson et al., 1987]. Allowing new processes and
new feedbacks in a model can sometimes produce un-
expected responses, highlighting areas requiring more
attention. These areas sometimes point to a lack of
understanding about the processes through which the
interactions take place and sometimes to internal inad-
equacies of the component models. Nevertheless, sub-
stantial progress takes place, with a corresponding in-
crease in knowledge about the component processes and
their interactions.

We are certainly not the first to attempt to model the
interaction between the chemistry and the dynamics of
the middle atmosphere. The field has a large and well-
developed history, but like the other segments of climate
modeling, the field has often treated one set of processes
in great detail, to the neglect of others.

Two-dimensional (latitude/height) chemical trans-
port models, with highly parameterized dynamics, lie
at one end of the spectrum of these efforts. Transport
is typically represented by a combination of a residual
mean circulation to account for large-scale processes
and an eddy diffusivity to account for transient and
unresolved mixing processes. Examples of these type
of models include Harwood and Pyle [1975], Nicoli and
Visconti [1982], Garcia and Solomon [1983], Garcia et

“al. [1992], Stordal et al. [1985], Brasseur et al. [1990],

Ko et al. [1984], Jackman et al. [1991], and Yang et al.
[1991]. Because of their computational efficiency these
models are commonly used for assessment studies of po-
tential ozone changes in the stratosphere.

At the other end of the spectrum lie models with more
detailed dynamical and radiative formulations and sim-
pler chemistry. The role of dynamics in controlling the
distribution of idealized trace species with extremely
simple chemical representations has been investigated
in the context of General Circulation Models (GCMs)
and in transport models, which use prescribed meteo-
rological data to drive a chemical transport calculation.
Examples can be found in the works of Mahlman and
Mozim [1978], Mahiman and Umscheid [1984), Sassi et
al. [1993], Rasch et al. [1993]. Coupling of relatively
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comprehensive photochemistry in a three-dimensional
transport model using GCM data was performed by
Grose et al. [1987]. Recently, Lefévre et al. [1994] have
included a more comprehensive photochemistry model
for short integrations in a three-dimensional chemical
transport model, using data taken from atmospheric
analyses. Mechanistic models, using a simplified repre-
sentation of the troposphere with a relatively compre-
hensive chemistry calculation, have been made by Rose
and Brasseur [1989]. Cariolle and Déqué [1986] and
Cariolle et al. [1990] have included a linearized pho-
tochemical formulation relevant for the middle atmo-
sphere. Pitari et al. [1992] have included a comprehen-
sive chemical representation in a very simple 3-D model
with a relatively crude radiative and dynamical repre-
sentation. A similar study has been made by Austin et
al. [1992] that included ozone radiative feedbacks and a
more realistic temperature distribution, but their inte-
grations were performed only over relatively short time
periods.

In this paper we document a new model comprised
of two components: a middle atmosphere general circu-
lation model (the National Center for Atmospheric Re-
search (NCAR) middle atmosphere version of the Com-
munity Climate Model (CCM), version 2) and an ozone
chemistry model. This model simulates the evolution
of 24 chemically reactive gases, including ozone. Al-
though there are many fewer gross assumptions about
the free atmosphere in GCMs than in the simpler mid-
dle atmosphere models, the most obvious remaining in-
adequacies are associated with the treatment of clouds
(the parameterization of moist processes, trace species
transport, and the radiative properties of clouds) and in
the treatment of the subgrid scale dynamical processes
which exert a strong control on the resolved scale mo-
tions (i.e., the momentum transport and deposition as-
sociated with gravity wave processes whose source arises
from flow over orography, convection, shear instabilities,
and the propagation of fronts).

Our chemical model distinguishes between species
where we judge transport to be critical (we call them
longer-lived species) and those for which it may be ne-
glected (hereafter shorter-lived species). Nine long-lived
species and four chemical families are advected. Con-
centrations of 15 species which are typically shorter-
lived or are members of the chemical families are diag-
nosed using quasi-equilibrium assumptions. (The dis-
tinction between long- and short-lived species is nec-
essarily somewhat arbitrary). Distributions for a few
other species are prescribed (e.g., N2, O2). So far, we
have restricted our attention only to gas phase reac-
tions. It is clear that the chemistry taking place on the
surface of particles must also be included in order to
simulate the lower stratosphere realistically.

Despite remaining inadequacies in all components of
the system, we believe that the model represents a
substantial step toward a comprehensive coupled cli-
mate/chemistry system. The GCM component is sub-
stantially more complex and realistic than the 2-D mod-
els mentioned above. Because the winds and tempera-

ture fields can respond to the distributions of the radia-
tively active trace gases, there is the possibility of cli-
mate feedbacks which are absent in the chemistry trans-
port models using prescribed winds and temperatures
(although in this paper we will not discuss the results
in which the photochemistry feeds back on the model
dynamics). The model is efficient enough so that mul-
tiyear integrations are possible, and climate/chemistry
interactions may be studied. It is our intent here to
provide a description of the behavior of some aspects
of this very complex model. The simulations serve to
highlight what we are capable of modeling, and where
more work is required. Many aspects of the simulation
look quite promising. Some problems point to a lack of
understanding about the processes through which the
interactions take place and some to internal inadequa-
cies of the component models. The paper is organized
as follows: in section 2 we describe the component mod-
els in some detail; section 3 describes the mode in which
the model is integrated; section 4 displays results from
the integration; section 5 summarizes highlights from
the study.

2. Model Description

2.1. Atmospheric Component: NCAR Middle
Atmosphere Community Climate Model Version
2 (MACCM2)

The NCAR Community Climate Model, version 2
(hereinafter referred to as CCM2), is a descendant of the
various earlier versions of the NCAR CCM [Williamson
et al., 1987; Bowille and Randel, 1992]. The CCM2 was
originally developed and tuned as a tropospheric model,
but one of the design requirements was that minimal
changes to the model would be necessary to use it in
either tropospheric or middle atmospheric form. The
standard tropospheric version of CCM2 is described by
Hack et al. [1993]. The extension to the middle atmo-
spheric version is achieved through minor modifications
to the model. The vertical domain is extended (to 75
km), and resolution is changed (to a maximum of 2.5 km
vertical spacing), as is the horizontal resolution (5.6° in
the east/west direction and 2.8° in the north/south di-
rection) and the frequency at which the absorptivities
and emissivities are calculated. There are also a few
other changes made to the model parameters to ease
the computational expense. We will briefly document
the basic characteristics of the model in this section, and
highlight the few places where CCM2 and the NCAR
Middle Atmosphere Community Climate Model Version
2 (MACCM?2) differ in formulation, or model climatol-
ogy. The model climatology is described much more
thoroughly in a companion paper [Bouille, this issue].
Additional comments regarding the simulation can be
found in the work of Rasch et al. [1993].

The evolution equations for heat and momentum use
a spectral representation for the horizontal treatment
and first-order vertical finite differences for vertical gra-
dients. A hybrid vertical coordinate is used that is ter-
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rain following in the lower troposphere and gradually
makes a transition to a pressure following coordinate
in the lower stratosphere. The time integration scheme
used for the dynamical and thermodynamic equation is
a semi-implicit, leapfrog time integration scheme.

The transport of moisture and tracer species is done
using a three-dimensional “shape-preserving” semi-
Lagrangian transport formalism. The transport scheme
was originally developed for the transport of water va-
por in the troposphere [Rasch and Williamson, 1990,
1991]. More recently it has been used for the simulation
of stratospheric aerosol transport [Boville et al., 1991],
the transport of radioactive isotopes [Rasch et al., 1993],
and the transport of CFCs in the troposphere [Hartley
et al., 1994]. Because the shape-preserving transport
algorithm can maintain very sharp gradients without
introducing overshoots or undershoots and diffuses only
at the smallest scales of the model, no additional hor-
izontal diffusion is needed on the model tracers. The
semi-Lagrangian transport is not inherently conserva-
tive, and a mass correction, which we term a “mass
fixer”, must be applied to the solution at the end of each
time step to strictly enforce this conservation. Because
the original semi-Lagrangian transport algorithms were
developed for water vapor, we have encountered a num-
ber of minor problems in its use in transporting species
in the middle atmosphere. Minor modifications have
been made to the algorithms to make them more appro-
priate for the transport of trace species. These modifi-
cations are detailed in the appendix. Briefly, we have
modified the transport algorithm to move trace species
mixing ratios normalized by “dry air” mass, rather than
original formulations use of mixing ratios normalized
by “moist air” mass, and we have modified the origi-
nal fixer to reduce its impact on tracers in which most
of the mass is concentrated in the middle atmosphere,
unlike water vapor.

The planetary boundary layer (PBL) parameteriza-
tion [Holtslag and Bowille, 1993] is a nonlocal scheme, in
which the boundary layer depth is calculated explicitly,
and the profile of diffusion coefficients is prescribed be-
low that depth. The parameterization includes the typ-
ical down gradient diffusion throughout the depth of
the atmosphere as well as a less typical nonlocal trans-
port term within the convective boundary layer (some-
times called a countergradient transport term). Above
the boundary layer a local vertical diffusion scheme is
used, with a local Richardson-number-dependent dif-
fusion coefficient. A parameterization of momentum
flux divergence (produced by stationary gravity waves
arising from flow over orography) is included. In addi-
tion, the breaking of gravity waves in the mesosphere is
treated through a Rayleigh friction term that becomes
important above 60 km.

A mass flux scheme [Hack, 1994] is used to rep-
resent all types of moist convection. The convective
scheme moves heat, moisture, and trace species in a
self-consistent way. The cloud fraction and cloud albedo
parameterizations depend on relative humidity, vertical
motion, static stability, and precipitation rate. Clouds

are permitted at all tropospheric levels above the sur-
face layer. The cloud emissivities are determined from
a prescribed liquid water path, which is a function of

latitude.

The solar radiative heating is computed using a A-
Eddington parameterization with 18 spectral bands
[Briegleb, 1992]. The longwave calculation includes a
Voigt line shape correction (incorporated to increase
cooling rates in the upper stratosphere and mesosphere).
Radiative heating rates are calculated at 6-hour inter-
vals and held constant between calculations. Absorp-
tivities and emissivities are calculated every 12 hours.
Radiatively active gases accounted for in the model in-
clude O3, CO2, and HyO. The model assumes a fixed
value of CO; = 330 ppmv. Og values used in the ra-
diative calculation are prescribed based on a linear in-
terpolation of monthly mean, zonally averaged values
from a combination of data from the Limb Infrared
Monitor of the Stratosphere (LIMS) [Gille and Lyjak,
1986] merged with Solar Mesosphere Explorer (SME)
data above 0.1 mbar. H>O values vary at each time
step in the model and influence the absorptivity and
emissivity calculations. The land temperature is cal-
culated by a four-layer diffusion model with soil heat
capacities specified for each layer to capture the ma-
jor observed climatological cycles. The land has spec-
ified soil hydrologic properties. Sea surface tempera-
tures are specified by linear interpolation between the
climatological monthly mean values. Surface fluxes are
calculated with stability-dependent transfer coefficients
between the surface and the first model level.

The MACCM2 simulation is quite reasonable but
suffers from some of the same problems seen in other
stratospheric GCMs and in earlier versions of the strato-
spheric CCM [e.g., Boville and Randel, 1986, 1992]. The
general characteristics of the simulation are treated in
much more detail by Boville [this issue]. We outline
some of the important characteristics here; others will
be described in later sections.

The zonal mean climatology for the northern hemi-
sphere is reasonably realistic for all seasons, although
the northern hemisphere polar night jet is somewhat
too far poleward and too strong. The southern hemi-
sphere polar temperatures are too cold by 30° to 40° in
the middle and upper stratosphere, with a concomitant
polar night jet which is at least 50 m s~! too strong.
These errors are thought to be due to the lack of an
appropriate source of momentum transport associated
with gravity waves which are probably generated by
shear and convective instabilities and the propagation
of fronts [Garcia and Boville, 1994]). The interannual
variability of the zonal mean temperatures and winds
in northern high latitudes is realistic. The simulation
in the tropics is less satisfactory. The model is capable
of simulating some aspects of the semiannual oscillation
(SAO) seen in the upper stratosphere and mesosphere
zopal winds. The easterly phase of the SAO is well rep-
resented. The westerly phase is too weak [Sassi et al.,
1993]. The model does not simulate the quasi-biennial
oscillation (QBQ), which is thought to arise through
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the driving by very short vertical scale equatorial waves.
The model is generally in a mode similar to the easterly
phase of the QBO seen in the atmosphere.

2.2. Chemistry Component: Middle Atmosphere
Chemistry Model

The chemical scheme used in the model includes 24
species and 85 chemical/photochemical reactions. To
avoid the numerical problems associated with “stiff”
mathematical systems, several fast-reacting compounds
have been grouped into overlapping chemical families,
i.e.,, NOx = NO + NOj; NO, = CIONO2 + NOy +
HNOj; +2N305+HNO, +NO3+N; Oy = O3+ 0(3P) +
O(!D) and Cl, = Cl + ClO + OCIO + 2Cly0, + HC] +
CIONO2 + HOCI. These families are advected together
with longer-lived species, i.e., NoO, CHy, H,O, HNOg3,
N>Oj5, HCI1, CIONO3, HOCI, and CO. The concentra-
tions of the individual members of chemical families as
well as of other shorter-lived species (i.e., OH, HO,,
NO;, HNOy, H20:) are diagnosed using equilibrium
assumptions.

The concentrations of the principal atmospheric con-
stituents are prescribed (No = 78% and O, = 20%),
while for H,, a relatively inert species in the tropo-
sphere and stratosphere, a constant mixing ratio of 500
ppbv is adopted. A specified concentration of 10 pptv
is adopted for BrO during daytime. It is reduced to
1 pptv during nighttime. To reduce the complexity
of the chemical scheme, while retaining the ability to
consider different levels of perturbations by several an-
thropogenic halocarbons, we have prescribed the source
of inorganic chlorine in the stratosphere by constrain-
ing the total amount of Cl, in the upper stratosphere.
In this particular run, the Cly mixing ratio has been
capped at 4 ppbv. To reproduce the vertical and lati-
tudinal distribution of the Cly source, we have used the
2-D distributions of the three dominant gases {(CFCl;,
CF;Cly, and CH3Cl) predicted by the 2-D model of
Brasseur et al. [1990} and have scaled them by a factor
of 1.8, 1.4, and 1.0, respectively, to account for other
halocarbons. This value of available chlorine is higher
than seen at the present time and might be more ap-
propriate to the next decade. In future runs we will
transport these species to provide more consistent and
realistic Cl, distributions.

The photolysis coefficients are taken from a precal-
culated lookup table as functions of the pressure level
(and hence O, column abundance), the ozone column,
the solar zenith angle, and the albedo. The treatment
of the Schumann-Runge bands is based on the formu-
lation of Kockarts [1976]. The photolysis of NO in the
delta bands uses the formulation of Nicolet [1979]. In
this first version of the model, heterogeneous reactions
on the surface of particles in polar stratospheric clouds
and of sulfate aerosols are ignored. Removal of NO, and
Clx by washout processes in the troposphere is crudely
parameterized by including an additional destruction
rate, based on the results provided by the 2-D model of
Brasseur et al. [1990] below 12 km in altitude. The cor-
responding washout frequency for NO, is chosen to be

equal to 2 x 1078 s~! near the surface and to decrease
as a function of height with a scale height of 14 km. In
the case of Cl, the surface value is 6 x 10~% s~1, and
the scale height is 5 km. The lower boundary conditions
(applied at the surface) for the transported species are
specified as prescribed mixing ratios taken from the 2-D
model of Brasseur et al. [1990]. At the top of the model
near 75 km, NOy (and hence NOy ) is set to 5 ppbv and
CO to 0.5 ppmv. Mixing ratios for other species are
unchanged during inflow from above and are updated
to the departure point value otherwise.

The chemical reactions included in the model are
given in Tables 1a and 1b. Rate constants are deter-
mined following DeMore et al. [1990] with a few modifi-
cations. The reactions for species undergoing photolysis
are listed in Table 2.

The evolution equations for trace species are solved
by the method of operator splitting. First, the semi-
Lagrangian transport method is used to account for
the advection process (with the mass conservation con-
straint enforced). Chemical tendencies are then calcu-
lated and used to modify the distributions. Following
the update by chemistry, diffusion by vertical subgrid-
scale processes, then redistribution by convection is ap-
plied. This completes a time step, and the process is
then repeated until the integration is complete.

To illustrate the numerical method used to calculate
the tendencies from chemical processes, consider the
continuity equation

dq

A _p_
ot Lq

where ¢ is a number density (cm™3) for a species; P is
the production term (cin=3 s™!); and L is a loss rate
(s7!). The computer codes have been designed to be
able to use any of a variety of numerical methods to
solve this equation. The solutions appearing in this pa-

per use a simple implicit (Euler backward) formulation
for the advected species:

new qold + POldAt (1)
L P PR
We use the semianalytic method proposed by Hesstvedt

et al. [1978] for the nonadvected species,

old _ pold /old e—L°“At
qnew _ (q {*_Polzl/Lold L>0
qold + PoldAt L=0

which is somewhat more accurate than (1) for species
with very large loss rates.

3. Description of Model Run

The primary mode of coupling between the chemi-
cal and the dynamical model components is through
the water vapor and ozone distributions. In the orig-
inal MACCM2, these species were controlled both by
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the dynamics and by the physical processes present (for
H20) or were prescribed as mentioned above (for CO,
and Oz). The chemical source from methane oxidation
for H2O can be explicitly included in our new model,
and O3 can be controlled by both transport and chem-
istry through the reactions described above. The chem-

ical source/sink terms can feed back on the dynam-
ics through their effect on the radiative forcing, which
drives the temperature distribution. In addition to the
transport feedback, there is also a feedback through the
temperature dependence of the rate constants.

Our new model can be run with various degrees of

Table 1a. Chemical Reactions Included in the Model

Rate Coefficient, cm? 57!

Reaction

a1 = 5.7 x 10732[M](300/T)":®
ares = 2.2 x 10710

az = 1.4 x 1071° exp (—470/T)
aze: = 1.0 x 10710

a5 = 2.2 x 107! exp(120/T)

as = 1.6 x 10712 exp(—940/T)
aep = 1.1 x 107 exp(~500/T)
ar = 3.0 x 1071 exp(200/T)
a7 = 4.8 x 107 exp(250/T)
a1p = 5.5 x 1072 exp(—2000/7T)
a3, = 7.3 x 1071

agsp = 6.5 x 10712

azzc = 1.6 x 10712

aze = 3.7 x 10712 exp(240/T)
az7 = 2.3 x 10712 exp(600/T)
azo = 2.9 x 10712 exp(—160/T)
aze = 1.5 x 10713(1 4 0.6 P(mb)/1013)
b3 = 6.5 x 10712 exp(120/T)

by = 2.0 x 10™'2 exp(—1400/T)
be = 3.4 x 10711

b7 = 1.5 x 107! exp(—3600/T)
bo = 1.2 x 10713 exp(—2450/T)
bas = ba3 /2.1 x 107%7[M](10900/T)+
bar = 7.2 x 10713 exp(785/T)

H+0O:+M—-HO+ M
O('D) + H,0 — OH + OH
H+ 03 — 0; +0H
O('D)+H, - OH+ H
OH+O(P) - 0;+ H
OH + 03 = HOz + O3
HO; 4 O3 — OH + 20,
HO; + O(®°P) — OH + O,
HO2 + OH — H30 + Oq
OH+H; - H,O+ H

H + HO2; — 20H

H +HOz — H2+ 0

H +HO; — H;0 + O(®P)
NO + HO; — OH + NO,
HO2 + HO2 — Oz + H20:
H20; + OH — H;0 + HO,
OH+CO—-CO;+H
O(3P)+N02 — NO + 02
O3 4+ NO — NO;3 + O,
N4+NO—=N:40

N+ O, — NO + O(3P)

O3 +NO2 — NO3 + O,
HO3NO; + M — HO; + NOy + M
HNOj3; + OH — H;0 + NO3

+ 1.9%x 10~ 33 exp(725./T)[M]

1.4+1.9x10~33 exp(725./T)[M]/(4.1x 10— 16 exp(1440./T)

bos = 1.3 x 10712 exp(380/T)
bsz = b12/4 x 10727 [M] exp(~10930/T')
bss = 4.9 x 1071

bse = 6.7 x 10~11
c1=14x10710

c2 = 3.9 x 1072 exp(—1885/T)
do = 2.1 x 1072 exp(—1150/T)
d2 = 2.9 x 107! exp(—260/T)
ds = 3.0 x 107! exp(70/7T)

ds = 6.4 x 10712 exp(290/T)

ds = 1.1 x 107! exp(—1400/T)
dg = 3.7 x 10~ ! exp(—2300/T)
dr = 1.8 x 107! exp(170/T)

di1 = 2.6 x 107*2 exp(—350/T)
d32 = 2.9 x 1072 exp(—800/T)
das = 4.8 x 10713 exp(700/T")
das = 3.0 x 1072 exp(—500/T")
d3s = 1.0 x 10~ exp(—2200/T)
dso = 5.0 x 1072 exp(—1800/T)
de1 = 5.0 x 1078 exp(—8600/T")
de2 = 4.5 x 107 exp(800/T)
des = 3.4 x 107 exp(160/T)
des = 2.8 x 10~ exp(—1200/T)
des = 2.5 x 10712 exp(—600/T)
dgo = 2.3 x 10710

dg1 = 1.4 x 1071

HO3NO;3 + OH — H20 + NO;z + O2
N2Os + M — NO3 + NQ2 + M
N2:0 +O(*D) = N2 4 O,

N20 + O(*D) — 2NO

O('D) + CH4 — ... = CO + 2H,0
CH; + OH — ... — CO + 2H,0 + HO,
CH3Cl+ OH — Cl+ products

O3 +Cl — CIO + Oq

O(®P) + CIO — Cl + O,

NO + CIO — Cl + NO,

Cl+ CHy — CH3 + HCI

Cl+H; — H+ HCl

Cl+HO; — 02 + HCI

HCl+OH — H,0+4Cl

CIONO; + O(®*P) — CIO + NO3
CIO + HO; — HOCI + Oq

HOCI + OH — H,0 + CIO

HOC1+ O — OH + C10

CH;3;CCl3 + OH — CH2CCl; + HO»
Cl202+ M — 2C10 + M

OH + OCIO — O3z + HOCI

Cl + OCIO — 2C1I0

O(®*P) 4+ OCIO — O3 + CIO

NO + OCIO — NO32 + Cl1O

CFCl3 + O(*D) — 3Cl 4+ products
CFC3Clz + O(!D) — 2Cl + products
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Table 1la. (continued)

Rate Coefficient, cm? s71

Reaction

esqe = 6.7 x 10712

esp = 2.9 x 10712 exp(220/T) + 5.8 x 10713 exp(170/T)

es = 1.4 x 10712 exp(150/T)

ki = 4.2 x 10728 [M]/T?

k2 = 6.0 x 10~34[M](300/T)*3
ks = 8.0 x 1072 exp(—2060,/T")
ks = 1.8 x 107 exp(110/T)

ks = 3.2 x 10~ exp(70/T)

ClO + BrO — Br + OCIO

ClO +BrO — Br+ Cl+ O
BrO + BrO — Br + Br + O3
OCP)+O(P)+ M — 02+ M
OCP)+02+M - 03+ M
0(3P) + O3 — 20,

O(ID) + Nz — O(BP) + N2
O('D)+ 0z — O(*P) + 02

Table 1b. Chemical Reactions Included in the Model

300 300

Reaction Ky n Ko m Reaction
b1y 2.2 x 1030 4.3 1.5 x 10712 0.5 NO3z +NOy + M — N;05 + M
bas 2.6 x 10730 3.2 2.4 x 1074 1.3 NO; +OH+ M — HNO3; + M
bas 1.8 x 1073 3.2 4.7 x 10712 1.4 HO; + NO; + M — HO;NO; + M
da1 1.8 x 1078 3.4 1.5 x 10711 1.9 NO; + ClO + M — CIONQs + M
dso 1.8 x 10732 3.6 6.0 x 10712 0.0 ClO+ClO+ M — Cl0: + M
k= 0.6 Hlosn B/ = 300(7/300) Koo = K3(T/300)™

coupling between the chemistry and the model dynam-
ics. In the “uncoupled mode” the chemistry can be run
without influencing the dynamic simulation at all. In
the “partially coupled” mode the water vapor distribu-
tions predicted by the MACCM2 and chemical sources
of water vapor (primarily the methane oxidation) are
coupled, but the ozone distributions are not. Dehydra-
tion can take place through the stratiform condensa-
tion parameterization of CCM2, where water vapor is

Table 2. Photolytic Reactions in the Model

Reaction

02 + hv — O(®P) + O(®P)
O3+ hv — O(SP) + Oq

Os + hvy — O('D) + 0,
HoO+hv - OH+ H

H,02 + hv — 20H

N20 + hv — N2 + O('D)

CHy +hv — CHs + H

NO: + hv — NO 4 O(®P)
HNOg3 + hv — OH + NO;
HOCl + hv — Cl1 + OH
HO;NO; + hv — NO; + HO»
CIONO; + hv — NO; + CIO
N2Os + hv — NO3 + NO3;
OCIO + hvy — O + Cl1O

Cl,O2 + hv — 2CIO

HCl+ hy — H + Cl

NO + hv — N 4+ O(°P)

COz + hv — CO + O(°P)
CH3Cl + hv — Cl + products
CH3CCl3 + hv — CH3CCl; + C1
CCls + hv — CCl3 + Cl1

CFCl3 + hv — 3Cl + products
CFC2Clz + hv — 2Cl1+ products
NO3 + hv — NO, + O(BP)

removed to make supersaturated grid volumes just sat-
urated. The prescribed ozone distribution is used for
the radiative forcing. In the “fully coupled” mode both
the ozone and the water vapor distributions are identi-
cal in both components. Solutions in the fully coupled
mode will be described in a future paper.

This paper presents results from a 2-year run of the
model in the “partially coupled” mode. Instantaneous
values of the chemical species have been archived every
two days over the 2-year integration. Initial conditions
for the run were taken from the end of a 5-year run, in
the uncoupled mode, used to bring the various species
to near equilibrium. The chemical adjustment time for
water vapor between 1 mbar and 100 mbar is between
250 and 3000 days [e.g., Brasseur et al., 1990; Mote
1994], and the water vapor distribution is not yet fully
equilibrated at the end of the simulation. Nevertheless,
results for most species are reasonably representative of
an equilibrated model.

4. Model Results

This section provides an overview of the general prop-
erties of the simulation of some of the species calculated
in the model. The amount of information available for
presentation can be overwhelming because of the many
new dependent variables and simulation length. There-
fore we restrict our discussion to a small subset of the
spacescale and timescale features present and further re-
strict the discussion by only presenting results from 100
mb through 1 mb to focus on the area where the ozone
distribution is a maximum. We hope to present other
aspects of the simulation in future papers. Our pre-
sentation begins with distributions averaged over large
scales in space and time and then focuses on features of
smaller (time and spatial) scales.
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Figure 1. Model zonally averaged monthly mean values of NoO. Contour interval is 20 ppbv.

4.1. N20, CH4, and H20

These constituents have photochemical lifetimes that
are long compared to the transport lifetime throughout
most of the model domain. For this reason they serve
as nearly inert tracers of dynamical motion and provide
information regarding the transport circulation of the
model.

Figure 1 shows the model zonally averaged monthly
mean values for N, O for the months of January, April,
July, and October. Corresponding estimates for the
atmosphere from the Stratospheric and Mesospheric
Sounder (SAMS) instrument [Jones and Pyle, 1984]
are provided in Figure 2. They may be contrasted to
those presented by Sassi et al. [1993] and by Randel

et al. [1994] who used a version of MACCM2 having
much simpler, highly parameterized representations of
the photolysis of N3O. This gas is produced at the sur-
face, mainly by complex nitrification and denitrification
processes in soils. It acts as an inert tracer through the
troposphere and the lower stratosphere and is destroyed
by photolysis, or is oxidized, primarily above 20 km,
providing an important source of stratospheric NO,.
The vertical distribution of N3O between 1 mb and 30
mb corresponds qualitatively to the SAMS data. At al-
titudes below 30 mb the SAMS data are unreliable, due
to potential overestimates of species abundance [Jones
and Pyle, 1984]. The peak mixing ratio values are lo-
cated near the equator and are indicative of relatively
rapid upward transport through the tropopause. The
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Figure 2. Stratospheric and Mesospheric Sounder (SAMS) zonally averaged monthly mean

values of N3O. Contour interval is 20 ppbv.

peak is not offset sufficiently toward the summer hemi-
sphere, when compared to SAMS data, suggesting that
the upward branch of the mean circulation is not suf-
ficiently displaced. At 1 mb, equatorial values of N2O
with minimum values of around 10 ppmv are well sim-
ulated. The polar minima, indicative of subsidence, is
also apparent. The flattening of the contours near 30°
in the winter hemisphere, associated with mixing by
planetary wave breaking [Garcia, 1991], is present in
the model. The very sharp gradients separating the
tropics and extratropics and the secondary maxima in
the gradients, separating the midlatitudes from the po-
lar region in the winter hemisphere, are also seen. The

asymmetry between northern and southern hemisphere
winters is evident, with northern hemisphere features
located closer to the pole and the polar minima at lower
altitudes in the southern hemisphere winter. These
features are due to the larger planetary wave activity
present in the northern hemisphere, which acts to mix
more rapidly in the northern hemisphere.
Unfortunately, there is no evidence in the model so-
lutions for the “double-peak” structure in the upper
stratosphere during the equinox months, seen in the
SAMS data and thought to be one manifestation of the
Semi-Annual Oscillation (SAQ). This is consistent with
our earlier observation that the SAO westerly phase is
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Figure 3. (top left) Vertical profiles of N3O at 48°S, (middle left) 2°N, (bottom left) 30°N, (top
right) 40°N, and (middle right) north polar latitudes. The solid and dashed lines in the polar
region panel represent approximate lines of best fit to the data as taken from Podoiske et al.

[1989).
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too weak in the model. Although stronger than that
seen in the SAMS data, the pole-to-equator gradient
of N5O is probably too small (compared to other ob-
servations) in the lower stratosphere. This and other
features can be seen more easily in vertical profiles of
N>O (Figure 3) taken from a variety of sources. The
tropical soundings match observations closely. As in
the study of Garcia et al. [1992], the data from Goldan
et al., [1980, 1981] have been divided by 1.07 to cor-
rect for systematic measurement errors, and SAMS data
have been displayed only above 30 km. The model re-
sults represent the monthly averaged values at each grid
point between 10 and 50 km and thus provide an esti-
mate of the variation of N3O along a latitude circle. The
agreement in the tropics is quite good, even above 35
km, where Garcia et al. [1992] found substantial over-

estimates in their model results. The lack of spread
in the model values (indicated by the clustering of the
black dots) suggests very little longitudinal variability.
In the subtropics (30°N) the spread in model values
is much larger, and profiles tend to lie between those
of the Atmospheric Trace Molecule Spectroscopy (AT-
MOS) experiment and SAMS, which differ markedly
from each other in the 30- to 38-km altitude range. At
40°N the model spread is quite large, and the values lie
nearer to the Goldan profiles, than those of SAMS. At
48°S the model shows a stronger vertical gradient than
the observations. Polar profiles from early February
along a meridional cross section in the model are com-
pared with averaged profiles taken from the Airborne
Arctic Stratospheric Expedition (AASE) flights during
January /February [Podolske et al., 1989]. The strong
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Figure 4. Model zonally averaged monthly mean values of CH4. Contour interval is 0.1 ppmv.
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Figure 5. Halogen Occultation Experiment (HALOE) zonally averaged monthly mean values

of CHy. Contour interval is 0.1 ppmv.

gradients characteristic of the polar vortex edge are ap-
parent, although the model values are not sufficiently
low in the lower stratosphere. It is interesting to con-
trast the model results to the Cryogenic Array Etalon
Spectrometer (CLAES) distributions shown by Randel
et al. [1994]. The model results are very much closer
to CLAES data than to the corresponding SAMS data,
which shows a stronger double-peaked structure during
the equinox, generally higher values of N2O, and the
peak more offset toward the summer hemisphere than
the CLAES data.

The zonally averaged distributions for methane are
shown in Figures 4 (model) and 5 (observations). (Note
that The observations represent version 16 data from

the Halogen Occultation Experiment (HALOE) instru-
ment [Russell et al., 1993). Figure 5 was constructed by
binning the data into latitude height boxes, then aver-
aging whatever data were in that bin. Data with values
greater than 2 ppmv, or where the data quality flag was
more than 10% of the data value, were excluded, as was
that below 70 mb. After the averaging operation, the
data were smoothed with a 1/4, 1/2, 1/4 weighted filter
in latitude. Contours stop at bins where there were no
data.) Methane is also a relatively long-lived species in
the middle atmosphere, but its profile is controlled more
strongly by photochemistry. The same structures seen
in N3O are present in CH4. Model values are somewhat
too low at 1 mb (about 50 km) when compared to the
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Figure 6. Model zonally averaged monthly mean values of H,O. Contour interval is 0.25 ppmv.

SAMS or HALOE data. The model contours between
1 and 10 mb are shifted downward about one level (2-3
km) when compared to those of the observations. It is
not clear whether this discrepancy is due to numerical
issues and resolution or to problems with the meridional
circulation itself. A notable discrepancy with observa-
tion occurs within the Antarctic vortex in winter and
spring, where the HALOE observations show uniformly
low values of methane between about 2 and 30 mb. This
region extends only to 10 mb in the model and suggests
that there is not sufficient descent within the polar vor-
tex. Garcia and Bouille [1994] showed that the weak-
ness of the descent within the vortex is the principal
cause of the low polar temperatures noted earlier and

is related to insufficient gravity wave momentum flux.
Monthly mean zonal averages for H,O are shown
in Figure 6 for the model version that includes the
methane oxidation mechanism as a source for model wa-
ter vapor. Lower- and middle-stratosphere values have
not yet equilibrated; the HyO distribution is still ad-
justing to the methane oxidation source, although ad-
dition of this term has improved the distribution of wa-
ter vapor substantially in the upper stratosphere and
lower mesosphere, increasing the zonally averaged val-
ues there from less than 1-2.5 ppmv to 4-6 ppmv (E. W.
Chiou, et al., Proposed reference model for middle at-
mosphere water vapor, submitted to Advances in Space
Research, 1994, hereinafter referred to as C94). The
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minimum associated with dehydration near the tropical
tropopause shows a seasonal cycle, which is strongest
during northern hemisphere winter, consistent with en-
hanced mean upward motion and lower temperatures
occurring when the planetary wave activity is at a max-
imum [Yulaeva et al., 1994]. The region of dehydration
in the southern pole in spring is too deep, extending
as high as 20 mb, and the values within it are some-
what too low, reflecting the much too cold temperatures
present there and the overly strong and persistent polar
vortex. The very low mixing ratios at the winter pole
above 3mb are caused by descent of air from the meso-
sphere where the H;O has been photolyzed. This H,O
minimum is not found in the results of Mote et al. [1993]

2*CH, + H,0, January

using parameterized chemistry. The signature between
35 and 50 km is generally correct when compared to a
proposed reference model for middle atmospheric wa-
ter vapor [C94] that attempts to composite data from
different satellite instruments (SAGE, SAMS, Limb In-
frared Monitor of the Stratosphere (LIMS), and AT-
MOS). For example, during January the model shows
highest values in southern hemisphere extratropical lat-
itudes, with a minimum between 30°S and the equator,
a secondary maximum in northern hemisphere midlati-
tudes, and a minimum over the northern hemisphere po-
lar region. The model southern hemisphere maximum
is somewhat too low (5.0 ppmv) when compared to the
reference (5.5 ppmv). The reference shows a very strong

2*CH, + H,0, April
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Figure 7. Model zonally averaged monthly mean values of 2CH, + H;O. Contour interval is

0.25 ppmv.
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gradient at 60°N associated with the descent of air with
low values of H2O from the mesosphere. There is a cor-
responding gradient in the model, but it is weaker and
too far poleward. The low region of water vapor has
not descended deeply enough, and its latitudinal extent
is not large enough. This problem is similar to that
seen in state-of-the-art, two-dimensional models, [e.g.,
Garicia and Solomon, 1994].

Since the primary chemical source of Hy O in the mid-
dle atmosphere is the oxidation of methane, the sum
2CH, + H,0 is approximately conserved away from
other sources and sinks [Le Tezier et al., 1988]. De-
viations from a uniform distribution provide an indi-
cation of regional dehydration and transport from the
troposphere. This field shows more stratification than is
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shown in the atmosphere (Figure 7), additional evidence
suggesting that the model has not yet equilibrated. The
model shows an extreme version of the dehydration over
the pole seen during southern hemisphere winter. The
upper stratospheric minimum results from mesospheric
dehydration and is not seen in the results of Mote et al.
[1993], while the lower stratospheric minimum results
from the excessively low temperature simulated there.

4.2. O3, NOy and Clx Species

Monthly mean zonal averages for the model ozone
distribution are shown in Figure 8. Appearing in Fig-
ure 9 are the corresponding values from a data set con-
structed by combining data from the Solar Backscatter
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Figure 8. Model zonally averaged monthly mean values of O3. Contour interval is 0.5 ppmv.
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Figure 9. Data zonally averaged monthly mean values of O3. Contour interval is 0.5 ppmv.

Ultraviolet (SBUV) and SME for the late 1970s and
early 1980s. Many features of the observed distribu-
tion can be found in the model. The equatorial peak
of about 9 ppmv is slightly smaller than that seen in
the observations and appears at too low an altitude
(9 to 20 mb in the model, 5 to 10 mb in the obser-
vations). The observations show a characteristic “ba-
nana” shape in the meridional ozone distribution dur-
ing January and July, with the ozone maxima ascend-
ing as one moves poleward. At the poles the maximum
values in mixing ratio occur at about 40 km in the ob-
servations. The maximum occurs at a higher altitude
at the winter pole than at the summer pole. In the po-
lar night the observations show a slight reduction of the

height of the maximum as a result of downward trans-
port by the residual mean circulation. These charac-
teristic features are somewhat different in the model
simulation. The vertical maximum is aligned much
more horizontally through the subtropics than in the
observations. The model polar maximum is much lower
than seen in the observations. This is also apparent in
the profiles (Figure 10), where values from the model
and observations may be more easily compared. We
have not yet been able to identify whether our inability
to model this feature of the Oz distribution is due to
problems in the chemistry or the transport circulation.
Another defect of the simulation is the underestimate
of ozone abundance at 40 km (3 mb), a characteristic
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Figure 10. Vertical profiles of O3z at (top) 2°N, (mid-
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seen in virtually all models of ozone chemistry [ WMO,
1985; Fluszkiewicz and Allen, 1993). This “ozone deficit
problem” remains an open question, and current spec-
ulations center on a chemical, rather than a dynam-
ical explanation, because of the short photochemical
timescales. In our model the problem is made worse
by excessively high values of Cl, (from the CFC source
terms adopted in the model). Our values of ClO in the
upper stratosphere are approximately 30 % higher than
the concentrations found in various 2-D models [ WMO,
1985], but a factor of 2 higher than the observation at
30°N by Stachnik et al. [1992]. Also, including the re-
action ClO + OH — HO3 + Cl might somewhat improve
the simulation. Above 0.2 mb there are also substan-
tial differences between model and observations (which
represent only daytime values). In the model, one can
see points clustering about two lines. The line with
lower values near to the observations are characteristic
of daytime values of O3 in which much of the O, fam-
ily resides in the oxygen atoms. During the night these
atoms return to O3 and substantially augment the Os
daytime values.

The zonal average of the column-integrated ozone as
a function of latitude and time (Figure 11) has many
realistic features. Peak values in the northern hemi-
sphere occur during March and April at 70°-80°N, fol-
lowing the breakdown of the polar vortex, reaching a
maximum of about 420 Dobson units (DU), followed by
a minimum in September. The tropical minimum of
approximately 270 DU shows approximately the right
seasonal migration across the equator. The low values
in the 3-D model occur during December to March and
are suggestive of a vigorous tropical upwelling driven
by the stronger planetary wave activity in the north-
ern hemisphere winter. In the southern hemisphere the
midlatitude spring maximum is evident, although the
model values are 15% too low. The breakdown of the
polar vortex in late October and migration of the ozone
maximum to the pole is missing in the model, which
maintains unrealistically low ozone amounts through-
out the year. The ozone distribution is reminiscent of
a perpetual ozone hole, despite the fact that we have
not included the relevant heterogeneous chemistry in
the simulation. This field in particular, as well as the
distributions of N5 O, CH4, and H,O are manifestations
of substantial problems in the model circulation in the
southern hemisphere, associated with the inadequacy of
the gravity wave parameterization in the southern hemi-
sphere. As seen in the work of Boville [this issue], this
is because the polar vortex structure is far too strong
in the simulation, maintaining a strong barrier to trans-
port year round. The “pseudo ozone hole,” seen in the
simulation, therefore exists for the wrong reason. We
thus focus primarily on the northern hemisphere cir-
culation in the following paragraphs and return to a
discussion of the problems in the southern hemisphere
extratropics in the summary.

Maps of the monthly mean ozone column abundance
are shown in Figure 12. Note the distinct maxima in
midlatitudes corresponding to the positions of station-
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Figure 11. Latitude time contours of the zonally
averaged, monthly averaged column-integrated Oz in
Dobson units (DU) for (top) a 5-year ensemble aver-
age of the model, and (bottom) from the Total Ozone
Mapping Spectromer (TOMS) instrument (1979-1984).

ary planetary wave troughs, which migrate appropri-
ately with season. Minima are seen over regions of
deep convection. Very low values of ozone are perva-
sive over the Antarctic continent, with lowest values
occurring during October, just prior to the breakdown
of the southern hemisphere polar vortex.

As the major loss process for ozone in the strato-
sphere is provided by nitrogen oxides, it is important
that the nitrogen family be treated in detail. For the
sake of illustration, results representative of the month
of January will now be presented and discussed. Fig-
ure 13 shows the zonally averaged mixing ratio of odd
nitrogen (NO, = N + NO + NO, + NO3 + 2N,0;5 +
HNO3z +HNOQO,4 + CIONQ3) as a function of latitude and
altitude. Since NO, can be considered as a long-lived
tracer in the stratosphere, this distribution is strongly
influenced by the general circulation. It is produced pri-

marily through the oxidation of N3O, then transported
poleward and downward. In the region of production
(the tropics) the mixing ratio of NO, reaches approxi-
mately 20 ppbv. The meridional transport is strongest
during winter, when planetary wave activity is most in-
tense. This is particularly evident in January when a
secondary maximum is produced in the polar region of
the northern hemisphere between 22 and 26 km alti-
tude.

The distribution of NOy in the lower stratosphere
is directly influenced by the variation with latitude of
the tropopause height and the rapid loss of NOy in the
troposphere by washout and rainout processes. Low
mixing ratios in the tropical lower stratosphere are di-
rectly related to the strong upwelling in this region,
while the relatively high values poleward of 60° latitude
are caused by downward transport in these regions. It
should be stressed that the existence of strong vertical
gradients in the mixing ratio of NOy, in layers where
dynamical processes at synoptic scale seem to play an
important role, should influence dramatically the bud-
get of odd nitrogen. A correct description of the be-
havior of nitrogen compounds in the lower stratosphere
and upper troposphere can only be achieved by three-
dimensional models at the high spatial and temporal
resolution.

The distribution of NOy in the upper stratosphere,
especially at high altitude, is directly influenced by dy-
namical exchanges with the mesosphere and even the
thermosphere, especially in the winter high-latitude re-
gions [e.g. Solomon, et al., 1982]. As the mesosphere
acts as a sink for NO, (through NO photolysis and re-
combination between N and NO), low mixing ratios of
NOy are predicted by the model in these regions, despite
intense downward transport. If the model extended to
the lower thermosphere, where odd nitrogen is produced
as a result of ionic processes, downward transport from
the thermosphere would tend to produce a maximum
(rather than a minimum) in the mixing ratio of NOy in
the polar winter and bring the calculated values more in
line with observations [Russell et al., 1988]. The results
with the current model configuration suggest that the
influence of processes occurring above the stratopause
reaches levels as low as 30 km altitude in the polar re-
gion during winter.

The bottom panels of Figure 13 compare NOy profiles
derived from ATMOS data [Russell et al., 1988] at 48°S
and 30°N with model results. The model profiles show
peak values at lower altitudes than seen in the observa-
tions, consistent with other long-lived species discussed
previously. The apparent overestimation of NO, below
35 km altitude (and, consequently, the overestimation
of NO, ) leads to higher values of ozone destruction than
might otherwise be expected. The problem is more com-
plex when heterogeneous chemistry is included.

The zonally averaged distributions of individual mem-
bers of the nitrogen family sampled are shown in Fig-
ure 14. In the case of NO the zonally averaged mixing
ratio increases with height and reaches a maximum of
8.5 ppbv at 45 km over the equator and 9.5 ppbv at
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Figure 13. NO, distributions for the model and

some observations (top) Zonal average, monthly aver-
aged January distribution. Contour interval is 1 ppbv;
(middle) profiles at 48°S. (bottom) Profiles at 30°N
compared to SAMS.

the same height in the polar region during the sum-
mer (polar day). Mixing ratios are low in the winter
hemisphere, especially at low altitude, since NO is en-
tirely converted into other nitrogen compounds in the
polar night. The distribution of NO; is characterized
by a maximum in the zonally averaged mixing ratio,
which reaches 11 ppbv at 38-40 km over the equator.
In the case of NO but to a lesser extent than NO,
there is a clear lack of symmetry between the summer
and the winter hemispheres. In both cases the mixing
ratio (e.g., at 30 km altitude) is highest in the summer
hemisphere. This pattern results from the conversion of
NOg into N2Os which is most efficient in winter and at
high-latitudes, when the photodecomposition of N;Os
is slow. Figure 14 (bottom left) shows that N,Oj (a
source of NO2 and NQOjy) is most abundant in the polar
region of the winter hemisphere where it sequesters a
substantial fraction of the odd nitrogen.

Finally, the zonally averaged distribution of nitric
acid is shown in Figure 14 (bottom right). Because
HNOs; is the most abundant odd nitrogen compound in
the lower stratosphere, its distribution is very similar
to that of NOy, where its mixing ratio increases with
latitude, typically from 2 ppbv at the equator to more
than 7.5 ppbv at the pole. Above 25 km altitude, its
mixing ratio decreases with height because the forma-
tion of HNO3; by NO; + OH is pressure dependent, and
the photolysis of HNOj3 becomes efficient. It should be
noted that the magnitude of the HNO3; maximum mix-
ing ratio in the polar lower stratosphere during winter
(8.5 ppbv) is substantially lower than the values com-
monly observed (15 ppbv). The discrepancy is again
attributed to the fact that in its present version the
model ignores the heterogeneous reactions that convert
N,Oj5 into HNO3 on the surface of sulfate aerosols and
ice particles in polar stratospheric clouds. The existence
of a minimum in the HNOj3; mixing ratio in the polar
night above 25 km altitude (as opposed to a maximum
as seen in the LIMS data) is suggestive of downward
transport of HNOj3 poor air and the lack of local het-
erogeneous production of nitric acid on very small quan-
tities of aerosol particles [Garcia and Solomon, 1994].

N3 Oj is notoriously difficult to measure directly. A
comparison of our profile of N3Os with a “pseudo” ob-
servation, which used ATMOS data to rescale a model
profile [Toon et al., 1986], is shown in Figure 15, with
the accompanying HNOgj profile. If the Toon et al.
[1986] profile is correct, then it suggests a substantial
overestimate of NoOg below 30 km by the model and
an underestimate above that level. Agreement below 30
km would be substantially improved by including the ef-
fects of the reaction of N3O5; + HoO on a background
level of sulfate aerosols.

The treatment of chlorine compounds in the model
is relatively simple. As mentioned earlier, because the
complete series of chlorofluorocarbons is not included
in the chemical scheme, we scaled CFC-11 and CFC-12
so that the load of inorganic chlorine reaches approx-
imately 4 ppbv (a slightly higher value than currently
observed) above 30 km altitude. In addition, because
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we have deliberately ignored the effect of heterogeneous
reactions on the surface of solid and liquid particles, the
high ClO mixing ratios observed in the polar region dur-
ing winter and spring should not be reproduced.
Figure 16 presents the zonally averaged concentra-
tions of ClO, CIONQ,, HCI, and HOCI. Consistent
with observations (in air unprocessed by PSCs), the
mixing ratio of ClO reaches maxima slightly higher than
1 ppbv in the polar upper stratosphere during winter.
Chlorine nitrate concentrations are largest between 25
and 30 km altitudes with maxima at high latitudes in
winter. Note that in this region, CIONO; sequesters
more than 2 ppbv of odd nitrogen, so that it affects sig-

nificantly the budget of NOy in the lower stratosphere.
The mixing ratio of HCl increases generally with height.
The zonally averaged mixing ratio, in this particular
model simulation, is slightly larger than 3 ppbv near
the stratopause and less than 1 ppbv at the tropopause.
It is smaller in the winter hemisphere, where a larger
fraction of chlorine is tied up in CIONOs;. Finally, the
mixing ratio of HOCI is characterized by a maximum
located near 35-40 km in the tropics and subtropics,
where it reaches 0.3 ppbv. The contribution of this
molecule to the overall chlorine budget is therefore lim-
ited.

To provide an example of the three-dimensional evo-
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lution of the calculated distributions of chemically ac-
tive constituents, we now examine various fields on the
850 K (approximately 10 mb or 30 km) and 465K (18-
20 km in midlatitudes) isentropic surfaces, respectively,
over an approximate 6-week period, from March 3 to
April 16. This period spans the final warming of the
stratosphere as seen in the potential vorticity (PV) evo-
lution in Plate 1. At the beginning of the period the
polar vortex appears to be stable and the PV fields
are nearly axisymmetric around the north pole. On
March 3 a small wavenumber-1 disturbance is visible
in the middle stratosphere at 850K. The wave ampli-
fies as time evolves and becomes more noticeable on
the 465K level on March 17. The structure of the PV
field is completely perturbed on March 31 in the middle

stratosphere (850K) with the formation of small-scale
structures and intense mixing. The vortex has broken
down completely. In the lower stratosphere (465K) a
wave-2 component is visible, but the vortex remains
well defined. By April 16, the vortex has been broken
down into two distinct parts, and small-scale features
are produced during this perturbed situation. At the
higher level (850 K) the PV field is relatively uniform
north of 40°N.

The distribution of several chemical constituents at
the beginning (stable vortex) and the end (disrupted
vortex) of that period will now be compared (Plate 2).
The focus will first be on the middle stratosphere (on
the 850K level). In the case of a long-lived species such
as N2 O (photochemical lifetime of the order of 10 years
at this level) the signature of the dynamical fields (e.g.,
PV) is clearly visible. Strong latitudinal gradients in
the NoO mixing ratio are visible at the edge of the po-
lar vortex and into the tropics. Tongues of N2O-rich
air originating in the tropics are produced occasionally
and reach subpolar regions. Such a tongue is visible on
March 3 (Plate 2). At this time, the vortex appears to
act as a barrier, and the mixing ratio of NoO at the
north pole (2.6 ppbv) is a factor of 40 smaller than in
the subtropics (110 ppbv) and a factor of 10 smaller
than outside the vortex. On April 16, as the vortex
has disappeared and strong mixing has taken place, the
abundance of NoO poleward of the subtropical barrier
is relatively uniform. It is now equal to approximately
40 ppbv north of 30°N and, specifically at the north
pole, it is only a factor 2.5-3 lower than in subtropical
regions.

The distributions of NO and NO. are strongly af-
fected by photochemical processes. NO is present only
during daytime and is entirely converted into NO, at
sunset. Note that the model reproduces the rapid tran-
sition between day and night conditions without over-
shoots or undershoots. In the case of NO; the mixing
ratio on the 850K level is approximately a factor of 2
higher at night than during the day. In spite of the large
role played by photochemical processes, the signature of
the dynamical situation is visible in the NO and NO,
fields. The presence of the polar vortex is clearly seen on
March 3, while the mixing ratios calculated for April 16
are much more uniform at high latitudes after the dis-
appearance of the strong planetary wave disturbance.
At both times, however, the effect of the NOy to N2 O5
conversion is visible at middle and low latitudes. The
mixing of NO;, decreases from about 11 ppbv at sunset
to 6.5 ppbv at sunrise. A compensating increase in the
mixing ratio of N2O; (Plate 3) occurs during the course
of the night. The behavior of this latter compound is
strongly affected by photochemistry at low and mid-
latitudes, but it is governed by dynamics in the polar
region (during winter). A large gradient at the edge of
the polar vortex reproduces the observed “Noxon cliff”
[Nozon, 1979] and is only visible when the polar vortex
is present. Large differences in the HNO3 and ozone dis-
tributions are evident in comparing the fields on March
3 and April 16, respectively. A correlation between the
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Figure 16. Model zonally averaged monthly mean values (ppbv) of some members of the Cl,
family: (top left) ClO, (top right) CIONOg, (bottom left) HCI, and (bottom right) HOCI.

abundances of these two species is visible, particularly
during the early stage of the time period under consid-
eration. This result is expected to change if the het-
erogeneous conversion of NyOjs into HNOj3 on sulfate
aerosol particles is taken into account.

The distributions of some of the inorganic chlorine
species on the 850 K isentropic surfaces are shown in
Plate 4. The strong chemical relation between ClO and
CIONOQ; is clearly visible. After sunset, ClO is con-
verted into CIONQO; by reaction with NOg, while af-
ter sunrise, CIONO; is rapidly photolyzed. HCl is a
quasi-inert tracer and its distribution is affected mostly
by dynamics. This is evident from the anticorrelation

between HCl and Og at this level. The substantial in-
crease seen between March 3 and April 16 is due to the
descent of high HCl air during and after the warming
events taking place throughout this period.

We now move to an examination of the the distribu-
tion of these same compounds in the lower stratosphere
on the 465K surface in Plates 5, 6, and 7. Again, the
signature of the polar vortex is visible on March 3 but
has disappeared on April 16. This is reflected, for exam-
ple, in the distribution of NyO. Other features can be
distinguished: while at the 850K level, the conversion
between NO and NO, at sunset and sunrise is instan-
taneous; lower down at the 465K surface the transition
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is slower. There is no evidence for significant diurnal
variation in N5Ojg, but the terminator is well defined
on March 3, where larger values exist within the polar
night. The high concentrations of NoO5 found in the
Arctic polar night in early March have disappeared a
month later, when the Sun has returned over the north
pole and provided the radiation required to photolyze
this nitrogen reservoir. At this level, the photolysis
of chemical reservoirs (e.g., CIONO; and N;Os) are
weaker than in the middle stratosphere, so that day-
night transitions of the species are also slower than at
850K. In March the concentrations of long-lived com-
pounds, such as HNOg3, HCl, and Og, are highest near
the north pole. In April, however, the distribution of
these species has become relatively uniform as a result
of the strong mixing that has occurred during the final
warming event. Note again that the calculated concen-
tration of several species near the pole would be sub-
stantially different if heterogeneous chemical processes
had been taken into account. Finally, the importance
of dynamical features becomes visible in the distribu-
tion of chemical tracers on the 465K level. These waves
originate in the troposphere and propagate to the lower
stratosphere, where they break.

Potential vorticity on the (top) 850 K and (bottom) 465 K potential temperature

5. Summary

In this paper we have presented a description of a
3-dimensional model of the middle atmosphere, which
includes both a modern general circulation model and a
relatively detailed model of the photochemistry impor-
tant for the stratosphere. This model represents one
additional step in the development of a comprehensive
model capable of representing interactions between the
chemistry and the dynamics of the atmosphere on mul-
tiyear timescales. Results were presented from a 2-year
simulation, which included only gas phase photochemi-
cal reactions, and in which the ozone distribution fore-
cast from the chemistry module did not affect the radia-
tive forcing of the dynamical fields. The calculated dis-
tributions of trace species and their seasonal evolution
were often quite realistic, particularly in the northern
hemisphere extratropics.

Distributions of long-lived species such as N,O and
CHy, correspond well to satellite observations. The very
sharp gradient between tropics and extratropics is con-
sistent with global observations. Polar minima are in-
dicative of strong subsidence and correspond reasonably
well to observations in the northern hemisphere. There
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are also indications of some problems with the simula-
tion: some features, such as the double-peak structure,
occurring during equinoxes and commonly associated
with the SAO are not reproduced; the maxima in NoO
and CH4 are not displaced sufficiently from the equa-
tor in the summer hemisphere; density at 50 km are
generally too low; and concentrations at the pole in the
lowest part of the stratosphere are not sufficiently low.
All of these suggest discrepancies with reality in the
dynamical simulation. In particular, they suggest that
the upward branch of the mean circulation is not suf-
ficiently strong and not displaced sufficiently from the
equator. On the other hand, the results indicate that
in polar region the downward branch of the mean cir-
culation occurs over too broad a region and does not
descend deeply enough.

In the case of water vapor, maximum mixing ratios
found in the upper stratosphere are indicative of the
importance of methane oxidation processes. The dehy-
dration in the lower stratosphere at the south pole is too
strong, due to the very cold temperatures predicted by
the GCM in this region. The model reproduces the large
and small-scale structures in the fields of ozone and
other species associated with a strong dynamical driv-
ing. The latitudinal variation and seasonal evolution of
the ozone column abundance produced by the model is
quite realistic, although the peak values in the spring
northern hemisphere polar region are slightly underesti-
mated. Column values in the tropics are in quantitative
agreement with observations and have the correct sea-
sonal variation. The calculated vertical distribution of
the ozone mixing ratio exhibits significant differences
with measured values; the model underestimates signif-
icantly the ozone density in the upper stratosphere (40
km), in part because the chlorine load adopted in the
simulation is somewhat higher than the current values.
The level of ClO is a factor of 2 higher than suggested
by recent observations although it is only slightly higher
than in 2-D model studies. The largest differences in the
ozone distribution are seen in the extratropics, where
the maximum values occur at too low an altitude. This
feature is also seen in other long-lived species with max-
ima in the middle stratosphere (for example, NO,,). Fi-
nally, the model produces the key features expected in
the distribution of fast reacting nitrogen and chlorine
compounds when heterogeneous computers are ignored.
Rapid changes, associated with fast conversion of rad-
icals occurring at sunrise and sunset, as well as slower
variations associated with the formation and destruc-
tion of atmospheric reservoirs during night and daytime
are realistically simulated.

Problems in the simulation associated with the south-
ern hemisphere circulation are pervasive. Many of these
problems can be attributed to the lack of an appropri-
ate representation of gravity waves in the model. These
waves occur on smaller time and space scales than can
be explicitly resolved in our model and so must be pa-
rameterized. The runs shown here currently include
only a parameterization for stationary gravity waves
generated through flow over orography. Parameteriza-

tions of gravity waves with nonzero phase speeds and
those generated by shear and convection are not in-
cluded. The model is far too cold at the winter pole
during southern hemisphere winter. The polar vortex is
much too persistent and far too strong, leading to a sim-
ulation looking like a perpetual ozone hole. Connected
with these features are serious errors in the transport
circulation. Many of these problems can be reduced by
a reformulation of the gravity wave drag parameteriza-
tion. This has been done, and runs are now being made
with these improvements to the dynamical formulation.
Results will be presented elsewhere.

In future versions of the model we intend to address
other remaining model deficiencies. Some of those evi-
dent to us are as follows:

1. Heterogeneous chemistry on aerosols and polar
stratospheric clouds is clearly important in the lower
stratosphere. Elsewhere, we have developed represen-
tations for this chemistry [Brasseur and Granier, 1992,
Tie et al., 1994; Lefévre et al., 1994] and anticipate de-
veloping the model code along these lines in the future.
Clearly, the transport and microphysical evolution of
aerosols ought to be included as well. A comprehensive
treatment of these processes in a 3-D model is beyond
our immediate computational resources. We are explor-
ing simplified representations for this model.

2. The prescribed values of CFCs and other halocar-
bons in this model resulted in higher than current-day
values of Cly in the middle stratosphere, with some im-
pact on the Oz distribution. We will soon begin trans-
porting these species in order to better predict inorganic
chlorine and bromine loads in the stratosphere.

3. We have begun to run the model in a “fully cou-
pled” mode, in which the predicted Oz distribution is
coupled with the radiative calculation. These solutions
will be described elsewhere.

4. The equilibration time for H,O in the lower strato-
sphere is many years. Because the model includes the
stratospheric methane oxidation source and MACCM2
does not, the water vapor distribution is not yet in equi-
librium. Furthermore, equilibrium values will change
substantially when the gravity wave drag formulation
is modified as mentioned above. The model needs to be
run to equilibrium under these changed circumstances.

5. The distribution of trace species in the lower
stratosphere is strongly influenced by processes occur-
ring in the upper troposphere. Many of these processes
have been treated extremely simply (e.g., washout), or
neglected entirely (e.g., NOx production by lightning).
We hope to improve on this aspect of the simulation in
future versions as well.

Appendix: The Modified SLT Scheme

Semi-Lagrangian transport (SLT) methods are not
inherently conservative [Rasch and Williamson, 1990].
We enforce conservation explicitly in our model via a
variational adjustment of the species mixing ratio at
every time step, which we term a “fixer.” The fixer
weights the amplitude of the adjustment in proportion
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to the advection tendencies and the field itself. The
original form of the fixer is discussed by Rasch and
Williamson [1990]. That version of the fixer was origi-
nally developed for water vapor. For species like ozone
with high values in the middle atmosphere the fixer will
concentrate the changes where both the tracer mixing
ratio and its gradient are large (which makes sense),
even if the errors in mass are generated elsewhere. This
can happen because the mixing ratio must be multi-
plied by the density in order to calculate the mass, so
that small mixing ratios (and their errors) get multi-
plied by large densities. The bottom line is that with
the old fixer, small errors generated near the surface are
corrected with larger changes high up, where the tracer
is large. This problem is easily remedied by making
the changes proportional to (approximately) the mass
of tracer per unit volume (i.e., the density). This is
achieved in the following way: let g5 be the value of the
mixing ratio after fixing, ¢, the mixing ratio after ad-
vection, and ¢, the mixing ratio before advection; then
let
4f = ga + aF(n)|ga — qb|ﬁQa'

o is a constant, chosen to make the mass after advection
and fixing equal to the mass before, i.e.,

/prde = /qbpde,

and 7 is the hybrid vertical coordinate [Hack et al.,
1993]. In the original fixer the function F was cho-
sen to be unity. To scale the correction approximately
with density, we now let F' = 7 the hybrid coordinate
value which is approximately proportional to pressure
(and thus density). Previously, we had let 8 = 3/2.
One can prove that in the limit of small advective ten-
dencies (e.g., with a constant scalar field), this choice is
ill-posed. The solution behaves better with the choice
B=1.

Previously, the transport scheme moved mixing ratios
that had been normalized by a moist mass of air (i.e.,
the mass of dry air and water vapor). This means that
as the water vapor of a parcel changes, its mixing ratio
should change, and we had neglected this eventuality.
It is easier to use a mixing ratio, which is independent
of water vapor amount, and so we now transport a dry
mixing ratio.
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