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Ozone and Other Trace Gases in the Arctic and Antarctic Regions:
Three-Dimensional Model Simulations

CLAIRE GRANIER! AND GUY BRASSEUR

National Center for Atimospheric Research, Boulder, Colorado

A three-dimensional mechanistic model of the middle atmosphere with calculated dynamics and
chemistry (Rose and Brassewr, 1989) is used to study the behavior of chemically active trace gases at high
latitudes in winter and spring, and to simulate the formation of an ozone hole in Antarctica. The dynamics
of both hemispheres is simulated by applying at the lower boundary of the model (8.5 k) a wavelike
perturbation representing qualitatively a climatological tropospheric forcing. The chemical heterogeneous
processes converting chlorine reservoirs into active chlorine in cold air masses are parameterized. The
model simulates the behavior of nitrogen oxides, nitric acid, water vapor, methane, hydrogen radicals,
chlorine compounds, and ozone. It reproduces important features observed during different Antarctic and
Arctic observation campaigns. The ozone hole in the southern hemisphere can only be simulated when the
heterogeneous polar chemistry is taken into account. The springtime ozone depletion over Antarctica
calculated in the model is thus mostly the result of chemical removal although the dynamics is responsible
for the low temperature that triggers the large ozone loss rates. Unresolved questions are related to the
strength of the vertical exchanges inside the vortex, the preconditioning of trace gases before and during
the winter season, the behavior of the different trace gases as the vortex breaks down (dilution effects),
accurate determination of the ozone sink inside the vortex, and a better quantitative estimation of the role
of polar stratospheric clouds. Despite elevated concentrations of active chlorine at high latitudes in the
northern hemisphere in late winter, no ozone hole is produced by the model, even with chlorine levels as
high as 6 ppbv. This conclusion could, however, be modified for very stable and cold winters with delayed

final warming.

1. INTRODUCTION

The discovery by Farman et al. [1985] of a substantial
reduction in the October mean ozone column over Halley Bay,
Antarctica, since the mid-1970s and the subsequent finding
[Stolarski et al., 1986] that this springtime “ozone hole”
covers an area as large as the entire Antarctic continent came as
a surprise to the scientific community involved in
stratospheric research. Indeed, no chemical mechanism known
at that time could account for the observed ozone destruction
during September and no obvious change in the circulation
patterns had been reported during the late 1970s or the early
1980s. No model had predicted the rapid decrease of the ozone
concentration detected between 10 and 22 km altitude
[Hofmann et al., 1987]. Observations made since 1986 by
ground-based instruments during two National Ozone
Expeditions (NOZE) at the McMurdo station (Antarctica) and by
airborne instruments during the Airborne Antarctic Ozone
Experiment (AAOE) campaign gave clear evidence that the
chlorine chemistry is significantly perturbed inside the
Antarctic polar vortex in spring, i.e., that the level of active
chlorine in the lower stratosphere is 50 to 100 times higher
than at mid-latitudes. In particular, measurements made from an
ER-2 aircraft flying at 18.5 km [Anderson et al., 1988, 19894,
b] showed that the mixing ratio of ClO could reach slightly
more than 1 ppbv and that, by the end of September, the
densities of ozone and chlorine monoxide were highly
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anticorrelated on essentially all resolvable scales, suggesting a
strong effect of chlorine on polar ozone in spring. Evidence
was also found in the laboratory [Molina et al., 1987; Tolbert
et al., 1987; Leu, 1988] that active chlorine is produced by
heterogeneous processes on the surface of frozen particles such
as those found in polar stratospheric clouds (PSCs). Solomon
et al. [1986] had suggested earlier that active chlorine was
probably released from the ice-catalyzed reaction of hydrogen
chloride (HCI) with chlorine nitrate (CIONO,).

Essentially two types of stratospheric clouds are observed
in the cold air masses over Antarctica [McCormick and Trepte,
1986, 1987; Poole and McCormick, 1988; Turco et al., 1989].
Type I PSCs are formed at temperatures lower than approxi-
matively 195 K near 15-20 km altitude and are believed to be
composed of nitric acid trihydrates (HNOj « 3H;0). The size of
the particles is of the order of 1 um, so that limited
sedimentation takes place in this case. Type Il PSCs are mostly
composed of water ice, and can exist for temperatures lower
than approximately 187 K in the lower stratosphere. The size
of these particles is of the order of 10~100 pm, so that they
are expected to fall at a rate of several kilometers per week
[Turco et al., 1989]. Probably as a result of the sedimentation
of these particles, the Antarctic vortex becomes highly
dehydrated [Ramaswamy, 1988; Kelly etal., 1989] and
denitrified [Toon et al., 1986; Fahey et al., 1989; Gandrud
et al., 1989] by the end of the winter, so that chlorine remains
in the form of ClO, C1;0, and OCIO rather than being locked
into the CIONO, reservoir which would protect ozone from
catalytical destruction by chlorine.

Satellite and other meteorological observations have
provided information on the morphology and the evolution of
the Antarctic vortex and its role as a containment vessel in
which the perturbed chemistry takes place [Stolarski et al.,
1986; Proffitt et al., 1988 ; Krueger et al., 1988; Hartmann
et al., 1989].
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Although several uncertainties remain in many aspects of
the perturbed chemistry in the polar regions as well as in the
relative roles of dynamics and chemistry near the polar vortex,
the gross features involved in the formation of the ozone hole
are probably sufficiently well understood to be included as crude
parameterizations in a multidimensional model of the middle
atmosphere. The type of question that such a model can address
deals, for example, with the different behavior of ozone and
other trace gases in both hemispheres. The Arctic Airborne
Stratosphere Experiment (AASE) that took place in January and
February 1989 has shown [United Nations Environmental
Program/World Meteorological Organization (UNEP/WMO),
1990] that the chlorine chemistry in the Arctic is also highly
perturbed during winter in the vicinity of polar stratospheric
clouds, but that ozone is much less significantly depleted than
in Antarctica, (if depleted at all) since the breakup of the
vortex takes place much earlier in the season, when the polar
night is still present over these regions.

Theoretical studies of the perturbed polar chemistry have
been based mostly on zero- or one-dimensional models
[Rodriguez et al., 1986; Salawitch et al., 1988; Douglass and
Stolarski, 1989; Briihl and Crutzen, 1990; Henderson et al.,
1990]. These simplified approaches are justified by the quasi-
isolation of the polar vortex. A few studies have focussed on
the dilution of the ozone-depleted air after the final warming,
based on high resolution three-dimensional models [Prather et
al., 1990; Cariolle et al., 1990] or on two-dimensional models
[Sze et al., 1989]. No explicit chemistry has been introduced in
these three-dimensional (3D) models; rather, the ozone
destruction rate has been parameterized by a loss specified in
the polar vortex with a given time constant. Finally,
Lagrangian photochemical studies [Jones et al., 1989; Austin
et al., 1989] including a detailed treatment of airflow along
isentropic trajectories have allowed the authors of these studies
to calculate the photochemical ozone destruction, taking into
account the effects of zonal asymmetries.

In the present paper, we use the mechanistic three-
dimensional model described earlier by Rose and Brasseur
[1989] in which a parameterization of the heterogeneous
chemical processes taking place in the polar regions is
included. This model and the initial conditions used for the
integration are briefly described in section 2. In section 3, we
present and discuss a simulation of the winter and spring
evolution of trace gases (including ozone) in the lower
stratosphere of the southern hemisphere. A model simulation
for the northern hemisphere, also considered in section 3,
should contribute to the interpretation of the observations
made during the Arctic AASE expedition. A discussion and
conclusions are presented in section 4. The resolution of the
model used in this study is rather coarse in longitude, so that
the details of the mixing processes associated with the
breaking of the vortex after the final warming cannot be
explicitly described. The model, however, captures most of the
processes observed before the final warming and is therefore
useful for studying the interaction of chemistry and dynamics
during the formation phase of the ozone hole.

2. MoODEL DESCRIPTION

The 3D mechanistic model used for this study is detailed by
Rose [1983] and by Rose and Brasseur [1989]. It is
hemispheric and extends from 8.5 to 80 km altitude, with 24
altitude pressure levels.

Dynamics

The 3D fields of wind components, temperature and
geopotential heights are derived by solving the primitive
equations on a 3D grid, with a resolution of 22.5° in longitude
(wave number 4), 5° in latitude and 3 km in the vertical. A
tropospheric forcing is applied at the lower boundary of the
model (300 mbar) through a perturbed geopotential with the
maximum amplitude and the phase of waves 1 to 3 chosen
consistently with the climatological data reported by Randel
[1987, 1988]. The latitudinal dependence of the amplitude of
the forcing is expressed as in Rose and Brasseur [1989]. The
amplitudes of each wave, adopted in the model, are assumed to
remain constant over the entire integration period. In the
southern hemisphere, where transient waves dominate, the
maximum wave amplitudes adopted for the calculations are 100
geopotential meters (gpm), 120 gpm, and 120 gpm for waves
1, 2, and 3, respectively, with corresponding zonal phase
velocities of 6, 11, and 14 degrees per day [Randel, 1988]. In
the northern hemisphere, where large-scale standing waves
dominate, wave number 3 forcing is ignored and the maximum
amplitudes specified for wave numbers 1 and 2 are equal to 120
and 95 gpm, respectively. The zonal phase velocities are set
equal to zero.

Rather than using a detailed radiative code, which would
require large amounts of computer time, the net diabatic heating
rate Q is parameterized as a function of temperature, T, by a
Newtonian cooling approximation [Dickinson, 1973]:

g = a(Z)[T - T0(¢’ t’ Z)]
Cp

where Tg(®,t,z) is the climatological seasonally varying
temperature toward which the model relaxes, and o(z) the
Newtonian coefficient [see Rose and Brasseur, 1989]. This
formulation implicitly introduces a seasonal forcing in the
diabatic driving, but does not account for radiative feedbacks
due to changes in the ozone concentration. Kiehl et al. [1988]
have shown, based on the NCAR Community Climate Model,
that an ozone hole (ozone depletion from 320 to 160 Dobson
units (DU)) could cause coolings in the vortex of about 6 K by
the end of October. Therefore, our model probably
overestimates the temperature in the polar vortex when ozone
is substantially depleted.

Chemistry

The density of 20 chemical species is calculated with a time
step of 7.5 min. The short-lived species are grouped into three
long-lived families O, = O3 + O(P) + O(!D), NO, = NO + NO, +
NO; + HO;NO, and ClIO, = C1 + CIO + 2 Cly + 2 C1,0, + OCIO +
CIONO; + CINO; + HOCL. These families are transported as a
whole and the mixing ratio of each individual species density
is further calculated by assuming photochemical equilibrium
between the different members of the families.

The nitrogen reservoirs N,Os and HNO; are treated
individually. The relatively slow conversion of NO; into N,Os
during nighttime, and the daytime photolysis of N,Os into NO,
are, therefore, explicitly simulated. The ClO, family does not
include HC], which is treated as an individual species, as well as
H,0 and CH,. The fast-reacting hydrogenated radicals H, OH
and HO, are assumed to be in photochemical equilibrium
conditions. Note that, in this paper, Cl, refers to C10, + HCI
and NO, to NO, + HNO3 + 2 N;Os.
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The reaction rates in the gas phase are taken from DeMore et
al. [1987]. The photodissociation rates are calculated from the
solar irradiances compiled by Brasseur and Simon [1981] and
from the absorption cross-sections given by DeMore et al.
[1987]. In order to reduce the computer time required to
integrate the equations, the diurnal variation of the
photodissociation coefficients is expressed by assuming that
the photolysis rate is equal to its mean daytime value in the
sunlit atmosphere and is equal to zero during nighttime.

Parameterization of Polar Chemistry

Polar stratospheric clouds are known to initiate the
perturbed chemistry observed in the polar regions. In the
model, the formation of type I PSCs below 25 km altitude is
assumed to occur instantaneously as soon as the temperature
decreases below 199 K. The same applies to type II PSCs, but
in this case the temperature threshold is chosen to be 194 K.
These temperature thresholds are a few degrees higher than the
actual thermodynamic values. This choice, however, is made to
account for the fact that the temperatures, used in the model as
initial and relaxation temperatures, are climatological values
which do not reproduce the observed coldest airmasses, whose
locations are highly variable in time and from year to year,
especially in the northern hemisphere. Thus, rather than
representing the specific thermodynamic conditions under
which clouds are produced by microphysical processes, these
thresholds define the atmospheric regions in which,
statistically, clouds are assumed to be present.

The conversion of chlorine reservoirs to more reactive
forms is assumed to occur on the surface of both types of PSCs
particles through the following reactions [Solomon et al.,
1986]

CIONO,(g) + HCI(s) — Cly(g) + HNOs(s) (1a)
CIONO(g) + H,0(s) — HOCI(g) + HNO5(s) (1b)
NOs(g) + HCl(s) — CINO(g) + HNOx(s) (1c)

N;0s5(g) + Hy0(s) — 2HNO+(s) ad

where g corresponds to the gas phase, and s to a solid or ice
solution. The overall conversion time of nitrogen oxides
(N,05) to nitric acid is assumed to be 10 days (2 to 20 days
according to Toon et al. [1989]). The chlorine molecules (Cly,
HOCI, CINO,) released in the gas phase by these reactions do
not directly affect ozone but, as soon as the Sun returns over
Antarctica, are photolyzed and substantial amounts of reactive
chlorine (Cl, CIO) are produced. The conversion of HCl to
Cl10, is assumed to take place almost instantaneously. In the
region where the temperature is below the threshold for the
formation of type II PSCs, nitric acid produced by (1a)-(14d) is
supposed to remain in the condensed phase and to be removed
from the atmosphere (denitrification) by sedimentation at a rate
of several kilometers per week [Turco et al., 1989]. In the
model, dehydration and denitrification, in the presence of type
II particles, occur with a time constant of 5 days. The precise
choice of this value does not affect the calculated ozone
depletion which takes place in early spring, more than 2
months after these processes have begun to occur. This time
constant is consistent with the conversion time of reactions
(la)-(1d) and the rate of sedimentation observed in the polar

stratosphere (about 2 km week! for a 4 pm particle [see
McCormick et al., 1989]).

In the regions where the temperature is such that type I
PSCs are formed, no dehydration takes place and denitrification
should be modest, since the sedimentation velocity of these
particles (typical radius of 1 pm) is substantially lower than
that of larger ice particles in type I PSCs. During the AASE
campaign, very little evidence for denitrification was found
prior to late January 1989, but extensive denitrification was
observed near 20 km in early February [UNEP/WMO, 1990].
Observed column abundances of nitric acid were substantially
higher than in Antarctica (W. G. Mankin and M. T. Coffey,

private communication, 1989), but in situ measurements of

NOy near 12 km suggested enhancements of the local NO,
concentration, possibly through evaporation of particles
sedimented from higher levels [UNEP/WMO, 1990]. The
mechanisms involved are still poorly understood and,
therefore, two extreme cases have been considered. In the first
of them (case 1S or N), denitrification with a characteristic time
constant of 15 days has been assumed in the regions where
PSCs I are present. In the other case (case 2S5 or N) no
denitrification has been considered in these regions. Such
sensitivity study put constraints, especially in the Arctic
regions, where most of the perturbed chemistry appears to be
associated with the presence of type I PSCs. Unless otherwise
specified, the results presented hereafter will refer to cases with
denitrification (cases 1N and 18) in regions where type I PSCs
are formed.

Finally, the model assumes that, besides the classic
catalytical cycles which contribute to the ozone budget in the
background atmosphere [e.g., Solomon et al., 1986; Brasseur
and Solomon, 1986], ozone is destroyed in the chemically

perturbed regions by the following cycles involving the

formation of the ClO dimer [Molina and Molina, 1987; Molina
et al., 1987]

2(Cl + 03 — CIO +0y) Qa)
ClO +CIO + M — CL,0, + M (2b)
CL0, +hv — Cl + CIOO (2c)
CI00 +M - Cl+0,+M (d)

Net: 203 - 302

and
2(C1+03 > ClO +Oy) 3a)
ClO +CIO +M - Cl,0, +M (3b)
ClL0,+M -5 ClL+0,+ M (3c)
Cl, +hv — 2Cl1 (3d)

Net: 203 - 302

and by an additional cycle requiring the presence of bromine
[McElroy et al., 1986]

Cl+03-CI0O+0, (4a)

Br+0; »>BrO+0, (4b)
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TEMPERATURE (K) 66mb HCI (ppbv) 66 mb
(a)

{d)

H>0 (ppbv) 66 mb

Fig. 1. Initial conditions for the model on the 66 mbar isobaric level: (a) temperature (K) on July 1 in the southern
hemisphere; (b) HNO3 (ppbv); (c) ClO, (ppbv) (inorganic chlorine without HCL); (d) HCI (ppbv); (¢) H,O (ppmv); and (f)
total ozone column (Dobson units) on July 1 in the southem hemisphere and on January 1 in the northem hemisphere.
Contour intervals: (a) 5 K, (b) 1 ppbv, (c) 25 pptv, (d) 0.05 ppbv, (¢) 0.25 ppbv, and (f) 10 DU.
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BrO+CIO - Br+Cl+0,
Net: 203 e d 302

Note that the BrO + ClO reaction is characterized by an other
channel leading to the formation of OCIO.

The rate limiting steps for cycles 2, 3, and 4 are assumed to
be reactions (2b), (3b), and (4c), respectively, whose rates as
a function of temperature and reaction products have been
measured only recently. For reactions (2b) and (3b), we are
using the rate constant measured by Sander et al. [1989]. For
reaction (4c), the rate constant recommended of DeMore et al.
[1987] is used. Since the chemistry of bromine is not
explicitly treated in the model, a constant mixing ratio of 10
pptv is chosen for BrO, consistently with observational data
[e.g., Solomon et al., 1989].

Initial Conditions

Model simulations have been performed for both
hemispheres, with the purpose of studying the behavior of
ozone in winter and spring over the two polar regions. The
simulations start on July 1 and January 1 for the southern and
northern hemispheres, respectively. Since no waves are
initially present, the model integration starts with zonally
symmetric fields of dynamical and chemical variables. The
mean climatological zonal winds compiled by Randel [1987]
are used as initial values. The initial temperature field is
derived, assuming a gradient wind balance with geopotential
heights.

The initial distributions of the chemical species are taken
from the two-dimensional model of Brasseur et al. [1990].
Figure 1a presents the (July 1) distributions of temperature in
the southern hemisphere at 66 mbar, while Figures 1b-le
show the initial distributions of HNO,, ClO,, HCI, and H,O
specified initially in both hemispheres at the same isobaric
level. The initial value of total ozone is shown in Figure 1f.
As seen in Figure 1a, the southern hemisphere temperature is
lower than 200 K above the pole. For the simulations of
present-day conditions (cases 1 and 2), the mixing ratio of
inorganic chlorine (Cl, = ClO, + HCI) near 30 km altitude is
2.8 ppbv (corresponding approximately to mid-1980s
conditions [see UNEP/WMO, 1990]), and, at 66 mbar (18 km)
the maximum initial mixing ratio of ClO, (inorganic chlorine
without HCI) over the pole is 0.25 ppbv.

3. MODEL SIMULATIONS

In order to investigate the behavior of the polar atmosphere
under various conditions, different model simulations have
been performed (see Table 1). This analysis will focus on
results obtained in the lower stratosphere, where the chemistry
is perturbed by the presence of PSCs; most results for the
southern hemisphere will be shown on the 66 mbar isobaric
surface (approximately 18 km). Since, near the North Pole, the
coldest temperatures are found at somewhat higher altitudes,

TABLE 1. Model simulations

Case Inorganic chlorine Denitrification

No. * Level (ppbv) by Type I PSCs
1SandN 2.8 yes
2SandN 2.8 no
38 1.4 yes
48 and N 6.0 yes

*S and N refer to the southern and northern hemispheres,
respectively.

(4c) most results obtained for northern hemisphere simulations will

be shown on the 43 mbar (21 km) level.

The Southern Hemisphere

The first of these model runs (case 1S) is intended to
reproduce the dynamics and chemistry of the southern
hemisphere for levels of odd chlorine corresponding to the mid
1980s. The model is initiated on July 1 by zonally symmetric
temperature and trace gas fields and is forced by transient
waves, as specified in section 2. Figures 2a-2b show the
dynamical fields calculated for August 15. A strong nearly

TEMPERATURE (K) 66 mb

Fig. 2. Temperature (K) and geopotential height (km) on the 66 mbar
surface in the southern hemisphere on August 15. Contour intervals:

(@) 5 K and (b) 0.25 km.
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symmetric vortex is located over the polar region with the
geopotential height decreasing from 19.25 km at 60°S to 17
km over the pole. The temperature distribution is also nearly
axi-symmetric although the maximum, found at the edge of the
vortex (215220 K), exhibits a “croissant” shape in agreement
with the observations [e.g., Shiotani and Gille, 1987]. The
temperature over the pole reaches a minimum of less than 190
K. Polar clouds are thus present over the Antarctic during this
period, and chemical processes associated with the presence of
these clouds are occurring. Figure 3a shows that, already in
August, the polar lower stratosphere is dehydrated. The mixing
ratio of HyO decreases to about 1 ppmv, compared with values
of about 3.5 ppmv immediately outside the dehydration edge.
This type of behavior simulated by the model is consistent
with observations [Kelly et al., 1989], although the calculated
water vapor mixing ratio inside the vortex is somewhat smaller
than the value observed during the AAOE campaign (1.5
ppmv). In the case of odd nitrogen (Figures 3b-3d),
NO,(~NO+NO,) in the polar night is transformed into N2O5 as
a result of the reaction between NO, and ozone and, through
heterogeneous processes, (1c)and (1d), on the surface of ice
particles in PSCs I and II, N2O§5 is converted into nitric acid.
Since the temperature over the pole is lower than the specified

H,O (ppbv) 66 mb

threshold under which type II PSCs are present, HNOj is rapidly
removed from the stratosphere through sedimentation of the
PSC particles. The polar atmosphere is denitrified. At the
same time, a large fraction of HCI is converted in more active
forms of chlorine compounds (ClO,). In the polar night, the
chlorine released from heterogeneous reactions (1a)-(1c¢) is in
the form of Cl,, HOCI, or CINO, and does not affect ozone. As
shown in Figures 4a-4b, the concentration of HCl over the
polar region is significantly depleted and that of ClO,
substantially elevated (about 800 pptv). Very small
concentrations of ClO however are present at this time of the
year. The distribution of the ozone column calculated for
August 15 (Figure 5) results therefore primarily from
transport processes in the lower stratosphere, which produces
the croissant type maximum (about 340 DU) in the warm belt
near 60° latitude and the minimum of about 250 DU inside the
polar vortex. Thus, contrary to what is observed in the
northemn hemisphere, where the maximum of the ozone column
abundance is located at the North Pole in late winter, the ozone
column exhibits a small minimum over the South Pole during
this season. This type of behavior was already noted by
Dobson [1956] and is now well documented [e.g., London,
1980]. The values at the South Pole in August are, however,

N2 Os (ppbv) 66mb

Fig. 3. Distribution on the 66 mbar surface of (a) water vapor (ppmv); (b) NO, (ppbv); (c) N,Os (ppbv); (d) HNO;3 (ppbv)
mixing ratios in the southem hemisphere on August 15 (case 1S). Contour intervals: (a-c) 0.25 ppbv and (d) 1 ppbv.
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HCI (ppbv) 66 mb

TOTAL OZONE (D.U)

(a)

(b)

Fig. 4. Distribution on the 66 mbar surface of (a) HCI (ppbv) and (b)
ClO, (ppbv) mixing ratio in the southern hemisphere on August 15
(case 18). Contour intervals: (a) 0.05 ppbv and (b) 0.1 ppbv.

substantially larger than the values observed in September and
October since the late 1970s.

The fields calculated by the model (case 18) in October will
now be described. At this time of the year, the Sun has returned
to the Antarctic region and the catalytic cycles believed to
destroy ozone are operating. The dynamical fields produced by
the model are quantitatively similar to those produced during
August: the vortex is centered over the pole; the temperature is
lower than 197 K in the vortex and reaches a maximum of about
220 K near 60° latitude. The morphology of water vapor,

Fig. 5. Distribution of the ozone column abundance (Dobson units) in
the southern hemisphere on August 15 (case 1S). Contour interval:
25DU.

nitrogen oxides, and nitric acid (not shown) has not
significantly changed, although the area of the polar region
affected by dehydration and denitrification has slightly
increased. The mixing ratio of ClO, in the chemically
perturbed region reaches 800 pptv (Figure 6a4) and, in the polar
region where solar radiation penetrates (daytime), ClO is
produced (Figure 6b): its calculated mixing ratio reaches nearly
600 pptv. In the polar region during nighttime, ClO reacts with
itself to produce the Cl,O, dimer; very little ozone destruction
takes place. It is interesting to examine how the individual
oxides of nitrogen NO and NO, behave. Figures 7a-7b show
that, on the 66 mbar isobaric surface, the mixing ratios of NO
and NO; at mid- and low latitudes are very similar during
daytime (about 0.5 ppbv) and that NO is almost entirely
converted into NO, during nighttime. The conversion of NO,
to NOs during nighttime and photodecomposition of N,Os to
NO, during daytime explains the weak component of the
diurnal variation affecting the distribution of the nitrogen
oxides (NO + NO,). Finally, the large latitudinal gradients
seen in the mixing ratio of these species at the edge of the
polar vortex is associated with the denitrification occuring
over the Antarctic continent. A sharp meridional gradient in
the NO, mixing ratio, especially during nighttime is visible at
high latitude. The location of this discontinuity is moved
towards the pole, when denitrification in typeI PSCs is
omitted (case 28, not shown). In this case, the C1O produced by
heterogeneous processes is converted into chlorine nitrate: a
strong maximum in the CIONO, concentration is then found in
the region of PSCs I.

The total ozone abundance calculated for October 3 is shown
in Figure 8. As in August, the ozone column is largest in the
warm belt near 60° latitude (400 DU) and smallest over the
South Pole. But, this time, this minimum value (approximately
180 DU) is 80 DU lower than in mid-August. A minimum ozone
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NO (ppbv) 66 mb

ClOx (ppbv) 66 mb

CIO (pptv) 66mb

Fig. 6. Distribution on the 66 mbar surface of (a) C10y (ppbv), and (b)
ClO (ppbv) mixing ratios in the southern hemisphere on October 3
(case 1S). Contour intervals: (a) 0.1 ppbv and (b) 100 pptv.

column of 158 DU is obtained on October 17. As will be
shown later, this calculated decrease results from the rapid
chemical destruction of ozone by active chlorine. As time
proceeds, diabatic processes heat the polar atmosphere and, as
the final warming appears, the polar vortex breaks up. In early
November, as shown in Figures 9a-9b, the ozone-poor airmass
is removed from the pole and is gradually replaced by a mass of
ozone-rich air. At this time, the ozone maximum is as high as
500 DU. The resolution of the model, however, is too coarse to
simulate the details of the planetary wave breaking, the

Fig. 7. Same as Figure 4 but for (3) NO (ppbv) and NO5 (ppbv) mixing
ratios (August 15). Contour intervals: (z) 0.05 ppbv and (b) 0.25
ppbv.

cascade of energy to smaller scales and the related irreversible
mixing of air during this period [see Rose and Brasseur, 1989].
In order to estimate the role of the chlorine chemistry in the
formation of the ozone hole, a simulation has been performed
for the same conditions but with an amount of inorganic
chlorine (Cl,) representative of the early 1970s (case 3S). The
mixing ratio of Cl, in this case is chosen to be equal to 1.4
ppbv rather than 2.8 ppbv as in the previous model run. The
difference in the ozone column abundance calculated for these
two chlorine levels are relatively small in August (not shown):
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TOTAL OZONE (D.U))

TOTAL OZONE (D.U.)

Fig. 8. Same as Figure 5 but for October 3. Contour interval: 25 DU.

about 1% at mid-latitudes, 3% at high latitudes near the
terminator, and insignificant changes in the polar night
region. In early October, the difference between the ozone
column calculated for 1.4 ppbv and 2.8 ppbv, respectively is
larger than 20% over the South Pole (Figure 10a). Clearly
(Figure 10b), the ozone minimum, already present in August
and associated with dynamical processes remains at the same
level during September and October. In early October, the
ozone column over the pole reaches 250 DU and is thus 70 DU
higher than for levels of inorganic chlorine reaching 2.8 ppbv.
The change in the ozone density near the South Pole takes
place primarily in the 10-26 km altitude range. On
October 15, the calculated reductions, when Cl, increases from
1.4 to 2.8 ppbv, are 75% at 10km, 65% at 13 km, 45% at
16 km, 33% at 19 km, 23% at 22 km, 17% at 25 km, and 2%
at 28km. The change calculated at 10 km might be
inaccurate, as it is strongly affected by the condition at the
lower boundary of the model, which remains unchanged during
the entire integration. The ozone hole simulated by the model
is the primary result of a chemical effect.

Finally a model simulation (case 4S) is performed with
enhanced chlorine amounts (6 ppbv). The purpose of this run is
to estimate potential future changes in response to further
emissions in the atmosphere of chlorofluorocarbons and other
halocarbons. The difference in total ozone calculated for August
15 reaches about 15% near the terminator and is smaller than
2% at the pole due to the lack of solar radiation required for the
catalytic cycle to destroy ozone. On October 3 (Figure 11a),
the ozone column is lower than 100 DU and therefore
significantly lower than for present levels of inorganic
chlorine. At the South Pole on October 15, the calculated
depletion, when the level of chlorine increases from 1.4 to 6
ppbv, is 75% at 19 km, 52% at 22km, 28% at 25 km, and
5% at 28 km. Below 18 km, nearly all the ozone is destroyed.
Again, this purely chemical effect does not take into account

Fig. 9. Calculated ozone column abundance (Dobson unitsj in the
southem hemisphere during November. Contour intervals: 50 DU.

possible temperature feedbacks. This feedback mechanism
could extend the region of low temperatures towards lower
latitudes and expand the area of the ozone hole. The evolution,
as a function of time, of the ozone column abundance derived at
the South Pole for different levels of odd chlorine is shown in
Figure 11b. With chlorine amounts of 6.0 ppbv, expected in
the middle of the twenty-first century in the framework of the
Montreal Protocol on the Protection of the Ozone Layer
[UNEPIWMO, 1990], a value as low as 60 DU is predicted on
October 15. This extremely low value is obtained since the
depletion extends over an altitude range of approximately 12 to
24 km.
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OZONE (1.4 - 2.8 ppbv Cly)

TOTAL OZONE (D.U.)

(a)

TOTAL OZONE (D.U.)

Fig. 10. (a) Depletion in the ozone column (percent) in the southem
hemisphere (October 3) calculated for an increase in odd chlorine from
1.4 to 2.8 ppbv. (b) Ozone column abundance (Dobson units) in the
southern hemisphere (October 3) calculated for a level of Cl,
(1.4 ppbv) representative of the early 1970s (case 3S). Contour
intervals: (@) 5% and (b) 25 DU.

The Northern Hemisphere

As shown by climatological data, the coldest temperatures
in the polar lower stratosphere of the northern hemisphere are
found at a somewhat higher altitude than in the southern
hemisphere. The model results concerning the Arctic regions
will therefore be shown on the 43 mbar level (about 21 km)

Fig. 11a. Ozone column abundance (Dobson units) in the southern
hemisphere calculated for a level of odd chlorine equal to 6 ppbv (case
4S). Contour interval: 50 DU.
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Fig. 115. Ozone column abundance (Dobson units) as a function of
time at the South Pole for three different levels of odd chlorine (CL,).

rather than at 66 mbar (about 18 km) as in the previous
discussion. Due to the more pronounced topography in the
northern hemisphere, the tropospheric forcing by planetary
waves, especially wave number 1, is stronger than in the
southern hemisphere and the calculated dynamical ficlds in the
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entire stratosphere are significantly more disturbed than in the
previous model simulations. Figures 12b-12¢ show, for
example, the temperature fields on January 15 and February 14,
respectively. In both cases, the wave structure is clearly
visible. On January 15, for example, warm air is predicted to be
present over Japan and the northern Pacific Ocean and cold air
over northern Europe and northern Siberia. The coldest
temperatures, found over northern Scandinavia, are close to
200 K, so that only type I PSCs will eventually be formed. On
February 14, the warmest air is found over the North American
continent and the coldest air over the pole.

During the winter season, as shown by Figure 13a, the
concentration of NO, (NO + NO,) is very low in the region of
the polar night because of the rapid reaction of NO, with
ozone, producing NOg3, which in tum, is converted into N,Os
by a further reaction with NO,. The inverse transformation of
N30s to NO, and NO is very slow since no photolysis takes
place in the polar night. The conversion of NyOs to nitric acid
takes place in the region where PSCs are present (Figure 135-
13¢), but, since the model does not produce on the 43 mbar
level the cold temperatures required for PSCs II to be formed,
nitric acid is only slowly (case IN) or even not (case 2N)
removed from the atmosphere by sedimentation processes,
depending on the assumption made for the denitrification rate,
Figures 13b-13d (January 15) clearly show the region over
northern Siberia in which heterogeneous conversion by PSCs I
of NyOs to HNO, takes place. They also indicate that, over this
area, the mixing ratio of HNO3 reaches 18 ppbv in the absence
of denitrification (Figure 13d, case 2N) but only 13 ppbv when
moderate denitrification is assumed to take place (Figure 13c,
case IN). At the end of the winter, in contrast to what is
calculated and observed over Antarctica, a HNO; maximum
covers the entire North Pole region in both cases. Thus, at this
level, the model suggests that nitrogen oxides are transformed
into nitric acid (a process sometimes referred to as
denoxification) but that denitrification is less effective than in
Antarctica. Similarly, contrary to what is derived and observed
over the South Pole, the model does not produce any
dehydration near the North Pole. It should be noted, however,
that on the 28 mbar isobaric level where the temperature
reaches values of less than 194 K at a few grid points of the
model, small areas of dehydration are found during January. As
mentioned earlier, it is important to note that particles, when
transported downward, can evaporate as they encounter warmer
layers and release in the gas phase the condensed nitric acid.
Thus, on certain occasions, the sedimentation of these
particles produces a net downward transport of gas phase nitric
acid from cold to warmer regions of the atmosphere.

The presence of PSCs in the cold regions of the Arctic
stratosphere leads to a rapid conversion of HCI into active
ClOy. As depicted in Figures 14a-14b, HCI on the 43 mbar
level is substantially reduced and ClO, substantially enhanced
over northern Siberia, on January 15. The mixing ratio of ClO
calculated at this time in this region is still small because of
lack of solar radiation. A month later, on February 14, it is
substantially higher but, because of limited denitrification, a
fraction of ClO is reconverted into CIONO,. The importance of
this latter process depends on the degree of denitrification in
the polar region and therefore on the geographical extent of the
cold airmass region, which is influenced by the intensity of the
planetary waves and therefore varies from year to year.

Despite values of active chlorine concentrations similar to
that calculated in the southemn hemisphere, the model does not

TEMPERATURE (K) 43 mb

Fig. 12. Temperature (K) calculated in the northem hemisphere on the
43 mbar isobaric surface on (a) January 1 (initial value), (b) January
15, and (c) February 14. Contour interval: 2.5 K.
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NOy (ppbv) 43mb

HNO3 (ppbv) 43 mb

Fig. 13. Mixing ratio (ppbv) in the northem hemisphere (January 15) at 43 mbar of (a) NOy, (b) NyOs, (c) HNO; (case
IN), and (d) HNOj3 (case 2N). Contour intervals: (a and b) 0.5 ppbv and (c and d) 2.5 ppbv.

HC! (ppbv) 43 mb

CiOy (ppbv)

Jan. 15 Q (b)

Fig. 14. Same as Figure 13 but for (z) HCl and (b) ClO,. Contour intervals: (a) 0.1 ppbv and (b) 0.25 ppbv.

85UB01 T SUOWIWIOD @A FeR1D) 3|qeo!jdde ay3 Aq peusenob afe saplife YO 8SN JO SaJnJ 04 AXeIq1T 8UIIUO AB]IAN UO (SUORIPUOD-pU-SWRYLLIOY"AB | 1M ARe.q [ouUO//SdNY) SUORIPUOD PUe SWid L 8U 89S *[7202/60/.0] U0 AriqiTauliuo A3)im ‘ABojoice N 8vE IdIN Ad 622T0AC06/620T OT/I0p/wod A3 |Im Ariqiieutjuosgndnbe;/sdny wouy pepeojumoq ‘zd ‘T66T P20zz9STe



GRANIER AND BRASSEUR: THREE-DIMENSIONAL MODEL OF POLAR OZONE 3007

TOTAL OZONE (DV.)

Fig. 15. Evolution of the ozone column abundance simulated in the northern hemisphere, (a) January 15, (b) February 14,

and (¢) March 15. Contour interval: 25 DU.

OZONE (2.8-6 ppbv Cly)

Fig.- 16. Depletion in the ozone column (percent) in the northem
hemisphere (February 24) calculated for an increase of Cl; from
2.8 ppbv to 6.0 ppbv. Contour interval: 0.25%.

produce a substantial ozone depletion in the Arctic region.
Figures 15a-15¢ show the evolution of the calculated ozone
column abundance from January to March (case 1N). The ozone
minimum, which is initially located over the pole, is displaced
together with the vortex, while a maximum of ozone is
determined in the warmer regions found at the edge of the polar
region. The model produces strong fluctuations in the
dynamical and ozone fields during the winter, but in March,
after the final warming, the maximum in the ozone column
(larger than 400 DU) is located near the pole. The model
simulations clearly suggest that the difference in the ozone
behavior in the Arctic and Antarctic results directly and

indirectly from the different dynamical conditions. The Arctic
vortex breaks up much earlier in the season than it does in
Antarctica, so that mid-latitude ozone is transported by
planetary waves towards the pole before much chemical
destruction of O3 can occur. In the model, the final warming in
the northern hemisphere takes place in mid February. On the
other hand, the temperature of the air masses are different in
both hemispheres and consequently the chemistry is affected
by hemispheric differences in the dynamics. The absence of an
ozone hole in the northern hemisphere results from a lack of
simultaneity between the presence of cold air masses and of
solar radiation in the polar region.

An important question is to estimate the potential changes
in the ozone abundance over the Arctic region in the future,
when higher levels of chlorine will eventually be present in the
atmosphere, as a result of chlorofluorocarbons emissions. To
address this question again, a model simulation has been
performed with a background chlorine concentration of 6 ppbv
(case 4N). The results (February 24; see Figure 16) show
reductions in ozone over the entire hemisphere (1.5% at mid-
latitudes and 3% at high latitudes) but no ozone hole is
produced during the entire model integration. Again, in
contrast to what is seen in the southern hemisphere, this
behavior of ozone in the northern hemisphere is governed by
the timing of the final warming, which takes place before
significant amounts of ozone have been destroyed. It should be
emphasized, however, that a delay in the occurrence of the
final warming from currently observed situations could
eventually produce substantial ozone depletion at high
latitudes in the northern hemisphere. Note that the ozone
reduction calculated a mid and low latitudes is smaller than in
most 2D model predictions. This difference is due to the
limited time period during which the model was integrated (the
initial ozone distributions are identical in both cases) and to
the fact that it does not account for temperature feedbacks.

4. DISCUSSION AND CONCLUSIONS

In this study, we have shown that a 3D model with calculated
transport and chemistry can quantitatively simulate the
formation of a springtime ozone hole in Antarctica, when the
model includes a simple but realistic description of polar
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3008 GRANIER AND BRASSEUR: THREE-DIMENSIONAL MODEL OF POLAR OZONE

chemistry. With the same chemistry and the same initial
conditions for the trace gases in both hemispheres but different
dynamical forcings, the behavior of ozone is very different at
high latitudes: no ozone hole is produced in the northern
hemisphere, even with elevated chlorine levels.

The behavior of important chemical constituents is in
relatively good agreement with observations made during polar
campaigns in both hemispheres. The wintertime mixing ratio
of water vapor in the lower stratosphere is reduced from
3.5 ppmv to about 1 ppmv over Antarctica but remains to its
standard value of 3.5 ppmv in the Arctic. Nitrogen oxides are
converted to nitric acid in both polar regions but the HNO,

mixing ratio remains moderately elevated only in the Arctic,
where limited denitrification takes place; in Antarctica, nitric
acid is rapidly removed from the atmosphere through
sedimentation of PSCs II particles. In the two polar regions,
the chlorine reservoirs are transformed into active chlorine but
in the Arctic, because of the relatively higher levels of odd
nitrogen after the return of the Sun, a fraction of ClO is
reconverted into the CIONO, reservoir; in Antarctica, becaunse
of strong denitrification, very little CIONO, is formed in early
spring and the chemical destruction rate of ozone is higher than
in the warmer Arctic. Figures 17a~17¢ show the latitudinal
variation in the mixing ratio of various species calculated in
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date line at midnight) of (a) odd nitrogen species on October 22, (b) odd chlorine species on August 14, and (c) odd

chlorine species on October 22.
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the southern hemisphere at the 66 mbar level for noon and
midnight conditions.

In the case of the odd nitrogen species, shown in
Figure 17a for October 22, very low mixing ratios are seen in
the region where polar stratospheric clouds are assumed to be
present. Outside the vortex, the nitric acid concentration
reaches a maximum near 55°N, which is slightly higher at 180°
longitude (9 ppbv) than at 0° longitude (7.5 ppbv), as a result
of the wave structure on this particular day. In the case of the
oxides of nitrogen, the values of the calculated mixing ratios
on both longitudes are to a large extent governed by the diurnal
variation driven by solar insolation. In particular, NO which is
present in the sunlit portion of the atmosphere, has been
converted into NO, in the dark region.

The concentration of the species belonging to the chlorine
family exhibits large latitudinal variation in the vicinity of the
vortex (Figures 17b and 17¢). Inside the vortex the mixing
ratios of HC] and CIONO, are extremely low and ClO is present
in large quantity only in the region illuminated by the Sun. In
the inner region of the vortex, which is not illuminated, most
of the chlorine is in the form of Cl,0, (not shown). The
region with large ClO mixing ratios (of the order of 1 ppbv) is
therefore very narrow in mid-August (Figure 175) but gradually
increases in the subsequent weeks. In October (Figure 17¢),
elevated ClO densities are present over the South Pole at all
times of the day. The mixing ratio of CIONO, reaches a
maximum at the edge of the vortex (~65°S) and that of HCI is
largest near 55°S.

The dynamics of both hemispheres are significantly
different. In the southern hemisphere, the cold airmass, in
which the perturbed chemistry takes place, remains located
over the pole, while the warm air parcels move clockwise
around the cold and isolated airmass trapped inside the polar
vortex. In the northern hemisphere, the dynamical fields are
significantly more disturbed by wvertically propagating
planetary waves and the polar vortex with its relatively cold
air is often displaced from the pole. The model shows several
other interesting features related to the dynamics of the
stratosphere; for example, as time evolves, an oscillation in
the amplitudes of the planetary waves in the southern
hemisphere and an energy transfer between wave number 1 and
2 occurs, with a period of about 10 days. The role of the vortex
as a material entity which isolates cold airmasses in both polar
regions as well as the the transport of ozone from the
subtropics to the polar region in the northern hemisphere are
qualitatively well simulated by the model [Rose, 1986; Rose
and Brasseur, 1989].

Several problems in the simulation should, however, be
noted. The first and probably the most important of them is
related to the coarse resolution of the grid on which the
equations are solved. Despite the inclusion in the dynamical
equations of the nonlinear terms, the cascade of energy from
the largest to the smallest scales is limited to about wave
number 4 and irreversible mixing to smaller scales is not
explicitly calculated. A certain amount of mixing, however, is
produced by the numerical filters applied to the model [Rose
and Brasseur, 1989], The breakdown of the vortex and the
related dilution of the ozone hole are intimately related to
processes on these small scales. Another problem for which
small scales processes could be important is the fate of
denitrified and dehydrated air after the final warming. It is still
poorly understood how nitrogen oxides and water vapor are
transported back into the Antarctic polar region and what role
the chemistry of NO, plays during this period. Only high-

resolution dynamical/chemical models will be able to answer
these questions. Finally, the degree of isolation of the polar
vortex remains a matter of debate [Hartmann et al., 1989;
Tuck, 1989; McKenna et al., 1989], and again, this problem
requires calculations and data analyses made at high resolution.

An important and yet unsolved question is the strength of
the vertical transport inside the polar vortices. Observational
data based on the measurement of long-lived trace gases such as
the chlorofluorocarbons, methane or nitrous oxides, suggest
that substantial downward transport takes place before spring
[Loewenstein et al., 1989; Heidt et al., 1989; Toon et al.,
1989]. Toon et al. [1989] found, for example, that over the
Antarctic station of McMurdo the vertical distribution of long-
lived species measured in spring is translated downwards by
some 6-8 km relative to airmasses outside the vortex. The
measurements of Mankin et al. [1990] made over the North
Adantic in January 1989 during an Arctic campaign suggest a
similar vertical translation of about 6 km with respect to those
outside. The model calculates the distribution of methane. The
mixing ratios at high latitudes (see Figure 18) in the southern
hemisphere are the lowest in the polar region but they do not
exhibit the type of sharp gradient that is observed at the edge
of the vortex. The dynamics before or during the winter season
may precondition the distribution of the quasi-inert tracers
inside and outside the vortex. A simulation of these processes
requires simulations to be performed over an entire year as
opposed to 4 months as in this study. Also, the evolution in
time of the tropospheric forcing and the role of radiative
processes for vertical motions inside the vortex need to be
treated in more detail than in the present model.

Another limitation of the model (which weakens its
prediction capability) results from the assumption concerning
the removal of odd nitrogen from the gas phase inside the polar
vortex. It has been shown that the ozone loss in this region is
significantly affected by the degree of denitrification. This
latter quantity should be determined by a detailed microphysical
cloud model.

CH4 (ppbv) 66 mb

Oct. 3

7=

Fig. 18. Mixing ratio (ppbv) of methane on the 66 mbar surface on
October 3 in the southern hemisphere. Contour interval: 25 ppbv.
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Despite the simplifications associated with this model,
important features observed during the Antarctic and Arctic
campaigns are reproduced. Information about the relative roles
of chemistry and dynamics in the formation of the ozone hole
is provided and should contribute to the interpretation of
numerous data collected during recent years in both polar
regions. Finally, the model gives some insight about the
future changes in polar ozone, if the level of chlorine
continues to increase in the atmosphere. It should be added,
however, that a more reliable prediction would be achieved if
dynamical (radiative) feedback as well as the still poorly
understood role of background sulfuric acid aerosols on the
high latitude ozone chemistry were taken into account.
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