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THE chemical processes involved in the depletion of polar strato-
spheric ozone are now fairly well understood'?. But the effect of
small-scale stirring and mixing of the chemical species involved
can be misrepresented in three-dimensional chemical-transport
models because of their coarse resolution. Because of the non-
linearities in the chemical rate laws, especially those involving
chlorine in the main catalytic cycle, these effects can be
important—particularly in the Arctic, where the polar vortex is
less uniform and less isolated from surrounding air than in the
Antarctic. Here we use a very-high-resolution model with sim-
plified ozone-depletion chemistry to show that the depletion is
sensitive to small-scale inhomogeneities in the distribution of
reactant species. Under the conditions of the winter of 1994-95
the effect is large enough to account for the observed discrepan-
cies of about 40% between modelled and observed ozone depletion
in the Arctic environment™*.

In situ observations within the lower stratosphere show unam-
biguously the presence of sharp horizontal and vertical gradients,
and of laminated structure, in the distribution of chemical com-
ponents which are consistent with the current understanding of
advection on isentropic surfaces®. Dynamically induced hetero-
geneities may persist for several weeks. Chemical reactions that
depend on mixing of two components, or have nonlinear depen-
dence on concentration, can be strongly affected’. State-of-the-art
three-dimensional models of atmospheric chemistry can perform
detailed modelling of the chemical reactions but are far from
resolving the relevant transport and mixing processes”. We suggest
here that taking into account small-scale inhomogeneities in the
distribution of reactant species has a major effect on the predic-
tions of such models.

Because stratospheric motion is thought to be constrained
largely within horizontal layers down to scales of 1-10 km where
three-dimensional motion is expected to dominate®’, we use here
a two-dimensional horizontal transport model on the potential
temperature surface 0 = 450K with a simplified, albeit fairly
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realistic, model of the ozone chemistry. Very high resolution is
obtained using a two-dimensional finite-volume scheme on the
sphere' with 1,310,720 triangles and a mesh size 64 = 15km (6h
being the distance between the centroids of two neighbouring
triangles) which is corrected to ensure second-order accuracy,
positivity and stability''. Because our aim is to estimate the order
of magnitude of the effect of horizontal inhomogeneities, we
neglect the vertical advection, which may alter the quantitative
comparison with observations.

The ozone variation in the model is governed by the catalytic
cycle known to be the most effective in the stratosphere'?,
involving the self-reaction of ClO followed by the photolysis of
its dimer Cl,O, (refs 13, 14). Chlorine monoxide and its dimer
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FIG. 1 a, Active chlorine concentration and b, ozone concentration at
12:00emt on 14 February at 450K in the highest resolution (simulation
E15). The projection is stereographic from 25°N to the pole. Latitude
circles are at 45° and 70° N. The low level of ozone near 135° E, 60° N, over
Siberia, cannot be due to mixing with subtropical air as ClO, would also be
diluted. This is a clear indication of depletion, also confirmed by ground-
based measurements?*, which is due to the strong deformation of the vortex
expelling activated polar air over mid-latitude regions where photolysis is
intense.
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are grouped under active chlorine ClO, with [CIO,] = [CIO] +
2[CL,0,]. Ozone and ClO, are the two chemical components
transported by the flow. As the reactions following the photolysis
of Cl,0, are fast, the rate for the whole cycle during daytime is
determined by the equilibrium between CIO and the dimer.
Thereby, the ozone concentration evolves as:
d[O
IO k.0 RMIICIOP (1
where the ambient concentration [M] depends on temperature
and pressure, R is given by R = J¢,,0, /U a0, + kci,0,[M])s Kcios.cio
is the reaction of the dimer formation and Ko, is the reaction
rate of its thermal decomposition®. The photodissociation fre-
quencies J,, are interpolated from a pre-calculated table as a
function of solar zenith angle. During daylight, [CIO] is inferred
from [ClO,] using chlorine partitioning and the relation
(a0, T kai,0,IM])[CLO,] = kciosci0[M] [CIO]".  Polar strato-
spheric clouds (PSC) are predicted as a function of temperature
with no distinction between PSC I and type II water-ice PSCs, or
inclusion of sedimentation processes. Rather, PSCs are assumed
to form instantaneously at any grid point where T < 195 K. Active
chlorine is released at the PSC’s surface, at a constant rate
o = 6 x 10*moleculescm™s™!, and capped such that the total
amount of ClO, is less than 3 parts per billion by volume, p.p.b.v.
Chlorine is deactivated through immediate recombination with
NO, produced by photodissociation of HNO;, setting a uniform
and constant value of gaseous HNO; to 9 p.p.b.v. outside the PSC,
reduced to 1 p.p.b.v. at the PSC’s surface. Ozone loss is estimated
by calculating the difference between the chemical mode
(transport + chemistry) and the dynamical mode (transport only).
The data used are winds and temperatures analysed every 6
hours on 14 pressure levels, provided by the European Center for
Medium-Range Weather Forecasts (ECMWF) in the horizontal
resolution T42 (2.8° x 2.8°), and interpolated onto the § = 450K
isentropic surface'®. Initial distribution of O; is taken from the
three-dimensional transport-chemistry model REPROBUS?
(2° x 2°), on 5 January 1995 at 12:00 gmr. The initial concentra-
tion of CIO, is set to 2.62 x 10° moleculescm™ (~1p.p.b.v.). Itis
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FIG. 2 Concentration of ozone at 12:00 emt on 21 March at 450K for the
E15 simulation.
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consistent to use fairly low-resolution wind as the strain is
dominated by the largest eddies in layerwise flows'’. More un-
certainty remains on the possible role of small-scale temperature
inhomogeneities in the generation of PSCs.

Temperatures in mid-December 1994 to mid-February 1995
were consistently cold, dropping continuously below the conven-
tional threshold value for PSCs formation. By mid-January to mid-
February, PSCs were located at the periphery of the polar vortex
where strong winds moved substantial amounts of air mass
through them, processing a large volume of air into chemically
perturbed state. High local values of [ClO] build up in the model,
up to 3.8 x 10° moleculescm ™ (~1.6 p.p.b.v.) on 23 January and
3.5 x 10° moleculescm™ (~1p.p.b.v.) consistent with observa-
tions'®, owing to the lack of PSCs and deactivation triggered by
solar radiation. In early March, a cold spell again enhanced [ClO]
to the level of early February, dramatically increasing ozone
depletion during the month, as activated air was exposed to
sunlight (Fig. 2). This tendency has been seen in satellite mea-
surements'®, At the end of March, the polar vortex was highly
distorted by the final warming and strong stirring took place within
the vortex but mostly at its periphery.

The sensitivity of ozone depletion to small-scale inhomogene-
ities in the distribution of reactant species arises from the non-
linearity of the governing law (equation (1)). If ClO,, initially
released within a finite volume, is diluted by a factor of two, it
contaminates a double volume but with half its initial concentra-
tion. Therefore, the total ozone destruction by the reaction of
equation (1) is reduced by a factor of two with respect to the
undiluted case. It is easy to see how crucial is the correct
representation of dilution in modelling the ozone chemistry.
Using the simulation performed at the highest available resolution
oh = 15km as a reference (simulation E15), we have investigated
the effect of resolution by reducing 6/ to 30 km (simulation E30),
and by further adding an explicit diffusion term with two different
values for the diffusivity, v, = 8 x 10* m?s™" (simulation D1) and
v, =3 x 10°m?s™! (simulation D2) which provide effective
horizontal resolution of ~100 and ~200km (based on a strain
value of 107 s7"), within the range of the REPROBUS model.

The effect is indeed considerable (Fig. 3): maximum ozone
depletion rises to 64.5% in E15 but drops to 53% in E30, and to
39.5% and 21.6% in D1 and D2. Main differences lie within the
polar vortex where maintaining large values of [ClO,] over
February and March enhances ozone depletion. Maximum deple-
tion is located over filamentary structures inside the vortex, which
replicate that of [ClO,], and are missed at lower resolution. The
high-resolution calculation also predicts isolated ozone destruc-
tion of ~15% with peak values at 34.5% over the Eastern Pacific,
near 30° N which is consistent with lidar observations reporting
ozone depletion at middle latitudes’. This destruction can be
traced back to the advection of a long and thin filament expelled
from the polar vortex and carrying air rich in ClO, towards middle
latitudes where it reacts with O;. This effect is weakened when the
resolution is degraded and disappears in the most diffusive case
(Fig. 3b-4d).

The predicted averaged ozone loss within the vortex (Fig. 4a)
ranges from 17% to 43% at the end of March. The comparison
with SAOZ spectrometer measurements® measurements and the
results of REPROBUS is made under the assumption that
the variations in ozone column are mainly weighted by the
contribution near 450 K. Our model clearly fails in reproducing
the initial ozone loss in January. This discrepancy could be due to
the absence of bromine which may account for 30-40% of the
ozone loss in this period”. In addition, our model does not take
into account the diabatic descent, nor the generation of ozone by
photolysis of O,, which may lower ozone loss in March®. Never-
theless, the main point arising from this comparison is that the
discrepancy by a factor of 1.4 by the end of March between the
data and the prediction of REPROBUS is very close to the
predicted effect of resolution in our model. This result is not
limited by the simplicity of our model and should apply under
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FIG. 3 Ozone loss (%) for the E15 simulation (a), the E30 simulation (b), the D1 simulation (¢) and the D2 simulation (d), at 12:00 emt on 30 March at

450 K.
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FIG. 4 a, Ozone loss (%) within the vortex as a function of time, at 450 K,
from 5 January to 30 March, for the E15 simulation (solid line, squares),
the E30 simulation (long dashed line, triangles), the D1 simulation (dot-
dashed line, circles) and the D2 simulation (dashed line, diamonds). SAOZ
measurements (grey line, crosses) and REPROBUS results (grey line, no
plotting symbols) are adapted from refs 3 and 4. b, Ozone loss (%) within

446

Days (after 5 January 1995)

the vortex as a function of time under Antarctic conditions (increased «),
from 5 January to 1 March, for the E15 simulation (solid line, squares), the
E30 simulation (long dashed line, triangles) and the D2 simulation (dashed
line, diamonds). The boundary of the polar vortex at 450 K is defined by the
contour where potential vorticity is 25 x 107 Km?kg=*s™*.
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more realistic conditions as long as ozone depletion by chlorine
dominates in the Arctic.

It is important to note that ozone is only partially destroyed. In
the Antarctic, where denitrification makes available a large
amount of chlorine, almost complete destruction of ozone is
observed. One would expect that the dilution effect here may
not be as important as in the Arctic. We tested this by artificially
increasing o by a factor of 10 in our calculation to imitate the
conditions prevailing in the Antarctic. Much higher depletion is
then observed (Fig. 4b) but there is almost no sensitivity to
dilution. This is not to say that mixing effects are absent. The
relevant mechanism, not considered here, is the sensitivity of
chlorine deactivation to the mixing of denitrified polar air with
subtropical air® for which higher diffusivity or the lack of numer-
ical resolution enhances the chemical reactivity.

We investigated whether the effect of small-scale inhomogene-
ities could be parametrized in low-resolution three-dimensional
chemical models. A good fit to the curve of total ozone depletion
for simulation E15 can be obtained by multiplying the correspond-
ing curves for E30 and D1 respectively by a factor of 1.15 and by a
factor of 1.37 (dashed curve with empty symbols in Fig. 4a) which
is equivalent to increasing k0,0 in equation (1). In the case of
chlorine deactivation, where chemical compounds are initially
separated, Thuburn and Tan® propose decreasing the reaction
rate in the model. The influence of dynamics on chemistry is
complex so that designing robust parametrizations of small-scale

inhomogeneities might not prove an easy task. Meanwhile mod-
ellers should be aware that their results depend on the spatial
resolution and that ultra-high-resolution modelling might be
necessary to reach accurate results. O
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Recorps from loess, sediments and ice cores indicate that the
concentrations of tropospheric aerosols were higher in glacial
periods than they are today, and that they peaked just
before glacial terminations’’. Energy-balance models have
suggested’* that these high glacial aerosol loadings were a
source of glacial cooling of the order of 1-3 °C. Here we present
a different view based on three-dimensional climate simulations,
which suggest that high glacial dust loading may have caused
significant, episodic regional warming of over 5 °C downwind of
major Asian and ice-margin dust sources. Less warming was
likely close to and over the oceans because of local cooling by sea-
salt and marine sulphate aerosols. Abrupt changes in dust
loading are associated with the Dansgaard—QOeschger and Hein-
rich climate events and with glacial termination®*'%, suggesting
that dust-induced warming may have played a role in triggering
these large shifts in Pleistocene climate.

To examine the potential role of tropospheric dust in glacial
climates, we carried out two sets of simulations with the NASA
Goddard Institute for Space Studies (GISS) general circulation
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model (Model II, using 4° x 5° latitude—longitude resolution, full
seasonal cycle, interactive land surface and clouds'®!"). First, two
five-year simulations (with fixed sea surface temperature, SST)
were run with identical late glacial conditions'® but with different
atmospheric dust loadings. In the ‘modern-dust’ simulation, we
used present-day monthly mean dust'® as shown in Fig. 1a, b). In
the ‘glacial-dust’ simulation, average modern-day desert silt and
clay mineral dust'*? was prescribed with peak abundance in the
lower troposphere over each 4° x 5° model grid box containing
some fraction of the North American ice sheet or desert (Fig. 1¢).
The optical depth of glacial dust was specified to be 0.168, in
accordance with ice-core observations’, distributed uniformly
over the affected gird boxes.

Comparing ‘glacial-dust’ with ‘modern-dust’ simulations shows
warming patterns (Fig. 2a) that differ substantially from the
pattern of applied radiative forcing (Fig. 1c); this points to the
importance of regional differences in feedback interactions that
arise from changes in static stability due to solar heating and
longwave heating/cooling by dust aerosols'*?. This behaviour
differs from the classical response inferred from changes in
energy balance arising from aerosol effects on planetary
albedo??. Except for regions of northern Canada and Alaska,
the dust-induced average annual warming was greater at progres-
sively higher latitudes, and was greatest (up to 4.4 °C) in regions
with dust over high-albedo snow- and ice-covered areas. Because
the SSTs were fixed in these simulations, the global temperature
change was small. Contributing changes in cloud cover, atmo-
spheric water vapour, and surface albedo are listed in Table 1.

Our results are consistent with recent assessments of how
mineral dust affects present climate'*?. Decreased backscattering
of incident solar radiation occurs when the aerosol overlies high-
albedo snow- or ice-covered surfaces, whereas solar backscatter-
ing is increased when the dust overlies dark land and ocean
surfaces. The effective cloud single scattering albedo decreases
when dust occurs within clouds”. In addition to its shortwave
effect, dust loading also contributes a small, but significant,
amount of greenhouse warming through increased absorption of
thermal radiation'”. Within this general context, specific causes of
surface warming varied from region to region. Typically, regions
with reduced planetary albedo are associated with increased solar
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