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[1] The Modéle Isentropique de transport Me´soéchelle de l’Ozone Stratosphe´rique par
Advection avec CHIMie (MIMOSA-CHIM) three-dimensional high-resolution chemical
transport model has been developed to estimate the contribution of polar ozone destruction
to the lower stratosphere ozone budget at midlatitudes. The ability of the model to
reproduce the evolution of polar and midlatitude ozone during the 1999/2000 winter is
first evaluated by comparisons against lidar and sonde measurements. The modeled
potential vorticity (PV) fields are also compared with PV fields derived from ECMWF
analyses and the chemical fields of the model are compared with the output of a large-
scale chemical transport model in order to highlight the interest of a high-resolution model
for resolving fine-scale structures such as polar filaments. A PV-based analysis is
performed to estimate the area covered by polar air, vortex, and filaments in the 45� N–
55� N latitude band at 475K and their contribution to ozone loss. The polar air contribution
was found to represent usually between 20% and 40% of the total ozone loss in this
latitude band but can reach 50% during large vortex intrusions. At 475K, the total
chemical ozone loss in nonpolar air between 45� N and 55� N increases from 1% in mid-
December to 15% at the end of March. Several chemical ozone tracers are considered to
investigate the origin of the ozone loss in nonpolar air. These tracers allow us to quantify
the amount of chemical ozone destruction that occurred in the vortex, in the polar
filamentary structures, and in the nonpolar air. Until February, the main contributor to the
nonpolar ozone loss is in situ destruction at midlatitudes, but the contribution from the
ozone destruction in the polar vortex increases steadily during the winter and represents
about 50% of the total midlatitude ozone loss in April, after the vortex breakup. The
contribution from the ozone destruction within filamentary structures is found to be quasi-
negligible as a result of the limited number of filaments.INDEX TERMS: 3334 Meteorology
and Atmospheric Dynamics: Middle atmosphere dynamics (0341, 0342); 0341 Atmospheric Composition
and Structure: Middle atmosphere—constituent transport and chemistry (3334); 0340 Atmospheric
Composition and Structure: Middle atmosphere—composition and chemistry;KEYWORDS: polar filament,
midlatitude, ozone loss, irreversible transport, chemical ozone loss
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1. Introduction

[2] It is now well recognized that recent decades have seen
a decline of the total ozone column in northern midlatitudes
[World Meteorological Organization(WMO), 1999].
Reported ozone trends are larger in the winter spring seasons
(4%/decade) than in the summer autumn seasons (2%/

decade). The main contribution to the total ozone trends is
located in the 12–20 km altitude range [Harris et al., 1997].

[3] In contrast with polar ozone destruction which is
attributed to anthropogenic emissions of chlorofluorocar-
bons (CFCs) [Molina and Rowlands, 1974], the origin of
the midlatitude ozone decline still remains an open question.
Several hypothesis have been proposed. They range from in
situ chemistry, involving heterogeneous reactions on aerosol
[Hoffman and Solomon, 1989], changes in the intensity of
the Brewer-Dobson circulation leading to an effect on
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diabatic descent [Randel and Cobb, 1994], and the transport
of ozone-poor air or polar stratospheric cloud (PSC)-acti-
vated air from the polar vortices toward midlatitudes
[Waugh et al., 1994;Orsolini, 1995].

[4] This paper focuses on the last proposed mechanism
which involves the transport of polar air toward midlatitudes.
The polar vortex is relatively isolated from the midlatitude
region, but air parcels can be peeled off the vortex edge and
mixed with midlatitude air throughout the winter and spring
seasons [Plumb et al., 1994].Waugh et al.[1994] estimated
that, for January 1992, around 40% of the vortex was
transported to midlatitudes. Small-scale vertical structures,
or laminae of depleted or enriched in ozone have been
observed in ozone sonde measurements for many years
[Dobson, 1973; Reid and Vaughan, 1991]. Reid and
Vaughan[1991] found that ozone laminae were most com-
mon in winter and spring near the polar vortex edge in the
lower stratosphere, with layers typically one kilometer thick.
The polar vortex edge is deformed by the meridional wind
induced by planetary Rossby waves breaking [McIntyre and
Palmer, 1984], leading to the formation of polar air filaments
that are afterward stretched by the meridional gradient of
zonal wind. Polar air is transported to midlatitudes in these
filaments and ultimately mixed with the surrounding air by
small-scale dynamical processes [Waugh et al., 1994].

[5] Such a mechanism may have several effects. First, it
leads to transport of polar air which is poorer or richer in
ozone compared to the surrounding midlatitude air. Second,
this polar air may also be chemically activated: the stretch-
ing of filaments from the polar night to sunlit midlatitudes
leads then to in situ ozone depletion.

[6] Some of the filament processes, such as dissipation
and mixing with the surrounding air, are small-scale pro-
cesses which are not fully resolved in meteorological
analyses and therefore require high-resolution models. Dif-
ferent techniques such as reverse domain-filling trajectories
[Orsolini et al., 1997], contour advection with surgery
[Waugh et al., 1994; Mariotti et al., 1997] and high-
resolution potential vorticity (PV) advection [Hauchecorne
et al., 2002] are now able to represent the observed
filaments down to scales of a few tens of kilometers.

[7] The present paper focuses on the effect of transport of
polar air on the lower stratospheric ozone budget at mid-
latitudes for the Arctic winter 1999/2000. A three-dimen-
sional high-resolution chemical transport model has been
developed in order to estimate the amount of polar ozone
loss transported to midlatitudes and quantify its contribution
to the midlatitude ozone decline. The high-resolution model
is described in section 2. Section 3 presents an evaluation of
the ability of the model to simulate ozone chemistry in polar
and midlatitude regions. A case study of polar filament is
discussed in section 4. The amount of polar chemical ozone
loss transported toward midlatitudes is also estimated. In
section 5, the model is used to quantify the contribution of
polar air, with distinction between vortex and filaments, to
the ozone budget at midlatitudes. Section 6 is devoted to a
summary of the results and conclusions.

2. Description of the Chemical Transport Model

[8] The three-dimensional high-resolution chemical trans-
port model called Mode`le Isentropique de transport Me´so-

échelle de l’Ozone Stratosphe´rique par Advection avec
CHIMie (MIMOSA-CHIM) has been developed to study
the role of small-scale transport processes in determining
the chemical composition of the stratosphere. The chemistry
scheme originates from the Reactive Processes Ruling the
Ozone Budget in the Stratosphere (REPROBUS) model
[Lefèvre et al., 1994]. The ability of the MIMOSA dynam-
ical model to describe filamentary structures through the
advection of potential vorticity (PV), as a quasi-passive
tracer, has been already evaluated during comparisons
against airborne lidar measurements within the framework
of the METRO project [Hauchecorne et al., 2002;Heese et
al., 2001], and against observations of ozone laminae on
lidar profiles at the Observatoire de Haute Provence (OHP,
44N-6E) [Godin et al., 2002].

[9] The model uses an isentropic vertical coordinate
(surfaces of constant potential temperature) with ten levels
between 350K and 950K, resulting in a vertical resolution
of approximately 2 km in the lower stratosphere. The model
horizontal resolution used for this study is 1� latitude� 1�
longitude. The model domain is centered onto the North
Pole and covers the Northern Hemisphere down to 30� N in
the present version. The model is forced by temperature,
pressure and wind fields provided by ECMWF (European
Centre for Medium-Range Weather Forecasts) daily analy-
ses. Since the lifetime of filaments are 10 days typically, the
daily analyses are sufficient to resolve the temporal evolu-
tion of the filaments. The spatial resolution of the meteoro-
logical analyses is 2.5� � 2.5� , corresponding to the T42
truncation. In order to take into account fluxes from regions
below the 30� N latitude, PV fields of the ECMWF analyses
and REPROBUS chemical fields are used to force this
boundary of the model. PV forcing occurs daily. Since the
REPROBUS chemical fields are available every 10 days,
they are interpolated in time for the forcing. In order to
initialize the model at the beginning of the simulation, the
PV fields provided by the ECMWF analyses and the
REPROBUS chemical fields are interpolated linearly onto
the finer MIMOSA-CHIM horizontal grid.

[10] The ECMWF daily winds are used to advect chem-
ical species and PV, with a time step of 1 h. The advection
scheme is semi-Lagrangian. The original orthogonal grid is
stretched and deformed by horizontal gradients in the wind
field. It is necessary to re-interpolate the advected model
fields onto the original grid in order to conserve the distance
between two adjacent grid points. The interpolation onto the
original grid is performed every 6 h. This regridding process
induces a numerical diffusion which is minimized by an
interpolation scheme based on the preservation of the
second order moments of the PV and chemical species
distributions [Hauchecorne et al., 2002].

[11] It is necessary to take into account the diabatic
vertical transport across isentropic surfaces for simulations
larger than a few days. The radiation scheme used to
calculate the heating rates is taken from the SLIMCAT
model [Chipperfield, 1999] and was initially developed by
Shine [1987] andShine and Rickaby[1989]. Ozone and
water vapor fields used in the radiative calculations are
climatologies. It must be pointed out that the heating rates
calculated by the radiative scheme are not adjusted to ensure
global mass balance (i.e., globally integrated vertical mass
fluxes on isentropic surfaces is not null). This correction
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could not be included because the meteorological analyses
were only available to us over the Northern Hemisphere.
The radiation scheme uses dummy levels between the
MIMOSA-CHIM isentropic levels and the heating rates
are calculated every day. The vertical scheme is based on
the mass fluxes estimation on these dummy levels to
calculate cross isentropic the diabatic transport. The diabatic
evolution of PV is taken into account by relaxing the model
PV toward the PV calculated from the ECMWF fields with
a relaxation time of 10 days. It is assumed that, at least for
the larger scales, diabatic changes of PVare accounted for in
the evolution of the ECMWF PV fields.

[12] The chemical scheme is taken from the REPROBUS
CTM [Lefèvre et al., 1994]. The stratospheric chemistry is
comprehensive and the scheme contains an heterogeneous
chemistry module which takes into account liquid super-
cooled aerosols, as well as NAT and ice particles. In order to
determine the cumulative ozone loss during the integration,
a ozone passive tracer was also implemented in the model.
This tracer is initialized in the same way as ozone at the
beginning of the winter and is then advected passively
without any production and loss term. The time step for
integrating the chemistry is 15 min.

[13] The model chemistry was initialized on 13 December
1999 from a REPROBUS chemical simulation. The simu-
lations ran continuously until 30 April 2000. high-resolution
PV and chemical fields were stored at 0000 and 1200 UT
every day.

3. Model Validation

[14] The first objective of developing the high-resolution
model is to quantify the effect of transport of polar air on
lower stratospheric ozone at midlatitudes. With this aim in
mind, the description of polar and midlatitude ozone by the
model needs to be validated. Such a validation was
performed for the Arctic region. Figure 1 presents a
comparison between the ozone sonde measurements at
Ny-A� lesund (79� N, 12� E) and the model values from
December 1999 to late March 2000 at 435K and 475K.
The movement of the polar vortex with respect to the
station is determined by comparing the potential vorticity
at the station with the potential vorticity at the outer edge
of the vortex. This movement can be divided in two
periods. From December 1999 to 16 March 2000 (day
76), the measurements are mostly taken inside the vortex
core with some short periods when the edge of the vortex
is scanned. In the second part of the winter, from 16 March
to the end of March, the station is alternately at the edge,
outside the vortex and sometimes within filamentary
structures. This is well reflected in the time series of the
ozone mixing ratio showing large variations during that
period. This offers us the opportunity to describe the
evolution of ozone within the polar vortex during the
activation period and to contrast it with the evolution of
ozone at midlatitudes.

[15] From December 1999 to mid-January, the evolution
of polar ozone at 435K and 475K should be largely
controlled by the diabatic descent of ozone from above.
During this period, our model MIMOSA-CHIM tends to
calculate ozone values below the measurements and the
REPROBUS values until the end of January, especially at

435K. At this level the diabatic descent rate in REPROBUS
was found to be accurate when compared to the SAGE III—
Ozone Loss and Validation Experiment and Third European
Stratospheric Experiment on Ozone 2000 (SOLVE/THE-
SEO) measurements [Greenblatt et al., 2002]. Therefore the
difference between both models suggests that MIMOSA-
CHIM somewhat underestimates the diabatic subsidence at
the beginning of the winter, when it is strongest at 435K.
This bias is being investigated and may be related to the
relatively low vertical resolution of MIMOSA-CHIM, the
low-order vertical advection scheme, or improper global
mass balance in the model.

[16] The chlorine activation (not shown) starts in the
model around day 40 with ClO mixing ratio rapidly reach-
ing values of 1.2 ppbv at 435K and 1.5 ppbv at 475K. The
model reproduces reasonably well the slope of the ozone
decline observed over Ny-A� lesund from day 40 until day 75
(mid-March) at 435K and 475K. At 435K, however, the
insufficient diabatic descent at the beginning of the winter
leads to ozone values that are systematically lower than the
measurements by about 0.4–0.5 ppmv. By comparing the

Figure 1. Temporal evolution of ozone mixing ratio at
Ny-A� lesund (79� N, 12� E) during winter 2000. Comparison
between the ozone sondes measurement and the ozone
calculated by the MIMOSA-CHIM model (1� � 1� ) and the
REPROBUS CTM (2� � 2� ) at (a) 435K and at (b) 475K.
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ozone passive tracer and the model ozone, the chemical
ozone loss, which should strictly be called net chemical
ozone change, is estimated to reach about 1.7 ppmv at 435K
and 1.8 ppmv (about 50% loss) at 475K by 12 March 2000.
This range is in good agreement with other estimates
obtained using different methods [Rex et al., 2000; Sinn-
huber et al., 2000; Braathen et al., 2000; Deniel et al.,
2000].

[17] The REPROBUS model tends to underestimate the
ozone loss in late February/early March especially at 475K in
the vortex. The contrast between polar and midlatitude air is
also not large enough between day 80 and day 90. The
differences between the ozone simulations of the MIM-
OSA-CHIM and REPROBUS models are likely to be due
to the differences in resolution. The high resolution, with the
reduced diffusion, used in MIMOSA-CHIM reduces the ho-
rizontal mixing through the vortex edge. As a result, the
strong ozone gradients occurring at the vortex edge toward
the end of the winter are better preserved in the MIMOSA-
CHIM simulations than in the REPROBUS simulations. The
larger diffusion in the REPROBUS model leads to non-
activated midlatitude air getting into the vortex. This mixing
inhibits the destruction of polar ozone and flattens the
contrast between polar and midlatitude ozone.

[18] In order to validate the model ozone behavior at
midlatitudes, Figure 2 compares lidar ozone measurements
at the Observatoire de Haute Provence (OHP, 44� N, 6� E) and
the MIMOSA-CHIM and REPROBUS models at 435K and
475K. REPROBUS results are only shown at the dates of the
lidar measurements, whereas the temporal resolution of
MIMOSA-CHIM is two values per day. The ozone lidar
measurements are performed using the DIAL method [Godin
et al., 1989], and provide a relatively large sampling of the
ozone field with around 15 measurements per month. Over-
all, the temporal evolutions of ozone simulated by both
models compares well with the measurements. At 435K,
the differences in ozone between the REPROBUS and
MIMOSA-CHIM simulations range, on average, 15% and
7%, respectively. At 475K, these difference are about 6%
and 4%, respectively, between REPROBUS and MIMOSA-
CHIM. Because of the stability of the vortex in winter 2000,
the passage of polar filaments, or of the polar vortex itself,
was relatively rare above the OHP station. One filament and a
vortex intrusion occurred in early and mid-March as revealed
by sharp increases in PV values over the OHP station at 475K.
The vortex had started to break up during that period. The
MIMOSA-CHIM simulations indicate a chemical ozone loss
over the OHP station varying from 1% to 12% at 435K and
1% to 15% at 475K during the winter. A peak ozone loss of
about 30% is predicted on 3 March 2000 at 475K, corre-
sponding to the vortex intrusion over the station.

4. Resolving Small-Scale Features With
High-Resolution Modeling

[19] Small-scale structures like filaments are often not
fully resolved in large-scale models. This could represent a
potentially significant source of error in establishing the
ozone budget, especially at midlatitudes. High-resolution
advection models are more able to resolve the very fine
structures present in PV and chemical fields. In principle,
they should reduce spurious mixing and better preserve the

gradients in the fields. In addition, averaging and mixing can
affect calculated chemical rates.Edouard et al.[1996] found
a very strong dependency of the calculated polar ozone loss
on the model resolution by comparing simulations of a single
layer model run at varying resolutions. They attributed this
high sensitivity to the averaging of small-scale variability in
ozone-destroying ClO. However, results from other studies
suggested that their results were model-dependent.Tan et al.
[1998] also showed that predicted ozone loss rates are
sensitive to model resolution in the regime relevant to
current large-scale models (i.e., 100 km or more), but that
sensitivity decreases considerably once the resolution is less
than 100 km.Sparling et al.[1998] analyzed high-resolution
aircraft ClO data over scales ranging from 50 to 800 km.
They found that calculated ozone loss rate due to the ClO
dimer cycle can be in error by as much as about 40% at the
vortex edge when averaging the data over 800 km. Small
errors (less than 10%) were found inside the vortex.Searle et
al. [1998a, 1998b] found little sensitivity of the calculated
polar ozone loss on the model resolution in chemical trans-
port model simulations integrated at resolutions ranging

Figure 2. Temporal evolution of ozone mixing ratio at
OHP (44� N, 6� E) during winter 2000. Comparison between
the ozone lidar measurement and the ozone calculated by
the MIMOSA-CHIM model (1� � 1� ) and the REPROBUS
CTM (2� � 2� ) at (a) 435K and at (b) 475K.
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from 80 to 300 km. Their results demonstrated that, under
conditions of moderate to large chlorine activation within the
vortex, the effects of averaging on calculated polar ozone
loss are necessarily small. The issue of model resolution
becomes more important for a weakly activated vortex.
These results suggest that the spatial averaging of small-
scale features plays a minor role in the strong sensitivity of
calculated polar ozone loss to model resolution found by
Edouard et al.[1996]. It seems likely that the main cause lies
within resolution-dependent transport or mixing across the
vortex edge accompanied by chlorine deactivation. All the
studies mentioned above focus on the effects of model
resolution on polar ozone loss. The effect of model reso-
lution and, in particular, resolving polar filaments, on
calculated midlatitude ozone loss is still an unresolved issue.
In order to illustrate the interest of the MIMOSA-CHIM
model for the study of polar structures and their chemical
effects, a case study of polar filament on 29 February 2000 at
435K is presented here.

[20] Figure 3 shows a comparison between PV fields
calculated from the ECMWF analyses at 2.5� horizontal
resolution and by the MIMOSA-CHIM model at 1� reso-
lution. The ‘‘advected’’ PV field reproduced by a transport
model represents better the filament structure of polar air
than the ‘‘dynamical’’ PV field computed directly using
meteorological variables. MIMOSA-CHIM shows the
development of a filamentary structure on that day, with a
large tongue of polar air extends from the edge of the vortex
over Siberia to the northern Atlantic at about 40N latitude.
High-PV blobs are only visible along the filament in the

large-scale ECMWF analyses. These features do not appear
to be connected to the core of the vortex. The resolution
does not allow us to follow accurately the thin filament
stretching toward midlatitudes.

[21] Figure 4 shows, for the same day and the same
isentropic level as Figure 3, the comparison between chem-
ical ozone loss fields provided by the MIMOSA-CHIM
model and by the REPROBUS models. The MIMOSA-
CHIM resolution is again twice as high as the REPROBUS
resolution. The filament is characterized by chemical ozone
loss values which are characteristic of the inside or the edge
of the vortex. Only the end of the filament is clearly visible
in the REPROBUS ozone loss field. The MIMOSA-CHIM
numerical diffusion is likely to be stronger than the true
stratospheric diffusivity. However, it remains smaller than in
CTMs like REPROBUS. The high resolution allows us to
track better the ozone loss within the nearly full extent of
the filament. MIMOSA-CHIM predicts on that day ozone
losses between 15% and 30% inside the filament whereas
they range between 10% and 20% in REPROBUS. These
differences can be explained, on one hand, by different
losses within the vortex, and, on the other hand, by a better
representation of the small-scale filamentation processes at
the vortex edge in MIMOSA-CHIM. In addition, the better
preservation of the gradients at the edge of the filamentary
structure in MIMOSA-CHIM reduces the effect of mixing
on the chemical composition of the filament during its
transport toward midlatitudes.

[22] The filament of 29 February 2000 originated at the
edge of the vortex in mid-February. At that time, the vortex

Figure 3. Potential vorticity on 2 February 2000 at 435K. Comparison between (a) the PV field
advected by MIMOSA (1� � 1� ) and (b) the ECMWF analyses (2.5� � 2.5� ). (PV expressed in pv unit.)
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