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Center for Atmospheric Research, Boulder, CO, USA
3 Max-Planck-Institut für Meteorologie, Hamburg, Germany
4 Norwegian Institute for Air Research (NILU), Kjeller, Norway
2 National

Received: 30 December 2002 – Published in Atmos. Chem. Phys. Discuss.: 25 February 2003
Revised: 4 June 2003 – Accepted: 16 June 2003 – Published: 23 June 2003

Abstract. High-resolution simulations of the chemical composition of the Arctic stratosphere during late spring 1997
and 2000 were performed with the Chemical Lagrangian
Model of the Stratosphere (CLaMS). The simulations were
performed for the entire northern hemisphere on two isentropic levels 450 K (≈18 km) and 585 K (≈24 km).
The spatial distribution and the lifetime of the vortex remnants formed after the vortex breakup in May 1997 display
different behavior above and below 20 km. Above 20 km,
vortex remnants propagate southward (up to 40◦ N) and are
“frozen in” in the summer circulation without significant
mixing. Below 20 km the southward propagation of the remnants is bounded by the subtropical jet. Their lifetime is
shorter by a factor of 2 than that above 20 km, owing to significant stirring below this altitude. The behavior of vortex
remnants formed in March 2000 is similar but, due to an earlier vortex breakup, dominated during the first 6 weeks after
the vortex breakup by westerly winds, even above 20 km.
Vortex remnants formed in May 1997 are characterized by
large mixing ratios of HCl indicating negligible, halogeninduced ozone loss. In contrast, mid-latitude ozone loss in
late boreal spring 2000 is dominated, until mid-April, by
halogen-induced ozone destruction within the vortex remnants, and subsequent transport of the ozone-depleted polar
air masses (dilution) into the mid-latitudes. By varying the
intensity of mixing in CLaMS, the impact of mixing on the
formation of ClONO2 and ozone depletion is investigated.
We find that the photochemical decomposition of HNO3 and
not mixing with NOx -rich mid-latitude air is the main source
of NOx within the vortex remnants in March and April 2000.
Ozone depletion in the remnants is driven by ClOx photolytically formed from ClONO2 . At the end of May 1997, the
halogen-induced ozone deficit at 450 K poleward of 30◦ N
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amounts to ≈12% with ≈10% in the polar vortex and ≈2%
in well-isolated vortex remnants after the vortex breakup.

1

Introduction

Long-term ground-based measurements over Europe show
that the total column of ozone began to decline in the 1970s.
The decrease was greatest in the winter/spring period, with
the ozone decline trend in the late 1990s being around 3–
6%/decade. The main contribution is located in the 12–20 km
altitude range (WMO, 1998).
One of the widely discussed mechanisms contributing to
this trend is the ozone depletion in the Arctic vortex and
its impact on the mid-latitudes. During winter and spring,
chlorine in the polar vortex is activated on the surface of polar stratospheric clouds and causes severe ozone destruction
(WMO, 1998). Knudsen and Grooß (2000) estimated from
calculations done for 1995 and 1997 that approximately 40%
of the observed TOMS total ozone trends result from transport of the ozone-depleted vortex air into the mid-latitudes.
By applying this method north of 63◦ for the period 1992–
2000, Andersen and Knudsen (2002) deduced that the major
part (75%) of the observed Arctic ozone decrease in March
and most of the variability may be explained by winter/spring
ozone depletion in the polar vortex. On the other hand, using
3-D CTM studies Chipperfield and Jones (1999) showed that
during the 1990s the dynamic variations dominated the interannual variability of ozone north of 63◦ with little evidence
of a trend towards more wintertime chemical depletion.
The first studies considering the details of the transport
of the vortex air into the mid-latitudes were based on LIMS
data (LIMS – Limb Infrared Monitor of the Stratosphere)
and GCM simulations. Hess (1991) found that long-lived
anomalies of tracers were still observed two months after
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the breakup of the polar vortex in spring 1979. Using the
PDF technique for 3-D simulations of N2 O, Orsolini (2001)
identified some long-lived westward-propagating tracer patterns in the 1998 summer polar stratosphere above 20 km that
resulted from the slow advection of coarsely-mixed vortex
remnants. Based on 3-D CTM simulations with a parameterized ozone chemistry, Piani et al. (2002) showed that by the
end of June, 2000, above 420 K, much of the ozone-depleted
air was transported from the polar regions to the subtropics,
whereas below 420 K, these air masses remained polarward
of ≈55◦ N. They suggested that below 420 K the subtropical
jet provides an effective transport barrier while stirring after
the breakup of the polar vortex is important at upper levels.
Despite these achievements, questions concerning the lifetime, the spatial distribution, and the year-to-year variability
of such remnants are still open. Also their impact on the total
ozone column, in particular over the densely populated regions in northern mid-latitudes, needs to be quantified. Furthermore, only few studies exist that discuss the effect of stirring and mixing on the ozone chemistry in the slowly diluting
vortex remnants (Marchand et al., 2003).
Inaccurate representation of mixing in photochemical
transport models may influence the predictions of stratospheric ozone depletion (Edouard et al., 1996; Searle et al.,
1998a,b). Satellite observations (Riese et al., 1999), in situ
measurements (Tuck, 1989), and dynamical model studies
based on such experiments (e.g. Plumb et al., 1994; Waugh
et al., 1997; Orsolini et al., 1997; Balluch and Haynes, 1997)
demonstrated the existence of filamentary structures on a
broad range of spatial scales in stratospheric chemical tracer
fields. Chemical transport models that do not resolve filamentary structures and do not represent their dissipation
times realistically will not simulate non-linear chemical reactions accurately. Using a photochemical box model to study
the impact of mixing on the deactivation of stratospheric
chlorine, Tan et al. (1998) showed that both box models without mixing and the currently employed grid-based numerical
models can, in certain circumstances, significantly over- and
underestimate the observed ozone loss rates. Furthermore,
based on idealized isentropic simulations, they concluded
that a spatial resolution better than 40 km is necessary to obtain a correct description of ozone loss that is not sensitive to
the numerical diffusivity of the model.
To study the impact of transport on the spatial distribution,
the lifetime, and the ozone chemistry in the vortex remnants
in spring/summer 1997 and 2000, we use the high-resolution,
isentropic (2-D) version of the Chemical Lagrangian Model
of the Stratosphere (CLaMS) (McKenna et al., 2002,a). We
chose these two periods because of their completely different
characteristics with respect to the lifetime of the Arctic polar
vortex: Whereas the vortex in 1997 was extremely long-lived
with the final breakup around mid-May (Coy et al., 1997),
the vortex decay in mid-March 2000 is more typical for the
final warmings observed in the last twenty years (Manney
and Sabutis, 2000).

The Lagrangian view of transport allows mixing to be described in its own way. Mixing in CLaMS is induced by an
adaptive regridding of the (isentropic) air parcels (APs) with
mean distance to the next neighbors given by r0 (model resolution). The regridding procedure is applied after each advection time step 1t (6–24 hours) that is conducted in terms of
isentropic (2-D) trajectories. The mixing intensity is driven
by the horizontal deformations in the flow measured by the
finite time Lyapunov exponent λ. Significant mixing occurs
only in flow regions where λ exceeds a prescribed critical
value λc . In contrast, in the Eulerian approach the numerical
diffusion is present always and everywhere due to the high
frequency of interpolations of fluid elements on the fixed spatial grid (Courant criterion), the contribution of the CLaMS
regridding procedure to the transport can be contolled. It can
be continuously reduced (e.g. by increasing the critical Lyapunov exponent λc ) until tracers are solely transported along
trajectories without any mass exchange between the APs. We
call this (reversible) part of transport pure advection. The regridding procedure is controlled by the critical Lyapunov exponent λc , the model resolution r0 , and the length of the advection time step 1t (or the grid adaptation frequency 1/1t).
These parameters define the (irreversible) part of transport,
i.e. mixing.
The paper is organized as follows. In Sect. 2 we describe
the model configuration and justify the isentropic approximation by comparing the CLaMS CH4 distributions with
HALOE observations. Section 3 discusses the spatial distribution and the lifetime of the vortex remnants observed in
spring and summer 1997 and 2000. In Sect. 4, the ozone
chemistry occurring in these remnants is considered. The
impact of mixing on the chlorine deactivation and the ozone
loss is discussed in Sect. 5. Finally, conclusions are drawn in
Sect. 6.
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Simulations with CLaMS

Isentropic CLaMS studies are carried out for two periods:
10.04–31.07 1997 and 10.2-01.06 2000, at the two isentropic
levels 450 and 585 K. The meteorological fields are taken
from ECMWF data. As a reference case, we employ a (quasiuniform) distribution of APs over the northern hemisphere
with the distance between the neighboring APs r0 = 65 km
and r0 = 200 km north- and southward of 30◦ N, respectively. The critical Lyapunov exponent λc and the time step
1t are set to 1.2 day−1 and 24 hours, respectively. In the
following, we call this configuration of mixing parameters
adjusted or optimal mixing. The optimal mixing leads to the
best agreement between the CLaMS simulations and the in
situ aircraft measurements of tracers observed at the edge of
the northern polar vortex during the SOLVE/THESEO-2000
campaign (Konopka et al., 2003). The combinations of the
mixing parameters can be quantified by the so-called effective diffusivity (perpendicular to the wind direction) given as
www.atmos-chem-phys.org/acp/3/839/
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Fig. 4. Meridional (zonally averaged) contribution of vortex air at θ = 450 (left) and 585 K (right) for CLaMS simulation without (top) and
with excessive (bottom) mixing. The colors denote the zonally averaged percentage of the vortex air changing from 100% (pure vortex air)
to 0% (pure extra vortex air). The black lines denote the tracks of the vortex air masses during their transport into the mid-latitudes (see also
Fig. 3)Fig. 4. Meridional (zonally averaged) contribution of vortex air at θ = 450 (left) and 585 K (right) for CLaMS simulation without (top) and
with excessive (bottom) mixing. The colors denote the zonally averaged percentage the vortex air changing from 100% (pure vortex air) to
0% (pure extra vortex air). The black lines denote the tracks of the vortex air masses during their transport into the mid latitudes (see also
Fig. 3)
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and a subsequent transformation to HCl (Douglass et al.,
1995). The main source of NOx that is controlling the de-
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days after the vortex breakup) significantly enhenced mixing ratios of HCl become apparent in the simulated vortex

Fig. 5. Zonally averaged Lyapunov exponent λ during the 1997
period calculated over a time step ∆t = 12 hours at θ = 450 and
585 K. Note that the summer circulation at 585 K is characterized
low values
of λ.
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Using an Eulerian model, Tan et al. (1998) postulated a
much stronger influence of the numerical mixing on the chlorine deactivation. www.atmos-chem-phys.org/0000/0001/
They concluded that Eulerian grid resolution better than 40 km is necessary to correctly describe the
deactivation process. Assuming that the numerical diffusivity is proportional to r02 /1t, the discussed Lagrangian critical resolution r0L = r0 ≈ 100 km can be transformed
to an
√
equivalent Eulerian resolution r0E by r0E = r0L 1tE /1tL
where 1tL ≈ 24 hours and 1tE ≈ 15 min are the typical
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Lagrangian and Eulerian time steps. Using this crude estimate, we obtain r0E ≈ 10 km that probably underestimates the critical resolution of the Eulerian schemes discussed by Tan et al. (1998) (the difference between the 10 and
40 km is probably due to the weak diffusivity of the Prather
scheme). Nevertheless, the small numerical diffusion of the
Lagrangian transport allows the mixing-sensitive processes
to be studied by using model resolutions that are coarser than
the corresponding Eulerian studies.
In addition, our studies show that mixing may influence
chemistry in some small-scale filaments during their final
dissipation. For budget studies (e.g. impact of mixing on
the mid-latitude ozone deficit) such small-scale structures
are negligible if compared with large, coherent vortex fragments where the bulk contribution outweighs the effect of
the mixing-sensitive surface. Thus, even after the vortex
breakup in mid-March 2000, the averaged deactivation process is dominated by in situ chemistry rather than mixing.
Furthermore, the results of pure advection studies (i.e. in
terms of the photochemical box model) do not significantly
differ from the simulations with the optimal mixing. One reason for this weak impact of mixing on the O3 chemistry may
be the fact that shortly before the vortex breakup a significant
amount of active chlorine was transformed into ClONO2 . If
strong intrusions of the mid-latitude air occur into a vortex
with chlorine fully activated (as discussed e.g. in Plumb et al.,
1994), the importance of mixing on the deactivation process
may be higher.

mined by the chaotic advection, their lifetime, in contrast,
strongly depends on mixing and above 20 km it is approximately twice as long as below 20 km. The isentropic simulations may underestimate mixing and, consequently, the absolute lifetimes of the vortex remnants, in particular during the
phase when the vortex remnants lose their vertical coherence.
The different times of vortex breakup in 1997 and 2000
are responsible for different chemical signatures in vortex
remnants simulated with CLaMS and observed by HALOE.
The O3 chemistry in the vortex remnants strongly depends
on the partitioning between active and reservoir compounds
within the Cly and Bry families. If shortly before the vortex
breakup, most of the chlorine is contained in HCl (as in 1997)
then small ozone loss rates have to be expected in the vortex remnants, which are mainly driven by the HOx (450 K)
and NOx (585 K) destruction cycles. If, on the other hand,
ClONO2 and partially ClOx are the main reservoirs of the
chlorine shortly before the vortex breakup (as in 2000), then
a chlorine-induced ozone destruction within the vortex remnants can be expected mainly due the photolytical decomposition of ClONO2 . The impact of mixing is negligible due to
a negligible flux of NOx into the (coherent) vortex remnants.
Here, the more important source of NOx is the photolytical
decomposition of HNO3 .
For both investigated periods the simulated O3 loss in the
vortex remnants is dominated by the in situ chemistry in the
Lagrangian air parcels rather than by mixing between these
air parcels and the mid-latitude air. The sensitivity studies
with respect to mixing show that the accumulated ozone loss
does not change as long as the effective diffusivity in the
model is smaller than 104 m2 /s, that is if the (Lagrangian)
model resolution is better than 100 km.

6

Conclusions

Full chemistry simulations were carried out with the Chemical Lagrangian Model of the Stratosphere (CLaMS) to study
the spatial distribution, lifetime and O3 chemistry of the vortex remnants created after the vortex breakup in spring and
summer 1997 and 2000. Isentropic 2-D simulations on two
isentropic levels 450 K (≈ 18 km) and 585 K (≈ 24 km) were
conducted with a very high spatial resolution (up to 20 km)
in order to resolve the filamentary structure of slowly dissipating vortex remnants. The isentropic approximation was
justified by the comparison with the HALOE tracer measurements and radiation calculations.
In agreement with the investigations of Orsolini (2001)
and Piani et al. (2002), the zonal distribution of the vortex air
after the vortex breakup shows different patterns above and
belove 20 km. Especially in summer 1997, the differences
are evident with long-lived vortex remnants above 20 km,
which are trapped in the “solid body” summer circulation
with very weak mixing, and, below 20 km, with a significant
stirring and mixing caused by the influence of the subtropical
jet. The subtropical jet bounds the southward propagation of
the remnants up to 55◦ N below 20 km whereas above 20 km
the weakly mixed vortex air may reach 40◦ N. Although the
meridional distribution of such remnants is mainly deterAtmos. Chem. Phys., 3, 839–849, 2003
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