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Abstract. High-resolution simulations of the chemical com- amounts tox12% with~10% in the polar vortex angt2%
position of the Arctic stratosphere during late spring 1997in well-isolated vortex remnants after the vortex breakup.
and 2000 were performed with the Chemical Lagrangian
Model of the Stratosphere (CLaMS). The simulations were
performed for the entire northern hemisphere on two isen-l Introduction
tropic levels 450 K £18 km) and 585 K424 km).

The spatial distribution and the lifetime of the vortex rem-
nants formed after the vortex breakup in May 1997 display
different behavior above and below 20km. Above 20km
vortex remnants propagate southward (up tdN)Cand are
“frozen in” in the summer circulation without significant
mixing. Below 20 km the southward propagation of the rem-

nants is bounded by the subtropical jet. Their lifetime is . . . o
: : One of the widely discussed mechanisms contributing to
shorter by a factor of 2 than that above 20 km, owing to sig-,, . . L )
this trend is the ozone depletion in the Arctic vortex and

nificant stirring below this altitude. The behavior of vortex its impact on the mid-latitudes. Durina winter and sorin
remnants formed in March 2000 is similar but, due to an ear- P ) 9 pring,

. ; ; ! chlorine in the polar vortex is activated on the surface of po-
lier vortex breakup, dominated during the first 6 weeks after ; .

X lar stratospheric clouds and causes severe ozone destruction
the vortex breakup by westerly winds, even above 20 km.

Vortex remnants formed in May 1997 are characterized by(WMO’ 1998). Knudsen and GrooB (2000) estimated from

. . A L calculations done for 1995 and 1997 that approximately 40%
large mixing ratios of HCI indicating negligible, halogen-
. . . . of the observed TOMS total ozone trends result from trans-
induced ozone loss. In contrast, mid-latitude ozone loss in ort of the ozone-deleted vortex air into the mid-latitudes
late boreal spring 2000 is dominated, until mid-April, by P b '

halogen-induced ozone destruction within the vortex rem-By applying this method north of 63or the period 1992

nants, and subsequent transport of the ozone-depleted polgpoo’ Andersen and Knudsen (2002) deduced that the major

) S . . . part (75%) of the observed Arctic ozone decrease in March
air masses (dilution) into the mid-latitudes. By varying the and most of the variability may be explained by winter/sprin
intensity of mixing in CLaMS, the impact of mixing on the ymay P y pring

formation of CIONG and ozone depletion is investigated ozone depletion in the polar vortex. On the other hand, using
We find that the photochemical decomposition of HN&Dd 3-D CTM studies Chipperfield and Jones (1999) showed that

not mixing with NG -rich mid-latitude air is the main source during the 1990s the dynamic variations dominated the inter-

of NO, within the vortex remnants in March and April 2000. annual variability of ozone north of 83Nlth little ewdgnce
C L of a trend towards more wintertime chemical depletion.
Ozone depletion in the remnants is driven by Ciihotolyt-

. The first studies considering the details of the transport
E;%;%r-%iﬂg;%mo%gg%éfiﬁitttgte fsng KO fpgzzv;f;}gg of the vortex air into the mid-latitudes were based on LIMS

data (LIMS — Limb Infrared Monitor of the Stratosphere)
Correspondence td?. Konopka and GCM simulations. Hess (1991) found that long-lived
(p.konopka@fz-juelich.de) anomalies of tracers were still observed two months after

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).
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the breakup of the polar vortex in spring 1979. Using the The Lagrangian view of transport allows mixing to be de-
PDF technique for 3-D simulations of/, Orsolini (2001)  scribed in its own way. Mixing in CLaMS is induced by an
identified some long-lived westward-propagating tracer pat-adaptive regridding of the (isentropic) air parcels (APs) with
terns in the 1998 summer polar stratosphere above 20 km thahean distance to the next neighbors givemgpgmodel reso-
resulted from the slow advection of coarsely-mixed vortexlution). The regridding procedure is applied after each advec-
remnants. Based on 3-D CTM simulations with a parametertion time stepAr (6—24 hours) that is conducted in terms of
ized ozone chemistry, Piani et al. (2002) showed that by tha@sentropic (2-D) trajectories. The mixing intensity is driven
end of June, 2000, above 420 K, much of the ozone-depletely the horizontal deformations in the flow measured by the
air was transported from the polar regions to the subtropicsfinite time Lyapunov exponerit. Significant mixing occurs
whereas below 420 K, these air masses remained polarwaranly in flow regions where. exceeds a prescribed critical
of ~55°N. They suggested that below 420 K the subtropicalvalue.. In contrast, in the Eulerian approach the numerical
jet provides an effective transport barrier while stirring after diffusion is present always and everywhere due to the high
the breakup of the polar vortex is important at upper levels. frequency of interpolations of fluid elements on the fixed spa-
Despite these achievements, questions concerning the lifettal grid (Courant criterion), the contribution of the CLaMS
time, the spatial distribution, and the year-to-year variability regridding procedure to the transport can be contolled. It can
of such remnants are still open. Also theirimpact on the totalbe continuously reduced (e.g. by increasing the critical Lya-
ozone column, in particular over the densely populated repunov exponent.) until tracers are solely transported along
gions in northern mid-latitudes, needs to be quantified. Furtrajectories without any mass exchange between the APs. We
thermore, only few studies exist that discuss the effect of stir-call this (reversible) part of transport pure advection. The re-
ring and mixing on the ozone chemistry in the slowly diluting gridding procedure is controlled by the critical Lyapunov ex-
vortex remnants (Marchand et al., 2003). ponenti., the model resolutiong, and the length of the ad-
Inaccurate representation of mixing in photochemical vection time step\t (or the grid adaptation frequencyAzr).
transport models may influence the predictions of strato-These parameters define the (irreversible) part of transport,
spheric ozone depletion (Edouard et al., 1996; Searle et ali,e. mixing.
1998a,b). Satellite observations (Riese et al., 1999), in situ The paper is organized as follows. In Sect. 2 we describe
measurements (Tuck, 1989), and dynamical model studieshe model configuration and justify the isentropic approx-
based on such experiments (e.g. Plumb et al., 1994; Waugimation by comparing the CLaMS CHdistributions with
etal., 1997; Orsolini et al., 1997; Balluch and Haynes, 1997)HALOE observations. Section 3 discusses the spatial dis-
demonstrated the existence of filamentary structures on &ibution and the lifetime of the vortex remnants observed in
broad range of spatial scales in stratospheric chemical tracespring and summer 1997 and 2000. In Sect. 4, the ozone
fields. Chemical transport models that do not resolve fil-chemistry occurring in these remnants is considered. The
amentary structures and do not represent their dissipatioimpact of mixing on the chlorine deactivation and the ozone
times realistically will not simulate non-linear chemical reac- loss is discussed in Sect. 5. Finally, conclusions are drawn in
tions accurately. Using a photochemical box model to studySect. 6.
the impact of mixing on the deactivation of stratospheric
chlorine, Tan et al. (1998) showed that both box models with-
out mixing and the currently employed grid-based numerical2 Simulations with CLaMS
models can, in certain circumstances, significantly over- and
underestimate the observed ozone loss rates. Furthermorksentropic CLaMS studies are carried out for two periods:
based on idealized isentropic simulations, they concluded 0.04—-31.07 1997 and 10.2-01.06 2000, at the two isentropic
that a spatial resolution better than 40 km is necessary to oblevels 450 and 585 K. The meteorological fields are taken
tain a correct description of ozone loss that is not sensitive tdrom ECMWEF data. As a reference case, we employ a (quasi-
the numerical diffusivity of the model. uniform) distribution of APs over the northern hemisphere
To study the impact of transport on the spatial distribution, with the distance between the neighboring ABs= 65 km
the lifetime, and the ozone chemistry in the vortex remnantsand rg = 200 km north- and southward of 39, respec-
in spring/summer 1997 and 2000, we use the high-resolutiontively. The critical Lyapunov exponent. and the time step
isentropic (2-D) version of the Chemical Lagrangian Model Ar are set to 1.2 day* and 24 hours, respectively. In the
of the Stratosphere (CLaMS) (McKenna et al., 2002,a). Wefollowing, we call this configuration of mixing parameters
chose these two periods because of their completely differenadjusted or optimal mixing. The optimal mixing leads to the
characteristics with respect to the lifetime of the Arctic polar best agreement between the CLaMS simulations and the in
vortex: Whereas the vortex in 1997 was extremely long-livedsitu aircraft measurements of tracers observed at the edge of
with the final breakup around mid-May (Coy et al., 1997), the northern polar vortex during the SOLVE/THESEO-2000
the vortex decay in mid-March 2000 is more typical for the campaign (Konopka et al., 2003). The combinations of the
final warmings observed in the last twenty years (Manneymixing parameters can be quantified by the so-called effec-
and Sabutis, 2000). tive diffusivity (perpendicular to the wind direction) given as
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D= r§/(4At) exp(—2x.At) (McKenna et al. (2002) use the CH, [ppm]
notation D¢ for the effective diffusivityD discussed here). —

For the optimal mixingD amounts to 1.1 m2s~1 north- 1.60
ward of 30N. 1.48
In addition, to study the influence of mixing on chem- 136
istry, we consider distributions of APs with spatial resolu-
tions rg = 100, 200 and 400 km northward of 30. The y 1.24
strongest impact on mixing can be achieved by varying the f B Ay 112
spatial resolution due to the quadratic dependence of the ef-j.- i ‘ ...... ...... 100
fective diffusivity onrg. Thus, the corresponding effective Stignetw oy '
diffusivities are 2.6 18, 1.1 1® and 4.2 16m?s™1. The 3 0.88
CLaMS transport scheme resolves horizontal structures up tc 076
the order ofrg exp(—A.At), i.e. forrg =65km the smallest A BA
resolved scales are approximately 20 km. ’
The initial distribution of all chemical species on 0.52
10.04.1997 is derived from MLS and HALOE observations 0.40

using trajectory mapping, tracer/tracer and tracer/equivalent
latitude correlations. In addition, ER-2, POAM and TRIPLE
observations are taken into account for the initialization at
10.02.2000. The remaining species are initialized from a 2-
D model climatology. The denitrification in 1997 is derived
from the MLS data, whereas a one-month temperature his-
tory is used to parameterize the sedimentation of NAT and
ice particles and the subsequent effect of HN@d HO re-
moval (Grool3 et al., 2002; Konopka et al., 2003).

In Fig. 1 the isentropic CLaMS distributions of Gldt 450
and 585K about 12 days after the vortex breakup in 1997
are shown. For comparison HALOE observations are over-
laid (circles). Vortex remnants at 450K are more strongly
bounded around the pole and are mixed more intensively thar
the remnants at 585K.

Before we quantify these properties more precisely, some
remarks on the validity of the isentropic calculations are nec-
essary. The isentropic approximation is motivated by weak

diabatic descent of the vortex air at both levels between midf19: 1. CHa simulated with CLaMS av = 585 K (top) and
50K (bottom) at 22.05.1997, i.e. about 12 days after the vor-

February an_d t_he end of May. Diabatic dgscent rates derive ex breakup. The circles denote the HALOE observations (tangent
from the radiation module (Zhong and Haigh, 1995) based Orboints) mapped to the same synoptic time.

the Morcrette scheme (Morcrette, 1991) show that during the

period under consideration, the vortex air masses do not sig-

nificantly change their potential temperatures in@h@nge

between 400 and 600 KAQ < 30K).

Aditionally, we verify the quality of the CLaMS transport ular at 585K). Consequently, the correlation coefficignt
by comparing the simulated distributions of givith the between the HALOE observations and CLaMS simulations
HALOE observations. Figure 2 shows the results of suchincreases from 0.5 to 0.74 and from 0.38 to 0.64fet 450
comparison for two CLaMS configurations: without mix- and 585 K, respectively. The deviations still present at 585 K
ing (i.e. transport only in terms of forward trajectories) and are mainly caused by the errors of the simulated absolute po-
with the optimal mixing. The correlation coefficieptbe- sition of the vortex remnants. This indicates that the quality
tween the observed and simulated mixing ratios (see legendf the ECMWF winds is better at 450 than at 585 K.
in Fig. 2) show that the CLaMS simulation with optimal mix-
ing reproduces fairly well the CHdistributions observed by Thus, using 3-D trajectory calculations and by comparing
HALOE in spring and summer 1997 northward ofBOFur- ~ CLaMS CH, distributions with the HALOE observations,
thermore, the CLaMS mixing scheme smoothes out some ofve conclude that isentropic transport dominated the propa-
the very low CH mixing ratios present in the pure advec- gation of the vortex air into the mid-latitudes several weeks
tion transport that are not observed by HALOE (in partic- before and after breakup of the vortex in 1997 and 2000.
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influence of the subtropical jet. On the other hand, the trans-
port of vortex remnants at 450 K is driven by westerly winds
and influenced by the subtropical jet. The zonally averaged
winds in 2000 show a similar structure although a strong sub-
tropical jet is present even in the upper level and the summer
circulation is still not fully developed owing to the earlier
breakup time.

By performing the CLaMS simulations, we now investi-
gate the meridional distribution of the vortex air and the in-
fluence of mixing (i.e. of the irreversible part of transport)
on such a distribution. CLaMS results for the zonally aver-
aged meridional distribution of the vortex air after the vortex
breakup in 1997 are shown in Fig. 4. Results at 450K (left)
and 585 K (right) are plotted for tracer transport without mix-
ing (top) and with excessive mixing (bottom) corresponding
to the mean distance between neighboring APs 200 km.

In the model, vortex air is defined as air masses bounded at
the beginning of the simulation by the vortex edge identified
by the strongest PV gradient with respect to equivalent lati-
tude (Nash et al., 1996). To mark vortex air, an additional,
artificial tracer is used and initialized as 1 and 0 within and
outside of the vortex, respectively. The subsequent transport
(advection + mixing) of this tracer describes the zonal distri-
bution of the vortex air.

The comparison between top and bottom panels of Fig. 4
shows a negligible influence of mixing on the zonal distri-
bution of the vortex air. Even for CLaMS simulations with-
out mixing, the zonal averaging of the (unmixed) air parcels
leads to a similar meridional distribution of the vortex air as
in the case where mixing was exaggerated. Thus, the large-
scale meridional transport of vortex air into the mid-latitudes
is dominated by the chaotic advection (induced e.g. by plan-
etary waves) rather than by mixing. The zonally averaged
tracks of vortex remnants (black lines in Figs. 4 and 3) show

Fig. 2. CLaMS transport of Cll versus HALOE observations
northward of 30N between 10 April and 31 June 19976a& 450
and6 = 585 K without mixing (upper panel) and with optimal mix-
ing (lower panel).

a stronger southward propagation at 585K than at 450 K. In
agreement with the investigations of Piani et al. (2002), this
propagation at 450 K is confined by the subtropical jet to lat-
itudes poleward of 59\. The southward transport of vortex
air at 585 K is more effective and reaches aboiiNlO
However, mixing may significantly influence the lifetime
of vortex remnants, i.e., the time that is necessary to homoge-
neously mix vortex air with ambient air. The temporally and
In 1997, the polar vortex was unusually long-lived (Coy spatially inhomogeneous CLaMS mixing is driven by inte-
et al.,, 1997). Even at the end of April, the vortex was very gral flow deformation that can be quantified in terms of the
symmetrical around the pole and stable, and it did not breakKinite-time Lyapunov exponent
up until mid-May. On the other hand, the breakup of the = Thus, CLaMS produces high mixing intensity only in flow
vortex in 2000 was around mid-March, i.e. during a time pe- regions with sufficiently high values of. Figure 5 shows
riod typical for the onset of the final warming in the northern the zonally averaged Lyapunov exponehtsalculated for
hemisphere (Manney and Sabutis, 2000). each CLaMS AP over a time stefpr = 12 hours. After
The zonal distribution of the vortex remnants after the vor-the vortex breakup, the summer circulation at 585K is char-
tex breakup is mainly determined by the isentropic winds. Inacterized by very low values of. Generally, the summer
Fig. 3 the zonal mean winds at 450 and 585 K are shown forcirculation in the middle stratosphere can be understood as a
both periods considered. Owing to the long vortex lifetime “solid body rotation” with a negligible amount of local strain
in 1997, the vortex breakup at 585K is accompanied by abetween the neighboring APs (Piani and Norton, 2002). Con-
transition from the winter to the summer circulation with no sequently, the regridding algorithm in CLaMS that is driven

3 Spatial distribution and lifetime of vortex remnants
in 1997 and 2000

Atmos. Chem. Phys., 3, 839-849, 2003 www.atmos-chem-phys.org/acp/3/839/



Konopka et al.: Dynamics and chemistry of vortex remnants 843
1997 2000

breakup 6 = 585 K beakup 6 = 585 K

©
o

80

70
z z
o 60 )
E E
= 50 £
© [
a 4

IS
o

N W
o o

Latitude ['N]
Latitude ['N]

01.05.97 01.06.97 01.07.97 01.03.00 01.05.00

time time
Fig. 3. Zonal mean ECMWF winds & = 450 (bottom panels) and 585K (top panels) for the 1997 (left) and 2000 (right) period. The

southward propagation of the vortex remnants is bounded by the subtropical jet. Their meridional tracks are derived from zonally averaged
distribution of the vortex air (see Fig. 4).
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Fig. 4. Meridional (zonally averaged) contribution of vortex aivat 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)

www.atmos-chem-phys.org/acp/3/839/ Atmos. Chem. Phys., 3, 839-849, 2003



844 Konopka et al.: Dynamics and chemistry of vortex remnants

Vortex
breakup @ = 585 K b\r/gerltlsd(p 0 =585 K

Latitude [’N]

CH, [ppmv]

mean A [day] 6 = 450 K log(PDF)

% 1.0 20
%
_ 0.9 -3.1
% .
= 0.7
§ % 0.6 £ 54
2 % 0.4 =
8 Z ' z -6.6
7 0.3
7 -7.7
% .
2 01
7 -8.9
% .
‘ 0.0 10.0

01.05.97 01.06.97 01.07.97

01.05.97 01.06.97 01.07.97

time .
time

Fig. 5. Zonally averaged Lyapunov exponentduring the 1997 ) .
period calculated over a time stép — 12 hours ab = 450 and Fig. 6. PDF of CH; at® = 450 and 585 K calculated during the

585K. Note that the summer circulation at 585K is characterized1997 period. The black lines denote the mearyGit the vortex
by very low values of. edge at the beginning of the simulation. The vortex edge was deter-

mined by using the Nash criterion (Nash et al., 1996).

by the local def(_)rr_natlon rates, m@cates very Wgak mIXInging their vertical coherence. Here, the vortex fragments may
at this level that is in agreement with the diagnostic of atmo-

spheric transport in terms of the effective diffusivity (Haynes form elongated and slanted sheets of air, the so-called lam-
and Shuckburgh, 1999). inae (see e.g. Orsolini et al., 1995) with a very complicated

i o o contact surface separating the vortex from the mid-latitude

To quantify the effect of mixing on the lifetime of vor- 5 (Haynes and Anglade, 1997). Thus, although the isen-
tex remnants the PDFs (probability density function) calcu-yqnic 2-p simulations underestimate such contact surfaces
lated for CLaMS CH distributions are shown in Fig. 6. The 5 - consequently, overestimate the lifetime of the vortex
PDF is proportional to the area occupied by tracer values ingmnants; the ratio of their lifetimes is a rather reliable quan-

a given range of mixing ratios (for details see e.g. Sparling,jr, \we conclude that the lifetime of the remnants at 585 K
2000). Here, the black lines denote the vortex edge transgg longer than at 450 K by a factor of 2.

formed from the PV to CH field. Thus, the PDFs of the

CH, values below these lines describe the contribution of

vortex air to all air masses poleward of°80 The results 4  Ozone chemistry in vortex remnants

show that the vortex remnants disappear significantly faster

at 450 than at 585K. The greater Lyapunov exponents inn the previous section, we showed that the vortex air trapped

the lower level cause more stirring, greater local deforma-in the long-lived vortex remnants is well-isolated from the

tion rates, and, consequently, more mixing. The lifetime of mid-latitudes. Here, we discuss some properties of the

the vortex remnants at 450 and 585 K is of the order 5 and 1@ chemistry observed and simulated in such remnants in

weeks, respectively. The behavior of vortex remnants formedspring/summer 1997 and 2000. It is a well-established fact

in March 2000 is similar but, due to an earlier vortex breakup,that the polar @ loss is due to halogen-catalyzed ozone

dominated until mid-May by westerly winds, even at 585K. |oss with primary contributions of the reactive chlorine and
It should be emphasized that isentropic simulations maybromine species which are activated heterogeneously on the

overestimate the lifetime of the vortex remnants, especiallysurface of the polar stratospheric cloud particles, a primary

in the last phase of their existence when the remnants are logomponent of which is nitric acid (HN£) (Solomon, 1999).

Atmos. Chem. Phys., 3, 839-849, 2003 www.atmos-chem-phys.org/acp/3/839/
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290 Fig. 8. HCI simulated with CLaMS aff = 450K on 29.04.2000,
' i.e. 44 days after the vortex breakup.
2.00
1.80 . .
The black circles denote the corresponding HALOE obser-
1.60 vations that in the vortex remnants agree fairly well with the
140 CLaMS calculations. The high HCI mixing ratios that were
150 observed in May 1997 indicate a completed chlorine deacti-

vation whereas this process is still under way in March 2000.
1.00 As can be seen in Fig. 8, first at the end of April (i.e. 44
days after the vortex breakup) significantly enhanced mix-

0.80

ing ratios of HCl become apparent in the simulated vortex
0.60 remnants that were also observed by HALOEI(Nr et al.,
0.40 2002).

A more quantitative description of the deactivation process
Fig. 7. HCI simulated with CLaMS ab = 450K 2 days after IS givenin Fig. 9 where the meargQoss rate (per day) aver-
the vortex breakup at 12.05.1997 (top) and 17.03.2000 (bottom)aged over the vortex air together with the partitioning ef O
High values of HCl indicate a completed chlorine deactivation. Theloss into different chemical destruction cycles are shown. To
circles denote the HALOE observations distinguish the vortex from the mid-latitude air, we use the
transported (i.e. advected and mixed) PV fields. Then, the
vortex air is defined as air masses with PV values larger than
Under Arctic conditions, the ozone loss terminates in spring,PV at the vortex edge (Nash et al., 1996) at the beginning of
as chlorine is deactivated through the formation of CIGNO the simulation.
and a subsequent transformation to HCI (Douglass et al., A comparison of the mean net;Qoss rate at 450 K dur-
1995). The main source of NOwhich controls the deacti- ing the time periods around the vortex breakup in 1997 and
vation of CIQ; is either the photolysis of HN§its reaction 2000 shows significantly fastersQdepletion in March 2000
with OH, or its flux from mid-latitudes. During the period than in May 1997. In particular, between the time of the
when CIONQ is converted into HCI, the photolytically or vortex breakup around mid-March and mid-April 2000, the
heterogenously induced reactivation of GI@om CIONO, O3 destruction in the vortex remnants was still dominated
is still possible. by the halogen cycles (green line). By contrast, in mid-May
Thus on the one hand, the formation of HCI in the vortex 1997, these cycles are negligible, even shortly before the vor-
air determines when the chlorine-induced @estruction is  tex breakup. As already mentioned, these differences can be
terminated. On the other hand, the breakup of the vortex deexplained by the fact that the chlorine deactivation due to for-
fines when chaotic advection and intense mixing dominatemation of HCl is completed before the final vortex breakup
the transport of vortex air into the mid-latitudes. Figure 7 in May 1997, whereas the formation of HCl in spring 2000
shows the simulated HCI distributions (using the optimal is finished in the vortex remnants in mid-April.
mixing) two days after the vortex breakup in 1997 and 2000.

www.atmos-chem-phys.org/acp/3/839/ Atmos. Chem. Phys., 3, 839-849, 2003
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Fig. 9. Top: Mean ozone loss rate (per day) in the vortex air (i.e. air masses with transported PV larger than vortex edge PV at the beginning
of the simulation). Bottom: Contribution of different chemical destruction cycles at 450 K in 1997 (left) and 2000 (right).

At 450K the contribution of HQ (HO,=HO»+OH) out-  shortly before the vortex breakup in March 2000 offers the
weighs the NQ-induced ozone destruction and is dominated possibility of studying the influence of mixing on this pro-
by the direct reaction of HOwith ozone. Here, the ozone cess during the final vortex decay.
destruction driven by NQ formed by the photolytical de-
composition of CIONGQ (Toumi et al., 1993) is classified as
NO,-induced ozone destruction and contributes up to 45% tc6  The impact of mixing
the NGO, -cycles around mid-April (not shown in Fig. 9).

A similar analysis of the @ chemistry in the long-lived Using different values of the mixing parameters, we now
vortex remnants at 585 K in 1997 shows that the most impor-study the influence of mixing on the accumulated ozone loss
tant destruction cycle is the “summertime” N@hemistry  in the mid and high latitudes after the vortex breakup around
(Hansen and Chipperfield, 1999; Fahey and Ravishankaranid-March 2000 at the isentropic surface 450 K. The accu-
1999). Furthermore, the fractional contribution of the differ- mulated ozone loss is defined as the difference between the
ent cycles to the © loss in the vortex remnants does not sig- passively transported and chemically changed ozone. Here,
nificantly differ from the @ loss partitioning calculated for this difference is determined for the time period between
extra-vortex air masses northward of80(not shown). Al-  10.02 and 31.05.2000 and averaged over all air masses pole-
though the chemical composition of the coarsely-mixed vor-ward of 30N. The results calculated for the optimal mixing
tex remnants still differs from the composition of the ambient are shown in Fig. 10 (red line).
air, the contribution of the @loss cycles to the total de- In order to study the influence of halogen chemistry on
pletion is very similar in both types of air. the G; loss, the black line describes the accumulated ozone

The fact that the deactivation process in spring 1997 wadoss calculated from a chemistry run without halogen cy-
still completed in a well-isolated vortex indicates that, at leastcles (Cl,=Br,=0). The yellow curve describes the accumu-
in this year, the chlorine deactivation was decoupled fromlated ozone loss for a scenario with a strong denitrification as
mixing and mainly driven by the in situ chemical produc- would be expected for Antarctic conditions (HNS2ppbv
tion of NO,. On the other hand, the incomplete deactivationin the vortex). The remaining curves describe the sensitivity

Atmos. Chem. Phys., 3, 839-849, 2003 www.atmos-chem-phys.org/acp/3/839/



Konopka et al.: Dynamics and chemistry of vortex remnants 847

O, destruction O, destr. in vortex |  Dilution of depleted
within the vortex remnants (CIO,) vortex remnants
20[C [ [ [ ]
15 -
T  10f . == -
" B
n -
o 50
o B
c
3
= Of
_s[ 30<lat<90 N
-10C | | | 7
01.03.00 01.04.00 01.05.00

time — adjusted mixing - D=1.1 10° m%/s
— mixing too large — D=2.6 10* m%/s
- D=1.110° m%s
— - D=4.2 10° m%s
strong denitrification
— Cl,, Br,=0

Fig. 10. Accumulated ozone loss poleward of°B0 at 450K (red line). The black line describes the accumulated ozone loss calculated
from a chemistry run without halogen cycles {€Br,=0). The remaining solid lines are explained in the text. The dashed lines define 3
periods with respect to the following effects in the ozone chemistry:d@struction within the vortex, £destruction in vortex remnants

and dilution of depleted vortex remnants. During the last period, the reference run (red) and the halogen-free atmosphere (black) show the
same mean ozone loss.

of the reference simulation (red) on the intensity of mixing of the vortex remnants formed after the vortex breakup can
with effective diffusivity varying between 1.1 $and 4.2  be quantified to about 2%.
10°m?st The sensitivity studies with respect to mixing show that
Thus, the halogen-induced mid-latitude ozone deficit inthe accumulated ozone loss does not change as long as the
spring 2000, defined here as the difference between the reeffective diffusivity in the model is smaller than 3 10*
and black curves, can be divided into 3 phases (see dashev?/s. This value corresponds to a spatial resolution of the
red and black lines in Fig. 10). Until mid-March ozone de- order 100 km. Also, the deactivation of ClQvia formation
struction due to halogen chemistry occurs in a well-isolatedof CIONO, is mainly due to photochemical decomposition
Arctic vortex. From mid-March (vortex breakup) until mid- of HNOg3 rather than to chemistry induced by mixing of the
April the ozone-depleted air masses are transported into théctivated vortex air with NQ-rich mid-latitude air. Only if
mid-latitudes. By comparing the slopes of the red and blackdiffusion is greater than an unrealistically large critical value
lines during this period, we conclude that the chlorine andof 10° m?/s (corresponding to a spatial resolution of the order
bromine chemistry still destroy ozone in vortex remnants200 km) mixing of mid-latitude air has a significant impact
(see Fig. 9), albeit with a smaller intensity than in Februaryon CIONG, formation in vortex remnants.
and in early March. Here, the main source of active chlorine Using an Eulerian model, Tan et al. (1998) postulated a
is the photolysis of CION@ Between mid-April and end of much stronger influence of the numerical mixing on the chlo-
May, the slopes of the dashed black and red lines are compaine deactivation. They concluded that Eulerian grid resolu-
rable and, consequently, the halogen-induced ozone destrution better than 40 km is necessary to correctly describe the
tion is negligible during this period. Thus, compared with the deactivation process. Assuming that the numerical diffusiv-
ozone distribution in a halogen-free stratosphere (black line)jty is proportional t0r§/At, the discussed Lagrangian criti-
the mid-latitude ozone deficit at the isentropic level 450K cal resolutiong;, = rg ~ 100km can be transformed to an
can be determined. Thus, the halogen-induced ozone deficéquivalent Eulerian resolutiog by rop = rop/Ate/AtL
at the end of May amounts to about 12%. The contributionwhere Az; ~ 24 hours andArg ~ 15min are the typical
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Lagrangian and Eulerian time steps. Using this crude esmined by the chaotic advection, their lifetime, in contrast,
timate, we obtaingr ~ 10km that probably underesti- strongly depends on mixing and above 20 km it is approxi-
mates the critical resolution of the Eulerian schemes dis-mately twice as long as below 20 km. The isentropic simula-
cussed by Tan et al. (1998) (the difference between the 10 antions may underestimate mixing and, consequently, the abso-
40 km is probably due to the weak diffusivity of the Prather lute lifetimes of the vortex remnants, in particular during the
scheme). Nevertheless, the small numerical diffusion of thephase when the vortex remnants lose their vertical coherence.
Lagrangian transport allows the mixing-sensitive processes The different times of vortex breakup in 1997 and 2000
to be studied by using model resolutions that are coarser thaare responsible for different chemical signatures in vortex
the corresponding Eulerian studies. remnants simulated with CLaMS and observed by HALOE.
In addition, our studies show that mixing may influence The Q; chemistry in the vortex remnants strongly depends
chemistry in some small-scale filaments during their finalon the partitioning between active and reservoir compounds
dissipation. For budget studies (e.g. impact of mixing onwithin the Cl, and Br, families. If shortly before the vortex
the mid-latitude ozone deficit) such small-scale structuredreakup, most of the chlorine is contained in HCI (as in 1997)
are negligible if compared with large, coherent vortex frag-then small ozone loss rates have to be expected in the vor-
ments where the bulk contribution outweighs the effect oftex remnants, which are mainly driven by the H@50 K)
the mixing-sensitive surface. Thus, even after the vortexand NQ. (585 K) destruction cycles. If, on the other hand,
breakup in mid-March 2000, the averaged deactivation pro-CIONO, and partially CIQ are the main reservoirs of the
cess is dominated by in situ chemistry rather than mixing.chlorine shortly before the vortex breakup (as in 2000), then
Furthermore, the results of pure advection studies (i.e. ima chlorine-induced ozone destruction within the vortex rem-
terms of the photochemical box model) do not significantly nants can be expected mainly due the photolytical decompo-
differ from the simulations with the optimal mixing. One rea- sition of CIONG,. The impact of mixing is negligible due to
son for this weak impact of mixing on thesaxhemistry may  anegligible flux of NQ into the (coherent) vortex remnants.
be the fact that shortly before the vortex breakup a significantere, the more important source of N@s the photolytical
amount of active chlorine was transformed into CION® decomposition of HN@.
strong intrusions of the mid-latitude air occur into a vortex  For both investigated periods the simulateg I0ss in the
with chlorine fully activated (as discussed e.g. in Plumb et al.,vortex remnants is dominated by the in situ chemistry in the
1994), the importance of mixing on the deactivation procesd.agrangian air parcels rather than by mixing between these
may be higher. 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
6 Conclusions model is smaller than fOom?/s, that is if the (Lagrangian)
model resolution is better than 100 km.
Full chemistry simulations were carried out with the Chemi-

cal Lagrangi_an_MoFiel O.f th_e Stratosphere .(CLaMS) to StUdyWeather Forecasts (ECMWF) and the United Kingdom Meteoro-
the spatial distribution, lifetime andgOchemistry of the vor-  |qgical Office (UKMO) are acknowledged for meteorological data
tex remnants created after the vortex breakup in spring andpport. This work was funded by the European Union under con-
summer 1997 and 2000. Isentropic 2-D simulations on twotract numbers EVK2-1999-00311 (EU THESEO 2000) and EVK2-
isentropic levels 450 K& 18 km) and 585 K{z 24 km) were  CT-1999-000049 (SAMMOA).
conducted with a very high spatial resolution (up to 20 km)
in order to resolve the filamentary structure of slowly dis-
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