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Abstract. Dynamical processes during the formation phasel Introduction

of the Arctic stratospheric vortex in autumn (from September

to December) can introduce considerable interannual vari-

ability in the amount of ozone that is incorporated into the While stratospheric processes in Arctic winter and spring
vortex. Chemistry in autumn tends to remove part of this\Were extensively studied in the last decades in response to the
variability because ozone relaxes towards equilibrium. As alSsué of anthropogenic ozone depletion (MO, 2011,
guantitative measure of how important dynamical variability Stratospheric ozone chemistry and dynamics in autumn have
during vortex formation is for the winter ozone abundancesreceived relatively little attention so far (efgghey and Rav-
above the Arctic we analyze which fraction of an ozone iShankaral999 Kawa et al, 2003 Tilmes et al, 2009, even
anomaly induced during vortex formation persists until ear|yth0ugh they set the initial conditions for the winter season.
winter (3 January). The work is based on the Lagrangian The ozone layer in the Arctic stratosphere usually shows a
Chemistry Transport Model ATLAS. In a case study, model large interannual variability. However, at the beginning of au-
runs for the winter 1999—2000 are used to assess the fate 4¢mn in September, just before the polar vortex forms, the in-
an ozone anomaly artificially introduced during the vortex terannual variability in the ozone abundance is low through-
formation phase on 16 September. In addition, runs with re-Out the Arctic stratosphere, since the variability induced ear-
duced resolution explore the sensitivity of the results to inter-lier in the year slowly decays to the chemically determined
annual changes in transport, mixing, temperatures ang NO €quilibrium by the end of the summefFiletov and Shep-
The runs provide information about the persistence of the in1€rd 2003 Kiesewetter et al2010.

duced ozone anomaly as a function of time, potential tem- Here we focus on the variability which is then newly
perature and latitude. The induced ozone anomaly survive§itroduced by transport and chemical processes during the
longer inside the polar vortex than outside the vortex. Halfformation of the polar vortex in autumn (in the months
of the initial perturbation survives until 3 January at 550 K from September to December). Typically, ozone profiles in
inside the polar vortex, with a rapid fall off towards higher November show mixing ratios of about 3 ppm that are rela-
levels, mainly due to NQinduced chemistry. Above 750 K tively constant with altitude from 500K to 800K, but with
the signal falls to values below 0.5%. Hence, dynamically@n interannual variability of about 10 %&wa et al, 2003
induced ozone variability from the early vortex formation 2009. This variability of polar ozone is related to wave activ-
phase cannot significantly contribute to early winter variabil- ity and mixing from lower latitudesRosenfield and Schoe-

ity above 750 K. At lower levels increasingly larger fractions Perl 2001 Kawa et al, 2003. We are going to investigate

of the initial perturbation survive, reaching 90% at 450 K. ©n which timescales variability is conserved or decays due to
In this vertical range dynamical processes during the vortexchemical processes in the months up to early winter (3 Jan-

formation phase are crucial for the ozone abundance in earlyary)- . .
winter. The Lagrangian Chemistry and Transport Model ATLAS

is used in a case study for the winter 1999-2000 to quan-
tify how long an initial perturbation of ozone survives the
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chemical processing and at which altitudes and latitude2 Model
it potentially contributes to the early winter variability of
ozone. Since the photochemical lifetime of ozone is a pro-2.1 Model description
nounced function of potential temperature, latitude and sea-
son, results will strongly depend on these parameters. As th&TLAS is a global Chemistry and Transport Model with de-
solar insolation is the same in every year, the results will betailed stratospheric chemistry and a Langrangian (trajectory-
relatively insensitive to the particular year chosen. Runs withbased) transport and mixing schenwdohltmann and Rex
reduced resolution for the years 2005/2006 to 2010/20112009 Wohltmann et al.2010. Lagrangian models have sev-
show that interannual changes in transport, mixing, temperaeral advantages over conventional Eulerian models, in par-
ture or NQ, are of secondary importance for the lifetime of ticular no spurious numerical diffusion and a more realis-
the signal. tic transport of chemical species (eWohltmann and Rex

In the Arctic stratosphere the circulation in summer is 2009.
characterized by slow easterly motion, preventing the ver- The chemistry module comprises 46 active species and
tical propagation of planetary scale waves from their sourcel71 reactions. These include 42 photolysis reactions, 122
regions in the troposphere into the stratosph€leagney and gas phase reactions and 7 heterogeneous reactions on lig-
Drazin, 1961). But after autumnal equinox thermal emission uid aerosols, nitric acid trihydrate clouds and ice clouds. The
leads to subsidence of air over the polar region and to a reparameterizations ofarslaw et al(1995 are used for the
versal of the circulation, westerly winds and eventually to liquid particles. The relevant rate constants are taken from
the formation of the polar vortexSghoeberl and Hartmann the recommendations in the JPL 2006 catalogue and its 2009
1991 Kawa et al, 2003. Then the strong westerlies form- update Sander et al2006 2009. Further details and a val-
ing the polar vortex again prevent the vertical propagationidation of the model can be found Wohltmann and Rex
of planetary waves and suppress meridional mixing. How-(2009 andWohltmann et al(2010.
ever, in the period of weak westerlies during vortex formation
waves can propagate freely into the stratosphere and merid2.2 Model runs
ional mixing can be strong. The degree to which these waves
transport low latitude air and ozone into the Arctic dependsThis study is based on two model runs, a reference run with
on the level of wave activity in the troposphere during this an unmodified ozone field and a perturbation run. Both runs
brief sensitive period, which typically lasts from the middle simulate the period 1 July 1999 to 31 March 2000. In the per-
of September to the middle of November. Since chemicalturbation run the ozone field is artificially increased by 30 %
processes during summer lead to a strong meridional graen 16 September 1999. The number is chosen based on the
dient in the ozone field, the variable degree of meridionalobserved variability of ozone as deduced from ozone sondes.
mixing introduces variability in the ozone abundance at highThe perturbation simulates the effect of interannual variabil-
latitudes that is then enclosed by the polar vortex. ity in high latitude ozone during vortex formation. Obviously

The variability in ozone levels introduced by this or any such perturbations survive longer in regions of longer ozone
other potential process during vortex formation tends to dedifetimes, i.e. at higher latitudes and lower potential temper-
cay during the following weeks and months due to relax-atures.
ation of ozone towards its chemically determined equilib- Since it is the relative change in ozone (relative to the ini-
rium, mainly by NG chemistry Fahey and Ravishankara tial perturbation) which is of interest here, we assume that
1999 Fahey et al.2000. Only the fraction of variability that  the sensitivity of the relative change to the magnitude of the
survives the chemical processing in autumn can contribute tanitial perturbation is small. Simplified box model runs per-
the interannual variability of ozone inside the polar vortex in formed by us with other perturbations than 30 % support this
early winter, unless there is some feedback on dynamics antypothesis.
transport. The chemical processing and relaxation towards Chemical species are initialized on 1 August, after a spin
equilibrium occurs in competition with the decrease in solarup period for the transport scheme of the model in July. The
insolation which eventually suppresses further chemical coninitialization of water vapor (HO), methane (Ch), ozone
version of ozone such that the degree of variability remaining(O3), nitrogen dioxide (N@, as a proxy for NQ) and hy-
at that time is conserved. drochloric acid (HCI) is based on bi-monthly means of Au-

How this early winter ozone variability might be related gust and September 1999 of measurements by the HALOE
to total ozone later in the winter was investigateddawa solar occultation instrument onboard the Upper Atmosphere
et al.(2005 andSinnhuber et a2006. They found a signif- Research Satellite (UARS) as a function of equivalent lati-
icant correlation between the early winter (November) ozonetude and pressuré&fool and Russell 112005. Equivalent
abundance and late winter (March) total ozone. However, thdatitude is defined as the latitude an area enclosed by a poten-
causes of this correlation remain unclear and are not in theial vorticity contour would have, if it would be circular and
scope of this study. centered at the pole (e.Butchart and Remsber986. Ni-

tric acid (HNQ;) and carbon monoxide (CO) are initialized
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Fig. 1. (@) Mean ozone mixing ratios as a function of potential temperature and time, averaged over equivalent latitudes greater than 65° N.
(b) Same for the ozone loss as the difference between the passive ozone tracer and modeled ozone.

with a climatology based on data of the ACE FTS interfer-3 Results

ometer onboard the SCISAT-1 satelligefnath et al.2005.

N20 is deduced from a O-CH;, tracer-tracer relationship |n Fig. 1, we show results of the unperturbed run as a refer-
derived from ER-2 and Triple balloon dat&rooR et al.  ence. Figurda shows the time evolution of 0zone and Hig.
2002. CIONG; is initialized as the difference between HCI the chemical loss of ozone as the difference between the pas-
and Cj. Cly is calculated from a G+CH,4 relationship from  sive tracer and modeled ozone, both averaged over 65-90° N

ER-2 and Triple balloon datafool3 et al.2002. The ini-  equivalent latitude. Generally, 0zone mixing ratios increase
tial Bry is derived from a Bj-CHj relationship GrooB etal.  with potential temperature and ozone isopleths subside dur-
2002 and assumed to be in the form of BrOb@\ddition-  ing winter, leading to an increase of ozone on fixed poten-

ally, in order to achieve agreement with Differential Opti- tial temperature levels in the lower stratosphere below ap-
cal Absorption Spectroscopy (DOAS) measurements of BrOproximately 550K (Fig.1a). In the middle stratosphere the
(Dorf et al, 2008, Bry is scaled by a constant factor to give increase in ozone due to subsidence is modified by chemi-
maximum values of 19.9 ppt. CFCs and related species areal loss. Air reduced in ozone propagates downward to the
initialized as inWohltmann et al(2010). lower stratosphere during autumn (Fitp). This explains

We have based our model runs on ERA Interim reanalysighe observed decrease in ozone above 700K during autumn
data Dee et al.2011) from the European Centre for Medium (Fig. 1a) and also leads to a flattening of the vertical gradi-
Range Weather Forecasts (ECMWF) with a horizontal resoent between 550 and 750K (as also observeldya et al,
lution of 2°x2°. The meteorological fields are given every 2003.
6h. The trajectories are calculated with a 30 min time step. The chemically induced decrease in ozone at these alti-
The model runs are performed with an effective approxi-tudes in September and October is due to the fact that the
mate horizontal resolution of 200km in a vertical domain equilibrium concentration of ozone drops while solar zenith
from 350K to 1900K. The Lyapunov exponent, which ad- angles increase in autumn. Ozone concentrations in late sum-
justs the mixing strength, is set to 4 ddy(Wohitmann and  mer are close to chemical equilibrium, which results from
Rex 2009 and the mixing time step to 12 h. We use a hybrid the balance of ozone production (governed bypbotoly-
coordinate as vertical coordinate, which is to a good approxisis) and lossRahey and Ravishankara999 Fahey et al.
mation a potential temperature coordinate in the stratosphere000). At these altitudes and under polar summer conditions,
The vertical motion is driven by diabatic heating rates (clearthe loss is dominated by chemistry involving NGpecies,
sky) from ERA Interim. which are present at high concentrations since high amounts

A passive ozone tracer is initialized on 1 August identical of NOy subsided into the polar middle stratosphere during
to the ozone field of the model. In the following, this tracer is the preceding winter and these are efficiently converted into

only affected by transport and mixing and not by chemistry. NO, during polar day in summeF&rman et a).1985 Fahey
The difference between the modeled ozone and the passivgnd Ravishankard 999.

ozone tracer is a measure for the chemically induced ozone The ozone production via Ophotolysis requires the
change. presence of UV radiatiom.(<240 nm) while the efficiency
of NOy catalysed ozone loss is governed by the photo-
lysis frequency of @, which photolyses in visible light
(A <1180 nm). When solar zenith angles increase in autumn
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Fig. 3. Temporal evolution of the surviving fraction of an artifi-
Fig. 2. Surviving fraction of an artificial ozone perturbation on cial ozone perturbation on 16 September 1999 at 450 K (thick black
16 September 1999 according to Ed) s a function of poten- line), 575K (thick red) and 750 K (thick blue), averaged over equiv-
tial temperature and time, averaged over equivalent latitudes greatelent latitudes greater than 65° N. Note that the lines do not show
than 65° N. the same air mass at different dates. Air masses shown at later dates

will have experienced more subsidence. Thin lines show results for

o ) additional runs at reduced resolution for the years 2005/2006 to
the availability of UV light drops much faster than that of 2g910/2011.

visible light, since the light path through the ozone layer in-
creases, which absorbs UV light but does not attenuate vis-
ible light much Kawa et al, 2003. Hence ozone produc-
tion drops faster than ozone loss and the equilibrium concen- 700}
tration of ozone decreases. At the same time the lifetime of
ozone increases. At lower altitudes, the rate of change of the
equilibrium value of ozone is faster than the rate of change
(i.e. reciprocal lifetime) of ozone. Hence, the ozone concen-
trations relax slowly towards the new equilibrium.

Figure2 is based on the difference between the reference
run and the perturbation run and shows the fraction of the
initial ozone perturbation that remains at different potential
temperatures as a function of time. This fraction is calculated
as: 4000 2‘0 4‘0 éO éO 100
037 —03 ) f [percent]

O3

750

(o2}

a

o
T

600

550

Potential temperature [K]

f =100- ( (1) Fig. 4. Vertical profile of surviving fraction of an artificial ozone
perturbation on 16 September 1999 on 3 January 2000, averaged

where f is the remaining signal, £is the ozone concentra- over equivalent latitudes greater than 65°N.

tion in the reference run, @)the 0zone concentration in the

perturbation run ang the initial perturbation (i.e. 30 %).

Figure2 shows the value of averaged over the area north  Note that the lines do not show the same air mass at dif-
of 65° N equivalent latitude. The signal is completely lost af- ferent dates. Air masses shown at later dates will have ex-
ter 2 months at 750K and remains at values close to 100 %perienced more subsidence. Since these air masses originate
in the lower stratosphere. Between these layers the signal rdrom higher altitudes, one of the reasons for the larger loss of
mains present to variable degrees until early winter, whersignal later in time is the shorter chemical lifetime in higher
chemistry becomes so slow, that the remaining signal is prealtitudes (in addition to the decay of the signal in the same
served. air mass).

Figure 3 shows the evolution of on the potential tem- The vertical profile off on 3 January is shown in Fig. At
perature levels 450K, 575K and 750K through autumn750K the initial perturbation has essentially been removed
(September to December). While at 450 K most of the signafrom the system. Towards the lower stratosphere the signal
is still present in early January, the initial perturbation hasrises to a maximum of around 90 % at 400 K.
been almost completely removed at 750K at this time. At It is clearly visible that ozone mixing ratios in the lower
575 K about 30 % of the initial perturbation is still present. stratosphere are more sensitive to variability induced by
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temperature dependency of the involved reactions. Different

Iloo transport can lead to different solar zenith angle histories for
90 air parcels. We have performed additional model runs to esti-
F 180 mate the interannual variability ifi due to interannual vari-
< 675 - ability in these parameters.
g Runs were started with a reduced effective resolution of
g %0 = about 500km for the years 2005/2006 to 2010/2011 and
§ k150 g were driven by ERA Interim data of the respective years.
= w0 = H,0, HCI, O3 and HNQ were initialized from measure-
g ments of the MLS instrumentWaters et al.2006 on 1 Au-
o 525 % gust of the years 2005-2010. N@vas initialized in two
475 20 steps: First, NQFJHNO3 was derived as a function of poten-
10 tial temperature and latitude from the N@nd HNG; initial-
425 0 ization of the reference run. Then, N@as calculated from
30 35 40 45E§lﬂvafe?“,:t'ftud?[degomm 80 85 90 the NQ/HNO3 relationship and the HNQinitialization of

the sensitivity run. This makes sure that NEhanges pro-
Fig. 5. Surviving fraction of an artificial ozone perturbation on portionally to HNQ in the different years. For the rest of
16 September 1999 as a function of equivalent latitude and potentigjha species, the initialization of the original 200 km run was
temperature on 3 January 2000. used. All changes were done for both the perturbed runs and

the unperturbed runs. FiguBshows the temporal evolution

of the surviving fraction of the ozone perturbation for the ad-
transport and mixing than in higher altitudes, as expecteditional runs as thin lines. The differences between the runs
from the variation of the chemical lifetime of ozone with al- stay below 10 % at all three potential temperature levels and
titude. at any time.

Note that these results refer to a perturbation induced on
16 September. Perturbations induced at later dates will have
a greater chance to survive until early winter. Variability in 4 Conclusions
ozone mixing ratios in late autumn is observed at least up
to 800K (Kawa et al, 2003. If this variability in high al-  The formation phase of the Arctic vortex in autumn (Septem-
titudes is caused by dynamical differences (and not e.g. byer to December) is an interesting period for chemistry, trans-
differences in NQ), it will be caused by relatively recent dy- port and mixing due to the ability of planetary waves to
namical events. propagate deeply into the stratosphere and the still readily

Due to the variation of ozone lifetime with latitudé, is available solar radiation. Variability induced by transport and
not only a function of potential temperature but also of equiv- mixing during this period is damped by chemistry. The de-
alent latitude. Figur® shows the variation of as function  gree to which chemistry compensates for dynamically in-
of potential temperature and equivalent latitude on 3 Januaryluced variability depends on the velocity of the chemical
2000. The ozone field is binned and averaged into 5 degre®ss of ozone until polar night conditions suppress further
equivalent latitude bins and 50K potential temperature binschemical conversion of ozone. We have used ATLAS, a La-
in the figure. At higher equivalent latitudes a larger fraction grangian CTM, to study transport and chemistry during this
of the ozone variability, which is generated dynamically dur- phase and have quantified which fraction of dynamically in-
ing the formation of the polar vortex in autumn, is preservedduced variability in ozone survives chemical processing until
until the beginning of January. This is a consequence of theearly winter (begin of January), when ozone becomes a long
isolation of the polar vortex from lower latitudes in combi- lived species. Only in regions where the chemical lifetimes
nation with the longer chemical lifetime of ozone at higher are long dynamical variability in autumn can influence the
latitudes Kawa et al, 2003. conditions in the polar vortex in the early winter season.

The results are determined by the photochemical lifetime An ozone anomaly introduced artificially in early autumn
of ozone, which is a strong function of altitude, latitude and was used to simulate the effect of interannual variability in
season. Since the solar insolation is the same in every yeaozone mixing ratios due to interannual differences in dynam-
we expect similar results in other years. Nevertheless, thergs at this time. We found that an ozone anomaly induced dur-
are some factors leading to interannual variability in life- ing the polar vortex formation phase on 16 September 1999
times. These are the interannual variability in N&bun-  can have a strong impact on early winter ozone mixing ra-
dances, temperatures, transport and mixing, respectively. Adtios inside the polar vortex up to about 600 K. About 90 %
ditional NO, will decrease the lifetime and equilibrium value of the initial perturbation is still present at 400K on 3 Jan-
of ozone through the catalytic NCcycle. Increased tem- uary, decreasing to 25% at 600 K. A small impact is visi-
perature will also decrease the lifetime of ozone due to theble as high as 750 K, where the chemical ozone loss reduces
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the initial ozone perturbation to 0.5% on 3 January. Above Isaksen, L., Kllberg, P., Kohler, M., Matricardi, M., McNally,
this level ozone concentrations essentially reach equilibrium A. P., Monge-Sanz, B. M., Morcrette, J.-J., Park, B.-K., Peubey,
at any time between the vortex formation and early winter, C., de Rosnay, P., Tavolato, C.,&jsaut, J.-N., and Vitart, F.: The
such that dynamically induced ozone anomalies are removed ERA-Inteﬁm r.eanalysis: configuration and performance of the
and the memory of 0zone to transport and mixing processes data assimilation system, Q. J. Roy. Meteor. Soc., 137, 553-597,
during vortex formation is destroyed. 2011.

.. Dorf, M., Butz, A., Camy-Peyret, C., Chipperfield, M. P., Kritten,
We found that these results were not sensitive to the mag- L., and Pfeilsticker, K.: Bromine in the tropical troposphere and

nitude Of_t_he initial perturbation. In _ad(.j!tion' they were al_so stratosphere as derived from balloon-borne BrO observations,

not sensitive to the interannual variability in transport, mix-  Atmos. Chem. Phys., 8, 7265-727dgi:10.5194/acp-8-7265-

ing, NOy and temperatures in additional runs with a reduced 2008 2008.

resolution for the years 2005/2006 to 2010/2011. Fahey, D. W. and Ravishankara, A. R.: Summer in the stratosphere,
These results highlight the importance of both chemical Science, 285, 208-210, 1999.

processing and the dynamical processes during the autumn&hhey, D. W., Gao, R. S., Del Negro, L. A., Keim, E. R., Kawa,

circulation reversal for ozone mixing ratios inside the early ~S. R., Salawitch, R. J., Wennberg, P. O., Hanisco, T. F., Lanzen-

polar vortex.
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