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Abstract. We present ozone measurements from the mil-between 11+0.1 ppmv on the 150 ppbv O isopleth and

limetre wave radiometer installed at the Swedish Institutel.7+0.1 ppmv on the 50 ppbv O isopleth.

of Space Physics (Institutebif rymdfysik, IRF) in Kiruna

(67.8 N, 20.# E, 420 m asl). Nearly continuous operation

in the winter of 2002/2003 allows us to give an overview of

ozone evolution in the stratosphere between 15 and 55 km. 1  Introduction
In this study we present a detailed analysis of the Arctic

winter 2002/2003. By means of a methodology using equiv-pMillimetre wave measurements were performed at IRF be-
alent latitudes we investigate the meteorological processes ifiyeen 1996 and 2000 on a campaign basis by the Institute of
the stratosphere during the entire winter/spring period. Dur-\eteorology and Climate Research (Institiit Meteorolo-
ing the course of the winter strong mixing into the vortex gie und Klimaforschung, IMK), Forschungszentrum Karl-
took place in the middle and upper stratosphere as a result &ruhe and Universit Karlsruhe, using the 268280 GHz ra-
three minor and one major warming event, but no evidencejiometer MIRA 2 Berg et al, 1999. Since January 2001,
was found for significant mixing in the lower stratosphere. the Swedish Institute of Space Physics operates its own
Ozone depletion in the lower stratosphere during this win-ground-based millimetre wave radiometer KIMRA (Kiruna
ter was estimated by measurements on those days whesjllimetre wave radiometer), performing measurements con-
Kiruna was well inside the Arctic polar vortex. The days tinuously throughout the year.
were carefully chosen using a definition of the vortex edge k| MRA has been built in collaboration with IMK. The in-

based on equivalent latitudes. At the 475 K isentropic level agyrment was designed to observe thermal emission lines of
cumulative ozone loss of about 0.5 ppmv was found Stam”gstratospheric trace gases between 195 and 225 GHz and to
in January and lasting until mid-March. The early ozone 10SSye55ure ® ClO, N,O and HNQ in a continuous mode

is probably a result of the very cold temperatures in the lowerp4 1y 5 gay throughout the year. Additionally, it carries out
stratosphere in December and the geographical extension 9ftine measurements of the tropospheric transmission to es-
the vortex to lower latitudes where solar irradiation started;;iste the tropospheric water vapour column. IMK performs

photochemical ozone loss in the pre-processed air. _the inversion of the measured spectra to retrieve profiles and
In order to correct for dynamic effects of the ozone varia- o ,mns of the atmospheric constituents.

tion due to diabatic subsidence of air masses inside the vor-

tex, we used DO measurements from the Odin satellite for . N .
X . . . eak ozone line at 195 GHz. This signature is much stronger
the same time period. The derived ozone loss in the lowe . . .
. ; .~ than the disturbance due to baseline effects caused by instru-
stratosphere between mid-December and mid-March varies
mental problems. Spectra of the other trace gases are much
Correspondence tdJ. Raffalski weaker and therefore suffer more strongly from these effects

(uwe.raffalski@irf.se) and require further instrumental optimization.

For this study we have only used measurements of the twin
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KIMRA at IRF has an obvious advantage in its location horizon. However it pointed northward for all measurements
north of the Polar Circle with only a short polar night. This presented in this paper.
is favourable for studying the evolution of the polar strato- A first technical description of the instrument can be found
spheric winter chemistry both inside and outside the polarin Raffalski et al.(2002.
vortex and for investigating early ozone loss. With a detailed
study of the potential vorticity of the polar vortex using the .
Equivalent Latitude MethodNash et al. 199§ it is possi- 5 Dataanalysis

ble to identify whether measurements have been taken insidslahe measured spectra are integrated in order to reduce the

or outside the Arctic polar.vortex. Since ground-based Mea oise and thus to improve the S/N ratio. The integration time
surements over a longer time-span such as a week observe

. . N V€d2pends on the tropospheric conditions and is typically about
substantial part of the air mass inside the vortex, they prowd% 5p_2 h for a singI: pr(r))file of stratospheric 0203;]!?; Inysitua-
some kind of vortex-averaged data. ' j

. ) ) . ions of high tropospheric transmission an even shorter in-
A continuous time series can be obtained due to the facf 9 posp

- i . . egration time of 5 to 10 min is sufficient for a successful
that millimetre wave observations are scarcely impaired byretrieval
changing weath(_ar conditions. Moreover, the Kquna WIN" - The varying content of water vapour in the troposphere
ter troposphere is usually very cold and dry. For instance

. > leads to absorption of the atmospheric signal while it pro-
the mean tropospheric transmission at around 195 GHz fro : .
January to March 2002/03 during the measurements prgz_iuces an offset in the background signal. These two effects

sented in this paper was around 68%4%. The continuous have to be taken care of in the data retrieval. The contrast
pap o between line signal and background in the measured spectra

measurements provide detailed ozone data that can be used s between 5 K and 25 K depending on the tropospheric
not only for monitoring purposes, but also for process andcpnditions ’

case studies. Here we present examples of observations o The radiative transfer model described Kopp (2003)

ozone mini-holes in the beginning of December, the estima-
tion of the chemical ozone loss during the winter, as well asuses merged HITRAN 96Rothman et a). 199§ and JPL

mixing processes during the warming events in the course o Pickett et al. 1999 spectral data as supplied by the
the Arctic winter 2002/03. Ernese Atmospheric Multiple Catalog Access Tool (Beam-

cat) (Feist 2004. Daily pressure and temperature pro-
files of the National Centers for Environmental Prediction,
NCEP, Kanamitsy 1989 are merged with ground temper-
ature data as measured at IRF (availabléntip://tempo.irf.
se/cgi-weather/weather-pggend are then used in the for-
ward model. For the retrieval a modified “Optimal Estima-

2 Measurement method and instrumental setup

In the microwave region, the received power from faint ther-
mal emission lines in the atmosphere is very small. In order’; : i
to detect spectral lines of this low intensity with microwave 10N Méthod” Rodgers197§ is used. Ny
radiometers there are two observation methods available, the The retrieval ylelds.vertlcal proflles of the volume mixing
total power method and the reference beam method. Th&Rt0 (vmr) of ozone in the altitude range between 15 and
millimetre wave radiometer KIMRA deploys the reference- 22 KM- Using the full width at half maximum (FWHM) of
beam method as describedPgrrish et al(1988. However, the averaging kernels as a c_rlterlon we can obtain a vertical
rather than using a second signal from the atmosphere at E£Solution of the ozone profiles of at best 7 km (at 25 km
higher elevation angle as reference signal (as suggested F/itude). As an example, the lefthand side of Figshows
Parrish), KIMRA deploys a rotatable wire grid which blends the vertical resolution of the ozone proﬁles for 20 Jangary
the brightness temperature of two calibration loads at high?003 @s calculated from the averaging kernels. The right-

and low temperature. This results in a higher contrast in the'@nd side of Figl shows the sensitivity of the instrument

resulting spectra compared to a reference beam from the af®" ©20n€ as estimated from the sums of the averaging ker-

mosphereKrupa et al, 1998 Pels at g|ver]: alt||tude Is\sli/ls._ Thhe mstrgm:ant has ? sensglwty
KIMRA has been developed in collaboration with IMK. or ozone of at least 0 In the vertical range from about

It has been designed and built for measurementszp0ID, 15 to 55_ km. The uncertainty in_ the retrieved profiles due
HNO3 and N, in the frequency range from 195 to 225 GHz. to standing waves and systematic errors ampunts to at least
In addition the retrieval provides the tropospheric transmis-1 ppmMv opp, 2000); errors d_ue to thermal noise are mostly
sion and an estimate for the tropospheric water vapour coI—negllglble due to the integration of the measured spectra.
umn.

A conventional Schottky diode mixer is deployed, cryo-
genically cooled to about 35 K. The receiver noise tempera-
ture in Single Side Band (SSB) mode is about 1800 K.

The radiometer is equipped with a periscope-like mirror
system enabling measurements in any direction above the

Atmos. Chem. Phys., 5, 1399407, 2005 www.atmos-chem-phys.org/acp/5/1399/
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Fig. 1. Vertical resolution (left) and sensitivity of the ozone mea- _. . .
surements as calculated from the averaging kernels of the measurg-'g'_z' Minimum temperatures north of 4N at thg 475K Isen-
ments of 20 January 2003. The dashed red line depicts the 75&roplc level (ECMWF-data). The shaded area depicts the variability

sensitivity threshold defining the altitude range where the measure]‘-OOr the winters 1992/1993-2001/2002. The dashed lines depict PSC

ments provide significant information. formation temperatures fdiyar and7ice:-

vortex (Karhu et al, 2003. Thus, measurements can be iden-
tified as observations inside the polar vortex which otherwise
(with a fixed PV value as vortex edge) would have been mis-
interpreted as outside-vortex or vortex-edge observations.

4 Evolution of the Stratosphere over the Northern
Hemisphere in winter 2002/2003

4.1 Methodology

To analyse the evolution of ozone during the winter period4.2 Meteorology of the winter
we have only used measurements well inside the polar vor-
tex. The definition of the vortex edge follows the Equiv- The temperature evolution during the winter was quite pe-
alent Latitude Method as suggested ¥gsh et al.(1996. culiar. Figure2 shows the temperature variation of this
The equivalent latitude is obtained by calculating the area ofvinter compared to the 10 winters prior to 2002/03 for the
the vortex enclosed by a certain PV-isoline and plotting ar-475 K isentropic level (ECMWF-data). The ECMWF analy-
eas of different PV values as concentric circles around thesis shows an exceptionally low minimum temperature at the
pole. The equivalent latitude is a measure for the size ofbeginning of December 2002. Throughout December tem-
the vortex and should not be confused with geographical latPeratures stayed below the formation temperature for PSCs.
itudes. When considering Ertel’s potential vorticity against In mid-January a major warming occurred. After that the
the equivalent latitude, the mean vortex edge can now bdemperature did not reach the low early winter values again
defined as the steepest gradient in the resulting curve. Theven if the values dropped to near-formation temperature for
points of strongest curvature in this function yield the outer Some short periods in February and March.
and inner vortex edge, respectively. This calculation leads to During the whole of December PSCs have been observed
strong oscillations, spikes and even to no results if the vorby Lidars at NyAlesund (78.9 N, 11.9 E) and Alomar
tex is not well confined. In particular this is the case if the (69.3 N, 16° E) (EORCU 2003. Also early CIO activation
transition area from inside to outside vortex is very large orwas reportedrban et al.2004), though most of the CIO re-
totally undefined, as during the vortex formation or break-upmained in the dimer due to the lack of sunlight in December
phase and during events of strong distortion. In these caseéEORCU 2003.
no steepest gradient can be calculated and/or the points of the Figure3 presents the evolution of the polar vortex in equiv-
strongest curvatures result in an unrealistic width of the edgealent latitudes as calculated from ECMWF T213 data for dif-
area. On some days no edge can be identified at all. ferent isentropic levels. The plates clearly show the forma-
The advantage of this method over a fixed PV value fortion of the vortex as early as in November 2002 at the 950 K
a certain isentropic level to determine the vortex edge is thdsentropic level, and the downward evolution towards lower
more realistic interpretation of the potential vorticity as given isentropic levels during the cold winter period. The minor
by the European Centre for Medium-Range Weather Forewarming at the end of December appears only as some weak-
cast (ECMWF). Given the potential vorticity over a particu- ening of the vortex at 950 and 675 K, respectively, i.e., at
lar site, we can determine more precisely whether a measurdiigher levels.
ment at this site on a particular day was performed inside the Also the major warming in mid-January barely affected
polar vortex, in the vortex edge region, or outside the polarthe lower stratosphere. While the vortex at 950 K isentropic

www.atmos-chem-phys.org/acp/5/1399/ Atmos. Chem. Phys., 5, 13992005
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Fig. 3. Evolution of the polar vortex in terms of equivalent latitudes. The white lines describe the inner and outer edge of the vortex,
respectively, while the black line describes the mean vortex edge, i.e. the strongest gradient in PV for the particular day. The colour coding
shows the strength of the vortex in PVU. The open circles depict the PV over Kiruna on the particular measurement days and refer to the
underlying PV colour coding, showing how far away from or how deep inside the vortex a measurement has been taken.
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Fig. 4. Evolution of ozone between 28 November 2002 and 25 March 2003. The upper panel shows the time series of ozone vmr profiles.
Between 23-31 January there was no data due to technical problems. The middle panel shows the potential vorticity and temperature at the
475 K isentropic level (ECMWF-data). The grey shaded area gives the PV of the vortex edge area. The lower panel shows the stratospheric
ozone columns above an altitude of 10 km. The red squares give the mean values for the periods when Kiruna was well inside the vortex.

level was weakened substantially by that warming eventments were taken during the entire period between 23 and 31

this evolution does not reach down into the lower strato-January due to technical problems.

sphere. Although the minimum temperature of the vortex at The middle panel of the same figure shows the poten-

the 475 K level (as shown in Fi@) increases, no substantial tial vorticity and temperature at the 475 K isentropic level

area loss or weakening of the vortex can be seen inF#. (ECMWF-data). The grey shaded area gives the PV of the

550 K isentropic level and below. vortex edge area between the inner and outer vortex edge as
The two minor warmings in February and March can bestdescribed in Sec#.1 Very low temperatures can be seen in

be seen at 550 K and 675 K. The final warming over all December when Kiruna was well inside the polar vortex and

altitudes in the stratosphere starts at the end of March an®SCs were observeEQRCU, 2003.

the vortex has disappeared by the end of April. The lower panel in Fig4 shows the stratospheric ozone

This analysis of the vortex evolution based on the equiva-columns above an altitude of 10 km for all days when mea-

lent latitude method is consistent with the EORCU meteoro-surements were performed. The red squares give the mean
logical analysis EORCU, 2003. columns for those periods when Kiruna was well inside the

The white and black lines in Fi@ show the inner, outer, Polar vortex. _ _ _

tion of Kiruna relative to the Arctic vortex. As can be clearly tude as low as 10 km due to the fact that KIMRA sitill is
seen, Kiruna was well inside the vortex for long periods in S€nsitive below 15 km but with less than 75% as can be seen

the course of the Arctic winter 2002/03. in Fig. 1. Furthermore, the vertical resolution amounts to
10 km at an altitude of 15 km which implies that significant
contribution to the retrieved volume mixing ratios at 15 km
comes even from 5 km above and below. This information
5 Ozone has been used in the calculation of the column density.

In this study we used ozone profiles as measured by the IRF5.1  Ozone mini-holes in early December

radiometer between 28 November 2002 and 25 March 2003.

The resulting time series of ozone profiles is shown in theln early December we find extraordinarily low ozone
upper panel of Figd. While a few sporadic days with no columns in our measurements. These low ozone columns
measurements were interpolated in this graph, no measureoincide with the ozone mini-holes between 4 and

www.atmos-chem-phys.org/acp/5/1399/ Atmos. Chem. Phys., 5, 13992005
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Fig. 5. Evolution of the ozone vmr inside the polar vortex during the winter of 2002/03. The plot on the lefthand side shows averaged profiles
for periods when Kiruna was well inside the vortex. The volume mixing ratios at the 475 K isentropic level are presented on the righthand
side. The red error bars presented here are solely due to the data averaging over certain evaluation periods, that is, the statistical error or th
standard error of the mean. Blue bars depict the periods used for the mean. All measurements are taken from the vortex core.

11 December as reported BDRCU(2003. The partial col-  dence in the middle and lower stratosphere can be seen. The
umn density reaches the lowest values of 163 and 160 Dlprofiles in February and March show enhanced ozone vmr
respectively on December 5 and 8, something which wasralues in the middle stratosphere, remnants of the mixing
not observed again later during this winter. Although PSCsprocesses during the major warming in January. However
have been observed and Gl@vels were elevated (though no such ozone enhancement can be observed in the lower
mostly in form of the dimer) we believe that the observed part of the profiles. On the contrary, these profiles show less
low ozone is caused by dynamical effects as described byzone in the lower stratosphere below an altitude of 22 km
EORCU(2003: a raise in the tropopause height, coinciding than the profiles from late December and mid January. We
with a strong vortex and reduced ozone levels above 20 kmbelieve this is the result of chemical ozone depletion.

led to the exceptionally low ozone levels. The righthand side of Figh shows the measured vmr in-
_ _ side the polar vortex at the 475 K isentropic level. The black
5.2 Ozone during the warming events dots are the individual measurements and the red squares are

o ) the mean values for the different periods when Kiruna was

The strong upper stratospheric minor warming at the end ofy| jnside the vortex. The vertical error bars give the stan-
December led to increasing ozone values at those altitudegaq error of the mean and the horizontal error bars give the
over Kiruna, which during that time was well inside the polar periods which were used for the respective average. First an
vortex. Temperatures and potential vorticitiy at the 475 K jycrease of the volume mixing ratios can be observed due to
isentropic level remained unaffected by this warming event. yhe giabatic subsidence which brings ozone-rich air masses

After 18 January, the volume mixing ratios of 0zone in from higher altitudes to the level considered. After January
the middle stratosphere increased drastically, leading to eXqe ymir values decrease due to chemical ozone depletion.
tremely high values of more than 9 ppmv above an altitude Ofithout considering the effect of subsidence in the polar vor-
30 km on 23 January. At the same time, the measured stratQgy the cumulative ozone loss at the 475 K isentropic level
spheric ozone columns and the temperatures at the 475 K anout 0.5 ppmv or 16% until mid-March. After 16 March
isentropic level increased significantly. All these findings are kiruna was never again well inside the polar vortex at the
the result of the major warming which occurred in January 475 isentropic level (see Fig).
and transported ozone rich and warm air masses from lower |4 order to calculate the ozone loss that is not masked by
latitudes into the Arctic stratosphere. The minor warmings i”dynamical processes, we must match the ozone values pre-
February and March are not so prominent in the time seriegented in the lefthand side of Fi§.with a dynamic tracer.
presented in Figd. N,O is widely used as a long-lived tracer to investigate dy-
namical effects such as the diabatic subsidence inside the po-
lar vortex. NNO has no stratospheric sources and has a life-
time in the lower stratosphere of about one year. Thus the
abundance of pD can be considered to be constant for the
time period of a winter/spring season.

5.3 Ozone loss

In order to investigate the evolution of ozone inside the po-
lar vortex, mean profiles were calculated for periods when
Kiruna was well inside the vortex (lefthand side of F&).

From early December to early January, the diabatic subsi-

Atmos. Chem. Phys., 5, 1399407, 2005 www.atmos-chem-phys.org/acp/5/1399/
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Fig. 6. The plot on the lefthand side shows the diabatic subsidence of vortex air at diffei®re)els as measured by Odin/SMR, averaged
according to the periods when Kiruna was well inside the vortex. The righthand side shows mean ozone volume mixing ratios as measured
by the ground-based microwave radiometer on Odp®ONsopleths. Error bars depict solely the statistical error of the averaging process.
Blue bars depict the periods used for the mean. All measurements are taken from vortex core.

Since the IRF millimetre wave radiometer does not yetmillimetre wave radiometer. when air masses subside, the
provide N O-data, we have used vortex-average®Nlata  ozone profile is compressed in the vertical direction. Thus,
from the Sub-Millimetre Radiometer (SMR) on board the the higher ozone volume mixing ratios from higher altitudes
Odin satellite Urban et al. 2004 to calculate the diabatic are partly mapped into the considered (lower) level due to
subsidence for different altitude levels. The lefthand sidethe limited resolution even if the considered level is also sub-
of Fig. 6 shows the vortex-averaged® data. For a better sided.
comparison these data are also averaged for the periods whenAnother explanation for the increasing ozone vmr values
Kiruna was well inside the Arctic vortex. The isopleths be- in December is that the ozone-tracer relationship is not very
tween 150 and 50 ppbv show a nearly linear subsidence aftewell established in the initial phase of the winter, giving rise
mid December. The subsidence from early December to théo a quite large uncertainty since the selection of the early
end of March amounts to between 3.5 and 4 km for the dif-vortex profiles determines the early winter ozone-tracer rela-
ferent NO isopleths. This steady subsidence gives evidencéions Harris et al, 2002.
that no significant mixing processes took place at these levels In order to avoid the early winter uncertainties in the
during the warming events during the course of the winter.ozone-tracer relationship we use ozone values from mid De-
Only the 25 ppbv isopleth shows some deviation from thecember as initial values for an ozone-tracer relationship de-
linear subsidence of the other isopleths between early Jarploying Odin NO-data. Some ozone loss prior to mid-
uary and early February. This is probably the result of someDecember which might have been excluded this way, how-
mixing processes at this level during the major warming in ever, should be quite limited due to the lack of sunlight. This
January. assumption is supported Ayimes et al.(2003, who found

Our ground-based measurements over a longer time periofff9¢ column ozone loss starting in January 2003 using the
in principle give vortex-averaged values (as long as only datd"aCer-tracer correlation technique. _
from inside the vortex are used). Thus, binning of Odin’s After mid December, ozone concentrations show a gen-
N2O in the same way as our ozone data yields an estimate fo‘?ral decrease due to chemlgal ozone Ios§. One cause for
the vortex-averaged diabatic subsidence which we can use '€ €arly 0zone loss even in January might be the geo-
estimate the chemical ozone loss during the winter perioddraPhical extension of the vortex to lower latitudes. Thus,
The righthand side of Fig shows the ozone volume mixing the preprocess_ed sFra_tosphenc_alr Masses were exposed to
ratios of the ground-based 0zone measurements on46e N §trqnger solar wrgdlatlon than in the polar region, resqlt—
isopleths from Odin. The vertical error bars are again the!9 I photochemistry qnd ozone depletlon.. The cumulative
standard error of the mean and the horizontal error bars giv€Z0ne 10ss between mid-December and mid-March amounts
the periods used for averaging. In early December a slighf® L1£0-1 ppmv on the 150 ppbv #0 isopleth (20.0~
increase of ozone vmr values can be seen on g io-  +6-> km) and 720.1 ppmv on the 50 ppbv 30 isopleth
pleths. This increase cannot be explained by dynamical pro(23'0_19'0 km). .
cesses since they should have been removed by usiagl I_—|owever we can see two deviations from the overall evo-
a dynamic tracer. Probably this increase is an artefact intro!Ution:

duced by the limited vertical resolution of the ground-based - The lowest altitude depicted by the 150 ppbyON

www.atmos-chem-phys.org/acp/5/1399/ Atmos. Chem. Phys., 5, 13992005



1406 U. Raffalski et al.: Evolution of stratospheric ozone during winter 2002/2003 over Kiruna, Sweden

isopleth shows no onset of ozone loss before mid Jan- Almost continuous ozone measurements have been taken
uary. This might be due to the only sporadic PSC oc-using the 195-225 GHz radiometer at Kiruna from the end
casions at these low altitudes (18—19 km) during lateof November 2002 to the end of March 2003. From the mea-
December and until mid January (S8@RCU 2003. surements we retrieved a time series of ozone vmr profiles
and stratospheric columns.

— The evolution of the ozone volume mixing ratio on the |, e4rly December 2002 we found extraordinarily low
25 ppbv NO isopleth (24.5-20.0 km) deviates slightly ;006 column densities over Kiruna. These low values co-

in that it shows a smaller decrease after the major warm;,iqe well with the ozone mini-holes reported BPRCU

ing event in January compared to the other levels. We(2003 for this time span.

think this.is the result of the mixing processes during = 1o mixing processes during the warming events in De-
the warming event. cember and in particular in January led to increasing ozone

The ozone loss derived from ground-based measuremen&"xmg ratios in the middle and upper stratosphere. The max-
can be compared to Odin ozone data. Unfortunately Odin'dMum was reached in January with more than 9 ppmv above
ozone vmr on NO isopleths is only available on the 25 ppbv &N altitude of 30 km; this is an extraordinarily high value.
and 50 ppbv MO isopleths and only between mid Decem- These mixing processes are also clearly visible in the mea-
ber and mid February. For this comparison OdifO\iata is sured ozone profiles which were averaged for periods when
deployed for a tracer correlation with the ground-based mil-Kiruna was well inside the polar vortex. -
limetre wave measurements at Kiruna. We find an ozone loss " contrast, the ozone concentration in the lower strato-
between mid December and mid February &-60.2ppmv sphere decreased after January due to chemical depletion.
on the 25 ppbv isopleth and®:0.2ppmv on the 50 ppbv One reason for this early ozone loss might be the exposure
isopleth, respectively. The measured loss on the 25 ppbv isg?| Pré-processed stratospheric vortex air masses to solar ir-
pleth is probably affected by the mixing processes during thdadiation at Igwer latitudes with subsequent photochemical
warming event in January. Nevertheless, these values conf?Zone depletion. , _
pare well to the vortex-wide ozone depletion measured by Atthe 475 K isentropic level the cumulative loss amounted
Odin in the same periodJfban et al. 2004. Unfortunately to at,)OUt 0'5, ppmv, but part O_f the loss was maskgd by di-
Odin data do not allow ozone loss calculation for lower alti- 2Patic subsidence of vortex air. To account for this effect,
tudes due to the limited altitude range of the ozone measure€ have used pD data as measured by the Odin satellite
ments analysed so far. to calculate the vortex-averaged diabatic subsidence. The
The cumulative ozone loss in the lower stratosphere beN20 isopleths in the lower stratosphere show a subsidence
tween mid-December and mid-March is of the same order afetween 3.5 and 4 km from early-December 2002 to mid-
the ozone loss which was detected by microwave radiometry¥arch 2003. We could find no evidence for mixing during
and FTIR measurements in Kiruna in the cold arctic winter 1 warming events in the course of the winter below the
of 1999/2000 Kopp et al, 2002. The relatively high ozone 22 PPbv NO isopleth. On the 25 ppbv isopleth we detected
loss in the winter of 2002/2003 fits well to the meteorological SCMe indications for mixing during the major warming in
situation of this winter with very low temperatures in early J&nuary.

December and the reported chlorine activatiorb@n et al, We used the diabatic subsidence as calculated from the
2004 and denitrification EORCU, 2003 mainly in January Odin NoO data to e_st|mate the ozone loss as detected k_Jy
and lasting to mid-March. the ground-based microwave measurements. The cumulative

ozone loss between mid-December and mid-March amounts

to between 11+0.1ppmv and 17+0.1 ppmv, respectively,
6 Summary and conclusions depending on altitude.

For comparison with Odin data during the period mid-

The winter of 2002/03 was unusually cold in the lower strato- December to mid-February we evaluated ozone loss on the
sphere in early December, and minimum temperatures in thgo ppbv and 25 ppbv HO isopleths in detail. In this case
polar vortex stayed below PSC-formation temperature untilthe ozone loss calculated from ground-based measurements
mid-January. The minor warmings in December, Februaryamounts to ®+0.2 ppmv and and 6+0.2 ppmv, respec-
and March and the major warming in January weakened thejvely. These values compare well to the ozone depletion
Arctic vortex. USing the potential VOYtiCity against equivalent measured by Odin/SMR. The losses are in the same order
latitudes and averaged Odin@® data we show that mixing  as those measured in the cold Arctic winter of 1999/2000 in

processes during these warming events were only importarkiruna by microwave radiometry and FTIR measurements.
above the 550 K isentropic level or above the 50 ppb®N

isopleth, respectively.
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