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Abstract

A major sudden stratospheric warming (SSW) occurred in the Northern Hemisphere
in January 2010. The warming started on 26 January 2010, was most pronounced
by the end of January and was accompanied by a polar vortex shift towards Europe.
After the warming, the polar vortex split into two weaker vortices. The zonal mean tem-
perature in the polar upper stratosphere (35—-45km) increased by approximately 25K
in a few days, while there was a decrease in temperature in the lower stratosphere
and mesosphere. Local temperature maxima were around 325K in the upper strato-
sphere and minima around 175 and 155K in the lower stratosphere and mesosphere,
respectively. In this study, we present middle atmospheric water vapor and ozone
measurements obtained by a meridional chain of European ground-based microwave
radiometers in Bern (47°N), Onsala (57°N) and Sodankyla (67° N). The instruments
in Bern and Onsala are part of the Network for the Detection of Atmospheric Compo-
sition Change (NDACC). Effects of the SSW were observed at all three locations and
we perform a combined analysis in order to reveal transport processes in the middle
atmosphere above Europe during the SSW event. Further we investigate the chemical
and dynamical influences of the SSW event. We find that the anomalies during the
warming in water vapor and ozone were different for each location. A few days be-
fore the beginning of the major SSW, we observed a decrease in mesospheric water
vapor above Bern, which we attribute to movement of the mesospheric polar vortex
towards Central Europe. The most prominent H,O anomaly observed in Bern was an
increase in stratospheric water vapor during the warming. In Onsala and Sodankyla,
mesospheric water vapor increased within a few days during the warming and slowly
decreased afterwards. Upper stratospheric ozone decreased during the warming over
Bern by approximately 30 % and by approximately 20 % over Onsala. Over Sodankyla,
a decrease in ozone below 30 km altitude was observed. This decrease is assumed to
be caused by heterogeneous chemistry on polar stratospheric clouds. After the SSW,
stratospheric ozone increased to higher levels than before at all three locations. The
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observed anomalies are explained by a trajectory analysis with reanalysis data from
the European Center for Medium-Range Weather Forecasts (ECMWF). Most of the
observed anomalies in water vapor and ozone during the warming are attributed to the
location of the polar vortex, depending on whether a measurement site was inside or
outside the polar vortex. The observed increase in mesospheric water vapor at high
latitudes is explained by advection of relatively moist air from lower latitudes, whereas
the observed increase in stratospheric water vapor at midlatitudes is explained by ad-
vection from high latitudes, i.e. from the moist stratospheric polar vortex.

1 Introduction

The lack of solar radiation at the winter pole forms a large low pressure system over
the polar region. This low pressure system leads to strong eastward winds around the
North Pole, forming the typical winter time polar vortex. The edge of the vortex is a mix-
ing barrier such that the air inside the vortex is considerably colder and has a different
chemical composition than outside (e.g., Schoeberl et al., 1992; Manney et al., 1994).
The polar vortex exists from the troposphere up to the mesosphere, but is strongest
in the stratosphere. In the mesosphere, the vortex area is larger than in the middle
stratosphere, i.e. the polar night jet is located at lower latitudes than in the stratosphere
(see e.g. Harvey et al., 2009, and references therein). Inside the polar vortex, the air
is descending from the mesosphere to the stratosphere, which was modeled e.g. by
Rosenfield et al. (1994) or observed e.g. by Allen et al. (2000). During a quiet winter,
the vortex is persistent throughout the whole winter and disappears in the beginning
of spring. During some winters however, the polar vortex is seriously disturbed or de-
stroyed by sudden stratospheric warmings (SSW), which were discovered by Sherhag
(1952). A SSW is a sudden increase in the stratospheric temperature, often accom-
panied by a reversal of the zonal wind. The occurrence frequency of SSWs between
1958 and 2001 is approximately 0.6 yr’1, according to Table 1 in Charlton and Polvani
(2007).
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The occurrence of a SSW was found to be due to the interaction of the zonal mean
flow (eastward) with westward propagating planetary waves (Matsuno, 1971). These
planetary waves act to decelerate the zonal mean flow which leads to distortion and/or
breakdown of the polar night jet. This wave-mean flow interaction triggers a displace-
ment, disruption and/or splitting of the polar vortex (Charlton and Polvani, 2007). The
strongest major SSW observed up to date occurred in winter 2008/2009 at the end of
January 2009 (e.g. Manney et al., 2009; Labitzke and Kunze, 2009). A major warm-
ing in the stratosphere is always accompanied by a cooling in the mesosphere. The
mesospheric cooling usually starts a few days earlier than the stratospheric warming
(Schoeberl, 1978). This coupling between two or more atmospheric layers during a
SSW was the focus of many recent studies. Manney et al. (2008a,b) and Orsolini
et al. (2010) showed that after an SSW, the stratopause often reforms at approximately
75km altitude which is the typical altitude of the upper mesosphere. Martius et al.
(2009) showed that atmospheric blocking situations in the troposphere could be a trig-
ger of the sudden warmings in the stratosphere. Goncharenko et al. (2010) showed
that SSWs also have an impact on the lower thermosphere and ionosphere in the
equatorial region.

Flury et al. (2009) showed that the major SSW during the winter 2007/2008 led to
a decrease in lower stratospheric ozone. This ozone decrease was triggered by the
formation of polar stratospheric clouds (PSC) due to temperatures below 195K in the
lower stratosphere. At the same time, ozone decreased in the relatively warm upper
stratosphere due to the temperature dependence of the NOx cycle. The geographical
extension of an SSW can range down to the subtropics, as was shown by De Wachter
et al. (2011). They also studied the SSW of 2008 and observed a decrease in meso-
spheric water vapor over Seoul, South Korea, which was attributed to advection of dry
polar mesospheric air to the subtropics. Lahoz et al. (2011) used assimilated middle at-
mospheric water vapor observations as a tracer to study the 2009 SSW and calculated
descent rates in the polar vortex based on water vapor assimilations. Hartogh et al.
(2011) explained the observed weak ozone maximum in late winter in the midlatitudinal
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mesopause region by the activity of SSWs, which reduced ozone in this altitude region
in January and February.

In winter 2009/2010, two SSWs occurred in the Northern Hemisphere, a minor warm-
ing in the beginning of December 2009 and a major warming at the end of January
2010. The terms minor and major warming refer to the characterization of SSWs
according to the Commission for Atmospheric Sciences of the World Meteorological
Organization (WMO), which is based on the work of Mclinturff (1978). Thanks to new
remote sensing instruments and advances in modeling of the whole atmosphere sys-
tem in recent years, the impact of SSWs on atmospheric composition and circulation
can now be studied in more detail.

We focus on exchange processes between polar and subtropical air in the middle
atmosphere during a SSW and use measurements from ground-based instruments
within NDACC from midlatitudes up to high latitudes. There is one midlatitudinal loca-
tion, Bern, Switzerland (46.9° N/7.45° E) and two Scandinavian sites, Onsala, Sweden
(57.4°N/12.0° E) and Sodankyla, Finland (67.4° N/26.6° E). In this study, we present
observations of middle atmospheric water vapor and ozone for these locations during
the major SSW from January 2010. Satellite data of water vapor and ozone from the
Microwave Limb Sounder on the Aura satellite (Aura MLS) is used to fill in gaps in
the data from the three locations. This is the first study that uses a mini-network of
three locations with ground-based instruments to study the effects of a SSW on middle
atmospheric water vapor and ozone.

The next section, Sect. 2, describes the data sources and gives references for fur-
ther details of the instruments and models used. The first part of Sect. 3 describes the
January 2010 SSW from a global view, the second part from a local view at our mea-
surement locations. The fourth and fifth sections show the observed water vapor and
ozone anomalies and give explanations by means of trajectory analyses and determi-
nation of the location of the polar vortex. Section 6 concludes the presented material
and explanations.
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2 Data sources

The observational data presented in this study are obtained by ground-based and
spaceborne microwave radiometers. Microwave radiometers are passive instruments
measuring a spectrum around a rotational emission line of the molecule of interest, in
our case 22.235 GHz for water vapor and 142 GHz for ozone. The microwave emission
of these molecules is a pressure broadened spectrum. Pressure broadening allows
retrieving a vertical profile of the molecule of interest for example by the Optimal Esti-
mation Method (OEM) (see for example Rodgers, 2000). The upper limit of the retrieval
is mainly determined by the resolution of the spectrometer, the lower limit by the total
measured bandwidth and the baseline of the spectrum.

For Bern, Switzerland, we use water vapor profiles from the Middle Atmospheric
WAter vapor RAdiometer (MIAWARA) (Deuber et al., 2005). Its valid vertical range
is between 10 and 0.02 hPa, the temporal resolution depends on tropospheric opacity
and is a few hours during wintertime. MIAWARA was validated against the satellite
instrument MLS on the Aura satellite and has a bias of less than 10 % in the strato-
sphere and mesosphere (Haefele et al., 2009). Ozone profiles for Bern are measured
by the GROund-based Millimeter-wave Ozone Spectrometer (GROMOS), which has a
valid vertical range between 60 and 0.1 hPa with a temporal resolution of a few min-
utes (Calisesi et al., 2001). In the present study, 2-hourly ozone profiles are used. Both
instruments, MIAWARA and GROMOS, are part of the Network for the Detection of At-
mospheric Composition Change (NDACC). The vertical resolution of both instruments
is approximately 10km in the stratosphere and the mesosphere. The water vapor
data presented for Onsala, Sweden, is also obtained by a ground-based microwave
radiometer with similar characteristics as MIAWARA (Forkman et al., 2003) and is also
part of NDACC. There have been difficulties in the operation of this radiometer in winter
2009/2010 resulting in data gaps, which are complemented by data from Aura MLS.
Ozone data for Onsala is also from Aura MLS. The water vapor data over Sodankyla is
obtained from the compact radiometer MIAWARA-C (Straub et al., 2010). This instru-
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ment, which has been specifically designed for the use in measurement campaigns,
was operated from Sodankyla in the frame of the Lapland Atmosphere-Biosphere Facil-
ity (LAPBIAT) campaign. MIAWARA-C’s daily profiles cover an altitude range between
10 and 0.02 hPa with a vertical resolution of approximately 12 km.

The Microwave Limb Sounder on NASA'’s Aura satellite (Aura MLS) is a passive limb
sounder for the retrieval of various trace species, geopotential height and tempera-
ture data (Waters et al., 2006). The vertical resolution of Aura MLS ranges from 3 to
6 km for water vapor in the middle atmosphere (Lambert et al., 2007). The Aura MLS
retrieval version used for this study is 3.3 and data is only considered within the valid
vertical range and if quality thresholds are met as given in Table 1.1.1 of the version 3.3
data quality document (http://mls.jpl.nasa.gov/data/datadocs.php). Satellite profile se-
lection for a given location is within the given latitude +£400 km and the given longitude
+800 km.

Meteorological reanalysis data from the European Center for Medium-Range
Weather Forecasts (ECMWF) is used for descriptions of the polar vortex and tropo-
spheric temperature. Trajectory calculations are performed using the Lagrangian Tra-
jectory Tool LAGRANTO, developed at the ETH Zurich (Wernli and Davies, 1997). We
use the 3-D wind fields from the ECMWF operational data set for trajectory calcula-
tions and the ECMWF ERA-INTERIM Re-Analysis (Dee et al., 2011) for all other pur-
poses. The operational and the ERA-INTERIM data set have their upper model limit at
0.01 hPa (approximately 80 km) and 0.1 hPa (approximately 64 km), respectively.

To summarize the data sources, Table 1 lists all instruments and models used for the
three different locations.
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3 The SSW in January 2010
3.1 Water vapor and ozone in the polar vortex

To support the readers’ understanding of the middle atmospheric composition in water
vapor and ozone, Fig. 1 shows typical winter time water vapor, ozone and temperature
profiles inside and outside of the polar vortex, obtained from Aura MLS measurements
during winter 2009/2010 before the major SSW. The location of the polar vortex is
determined qualitatively by isentropic potential vorticity (PV) maps in the stratosphere
(relatively high PV corresponds to the polar vortex) and by the area enclosed by the
polar night jet in the mesosphere, based on absolute wind speeds. The temperature
minima and maxima in the lower stratosphere and at the stratopause, respectively,
are lower in temperature and higher in altitude inside the vortex than outside. The
stratopause, i.e. the temperature maximum in the middle atmosphere, is found at ap-
proximately 58 km altitude inside and at 46 km outside the vortex. The reason for the
high polar stratopause is the subsidence of air inside the vortex and corresponding
adiabatic heating. Inside the polar vortex, the volume mixing ratio of water vapor has a
maximum of approximately 7 parts per million (ppm) in the stratosphere at 32 km and
then decreases with height by approximately 1 ppm per 10 km. Outside of the vortex,
the stratospheric water vapor mixing ratio is lower than inside the vortex. Water vapor
outside of the vortex has a maximum at the stratopause and the lower mesosphere
between 50 and 60 km of 7-8 ppm and then decreases with height by approximately
2.5ppm per 10km. The increase of water vapor with height from the tropopause to
the stratopause arises from methane oxidation, the decrease above the stratopause is
due to photodissociation of water vapor (Brasseur and Solomon, 2005). The Brewer-
Dobson circulation (Brewer, 1949) transports middle atmospheric air from low latitudes
to high latitudes, where the subsidence of the air inside the polar vortex leads to the
observed water vapor maximum at altitudes approximately 20 km below the maximum
outside of the vortex. The stratospheric 0zone maximum outside of the vortex has mix-
ing ratios of up to 8 ppm, which is higher than inside the vortex where the maximum
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mixing ratios are approximately 5ppm. The low ozone content in the polar vortex is
due to the mixing barrier at the edge of the vortex which diminishes the transport from
the low latitudes, where ozone is produced, to the inside of the vortex. Due to the
different mixing ratios inside and outside of the vortex, water vapor and ozone can be
used as tracers for studying middle atmospheric dynamics and transport processes in
the midlatitudes and polar region, in particular in the region of the vortex edge.

3.2 The global view

The upper panel in Fig. 2 shows the zonal mean temperature at 10 hPa during winter
2009/2010 against latitude and time. In December and January a strong temperature
gradient from 45° N towards the North Pole due to the polar vortex is present, which
was disturbed twice at the beginning of December and at the end of January, when
the two SSWs occurred. The first anomaly in the temperature gradient was a minor
SSW, as the temperature gradient remained negative towards the pole and the zonal
mean zonal wind did not reverse (lower panel in Fig. 2). The second anomaly at the
end of January was a major SSW fulfilling the major SSW criteria from the WMO: The
zonal mean temperature gradient at 10 hPa was positive from 60° N towards the pole
and the zonal mean zonal wind reversed from westerly to easterly at latitudes poleward
of 60° N. The strong negative temperature gradient from before the major SSW did not
recover after the major SSW, i.e. the polar vortex did not re-form to its original strength.

Figure 3 shows ECMWF PV on the 850K isentropic surface (at approximately
10 hPa) before (16 and 21 January), during (26 and 31 January) and after the ma-
jor SSW (5 and 10 February). The white circles indicate the positions of the microwave
radiometers. Before the warming, the stratospheric vortex was already slightly shifted
towards Europe and Asia due to the Aleutian High. In the beginning of the warming,
the vortex was displaced and then in the course of the warming split into a larger vortex
moving westward and a smaller vortex moving eastward. Hence, in this particular case,
a clear distinction between a displacement and a splitting event is not possible. Fig-
ure 3 also shows that each measurement location was occasionally inside and outside
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of the vortex and that the vortex even extended to the midlatitudes. Thus we ana-
lyze the difference of inside-vortex air and outside-vortex air in chemical composition,
temperature and vertical structure of trace gas profiles such as water vapor.

3.3 The local view

The increase in upper stratospheric temperature during the minor and the major SSW
was observed in the time series of temperature in Fig. 4 at Bern (47° N, upper panel),
Onsala (57° N, middle panel) and Sodankyla (67° N, lower panel). During the SSW, the
stratopause descended at all locations, most pronounced at higher latitudes. For all
locations, the temperature at the stratopause decreased after the warming. Coinciding
with the warming in the upper stratosphere there was a cooling of the mesosphere
during the minor and the major warming. During the major SSW, a cooling in the lower
stratosphere over Bern was also observed which started a few days earlier than the
SSW. The upper stratospheric warming and lower stratospheric cooling over Bern will
be examined here by a trajectory analysis.

The isentropes are descending at the height of the warming and ascending where
cooling takes place, indicating adiabatic warming and cooling, respectively. To illus-
trate this link between the vertical movement of middle atmospheric air and the ob-
served temperature anomalies, we calculated backward trajectories over Bern with
LAGRANTO based on ECMWF wind fields. We calculated 72 h backward trajectories
every 6 h from three weeks before to two weeks after the observed SSW over Bern.
At every time step, the trajectories started from 5 different pressure levels (30, 10, 3,
1 and 0.3hPa). The result is shown in Fig. 5. Since we are interested in the vertical
movement of air, only pressure vs. time for each individual trajectory is shown. Clearly
visible is the subsidence of air in the region of the warming (3 hPa) from 25 January
to 1 February: Almost every air parcel originated from higher altitudes and the subsi-
dence led to adiabatic heating. The situation was opposite for the region of the cooling
at 30 hPa, where ascending air led to the observed cooling between 24 January and 4
February. The rise of the air parcels in the cooling region is less pronounced than the
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descent of air in the warming region. This lower stratospheric cooling over Bern was
also observed during a major SSW two years earlier by Flury et al. (2009).

The observed deceleration of zonal wind at 10 hPa during the SSW (Fig. 2) is as-
sociated with downward and poleward air motion according to conservation of angular
momentum. The observed adiabatic warming (descent of air) is thus consistent with
the decrease in zonal wind. Accordingly, the zonal wind in the altitude region of the
stratospheric cooling, i.e. between approximately 100 and 30 hPa, has increased dur-
ing the SSW (not shown here), which must lead to upward and equatorward air motion.
This is again consistent with the observed adiabatic cooling.

4 Water vapor and ozone anomalies
4.1 Water vapor and ozone over Bern

Figure 6 shows the time series of water vapor and ozone over Bern measured by the
ground based instruments MIAWARA and GROMOS, respectively. During the time
of the major SSW, MIAWARA observed an increase of the water vapor mixing ratio
by approximately 20 % in the stratosphere between 20 and 7 hPa correlating with an
increase in PV, as seen from the variations of the PV contour lines in the upper panel
of Fig. 6. The correlation between stratospheric water vapor and PV was also stated
by Schoeberl et al. (1992). PV is a good indicator for the latitudinal and vertical origin
of an air parcel, as it is a good tracer. Stratospheric water vapor increases with height
and latitude, hence the observed water vapor anomaly is linked with vertical and/or
latitudinal advection. This stratospheric water vapor enhancement during a major SSW
is consistent with previous studies (see e.g. Flury et al., 2009). After the major SSW,
PV decreased and MIAWARA observed very low mixing ratios of stratospheric water
vapor at this altitude. During the minor warming, an increase in stratospheric water
vapor was not observed. Stratospheric ozone concentrations decreased during the
minor warming by approximately 20 % from 6 to 5 ppm and during the major warming
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by approximately 30 % from 6.5 to 4.5ppm. From Fig. 6 it is visible that the ozone
mixing ratio anti-correlates with PV. However, the anti-correlation is not as strong as the
correlation between water vapor and PV because ozone has a much shorter lifetime
than water vapor. In addition, the decrease in upper stratospheric ozone correlates with
an increase in temperature, which leads to a faster catalytic NOx cycle and chemical
depletion of ozone (see e.g. Stolarski and Douglass, 1985). As the lifetime of ozone
decreases with altitude (see e.g. Garcia and Solomon, 1994, and references therein),
the anti-correlation with PV also decreases with altitude. Stratospheric ozone has a
strong latitudinal gradient, especially in wintertime and across the edge of the polar
vortex. This strong latitudinal gradient is assumed to be responsible for the observed
anomalies due to latitudinal advection of ozone poor air from high latitudes, i.e. from
the polar vortex. After the SSW, stratospheric ozone increased by about 70 % to mixing
ratios higher than 8 ppm which are typical only observed during summer. The decrease
in PV in combination with these high ozone mixing ratios indicates advection of ozone
rich air from lower latitudes.

In the mesosphere, the situation was different: a negative water vapor anomaly was
observed at 0.1 hPa a few days before the warming and with the beginning of the warm-
ing, mesospheric water vapor increased again to typical values. After the warming, the
isolines of water vapor decreased slowly by approximately 6 km from the beginning of
February until mid-March (magenta line in Fig. 6), indicating the slow subsidence of
mesospheric air associated to the Brewer-Dobson circulation.

4.2 Water vapor and ozone over Onsala

Over Onsala, the observed water vapor anomalies are most prominent in the meso-
sphere at 0.1 hPa when mixing ratios increased by approximately 50 % during the minor
and the major SSW (Fig. 7). The water vapor increase in the mesosphere correlates
with a PV decrease which gives evidence for latitudinal advection of moist mesospheric
air from low latitudes. The increase in mesospheric water vapor coincides with the be-
ginning of the two warmings. Mesospheric water vapor mixing ratio over Onsala is
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more variable than over Bern and over Sodankyla, but the anomalies caused by the
two SSWs are still evident.

Stratospheric ozone decreased slightly during the minor SSW and strongly during
the major SSW. The decrease in stratospheric ozone correlates with an increase in
PV, indicating origin of the air from the polar vortex. The upper stratospheric ozone
mixing ratio at Onsala was approximately 4 ppm during the SSW which is comparable
to the stratospheric mixing ratios at Sodankyla (lower panel of Fig. 8), which is 10
degrees further north. After the major SSW, upper stratospheric ozone, i.e. between
10 and 1 hPa increased to higher values than before the warming. However, in the
lower stratosphere between 50 and 10 hPa, ozone concentrations were very low until
20 February. The low ozone concentrations are possibly due to polar stratospheric
clouds (PSCs), i.e. PSCs activate catalytic ozone destruction cycles by heterogeneous
reactions of chlorine reservoir compounds on the surface of the PSC particles. Such
PSCs were observed over Northern Europe during the time of the major SSW.

4.3 Water vapor and ozone over Sodankyla

The two SSWs during winter 2009/2010 had a strong impact on mesospheric water
vapor over Sodankyla (Fig. 8). During the minor and the major warming, mesospheric
water vapor at 0.1 hPa increased by approximately 50 % from 5 to 7.5 ppm. The vor-
tex shift and disruption during the major SSW led to mixing of dry polar mesospheric
air with midlatitudinal, more humid air. The rapid water vapor increase was followed
by a slow decrease which prolonged until mid-March. The subsidence of polar meso-
spheric air during winter is seen by the slope of the isolines of water vapor and is
indicated by the magenta line in Fig. 8. The increase in mesospheric water vapor at
middle and high latitudes during a SSW is consistent with previous studies, e.g. Seele
and Hartogh (2000) or Flury et al. (2009). The stratospheric ozone concentration over
Sodankyla decreased steadily during winter until the end of January. Only minor dis-
turbances were observed during the minor warming. However, the major SSW led to a
strong ozone increase between 10 and 1 hPa of more than 50 % over Sodankyla. The
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increase was caused by mixing of midlatitudinal, ozone rich air into the polar region.
The upper stratospheric ozone concentration then remained on high levels for the rest
of the winter, which is due to the breakdown of the polar vortex and the corresponding
mixing with air masses from lower latitudes. In the lower stratosphere, ozone concen-
trations remained very low until 20 February due to the same effect as over Onsala, i.e.
due to catalytic ozone destruction caused by PSCs.

5 Trajectories from Bern, Onsala and Sodankyla

To support our interpretation of the observed anomalies, we calculated 96 h-backward
trajectories at selected times and altitudes from the three locations. The backward
trajectories reveal the geographic origin of the measured air parcels. Water vapor is
a good tracer in the middle atmosphere due to its long lifetime and is assumed to
remain constant along the trajectories. The starting time and altitude of the backward
trajectories is marked in the water vapor and ozone time series (Figs. 6—8) with black
crosses.

The two plots in Fig. 9 show the 96 h-backward trajectories started at 0.1 hPa super-
posed on polar maps of absolute wind speed in the mesosphere on the 3400K isen-
tropic surface (corresponds to approximately 64 km altitude) at the end of the trajecto-
ries. Since the distribution of mesospheric PV is difficult to interpret and mesospheric
PV is in most cases not “vortex-centered” (Harvey et al., 2009), we plotted absolute
wind speed to get an idea of the location of the polar night jet which encloses the meso-
spheric polar vortex. In the stratosphere, we plotted isentropic PV for the visualization
of the polar vortex (Figs. 3 and 10). Please note that the wind direction in the circumpo-
lar mesospheric jet during the SSW (right panel in Fig. 9) is westward, corresponding
to the wind reversal. The trajectories before the major SSW indicate a counter clock-
wise (eastward) circulation, which is typical for a vortex-like circulation in the Northern
Hemisphere. In addition to this circulation, the mesospheric air is descending (not
shown here). This subsidence inside the mesospheric vortex-like circulation leads to
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the observed low mesospheric water vapor values at Onsala and Sodankyla during the
undisturbed winter situation, e.g. before the minor and major SSW. The mesosphere
above Sodankyla is usually in the regime of the polar vortex, but the mesosphere above
Onsala and Bern lies in the transition zone between the polar vortex and the midlati-
tudes and subtropics, respectively. This is visible in the observed water vapor above
Onsala and Bern at 0.1 hPa, which is more variable than mesospheric water vapor over
Sodankyld, and the mixing ratio depends mostly on the location and extent of the polar
vortex. Just before the major SSW, MIAWARA measured low concentrations of water
vapor above Bern at 0.1 hPa and the backward trajectory shows that this air originated
from the edge of the vortex, which can also be seen by the location of the polar night
jet. Hence, the low mesospheric water vapor content (of polar vortex origin) observed
over Bern a few days before the actual beginning of the SSW was a first signature of
the major SSW, while in the stratosphere, the first signatures in water vapor and ozone
were observed a few days later, coinciding with the beginning of the SSW. Coinciding
with the mesospheric water vapor decrease before the warming, temperatures above
Bern increased (as seen in Fig. 4). This is consistent with the shift of the mesospheric
vortex (which has a generally a warmer mesosphere) towards Bern. At all three mea-
surement locations, the mesospheric circulation changed abruptly at the beginning of
the major SSW. The trajectories on the right plot of Fig. 9 originate from low latitudes
and rotate clockwise towards the measurement locations. This explains the relatively
high water vapor mixing ratios above the two polar stations during the SSW due to
the breakdown of the vortex. Over Bern, the mesospheric water vapor mixing ratios
increased again to typical “outside-vortex” values.

The plots in Fig. 10 are similar to the plots in Fig. 9 but for the stratosphere at 1000 K
(corresponds to approximately 36 km altitude) and for the times during (29 January
2010) and after the major SSW (6 February 2010). The trajectories are now super-
posed on isentropic PV instead of absolute wind speed, since PV is usually “vortex-
centered” in the stratosphere and can thus be used to determine the location of the
polar vortex. All stratospheric trajectories during the major SSW (left plot) show a clear
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vortex-like, counter clockwise circulation. The strong shift of the polar vortex towards
Europe in the course of the SSW explains the very low ozone values in the stratosphere
above Bern, because Bern usually lies outside the polar vortex, i.e. has a relatively high
stratospheric ozone mixing ratio. The vortex shift also explains the high stratospheric
water vapor mixing ratio above Bern from approximately 20 to 6 hPa during the SSW
which anti-correlates with the ozone mixing ratio. After the vortex shifted towards west
away from Bern, the air above Bern at 6 hPa was coming from southeast, as shown in
Fig. 10 in the right plot. The stratospheric observations of the low water vapor mixing ra-
tio and exceptionally high ozone mixing ratio are thus consistent with the low-latitudinal
origin of the observed air mass. The position of the polar vortex also explains the low
stratospheric ozone values above Onsala during the major SSW, because Onsala was
situated near the center of the vortex during the SSW. As Sodankyla was located within
the vortex throughout most of the winter, a vortex shift acted mainly to increase strato-
spheric ozone over Sodankyla by advection of ozone-rich air from outside the vortex.
After the major SSW, the stratospheric ozone mixing ratio increased over Onsala and
Sodankyla, but not as strong as over Bern. The three trajectories after the SSW give a
reason for the difference in the 0zone anomalies: The stratosphere above Bern was at
the edge of a high pressure system (clockwise rotation) centered over Eastern Europe
which brought ozone rich air from the subtropics towards Bern. However, the two high
latitude stations were still at the eastern edge of the polar vortex, which was at that
time centered over Greenland and brought low-latitudinal air by the cyclonic rotation
towards Onsala and Sodankyla.

6 Conclusions

This study combined observations of several ground-based radiometers located across
Europe to obtain a regional view on the changes in middle atmospheric water vapor
and ozone above Europe in the course of the major SSW of January 2010. The ob-
servations were obtained by a mini-network of ground based microwave radiometers
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from NDACC, located in Bern, Onsala and Sodankyla, and from Aura MLS. The warm-
ing of the upper stratosphere and anomalies in water vapor and ozone were observed
from all three locations. Over Bern, increased stratospheric water vapor and low ozone
concentrations were observed during the SSW which is attributed to a combination of
downwelling air masses and a shift of the polar vortex to Bern by the SSW event. Thus
ozone-poor air masses were advected towards Bern during the SSW and ozone was
further depleted since the warming accelerated the catalytic NOx cycle. A first signal
of the SSW, a few days before the actual start of the SSW, was observed over Bern
in terms of low mesospheric water vapor mixing ratios, attributed to the shift of the
mesospheric vortex towards Central Europe. At the two high latitude stations Onsala
and Sodankyla, the water vapor anomalies were most prominent in the mesosphere
where water vapor increased abruptly with the beginning of the SSW. This increase
was attributed to the breakdown of the mesospheric vortex and mixing of water vapor
rich air from the midlatitudes. Decreases of upper stratospheric ozone during the SSW
were also seen over Bern and Onsala but not over Sodankyla. However, low ozone
concentrations were measured in the lower polar stratosphere, i.e. between 50 and
10hPa, which are assumed to be linked to ozone depletion driven by heterogeneous
reactions on PSCs.

The changes in mesospheric dynamics due to the SSW give evidence to a strong
coupling between the stratosphere and the mesosphere. Trajectories, commonly used
in the troposphere and lower stratosphere, are found to be a good tool to study middle
atmospheric dynamics, and proved to be especially useful also in the mesosphere. The
mesospheric as well as the stratospheric trajectories are consistent with our ground-
based observations of water vapor and ozone and helped understanding the processes
involved.
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Table 1. Overview of the instruments and models used for the different locations. GBMW,
MIAWARA, MIAWARA-C and GROMOS are ground-based microwave radiometers, MLS is the
microwave limb sounder on the Aura satellite, ECMWEF is the reanalysis data from the European
Center for Medium-Range Weather Forecasts.

Bern Onsala Sodankyla
Coordinates 46.88°N/7.47°E 57.41°N/12.02°E 67.42°N/26.6° E
H,O MIAWARA/MLS GBMW/MLS MIAWARA-C/MLS
O, GROMOS MLS MLS
Temperature MLS/ECMWF MLS/ECMWF MLS/ECMWF
3-D Winds (u,v,w) ECMWF ECMWF ECMWF
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Fig. 1. Typical winter time profiles of middle atmospheric water vapor (blue), ozone (red) and
temperature (black) for inside (dashed lines) and outside (solid lines) of the polar vortex, given
in volume mixing ratio as ppm,. The profiles and the approximate altitude are taken from Aura
MLS version 3.3 for 12 January 2010, over Sodankyla (inside the vortex) and for 16 January
2010, over Bern (outside the vortex). Satellite profile selection for the two locations is within
the given latitude +£400 km and the given longitude +800 km. The polar vortex is determined by
isentropic PV maps in the stratosphere and the location of the polar night jet in the mesosphere.
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Aura MLS v3.3 zonal mean temperature at 10 hPa
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Fig. 2. Latitude vs. time plot of the zonal mean temperature (K) (upper panel, red (blue) colors
for relatively high (low) temperatures) and zonal mean zonal wind (ms™') (lower panel, red
(blue) corresponds to eastward (eastward) wind) during northern winter 2009/2010 at 10 hPa,
obtained from Aura MLS and ECMWF ERA-INTERIM Re-Analysis, respectively. The vertical
white dashed line indicates the start of the major SSW as defined by the WMO. The vertical
black dashed line indicates the minor warming at the beginning of December 2009.
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Fig. 3. ECMWF ERA-INTERIM Potential Vorticity (PV) maps on the 850 K isentropic surface (at
approximately 10 hPa pressure level) before (16 January, upper left panel, and 21 January, up-
per middle panel), during (26 January, upper right panel, and 31 January, lower left panel) and
after (5 February, lower middle panel, and 10 February, lower right panel) the SSW. Red (blue)
colors correspond to relatively high (low) PV values. The white circles indicate the location of
the microwave radiometers in Bern, Onsala and Sodankyla (from South to North).
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ECMWF and Aura MLS Temperature [K, colors] and Pot. Temperature [K, contours] over Bern
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ECMWF and Aura MLS Temperature [K, colors] and Pot. Temperature [K, contours] over Sodankyla
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Fig. 4. Upper panel: Pressure vs. time plot of temperature (K) (colors) and potential tempera-
ture (K) (black contours) above Bern (47° N). Data from below 75 hPa (horizontal magenta line)
is from ECMWEF, above 75hPa from Aura MLS v3.3. The vertical white dashed line indicates
the beginning of the major SSW, the vertical black dashed line indicates the beginning of the
minor SSW. Middle panel: For Onsala (57° N). Lower panel: For Sodankyla (67° N). Red (blue)
colors correspond to relatively high (low) temperatures.
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ECMWF temperature [K, colors] and Lagranto 72h backward trajectories (contours) over Bern

Pressure [hPa]

180

2010-01-01 2010-01-10 2010-01-20 2010-01-30 2010-02-10

Fig. 5. ECMWF temperature data (K, colors) above Bern and pressure vs. time (contours)
from 72 h backward trajectories, calculated with Lagranto based on ECMWF wind fields. The
backward trajectories were calculated every 6 h and are ending on the magenta lines which
are the selected pressure levels (0.3, 1, 3, 10 and 30hPa) above Bern. Red (blue) colors
correspond to relatively high (low) temperatures.
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Bern: MIAWARA (dark colors) and Aura MLS (light colors) HZO VMR [ppm] and ECMWF PV [pvu, contours]
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Fig. 6. Time series of water vapor (upper panel) and ozone (lower panel) in (ppm) over Bern.
The vertical white dashed line indicates the beginning of the major SSW, the vertical black
dashed line indicates the beginning of the minor SSW and the black contour lines are ECMWF
PV in (pvu = 109 Km? kg'1 s'1). Red (blue) colors correspond to relatively high (low) mixing
ratios. The light colors in the upper panel are Aura MLS measurements, the dark colors are
ground-based microwave radiometer measurements. The black crosses are the positions from
where backward trajectories were calculated. The magenta line in the upper panel indicates
the subsidence of mesospheric air by using water vapor as a tracer.
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Onsala: MW HZO VMR (dark colors), MLS HZO (light colors) and ECMWF PV [pvu, contours]
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Fig. 7. Same as Fig. 6 but for Onsala.
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Sodankyla: MIAWARA-C H20 VMR (dark colors), MLS HZO (light colors) and ECMWEF PV [pvu, contours]
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Fig. 8. Same as Fig. 6 but for Sodankyla.
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2010-01-24 00:00: Wind speed on 3400K PT 2010-01-29 00:00: Wind speed on 3400K PT 100

Wind speed [m/s]

Fig. 9. Backward trajectories (LAGRANTO, 96 h) starting from Bern (black dashed line), On-
sala (magenta line) and Sodankyla (black line) superposed on polar maps of absolute wind
speed (colors) (m s'1) on the 3400 K isentropic level (approximately 74 km altitude). The wind
speed map in the left panel and the start of the backward trajectories are on 24 January 2010,
00:00 UTC, just before the major SSW. The wind speed map in the right panel and the start
of the backward trajectories are on 28 January 2010, 00:00 UTC, just after the major SSW.
Please note that the wind speed map only depicts the situation at the end of the trajectories.
Red (blue) colors correspond to relatively high (low) wind speeds.
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Fig. 10. Backward trajectories (LAGRANTO, 96 h) starting from Bern (black dashed line), On-
sala (magenta line) and Sodankyla (black line) superposed on polar maps of ECMWF PV
(colors) on the 1000 K isentropic level (approximately 36 km altitude). The PV map in the left
panel and the start of the backward trajectories are on 28 January 2010, 00:00 UTC, just after
the major SSW. The PV units shown here are 107° Km? kg'1 s™'. The PV map in the right
panel and the start of the backward trajectories are on 5 February 2010, 00:00 UTC. Please
note that the PV map only depicts the situation at the end of the trajectories. Red (blue) colors
correspond to relatively high (low) PV values.
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