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Abstract. In this study, we present middle atmospheric wa- mapping technique on ourJ® observations to derive syn-
ter vapor (BO) and ozone (€ measurements obtained optic scale maps of the 40 distribution. Based on our ob-
by ground-based microwave radiometers at three Europeagervations and the 3-D wind field, this method allows deter-
locations in Bern (47N), Onsala (57N) and Sodankg mining the approximate development of the stratospheric and
(67° N) during Northern winter 2009/2010. In January 2010, mesospheric polar vortex and demonstrates the potential of a
a major sudden stratospheric warming (SSW) occurred imetwork of ground-based instruments.
the Northern Hemisphere whose signatures are evident in
the ground-based observations ef®and Q. The observed
anomalies in HO and Q are mostly explained by the rela-
tive location of the polar vortex with respect to the measure-1  Introduction
ment locations. The SSW started on 26 January 2010 and was
most pronounced by the end of January. The zonal mean temFhe lack of solar radiative heating at the pole leads to a
perature in the middle stratosphere (10 hPa) increased by aparge low pressure system during winter time. This low pres-
proximately 25 Kelvin within a few days. The stratospheric sure system leads to strong eastward winds around the North
vortex weakened during the SSW and shifted towards Eu-Pole, forming the winter polar vortex. The edge of the vor-
rope. In the mesosphere, the vortex broke down, which leadex acts as a mixing barrier such that the air inside the vortex
to large scale mixing of polar and midlatitudinal air. After the has a different chemical composition than outsi@ehpe-
warming, the polar vortex in the stratosphere split into two berl et al, 1992 Manney et al.1994). The polar vortex ex-
weaker vortices and in the mesosphere, a new, pole-centerdsts from the lower stratosphere up to the mesosphere, but
vortex formed with maximum wind speed of 70 msat ap-  is strongest near the stratopause. In the mesosphere, the vor-
proximately 40 N. The shift of the stratospheric vortex to- tex area is usually larger than in the stratosphere, i.e. the po-
wards Europe was observed in Bern as an increase in stratdar night jet is located at lower latitudes than in the strato-
spheric HO and a decrease in30The breakdown of the sphere Karvey et al. 2009 and references therein). Inside
mesospheric vortex during the SSW was observed at Onsaléie polar vortex, the air descends from the mesosphere to the
and Sodankyd as a sudden increase in mesosphed©H stratosphere. This was modeled by dsher et al (1993
The following large-scale descent inside the newly formedor observed by e.dAllen et al.(2000. During a calm win-
mesospheric vortex was well captured by th&OHbbserva-  ter, the vortex persists until the beginning of spring. During
tions in Sodanky. In order to combine thed® observations  some winters however, the polar vortex is seriously disturbed
from the three different locations, we applied the trajectoryor even breaks down due to sudden stratospheric warmings
(SSW), which were first observed I8cherhag1952).
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A SSW is a sudden increase in the stratospheric temperaswitzerland (46.9N/7.45 E) and two high latitude sites,
ture, accompanied by a deceleration of the zonal mean eas©nsala, Sweden (57.4/12.0° E) and Sodanky, Finland
ward wind. The terms minor and major warming refer to (67.4 N/26.6° E). We investigate the potential of such a
the characterization of SSWs according to the Commissiommini-network to derive synoptical maps of the observed trace
for Atmospheric Sciences of the World Meteorological Or- species by a domain-filling technique to determine the dy-
ganization (WMO) and is based on the work MEtInturff namical processes in the middle atmosphere during a SSW.
(1978. A SSW is called major if the zonal mean tempera- Particularly the lifetime of HO below 70 km is long enough
ture on 10 hPa increases from°@atitude towards the pole to apply domain-filling techniques. The examination of the
and if the zonal mean zonal wind on 10 hPa reverses polepotential of ground-based instruments is particularly impor-
ward of 60 latitude. A major warming in the stratosphere is tant under the light of current satellite missions that phase out
often accompanied by a cooling in the mesosphere that usun the near future without successor missions (e.g. NASAs
ally starts a few days earlier than the stratospheric warmingAura satellite) or already phased out missions (e.g. ESAs
(Schoeberl1978. The occurrence of SSWs is due to the in- Envisat).
teraction of westward propagating planetary waves with the Section 2 describes the data sources and methods and gives
zonal mean flow (eastwardM@tsung 1971). The break- references for further details on the instruments. Section 3
ing of these planetary waves acts to decelerate the zonajives a description of the major SSW in January 2010 in
mean flow that leads to distortion and/or breakdown of theterms of the temporal evolution of the polar vortex during
polar night jet. This wave-mean flow interaction triggers athe SSW. A special analysis technique determines the vor-
displacement, disruption and/or splitting of the polar vortex tex edge even in the mesosphere. In Sect. 4, we present the
(Charlton and PolvanR007. The strongest major SSW ob- ground-based observations at the three sites and in Sect. 5,
served up to date occurred in late January 20@8nhey  the H,O observations are combined by trajectory mapping
et al, 2009 Labitzke and Kunze2009. to yield a synoptical map of thed® distribution during the

The coupling between two or more atmospheric layersSSW. Section 6 summarizes the presented study.
during a SSW was the focus of many recent studiéat-
tius et al. (2009 and references therein) showed that tro-
pospheric blocking situations could be a trigger of a SSW.2 Data and methods
Flury et al.(2009 showed that the major SSW during winter
2007/2008 was accompanied by a decrease in lower strat@®.1 Data sources
spheric ozone due to the formation of polar stratospheric
clouds. At the same time, ozone decreased in the relativelyrhe data of the ground-based microwave radiometers are in
warm upper stratosphere due to the temperature dependentge center of our study. In addition, data of a spaceborne mi-
of the NQ cycle, which was modeled in their study. The ef- crowave radiometer are used for comparison with the results
fects of SSWs can extend to the subtropics, as was shownof the ground-based network and with the definition of the
by De Wachter et al(2011). During the SSW of 2008 they vortex edge. Microwave radiometers are passive instruments
observed a decrease in mesospheric water vapor over Seouheasuring a pressure broadened rotational emission line of
South Korea, that was attributed to advection of dry polarthe molecule of interest, in the case of our ground-based ra-
mesospheric air to the subtropics. Middle atmospheric watediometers 22 GHz for water vapor and 142 GHz for ozone.
vapor was also used as tracer for calculating the descent raferessure broadening allows retrieving a vertical profile of the
of polar mesospheric air during winter (e $iskind et al, molecule of interest for example by means of radiative trans-
2007 Orsolini et al, 201Q Lahoz et al. 2011, Straub etal.  fer calculations and the Optimal Estimation Method (e.qg.
2012. Manney et al(2008aand 20080 andOrsolini et al.  Rodgers 2000. The upper limit of the retrieval is mainly
(2010 showed that after the major SSWs of 2004, 2006 anddetermined by the resolution of the spectrometer, the lower
2009, the stratopause and the eastward wind jet reformetimit by the total measured bandwidth and the baseline of the
at approximately 75 km altitudé&soncharenko et a(2010 spectrum.
showed that SSWs also have an impact on winds, tides and For Bern, Switzerland, bD profiles are retrieved from
composition of the lower thermosphere and ionosphere in thehe HO line spectra of the Mlddle Atmospheric WAter va-
equatorial region. por RAdiometer (MIAWARA) at pressure levels from 10 to

In winter 2009/2010, two SSWSs occurred in the North- 0.02 hPa Deuber et a].2005. The temporal resolution de-
ern Hemisphere, a minor warming in early December 2009pends on tropospheric opacity and is a few hours during win-
and a major warming in late January 2010. In this study,tertime. The vertical resolution ranges from 11km in the
we investigate the effects of the major SSW opCHand  stratosphere to 14 km in the mesosphere, the precision (1-
O3 observations from ground-based microwave radiometersigma random uncertainty) from approximately 5% in the
within the Network for the Detection of Atmospheric Com- stratosphere to 20 % in the mesosphere. MIAWARA was in-
position Change (NDACC) across Europe from midlatitudestercompared with other ground-based microwave radiome-
up to high latitudes. There is one midlatitude location, Bern,ters and satellites yielding a bias of less than 10 percent
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in the stratosphere and mesosphédfiadfele et al.2009. scriptions of the polar vortex and the trajectory calculations.
Ozone profiles for Bern are measured by the GROund-baseithe ECMWF model cycle used in this study is 36r1 (T1279)
Millimeter-wave Ozone Spectrometer (GROMOS), which and has 91 vertical levels from the surface up to 0.01 hPa.
has a valid vertical range between 60 and 0.1 hPa with a’he model data are retrieved on a regular latitude/longitude
temporal resolution of a few minute€4lisesi et al.2007). grid at aresolution of 1125x 1.125°, except for the trajectory
The vertical resolution of GROMOS is approximately 10 km calculations, for which we retrieved the model data at a hori-
in the stratosphere and 20 km in the lower mesosphere andontal resolution of B x 0.5°. The trajectories are calculated
the precision ranges from 6% in the stratosphere to 12 %rom the 3-D wind fields from ECMWF with the Lagrangian
in the mesosphere. In the present study, 2-hourly ozone retfrajectory Tool LAGRANTO, developed at the ETH Zurich
trievals are averaged to daily profiles. Both instruments, MI-(Wernli and Davies1997).
AWARA and GROMOS, are part of NDACC. NDACC in-
struments undergo a strict quality control and continuously2.2 Trajectory mapping
provide measurements to the NDACC data center. T§@ H
data presented for Onsala, Sweden, are also obtained by $everal techniques exist for the construction of synoptic
ground-based microwave radiometer with similar characterscale constituent maps from one or more time series of
istics as MIAWARA (Forkman et a].2003 and is also part point measurements of long lived trace species. Most no-
of NDACC. The valid vertical range of the Onsala®l ra- table among these techniques are “reverse domain filling”
diometer is 4 to 0.02 hPa. There have been difficulties in thg(Dritsche| 1988andSutton et al.1994) and “trajectory map-
operation of this radiometer in winter 2009/2010 resulting ping” (Pierce et al.1994andMorris et al, 1995. Here we
in data gaps. The $#D data over Sodankilare obtained apply the trajectory mapping technique to the ground-based
from the compact radiometer MIAWARA-CSfraub et al.  H>O measurements to generate synoptic scale maps of the
2010. This instrument, which has been specifically designedmiddle atmospheric yD distribution at a given time and alti-
for the use in measurement campaigns, was operated at Stiide layer. For this method, itis required that theaHmixing
dankyh in the frame of the Lapland Atmosphere-Biosphereratio remains constant along the trajectories, i.e. that there
Facility (LAPBIAT) campaign. MIAWARA-C’s daily pro- is neither mixing with surrounding air masses nor (photo-
files cover an altitude range between 10 and 0.02 hPa withchemical processing or phase changes gl H-or a trajec-
a vertical resolution of approximately 12 km. The precision tory mapped HO distribution, we define a target time and
of MIAWARA-C ranges from 5 % in the stratosphere to 18 % pressure layer. Then we take all observations withit0
in the mesosphere. days around the target time and calculate trajectories, starting
The Microwave Limb Sounder on NASA's Aura satellite from each observation point (in altitude and time) and stop-
(Aura MLS) is a passive limb sounder for the retrieval of ping at the target time, going either forward or backward in
various trace species, geopotential height and temperaturéme. We then choose all the trajectories that end up within
data {Vaters et al.2006. The Aura MLS retrieval version the target pressure layer and map the correspondiyd-
used for this study is 3.3. The following numbers on spec-servations along the trajectories from the observation time
tral lines, vertical resolution and pressure range originateand location to the target time and location.
from the Aura MLS data quality documents oittp://mls.
jpl.nasa.gov/data/datadocs.phphe HO retrieval uses the 2.3 The edge of the polar vortex
spectral line at 183 GHz, the temperature retrieval at 118 and
240 GHz, the CO retrieval at 240 GHz and thgNretrieval In the literature, there exist several definitions of the edge
at 640 GHz. The vertical resolution of Aura MLS B8 ranges  of the polar vortexChen(1994 defined it as the potential
from 3km in the stratosphere to approximately 10 km in thevorticity (PV) contour that has the smallest lengthening rate
upper mesosphere. The vertical resolution of the temperafWMO, 2003. That is the PV contour whose length has the
ture retrieval is approximately 4 km in the stratosphere andsmallest growth rate over time. Other definitions include the
increases to 6 km in the upper mesosphere. For CO, the vewind maximum,Bowman 1996 and the strongest PV gra-
tical resolution is in the range of 3.5 to 5km from the up- dient constrained by the wind maximumdsh et al.1996.
per troposphere to the lower mesosphere and degrades to aphe latter definition was modified bylanney et al(2007).
proximately 7 km in the upper mesosphere. Th®Nertical  They used the maximum of the product of PV gradient and
resolution is between 4 and 7 km. Data are only consideredvind speed. For an automated vortex edge detection, they ad-
within the valid vertical range (316—-0.002 hPa far® 261—-  ditionally had to include several criteria to prevent misiden-
0.001 hPa for temperature, 100—0.0046 hPa for CO and 100¢ification of the vortex, especially at the stratopause, where
0.46 hPa for NO) and if quality thresholds are met as given the PV gradient structure is very complex. PV proved as an
in the data quality documents of Aura MLS. accurate variable for the detection of the vortex edge from
We use the operational analysis from the European Centhe lower stratosphere up to the stratopause. However, above
ter for Medium-Range Weather Forecasts (ECMWp: approximately 3000 K (60 km) during most of the time, PV
[lwww.ecmwi.int/products/data/operatiorgjstem) for de- is not a vortex-centered coordinate anymore and can thus not
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2010-01-15,u =88 mfis 2010-01-23, u =68 m/s 2010-01-30, u =57 m/is 2010-02-07,u =68 m/s 2010-02-14, u =78 m/s
edge edge edge edge edge
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Fig. 1. ECMWF PV (upper panels) and Aura MLSB (lower panels) on the 3300 K isentropic surface (approximately 0.1 hPa) overlaid by

the edge of the polar vortex (black contour) during the period of the major SSW in January 2010. PV is given in [pvu], which corresponds to
106 K m2 kg~1s1. H,0 is given in VMR as parts per million [ppm]. Red (blue) colors correspond to relatively high (low) values. Dates
from left to right: 15 January, 23 January, 30 January, 7 February and 14 February 2010. The average wind speed along the vortex edge is
shown in the caption of the subplots.

be used to determine the polar vortex in the mesosphte ( To illustrate the performance of our definition, we com-
vey et al, 2009, even though there still is a strong circulation pare it to different tracers for the polar vortex: P\® CO
around the polar low pressure system inthe mesospHare. and NO. Isentropic PV is a good tracer for the polar vortex
vey et al.(2002 introduced a new definition for the vortex from the lower stratosphere up to the stratopause, because
edge up to the stratopause by integrating the scalar quantiti?V is conserved in adiabatic processes. CO is a good tracer
Q (the ratio between the relative contributions of strain andfor the vortex at the stratopause and in the mesosphere, as
rotation in a wind field) and wind speed along streamfunctionthe subsidence inside the vortex transports CO-rich air from
isopleths. above the mesosphere to lower altitudes, leading to substan-
Since we want to interpret the B distribution in the tially higher amounts of CO inside the vortex than outside.
mesosphere as well as in the stratosphere in relation to thel,0 is a good tracer in the mesosphere and the stratosphere,
polar vortex, we use here a vortex definition that is not basedecause the subsidence inside the vortex in combination with
on PV. Hereafter, we divide the mesosphere from the stratovertical H,O gradients leads to different@® mixing ratios
sphere by the 1hPa isobaric level. The definition is partlyinside and outside of the vortex (elgee et al, 2011, and
adapted from the definition dflarvey et al. (2002 by inte- references therein). 4 cannot be used as a tracer in the al-
grating wind speed along contour lines of a certain variable titude region of the KO volume mixing ratio (VMR) peak.
In this paper, we define the edge of the polar vortex as theé~or the stratosphere, we use®las an indicator of the polar
geopotential height (GPH) contour on isobaric levels that (a)vortex, because pO has very low mixing ratios inside the
encircles a low pressure system, (b) is everywhere north oftratospheric vortex and a strong gradient across the vortex
15° N (i.e. no point of the contour lies southward of°1%), edge Eparling 2000.
(c) is longer than 15000 km and (d) has on average the high- Figure 1 shows ECMWF PV (upper panels) and Aura
est absolute wind speed along the GPH contour, compareMLS H,O (lower panels) on the 3300 K isentropic surface
to the other GPH contours on the same pressure level thaapproximately 0.1 hPa) on five dates in the course of the
also satisfy conditions (a) to (c). The condition (d) only al- major SSW. Superposed are the vortex edge contours on the
lows one GPH contour (the one with the highest wind speed)same isentropic surface. Since the edge of the vortex is cal-
However, if there are other contours of the same geopoteneulated on isobaric surfaces, the vortex edge on an isentropic
tial height that also satisfy conditions (a) to (c) (e.g. during surface as in Figl is shown as crossing points between the
a split vortex situation), we also use these other contours a@isobaric) vortex edge with the 3300 K isentropic surface. As
edges of weaker vortices in addition to the main vortex edgevisible in the BO distribution, our definition of the edge of
Such a definition is valid from the lower stratosphere up tothe vortex performs best before the SSW, i.e. during quiet pe-
the mesopause. riods: Low HO values are found within the vortex and high
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2010-01-15,u =145 m/s 2010-01-23, u =118 m/s 2010-01-30, u =42m/s 2010-02-07,u =54 m/s 2010-02-14, u =64m/s
edge edge edge edge edge

Fig. 2. As in Fig. 1, but on the 1800 K isentropic surface (approximately 1 hPa) and showing Aura MLS CO VMR [ppm] instea® af H
the lower panel.

values outside, as expected. During and after the SSW, theately 10 hPa) and O instead of HO), PV and the vor-

vortex edge still encloses lowJ® values, although the edge tex edge by our definition agree very well (upper panels).

of the vortex seems to be too far South over the Pacific reEven the vortex split after the SSW, visible in PV angNis

gion. This could be due to deficiencies of the performance ofcaptured by our definition. The comparison withQ\(lower

the ECMWF analysis in the mesosphere during SSWs or du@anels) also shows good agreement (i.e. the lowg6t Wl-

to enhanced mixing across the vortex edge due to the weakies are located within the vortex), even during and after the

ening of the vortex (the wind speed along the vortex edgeSSW.

decreased from 88 nT$ before the SSW to 57 nt$ during As shown by Figs1 to 3, our definition for the edge of

the SSW). From the PV distribution (upper panels), it is vis- the polar vortex performs well from the stratosphere up to

ible that PV is not vortex-centered in the mesosphere (whichthe mesosphere, even during a SSW. Further, our definition

was pointed out bydarvey et al.2009. isolates the polar vortex from small scale PV filaments at the
In the stratopause region, we compare our vortex edge defvortex edge. However, since there is no threshold for a low-

inition with PV and CO (Fig.2, analogous to Figl, but est wind speed, this definition always yields a vortex edge (as

showing everything on the 1800K isentropic surface (ap-long as there is a low pressure system northward 6MN)5

proximately 1 hPa) and CO instead of®). In this altitude  even for very weak vortices. Therefore, the strength of the

region, PV is vortex-centered and thus agrees well with ourvortex (expressed by the wind speed at the edge) is also con-

vortex edge definition. However, small scale structures (suctsidered in the analysis of the temporal evolution of the polar

as PV filaments) are not captured by our definition of thevortex.

vortex edge. Before the SSW, horizontal gradients in PV and

CO agree well with the vortex edge. Even during the SSW,

the vortex edge encloses the region of high CO and higl8 The polar vortex during the SSW

PV. Although the vortex broke down at this altitude (wind

speed along the vortex edge dropped from 145ttmfore  To describe the major SSW of January 2010, we begin with

the SSW to 42ms! during the SSW), our definition still the temporal evolution of the zonal mean temperature and

performs well. After the SSW, CO is well-mixed across the zonal mean zonal wind between mid-November 2009 and

Northern Hemisphere and remains very low while the vortexmid-March 2010. Figuret shows the zonal mean temper-

reformed at low latitudes. The subsidence inside the vortexature from Aura MLS (left panels) and the zonal mean

first needs to transport CO-rich air from higher altitudes to-zonal wind from ECMWEF (right panels) on 0.1 (top) and

wards the stratopause region before CO can again be used &6 hPa (bottom) against latitude and time. In the stratosphere

a tracer for the vortex at this altitude. (10 hPa), a strong negative temperature gradient was present
In the stratosphere (Fi@, analogous to Figl, but show-  during December and January fronf4btowards the North

ing everything on the 800K isentropic surface (approxi- Pole due to the polar vortex. This gradient reversed at the end

of January, when the zonal mean temperature in the polar
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2010-01-15,u =78 mis 2010-01-23, u =81 m/s 2010-01-30, u =66 m/s 2010-02-07,u =56 m/s 2010-02-14, u =44 m/s
edge edge edge edge edge

PV [pvu]

2010-01-23, u

s~ 81m/s

Fig. 3. As in Fig. 1, but on the 800 K isentropic surface (approximately 10 hPa) and showing Aura MOSWIR [parts per billion, ppb]
instead of BO in the lower panel.

region increased by approximately 25K within a few days. panel by vertical lines (black for Bern, magenta for Onsala
At the same time, the zonal mean zonal wind reversed orand green for Sodanig).
the two shown pressure levels. The fast increase in zonal Before the SSW, on 23 January, the stratospheric vortex
mean temperature, the positive latitudinal gradient in thewas located above Northern Europe and Asia and tilted to-
zonal mean temperature on 10hPa and the reversal of theards the southwest with height. The vortex area decreased
zonal mean zonal wind on 10 hPa northward of BQdefine  slightly from the lower stratosphere to the upper stratosphere.
this event as a major sudden stratospheric warming, startinffrom the stratopause to the upper mesosphere, the vortex
approximately on 26 January 2010, which is hereinafter re-area expanded westward towards North America. The vortex
ferred to as the beginning of the SSW. In the stratosphere, thevas strongest in the stratopause region with westerly wind
strong negative temperature gradient towards the pole fronspeeds exceeding 100 mis Of the three measurement sites,
before the major SSW did not recover after the major SSW,only Sodankyh was located inside the vortex at all altitudes.
i.e. the polar vortex did not re-form to its original strength Onsala was outside of the vortex in the lower stratosphere be-
at this pressure level (10 hPa). As evident in the figure, therdow 24 km altitude and Bern was outside of the vortex in the
was also a cooling in the mesosphere in the polar region nortihower and middle stratosphere (below approximately 31 km).
of 60° N during the major SSW. The mesospheric cooling During the SSW on 31 January, the stratospheric vor-
during the SSW was followed by a slow warming from the tex moved further away from the pole towards Europe
beginning of February until mid-March. and stretched towards Asia. With height, the vortex was
For the interpretation of our ground-based observations, itilted westward and the vortex area and strength decreased
is important to consider the development of the polar vortexcompared to lower altitudes (Fig, second panel). Near
at different altitudes with respect to the measurement locathe stratopause, wind speeds at the vortex edge decreased
tions. Figure5 shows the edge of the polar vortex from ap- from more than 100 g on 23 January to approximately
proximately 20 to 80 km altitude on four dates: 23 January30 ms ! on 31 January. Above the stratopause, the vortex
(before the SSW), 31 January (during the SSW), 7 Februshifted to the region of the North Pacific and East Asia and
ary and 14 February (after the SSW). The upper panel showsieakened by 50% in terms of wind speed. The strongest
projections of the vortex edge contours where the colors inwind speeds at this time were 60 misand located in the
dicate the altitude of the respective contour lines. The lowemiddle stratosphere at approximately 30 km. Hence, the ma-
panels show the corresponding 3-D representation where thr SSW was accompanied by a shift of the stratospheric vor-
colors indicate the average wind speed along the vortex edgtex towards Europe, a significant deceleration of the vortex
contours. The geographical locations of the three observatiothroughout the middle atmosphere and a geographical sepa-
sites are indicated in the top panels by a cross for Bern, a diaration between the stratospheric and the mesospheric vortex.
mond for Onsala and a circle for Sodarikyand in the lower  The three measurement locations lay inside the stratospheric
vortex, but outside of the mesospheric vortex. Considering
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Aura MLS zonal mean T at 0.1 hPa mesosphere, a new, pole-centered vortex formed at approx-
‘ imately 40 N with westerly wind speeds increasing in alti-

NI, \W I C71 Waso tude. Hence at that time, all three measurement sites were
\‘ 8 A located within the new mesospheric vortex. In the lower and
d °

middle stratosphere, only Sodan&ykas situated within the
]

90

vortex.
220 On 14 February, the mesospheric vortex gained in strength
and was still different in shape compared to the vortex in the
stratosphere. In the lower stratosphere, the long and narrow
vortex from 7 February had split into two vortices. The split
vortex recombined in the upper stratosphere, where it was
located over Europe, Southern Greenland and the Northeast
of Canada. The three measurement sites lay within the vortex
throughout the middle atmosphere.

As seen in Fig5, the evolution of the polar vortex during
the time of the SSW was different on every pressure level.
After the SSW, the mesosphere and the stratosphere behaved

Latitude [deg]

Py

[N

(R0

Aura MLS zonal mean T at 10 hPa
T T

Latitude [deg]

Dec09 Jan10 Feb10 Mar10 completely different. The following section relates the evo-
ECMWF zonal mean zonal wind at 0.1 hPa 75 lution of the vortex to the evolution of theJ® and @ pro-
QQ i ™ files monitored by the network of ground-based microwave
radiometers.
§ 25
K 25 4 H»0 and O3 observations in relation to the polar
, 1l vortex
; ZAVASANVIN .
o ECMWF zonal mean zonal wind at 10 hPa % Figure 6 shows measurements from the four ground-based
0 microwave radiometers at the three measurement locations
30 from December 2009 until March 2010. Panel (a) shows
3 o GROMOS @ measurements in Bern, (b) shows MIAWARA
) o & H>0 measurements in Bern, (c) showgdHmeasurements in
g?, -10 7 Onsala and (d) shows MIAWARA-C ¥ measurements in
jg Sodankyh. The stratopause, i.e. the height of the temperature
o 40 maximum (from Aura MLS), is indicated by the thick black
e Jan1o —— Marlo -50 dashed line. The thick black and magenta contour lines show

the vortex edge crossings over the measurement locations,
Fig. 4. Latitude-time cross sections of the zonal mean temperahijle going from magenta to black means that the vortex
tre [K] from Aura MLS (upper panels) and zonal mean zonal moyes over the measurement location and from black to ma-
wind [ms~-] from ECMWF (lower panels) during northern win- oo 5 means that the vortex moves away from the measure-
ter 2009/2010 at 0.1 and 10hPa. Date markers indicate the first OIaﬁwent location. These contour lines are drawn when the vortex
of the month. The black dashed line indicates the beginning of the . :
major SSW in the stratosphere. In the zonal wind plots, red (blue)edge IS Ioc;ated at a distance of 100km from the measure-
colors correspond to eastward (westward) wind. ment locations (black (rnag_entq) c_ontours are drawn when
the measurement location lies inside (outside) the vortex).
The thin black and magenta contours are drawn when the vor-
tex edge is located at a distance of 500 km from the measure-
the strong decrease in wind speed at the vortex edge, we canent location. By drawing also these thin contours, one can
say that the vortex broke down during the SSW above apsee when the vortex was in the near vicinity of the measure-
proximately 50 km. ment locations, but the vortex edge did not actually cross the
Eight days later, on 7 February, the vortex in the lower measurement location (e.g. Figa and b (Bern) between 7
stratosphere was long and narrow and located over Greerand 50 hPa in mid-December and the beginning of January).
land, Northern Europe and Asia, while in the middle strato- To better explain this vortex edge visualization with an ex-
sphere, the vortex split into two parts, one smaller part overample, we use the £time series from GROMOS in Bern
central Russia and one larger part over Greenland and ScaifFig. 6a) on 10 hPa. In the middle of January; MR on
dinavia. In the upper stratosphere, the smaller part of the vori10 hPa was relatively high and the stratospheric polar vor-
tex disappeared and the larger part decreased in area. In thiex was not located over Bern, because the next vortex edge
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2010-01-23 2010-01-31 2010-02-07 2010-02-14

u
o
Altitude [km]

Average wind speed [m/s]

Fig. 5. Upper panel: projections of the edge of the polar vortex for 23 January, 31 January, 7 February and 14 February 2010 (from left
to right). Colors indicate the geopotential height in [km]. The black cross indicates Bern, the black diamond Onsala and the black circle
Sodankya. Lower panel: corresponding 3-D representation of the polar vortex. The colors indicate average wind sﬁé@él{mgthe

vortex edge. The vertical black line indicates Bern, the magenta line Onsala and the green line &odankyl

crossing at this pressure level is from magenta to black, i.eof 2009, low HO was observed around 0.1 hPa and Bern
from outside-vortex to inside-vortex, on 26 January. Coin-was within the mesospheric vortex. In the first half of Jan-
ciding with the onset of the SSW in the stratosphere, theuary, Bern was not located inside the mesospheric vortex,
vortex moved over Bern ands@ecreased by approximately until just before the onset of the major SSW at the end of
30%. The next vortex edge crossing happens on 3 Februdanuary, the mesospheric vortex was again over Bern for a
ary with the contours changing from black to magenta, i.e.few days, correlating with low D values. After 1 Febru-
from inside-vortex to outside-vortex, ang (dcreased again. ary, Bern lay within the newly formed mesospheric vortex
On 10 February, the vortex moved back to Bern (magenta taintil mid-March with one short exception in the middle of
black contours) and £decreased again. On 20 February, the February. During that time period, mesospheri©-ontin-
vortex moved away from Bern followed by ars@crease. uously decreased, showing the subsidence of air inside the
The stratospheric $0 observations by MIAWARA in  re-formed vortex.
Bern (Fig.6b) also showed agreement with the vortex loca- There are many data gaps in the@Hobservations from
tion between 10 and 4 hPa. With the beginning of the majorOnsala (Fig.6c), but nevertheless, the observations agree
SSW, stratospheric 40 increased, coinciding with the vor- with the relative location of the polar vortex. At the end of
tex shift over Bern. After 3 February, the vortex moved away January, i.e. during the SSW, relatively high mesospheric
from Bern and HO decreased. Until 9 February,@ re- H>O mixing ratios were observed over Onsala, approxi-
mained low and when the vortex came back on 10 Februarymately 50 % higher than during the last measurement before
H>0 increased again. By the end of February and the beginthe SSW, on 5 January. While the mesospheric vortex was
ning of March, the vortex moved again away from Bern andover Onsala at the beginning of January, the vortex broke
relatively low HO values were observed during that time. down at the end of January, coinciding with the highCH
The middle stratospheric 240 and @ observations above values and the onset of the SSW. From 1 February until
Bern are well anti-correlated and both agree with the loca-mid-March, the re-formed mesospheric vortex and the sub-
tion of the polar vortex with respect to Bern. However, the sequent descent inside the vortex lead to decreasing meso
agreement of the composition measurements and the locapheric HO mixing ratios over Onsala.
tion of the polar vortex breaks down in the stratopause region The situation in Sodankgl(Fig.6d) was similar to Onsala.
(around 1hPa). In the mesosphere(Halso shows agree- MIAWARA-C observed low BO above 3hPa before the
ment with the movement of the vortex, but to a lesser exteniSSW. Exactly at the beginning of the SSW, mesospheso H
than in the stratosphere. Between mid-December and the enidcreased by approximately 40% between 3 and 0.07 hPa,
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2 GROMOS (Bem) Oy, distance (o polar vortex (contours) in H2O is likely associated with an artifact in the retrieved
AV ‘ ¢ profile due to baseline issues of the instrument.

E)
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03 VMR [ppm]

Pressure [hPa]

5 Trajectory Mapping of H 20 during the SSW

N

As H,O is a good tracer for the polar vortex in the lower and
middle stratosphere and the mesosphere, we are interested
in how much of the evolution of the mesospheric and strato-
spheric vortex can be represented by the data from ground-
based measurement locations. In addition we explore the in-
formation content of the regional observations for the deriva-
tion of synoptic maps of trace gases. In Figsand 8, we
show the application of the trajectory mapping technique (as
described in Sect. 2.2) on our,8 observations from Ml-
AWARA (Bern) and MIAWARA-C (Sodanky). The data
from Onsala are not used in the trajectory mapping because
they are sparse and they seem to have a strong bias to the
data from the other two instruments. We focus on two pres-
sure layers, one in the mesosphere between 0.14 and 0.07 hPa
and one in the stratosphere between 14 and 7 hPa. Since the
vortex structure can change significantly over short vertical
distances (as visible in Figh), the chosen pressure layer
width of approximately 6 km is a trade-off between mini-
mizing the layer width and maximizing the number of data
points (i.e. the number of trajectories that end up within the
Fig. 6. Ground-based radiometer measurements gfadd H,O  Pressure layer). In additon to the® maps from the trajec-
during winter 2009/2010(a) GROMOS @ VMR in Bern. (b) tory mapping, we also show direcbB measurements from
MIAWARA H >0 VMR in Bern. (c) HoO VMR in Onsala.(d) Aura MLS for a comparison.
MIAWARA-C H >0 VMR in Sodankyé. Units are ppm. Red (blue) The left column of Fig.7 shows the trajectory mapped
colors correspond to relatively high (low) values. The contour lines ground-based D observations between 0.14 and 0.07 hPa
indicate when the_ polar vortex crossed the measurement locatiofor the mesosphere on the same dates as irbFig.addition,
(seeT te_xt for detalls)_. The ve_rtlcal black dashed line |n0_||cates theWe show the edge of the polar vortex on four pressure levels
beginning of the major SSW in the stratosphere. The thick dashed iy g 14 and 0.07 hPa. The direck® measurements of
bIacI_< line |_nd|cates the stratopause (obtained from the tempera’[urﬁ\ura MLS averaged over the same pressure layer and on the
maximum in Aura MLS temperature data). . .

same dates are shown in the right column. Before the SSW

(Fig. 7a and b), the region of low #0 VMR is concentrated

in the Northwest of Europe and the Northeast of North Amer-
coinciding with the polar vortex that moved away from So- ica. The low BO VMR is typical for inside the mesospheric
dankyh and eventually broke down. During the SSW, the vortex and shows the subsidence of dry upper mesospheric
stratopause dropped by approximately one pressure decadér to lower levels during winter time. The vortex edge con-
from 0.3 to 4 hPa. On 1 February, the mesospheric vortex retour follows the BO gradient in most parts. However, the
formed, Sodanky@ remained inside the mesospheric vortex low water vapor over the Northeast of North America seenin
until mid-March and the observed,B® mixing ratios con-  the trajectory mapped data (right column) is neither reflected
tinually decreased until mid-March. The,8 decrease in- by the location of the vortex nor by the direct® measure-
dicates the descent of dry mesospheric air in the polar rements (left column). Since the trajectory mapped data points
gion. This subsidence was also observed in the stratospherge at a specific pressure level within the pressure layer in
at around 3 hPa just before the SSW. A detailed study orguestion, but the Aura MLS data are averaged over the whole
this particular observation of mesospheric subsidence can bpressure layer, the low 4D feature over North America in
found inStraub et al(2012. On 20 February, relatively low the trajectory mapped data could be a real feature, covering
stratospheric KO was observed between 10 and 3 hPa fora narrow vertical range, but is smoothed out in the averaged
approximately 5 days, coinciding with the shift of the vortex MLS data. During the SSW, on 31 January, the mesospheric
away from Sodankyl. However at the end of February, high vortex moved towards Asia and the North Pacific region, but
H>O was observed while the stratospheric vortex was stillwas very weak, as was seen in FsgThis was accompanied
absent from Sodankgl The reason for this observed change by large scale mixing of BD-rich, midlatitudinal air with
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dry, polar air. This explains the well-mixedB distribution

in the mesosphere at midlatitudes and in the polar region dur-
ing the SSW. After the SSW (7 February, Fitg and f), the
mesospheric vortex re-formed northward of 40 and the
H>O distribution remained well-mixed. Nearly all trajectory
mapped HO observations originated from inside the newly
formed vortex. Therefore it is not possible to determine the
regions with enhanced or reduced®VMR from the trajec-

tory mapped data. However, the direct satellite measurements
show that HO VMR inside the vortex is lower than outside.
The last plot on 14 February (Figg and h) shows that #D
decreased compared to directly after the SSW (in both data
sets), indicating the large scale descent of mesospheric air,
which is also seen in thed® time series in Fig6, especially

in the time series from MIAWARA-C in Sodank§!

For the trajectory mapped stratospherigdHdistribution,
plots analogous to Figl are shown in Fig8 for a pressure
layer around 14 and 7 hPa. There are less data points than in
the mesospheric equivalent plots because 10 hPa is approxi-
mately the lower measurement limit of the two radiometers.
Just before the SSW (Fia and b), there are many trajectory
mapped data points with highp® values in the north of Eu-
rope and Asia, surrounded by data points with relatively low
H>0 values. The trajectory mapping correctly determines the
region of the relatively “humid” polar vortex, as compared
to the vortex edge and the direct measurements. However, a
precise distinction between inside and outside of the vortex is
not possible with the trajectory mapped® data alone. On
31 January, most of the high,® values are located inside
the vortex while most of the low $O values are located out-
side. There are some outliers (very low values inside the vor-
tex over Scandinavia) originating from MIAWARA-C that
disturb the overall picture. Eight days later, on 7 February
(Fig. 8e and f), the trajectory mapped@ distribution indi-
cates the vortex split at that time. Nearly all low® values
occur outside the vortex and the high®ivalues are inside
the vortex. On 14 February, the two vortices merged again
(Fig. 8g and h). The agreement betweepHand vortex is
visible, but not as clear as on 7 February.

Compared to direct measurements of0Hby Aura MLS,

35 4 45 5 55 6 65 7 the synoptical maps from the trajectory mapping are much
H,0 VMR [ppm] more noisy and some regions are not covered. For exam-
ple, the (weak) mesospheric vortex on 31 January (FGy.
Fig. 7. HoO VMR within 0.14 and 0.07 hPa (approximately 61 was only sampled with very little data points from the trajec-
to 67 km altitude). Left column: trajectory mapped ground-basedtory mapping and the center of the re-formed vortex after the
H20 observations from Bern (crosses) and Sodankyla (circles). Tha&sSw (Fig.7e and g) was not sampled at all with the trajectory
black cross and circle indigate the Ioc_ation of MIAWARA (Bern) mapping technique. Thus, inhomogenougOHistributions
and MIAWARA-C (Sodanky), respectively. Right column:3®  ithin the vortex cannot be captured with only two ground-
measurements from Aura MLS v3.3, average.d bew.veen 0.14 an ased measurement locations. Discrepancies between trajec-
0.07 hPa. Red (blue) colors correspond to relatively high (lopQ®H . . -
Jory mapped and direct observations can arise from the way

values. Units are ppm. The black contours indicate the edge of th
polar vortex on four pressure levels within 0.14 and 0.07 hPa. Date§he two data sets are compared (forward mapped data at one

are (from top to the bottom) 23 Janudgy b), 31 Januaryc, d), 7 specific pressure level vs. direct measurements average over

February(e, f) and 14 February 201@, h). the given pressure layer), from errors in the retrieval process
of the ground-based observations and from the trajectory cal-
culations that require accurate knowledge of the wind field.

Forward Mapping Aura MLS
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as in the mesosphere. A better validation of the trajectory
mapping method would be a quantitative analysis of points
of trajectory mapped data and satellite measurements that are
coincident within some reasonable criteria in all three direc-
tions. Such an analysis was not (yet) done. However, the ex-
ample shows that ground-based observations of a radiometer
network can provide valuable synoptical maps of trace gases
when trajectory mapping is applied.

Forward Mapping Aura MLS

6 Summary

In this study we presented-® and @ observations from
ground-based microwave radiometers located across Europe
during northern winter 2009/2010. A major SSW occurred at
the end of January 2010. We described the temporal evolu-
tion of the zonal mean temperature, zonal mean zonal wind
and the polar vortex during the SSW throughout the middle
atmosphere. In order to determine the edge of the polar vor-
tex, we used a definition based on geopotential height and
maximum wind speed in order to create a consistent picture
of the polar vortex from the lower stratosphere to the up-
per mesosphere. This definition successfully determines the
edge of the vortex throughout the middle atmosphere, which
is shown by a comparison to ECMWF PV and trace gases
from Aura MLS. In the course of the SSW, the stratospheric
vortex shifted towards Europe and Asia and tilted westward
with height. The mesospheric vortex broke down. After the
SSW, a split of the vortex occurred in the stratosphere while
the mesospheric vortex re-formed in the area frormM®o

90° N.

The ground-based observations of@®Hand G are inter-
preted in terms of the location of the polar vortex with respect
to the measurement locations. Both the observe® ldnd
O3 VMR are largely influenced by the position of the vortex.
Stratospheric @over Bern decreased by approximately 30 %
when the vortex moved over Bern. The agreement between
the local HO observations and the position of the vortex is
strongest in the stratosphere and the mesosphere, whére H
is as a good tracer for atmospheric transport processes and
6.5 dynamics. Also visible in the $0 observations, in particu-

larly at Sodankw, is the subsidence of mesospheric air into
the stratosphere that was disrupted during the SSW.

Fig. 8.Same as Figl, but for a pressure layer between 14 and 7hPa. We used trajectory mapping to combine thgHobserva-
tions from the three locations into a synoptic scale map of
the HO distribution in the Northern Hemisphere. The tra-
jectory mapped ground-based data allowed determining the

A further problem that affects the quality of the trajectory approximate position and extent of the vortex in the strato-

mapping with data from an instrument network are biases besphere. In the mesosphere, the region of the large scale de-

tween the different instruments, which usually depend on al-scent before the SSW, the breakdown of the vortex during the
titude and/or time, resulting in a combined data set that is noSSW and the continued subsidence afterwards can be seen
homogenized. Because the lower limit of our microwave ra-to some extent in the trajectory mapped observations (but
diometers is 10 hPa and the retrieval at this pressure level cadlearly not as precise as in direct satellite measurements).
be strongly influenced by baselines in the spectrum, the traTrajectory mapping of ground-based observations may prove
jectory mapping in the stratosphere did not perform as wellto be a useful tool, and the present study demonstrates the

55 6
HZO VMR [ppm]
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