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Abstract. As a part of the project “Atmospheric Wave Keywords. Meteorology and atmospheric dynamics (Mid-
Influences upon the Winter Polar Vortices (0—100 km)” of dle atmosphere dynamics; Waves and tides) — Radio science
the CAWSES program, data from meteor and Medium Fre-(Remote sensing)
guency radars at 12 locations and MetO (UK Meteorologi-
cal Office) global assimilated fields have been analyzed for
the first campaign during the Northern Hemispheric winter of
2004/05. The stratospheric state has been described using tde Introduction
conventional zonal mean parameters as well as Q-diagnostic,
which allows consideration of the longitudinal variability. ~ The stratospheric polar vortex, a system of strong eastward
The stratosphere was cold during winter of 2004/05, andwinds, is the main dynamical feature of the winter middle
the polar vortex was relatively strong during most of the win- atmosphere (20100 km) at middle and high latitudes. Each
ter with relatively weak disturbances occurring at the endday after the autumnal equinox less sunlight reaches the po-
of December and the end of January. For this winter thelar stratosphere, and as a consequence, the primary heating
strongest deformation with the splitting of the polar vortex dué to 0zone decreases. As a result of the radiational cool-
in the lower stratosphere was observed at the end of FebrdP'd @t high latitudes a strong negative temperature gradient
ary. Here the results show strong latitudinal and longitudinaldevelops between polar and tropical regions. This leads to
differences that are evident in the stratospheric and mesdihe formation of the polar night jet, comprising strong east-
spheric data sets at different stations. Eastward winds ar&ard winds encircling the pole. These winds reach speeds
weaker and oscillations with planetary wave periods have?f ~80m/s at~60km altitude in the Northern Hemisphere
smaller amplitudes at more poleward stations. Accordingly,(NH) and isolate polar air (the core of the polar vortex) from
the occurrence, time and magnitude of the observed reversair in the tropics and middle latitudes (Schoeberl and Hart-
of the zonal mesospheric winds associated with stratospherif1ann, 1991; Wallace and Hobbs, 2006). Therefore the polar
disturbances depend on the local stratospheric conditions. IMOrtex not only dominates the dynamics, it also has a pro-
general, compared to previous years, the winter of 2004/050und effect on the distribution of chemical constituents.
could be characterized by weak planetary wave activity at At mesospheric heights, due to gravity wave (GW) drag,

stratospheric and mesospheric heights. the eastward wind speeds decrease and eventually become
westward at the lower thermospheric levels (Holton, 1983;

Correspondence to: T. Chshyolkova Lindzen, 1981). This GW drag also drives the mean

(t.sch@usask.ca) meridional circulation at these heights and the associated

Published by Copernicus Publications on behalf of the European Geosciences Union.



1280 T. Chshyolkova et al.: Polar vortex evolution during Northern Hemispheric winter 2004/05

downward motion at higher latitudes is responsible for afound that the warming resulted in a reversal of both the
much warmer mesopause and even stratopause than woultbnal and meridional wind components. Earlier, Jacobi et
be expected from considerations of radiative equilibrium. al. (1997) had argued that although the beginning of the
The NH polar vortex is highly variable throughout its life warming at low stratospheric heightsZ0 km) often appears
cycle. Intervals of a strong vortex (symmetrical and cen-simultaneously with the weakening or reversal of the meso-
tered over the pole) with high wind speeds are interrupted byspheric zonal winds~90 km), this is not the result of large
sudden stratospheric warmings (SSW). During SSW stratovertical scale or wavelength process, but is rather due to the
spheric temperatures significantly increase (at least 25 K pefact that the warming needs approximately the same time to
week) at higher latitudes=(50°). The stratospheric warm- reach the lower stratosphere and the mesosphere from the
ing is called major (MSW) if the temperature enhancementstratopause, where it starts. Both Hoffmann et al. (2002)
leads to reversal of the middle latitude-to-pole temperature-and Jacobi et al. (2003) observed long period oscillations
gradient and results in reversal of the mean zonal winds fromaround 10 and 20 days in their radar data. The 20-day spec-
eastward to westward at heights near 30 km. Usually a MSWral peak was assumed to be merely the response time of the
develops in the middle of winter, after the solstice. If there MLT winds to the stratospheric warming, while the 10-day
is no reversal of the mean zonal circulation then the stratospectral peak could have been the signature of a planetary
spheric warming is called minor. The warming that occurs inwave propagating from below. Therefore the variability at
late winter/early spring, and marks the transition from win- the mesospheric heights could be the result of the combined
ter to summer circulation, is the final warming. There is alsoeffect of a vertically propagating planetary wave and decreas-
one more type of warming, the so-called Canadian warm-ng zonal winds, i.e. a trend rather than an oscillation. Man-
ing, which occurs as a result of intensification of the Aleu- son et al. (2002) using both radar winds and airglow inten-
tian anticyclone with a reversal of the temperature gradientsities during the SSW and final warmings of several winters,

poleward of 60 N over Canada. found no relationship between these events and phases of the
Labitzke (1972) investigated temperature changes in thdong period oscillations associated with planetary waves.
middle atmosphere at higher latitudes (circ& B3, during During the same stratospheric warming event (February

stratospheric warmings, using satellite radiance and rocke2001) that had been studied by Jacobi et al. (2003), hydroxyl
measurements. The results indicated that the effects of stratg--86 km) and oxygen green line-9@7 km) emissions were
spheric mid-winter warmings extend into the upper meso-measured using a ground-based wide angle Michelson Inter-
sphere. It was shown that at first the temperature increaseferometer at Resolute Bay, Canada (K5 95° W). Winds
around 60km height. Then over several days the middleobtained by Doppler-shifting techniques from both emission
stratosphere warms up, while the lower stratosphere and ugdayers showed reversals around the times of SSW (Bhat-
per mesosphere cool. During the breakdown of the vortextacharya et al., 2004). Spectral analyses of the data indicated
temperatures rise in the lower stratosphere and upper mesdhat during the periods of cold or undisturbed stratospheric
sphere and decrease in the layer between 30 and 60 km. temperatures the amplitudes of oscillations with periods from
At mesospheric heights reversals of the dominating east6é h to 2 days decreased. The authors also noted an increase
ward winds have been observed in association with stratoin short (<12 h) period oscillations over the course of the
spheric disturbances (Gregory and Manson, 1975; Greisigewarming.
etal., 1984; Jacobi et al., 1997; Hoffmann et al., 2002). Hoff- The generally accepted mechanism of SSW (Matsuno,
mann et al. (2002) studied the response of the mesospherit971) assumes that tropospherically forced planetary waves
winds, which were measured with Medium Frequency (MF) propagate upward, where they decelerate the mean zonal
radars, to stratospheric circulation disturbances at Juliusruffiow as they dissipate, and through related enhanced pole-
(55° N) during 1989-2000 and at Andenes {69 during ward and subsequently downward motion initiate a strato-
1998-2000. Reversals of mesospheric winds were observespheric warming. Due to the increase of the wave amplitude
on days near those of stratospheric warmings and of enwith altitude, the deceleration of the eastward flow becomes
hanced activity of quasi-stationary waves. However, clearstronger with height until at a certain level (50-75 km) wave-
coincidences between stratospheric and mesospheric eventeluced deceleration may reverse the wind flow. This creates
occurred only for planetary-scale phenomena. It was alsa critical level at which planetary waves are absorbed and
noted that wind reversals occurred at different times at theemperature disturbances may be large. Intense warming is
two stations, with the later reversal at the more poleward staexpected at and below the critical level in the poleward re-
tion (Andenes). Some cases, when the mesospheric zonglion with cooling (that is smaller than the warming in mag-
winds decreased and/or reversed during cold stratospherigitude) above the critical level due to adiabatic descent and
condition, were reported as well (Greisiger et al., 1984). ascent, respectively. It was also shown that at lower latitudes
Another European study (Jacobi et al., 2003) involvedthe temperatures decrease below the critical level and may
mesospheric radar wind measurements over Castle Eatdncrease slightly above it. Then, due to breaking and dissi-
(52°N), Collm (52 N) and Esrange (68\) during the pation of planetary waves near the critical level, the winds
February 2001 major stratospheric warming. They alsoincrease in the westward direction and the critical level shifts
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downward. The region of warm temperatures at high lati-of the stratospheric vortex over the Arctic during the win-
tudes starts to descend. ter is presented in Sect. 4, while Sect. 5 deals with the issue

The model (Matsuno, 1971) predicts a decrease in temeof stratosphere-mesosphere coupling. Section 6 provides a
perature above the critical level at high latitudes, which issummary.
much smaller than the increase beneath it. Holton (1983) ar-
gued that cooling due only to adiabatic ascent near the critical
level is not enough to explain the observed decrease of mes@ Data
spheric temperatures during the SSW, especially when the
critical level descends to the lower heights. Using a numer-2.1 Radar data
ical model with a simple GW spectrum the author demon-
strated that a significant temperature decrease in the mesd® study dynamics at the mesospheric heights (60-100 km)
sphere resulted. This was caused by a reduction of the medfie meridional (NS) and zonal (EW) components of the
poleward meridional circulation due to a decrease of the GWwinds obtained by Medium (MF) and Very High Frequency
drag followed by a relaxation toward radiative equilibrium. (VHF) radars are used. The daily mean wind data from se-
The decrease of GW drag was considered to be a result dected heights were provided by 12 mid- and high-latitude
the changed propagation conditions for GW in the lower at-sStations. The coordinates of the stations, main parameters
mosphere during the course of a SSW event. and references that contain more detailed description of these

More recently Liu and Roble (2002) carried out a nu- radars are given in Table 1.
merical study of the impact of a self-generated stratospheric All MF radars are of similar configuration; they employ
warming on the Mesosphere/Lower Thermosphere (MLT)the spaced antenna technique to detect motions of weakly
region. The Thermosphere, lonosphere, Mesosphere, ani@nized irregularities in the ionospheric D and lower E re-
Electrodynamics General Circulation Model/Climate Com- gions. To estimate wind velocities from the raw data, two
munity Model (TIME-GCM/CCM3), which is a new gen- different methods, the spaced antenna “full correlation anal-
eration GCM with GW parameterization, was used. TheyyYsis” by Meek (1980) and a more classical analysis by Briggs
showed that growth of the planetary wave with the zonal(1984), were used. Thayaparan et al. (1995) compared winds
wave number m=1 precedes the SSW, and that this growtigalculated using these two methods and found no significant
could be due to wave resonance. The resonant amplificadifference between them.
tion of the wave causes the deceleration and reversal of the Meteor radars detect the part of transmitted energy that is
zonal wind and induces poleward and downward (the latterscattered back by the meteor’s trail of ionized gas. Then the
at high latitudes) circulation in the stratosphere and equaatmospheric wind velocities are deduced by observing how
torward circulation in the lower mesosphere. These lead tdhe meteor trail drifts with time (Doppler shifting). All of the
the adiabatic warming in the polar stratosphet@% K) and  meteor radars (except Obninsk) are commercially produced
strong cooling £40K) in the lower mesosphere. The au- HF/VHF All-Sky Interferometric Meteor Radars by ATRAD
thors (Liu and Roble, 2002) also demonstrated that changeAtmospheric Radar Systems Pty Ltd, Australia) or MAR-
in the wind field alter the propagation conditions for gravity DOC (Modular Antenna Radar Designs Of Canada) together
waves (GW), so that more eastward GW can reach the MLTwith Genesis Software Pty, Ltd (SKiYMET). These VHF all-
region during the warming, where they can cause weakensky systems employ interferometric techniques and operate
ing and eventual reversal of the newly formed westward jet.at very high pulse repetition frequenciesakHz). Such
The resulting vertical gradient of the winds is consistent with frequencies allow the determination of additional meteor pa-
a cool polar mesosphere. The dissipation of GW at mesofameters such as entrance speeds. Description of the hard-
spheric heights may also generate planetary waves in sitware, detection algorithms and data handling can be found in
(Smith, 1996). the paper by Hocking et al. (2001).

The CAWSES program (Climate and Weather of the Sun Both meteor and MF radars provide horizontal winds in
Earth System; SCOSTEP 2004-08) has offered more collabthe MLT region. However, they employ different measure-
orative opportunities to study the winter polar vortices, in ment techniques, use different assumptions for the wind es-
particular the strong longitudinal differences that are evidenttimation, and have their own limitations. For example, the
in wind measurements from different stations, i.e. the occurields of view are approximately-17° and £70° for MF
rence, time and magnitude of the reversals of the zonal mesand VHF radars, respectively. There are also other param-
spheric winds (Smith et al., 1982). For the project “Atmo- eters, such as signal-to-noise ratio and instrumental charac-
spheric Wave Influences upon the Winter Polar Vortices (O—teristics that can contribute to the discrepancies between ob-
100 km)”, wind data from several radars at 12 mid- and high-servations. Several results on wind comparisons obtained
latitude locations and global assimilated fields from a GCMby co-located MF and VHF systems have been published
have been analyzed for the first campaign during the North{Cervera and Reid, 1995; Thayaparan and Hocking, 2002;
ern Hemispheric winter of 2004/05. Data and their analysedHall et al., 2005). Although these studies employed different
are described in Sects. 2 and 3, respectively. The evolutiomomparison techniques and radar systems installed at various
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Table 1. Characteristics of the radars.

Station Longitude, Latitude, Radar type Frequency, Height, km References

deg. East deg. North MHz (height step)
Collm 13 51.3 SKiYMET 32.6 82-97 (3) Jacobi et al. (2005)
Andenes 16 69.3 MF (ATRAD) 1.98 82-96 (2) Singer et al. (1997)
Svalbard 16 78 VHF (ATRAD) 31 82-97 (3) Hall et al. (2003)
Tromsg 19.7 69.3 MF 2.78 55-97 (3) Hall (2001)
Esrange 20.4 67.9 SKiYMET 325 82-97 (3) Mitchell et al. (2002)
Obninsk 36 52 MWR beam 33 ~94 Portnyagin et al. (2006)
Wakkanai 142 45 MF (ATRAD)  1.9585 60-97 (2)
Poker Flat  212.5 65.1 MF (ATRAD)  2.43 60-97 (2) Murayamaetal. (2000)
Yellowknife 2455 62.5 SKiYMET 35.65 82-97 (3) Hocking (2001)
Saskatoon 252 52 MF 2.219 55-97 (3)
Plattevile 255 40 MF 2219 55-97(3)  Mansonetal. (1973) and (2003)

Resolute Bay 265 74.5 SKiYMET 51.5 82-97 (3) Hocking (2001)

locations (Australia, Canada, and Norway), the conclusionaniddle atmosphere (UKMO, ECMWF, NCEP, CIRA86, etc.)
are similar. The mesospheric wind velocities as determinedeveal uncertainties and problem areas (Randel et al., 2004).
by meteor and MF radars demonstrate good agreement beloivhe MetO data, for instance, show cold temperature-biases
90 km. In general the MF meridional wind speeds are sys{~5K) near the stratopause (the upper levels of the model)
tematically lower by 20%, while the zonal component showsand a warm tropical tropopause temperatur&<2 K). Note,
“modestly altitude-dependent” differences (Hall et al., 2005). however, that the data used for these comparisons were from
Itis necessary to keep this in mind when measurements fronearlier years (1992-1997), before later improvements in the

radars are considered below (Sect. 5). model and assimilation technique. MetO data are widely
used and shown to be very helpful in studies of the strato-
2.2 MetO data spheric region. In particular, O’'Neill et al. (1994) success-

fully used the MetO data to study the evolution of the NH

MetO (also known as UKMO, United Kingdom Meteorolog- Stratosphere during winter 1991/92. We have also used MetO
ical Office) temperatures and horizontal wind componentsdata in conjunction with TOMS (Total Ozone Mapping Spec-
have been used to describe the state of the stratosphere. TH@meter) and MF radar data in earlier studies (Chshyolkova
MetO data are the result of assimilation of operational meteo€t al., 2005).
rological measurements from satellites, radiosondes, and air-
craft into a numerical forecasting model of the stratosphere2.3 Aura data
and troposphere. Since November 2000 the MetO fields have
been produced using a 3-D variational (3DVAR) data assim-As a supplement we have also employed temperatures mea-
ilation system (Lorenc et al., 2000). After October 2003 the sured by the Microwave Limb Sounder (MLS, Waters et al.,
“New Dynamics” version of the “Unified Model” was intro-  2006) on board the National Aeronautic and Space Admin-
duced and three more levels (up to 0.1 kR km) added to  jstration (NASA) Aura satellite. The Aura spacecraft was
the existing 22 standard UARS (Upper Atmosphere Researclaunched on 15 July 2004 on a 705-km sun-synchronous
Satellite) pressure levels. The outputs of the model with datanear-polar orbit with a 98.2 inclination. It has a 16-day “re-
assimilation are global fields of daily temperatures, geopo-peat cycle” and 233 revolutions per cycle. The temperatures
tential heights and wind components. There are 72 latitudegised here are MLS data produced by the “version 1.5” data
and 96 longitudes with 2°5and 3.78 steps in latitude and processing algorithms (along the measurement track). The
longitude, respectively. daily data are available for the 316—0.001 hR&+£80 km)

Estimates of the errors in the analysed fields &k dnd altitude region and have coverage fronf &to 82 N lati-
6 m/s at low heights€100 hPa). These estimations are from tudes on each orbit with horizontal and vertical resolutions
the documentation provided by the team of the Met Of- of 500 km and 4 km, correspondently. The first validation
fice through the British Atmospheric Data Centre (BADC, results of Froidevaux et al. (2006) show that MLS measure-
http://badc.nerc.ac.uk/). In general, the errors are predictednents of temperature and mixing ratios of, 3,0, N>O,
to be larger at high latitudes and at the uppermost levels. InHCI, HNO3, and CO agree well with other satellite and me-
tercomparisons of different climatological data sets for theteorological datasets, as well as with balloon-measurements
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in the stratospheric and mesospheric regions. The precision MetO: Zonal mean temperature at 10.0 hPa
of a single temperature profile was estimated to be 0.5-1K ‘ ‘ ‘ s
in the middle stratosphere and noisier (estimated precision upy 23°
to 2K) at the lowest (316 hPa) and highest (0.001 hPa) pres-g
sure levels. The special issue on Aura (IEEE Transactions $
on Geoscience and Remote Sensing 44(5), May 2006) offersg
more detailed information on the technical characteristics of -
the instrument and retrieval algorithms. 200

220

210

U RARRR RN RN R LA R AR R R

300 350 400 450
day # of 2004/05

3 Analysis MetO: Zonal mean NS wind component at 10.0 hF

To characterize the winter polar vortex the “Q-diagnostic”
has been chosen and the algorithm developed by Harvey et £
al. (2002) was closely followed. The Q-diagnostic includes
calculation of the scalar quantity Q, the streamfunctigm, (
the relative vorticity £), and integration of Q;, and winds
alongvy isopleths. Q is “a measure of the relative contribu-
tion of strain and rotation in the wind field” (Fairlie, 1995), : : : S

and for two-dimensional flow it is given by 300 323# of 2004/05 400 450

1 1 9u 2 v\ 2 Zonal mean EW wind component at 10.0 hPa
= — —vtang | +(— 80 ‘ ‘ : :
2q2 g

NS wind, m
OGN B O P N W
TR

Ll L B

Q= COSp A

ou 1 odv
2— [ —— tan 1
+ 8¢<COS¢8A+M w)}’ (1)

where ¢ is latitude, A is longitude,u is zonal wind,v is
meridional wind, and: is the radius of the Earth. In areas
whereQ is positive the strain dominates and fluid elements ~ -20 : : :

are stretched, and in regions with negat@eotation dom- 300 j‘f)? # of 2004/05 400 450
inates the flow. For example, shear-zones beyond the edges

of vortices and near jet streams have positivevhile neg-  frig 1. Temperature (top), NS (middle) and EW (bottom) wind
ative 0 is associated with stable rotational flow (Babiano et components from MetO 10hPa level averaged along tHeN6O
al., 1994) and is generally observed inside vortices. How-(solid) and 70 N (dashed) longitudinal circles for the time interval
ever, as was noted by Harvey et al. (2002), in the presencéom 1 October 2004 till 31 March 2005 (day numbers 275-456).
of elongated vortices (cyclonic and anticyclonic) and polar

vortex divisions shear-zones can also be found inside vor-

tices. Therefore, for identification of the vortex edges the
integrated values of) along streamfunction lines are used.
Those streamlines that hayeQ~0 and the strongest inte-

grated vymds are c_hosen 'Fo.represent the vortex. edges’. Th‘Edotted line) latitudinal circles at the 10 hPa pressure level
integration of relative vorticity along the streamlines enables(N32 km), for the time interval from October 2004 (start-

one to distinguish cyclonic and anticyclonic vortices. A more ; .
detailed description of the Q-diagnostic can be found in Fair-"9 from day number 275) until the end of March 2005 (day

. . number 456). The MetO temperatures (top) decrease until
lie (1995) and Harvey et al. (2002), and references therein. the end of December (day number 366) down to 202 K and

180K at 60 N and 70 N, respectively, and exhibit similar
4 Evolution of the polar vortex during winter of 2004/05 temporal variations at both latitudes, with temperatures aver-
aged over 70N being lower than those averaged ovet BO
The NH winter of 2004/05 was relatively cold, especially in Starting in January the temperatures have positive trends in-
the lower stratosphere. More days and larger areas with temereasing up to~225K in March. During the second part
peratures below 195 K were observed during this Arctic win- of the winter, zonal mean temperatures af MOdemon-
ter (Manney et al., 2006). Due to decreases in temperaturestrate larger oscillations and occasionally exceed the zonal
a reduction of up te~0.5 ppmv in water vapor was detected mean temperatures at 8. The meridional component of
over Spitsbergen in the 12—20 km height region on 25-27 the wind (middle panel) is weak and directed mostly equator-
January due to ice formation (Jamez et al., 2006). Figure 1 ward. The zonal component of the wind increases (becomes

EW wind, m/s

5

shows variations of MetO temperatures (top panel), merid-
ional (NS, middle panel) and zonal (EW, bottom panel) wind
components averaged around thé BQsolid line) and 70N

www.ann-geophys.net/25/1279/2007/ Ann. Geophys., 25, 1279-1298, 2007
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Meto Temperature Amplitudes of wave #1 Lat. =60 deg. N

East longitude for max Lat. =60 deg. N
= REEam Ry S

Approximate Height, km

a1

41 51 71
January February March January February March

day # of 2005 day # of 2005

Amplitudes of w: Lat. =60 deg. N

Meto Geopotential Height East longitude for max Lat. =60 deg. N

a1 51 71
January February March January February March
day # of 2005 day # of 2005

Fig. 2. Time (January—March) versus heightq—64 km) contours of the amplitudes (left) and phases (right) of the wave number 1 tem-
perature (top) and geopotential height (bottom) perturbations. The phase is defined as longitude (east of Greenwich meridian) of the wave
maximum.

more eastward) as winter proceeds with the strongest windbottom panels, respectively. Although both parameters show
(upto 70 and 55m/s at 8N and 70 N, respectively) in De-  peaks in amplitude of the wave during the previously men-
cember and January. After that, zonal winds decrease antioned intervals of interest, the characteristics of the peaks
become westward in the second part of March; this is theare quite different. The amplitude of the wave m=1 in geopo-
transition toward the summer-like circulation. tential height grows from the tropopause upward, maximiz-
'ing (~2km) above~40 km. Its first two peaks are strongest

The absence of significant temperature increases in Fig. L Smpared to the weak increase at the end of February. In
(more than 25K over a week) and associated reversals of thé P Y-

zonal winds indicates that the winter of 2004/05 was cold andc_ontrast, th_e amplitudes of the wave m=1 in the tgmperatgre
without midwinter major sudden warmings (MSW). How- field show increases between 32 and 40 km during the first

. : two intervals and at 48 km at the end of February, with the
ever, there are several time intervals when the MetO tem- .
|f’:lSt peak being the strongest30 K) among them. The wave

peratures exhipit rapid increases; for example, at the end o hases change gradually clockwise (westward) with height
December/beginning of January (between day numbers %Prom 360" in the troposphere to 210150 the lower-

and 375), at the end of January/beginning of February (be'middle stratosphere, and near zero in the upper stratosphere
tween day numbers 390 and 400), and at the end of I:emuAlthou h belov[\)rw40 I'<m the phase tendenciepspare simila?for .
ary (between day numbers 410 and 425). During these time; 9 P

intervals the zonal mean temperatures rise@K at 70 N), _both perturbations, in temperature and geopotential height,
. - . in the upper stratosphere the phase of the temperature-wave
zonal winds decelerate, and meridional winds become south- . .
N . changes faster. Around the day of maximum warming (day
ward. This is likely due to the heat and momentum deposi- - .
. o . number 61, end of February/beginning of March) the lines
tion by the planetary waves as the result of their interaction
X of constant phase for the temperature-wave coalesce near
with the mean flow (Shepherd, 2000). . . . .
32km, i.e. there is a very rapid phase change, while below
Usually, stratospheric disturbances are associated withhat height the gradient is very small. The phases for the
the enhanced activity of the quasi-stationary waves as welfjeopotential height wave (Fig. 2, bottom right) also change
as transient planetary waves. Characteristic of the quasislowly with height up to~40km during this time. It is
stationary planetary waves with zonal wave numbers m=1worth noting that this vertical phase structure for temperature
(SPW1) and m=2 (SPW2) have been obtained by applying:losely resembles that calculated by Liu and Roble (2002) for
Fourier transform to MetO data for the time interval from 1 the wave number one of the geopotential height perturbation
January to 31 March 2005. The amplitudes (left) and phasegtheir Fig. 6a). The maximum amplitudes of the wave num-
(the eastward longitude of the wave maximum, right) of the ber m=2 (not shown) are smaller (about half the size) and are
SPW1 calculated using temperature and geopotential heighbcated between peaks (in the time domain) of the wave m=1
fields at latitude of 60N are shown in Fig. 2 at the top and
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Fig. 3. The amplitudes of the MetO EW wind oscillations with periods 10 (the upper row) and 15 (the bottom row) days and west-
ward/eastward wave numbers— versus latitude are shown for the time interval from July 2004 until June 2005. The mean zonal EW
winds smoothed over 30 day intervals with 5 day step are contoured by solid (positive, eastward) and dashed (negative, westward) lines. The
thick line is the “zero wind” line. The other contours are-30, —10, +10, +30... m/s.

for the first part of the winter. However, the last enhance-2001, the amplitudes of the waves arg.5 times weaker this
ments of the two waves, in late February, coincide. year (Chshyolkova et al., 2006).

The amplitudes for several horizontally propagating oscil-  To study the longitudinal variabilities of the polar vortex,
lations (PW) with different periods (T) and zonal wave num- the Q values have been calculated from MetO data at 24 isen-
bers (m) were calculated from MetO zonal winds using thetropic surfaces (from 300 to 2000 K) for each day of the NH
least-square fitting process. Figure 3 demonstrates the amplwinter of 2004/05 (1 November 2004-31 March 2005) using
tudes of eastward (m=1) and westward (m=+1) propagat- the Eq. (1) given in Sect. 3. The identified edges of vor-
ing waves with periods 10 and 15 days for three heights 10tices, as described in Sect. 3, have been used to color the cy-
1 and 0.3hPa. As discussed in (Chshyolkova et al., 2006)¢lonic polar vortex with blue and anticyclones with orange;
the eastward waves are baroclinic and westward are normand then they are contoured as overlapping projections for
modes (Andrews et al., 1987). The solid and dashed lines inisentropic surfaces from 500 to 2000 KZ0-50km). The
dicate eastward and westward zonal mean winds, which aréwest isentropic surfaces were omitted as the existence of
smoothed over 30-day intervals with a 5-day time-step. Thethe tropospheric jet makes determination of the vortex edges
thick solid line is the “zero-wind” line, and the step between difficult at those heights. The results are shown in Fig. 4 for
contours is 10 m/s. Notice that the winter months of the NHfour chosen days. The vortex for 25 December 2004 is a
are in the middle of each rectangle. It is seen from the fig-typical example of a cold vortex: the blue area has a cone-
ure that in the NH the eastward waves are more active in theshape reflecting the increase of the vortex area with height.
beginning of the winter when the eastward mean winds areOn this day there were two relatively small anticyclonic ar-
strongest, and are confined to the winter hemisphere (eastas located over Asia and the Atlantic Ocean. During most
ward background flow). Activity of the westward waves of of the NH winter of 2004/05 the polar vortex exhibited simi-
the NH increases by the end of the winter, and they penelar characteristics except for three time intervals when it was
trate to the SH in March. In October the cross-hemisphericdisturbed (cf. Fig. 1). Two short-lived and weak disturbances
coupling of the westward waves is somewhat smaller than iroccurred around 1 January and 1 February. The vortex be-
the Arctic spring (March). Compared to winters of 2000 and came elongated and twisted with height. The anticyclones

www.ann-geophys.net/25/1279/2007/ Ann. Geophys., 25, 1279-1298, 2007



1286 T. Chshyolkova et al.: Polar vortex evolution during Northern Hemispheric winter 2004/05

December 25, 2004 January 1. 2005 altitudinal dependence due to the potential temperatiye (
; ) changes with height (Mler and Ginther, 2003, 2005).
The Arctic polar vortex is clearly visible as a region
bounded by closely spaced dot-dashed lines (large gradients
of scaled PV in Fig. 5); itis centered almost over the pole and
occupies a large area (up t¢40-50 N). As can be seen in
Fig. 5a, during December the cyclonic rotation is dominant
over Europe (the top panel) at latitudes poleward of 58-60
with the maximum latitudinal gradients of PV also occur-
ring near 58. In contrast, over North America (the bottom
panel) there is a zone of positive (“shear zone”) at-55°
between the centrab60-90 N) and mid-latitudinal (40—
50° N) parts of the cyclonic vortex. Also notice the strong lat-
itudinal gradients in PV near 40 andSatitudes. Although
the eastward winds demonstrate similarly very strong speeds
(~90 m/s) near the “edge” of the vortex in both meridional
cross-sections, positions of the maxima are different. Maxi-
mum winds are reached a50° N over Europe and-40° N
over the North American continent.
Figure 5b shows that even more differences exist between
European and North American locations on 25 February, dur-
ing the strongest disturbance for this winter. At the North
American longitude (253E) a westward wind cell centered
near 70 occupies the middle to high latitudes at stratospheric
levels, and the eastward wind-jet is shifted equatorward (cen-
Fig. 4. Representation of the polar vortex (_blue) aqd anticyclonesiared near 30N) and upward. At the same time, at the Eu-
(orange) from9=500 to 2000 K £-20-50 km) isentropic surface on qhean jongitude (I6E), the eastward winds are still strong
25 December 2004; 1 January, 1 February and 25 February 2005. (~60 m/s) and maximize near 5. This is due to the defor-
mation and shift of the vortex away from the pole. The part
of the vortex over North America weakened, while its second

then occupied larger areas. The strongest disturbance for thigart over Europe was still strong.

winter occurred at the end of February. For example the vor-

tex structure for 25 February is demonstrated in the bottom

right corner of Fig. 4. In the lower stratosphere the polar vor-5 Stratosphere-mesosphere coupling

tex splits into two parts, while at the upper levels the vortex is

just strongly elongated and displaced from the pole. Again,In this section analysis of winds in the height region from

the whole structure is elongated and rotated westward with~20 to 97 km are discussed for 12 locations; this allows
height. investigation of connections between stratospheric distur-

bances and mesospheric variability during winter 2004/05.

Zonal asymmetry of the winter circulation is obvious dur- Fiqure 6 shows zonal winds for altitudes between 0 and
ing the disturbed days, but there are also longitudinal pe_97gkm and for the time interval from October 2004 till March
culiarities when the vortex is relatively strong and circular.

This is clearly seen from the comparison of the latitu de_2005 for six stations: Svalbard, Tromsg, Collm, Resolute

altitude cross-sections for 258 (North America) and 16E Bay, Yellowknife, and Saskatoon. The stations are divided

(Scandinavia-Europe) that are shown for 25 December 2004 two groups: data from three Scandlnawan-European _and
(Fig. 5a) and for 25 February 2005 (Fig. 5b). These plotsthree Canadian radars are shown on the left and right sides

demonsite 140 parameer (Gl rey shadngs), "€ 0L conespondingy. Each it s aanged so
'scaled” (see below) Potential Vorticity (PV, dot-dashed the most equatorward stgtions are on the bottom of the ﬁp ure
lines), and zonal winds (solid and dashed lines) fot 120 q gure.

9C° N latitudes and from 20 to 50km heights. The areasEaCh plot consists of three altitudinal sections: 0-55 km, 55—

dominated by rotation (negative Q values) are shaded with80 km, and 82-97 km. The MetO daily zonal winds are pre-

darker grey color. Eastward and westward winds are plotte Zimﬁ?s Ztrg:‘(raolr%viiitarl]\?vﬁztss.m'\eff;?r;/vdlT)dsval—flih((rangfe%er;magzt
using solid and dashed lines, respectively, and the thick soli 9 y

. . Rt g F radars, and obtained by the fitting of the mean, 24 h- and
lines denote the *zero-wind” line. The PV was modified by 12 h-tides to the hourly radar measurements. The fitting uses

—4
scaling it with a dimensionless factdf!/420) o remove  a window of 3 days shifted by 1 day to optimize the quality

0, K

. N

February 1

0, K

g -
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5b. The same as Fig. 5a only for 25 February 2005 (day num-

grey is negative, light grey is positive) at1B (top) and 253E ber 56).

(bottom) longitudes on 25 December 2004 (day number 360). Solid
and dashed lines are positive (eastward) and negative (westward)
MetO zonal winds (m/s), respectively. Dash-dot lines are contours
of modified PV (1PV unit=108 m2Ks—1kg~1).

of the means. For the sake of continuity, the middle alti-
tudinal section shows daily winds calculated using the ther-
mal wind equation with the MetO winds at the low bound-
ary (0.1hPa). A simple linear fit was employed to calcu-
late latitudinal temperature gradients from Aura MLS daily
measurements withit10° in latitude andt:-12° in longitude
over the stations.

The different datasets agree well near both their bound-
aries: 55 and 82km. Good agreement is expected around
55km as we use MetO winds at its highest levels to begin
the calculation of the wind field above (55-80 km). Around
~82km discrepancies can be found between winds calcu-
lated using thermal wind equation and radar measurements.
There are several possible reasons for these discrepancies:

— There are unknown tidal signatures in Aura data. Two
adjacent tracks 12 h apart have been used in calcula-
tions, so the 24-h tide is minimized, while contamina-

www.ann-geophys.net/25/1279/2007/

tion due to the stronger 12-h tide at these latitudes could
be significant. The radar winds (82—-97 km) are “tidally
corrected” (evidence for this is provided below).

— The thermal wind equation assumes geostrophic bal-

ance (no drag), which is rarely the case in the atmo-
sphere. For example, at mesospheric heights the drag
due to GW and PW is strong enough (e.g. Liu and
Roble, 2002) to break this assumption. Without drag
the zonal winds would continue to become more east-
ward throughout the 55-80 km height interval (Manson
etal., 1991).

The approach used to calculate temperature gradients
may be too simple. For example, in general the zonal
temperature gradients are smaller and do not strongly
affect the results. However this assumption will not ap-
ply if a sharp boundary between cyclonic and anticy-
clonic vortices exists across a longitude range used for
the radar station. Also the largest errors are expected for
the stations located poleward of72° N as the satellite
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Fig. 6. Evolution of zonal winds in the height range from the surface up to the upper mesosphere (97 km) in the time interval from October
2004 until March 2005 for the Svalbard, Resolute Bay, Tromsg, Yellowknife, Collm, and Saskatoon locations. The plot for each station
consists of 3 parts: the MetO daily winds are shown in the bottom panel (0-55 km); the middle panel (55-82km) is filled with daily winds
obtained from the thermal wind equation using temperature gradients calculated from Aura MLS data; and mean winds obtained from the
(mean + diurnal tide + semidiurnal tide) fit to the radar hourly measurements are used in the top panel (82—-97 km). The fit uses a 3-day
window shifted by 1 day.
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Fig. 7. Evolution of zonal winds in the height range from the surface of the Earth up to the upper mesosphere (97 km) in the time interval
from October of 2004 until March of 2005 for Tromsg and Saskatoon. The MetO daily winds are shown in the bottom panel of each plot
(0-55 km), while in the middle (55-82 km) and the top (82—97 km) panels day-time m&andf data) centred on noon and obtained from
radar measurements are demonstrated.
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measurements only cover up to°82 (An example of Returning to consideration of Fig. 6, the main feature com-
this is shown later in Fig. 8.) mon to all stations is the eastward jet (green-red colors in
, , Fig. 6) in the stratosphere-mesosphere height region (20—
— As was mentioned in Sect. 2.3, Aura MLS temperaturegq im) which is often referred as the polar night jet (PNJ).
data are less accurate at the upper levels (0.001hPakpo maximum of the eastward flow, which is located-&6—
although the MF radars have minimal zonal speed biass km in early winter, decreases in magnitude and progresses
at 82 km (Sect. 2.1). Note also that there is & 2km gapyownward to~30—40 km with time. The magnitude of the
between the datasets. PNJ varies throughout the winter with occasional reversals
_ Data have different resolutions: 3 days in the 82-97 km(plue) to the westward di.rection. After each disturpance,
and 1 day in the 55-82 km height regions. v_vmds are restored to their normal winter _values until they
finally became westward throughout the middle atmosphere,
The availability of the MFR data (Tromsg, Saskatoon, andmarking the transition to the summer-like wind pattern. Al-
Platteville) at low heights allows comparisons between directthough the general scenario is common for all stations, it dif-
wind measurements and the winds calculated from the therfers in detail because the radars have different locations rel-
mal wind equation. Figure 7 presents the zonal wind time-ative to the vortex. The eastward winds are weaker at higher
altitude cross-section for Tromsg and Saskatoon locations ihatitudes as was also seen in Figs. 5a, b. The strong west-
a fashion similar to Fig. 6. The lowest parts of the plots (0O—ward events seen at the high latitude Svalbard station below
55 km) are the same in both figures and present the MetO as~85 km are much weaker at Tromsg, and are seen only as rel-
similated daily zonal winds, while at the middle (55-82 km) atively small decreases in eastward winds at Collm. Similar
and upper (82—97 km) heights the mean day-time winds ardatitudinal differences can be seen for Canadian stations. Sta-
shown in Fig. 7. These winds were constructed from hourlytions at Andenes, Esrange (not shown), and Tromsg are rela-
data and with at least 7 values per day centered on noortively close (125-270 km), and zonal wind time-variations at
Usually, due to the increased noise level and lack of usefuthese stations are quite similar.
radar scatter during the night below70 km, the coverage Longitudinal variations are apparent between Collm and
is poorest at low heights, but becomes better near and abov&askatoon (bottom plots in Fig. 6). The eastward winds
80 km, where the number of hourly mean values approacheare weaker at Saskatoon, which can be explained by the
24 (Luo et al., 2002). The averaging over 7 h minimizes GW different location of the PNJ maximum over Europe and
influences. North America: 50N for 16° E longitude and near 4NN
There is very good overall qualitative agreement betweerfor 253 E (Fig. 5). Indeed, the wind contours for Platteville
calculated and measured winds (middle panels) at all thre¢not shown) do exhibit much stronger eastward flows than
stations (Platteville is not shown). The largest differencesat Saskatoon, which persist abovel0 km throughout all
in the middle panel occur near 80 km, where radar data ofwinter until the end of March. Also, at the end of Febru-
ten show westward (blue) winds. This can be attributed toary (warming event) the transition to the westward winds oc-
tidal contamination. The comparison of the top panels incurred over Saskatoon between 20 and 97 km, while at Collm
Figs. 6 and 7 for corresponding stations also reveals thathe westward wind cell occupies the region betweef0
the differences are mostly due to tides (the effect of differ-and 80 km for a few days, with eastward winds at heights
ent temporal resolution is insignificant). For example, for near 30 km until the end of March. This reflects the vortex
Saskatoon (Fig. 6, bottom left panel), in October the fittedcharacteristics during this time (Sect. 4, bottom left plot in
mean winds (no tidal contamination) show westward cellsFig. 4), and is consistent with Fig. 5b that shows weak west-
closing at~82km, while in Fig. 7 (bottom plot) the west- ward winds at stratospheric levels for latitudes higher than
ward winds penetrate below80km. Again, remember to 50° N (bottom plot) for Saskatoon longitudes, while there are
keep in mind that the thermal winds are available only upstill quite strong ¢60 m/s) eastward winds over Europe at
to 0.001 hPa+80 km), while the radars have no altitudinal 50° N (top plot). Obninsk is located at a similar latitude, but
gaps in this region. Another factor that would contribute to is ~20° east of Collm. Zonal winds at Obninsk (not shown)
the discrepancies of Figs. 6 and 7 is the geostrophic assumpare similar to those at Collm station, except they were less
tion. The GW drag is important at the mesospheric heightsvestward in the 55-82km height range at the end of Jan-
and, as mentioned above, acts to decrease eastward windsary/beginning of February. The meteor radar at Obninsk
The geostrophic balance assumes zero drag, so the winds calees not provide height information, and all reflections are
culated using the thermal wind equation may be more eastassumed to be from the height region centered at approxi-
ward than the actual winds, especially at the upper levelsmately 94 km. These winds and Collm winds at 94 km agree
The smaller radar amplitudes could also be explained by thevell, and have such similarities as wind reversals in the mid-
MF speed bias 0f-20% (Sect. 2.1). Despite all these differ- dle of January, the beginning of February, and in the middle
ences the calculated thermal winds are a good approximationf March.
of the real winds in this height region and can be used for It is also interesting to note that the wind profiles for
qualitative comparisons and wave analysis purposes. Poker Flat and Wakkanai (not shown) are quite different from
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Scandinavian-European and Canadian stations. For examplppnent is often strong, and there is, therefore, significant di-
the PNJ has stronger magnitudes at Poker Ri&6{ N) than  vergence from the cyclonic eastward flow. On the upper plots
at Canadian/European stations with similar latitudes. Ovewectors of the mesospheric mean wind measured at 12 loca-
Wakkanai the first strong westward reversal occurred in thetions (the same locations that are shown by red stars on the
first half of January between 20 and 70km, and was fol-lower plots) are placed on top of the stereographic map (30—
lowed by the second stronger reversal in February. Later th®0° N). In January (e.g. 20 January, Fig. 8a) arrangement of
winds became weakly eastward abovd0-50km, but re- radar wind vectors is consistent with cyclonic motion around
mained westward in the lower stratosphere until the end othe pole, and they match well the MetO winds at correspond-
the March. These may be explained by the relatively closeing locations. Often, especially when negative areas of Q
proximity of these stations to the Aleutian High. have consistent large circular shapes with little or no shear
Continuing with perusal of Fig. 6, in the upper meso- (green) zones inside, the stratospheric and mesospheric vec-
spheric region (82—97 km) the eastward zonal winds decreaswrs show very close similarity in their directions. Usually
in magnitude with increasing height at all stations, althoughbest agreement requires a shift of the vortex with height, for
their particular variations differ. Most of their variability can example.
probably be explained by the local effects of GWs on the On 1 February (Fig. 8b), the time of the weak strato-
mean flow (deceleration of the flow as well as induced vari-spheric disturbance, radar and MetO wind vectors over high-
ability with periods in the PW range, see for example Smith, latitudinal stations£60° N) demonstrate opposite directions
1996). Some of the reversals of the eastward mesospheriand have strong meridional components. This suggests an
winds can be linked to the wind reversals below. The warm-existence of strong thermal gradients of opposite directions
ing event at the end of February is the best example of suclat stratospheric and mesospheric heights. The MetO data
connection between mesosphere and stratosphere. The tirat ~30km (nhot shown) indicate that the polar vortex was
ing of such reversals appears to be approximately the samequeezed by two anticyclones located at lower latitudes in
throughout the whole height range or sometimes a little earthe 330-360E and 90-189E longitudinal sectors. The
lier at the upper altitudes. stronger of the two anticyclones (90-288) also pushed
Next, an attempt to compare winds from the upper stratothe polar vortex away from the pole, which is reflected in
spheric (~50-60km) heights with those from the meso- Fig. 2 as amplitude of SPW1 increases at RO Therefore
spheric heights (82 km) is made with the emphases on théhe boundary between cold and warm regions lay across
vortex structure rather than consideration of eastward windhe pole, and strong poleward/equatorward flows were es-
profiles at separate locations. The comparison is difficulttablished in the 30-6E and 210-240E longitudinal seg-
mostly due to the lack of mesospheric observations. Allments, respectively (Fig. 8b). At the upper heights (layer
available 3-day radar vectors were inspected. Days that in50—-80 km) the Aura measurements (not shown) indicate re-
dicated the usual winter cyclonic flow around the pole andversed temperature gradients (cold in 1EGsector), so that
events in February (1 and 19) were chosen for demonstrawinds at~80 km, through thermal wind equation, now have
tion. In Fig. 8 the daily MetO winds at 2000 k~60 km) opposite directions to the stratospheric winds. The winds
isentropic surface (lower plots) along with the 3-day meanwere weak over Canadian stations (Platteville, Saskatoon,
wind vectors (82 km) obtained at 12 radar stations (upperand Yellowknife), which are situated farther from this region
plots) are shown for 20 January, 1, 13, and 19 February 2005%0f strong temperature gradients.
The lower plots are the stereographic projections (15A90 During the first half of February the stratospheric vor-
of the Q-diagnostic over the NH with the blue areas wheretex became stronger. This is reflected in the plots for 13
Q is negative (rotation dominates the flow) and green ar-February (Fig. 8c): the stratospheric and mesospheric winds
eas where Q is positive (strain is dominant). Black arrowsare again similar in directions as was the case for most of
are winds, red stars are locations of the radar stations, andanuary. On 19 February (Fig. 8d) the warming has be-
black/red lines are estimated edges of cyclones/anticyclonegun and as in 1 February wind vectors have opposite di-
Black filled dots are assigned to the areas with the negativeections at stratospheric and mesospheric heights over the
PV, which are usual at low latitudes. Sometimes, howeverEuropean-Scandinavian sector. But this time the structure
the black dots can be found more poleward, which indicatesvas more complicated and involved strong latitudinal as well
an intrusion of the tropical air to the mid-latitudinal region as longitudinal temperature gradients. Aura data indicated
at the upper stratospheric heights (Harvey et al., 2002). Thevarm temperatures over the pole, which resulted in South-
vortex plots are daily, while the radar winds are obtained oveiWestward wind directions at 82 km over Europe. Winds over
3-day interval centered on the chosen dates. Platteville, Saskatoon and Wakkanai, stations located in re-
First of all at the upper stratospheric heights the vortexgions of the strong stratopause eastward jet, were not affected
does not have the “solid” or continuous shape as it usuallyand had eastward directions at 82 km, which is consistent
has in the middle stratosphere; at these levels patches afith strong vortex conditions. For this day Aura tempera-
blue color are scattered over the hemisphere composing sontare measurements did not show perfect alignment of oppo-
kind of spiral or comma shapes. The meridional wind com-site temperature gradients across the pole at stratospheric and
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Fig. 8a. Evolution of the daily MetO winds (black arrows) at Fig. 8b. The same as Fig. 8a, but for 1 February 2005.
2000 K isentropic surface (bottom) and 3-day mean winds obtained
at 12 radar locations (82 km, top) for 20 January 2005. The dashed

arrow indicates the speed is twice as big as that shown. . . .
P 9 winds were also weak and completely disorganized. Later

in March the cyclonic flow was partially restored at 50 and
82 km, before it disappeared during the transition to the sum-
mesospheric heights, which can explain the more diverse remer circulation.
lationships between stratospheric and mesospheric winds de- The vector differences between mesospheric winds mea-

pending on the locations. sured at 82km and MetO assimilated winds-&4 km are
Finally by 25 February the vortex was split in two uneven shown in Fig. 9 for 3 months: December 2004, January
parts at low stratospheric heights with the stronger part beingand February 2005. The stations located near the center of
over Europe (Fig. 4, bottom right). In the upper stratospherethe PNJ (Obninsk, Collm, Saskatoon and Platteville) consis-
(not shown) the vortex was deformed and twisted westwardently demonstrate strong westward (pointed to the left) vec-
with height, so that the stronger cyclonic area was locatedor differences, especially in December. The negative (angle
over North America. At mesospheric heights (not shown)of ~180 degrees) differences are consistent with the decrease
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Fig. 8¢. The same as Fig. 8a, but for 13 February 2005. Fig. 8d. The same as Fig. 8a, but for 19 February 2005.

of the winds with height. This is in agreement, through tions of the large difference-vectors indicate poleward flow
the thermal wind equation, with a warm mesopause regiongt the stratopause levels and equatorward flow at the meso-
which is normal in winter. However at the end of February, spheric levels, e.g. near 1 and 19 February. The reverse is true
during the strongest, for this winter, stratospheric disturbancggy the upward (northward) directions of the large difference-
the difference-vectors at these stations (except Platteville, §ectors (e.g. early in December). Small vector differences
more equatorward station) are smaller or eastward (pointe¢ormally occur when winds at both heights are in the same
to the right). This indicates weakening or reverse of the eastyjrection. All Scandinavian stations Esrange, Tromsg, An-
ward flow in the stratopause. denes, and Svalbard lie inside the core of the vortex, and the
Significant deviation of the illustrated strong difference- angles of their difference-vectors change with time (gener-
vectors from the horizontal line (EW direction) implies re- ally from 180 to 270 degrees, except for one interval in the
versed meridional flow between the64km and 82km  beginning of December) in a similar way. Although the high-
heights. The downward (in the figure) or southward direc-latitude Canadian stations at Yellowknife and Resolute Bay
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Differences between vectors "radar 82km"-"MetO ~64km" there are some differences in exact locations of the peaks as
o2 T T IIII I ITIITI IO TIIITI e well as their amplitudes, which are smaller at more poleward
ootk N SN AR N stations. Some of these differences could be due to differ-
it I NN A R ent propagation conditions for the PW at these three stations.
Resolute Bay) - - - - - Sl S S As can be seen in Fig. 6, at the end of February the westward
Skatoon) N NINTIIToII D TooITTIIcIo Il background winds are stronger below 50 km at Svalbard than
Wakkanai) - -~ - DN N at Tromsg, while over Collm the winds have eastward direc-
; : " - - p. - tions. PW propagation is favored by eastward winds of mod-
December, 2004 erate magnitude (Andrews et al., 1987). Wavelets of MetO
Differences between vectors "radar 82km"-"MetO ~64km" . g ( ) .
ot zonal winds at Saskatoon have overall smaller amplitudes.
B et e A S el PP gg I . . . . .
i e R R S e e S / one Similar to the other stations there is energy at longer peri-
''''' PR I R = . R . .
andenes) -y - ~T ods in November, but in the middle of February there is only
romso{ Vs / A ) [ 4 . .
Svabard| \ .~ v\ vy g Ve one relatively weak peak around 8 days and 10-day maxima
Resolute B A U R AR . . .. . .
fi%”wkfn.f?i A NN | appears in the first half of March. This is consistent with
askatOOR| ~ « « — ~ = v s e v g ST e e e e m e e - . . .
Platevle] .~ - - . PPN i et the zero wind line and the cell of westward winds at strato-
WakkanaH - P A A S ‘s P L R . .
Poker Flat| ! A T Ay spheric heights over, and northward of, Saskatoon (Fig. 5b),
0 5 10 s 2 30 which will favor refraction of PW to lower latitudes. The
Differences between vectors "radar 82km"™-"MetO ~64km" wavelets at the mesospheric heights (the right column) have
R e T much smaller amplitudes and do not have many similarities.
ninsk-| y VA R A S AR —r . . . .. . . .
Esrence A R k This variability of local PW activity (latitudinally and longi-
Andenes{ | N L S P A r . . . . .
Tomso| | o4\ AR IR I tudinally) is consistent with the earlier study of 16-day PW
Svalbard \ \ P N N A A A = . .
Resolien = > 13230 N i activity provided by (Luo et al., 2002). In general, com-
Yellowknife - Lo NN B . L ) i .
Saskatoon ~ - Y- -~ S NN SN L pared to previous years, the winter of 2004/05 is charac-
e B i terized by weak planetary wave activity at stratospheric and
Poker Pt = [ mesospheric heights.
0 5 10 25 30

15 20
February, 2005

Fig. 9. Vectors of differences between radar winds measured ats Summary
82 km and MetO assimilated winds-a64 km for 3 months of win-
ter of 2004/05 (December, January, and February) for 12 locationsThe evolution of the polar vortex during the Arctic winter of
2004/05 has been studied using MetO assimilated fields and
data from meteor and MF radars at 12 mid- and high-latitude
are also close together and located inside the vortex, the anecations. The winter of 2004/05 was shown to be rela-
gles of their difference-vectors do not always change simi-tively cold with no major mid-winter stratospheric warmings.
larly with time. However, the difference-vectors are predom- MetO parameters near 32 km averaged ovéné@nd 70 N
inantly northward, consistent with southward stratopauseatitudinal circles exhibit neither rapid temperature increases
winds, for both stations. The angles, therefore, differ fromof 25°K or more, nor corresponding reversal of the zonal
those at Scandinavian stations. The difference-vectors at th&inds. However there were 3 time intervals with increasing
Poker Flat and Wakkanai locations exhibit their own patternsnorthern temperatures and corresponding weakening of the
of angle variations, which have strong northward compo-zonal winds: the end of December/beginning of January, the
nents, especially at Poker Flat (a more poleward location)end of January/beginning of February, and the end of Febru-
The longitudinal variations in the difference-vectors are dueary. During the first two intervals the disturbances were rel-
to the distortions of the vortex and/or its movement off the atively weak. The event at the end of February was the fi-
pole. nal and strongest disturbance for this winter, and marked the
To study the wind variability with periods from 2 to 30 beginning of the wind transition toward summer-like circula-
days, the Morlet wavelet (Torrence and Compo, 1998) hagion.
been employed. Figure 10 demonstrates examples of wavelet During all three disturbed time intervals the stratospheric
amplitudes of the MetO~50 km, left column) and Radar stationary wave with zonal wave number 1 in MetO tempera-
(82 km, right column) zonal winds for Svalbard, Tromsg, tures and geopotential heights had enhanced amplitudes. The
Collm, and Saskatoon (from the top to the bottom). Theamplitudes of the temperature wave were the strongest dur-
black line indicates areas with 90% significance. The threeing the last event near 50km and, shortly after the begin-
Scandinavian-European stations have similar spectra: longing of the warming, the lines of constant phase coalesced
periods &20 days) in November, short periods (less than 5near 32km, i.e. there was a very rapid phase change with
days) through out the most of the winter, and energy for pe-height. Oscillations (10- and 15-day periods) associated with
riods between 4 and 20 days at the end of February. Clearlgastward and westward propagating PW were also present at
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Fig. 10. Wavelet amplitudes versus time (November 2004—March 2005) and period (2—30 days) calculated for the zonal wind component
of the MetO winds at 0.46 hPa (left column) and of radar measurements at 82 km (right column) for the Svalbard, Tromsg, Collm, and
Saskatoon locations.

upper stratospheric levels. The eastward propagating wavdghed by 1 December 2004. In December the polar vortex
had maxima in the early winter and were confined to thereached its strongest state: it was centered on the pole and
areas with eastward wind flow, consistent with baroclinic occupied a relatively large area. During the three disturbed
waves. The amplitudes of the westward propagating wavesime intervals the vortex was elongated, slightly shifted off
(normal modes) increased by the end of winter (February)he pole, had a westward tilt with height, and had decreased
and were reaching Southern Hemispheric latitudes at uppesreas in the lower stratosphere. The deformations were the
stratospheric levels in March. Both eastward and westwardargest for the last event, when the vortex was divided in two
amplitudes were-1.5 times smaller than those calculated for unequal parts below600 K isentropic {24 km) level.
years 2000 and 2001 (Chshyolkova et al., 2006). The comparison of stratospheric data in the European,
To study the longitudinal variations of the polar vortex, North American sectors and Japan revealed significant longi-
the Q-diagnostic was used to characterize the dynamics afudinal differences during disturbed as well as “quiet” times.
the middle and upper stratosphere. The results show that thiem December, for example, the maximum of the eastward
NH polar vortex formed in mid-autumn, and was fully estab- wind jet was located TOmore poleward over Europe (at
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