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Abstract. The dynamical evolution of the relatively warm 1 Introduction
stratospheric winter season 2002-2003 in the Northern
Hemisphere was studied and compared with the cold wintetJnderstanding the observed atmospheric circulation is im-
2004-2005 based on NCEP-Reanalyses. Record low tenportant in order to improve the modeling of dynamical pro-
peratures were observed in the lower and middle stratosphergesses in the troposphere and stratosphere, for example in
over the Arctic region only at the beginning of the 2002—2003order to provide seasonal predictions of large-scale pro-
winter. Six sudden stratospheric warming events, includingcesses. The atmospheric phenomenon of a sudden strato-
the major warming event with a splitting of the polar vortex spheric warming (SSW) event is a significant example of dy-
in mid-January 2003, have been identified. This led to a verynamical linkage between troposphere and stratosphere. A
high vacillation of the zonal mean circulation and a weaken-SSW event was first discovered by Scherhag (1952) over
ing of the stratospheric polar vortex over the whole winter Berlin in winter 1951-1952 when he found a strong and sud-
season. An estimate of the mean chemical ozone destructiotien temperature increase in the stratosphere. Extended re-
inside the polar vortex showed a total ozone loss of aboutiews of SSW observations and theory can be found in the
45 DU in winter 2002—-2003; that is about 2.5 times smaller papers of Schoeberl (1978) and Mclintyre (1982). The split-
than in winter 2004—2005. ting phenomenon during a SSW event was extensively de-
Embedded in a winter with high wave activity, we found scribed in the review of Mcintyre (1982) because it is a re-
two subtropical Rossby wave trains in the troposphere bemarkable dynamical event.
fore the major sudden stratospheric warming event in Jan- We know that a SSW event is a large-scale phenomenon
uary 2003. These Rossby waves propagated north-eastwargdgth hemispheric impacts as reported in many textbooks
and maintained two upper tropospheric anticyclones. At the(e.g., Andrews et al., 1987). In particular SSW events are
same time, the amplification of an upward propagating plan-a prominent feature of interannual variability of the extra-
etary wave 2 in the upper troposphere and lower stratosphergopical stratosphere over the Arctic region with the strongest
was observed, which could be caused primarily by those twaSSW event ever observed in January 2009 (Labitzke and
wave trains. Furthermore, two extratropical Rossby waveKunze, 2009; Manney et al., 2009). A SSW event could lead
trains over the North Pacific Ocean and North America wereto a fast and significant increase of the polar stratospheric
identified a couple of days later, which contribute mainly to temperature (up to 40 K) and to a reversal of mean zonal cir-
the vertical planetary wave activity flux just before and dur- culation. Moreover, the polar stratospheric vortex could be
ing the major warming event. It is shown that these differ- shifted off the pole, or in some cases a splitting event may
ent tropospheric forcing processes caused the major warmingccur (e.g., Schoeberl, 1978; MclIntyre, 1982; Charlton and
event and contributed to the splitting of the polar vortex. Polvani, 2007). These changes of extratropical stratosphere
are not confined in the stratosphere, but they could penetrate
upward into the mesosphere or downward to lower tropo-
sphere with a delay of about two months (e.g., Baldwin and
Dunkerton, 2001). Changes of the polar vortex’s strength
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with a stronger polar vortex (Castanheira and Graf, 2007)teracts with tropospheric wave variability, i.e. the variations
Additionally, the impact of SSW on the stratosphere and tro-in the polar vortex and in temperature-dependent polar ozone
posphere is not confined to middle and high latitudes. Usingdepletion, which are induced by tropospheric forcing mech-
satellite data, Eguchi and Kodera (2007) found a relationshipanisms, may have a substantial feedback on the tropospheric
between the SSW event over the Arctic and the cooling ofand stratospheric wave propagation. Note here that Randel
equatorial troposphere. This relationship occurs due to armand Wu (1999) found an overall similarity in the coherent
enhanced meridional circulation. space-time structure of ozone loss and cooling patterns for

Matsuno (1971) investigated the main physical process othe Arctic and Antarctic. These variations are driven by the
SSW generation. He showed that a planetary wave packedifferent buildup of tropospheric wave energy. In the frame-
transports easterly angular momentum from the tropospheraork of our paper we discuss how these feedbacks may play
into the stratosphere, whereby the divergence of the Eliassera role in generating the different variations in the stratosphere
Palm (E-P) flux of the waves decelerates the zonal meamuring the 2002-2003 and 2004—-2005 winters. For the in-
zonal wind inducing a sudden warming in the extratropical verse direction Mukougawa et al. (2009) showed that the
stratosphere. This fundamental theory has been extended iong-time (up to 30 days) predictive skill of a tropospheric
many papers, for instance by including instability processesannular mode is lower in winter 2004—-2005 than in winter
of a forced wave (Plumb, 1981) or by considering a forced2003—2004 in which a major warming occurred in January.
triad of resonant waves (Peters, 1985). Furthermore, Esler Generally we have to recognize that each SSW event has
et al. (2006) studied the instability of a barotropic wave with its own typical characteristics, which should be studied in
constant tropospheric forcing as a possible process for theetail. From such investigations we improve our knowledge
onset of the austral SSW event in September 2002. Thewbout the set up and evolution of SSW events including the
found that an amplifying tropospheric forcing is not neededpossible splitting of the polar vortex. This knowledge could
to set up the main characteristics for the development of theyive also a contribution to the improvement of climate mod-
SSW event. els, in which the seasonal behavior of large-scale processes

Other authors have emphasized the importance of adediffers from observations, especially from winter to spring
ditional tropospheric forcing processes in setting up SSW(SPARC CCMVal, 2010). Furthermore, the prediction of
events as expected from the work of Matsuno (1971). ForSSW events over periods longer than 10-14 days is still an
instance, Harada et al. (2010) showed the important role obpen problem.
subtropical or extratropical Rossby wave trains for the evolu-  We focus in this observational study on the sudden major
tion of the boreal major warming event in January 2009. Anwarming event in January 2003 in order to identify genera-
example of a very early major SSW in December 1984 ontion processes and to study the role of tropospheric forcing
the Northern Hemisphere was elaborately described by Ranprocesses and their role in the splitting process of the po-
del and Boville (1987). For the first observed austral majorjar vortex in more detail. As an example for this remark-
SSW in September 2002 Niishi and Nakamura (2004), Scaifeable splitting process of the polar vortex, the evolution of the
et al. (2005), and Peters et al. (2007) identified an additionafjeopotential height anomaly (deviation from zonal mean) at
tropospheric forcing in the pre-warming phase. Note also30 hPa is shown in Fig. 1. For the period of 16—-22 January
that Limpasuvan et al. (2004) showed in a composite study2003 the development of both cyclonic centers is presented.
that the evolution of SSW events is well characterized by aThe low over Siberia extended to Canada, split into two lows,
life cycle process. and then over Canada intensified.

The lower stratospheric temperatures are strongly corre- The paper is organized in the following manner. The data
lated with lower stratospheric ozone for both Arctic and used and the methodology of applied diagnoses are described
Antarctic winter periods, with a coherent sensitivity of about in Sect. 2. For comparison, diagnostic results of the dynami-
AO3/AT ~8-10DUK™! for dynamically induced ozone- cal evolution for two boreal winters 2002-2003 and 2004—
temperature variations for the Northern Hemisphere (Ran2005 are provided and an estimate of the polar chemical
del and Cobb, 1994; Randel and Wu, 1999). It is alsoozone loss is given in Sect. 3. The study of tropospheric
known from general circulation model studies (e.g., Graf etforcing processes of the major SSW and polar vortex split-
al., 1998) that the observed decrease of lower stratospherigng in January 2003 is presented in Sect. 4. The discussion
ozone in the Northern Hemisphere during the 1980s andind conclusion are given in Sect. 5.
early 1990s contributed substantially to lower stratospheric
cooling. Additionally, based on model studies with inter-
active chemistry, the wave-driven ozone and temperatur@ Data and method of analysis
changes during northern winter are substantially enhanced
(on the order of 30%) if ozone-temperature interaction viaDaily global NCEP-Reanalysis data of geopotential, tem-
radiation is taken into account (Gabriel and Schmitz, 2003).perature, zonal and meridional wind at 17 pressure levels
Shindell et al. (1997) showed in a model study that the in-from 1000 to 10 hPa~32 km) with a horizontal resolution
terannual variability of the Antarctic ozone hole strongly in- of 2.5° x 2.5° were used to diagnose dynamical processes in
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Fig. 1. Stereographic projection of geopotential heigtt(dam) at 30 hPa for 16, 17, 18 and 22 January 2@@3perturbation is defined
as deviation from zonal mean.

the troposphere and stratosphere. The evolution of quasiPlumb flux vectors are useful to localize regions of wave ac-

stationary planetary waves with zonal wave numbes tivity sources and sinks. Moreover, the divergence of zonally

{1,2,3} has been analyzed using a Fourier decomposition. averaged Plumb fluxes displays the influence of wave activity
on the zonal mean circulation — its acceleration or decelera-

The propagation of quasi-stationary waves into the boreation.

extratropics during winters 2002-2003 and 2004-2005 was The three-dimensional Plumb vectdt was defined by

studied by using the three-dimensional wave activity flux pjymp (1985) as:

developed by Plumb (1985). It is known as an extended

Eliassen-Palm (EP) flux or Plumb flux due to the fact that

its zonal average is equal to the well-known EP flux. Un- F= (FA’F‘/”FZ)

der the assumption of slow variability of the basic state (so- v*2 m%

called WKB limit), the Plumb flux vectors are proportional _ £COSp~ oty L 3 (u* ®*)

to the group velocity of a planetary wave packet indicating Ps sovsin 2Qa-sin2p 18A )

the direction of propagation of the wave activity. In addition, =t [U*T* ~ XS 0% (T*CD*)]
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Fig. 2. Zonal mean temperature (K) averaged ovet-&T° N at 70, 30 and 10 hPa from 1 December to 31 Mdejtwinter 2002—2003 and
(b) winter 2004—2005.

whereF,, F,, F; are the longitudinal, latitudinal and vertical
components of the Plumb flux vector, with- longitude g —
latitude, z — altitude,u, v are zonal and meridional velocity,
® is geopotential ' — temperaturep — pressure, angs —
pressure at Earth surface stands for Earth’s radius? for

In order to examine Rossby wave trains in the middle and
upper troposphere which could contribute to the maintenance
of blocking anticyclones we used Hovlter diagrams of
squared meridional velocity as a function of longitude (e.g.,
Chang, 1993; Peters et al., 2007). Interpolated daily NOAA-

Earth’s angular velocity, witts = 3* + 7 is static stability, ~ data of outgoing long-wave radiation (OLR) are taken into

k=R/c,~0286 and represents scale height; a star indi-&ccount to reveal regions with deep convection and enhanced

cates the deviation from the zonal average and a bar the zongivergence. - .
mean. In the present study the implication of the different strato-

Note that Plumb flux vector calculations have been appliedSPheric winter temperatures of the polar vortex is determined
for different time scales, e.g., from climatological studies of by estimating the chemical ozone loss. We employed a
wave activity (e.g., Plumb, 1985) of 10 years down to com- Mmethod based on the calculation of the vortex average rate
posite studies of 5 days (e.g., Nishi and Nakamura, 20040f the ozone mixing ratio change at fixed potential tem-
Peters et al., 2007). Here we are using data averages ov@erature levels considering ozone inflow from higher levels
3-5 days in the calculation of the Plumb flux vectors. by diabatic downward transport of air masses (Tsvetkova et

A lag-correlation method is also applied for January 2003.8l:, 2007). Satellite data of SAGE Il (McCormick et al.,
The centre of the developing second low over Canada wad993) and in-situ balloon measurements of vertical ozone
used as a reference point (¥, 60° N) at 30 hPa (see Fig. 1) Performed at Salekhard station in northern Russie (66
in order to show the evolution of a coherent structure down66” E) were used to verify the chemical ozone loss rate dur-
to the troposphere for negative or positive lags from 1 to 4ing Arctic winter 2002—-2003 and 2004-2005.
days. This method was described extensively and applied to
geopotential height anomalies by Fraedrich and Lutz (1987)
and Randel (1988). In our case we use 6-hourly NCEP-3 Dynamical evolution for winters, 2002—2003 and
Reanalysis values from 5-31 January 2003 with the 18th as 2004-2005

the centre point. Thus we have an ensemble of 108 sam-

ples covering 27 days. Fraedrich and Lutz (1987) estimated N€ record low temperatures of the boreal polar stratosphere
a maximum of the mean decorrelation time-scale of abouPserved during the early wintertime period of 2002-2003

4.1 days for 15 winters with unfiltered data. If we apply this have never been detected during the last 57 years. The sea-
decorrelation time-scale we have an effective number of in-Sonal evolution of zonal mean temperature for the polar re-

dependent samplings of about 6. With Student's t-test ondJion is shown in Fig. 2a. After a cold start to the winter,
obtains the following (80%, 90%, 95%) significant correla- @ SSW occurred at the end of December 2002. This SSW

tion coefficients: (0.43, 0.61, 0.73). These significant |ag_generated a polar stratospheric temperature increase of about

correlation patterns indicate wave group vectors as shown by> K at 10hPa, whereas the lower stratospheric temperature
Fraedrich and Lutz (1987). changes at 30 and 70 hPa were much smaller. After circa

20 days the next SSW occurred over the Arctic region. We

Ann. Geophys., 28, 2132448 2010 www.ann-geophys.net/28/2133/2010/



D. H. W. Peters et al.: Tropospheric forcing of the boreal polar vortex splitting in January 2003

a)

DEC JAN

U (m/ s)

61
DAY

121

b)

2137

U {m/ s)

61
DAY

121

Fig. 3. Zonal mean zonal wind (m‘sl) at 6 N at 70, 30 and 10 hPa from 1 December to 31 Mgawinter 2002—-2003 an¢b) winter

2004-2005.

can demonstrate that this is a major warming event with a
polar temperature increase of about 30K for a polar cap of
80° N. The positive phase has nearly identical periods (longer
than a week) for different polar temperature gradients (one is
shown in Fig. 4). The wind reversal at 10 hPa lasts for one
day (18 January) at BIN and for two days at 69N at 10 hPa.
The Berlin stratospheric group identified this event as a major
warming event in agreement with WMO definition (Labitzke
and Naujokat, 2000), but it was not included in the analysis
of Harada et al. (2010) because they considered it a less pro-
nounced major warming. Note that the major SSW accom-
panied an interesting vortex splitting that has not yet been
studied. This major SSW leads to a large polar temperature
increase of about 18 K in the middle and lower polar strato-
sphere (Fig. 2). The reversal of the zonal mean zonal wind
towards weak easterlies extends down to 10 hPaaNGth

18 January (Fig. 3). This major SSW was followed by two
relatively weak SSW events at the end of January and begin-
ning of February 2003 which produced weaker zonal mean
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polar tgmperature increases (below 10 K) and no zonal meapig. 4. Meridional gradient of zonal mean temperature (K) between
easterlies below 10 hPa at@9. Two further SSWs appeared 60° N and 90 N at 10 hPa from 1 December to 31 March of winters

in mid-February and at the beginning of March. For these2002-2003 and 2004-2005.

SSWs a lower stratospheric temperature increase on the or-
der of about 10K was observed with a related weakening of

the zonal mean westerlies as expected. The final SSW at th8SW at the beginning of February leads to a temperature in-
end of March 2003 completed the wintertime circulation over crease of about 10K in the middle stratosphere, but shows
the northern extratropics. a weaker increase in the lower stratosphere. This SSW was

Winter 2004—2005 was chosen for a comparison withfollowed by a SSW event at the end of February which had a

winter 2002-2003 because it was characterized by one O‘Emperature increase of about 15 K in the middle Stratosphere
the coldest mean polar temperatures in the lower strato@nd of about 10K in the lower stratosphere.

sphere (Fig. 2b). Mean temperatures between 195 and 205K For January and February, Fig. 2 shows that the mean tem-
were observed in the lower stratosphere until almost mid-perature of the lower stratosphere for winter 2004—-2005 was
February, allowing for significant polar stratospheric clouds colder by about 10 K than for winter 2002—2003, and a lower
(PSCs) to be formed locally. The warming period in the variability was observed due to six SSWs in winter 2002—
lower stratosphere started in the second half of February. £2003.
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DEC JAN FEB MAR The variability of ultra-long waves in the middle strato-
sphere and in the upper troposphere was examined, which
2002-03 , it B are known to play a dominant rule in the interaction with the
' zonal mean zonal wind (Holton and Mass, 1976), during both
boreal winters. Figure 6 displays the evolution of amplitudes
of planetary waves with zonal wave number 1, 2, and 3 from
1 December to 31 March. The selected belt of latitud€s-40
75° N corresponds to a region of high wave activity.
: H i _ A large increase followed by a decrease of wave 1 in the
P LA RN AU )N | ISR () (R *1 middle stratosphere and upper troposphere was observed in
i | L December 2002 (Fig. 6a—b). This increase of wave 1 was ac-
00 70° — companied by a decrease of wave 2 and 3. In January, the
— T T 7T T T wave-1 amplitude increased strongly again and this increase
1 31 61 91 121 was followed by a relatively strong amplification of wave 2
DAY and 3 during the decrease-phase of wave 1, especially during
Fig. 5. Zonal mean meridional heat fluX7’ (K ms—1) at 100 hPa the major SSW eventin January 200_3' NOFe that the anticor-
averaged over the latitudinal belt 4&7C° N from 1 December to relatlon of Wavg—l and Wave-2 amplltudg Is often obsgrved
31 March of winters 2002—2003 and 2004—2005. during such major warming events (Labitzke gnd I\_Ianokat,
2000). The increase of wave 1 leads to a modification of the
polar vortex shape and a shift of its location away from the
There was also a significant difference in the zonal mearPole. The strong wave-2-increase resulted in a vortex split-
circulation between these two winters. The evolution of theting (e.g., Mclntyre, 1982; Charlton and Polvani, 2007). The
zonal mean zonal wind at 80! from December 2002 to possible cause of vortex splitting in the lower stratosphere
March 2003 is plotted in Fig. 3. Six main reductions of zonal will be investigated in more detail in the next section. A
mean zonal wind occurred in the 2002—-2003 winter inter-similar event was observed in February but with smaller am-
rupted by strong westerlies. Note that a weak zonal mearplitudes of a minor warming event which includes a vortex
circulation of the Arctic stratosphere with a strong wind de- splitting also. At 300 hPa the amplitude of wave 2 was very
crease during early winter 2002—2003 is contrasted to relatarge in comparison to wave 1 for February and early March.
tively strong westerlies (vortex) in the mid-winter phase of In December of winter 2004—2005 the intensity of ultra-
2004-2005. long wave 1 was weaker in the middle stratosphere (not
From Fig. 3 (zonal mean zonal wind) and Fig. 4 (zonal shown) than in winter 2002—2003 (Fig. 6a). The amplitude
mean polar temperature gradient) we conclude that both criincreased strongly at the beginning of January but its relative
teria for a major SSW were fulfilled only on 18 January 2003. maximum was reached at the end of February. A stronger
Firstly, the reversal of zonal mean zonal wind from westerly anticorrelation between wave 1 and 2 was observed in the
to easterly was seen at B, and secondly the meridional middle stratosphere during December and at the beginning
gradient of zonal mean temperature between the Pole andf January. There was no significant increase of wave 2 in
60° latitude was positive at 10 hPa82 km) for more than  the upper troposphere from January until March as it was ob-
10 days. In winter 2004—2005 the final warming has alreadyserved in 2003 (Fig. 6b).
started on 10 March. Itis known that planetary wave activity strongly influences
The evolution of the zonal mean meridional heat flux is stratospheric temperature and circulation over the Arctic and
shown in Fig. 5 at 100 hPa for both winters. It is known that over the Antarctica and hence also the intensity of chemi-
v/T’ is a proxy for the vertical component of the E-P flux cal destruction of the ozone layer during the winter-spring
and is used to characterize the intensity of upward planetargeason. In order to determine the impact of these boreal win-
wave propagation from the troposphere over middle and highters the mean chemical ozone loss was estimated following
latitudes (e.g., Newman et al., 2001). In winter 2002—2003 athe method employed in Tsvetkova et al. (2007). A sig-
higher variability than in 2004—-2005 was found as expectednificant difference for the polar stratosphere between both
Furthermore, the strongest heat fluxes of winter 2002—200%xamined winters was found as expected. Inside the po-
appeared before SSWs. In December of winter 2002—2003ar vortex the total ozone loss over the whole winter season
the heat flux was larger than the 2004—2005 winter. Noteamounted to 43 4-4.3 DU in 2002-2003 and 11610 DU in
that the largest values of T’ were observed some days be- 2004—-2005 which is about 2.5 times larger. Above we men-
fore the major SSWs in January 2003 and the final warm-tioned the coherent behavior of changes in northern hemi-
ing in mid-March 2005 as expected, indicating that planetaryspheric ozone and temperature, forced by wave-driven circu-
wave propagation from the troposphere to the stratospherkation and eddy mixing, and we mentioned the fact that the
contributed to the major warming (Matsuno, 1971). ozone-temperature interaction enhances the ozone losses and
temperature decreases. In this context we assume that the

VT (Km/ s)
1
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Fig. 6. Amplitude of planetary waves with zonal wave numbkes {1, 2, 3} in geopotential height (dam) at 30 hRg and at 300 hPéb)
averaged over the latitudinal belt4&75> N from 1 December 2002 until 31 March 2003 (a, b).

cooling due to the strong ozone loss during 2004—-2005 maypper troposphere, which may be important for the genera-
have damped waves propagating towards lower stratospheriton of the major SSW on 17-18 January 2003 due to strong
polar vortex regions, therefore enhancing the strength, stavertical planetary wave fluxes.

bility and lifetime of the polar vortex and decreasing the  Note that for the major SSW over Antarctica in Septem-
variations in wave activity during the winter period 2004- or 2002 it was already shown that for 10-14 days the wave

2005. Also, the cooler vortex in winter 2004-2005 Was (4ins transferred energy from the subtropics to higher lati-
linked to more PSCs than in winter 2002-2003. Thereforey,ges (e.g., Nishii and Nakamura, 2004; Peters et al., 2007).
the larger ozone losses during February/March 2005, related ) )

to heterogenous chemistry on PSC surfaces and activation of 1€ OLR anomalies were calculated as anomalies from
chlorine compounds by photochemistry during polar sunrise 0'Tesponding climatological means over the period 1979~

may have contributed to the colder temperatures and to th&992- Figure 7 displays the OLR anomaliei for a region in-
stability of the polar vortex during late winter/early spring. cluding a latitudinal belt from the equator to*N averaged

Note here that these considerations would be consistent witf?V€" three periods of S-Qays fr.om 27_Iﬂecember 200? until 11
the interannual variations in ozone, temperature and planel@nuary 2003. Two main regions with strong negative OLR

tary wave activity found by Shindell et al. (1997). However, 2n0malies in a latitudinal belt from equator t0°20 were

a detailed analysis of these complex interactions requires addentified in Fig. 7 which indicate regions of high upper tro-

ditional model studies for the specific winter periods and iquspherip divergence. Over the Indian Ocean/south—ea;tern
beyond the scope of this paper. Asia region (96-120 E) the OLR anomaly decreased in

time. Over the central-eastern Pacific Ocean region°@20
90° W) a relative minimum increased until the 7—11 January

4 Tropospheric forcing processes of the major SSW in ~ Period.

mid-January 2003 The region with negative OLR anomalies over the central-
eastern Pacific may be caused by positive anomalies of sea

Regions with enhanced convection in the tropics or subtropsurface temperature (SST). This region with negative OLR
ics can be detected by analysis of OLR data as negativenomalies can be seen in the monthly averages as well (not

anomalies from the climatological mean. That means negshown). However, the strongest convection and rainfall were
ative anomalies of OLR can be used to localize patterns withobserved near the date line in January 2003 (McPhaden,
increased divergence in the tropopause region. The possibl2004). The second region with negative OLR anomalies over
link to Rossby wave generation was discussed for instancéhe Indian Ocean/south-eastern Asia also corresponds to pos-
by Hoskins and Karoly (1981) or Sardeshmukh and Hoskinstive anomalies of SST. Our analysis showed that this deep
(1988). Furthermore, we want to show that this wave couldconvection region developed over the central Indian Ocean
propagate northwards and maintain a blocking high in theat the beginning of December and propagated eastwards.

www.ann-geophys.net/28/2133/2010/ Ann. Geophys., 28, 211383-2010
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Fig. 7. Longitudinal anomalies of OLR (W/f) in latitudinal belt from @ until 40° N averaged over the period 27-31 December 2@)2
1-5 Januaryb) and 7-11 January 20@8). Only negative anomalies are plotted indicating upper tropospheric divergence.

As in Peters et al. (2007) we analyzed squared velocity
of meridional wind in the middle and upper troposphere to
reveal possible Rossby wave trains and to analyze their prop-
agation. Figure 8 shows the longitude-time cross section of
squared velocity of the meridional wind from 1 December
2002 to 31 January 2003 averaged over a latitudinal belt from
30° to 5 N at 300 hPa.

Two strong wave trains can be identified clearly in the up-
per troposphere over northern midlatitudes at the beginning
of January (Fig. 8). A wave train started on 2—4 January in
the longitude range, 98120 E, and the second one a cou-
ple of days later on 57 January in the region of 2580 E.

Note that both these regions of Rossby wave generation are
consistent with regions of enhanced deep convection showed

Fig. 8. Hovmdller diagram of the squared velocity of meridional peafgre allowing a 10 degrees variability (Fig. 7).
wind (m?s~2) from 1 December 2002 until 31 January 2003 aver- < k hatth locity of o lel
aged over a latitudinal belt (8650° N) at 300 hPa. Contours are Itis known that the group velocity of wave trains is paralle

smoothed with a Gaussian filter and start at 268Gm? with anin- {0 Wave energy propagation. In Fig. 8 these directions are
terval of 200nd s~2. Arrows indicate direction of group velocity indicated by four arrows. That means that these two Rossby

of four revealed Rossby-wave trains. wave trains extended eastwards and transferred wave energy
to higher northern latitudes from the subtropics where the
source of transient wave energy was found (Fig. 7).

Further investigation of the possible causes of generation and A couple of days later but just before and during the major
eastward propagation of this OLR anomaly are beyond thesSW we identified two further wave trains over the Eastern
scope of this study. Pacific — North America region. In contrast to the subtropical

l
120 180 24
LONGITUDE (° E)
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a) 1-5 JAN 03 b) 7—-11 JAN 03

Fig. 9. Stereographic projection of the zonal wind at 300 hPa for the periodd)}-&nd 7—11 January 2008). Values>30ms! are
colored.

Fx,Fy & G+ 300 hPa 5—9 JAN 2003 Fx,Fy & G+ 300 hPa 11-15 JAN 2003

Fig. 10. Stereographic projection of geopotential height perturbatitdam) and horizontal Plumb flux vector &s~2) at 300 hPa for the
period 5-9 (left) and 11-15 January 2003 (right).

wave trains, these wave trains started in the middle latitudesng region over the eastern Pacific Ocean. It took a couple
of the central Pacific Ocean and propagated along a northerlgf days before the transient Rossby wave packet reached the
pathway as we will show below. ridge over the Rocky Mountains (Fig. 10, left) where it con-

For the Pacific wave train, the subtropical jet with more tribytgd to the maintenance of the ant.icyclone, as shown for
than 30ms? (Fig. 9a) represents the upper tropospheric® similar case b_y Shutts (1983). A similar but weaker and
wave guide in which the Rossby wave can propagate fronshorter wave gwd_e was found a coupl_e of days later over the
its region of generation (eastern Indian Ocean) to its breakNOrth Atlantic during 7-11 January (Fig. 9D).
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a) 1-5 JAN 03 central Pacific Ocean over polar North America to the North
Atlantic region.

The induced stratospheric wave activity forced by these
wave trains has been analyzed by the calculation of the hor-
izontal Plumb flux vector at 300 hPa (Fig. 10) and vertical-
zonal flux vector at 100 hPa (Fig. 11). The horizontal Plumb

AAAA N
100 AT //A‘?—F}B‘?’ﬁ)-AJ N dAT T T T T T P24 VAAA1T171994 p IV

180 120w 60w 0 60F 120F 180 flux is mostly directed to the East in the upper tropopause re-
gion. Strong fluxes are found during the 5-9 January-period
b) 5-9 JAN 03 over the eastern Pacific and North America and over the east-

ern North Atlantic but with a weaker equatorward component

. 7 5 of the Plumb flux. Later, for the 11-15 January-period, the

1004 f-?‘f’ff’%:;;ﬁ_‘ W.‘,L._wmm.,,-,)_“V{_T,.A_a.w,qf-w/?‘mfé flux over the eastern North Atlantic amplified and split up
TS [ into a northward and southward directed flux vector.

. ‘ . . , Figure 11 illustrates those Plumb fluxes in midlatitudes av-
180 1200 50W 0 60E 120E 180 eraged between 4060° N for 5-day periods during the be-
ginning of January 2003. On 5-9 January a strengthening of
c) 9-13 JAN 03 i
planetary wave propagation from troposphere to stratosphere
occurred over the eastern Pacific Ocean. This strengthening
| was characterized by an increase of the horizontal and ver-

VI

A,
1004 7/777-"-@%‘@@“7+%"’/"[%////}"’m-\ esrA ’W% tical component of Plumb flux. Several days later a weak-
ening was observed over the Pacific ocean accompanied by
an increase of the vertical wave activity over the eastern
North Atlantic-European region 3&8V—60 E (Fig. 10 (right)
d) 13-17 JAN 03 and Fig. 11c, d). Just before the major warming event we
found two regions with enhanced tropospheric forcing in
Fig. 11d, which are in good agreement with the two anti-
cyclones shown in Fig. 10 (right) at 300 hPa (but for a two
day backward shifted period).
During the first two weeks of January 2003 our calcula-
180 20w on : . T20F T80 tion of the vertical Plumb qu>§ in the mlddlle stratosphere at
I 30 hPa 25 km) revealed a similar behavior (not shown) to
50 that found in the lower stratosphere with a relative strength-
Fig. 11. Altitude-longitude cross-section of mean Plumb flux vec- enin_g of the vertical wave activity flux first over the efastern
tor (m2s2) at 100 hPa averaged over the latitudinal beR-<&P N Pacific Ocean and later over the eastern North Atlantic.
based on 5-day means for the 1-17 January-period. The scale fac- Before we continue with a further diagnosis of the zonal
tor of the fluxes is 80 as indicated by the arrow below the last panelbehavior of wave activity fluxes the EP flux (defined as the
The vertical component of wave activity flux is multiplied by a fac- zonal average of the Plumb flux vector) is shown as a refer-
tor of 100. ence for the change of the mean zonal state in Fig. 12. In
the pre-warming phase of the major SSW event (13-17 Jan-
uary) the EP flux is directed upward and eastward in low lat-
From its subtropical forcing region over the central-easternitudes and contributed to the acceleration of the subtropical
Pacific Ocean the Rossby wave packet propagated northet. In higher latitudes the flux is directed upward and slightly
eastwards over the North Atlantic, where it broke and duenorthwards before it turned southward in the middle strato-
to that wave breaking process maintained the anticyclonephere to cause the acceleration of the polar night jet. During
over western Europe for some days later (Fig. 10, right). Atthe 17-21 January-period the amplified EP flux in higher lat-
the same time, another wave train occurred but was locatedudes is directed to the North in the upper troposphere and
over the extratropical region of North America also shown in lower stratosphere, causing a deceleration of the zonal mean
Fig. 10 (right). A similar wave train was already identified zonal wind in the middle and upper stratosphere with a wind
in Fraedrich et al. (1993) where they discussed this northermeversal to easterlies over polar latitudes.
path of atmospheric influence from the Pacific Ocean on up- A more detailed diagnosis of the longitudinal evolution of
per tropospheric processes over the polar region of the Nortlvave activity fluxes before and during the major warming
Atlantic. In particular, this could have a large impact on the event is presented in Fig. 13. Due to the fast development of
Grosswetterlage over northern Europe. The mean geopoterthis major warming event we are showing 3 day steps of 3
tial perturbation structure of the upper troposphere in Fig. 10day-mean states from 10 until 19 January averaged between
(right) captured parts of both wave trains running from the 50° and 70 N.

1

|

|

]
180 120W 60w 0 60E 120E 180
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EP FyFz & U(m/s) 13-17 JAN D3

EP Fy,Fz & U(m/s) 17-21 JAN 03

pressure [hPa]
pressure [hPa]

Fig. 12. Height-latitude cross section of E-P flux £1572) and zonal mean zonal wind (r%) averaged from 13—17 January (left panel)
and 17-21 January (right panel) of 2003. The vertical component of EP-flux is multiplied by a factor of 100.

For day 10 (Fig. 13a) the polar vortex was located over thewind and the sudden major warming as we know from Mat-
North Atlantic European region as part of a well developedsuno’s theory (Matsuno, 1971). From a zonally asymmetric
wave number 1 structure. The accompanying ridge showegboint of view, the vertical wave activity fluxes over Central
only a weak westward phase shift with increasing altitudeEurope are still strong enough to maintain a cut off low over
and reached the upper troposphere over the Rocky Mountaingastern Europe in the lower and middle stratosphere. As a
as also indicated in Fig. 10. The second strong anticyclone imesult the polar vortex was divided into two parts. This vor-
Fig. 13a occurred over the North Atlantic-European region.tex splitting is mainly related to the tropospheric forcing of
This high was also identified in Fig. 10. Both upper tropo- different Rossby wave trains.
spheric anticyclones have been related to subtropical Rossby A further investigation of the coherent development down
wave trains (Fig. 8). In Fig. 13a we found that in connectionto the troposphere during the splitting process of the major
with these two anticyclones a strong upward and eastwardsSW was carried out. A lag-correlation analysis was applied
Plumb flux occurred only over the Eastern North Atlantic to a reference point over Canada {90, 60° N) at 30 hPa
which reached the middle stratosphere. The wave activitywhere the second polar vortex occurred and amplified. The
flux over the Eastern Pacific Ocean showed a stronger refraaesults are shown in Fig. 14 for different time lags ef4
tion in the lower stratosphere. This resulted in a decrease-2, 0, 3) days.
of vertical wave activity fluxes over the next several days as With a lag of —4 days we found a significant correlation
shown in Fig. 11. This process continued over the next 3 daysvhich started in the troposphere over the Eastern Hemisphere
(Fig. 13b) with a weakened anticyclone on day 13. Duringand propagated upward into the stratosphere indicating two
that time the North Atlantic ridge strengthened and shiftedcenters over Canada and Siberia (left panel Fig. 14a). This
slightly eastward. But three days later due to the action ofcoherent structure could already be seen 4 days before the de-
the extratropical Rossby wave train the Plumb flux over thevelopment of the wave group with a zonal wave number 2 in
eastern Pacific Ocean increased again. This increase causeth& stratosphere and troposphere as shown in Fig. 14b (upper
strong disturbance of the polar vortex due to an additional detwo panels). The other panels of Fig. 14a show the modifi-
crease of geopotential height over North America (Fig. 13c)cation of this coherent structure for a lag-correlatiorf-e2,
on day 16. This decrease continued over 3 days due to the, +3} days in detail. An additional amplifying wave train
action of the next extratropical wave train shown in Fig. 8 was identified which started over the eastern North Atlantic
and indicated in Fig. 10 so that a very strong cyclonic pertur-and propagated eastward and upward into the middle strato-
bation developed very fast over eastern North America andsphere as a wave packet with wave number 2. This wave
over the western North Atlantic. From a zonal mean pointtrain maintained the splitting of the vortex by an increase of
of view, the deposition of easterly angular momentum in thethe polar low over Canada but reduced the coherence of the
stratosphere due to the divergence of planetary wave activityortex over Siberia as shown in Fig. 14b (middle and lower
fluxes caused the strong deceleration of the zonal mean zonghlanel pairs). The strong upper tropospheric path at 300 hPa
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Fig. 13. Altitude-longitude cross-section of geopotential height perturbation (m), negative isolines are dotted; Plumb flux ety (m
averaged over 58-7C° N based on 3-day means; 9-11 January 28)3L.2—14 Januargb), 15-17 Januarfc), and 18—20 January 2008).
The vertical component of Plumb-flux is multiplied by a factor of 100.

over the northern part of North America is also indicated in 2002—2003 winter were record low temperatures observed
Fig. 14b. There exists a strong agreement in the temporaih the lower and middle stratosphere over Arctic region.
behavior of the results shown in Figs. 13 and 14. Both diag-Six sudden stratospheric warming events including the ma-
nostics are showing independently the same wave trains. jor warming event with a splitting of the polar vortex in
mid-January 2003 were identified which led to a very high
variability of the zonal mean circulation and a weakening
5 Discussion and conclusion of the stratospheric polar vortex over the whole winter sea-
son. These results based on NCEP reanalysis data are in
The dynamical evolution of the relatively warm stratospheric good quantitative agreement with standard diagnostics from
winter season 2002—-2003 of the Northern Hemisphere wa®lWS Climate Prediction Centréattp://www.cpc.ncep.noaa.
studied and compared with the cold winter 2004—-2005 basedov/products/stratosphere/strat-trop/
on NCEP-Reanalysis daily data. Only at the beginning of
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Further the impact of different mean temperatures of Arc-ing the method employed in Tsvetkova et al. (2007) includ-
tic stratosphere was examined by an estimation of the meaing ozone-sondes from Salekhard station in northern Rus-
total chemical ozone loss inside the polar vortex follow- sia (66 N, 66° E). We found a total ozone decrease of about
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45 DU caused by chemical destruction in winter 2002—2003plification of these upper tropospheric anticyclones over the
and about 116 DU in winter 2004—2005. That means that forRocky Mountains and over the north-eastern North Atlantic
the cold winter 2004—2005 the total ozone loss was about 2.5vhich were accompanied by a regional increase of planetary
times larger than in winter 2002—2003. wave activity flux into the stratosphere. The amplification of
In the winter 2002—2003 high wave activity was observedan upward propagating planetary wave 2 was observed in the
with relatively low ozone depletion. In comparison the win- upper troposphere and lower stratosphere. A couple of days
ter 2003-2004 showed less wave activity with relatively highlater two strong extratropical Rossby wave trains occurred
ozone loss. Interannual variations in ozone depletion dur-over North America inducing very strong horizontal and ver-
ing winter are linked with variations in tropospheric wave tical planetary wave activity fluxes over the North America —
energy which influence the circulation of the whole atmo- North Atlantic region causing a strong intensification of the
sphere, as indicated by observations and model studies (Rayclonic activity over the Labrador region. Finally, the po-
del and Cobb, 1994; Shindell et al., 1997; Randel and WuJar vortex broke into two parts with an accompanying sudden
1999; Gabriel and Schmitz, 2003). Considering these find-stratospheric warming.
ings we conclude that, in addition to the different forcing There exists a strong agreement in the temporal behavior
from the troposphere described in Sect. 4, the cooling duef the results as shown in Fig. 13 based on Plumb flux diag-
to the strong ozone loss during 2004—-2005 may have connostics and in Fig. 14 using a lag-correlation method. Both
tributed to the stability and long lifetime of the polar vortex methods show independently the same wave trains because
and, therefore, to the weaker variability of wave activity in both are related to energy propagation as indicated by the
the stratosphere during winter 2004—2005. group velocity vector. The Plumb flux is, in the WKB limit,
There are other processes which could also play a domiparallel to the group velocity vector and the significant lag-
nant role in the extratropical stratosphere ozone and vortexorrelation patterns indicate wave group velocities also.
variability in boreal winters like, for instance, the Quasi- In contrast to our findings, Peters et al. (2007) also identi-
Biennial Oscillation (QBO). The western phase of QBO dur- fied two subtropical Rossby wave trains for the 2002 aus-
ing December—January is accompanied often by a colder anttal major warming event with a split vortex but both oc-
more stable polar vortex in comparison to the eastern phaseurred at the same time. Harada et al. (2010) focused in
when the polar vortex is usually weaker and less stable. Bottiheir study on the extraordinary boreal January 2009 ma-
boreal winters, 2002—2003 and 2004—2005, are characterizgdr warming event that led also to a polar vortex splitting.
by the western phase of QBO. Therefore we conclude thaffhey showed the important role of two extratropical plane-
QBO influence is not important. However, the QBO effect tary wave packets in the evolution of the major SSW event.
on year-to-year variability of extratropical stratospheric dy- The first wave packet was observed over the North Atlantic
namics is not considered further here. followed by an increasing wave packet over the eastern Pa-
Because each major warming has its own life cycle with cific Ocean. This wave packet caused a strong cyclonic per-
different forcing and evolution we focus here on the 2003turbation over North America due to enhanced vertical and
major warming because it was embedded in a winter with aeastward directed planetary wave fluxes into the stratosphere
high number of sudden stratospheric warming events as merand contributed mainly to the major SSW. Due to induced
tioned above. In particular the major sudden stratospheridorizontal wave fluxes the low over Siberia was maintained
warming event in January 2003 with a polar vortex splitting and amplified, therefore the splitting of the polar vortex was
has been studied in more detail in order to identify differentsupported. This behavior is similar to the case in January
tropospheric forcing processes. In this study we assume th&003. The strong horizontal planetary wave fluxes found by
deep convection with reduced OLR could be a signal of aHarada et al. (2010) were also important in the 2003 major
upper tropospheric increase of the divergence which acts aSSW event as shown in Fig. 13c, d.
a source of Rossby waves. Furthermore, Li and Fu (2006) In summary we concluded that embedded in a winter with
showed on the basis of satellite data analysis that due thigh planetary wave activity the major SSW event of Jan-
energy propagation from tropical cyclones the forcing of auary 2003 was caused by the following different tropospheric
Rossby wave could be expected but the generation of wavéorcing processes:
trains depends on many other factors. The investigation of
these generation processes is beyond the scope of this study.
We identified two isolated Rossby wave trains one starting
after the other in a region with strong convection over south-
eastern Asia and over the subtropical central-eastern Pacific
Ocean in the beginning of January. We can show that Rossby 2. Both Rossby wave trains contributed to the maintenance
wave trains extended north-eastwards in strong wind jets  of two quasi-stationary anticyclones. The evolution of
(>30ms1). When the waves finally broke they contributed the accompanying planetary wave activity fluxes was
to the maintenance of two upper tropospheric anticyclones.  different and caused a decrease of the eastern Pacific
One week before the major warming event we found an am- ridge and increase of the eastern North Atlantic high,

1. Two subtropical wave trains occurred before the warm-
ing event, one starting behind the other, and the first
over the eastern Indian Ocean and the second over the
eastern Pacific Ocean.
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but accompanied by an increase of wave-2 amplitude inFraedrich, K., Bantzer, C., and Burckhard, U.. Winter climate
the upper troposphere. anomalies in Europe and their associated circulation at 500 hPa,
- , _ Clim. Dynam., 8, 161-175, 1993.

3. In addition, two extratropical wave trains occurred over Gapriel, A, and Schmitz, G.: The Influence of Large-Scale Eddy
North America. The induced planetary wave activity  Flux Variability on the Zonal Mean Ozone Distribution, J. Cli-
flux caused the increase of the eastern Pacific ridge and mate, 16, 2615-2627, 2003.
last, but not least, the strong cyclonic perturbation overGraf, H., Kirchner, 1., and Perlwitz, J.: Changing lower strato-
North America due to an eastward and upward propa- spheric circulation: The role of ozone and greenhouse gases, J.
gating wave group from the troposphere. Through zonal Geophys. Res., 103, 11251-11261, 1998.
mean diagnostics a major sudden warming event wad!arada, Y., Goto, A, Hasegawa, H., Fujikawa, N., Naoe,

identified for 1-2 days after WMO criteria H., and Hirooka, T.. A major stratospheric sudden warm-
' ing event in January 2009, J. Atmos. Sci., 67(6), 2052-2069,

4. Strong planetary wave activity fluxes over Europe en- doi:10.1175/2009JAS3320.1, 2010.
hanced by horizontal fluxes maintained the stratospheridiolton, J. R. and Mass, C.: Stratospheric vacillation cycles, J. At-
low over Eastern Europe and contributed to the splitting Mos. Sci., 33, 2218-2225, 1976.
of the polar vortex in the lower and middle stratosphere Hoskins, B. and Karoly, D.: The steady response of a spherical
was caused by the same eastward and upward propagat- atmosphere to thermal and orographic forcing, J. Atmos.Sci., 38,
ing wave train mentioned under point 3. The split vor- 1179-1196, 1981.

. . . Labitzke, K. and Kunze, M.: On the remarkable Arc-
tex remained also in the post warming phase as already fic winter 2008/2009, J. Geophys. Res.. 114, DOOIOZ,

shown in Fig. 1. doi:10.1029/2009JD012273, 2009.
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