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Abstract. The Northern Hemispheric winter is disturbed by
large scale variability mainly caused by Planetary Waves
(PWs), which interact with the mean flow and thus result
in Sudden Stratospheric Warmings (SSWs). The effects of
a SSW on the middle atmosphere are an increase of strato-
spheric and a simultaneous decrease of mesospheric temper-
ature as well as a wind reversal to westward wind from the
mesosphere to the stratosphere. In most cases these distur-
bances are strongest at polar latitudes, get weaker toward
the south and vanish at mid-latitudes around 50◦ to 60◦ N
as for example during the winter 2005/06. However, other
events like in 2009, 2010 and 2012 show a similar or even
stronger westward wind at mid- than at polar latitudes either
in the mesosphere or in the stratosphere during the SSW. This
study uses local meteor and MF-radar measurements, global
satellite observations from the Microwave Limb Sounder
(MLS) and assimilated model data from MERRA (Modern-
ERA Retrospective analysis for research and Applications).
We compare differences in the latitudinal structure of the
zonal wind, temperature and PW activity between a “nor-
mal” event, where the event in 2006 was chosen represen-
tatively, and the latitudinal displaced events in 2009, 2010
and 2012. A continuous westward wind band between the
pole and 20◦ N is observed during the displaced events. Fur-
thermore, distinctive temperature differences at mid-latitudes
occur before the displaced warmings compared to 2006 as
well as a southward extended stratospheric warming after-

wards. These differences between the normal SSW in 2006
and the displaced events in 2009, 2010 and 2012 are linked
to an increased PW activity between 30◦ N and 50◦ N and the
changed stationary wave flux in the stratosphere around the
displaced events compared to 2006.

Keywords. Meteorology and atmospheric dynamics (mid-
dle atmosphere dynamics; waves and tides)

1 Introduction

Sudden Stratospheric Warmings (SSWs) are known as ex-
ceptional polar vertical coupling processes during winter, af-
fecting all atmospheric layers. They are caused by an upward
propagation of Planetary Waves (PWs) and their interaction
with the mean flow (for details seeMatsuno, 1971, andAn-
drews et al., 1987, Chapt. 6). SSWs can be classified into 3
different types (Labitzke and Naujokat, 2000): major, minor
and Canadian warmings. This classification is based on the
response of the zonal mean zonal wind (weakening, rever-
sal) at 60◦ N and the temperature gradient between 60◦ and
90◦ N, both at 10 hPa. A large number of studies describe
the individual response of SSWs on the middle atmosphere
regarding the dynamical and thermal structure, especially of
the record warming in 2009, e.g.Manney et al.(2009), Kuri-
hara et al.(2010) andShepherd et al.(2009).
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In connection with SSWs, a weakening or reversal of the
dominating eastward zonal winds to summerly westward
winds in the Mesosphere/Lower Thermosphere (MLT) re-
gion has first been observed byGregory and Manson(1975).
This effect is more pronounced at high northern latitudes
(e.g.Manson et al., 2006) than at southern or mid-latitudes.
To illuminate the contribution of PWs on the MLT during
SSWs,Coy et al.(2011) used a data assimilation system cov-
ering the 0 to 90 km altitude range to investigate the temporal
development of PWs during the record breaking SSW 2009
and their interaction with the mean flow. Summarising their
results, they found a transient non-stationary wave 2 prop-
agating rapidly from the troposphere into the upper meso-
sphere, where it dissipated and produced easterly mean-flow
accelerations which intensified the SSW.

More general statements about the main characteristics
of SSWs in the tropo- and stratosphere are made byCharl-
ton and Polvani(2007). They compared the composite anal-
ysis of vortex displacement and splitting events between
1958 and 2002 from reanalysis data and found differences
in the seasonal distribution as well as in the tropospheric and
stratospheric structure. Multi-year observations are used by
Matthias et al.(2012) to characterise the average behaviour
of SSW-related wave activity in the MLT region. From a
composite analysis of 5 major warmings between 1999 and
2010 they found a strong 10-day wave (period: 8–12 d) si-
multaneous with the warming and a weaker 16-day (period:
12–20 d) wave before.

The effects of SSWs like zonal wind reversal, tempera-
ture increase/ decrease and elevated stratopause are strongest
at polar latitudes and get weaker toward the south in most
cases, see for exampleLimpasuvan et al.(2004), Hoffmann
et al.(2002, 2007) andManney et al.(2007). However, some
stratospheric warming events occur similarly strong or even
stronger at mid- than at high latitudes. During the DYANA
campaign in 1990, for example,Cevolani(1991) andSinger
et al. (1994) found a strong perturbation of the zonal wind
between the upper stratosphere and lower thermosphere at
mid-latitudes which was in some cases similarly strong com-
pared to higher latitudes (seeSinger et al., 1994). A more
current event was studied byStober et al.(2012) where a
stronger wind reversal was observed at mid- than at high lat-
itudes during the SSW event of 2010. This mid-latitudinal
wind reversal in 2010 was also observed in MF radar winds
by Chen et al.(2012) over Langfang (39◦ N, 166◦ E).

Fritz and Soules(1970) were the first who found tempera-
ture anomalies in the tropical stratosphere during the SSW of
1970 with the help of global satellite data. More recently ob-
servations of stratospheric and mesospheric tropical anoma-
lies during the winter 2004/05 were made byShepherd et al.
(2007). A composite analysis of reanalysis data byKodera
(2006) also shows a clear effect of SSWs on the equatorial
stratospheric temperature. Therefore, SSWs affect not only
mid- and high latitudes, but can also affect the circulation at
low latitudes.

Strong mid-latitudinal dynamical disturbances occur not
in the majority of SSWs. An obvious question is: under
which circumstances are such effects observable at mid- and
lower latitudes? To address this question we compare the lat-
itudinal and altitudinal variability of zonal wind reversal and
temperature changes for different SSW events. Such an anal-
ysis was partly made byChen et al.(2012) for the SSW in
2010. These authors considered MLS gradient winds and in-
vestigated their latitudinal structure. However, they did not
offer a possible explanation for this phenomenon.

Since the main reason for SSWs are upward and poleward
propagating PWs interacting with the mean flow (seeMat-
suno, 1971; Andrews et al., 1987) it is tempting to specu-
late that latitudinal differences in the PW activity might be
one reason for the increased mid-low-latitudinal SSW effects
during some events. In this work we will therefore investigate
the latitudinal variability of the zonal wind reversal and of the
temperature changes related to the PW activity.

In detail this article deals with the question: how does the
PW behaviour affect the latitudinal expansion of a SSW? We
therefore compare 3 SSW events in 2009, 2010 and 2012,
where the zonal wind reversal reaches down to lower lati-
tudes, with the SSW of 2006, where the zonal wind reversal
is strongest at the pole and weakens towards mid-latitudes
but does not occur at lower latitudes, as the “normal” case.
We investigate the zonal wind reversal at different latitudes
and altitudes with the help of MF- and meteor radar mea-
surements at different latitudinal and longitudinal locations
and assimilated model data from MERRA (Modern-ERA
Retrospective analysis for research and Applications). Fur-
thermore we use global temperature and geopotential height
data from the Microwave Limb Sounder (MLS) for northern
hemispheric temperature variations and for an estimation of
PWs characteristics.

Note that there are only very few studies considering the
latitudinal extension of circulation changes during and af-
ter SSWs. Most of them are based on model simulations,
e.g. carried out with the WACCM model (De La Torre
et al., 2012; Limpasuvan et al., 2012) or with the Japanese
T213L256GCM (Tomikawa et al., 2012). With WACCM,
an enhanced effect of SSW on the circulation at latitudes
south of 40◦ N has been found in connection with splitting
events. Additionally,Tomikawa et al.(2012) and Limpa-
suvan et al.(2012) used their simulation to estimate the
latitudinal-pressure dependence of the Eliassen-Palm flux
and its divergence for all wave numbers which shows an en-
hancement during and after the simulated major warmings.
In contrast to the above mentioned model simulations, we
use observational radar and satellite data together with as-
similated MERRA data during four SSW events in this study.

Section2 provides an overview of the used instruments
and model data as well as data analysis methods. The com-
parison of the zonal wind, temperature and PW activity at
different latitudes from radar and satellite measurements and
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Table 1.Technical details of Meteor radar systems at Tavistock (CMOR), Juliusruh, Andenes and Eureka.

Tavistock Juliusruh Andenes Eureka
(CMOR)

(43◦ N, 81◦ W) (55◦ N, 13◦ E) (69◦ N, 16◦ E) (80◦ N, 86◦ W)

Frequency 17.45, 29.85, 32.55 MHz 32.55 MHz 32.55 MHz
38.15 MHz

Power 6 kW 12 kW 18 kW 12 kW
(per frequency)

PRF 532 2114 2094 2094
Coherent integ. 1 4 4 4
Height range 70–120 km 80–100 km 80–100 km 80–100 km
Sampling resol. 3 km 2 km 2 km 2 km
Wind analysis DBS DBS DBS DBS
Observation since 1999–today 2007–today 2001–today 2007–today

model data of the considered years is shown in Sect.3 and
discussed in Sect.4. The results are summarised in Sect.5.

2 Experimental data and methods

2.1 Radar measurements

For this study 4 Meteor Radars (MR) located at Andenes
(69◦ N, 16◦ E), Juliusruh (55◦ N, 13◦ E), Eureka (80◦ N,
86◦ W) and at Tavistock (43◦ N, 81◦ W), named Canadian
Meteor Orbit Radar (CMOR) as well as 2 Medium Fre-
quency radars (MF-radar), located at Juliusruh and Saska-
toon (52◦ N, 107◦ W) are used to investigate the latitudi-
nal differences of zonal wind, mesospheric temperature and
planetary wave activity between mid and polar latitudes. An
overview of the radar locations is given in Fig.1. Note that in
Andenes a MR and MF-radar are colocated, but in this study
only MR data is used. A short description of the MF-radar
and afterwards of the MR follows.

Basic parameters of all MF-radars used in this study are
summarised in Table2.

The MF-radar at Juliusruh operates at a frequency of
3.17 MHz with a peak power of 128 kW. Thirteen inter-
connected narrow-beam cross dipoles (arranged as a Mills
Cross) transmit radio wave pulses of 4 km length and∼ 15◦

width. The reception of the atmospheric signal occurs by four
crossed horizontal dipoles close to the Mills Cross. This sys-
tem has been measuring wind continuously since 2003 and
is an enhancement of the MF-radar system which operated
at the same place with slightly different characteristics from
1990 to spring 2003. For more information about the devel-
opment of both MF-radar systems at Juliusruh and their fea-
tures seeKeuer et al.(2007).

The Saskatoon MF-radar operates at a frequency of
2.22 MHz with a peak power of 20 kW. It consists of four
spaced receiving arrays and a transmitter antenna with a full
beam width of∼ 15◦. Wind measurements have been con-
ducted since 1978 between 60 and 110 km with a height res-

Table 2. Technical details of MF-radar systems at Saskatoon and
Juliusruh.

Saskatoon Juliusruh
(52◦ N, 107◦ W) (55◦ N, 13◦ E)

Radar MF MF
Frequency 2.22 MHz 3.17 MHz
Peak power 20 kW 128 kW
Beam width ∼ 15◦

∼ 15◦

Height range 60 – 110 km 70 – 94 km
Sampling resolutuion 3 km 2 km
Wind analysis FCA FCA
Observation since 1978–today 1990–today

olution of 3 km. A detailed description of the MF-radar at
Saskatoon can be found inMeek and Manson(1987).

All-sky meteor radars employ one antenna for transmis-
sion and a five-antenna interferometer for reception. This
provides a range resolution of 2 km and an angular resolu-
tion of 2◦ for meteor location. The basic construction and
functionality of the MRs used in this study is nearly identical
to the system originally described inHocking et al.(2001). A
summary of the characteristics of all MRs used in this study
is given in Table1.

In this study, we also investigate the day-to-day variability
of the mesospheric temperature estimated from meteor fad-
ing decay times at the peak of the meteor layer at around
90 km. Temperatures are derived by the combination of al-
titude variations in the meteor decay time and an empirical
model of the mean temperature gradient at the peak altitude
of the meteor layer (for details seeSinger et al., 2003; Hock-
ing et al., 2004; Stober et al., 2012).

The diurnal, semidiurnal and terdiurnal tides, which are
obtained from least-squares fits of hourly mean winds for 4-
day intervals shifted by one day, were removed from the pre-
vailing wind for our wind analysis. The estimation of PWs
results from a wavelet analysis (Torrence and Compo, 1998).

www.ann-geophys.net/31/1397/2013/ Ann. Geophys., 31, 1397–1415, 2013
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Fig. 1.Map of MR and MF-radar stations used in this study.

The calculation of the wavelet transformWn(s) is conducted
as described inMatthias et al.(2012).

2.2 MLS measurements

For a global view of the temperatures and for the estima-
tion of the wavenumber and period of PWs during SSWs,
temperature and geopotential height (GPH) data from the
Microwave Limb Sounder (MLS) are used. MLS is a limb
scanning emission microwave radiometer on the NASA Aura
satellite (Waters et al., 2006; Livesey et al., 2007). Aura was
launched on 15 July 2004 into a sun-synchronous polar orbit
at 705 km altitude with a 98◦ inclination. The MLS instru-
ment scans the limb in the forward direction of the orbital
plane which gives a global coverage from 82◦ S to 82◦ N
on each orbit. The useful height range of temperature data
is approximately 8 to 97 km (316–0.001 hPa) with a vertical
resolution of∼ 4 km in the stratosphere and∼ 14 km at the
mesopause determined by the full width at half maximum
(FWHM) of the averaging kernels (Livesey et al., 2007).
GPH and temperature have the same height range and ver-
tical resolution because they are linked through hydrostatic
balance and gas law. Comparison of MLS measurements
with pre-validated satellite observations show a bias of−2
to 2 K in the troposphere and stratosphere and a cold bias
of −4 . . . −9 K in the mesosphere for temperature measure-
ments. GPH observations have a bias of 50 to 150 m in the
troposphere and stratosphere and up to−450 m at 0.001 hPa
(seeFroidevaux et al., 2006, andSchwartz et al., 2008).

Here we use data from the level 2 version 2.2 data prod-
uct. We removed poor data by screening methodologies de-
scribed byLivesey et al.(2007). The geometric altitudes are
estimated from the pressure levels as follows:
h = −7 · ln(p/1000), whereh is the altitude in km andp the
pressure in hPa. Note that there is a difference between geo-
metric and geopotential heights especially in the mesosphere.
However, for studies of PWs and considering the altitudinal
resolution of MLS in the mesosphere, this difference is not
relevant.

To estimate the period and wavenumber of a PW, a two-
dimensional least-squares method for spectral analysis of
space-time series is used following the procedure described
in Wu et al.(1995). The basic function is given by

yi = Acos(2π(f ti − sλi)) + B sin(2π(f ti − sλi)) (1)

whereA andB are the parameters to be fitted and wheref

is the frequency,s is the wavenumber,ti is the time andλi

andyi are longitude and GPH, respectively. We note that this
method has its limits on the one hand to distinguish between
particular superimposed waves as discussed byPancheva
et al.(2009) and on the other hand we have to consider pos-
sible aliasing effects as discussed byTunbridge et al.(2011).
Results should therefore be interpreted carefully.

For the determination of the latitudinal and altitudinal ex-
pansion of a PW with a given wavenumber and period the fol-
lowing calculation is made for 5◦ steps and at every pressure
level. The maximum amplitude of a sliding window of rea-
sonable length (4 times the length of the considered wave’s
period) within a given time interval over a 5◦ latitudinal band
centred around the considered latitude is calculated by using
Eq. (1). Frequency/wavenumber spectra of PWs from MLS
mainly show aliasing effects. These effects are discussed by
Meek and Manson(2009), Tunbridge et al.(2011) andMc-
Donald et al.(2011) for example. These aliasing effects can
be neglected though, since they are mostly weaker side lobes
of a “true” wave and we use the maximum amplitude in this
study.

2.3 MERRA

For the investigation of the spatial extent of the zonal wind
reversal in the stratosphere and mesosphere during the SSWs
between 2006 and 2012 considered here, we use the as-
similated model data from MERRA from NASA. The anal-
ysed fields of MERRA on model levels with a native grid of
1
2
◦
×

2
3
◦

and a 6 h temporal resolution are used. The vertical
range of this MERRA product is 985 to 0.01 hPa, i.e. from
the surface to approximately 80 km. For further information
on MERRA seeRienecker et al.(2011) and for a file speci-
fication of MERRA products seeLucchesi(2012). Compar-
ison of MERRA with other reanalysis products and satellite
measurements shows a good agreement in the stratosphere
(Rienecker et al., 2011; Yoo et al., 2013). However, MERRA
temperatures have a cold bias of 5 K above 1 hPa compared to
MLS temperatures (Rienecker et al., 2011). Thus, MERRA
data in the lower mesosphere have to be considered carefully.

3 Results

An outstanding effect of a SSW besides stratospheric warm-
ing and mesospheric cooling, is the wind reversal in the
strato- and mesosphere. Figure2 shows the zonal wind at An-
denes (69◦ N, 16◦ E) and Juliusruh (55◦ N, 13◦ E) at 85 km
from MR and at 49 km from MERRA data centred on the
central day for the SSWs in 2006, 2009, 2010 and 2012. Note
that the MR at Juliusruh started to operate at a later time in
2006. Thus the zonal wind data for 2006 are substituted by
the MF-radar data also located at Juliusruh. The central day
for major SSWs is defined followingLabitzke and Naujokat

Ann. Geophys., 31, 1397–1415, 2013 www.ann-geophys.net/31/1397/2013/
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Fig. 2. Zonal wind at Andenes (black) and Juliusruh (red) at 85 km (left) from MR and 49 km (right) from MERRA data centred around the
central day (black dashed line) of the respective SSW of 2006, 2009, 2010 and 2012. Terdiurnal, semidiurnal and diurnal tides were removed
for the MR data.

(2000) as the day where the zonal mean zonal wind reverses
(ū < 0) at 60◦ N at 10 hPa and the temperature gradient be-
tween 60 and 90◦ N has its local maximum (as inMatthias
et al., 2012). The central days of the major events consid-
ered here are 21 January 2006, 22 January 2009 and 28 Jan-
uary 2010. The central day of the minor warming 2012 is
defined as the day where the zonal mean zonal wind at 60◦ N
and at 10 hPa has its minimum, i.e. the central day is 17 Jan-
uary 2012.

The mesospheric wind reversal from eastward to west-
ward wind at 85 km during the SSW of 2006 occurs before
the central day at Andenes and at the central day at Julius-
ruh whereas the maximum of the westward wind at polar
is stronger than at mid-latitudes around the central day. Af-
terwards, Andenes shows a strong and rapid increase of the
eastward wind with no significant wave activity. In contrast
to Andenes occurs at Juliusruh at mesospheric altitudes a
weaker eastward wind with a strong wave activity. The zonal
wind at 49 km at both locations reverses slightly before the

central day, but first at Juliusruh and a short time later at An-
denes. Similarly to mesospheric altitudes the westward wind
at polar appears stronger than at mid-latitudes. In contrast to
mesospheric altitudes the eastward wind occurs stronger at
Juliusruh after the SSW than at Andenes, but shows again
a strong wave-like behaviour at mid-latitudes while at An-
denes no significant wave activity is presented. This is what
we consider to be a “normal” SSW with a typical latitudinal
behaviour. The SSW of 2006 is representative for all “nor-
mal” events. In the following, we will therefore use this event
for comparison with the other events considered here.

In contrast to 2006, the events in 2009, 2010 and 2012
show a simultaneous or even earlier wind reversal with a sim-
ilar strong or even stronger westward wind at Juliusruh than
at Andenes at 85 km. The wave activity increased at 85 km
in contrast to 2006 before and after the SSW at Juliusruh and
at Andenes except for 2012 where no wave-like behaviour
is considered after the SSW at Juliusruh. The onset of the
wind reversal at 49 km varies with time, and the following

www.ann-geophys.net/31/1397/2013/ Ann. Geophys., 31, 1397–1415, 2013
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Fig. 3.Zonal wind at Eureka (black) and Saskatoon (red) at 85 km (left) from the respective radar data and 49 km (right) from MERRA data
centred around the central day (black dashed line) of the SSW of 2009. Terdiurnal, semidiurnal and diurnal tides were removed from the MR
and MF-radar data.

westward wind is usually as in 2006, weaker at Juliusruh
than at Andenes, whereas in 2009 the westward wind ap-
pears stronger at Juliusruh than at Andenes. Also the wave
activity after the events varies from year to year. While the
wave activity is strong at Juliusruh and Andenes after the
warming in 2009, the stratosphere is stable with no signifi-
cant wave activity at both locations in 2010. The wave ac-
tivity at 49 km was increased at Andenes after the event in
2009 but no significant wave activity occurred at Juliusruh.
Note that zonal wind observations at both locations, i.e. An-
denes and Juliusruh, are representative for the zonal wind in
the Eastern Hemisphere.

As an example for the Western Hemisphere, similar to
Fig. 2, Fig.3 shows the zonal wind at Eureka (80◦ N, 86◦ W)
and Saskatoon (52◦ N, 107◦ W) at 85 km from MR (Eureka)
and MF-radar (Saskatoon) and at 49 km from MERRA data
centred on the central day for the SSW in 2009. Similar to
the Eastern Hemisphere (Andenes and Juliusruh) reverses the
zonal wind in 2009 simultaneously at Eureka and Saskatoon
at 85 km with a stronger and longer lasting westward wind
at Eureka than at Saskatoon. Afterwards, there is a rapid and
strong increase of the eastward wind with no wave-like be-
haviour at Eureka and a weaker eastward wind with a wave-
like behaviour at Saskatoon. In contrast to the Eastern Hemi-
sphere, the wind reversal occurs first at Eureka and 3 days
later at Saskatoon at 49 km in 2009 and the westward wind
has similar strength at both locations. Like in the Eastern
Hemisphere the zonal wind has shown a wave-like behaviour
at Eureka and Saskatoon after the SSW.

These results show differences in the latitudinal behaviour
of the zonal wind between 2006 and the other three years
considered in this study. While in 2006 the westward wind
during the wind reversal occurs stronger at pole than at mid-
latitudes it appears similar strong or even stronger at mid-
latitudes than at polar latitudes especially in the mesosphere
during the events in 2009, 2010 and 2012. Also the latitu-
dinal dependence of the onset of the wind reversal differs
from year-to-year. Note that besides latitudinal also longi-
tudinal differences occur in the local measurements of the

zonal wind. The longitudinal dependence of SSWs is not the
main focus in this paper, but will be a matter of future inves-
tigations.

These local measurements indicate an unusual latitudinal
behaviour of the SSW in 2009, 2010 and 2012 in compari-
son with the “normal” warming in 2006. For a more global
view on the zonal wind Fig.4 represents the zonal mean
zonal wind from MERRA as a function of latitude and height
5 days before, at the corresponding central day, and 5 days
after the central day of the SSWs of 2006, 2009, 2010 and
2012. Five days before the central day, all events are char-
acterised by a weak wind reversal at the pole in the strato-
and mesosphere whereas these reversals are separated by an
eastward wind around 50 to 60 km except for 2009. In 2009
a strong eastward wind at high and mid-latitudes appears five
days before the central day of the record warming.

On the central day the wind reverses from polar Meso-
sphere and Upper Stratosphere (hereafter: MUS) to strato-
spheric mid-latitudes in 2006. Hence, there is no continuous
westward wind band between the pole and lower latitudes.
In contrast to 2006, the other events in 2009, 2010 and 2012
show this continuous westward wind band only between the
pole and lower latitudes and the wind reversal reaches from
polar MUS to the lower latitude stratosphere around 20◦ N.

Five days after the central day the wind reversal of the
SSW of 2006 looks very similar to that on the central day
but has moved downwards. This downward movement or
downward progression is also observable in 2009 and 2010
in which the eastward wind in 2010 already dominates the
MUS. The polar latitudes in 2012 show a strong eastward
wind five days after the central day from stratosphere to
mesosphere, i.e. the wind reverses back from westward to
eastward. However, at mid and lower latitudes the strato-
sphere still shows westward wind as a result of the previous
wind reversal. It seems like the wind reversal in this particu-
lar year is breaking down from the polar mesosphere to the
lower latitude stratosphere. Note that there is a dependence
from the selected central day, especially in 2010 where after
a short wind reversal around 28 January a second one occurs

Ann. Geophys., 31, 1397–1415, 2013 www.ann-geophys.net/31/1397/2013/



V. Matthias et al.: Latitudinal displacement of SSWs 1403

Fig. 4. Zonal mean zonal wind 5 days before, at and 5 days after the central day of the year 2006, 2009, 2010 and 2012 as a function of
latitude and height from MERRA data.

which lasts much longer.Chen et al.(2012) discussed the
definition of the central day for 2010 and rescheduled the
central day on 2 February 2010.

Apart from the zonal wind characteristics around SSWs,
the latitudinal and altitudinal temperature structure must also
be considered. Figures5aand5b show the daily mean zonal
mean MLS temperature at 20, 40, 59 and 81 km as a function
of time and latitude for 2006 and 2009 in Fig.5a and for
2010 and 2012 in Fig.5b. The white dashed line marks the
central day of the corresponding SSW. In the following, each
altitude from bottom to top will be described separately for
all years, i.e. Figs.5aand5b will be considered together for
each height.

In 2006, 2009 and 2010 a long lasting warming occurs
from pole to mid-latitudes at 20 km after the central day.
While in 2009 and 2010 this warming reaches down to
around 50◦ N, in 2006, with a typical polar behaviour, it is
observable only down to 60◦ N. Note that in 2010 the warm-
ing did not start directly after the central day but∼ 15 days
later. The cause for this time shift might be the temporal de-
velopment of the zonal wind in 2010 as discussed before. The
rescheduled central day byChen et al.(2012) on 2 Febru-
ary 2010 is in a good agreement with the warming at 20 km

observed here. During the minor warming of 2012 a warm-
ing also occurs after the central day at 20 km, but in contrast
to those in 2006, 2009 and 2010 it is observed between 50
and 70◦ N and not at the pole. This extraordinary behaviour
will be further investigated in the discussion (see Sect.4).

At 40 km warmings occur during all events considered
in this study. The temperature peaks around the central day
from pole to∼ 60◦ N during every SSW. After these warm-
ings a temperature increase occurs between 20◦ and 40◦ N.
This indicates an equatorward progression of the warming in
the stratosphere around 40 km which can be influenced from
the mean meridional residual circulation.

However, there is no latitudinal difference of the tempera-
ture during the warming between the typical polar behaviour
in 2006 and the more mid-low-latitudinal behaviour in 2009,
2010 and 2012. But the comparison of the temperature at
mid-latitudes around 50◦ N at 40 km before the warmings
shows much higher temperatures in 2006 than in the other
years considered here. While in 2006 the cold polar temper-
atures before the warming reach down to 60◦ N, they are also
observed down to 40◦ and 50◦ N during the SSWs of 2009,
2010 and 2012.
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Fig. 5a. Zonal mean temperature at 20, 40 , 59 and 81 km from MLS for the winter 2005/06 and 2008/09. The vertical white dashed line
marks the central day of the respective SSW and the horizonal black dashed line at 60◦ N is used for help of orientation.

The mesospheric temperature at 59 km shows a polar cool-
ing after the corresponding central days which varies in
length of time and strength. At the same time of the max-
imum of the polar cooling a warming around 50◦ N occurs
and spreads out to the pole with time. The polar and mid-
latitude mesospheric temperatures before the SSWs are very
variable due to increased PW activity and more stable after-
wards due to the decreased PW activity after SSWs (see for
exampleMatthias et al., 2012).

The mesospheric cooling at 80 km is more narrow during
all considered events than at 59 km and occurs around the
central day and not afterwards as it is the case at 59 km. Af-
ter this cooling a strong warming occurs at polar latitudes
whereas this warming appears weaker in 2010 and 2012 than
in 2006 and 2009. The polar mesosphere before the SSW in
all cases is very variable. This can be also attributed to the in-
creased PW activity. During the SSW of 2006 a strong warm-

ing occurs between 40◦ and 55◦ N at 80 km simultaneous to
the polar cooling. Similar observations are obtained in 2010
and 2012 whereas the warming in 2010 appears much weaker
and in 2012 slightly before the central day. It seems that this
phenomenon occurs only during vortex displacement events
and not during splitting events like in 2009 where the meso-
sphere shows cold temperatures at all latitudes during the
SSW.

Independent of the the latitudinal variations of the temper-
ature we found a downward progression from mesosphere
to stratosphere during all events. Such a downward move-
ment was previously mentioned in connection with the zonal
wind reversal. Here, the mesospheric cooling first occurs at
81 km and then moves downward to the lower mesosphere
around 59 km where it also lasts much longer. This down-
ward movement can also be continued to stratospheric alti-
tudes around 40 km where after the warming the temperature
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Fig. 5b.Same as Fig.5ajust for the winter 2009/10 and 2011/12.

again decreases to a typical polar stratospheric level. How-
ever, this cooling occurs later as in the lower mesosphere at
59 km and thus there is a downward movement of the meso-
spheric cooling to stratospheric heights. A similar behaviour
can be observed in the stratosphere. The warming at 40 km
occurs around the central day while the warming at 20 km ap-
pears afterwards and lasts much longer. Note that this down-
ward movement of the cooling/warming during SSWs is con-
sistent with the downward progression of the wind reversal
as discussed byHoffmann et al.(2007) and found in the com-
posite analysis ofMatthias et al.(2012).

Summarising the temperature characteristics around
SSWs it is to be said that we did not find a continuous band
of warm/cold temperatures in the stratosphere/mesosphere
between the pole and lower latitudes as in the zonal wind.
Nevertheless, the exceptional SSWs in 2009, 2010 and 2012
(with a continuous westward wind band between pole and

lower latitudes) show differences in temperatures between
35◦ and 60◦ N in the strato- and mesosphere before and after
the central day of the warmings compared to the polar dom-
inated event in 2006. Besides the stratospheric equatorward
movement of the warming, we also observed a downward
progression of the stratospheric warming and mesospheric
cooling during all events.

The previously mentioned mid-latitudinal mesospheric
warming that occurs in the zonal mean MLS temperature
data during vortex displacement events will be considered
more closely in the following.

Figure 6 shows the relative temperature variations from
meteor radar data at approximately 90 km for the years 2009,
2010 and 2012 from radar stations at Andenes (69◦ N, 16◦ E)
and Juliusruh (55◦ N, 13◦ E) for the Eastern Hemisphere
and Tavistock (Canadian Meteor Orbit Radar, short: CMOR,
(43◦ N, 81◦ W)) for the Western Hemisphere. Note that the
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Fig. 6. Relative temperature from MR at∼90 km at Andenes,
Juliusruh and Tavistock (CMOR) centred around the central day of
the respective SSW. The black dashed line marks the central day.

year 2006 is missing because the MR was only installed at
Juliusruh later in the year. In addition, there is no meteor
radar at Saskatoon so that we use the CMOR data instead as
a substitution for mid-latitudinal Western Hemisphere mea-
surements. The relative temperature is centred on the central
day of the respective warming which is marked as a black
dashed line. Note that meteor radar temperatures depend on
the assumption of an empirical temperature gradient model.
Therefore, we subtracted the mean temperature of the obser-
vation period from each temperature profile and concentrate
on the day-to-day variability and on the tendency of each sin-
gle temperature curve in this study.

During the record warming of 2009 all 3 locations show a
temperature decrease around the warming as it was observed
in the zonal mean temperatures from MLS in Figs.5a and
5b. In 2010 there is a strong cooling at Andenes (polar lat-
itudes) while a weak cooling is observed at Juliusruh (mid-
latitudes). However, the western hemispheric mid-latitudinal
CMOR radar shows no significant cooling in connection
with the SSW. The minor warming in 2012 splits the hemi-
spheres. While the polar and the mid-latitudinal temperature
decrease in the Eastern Hemisphere, the mesospheric temper-
ature in the mid-latitudinal Western Hemisphere increases.
Thus Fig.6 indicates that the mesospheric mid-latitudinal

warming in Figs.5aand5b depends on the longitudinal lo-
cation.

To understand the differences between local measure-
ments and zonal mean temperature observations at meso-
spheric mid-latitudes during SSWs, Fig.7 shows the pro-
jection of MLS temperatures at 81 km at the correspond-
ing central day for the events considered in this study. The
white points mark the location of the local measurements in
Fig. 6. Note that the meteor temperatures of Fig.6 are ob-
served around 90 km and the MLS temperatures at 81 km
with a vertical resolution of 10 km. So there is an altitudi-
nal discrepancy that should be regarded. During all events
considered here Andenes and Juliusruh lie in the cold part
of the global temperature pattern which leads to the decreas-
ing temperatures of Fig.6. In contrast, the CMOR radar is
mostly located at the much warmer part of the temperature
pattern with the exception of 2009 where it is located be-
tween the cold and the warm part of the global temperature
pattern. Thus the measured temperatures strongly depend on
their location relative to the global temperature pattern. From
this it follows that zonal mean values should be considered
very critically, especially for comparison with local measure-
ments. A possible reason for the mesospheric mid-latitudinal
warming is discussed in Sect.4.

Our hypothesis is that the reason for the continuous west-
ward wind band from the pole to lower latitudes and the tem-
perature changes at mid- and lower latitudes is the increased
PW activity at the same latitudes. Therefore, the next Fig.8
shows the wavelet spectrum of the meridional wind at 85 km
for the winter 2008/09 at the different considered locations.
The vertical black dashed line marks the central day of the
SSW in 2009. The dominating waves around the warming
at all locations except for Saskatoon are a 10-day (period:
8–12 d) and/or a 16-day wave (period: 12–20 d) as also men-
tioned byMatthias et al.(2012). Another wave that occurs
around the warming is a 6-day wave (period: 5–7 d). Beside
these waves also 2- and 3-day waves occur but their direct
relation to SSWs is beyond the scope of this paper.

With the help of MLS geopotential height data, we found
that all waves in all years have a wavenumber between−1
and 1, i.e. westward or eastward propagating (not shown, see
alsoMatthias et al., 2012). Our main interest focuses on the
latitudinal behaviour of PWs responsible for the latitudinal
variability of SSW effects. Therefore, Fig.9 shows the am-
plitude of the 6-day, 10-day and 16-day wave with wavenum-
bers between−1 and 1 as a function of latitude and height for
the four considered winters from MLS geopotential height
data. The amplitude is calculated as the maximum amplitude
of a sliding window of 24 days for the 6-day wave, of 40 days
for the 10-day wave and of 70 days for the 16-day wave at
each latitude and height between day 335 of the previous year
and day 60 of the actual year. The 6-day wave has its maxi-
mum at polar latitudes in the MUS and extends as far as south
as 50◦ N in every year. However, the 10-day wave shows an
increased activity to as far south as 30◦ N except for 2006, i.e.
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Fig. 7. Projection of the MLS temperature data at 81 km over the Northern Hemisphere of the central day of the respective SSW, i.e. each
projection shows the same day as in Fig.6 the dashed line for the respective year. The white points mark the local meteor temperature
measurements for(A) Tavistock,(B) Andenes and(C) Juliusruh.

the SSW without the continuous westward wind band from
the pole to the subtropics.

Maximum amplitudes are found at the pole in all consid-
ered winters. However, in 2009 for example, there is a second
smaller maximum of the 10-day wave activity at 50◦ N which
reaches also down to 30◦ N. The 10-day wave activity in
2010 and 2012 is very similar. Both years show an increased
wave activity in the MUS from the pole as far as south as
30◦ N. The 16-day wave shows a strong increased activity
between 40◦ and 80◦ N in 2010 while in 2009 and 2012 the
16-day wave occurs only at polar latitudes. In 2006 the 16-
day wave also appears at polar and mid-latitudes down to
50◦ N but is very weak compared to the 6- and 10-day wave
during this winter and therefore less important for this warm-
ing. Thus the transient PWs show an increased wave activity
between 30◦ and 50◦ N around the exceptional warmings that
does not occur in the polar dominated year 2006.

It is well accepted that the temporal development of sta-
tionary waves is responsible for the occurrence of SSW
(Charlton and Polvani, 2007). Figure10 shows the latitudi-
nal structure of the amplitude of the stationary wave 1 of the
SSWs considered in this study expect for 2009 which was a

splitting event (seeManney et al., 2009), and therefore the
dominating stationary wave 2 is presented. The amplitude of
the stationary geopotential height wave from MLS data is
shown as a function of latitude and height. The left column
displays the amplitude 5 days before the central day, the mid-
dle one at the central day and the right column 5 days after
the central day.

Five days before every central day considered in this study
an increased stationary wave 1 activity occurs from the pole
to around 45◦ to 50◦ N. Only the maximum amplitude of the
stationary wave 2 in 2009 shows an increased activity from
35◦ to 75◦ N and not at the pole like in the other events. At the
central day, the normal polar dominated SSW in 2006 shows
an increased activity again from pole to mid-latitudes while
in the other three events a clear increased activity down to
30◦ N is observed. Five days after the central day the ampli-
tudes decrease in every event. At this point the warming in
2006 also shows an increased activity in the lower latitude
mesosphere but with a much weaker amplitude compared
to that before and at the central day. The other events basi-
cally show the same behaviour as at the central day but with
weaker amplitudes. Only in 2010 a third maximum occurs
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Fig. 8. Wavelet spectrum of the meridional wind at 85 km at differ-
ent locations for winter 2008/09 from the respective MF and MR
systems. The black dashed line marks the central day of the SSW
and the white dashed lines at the edge represent the cone of influ-
ence.

above the other two in the upper mesosphere/lower thermo-
sphere. Thus transient and stationary PWs show an increased
wave activity between 30◦ and 50◦ N during the displaced
warmings in 2009, 2010 and 2012.

To understand the differences in the stationary wave ac-
tivity between the events considered here, we examine the
three-dimensional wave activity fluxes for quasi-geostrophic
stationary waves followingPlumb(1985, Eq. 7.1). The wave
flux vectorF is a three-dimensional vector depending on the
longitudeλ, the latitudeϕ and on the heightz.

Figure 11a) shows the wave flux activity vectors from
MERRA as a function of longitude and latitude averaged be-
tween 25 km and 50 km for a 5 day mean after the corre-

sponding central day of each SSW considered in this study.
The coloured background represents the flux divergence, i.e.
red coloured regions are sources of stationary PW flux and
blue coloured regions are sinks. During the SSW of 2006, the
flux vectors indicate wave 1 structure between 60◦ N and the
pole. Below 60◦ N between 50◦ E and 50◦ W the flux vectors
are equatorward directed but decrease rapidly below 30◦ N.
Around the zero meridian between 60 and 80◦ N occurs a
big source of wave flux with 2 smaller arms between 40 and
60◦ N. Sources and sinks alternate with a light eastward shift
from pole to 20◦ N.

The vortex splitting event 2009 shows a wave 2 structure
symmetric around 60◦ N with an equatorward flux around
100◦ E and 100◦ W. This is also the region where the sources
and sinks alternate equatorward with a light eastward shift,
but there is an additionally longitudinal variation.

The flux vector structures of the events in 2010 and 2012
are very similar whereas the intensity is stronger in 2010
than in 2012. Both events show two stripe pattern of equator-
ward movement. The weaker one occurs between 40◦ N and
80◦ N and between 100◦ W and the zero meridian. The sec-
ond stronger stripe pattern is shifted parallel to the first one
and occurs between 70◦ N and 30◦ N and between 50◦ W and
90◦ E. These stripe pattern are also visible in the alternation
of the sources and sinks which goes as before equatorward
with a light eastward shift and are stronger in 2010 than in
2012 too. In comparison to 2006 these equatorward fluxes are
stronger and reach from polar to subtropical latitudes which
is in contrast to the downward flux in 2006 which starts at
60◦ N.

Figure11b shows the zonally averaged wave flux activity
vectors as a function of latitude and height for a 30 day mean
before the corresponding central day of 2006, 2009, 2010 and
2012. All events studied here show strictly poleward flux un-
til 40◦ N which passes into a strictly upward flux around the
pole. Only the vortex splitting event in 2009 shows a pole-
ward flux almost until 80◦ N and therefore passes much later
into the upward flux.

We summarise that the differences in the zonal wind and
temperature behaviour between the normal polar dominated
SSW in 2006 and the southward displaced SSWs in 2009,
2010 and 2012 are accompanied by the unusual increased
PW activity (stationary and transient) at latitudes between
30◦ N and 50◦ N and the changed stratospheric dynamics
during the three exceptional SSWs.

4 Discussion

In the following the impact of the latitudinal behaviour of
PWs on the latitudinal variability of SSW effects like the
zonal wind reversal and temperature changes will be dis-
cussed.

This study shows 3 exceptional SSW events with respect to
their latitudinal structure within a short period (2009–2012).
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Fig. 9.Amplitude of the 6-day (period: 5–7 d), 10-day (period: 8–12 d) and 16-day (period: 12–20 d) wave from MLS geopotential. Amplitude
is calculated by the maximum of a sliding window of 24/40/70 days shifted by one day between day 335 of the previous year and day 60 of
the actual year. The dashed line at 60◦ N is used for the help of orientation.

That these three events are exceptions shows the compos-
ite analysis of 39 major and minor warmings between 1958
and 2001 from NCEP-NCAR reanalysis data ofLimpasu-
van et al.(2004). They found no evidence for a continuous
westward wind band between the pole and 20◦ N in the aver-
age behaviour of a warming in the lower stratosphere up to
32 km. This polar activity of SSW effects without a continu-
ous westward wind band from the pole to lower latitudes is
also observed in case studies for individual events, as for ex-
ample inHoffmann et al.(2007) and especially inMukhtarov
et al. (2007). Therefore, the events studied here are excep-
tional even if they occur in a temporally short interval.

Our observations of a continuous westward wind band
from the pole to the subtropics and an occasionally stronger
westward wind at mid- than at polar latitudes are corrob-
orated by case studies of the SSW in 2010 byChen et al.
(2012) using MLS gradient winds and byStober et al.(2012)
using local radar measurements at 55◦ N. However, com-
posite analysis ofCharlton and Polvani(2007) with NCEP-
NCAR and ECMWF re-analysis data show no continuous
westward wind band between 20◦ N and the pole neither dur-
ing vortex displacement events nor during splitting events.
Only the vortex splitting events show an increased PW ac-

tivity and westward wind down to 30◦ N which is consis-
tent with the 2009 splitting event considered in this study. A
possible explanation for the continuous westward wind band
during the events in 2009, 2010 and 2012 is given in Fig.11a.
The stationary wave flux vectors, where the continuous wind
band occurs, show an equatorward movement from polar to
subtropical latitudes in 2009, 2010 and 2012 during the five
days after the central day, but in 2006 only an equatorward
movement from mid- to subtropical latitudes. Therefore, it is
possible that the reversed westward wind from polar latitudes
is carried down from the stationary wave flux to 20◦ N in the
three displaced SSWs.

This equatorward movement of the stationary wave flux is
also considered as responsible for the southward spread of
the warming at 20 km in 2009, 2010 and 2012 in Figs.5aand
5b. Additionally, we observed another unusual latitudinal ef-
fect during the SSW in 2012. The warming occurs in 2012
at 20 km between 45◦ N and 75◦ N but not at the pole like in
the other events considered here (see Figs.5aand5b). There-
fore Fig. 12 shows the projection of the temperature from
MERRA at 20 km in the Northern Hemisphere five days after
the central day of the respective SSWs in 2006, 2009, 2010
and 2012. The cold part of the global temperature pattern
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Fig. 10.Amplitude of the respective dominating stationary wave of SSW events of 2006, 2009, 2010 and 2012 as a function of latitude and
height 5 days before, at the central day and 5 days afterwards. Geopotential height data are obtained from MLS. The vertical dashed line at
60◦ N is used for the help of orientation.

five days after the central day of the events in 2006, 2009
and 2010 is located between 45◦ W and 90◦ E but not on the
pole. In contrast to this, the cold part of the temperature pat-
tern in 2012 also lies between 45◦ W and 90◦ E but is rotated
by 90◦ about the longitudinal axis and is located partly on the
pole. This rotation occurs only in the lower stratosphere. At
upper heights such rotations are not observable. The reason
for this unusual rotation of the cold temperature pattern af-
ter the SSW in the lower stratosphere in 2012 is unclear and
should be further investigated.

A distinctive cooler upper stratosphere occurs around
40 km between 40◦ and 60◦ N before the SSWs of 2009,
2010 and 2012 compared to that in 2006. Similar observa-
tions have been made byOrsolini et al.(2010). The aim of
their paper was to show that mesospheric H2O and temper-
ature measurements from the Odin satellite allow to distin-
guish between the formation of an elevated stratopause and
the descent of dry mesospheric air into the polar stratosphere.
Nevertheless,Orsolini et al.(2010) show among other things
the temperature from Odin between July 2001 and July 2009
as a function of latitude at 1 hPa. During the winter months
the cold polar and mid-latitudinal stratospheric temperatures
vary from year to year with respect to their latitudinal ex-

tension. During some years, the cold temperatures reach as
far south as 30◦ N as in 2009, but during other years, for
example in 2006, cold temperatures are present only up to
50◦ N. Note that there is an altitudinal difference between
our study andOrsolini et al.(2010) which explains the lat-
itudinal differences in the cold temperatures. Comparisons
of the stationary wave fluxes in Fig.11b) between 2006 and
the other three events show no significant differences which
could explain the cold temperatures between 40◦ and 60◦ N
before central days of the SSWs of 2009, 2010 and 2012.
Since PWs draw their energy from the temperature differ-
ence between the cold polar and the warm lower latitudes,
we ask the question: Do the cold stratospheric temperatures
at mid-low latitudes occur due to the southward extended PW
activity or is the PW activity increased at lower latitudes due
to the cooler temperatures at mid-low latitudes? The answer
is much more complicated than the question suggests. PWs
are influenced by tropical phenomena like the QBO as for ex-
ample discussed inChen and Huang(1999). Labitzke(2004)
even shows a statistical relation of SSW on the QBO and on
the solar cycle, but the results for the SSW of 2009 did not
fit with this statistical relation (Labitzke and Kunze, 2009).
In our case, the normal SSW in 2006 lies on the westerly
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Fig. 11.Stationary wave activity flux vectors followingPlumb(1985) of each SSW considered in this study(a) of a five day mean after the
central day averaged over the height range between 25 and 50 km, where the coloured background represents the flux divergence (red: source,
blue: sink); top with flux divergence, bottom without (better view on the arrows) and(b) of a 30 day mean before each corresponding central
day zonally averaged and scaled by(Fϕ,Fz) → (p/p0)(−1/2)(Fϕ,100· Fz). Fluxes had been calculated using MERRA data provided by
NASA GMAO.

phase of the QBO while the other displaced SSWs lie on
the easterly phase in the hight region between 25 and 50 km
where the continuous westward wind band occurs (seehttp:
//www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo). Naito
and Yoden(2006) studied the PW activity before and after
SSWs depending on the phase of the QBO by a numerical
model. They found that the dominant zone of the upward and
equatorward Eliassen–Palm flux in the lower stratosphere is
shifted southward in the westerly phase and poleward in the
easterly phase of the QBO during a SSW. This result agrees
to our observations of the Plumb flux averaged between 25
and 50 km (see Fig.11), where we found an equatorward
flux from pole to lower latitudes during the displaced SSW
events. So there might be a connection between the QBO
phase and the latitudinal displacement of SSWs but needs
further investigation to approve this result. However, the rea-
son for the cold stratospheric temperatures before the excep-
tional warmings at mid- and lower latitudes down to 30◦ N,

which are connected with an increased PW activity between
30◦ and 50◦ N, is still unclear.

The previously closer investigated mesospheric warming
between 40◦ and 60◦ N around the central day (see Figs.5a
and5b) occurs during all vortex displacement events. From
local meteor radar temperatures and global temperature maps
we found distinctive longitudinal variations in the tempera-
ture at mid-latitudes depending on their location relative to
the disturbed polar vortex and therefore on the phasing of
PWs. Comparisons of the mesospheric temperature structure
at mid-latitudes (Figs.5a and5b) with the stationary wave
occurrence in Fig.10 show an increased stationary wave 1
activity in the mid-latitudinal mesosphere during 2006 and
2012 around the warming and 2010 afterwards. This indi-
cates that the increased mesospheric stationary wave activity
at mid-latitudes is responsible for the mid-latitudinal meso-
spheric warming.
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Fig. 12.Projection of the MERRA temperature data at 20 km over
the Northern Hemisphere 5 days after the central day of the respec-
tive SSW.

Besides the latitudinal differences between the 3 displaced
events and 2006, we found an equatorward movement of
the warming in the stratosphere at 40 km during all con-
sidered events. Besides mesospheric variability in the trop-
ics which are correlative in time with the SSW observed
at higher latitudes,Shepherd et al.(2007) found a warming
at stratospheric altitudes too. They explain the mesospheric
variability with an increased PW activity in the mesosphere.
Thus, we speculate that the stratospheric tropical warming
observed here after the SSW occurs due to the enhanced PW
activity not only in the mesosphere but also in the strato-
sphere at lower latitudes.

We summarise that the differences in the zonal wind and
temperature behaviour between the normal polar dominated
SSW in 2006 and the southward displaced SSWs in 2009,
2010 and 2012 are connected to the increased PW activity
(stationary and transient) between 30◦ N and 50◦ N and the
changed stratospheric dynamics during the three displaced
SSWs.

During this study, we could not find a reason for the south-
ward extended PW activity during the displaced SSWs of
2009, 2010 and 2012. Our hypothesis is that during the gen-
eration of PWs in the troposphere a large scale disturbance is
responsible for the southward extension of the PW activity.

5 Conclusions

MF- and meteor radar winds at selected locations, global
satellite measurements and assimilated model data have been
used to investigate the impact of PWs on the latitudinal dis-
placement of SSWs. A comparison was shown of the latitu-
dinal structure of the zonal wind, temperature, PW activity

and stationary wave flux between the normal polar domi-
nated SSW in 2006 and the southward displaced SSWs in
2009, 2010 and 2012. The continuous westward wind band
between the pole and 20◦ N as well as the southward spread
warming in the stratosphere during the three exceptional
warmings occur due to the equatorward stationary wave flux
from polar latitudes to 30◦ N.

The cold stratospheric temperatures at mid-latitudes be-
fore the displaced warmings are not connected with a
changed wave flux before the warming. In general, during
the displaced events in 2009, 2010 and 2012 an increased
PW wave activity (transient and stationary) between 30◦ N
and 50◦ N compared to that in 2006 is observed.

We also found a hint for a connection of the latitudinal
displacement of SSWs and the QBO phase.

An effect that occurs beside these differences is a mid-
latitudinal warming in the mesosphere around the SSWs dur-
ing all displacement events considered in this study. This is
caused by an increased stationary wave 1 activity between
30◦ N and 50◦ N in the mesosphere around the warmings.

In addition, during all events considered in this study an
equatorward movement of the stratospheric warming and a
downward progression of the zonal wind and temperature
changes is observed.

This study does not only reveal latitudinal differences but
also longitudinal variability in both, wind and temperature
observations. These longitudinal differences seem to arise
from the phasing of stationary and transient waves. At this
point further investigations are needed to fit local measure-
ments and zonal mean observations better together with cir-
culation models into the global context. This issue will be
considered in a future work.
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Krüger, K., Li, J.-L. F., Mlynczak, M. G., Pawson, S., Russell,
J. M., Santee, M. L., Snyder, W. V., Stek, P. C., Thurstans, R. P.,
Tompkins, A. M., Wagner, P. A., Walker, K. A., Waters, J. W.,
and Wu, D. L.: Validation of the Aura Microwave Limb Sounder
temperature and geopotential height measurements, J. Geophys.
Res., 113, D15S11, doi:10.1029/2007JD008783, 2008.

Shepherd, M., Wu, D., Fedulina, I., Gurubaran, S., Russell, J.,
Mlynczak, M., and Shepherd, G.: Stratospheric warming effects
on the tropical mesospheric temperature field, J. Atmos. Solar-
Terr. Phys., 69, 2309–2337, doi:10.1016/j.jastp.2007.04.009,
2007.

Shepherd, M. G., Cho, Y., Shepherd, G. G., Ward, W., and Drum-
mond, J. R.: Mesospheric temperature and atomic oxygen re-
sponse during the January 2009 major stratospheric warming, J.
Geophys. Res., 115, A07318, doi:10.1029/2009JA015172, 2009.

Singer, W., Hoffmann, P., Manson, A. H., Meek, C. E., Schmin-
der, R., K̈urschner, D., Kokin, G. A., Knyazev, A. K., Portnya-
gin, Y. I., Makarov, N. A., Fakhrudtinova, A. N., Sidorov, V. V.,
Cevolani, G., Muller, H. G., Kazimirovsky, E. S., Gaidukov,
V. A., Clark, R. R., Chebotarev, R. P., and Karadjaev, Y.: The
wind regime of the mesosphere and lower thermosphere dur-
ing the DYANA campaign – I. Prevailing winds, J. Atmos.
Terr. Phys., 56, 1717–1729, doi:10.1016/0021-9169(94)90006-
X, 1994.

Singer, W., Bremer, J., Hocking, W. K., Weiss, J., Latteck, R.,
and Zecha, M.: Temperature and wind tides around the summer
mesopause at middle and Arctic latitudes, Adv. Space Res., 31,
2055–2060, doi:10.1016/S0273-1177(03)00228-X, 2003.

Stober, G., Jacobi, C., Matthias, V., Hoffmann, P., and Gerd-
ing, M.: Neutral air density variations during strong plane-
tary wave activity in the mesopause region derived from me-
teor radar observations, J. Atmos. Solar-Terr. Phys., 74, 55–63,
doi:10.1016/j.jastp.2011.10.007, 2012.

Tomikawa, Y., Sato, K., Watanabe, S., Kawatani, Y., Miyazaki, K.,
and Takahashi, M.: Growth of planetary waves and the forma-
tion of an elevated stratopause after a major stratospheric sudden
warming in a T213L256 GCM, J. Geophys. Res.: Atmospheres,
117, D16101, doi:10.1029/2011JD017243, 2012.

Torrence, C. and Compo, G. P.: A practical guide to wavelet
analysis, B. Am. Meteorol. Soc., 79, 61–78, doi:10.1175/1520-
0477(1998)079<0061:APGTWA>2.0.CO;2, 1998.

Tunbridge, V. M., Sandford, D. J., and Mitchell, N. J.: Zonal wave
numbers of the summertime 2 day planetary wave observed in
the mesosphere by EOS Aura Microwave Limb Sounder, J. Geo-
phys. Res., 116, D11103, doi:10.1029/2010JD014567, 2011.

Waters, J. W., Froidevaux, L., Harwood, R. S., Jarnot, R. F., Pickett,
H. M., Read, W. G., Siegel, P. H., Cofield, R. E., Filipiak, M. J.,
Flower, D. A., Holden, J. R., Lau, G. K., Livesey, N. J., Man-
ney, G. L., Pumphrey, H. C., Santee, M. L., Wu, D. L., Cuddy,
D. T., Lay, R. R., Loo, M. S., Perun, V. S., Schwartz, M. J., Stek,
P. C., Thurstans, R. P., Boyles, M. A., Chandra, K. M., Chavez,
M. C., Chen, G.-S., Chudasama, B. V., Dodge, R., Fuller, R. A.,
Girard, M. A., Jiang, J. H., Jiang, Y., Knosp, B. W., LaBelle,
R. C., Lam, J. C., Lee, K. A., Miller, D., Oswald, J. E., Patel,
N. C., Pukala, D. M., Quintero, O., Scaff, D. M., Van Snyder,
W., Tope, M. C., Wagner, P. A., and Walch, M. J.: The Earth
Observing System Microwave Limb Sounder (EOS MLS) on
the Aura Satellite, IEEE T. GRS, 44, 5, D18108, 1075–1092,
doi:10.1109/TGRS.2006.873771, 2006.

Wu, D. L., Hays, P. B., and Skinner, W. R.: A Least
Squares Method for Spectral Analysis of Space-Time Se-
ries, J. Atmos. Sci., 52, 3501–3511, doi:10.1175/1520-
0469(1995)052<3501:ALSMFS>2.0.CO;2, 1995.

Ann. Geophys., 31, 1397–1415, 2013 www.ann-geophys.net/31/1397/2013/

http://dx.doi.org/10.1175/1520-0469(1971)028%3C1479:ADMOTS%3E2.0.CO;2
http://dx.doi.org/10.1016/j.jastp.2012.04.004
http://dx.doi.org/10.1029/2010JD014719
http://dx.doi.org/10.1029/JD092iD05p05627
http://dx.doi.org/10.5194/angeo-27-1763-2009
http://dx.doi.org/10.5194/angeo-27-1763-2009
http://dx.doi.org/10.1016/j.jastp.2007.07.012
http://dx.doi.org/10.1175/JAS3702.1
http://dx.doi.org/10.1029/2009JD013501
http://dx.doi.org/10.1016/j.jastp.2008.09.027
http://dx.doi.org/10.1175/1520-0469(1985)042%3C0217:OTTDPO%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1985)042%3C0217:OTTDPO%3E2.0.CO;2
http://dx.doi.org/10.1175/JCLI-D-11-00015.1
http://dx.doi.org/10.1029/2007JD008783
http://dx.doi.org/10.1016/j.jastp.2007.04.009
http://dx.doi.org/10.1029/2009JA015172
http://dx.doi.org/10.1016/0021-9169(94)90006-X
http://dx.doi.org/10.1016/0021-9169(94)90006-X
http://dx.doi.org/10.1016/S0273-1177(03)00228-X
http://dx.doi.org/10.1016/j.jastp.2011.10.007
http://dx.doi.org/10.1029/2011JD017243
http://dx.doi.org/10.1175/1520-0477(1998)079%3C0061:APGTWA%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1998)079%3C0061:APGTWA%3E2.0.CO;2
http://dx.doi.org/10.1029/2010JD014567
http://dx.doi.org/10.1109/TGRS.2006.873771
http://dx.doi.org/10.1175/1520-0469(1995)052%3C3501:ALSMFS%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1995)052%3C3501:ALSMFS%3E2.0.CO;2


V. Matthias et al.: Latitudinal displacement of SSWs 1415

Yoo, J.-M., Won, Y.-I., Jeong, M.-J., Kim, K.-M., Shin, D.-B., Lee,
Y.-R., and Cho, Y.-J.: Intensity of Climate Variability Derived
from the Satellite and MERRA Reanalysis Temperatures: AO,
ENSO, and QBO, J. Atmos. Solar-Terr. Phys., 95–96, 1364–
6826, doi:10.1016/j.jastp.2013.01.002, 2013.

www.ann-geophys.net/31/1397/2013/ Ann. Geophys., 31, 1397–1415, 2013

http://dx.doi.org/10.1016/j.jastp.2013.01.002

