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Abstract

The period January–February 2008 was characterized by four Sudden Stratospheric Warmings (SSWs) in the Northern Hemisphere,
of which the last warming, at the end of February 2008, was a major warming. A significant decrease in mesospheric water vapour (H2O)
of more than 2 ppmv (�40%) was observed by the ground-based microwave (GBMW) radiometer in Seoul, S. Korea [37.3�N,126.3�E]
during the major SSW. A comparison with ground-based mesospheric H2O observations from the mid-latitude station in Bern
[46.9�N,7�E] revealed an anticorrelation in the mesospheric H2O data during the major SSW. In addition, prior to the major warming,
strong periodic fluctuations were recorded in the Aura MLS vertical temperature distribution between 15 and 0.05 hPa at Seoul. The
mesospheric temperature oscillation was found to have a period of �10–14 days with a persistency of 3–4 cycles.

The observed anticorrelation in mesospheric H2O between the stations in Seoul and Bern is associated with an increased meridional
flow. Trajectory calculations give evidence that H2O-rich subtropical air had moved to Bern during the major SSW while H2O-poor
polar air was transported to Seoul.

The results shown in this study are a possible indication of a strong coupling between the dynamic regimes of the low- and the high-
latitude regions during SSWs.
� 2011 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Sudden Stratospheric Warmings (SSWs) are characteris-
tic winter phenomena mainly occurring in the Northern
Hemisphere, where the high latitude stratospheric temper-
ature rises abruptly by several tens of degrees, accompa-
nied by a deceleration or reversal of the winter westerly
(E-ward) jet, the latter being assigned as a major SSW.
The widely accepted mechanism for SSWs is the vertical
propagation of planetary waves (PWs), primarily zonal
wave numbers 1 and 2, and their non-linear interaction
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with the zonal mean flow, causing deceleration or reversal
of the E-ward winds in the stratosphere and mesosphere.
The deceleration of the westerly winds leads to downwel-
ling and adiabatic heating of stratospheric air. Coinciden-
tal upwelling in the mesosphere induces a mesospheric
cooling (Matsuno, 1971; Liu and Roble, 2002).

Clear signatures of mesospheric cooling during SSWs
were reported by Walterscheid et al. (2000), Siskind and
Coy (2005), and Hoffman et al. (2007). Citations following
Siskind et al. (2010) explain that stratospheric wind shears
during the SSW suppress the upward propagation of
gravity waves into the mesosphere. The reduced breaking
of mesospheric gravity waves leads to mesospheric cooling
via a reduced wave-induced downwelling (Garcia et al.,
1994). Hoffman et al. (2007) also found that the onset of
the mesospheric cooling, accompanied by a reversal of
rved.
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the mesospheric circulation from E-ward to W-ward winds
during the major SSW in 2005/2006, occurred some days
before the changes in the zonal circulation in the strato-
sphere, indicating a downward propagation of the circula-
tion disturbances from the mesosphere-lower thermosphere
(MLT) region to the stratosphere during the SSW events.
Mbatha et al. (2010) observed a similar reversal of the
mean zonal wind at the MLT approximately 7 days before
the reversal at 10 hPa, during the Southern SSW in Sep-
tember 2002.

Although the strong stratospheric–mesospheric cou-
pling during these extreme winter events has been recogni-
sed and extensively studied, only a small number of studies
investigated the low-latitude stratospheric–mesospheric
system response to SSWs. Pancheva et al. (2008) performed
a study on the latitudinal wave coupling of the stratosphere
and mesosphere during the major SSW in 2003/2004, and
found an inverse relationship between the variability of
the zonal mean flows at the high and low-latitude strato-
sphere related to the SSW. They found that this inverse
relationship is produced by global-scale zonally symmetric
waves (PWs with zonal wave number 0) with periods of
�22–23, �16 and �11 days. Sathishkumar et al. (2009)
investigated the dynamical response of the low-latitude
middle atmosphere to major SSWs by a comparison of
the zonal mean temperature and zonal winds at 8.75�N
and 60�N for the winters 1995–1996 (no SSW), 1998–
1999, 2003–2004, 2005–2006 (SSW winters), and found a
change of wind direction from E-ward to W-ward at
8.75�N several days before the onset of the SSWs. These
winds then slowly decelerated and reversed to weak E-ward
winds again, which then persisted during the SSW events.

This study discusses the response in Seoul, S. Korea
[37.3�N, 126.3�E] to the warming events in January–
February 2008. The paper is organised as follows: In
Section 2 we will describe the different datasets used. Sec-
tion 3 provides an overview of the most important charac-
teristics of the SSWs in January and February 2008 while
the observations obtained in Seoul are presented and ana-
lysed in Section 4.

2. Data

Temperature, wind and potential vorticity data were
provided by the European Centre for Medium-Range
Weather Forecasts (ECMWF). The ECMWF T799L91
reanalyses data used here, is processed on a
1.125� � 1.125� latitude–longitude grid, between 1000 and
0.01 hPa, and with a 6 h time resolution (0, 6, 12 and 18
UTC). Information and publications on the ECMWF anal-
ysis data are available at http://www.ecmwf.int/publica-
tions/.

Direct measurements of temperature and H2O profiles
were taken from the Microwave Limb Sounder (MLS)
onboard the Aura satellite (Waters et al., 2006). MLS mea-
sures the microwave thermal emission from the Earth’s
limb and delivers vertical profiles from the upper tropo-
sphere up to the mesosphere for a range of gas phase atmo-
spheric species, temperature and cloud ice density. The v2.2
H2O data product is available between 316 and 0.001 hPa,
with a single-profile precision of �0.2–0.3 ppmv (4%–9%),
and a vertical resolution of �3–4 km in the stratosphere.
The precision and vertical resolution deteriorate with
increasing height above the stratopause. Over the pressure
range 0.1–0.01 hPa the precision degrades from 0.4 to
1.1 ppmv (6%–34%), and the vertical resolution degrades
to �12–16 km (Lambert et al., 2007). Aura MLS tempera-
ture profiles have a precision of 1 K or better from 316 hPa
to 3.16 hPa, degrading to �3 K at 0.001 hPa. The vertical
resolution is 3 km at 31.6 hPa, degrading to 6 km at
316 hPa and to �13 km at 0.001 hPa (Schwartz et al.,
2008).

The Seoul Water vapour RAdiometer (SWARA) is a
GBMW radiometer and has been operational in Seoul
since November 2006. It is a joint project of the University
of Bern, Switzerland, and the Sookmyung Women’s Uni-
versity of Seoul, S. Korea. SWARA measures the
22 GHz emission line of H2O and delivers profiles between
1 and 0.01 hPa. Its time resolution varies from hours in
winter up to weeks during summer. SWARA data has a
precision of 7% at 1 hPa, decreasing to 14% at 0.1 hPa
and 17% at 0.03 hPa. A detailed description of the calibra-
tion, retrieval and validation with Aura MLS is given by
De Wachter et al. (2011). The validation study shows differ-
ences between SWARA and Aura MLS of better than 2%
between 1 and 0.2 hPa, then declining nearly linearly to
�14.5% between 0.2 and 0.01 hPa.

Complementary to the Korean-stationed H2O radiome-
ter, the University of Bern has been operating the MIddle
Atmospheric WAter vapour RAdiometer (MIAWARA)
in Bern [46.9�N,7.5�E] since 2002 (Deuber et al., 2004).
MIAWARA is operated as an NDACC (Network for the
Detection of Atmospheric Composition Change) instru-
ment, and delivers middle atmospheric H2O profiles
between 10 and 0.01 hPa as well as tropospheric profiles
(Haefele and Kämpfer, 2010). A detailed intercomparison
of five 22 GHz ground-based instruments, including
SWARA and MIAWARA, was performed by Haefele
et al. (2009).

3. Characteristics of the SSWs in January–February 2008

An overview of the stratospheric conditions in the
Northern Hemisphere, from January to March 2008, is
given by the ECMWF temperature, wind and potential
vorticity data, presented in Figs. 1 and 2.

Fig. 1 shows the latitude-time cross sections of the zonal
means of temperature and zonal wind at 10 hPa (�32 km),
and of the zonal and meridional wind at 1 hPa (�48 km).
The latitude-circle of Bern (47�N) and Seoul (37�N) are
marked by the black horizontal lines.

The beginning of 2008 was characterized by four SSW
events (Fig. 1 (a)); three minor SSWs during late January,
early February and (less pronounced) in mid February, and

http://www.ecmwf.int/publications/
http://www.ecmwf.int/publications/


Fig. 1. Latitude–time cross section between 10�N and 89�N of ECMWF
zonal mean of: (a) temperature at 10 hPa, (b) zonal wind at 10 hPa, (c)
zonal wind at 1 hPa, and (d) meridional wind at 1 hPa. The horizontal
black lines mark the 37�N and 47�N latitude-circles of Seoul and Bern.
The onsets of the minor and major SSWs are indicated by the black
vertical lines.
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a major warming from 21 to 28 February, as also reported
by Flury et al. (2009), Wang and Alexander (2009) and
Alexander and Shepherd (2010).

The zonal wind at 10 hPa (Fig. 1 (b)) clearly visualizes
the strong E-ward winter jet at high latitudes in January
and February, with velocities up to 70 m/s, and the reversal
of these E-ward winds during the major SSW. At lower lat-
itudes, a reversal of the weak E-ward wind at 20�–45�N
was recorded from 12 January to 6 February. In addition,
one can see a strengthening of the weak E-ward wind after
the onset of the major SSW.

At 1 hPa (Fig. 1 (c)), a reversal of the zonal wind is clearly
visible for latitudes > 50�N during all (minor and major)
SSWs. At latitudes between 30� and 45�N, the weak E-ward
flow reverses only during the first SSW. One can see a
strengthening of the E-ward flow in mid February for the
duration of 2 weeks, and a second increase after the onset
of the major SSW. Pancheva et al. (2008) found an inverse
relation between the zonal mean flow reversal at high lati-
tudes and the strengthening of the E-ward zonal mean flow
at low-latitudes at 1 hPa for the major SSW in 2003–2004.
The same behaviour is noted here during the major warming,
with the exception that the strengthening of the E-ward low-
latitude winds starts a few days later than the onset of the
high-latitude wind reversal from E-ward to W-ward.

For the meridional winds at 1 hPa (Fig. 1 (d)), a note-
worthy wind flow is evident with strong S-ward motion for
latitudes > 50�N and strong(er) N-ward motion at low-
latitudes during the SSWs. Note that the strong S-ward flow
at high latitudes starts several days before the SSWs with
maxima at the onset of the SSW. To the Author’s knowledge
there are currently no studies that have reported the detec-
tion of similar meridional flow patterns at stratopause level.
The majority of reports on meridional wind observations
during SSWs are from localised MLT meridional wind mea-
surements by MF and HF radars.

The SSWs of January–February 2008 are polar vortex
displacement events. Fig. 2 shows ECMWF potential vor-
ticity (PV) maps at the 600 K and 850 K isentrope
(�25 hPa and �10 hPa) for 11, 21 and 28 February 2008
(top to bottom). The locations of Bern and Seoul are indi-
cated by the white dots. A clear displacement of the polar
vortex towards central Europe is observed, with a simulta-
neous weakening of the vortex. At 850 K the vortex had
dispersed by 28 February into a spiral-structured filament.

Flury et al. (2009) performed a detailed study of the
response at mid latitudes to the major SSW, when the polar
vortex shifted over Bern on 19 February. Investigation of
the TIMED/SABER data showed a clear stratospheric
warming over Bern accompanied by a cooling in the lower
stratosphere and mesosphere. Simultaneously, a depletion
in stratospheric O3 and an enhancement of stratospheric
and mesospheric H2O were captured by the ground-based
observations in Bern. Goncharenko and Zhang (2008)
investigated the response of the warming events in
January 2008 in the ion temperature from observations
obtained by the Millstone Hill incoherent scatter radar
(42.6�N, 228.5�E). They identified alternating regions of
warming in the lower thermosphere and cooling above
150 km altitude, suggestive of a strong coupling from the
lower atmosphere to the ionosphere during the (minor)
warming events.

This section gave an overview of the overall characteris-
tics of the SSWs in January–February 2008. Observations
of the effects of SSWs at low-latitudes are sparse; the fol-
lowing section therefore outlines the response to the SSW
events at the low-latitude station in Seoul, S. Korea.

4. Observations in Seoul [37.3�N,126.3�E] in January–

February 2008

Fig. 3 shows the Aura MLS temperature profiles in
Seoul between 30 and 0.001 hPa for the same time period
as Fig. 1. The Aura MLS profiles are selected within



Fig. 2. ECMWF Potential Vorticity [PVU] maps at the (left) 600 K (�25 hPa) and (right) 850 K isentropic level (�10 hPa) for 11, 21 and 28 February
2008. The white dots pinpoint Bern and Seoul.

Fig. 3. Aura MLS temperatures over Seoul between 30 and 0.001 hPa, for
January–March 2008. The vertical lines indicate the onset of the SSWs, as
in Fig. 1.
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±200 km in latitude and ±400 km in longitude from the
observation site. A mesospheric cooling of �10–20 K for
pressures 6 0.01 hPa was recorded during mid-January,
before the onset of the first minor warming, and at the
end of the major SSW. Very pronounced are the strong
oscillations between 10 and 0.05 hPa, from 11 January to
21 February (start of the major SSW). A wavelet-like anal-
ysis was applied to these timeseries, which followed the
analysis described in Hocke (2009). In brief, first the tem-
perature data is interpolated to a regular grid with a 6 h
resolution. Then a bandpass-filtering is applied for periods
between 0.6 to 20 days, with a varying stepsize ranging
from 0.05 to 0.2 days. The amplitude of a period is corre-
spondingly derived from the running average (integral)
computed for the absolute values of the bandpass-filtered
series, multiplied by p/2. The results for the Aura MLS
temperature at 0.15 hPa is given in the left plot of Fig. 4,
and shows a clear peak in amplitude of 10 K for a period
�10–14 days. These signatures of PW activity start in Jan-
uary and cease at the onset of the major SSW.

Following the aforementioned wavelet-like analysis, the
periodicities in the mesospheric H2O data at 0.19 hPa were
investigated. Peak amplitudes of 0.45 ppmv were found for
periods �6–10 days during the major SSW and are



Fig. 4. Dynamic amplitude spectra, between January and April 2008, of [left] Aura MLS temperature over Seoul at 0.15 hPa, and of [right] SWARA H2O
VMR at 0.19 hPa.
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Fig. 5. (a) H2O volume mixing ratio [ppmv] at 0.1 hPa, observed by the
GBMW radiometers in Bern (black) and Seoul (red). (b) Timeseries of
Aura MLS H2O (grey) at 0.1 hPa at Seoul [left] and Bern [right] compared
to the ground-based H2O observations (red and black resp). Aura MLS
data is convolved with the averaging kernels of the ground-based
instruments. ECMWF potential vorticity values [in PVU] at 10 hPa are
given for both sites by the blue dashed line [right y axis], corresponding to
the 850 K isentropic level maps shown in Fig. 2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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displayed in the right plot of Fig. 4. The same periods were
observed in the Aura MLS H2O data, with an amplitude of
�0.35 ppmv (not shown here). Hence, indication of PW
activity is found in the mesospheric H2O at low latitudes
during the major SSW, although it is difficult to be conclu-
sive about these results. Coinciding H2O oscillations with
periods �10–14 days are not found during the time of the
observed temperature oscillation. The strong temperature
oscillation belongs to the alternating pattern of warming
and cooling around the stratopause (Fig. 3). If the temper-
ature oscillation is caused by adiabatic expansion and com-
pression it is clear that the volume mixing ratio (VMR) of
H2O cannot show a coincident oscillation.

Fig. 5 (a) shows the timeseries of H2O at 0.1 hPa
observed by SWARA in Seoul. Simultaneously, the H2O
distribution at 0.1 hPa observed by MIAWARA in Bern
is shown in black. To validate these results, the Aura
MLS H2O observations for the two locations are given
in grey in Fig. 5 (b). Here the Aura MLS data is taken
according to the same criteria mentioned above for the
temperature profiles, and the Aura MLS data is convolved
with the averaging kernels of the ground-based instru-
ments to account for the differing resolution between the
satellite and ground-based data. There is a good agree-
ment between the observations, with only a small bias
for the Seoul data. However, the same overall variations
in H2O are captured by the satellite and ground-based
instruments.

Returning to Fig. 5 (a), there exists a clear anticorrela-
tion in the mesospheric H2O observations, which is sugges-
tive of a wave one-like pattern. From the Seoul
measurements a decrease of �3 ppmv (�40%) is observed
in February 2008, reaching a minimum during the major
SSW. In Bern, an increase of �1.5 ppmv is observed, as
previously reported by Flury et al. (2009). In Fig. 5 (b),
overlaid in blue is the ECMWF PV at 10 hPa. We see a
clear correlation between H2O VMR and PV over Bern
during the major warming. Also during the first 2 minor
warmings, PV values are enhanced over Bern. As can be
seen from the PV maps shown in Fig. 2, PV values over
Seoul are hardly varying.

A trajectory analysis was conducted to explain the ori-
gin of these airmasses. Herewith, the TomTom model (Flu-
ry et al., 2008) was used, a trajectory model developed at
the University of Bern, which interpolates ECMWF wind
data on the air parcel location. Under the assumption of
isentropic motion, the air mass is traced with a time resolu-
tion of 1 h.

Fig. 6 shows the backward trajectories, calculated at the
3200 K isentrope (�0.1 hPa), arriving at Seoul and at
ECMWF grid points in a 1.125� square around Seoul,
for different days in February 2008, at midnight ±12 h,



Fig. 6. Three-day backward trajectories arriving at Seoul and at locations in a 1.125� grid around Seoul, calculated on the 3200 K [�0.1 hPa] isentrope by
the TomTom model, for different days ±12 h, every 6 h. Here the different runs are shown for 10 and 11 February 2008 [top], 15 and 16 February 2008
[middle], and 23 and 24 February 2008 [bottom]. The red line corresponds to the trajectory arriving at midnight at Seoul. The black dots are placed at 24 h-
intervals and label the pressure level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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every 6 h. The grey trajectories correspond to the different
location and time offsets, the red line corresponds to the
trajectory arriving at midnight at Seoul.

From the two top figures it is visible that the air mass
follows the E-ward jet on 10 and 11 February (no SSW),
as one would assume. Backward trajectories calculated
during the major SSW and the subsequent H2O decrease
(15–16 and 23–24 February) are of polar origin (Fig. 6,
middle and bottom). This indicates a meridional trans-
port of H2O-poor air from the polar region to Seoul
during the polar vortex displacement, explaining the sud-
den decrease of H2O VMR observed by SWARA at
Seoul (Fig. 5).

In contrast, for 19 and 20 February (not shown here),
the trajectories follow the E-ward jet, corresponding to
when an increase in H2O VMR is observed to nominal
values of �6 ppmv, as shown in Fig. 5.

Flury et al. (2009) performed trajectory analysis to
explain the increase in H2O at Bern and found that the
air was of subtropical origin where the H2O VMR was
greater than over Bern.

5. Conclusion

SSW are dynamic phenomena with a strong coupling
between the stratosphere and (lower) mesosphere. This
study captured the overall characteristics of the SSWs
during the winter of January–February 2008, and the
response to these warmings in Seoul, S. Korea, where
PW activity with a period �10–14 days was observed in
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the mesospheric temperature prior to the major warming in
mid February 2008, and periodic oscillations with a period
�6–10 days were found in the mesospheric H2O data dur-
ing the major SSW. A decrease in mesospheric H2O of
�40% was observed in Seoul during the major warming,
while an H2O enhancement was observed in Bern. Trajec-
tory analysis showed that during the major SSW, when
the polar vortex shifted towards central Europe, polar mes-
ospheric air was brought to Seoul, while the enhanced H2O
air arriving at Bern was of subtropical origin. These signa-
tures indicate strong coupling between the dynamic regimes
of the low- and high-latitudes regions during boreal SSW
events.
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