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Abstract. The AURA-MLS daily mean temperatures and
zonal wind from NASA-MERRA reanalysis for latitudes be-
tween 60◦ N and 80◦ N are used to investigate the plane-
tary wave (PW) characteristics in the stratosphere and lower
mesosphere during sudden stratospheric warming (SSW)
(November 2008 to March 2009). Here, we used a novel
method called empirical mode decomposition (EMD) to ex-
tract the PWs from the temperature data. The EMD is an
interesting approach to decompose signals into locally pe-
riodic components, the intrinsic mode functions (IMFs), and
will easily identify the embedded structures, even those with
small amplitudes. The spectral analysis reveals prevailing
planetary wave periods of∼6-day, ∼8-day, ∼15-day, and
∼21–23-day in IMFs 1, 2, 3, and 4, respectively. Clear up-
ward propagation of these waves (20–30 days) is observed,
suggesting that sources for these oscillations are in the tropo-
sphere.

Keywords. Meteorology and atmospheric dynamics (Mid-
dle atmosphere dynamics)

1 Introduction

The Northern Hemisphere (NH) winter stratosphere is char-
acterized by the occurrence of midwinter sudden warmings
(e.g., Labitzke, 1977, 1982). It involves considerable changes
of the background wind, temperature, planetary and gravity
wave activity and redistributes ozone and other chemicals in
high latitudes (Scherhag, 1960). Internal processes or pos-
sibly climate change effects could drive the occurrence of
such type of winters. The key mechanism behind the sudden

stratospheric warming (SSW), initially proposed by Matsuno
(1971) and now widely accepted, relates to the growth of up-
ward propagating transient planetary waves (PWs) and their
non-linear interaction with the zonal mean flow. Later, SSWs
are reasonably well characterized from observational data
sets (Labitzke and Naujokat, 2000; Hoffmann et al., 2002,
2007; Venkat Ratnam et al., 2004; Cho et al., 2004; Pancheva
et al., 2008) and also through modeling (Newman and Nash,
2004; Manney et al., 2008b).

In connection with SSWs, several studies have shown a
weakening and/or reversal of the dominating eastward di-
rected zonal winds in the mesosphere and lower thermo-
sphere region (Manson and Meek, 1991; Singer et al., 1992;
Jacobi et al., 2003; Dowdy et al., 2004). The PWs are large-
scale perturbations of the atmospheric dynamical structure
that extends coherently around a full longitude circle. These
PWs are a dominant part of the spatial and temporal variabil-
ity in the stratosphere, and make significant contributions at
higher latitudes in the mesosphere (Smith, 2003; Pancheva
et al., 2007). Recently, the NH stratospheric winter of 2009
was the most unusual winter, strongest and most prolonged
on record (Manney et al., 2009; Thurairajah et al., 2010;
Coy et al., 2011). During this event, the stratospheric vortex
split and had a more profound impact on the lower strato-
sphere than previously recorded SSWs. In general, during
the SSW event, stronger orographic and thermal forcing in
the NH leads to larger PW amplitudes and stronger wave
mean flow interactions (Andrews et al., 1987). PWs prop-
agating up from the troposphere can be focused into the
stratosphere, causing rapid mean flow changes due to recti-
fied nonlinear effects resulting in warming events (Matsuno,
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1971; Andrews et al., 1987). Charlton and Polvani (2007)
reported that during vortex splitting events the wind rever-
sals are longer, stronger, and extend deeper into the lower
atmosphere. In the present paper we report the PWs of 3–
30 days, which are present in the AURAMLS tempera-
ture, and NASA-MERRA reanalysis zonal wind data during
November 2008 to March 2009 (winter 2009). These PWs
are extracted using a relatively new and promising Empirical
Mode Decomposition (EMD) technique.

2 Database and analysis procedure

2.1 AURA MLS (MLS)

The Microwave Limb Sounder (MLS) is one of the four in-
struments aboard NASA’s EOS of the Aura satellite. It looks
forward from the Aura spacecraft and scans the Earth’s limb
vertically from the ground to∼90 km every 24.7 s. The ver-
tical scan rate varies with altitude, with a slower scan provid-
ing greater integration time in the lower regions (∼0–25 km).
The Aura satellite is sun-synchronized and is placed in a near
polar orbit at∼705 km. The satellite has a radiometer that re-
trieves temperature from the bands near the O2 spectral line
at 118 and 239 GHz. The details of the EOS MLS can be
found in Waters et al. (2006), Froidevaux et al. (2006) and
Schwartz et al. (2008). The temperature precision is typically
∼1 K at the stratospheric altitudes (Schwartz et al., 2008).
MLS satellite measures∼3500 vertical profiles per day along
the suborbital track. The effective horizontal resolution of
these MLS data is about 200 km (Schwartz et al., 2006). In
this study, we chose MLS version 3.3, level-2 in winter 2009
and each profile up to∼90 km along the orbit tracks, to 82
degree in each hemisphere.

2.2 NASA-MERRA (MERRA)

Required background wind information is taken from the
NASA’s Global model Assimilation Office (GMAO) atmo-
spheric global reanalysis project: Modern Era Retrospective-
Analysis for Research and Applications (MERRA). This re-
analysis is a 3D-Var assimilation system, the Grid-point Sta-
tistical Interpolation (GSI) scheme, and a variational bias
correction of satellite radiances (Rienecker et al., 2008;
Kleist et al., 2009). The assimilation system utilizes the God-
dard Earth Observing System model, Version 5 (GEOS-5;
Rienecker et al., 2011). The MERRA analysis, covering 1979
through the present, is produced over the period of observa-
tions where satellite observations are most reliable, with an
objective to improve upon the representation of the global
temperature and water cycle in the reanalysis. The MERRA
data set has horizontal resolution of 2/3 longitude× 1/2 lat-
itude with 42 vertical levels available at 6-h intervals. The
vertical resolution is 1 km starting at the 10 km altitude level
and increasing to∼2 km at the 60 km altitude level.

As mentioned earlier, mean flow and upward propaga-
tion planetary wave interactions seem to play a key role
in the initiation and progression of major SSWs (Matsuno,
1971). Such an event can strongly affect the entire middle
atmosphere, causing variations in the stratosphere. It is well
known that the time period preceding the onset of the SSW is
usually characterized by more than one type of PW present
concurrently in the stratosphere. It is shown that the observed
zonally symmetric PWs are related to this major SSW in win-
ter 2009. Therefore, we need to investigate which types of
waves are observed during the SSW period. In order to ex-
amine the most prominent PW characteristics in the strato-
sphere and lower mesosphere during the SSW event, we use
MLS temperature during winter 2009.

2.3 Empirical mode decomposition (EMD)

To investigate the PWs in the upper stratosphere and lower
mesosphere, a relatively new and promising EMD technique
has been performed on the temperature and zonal winds. The
EMD is a highly adaptive decomposition technique first in-
troduced by Huang et al. (1998, 1999, 2008). It decomposes
any complicated signal into so-called intrinsic mode func-
tions (IMFs), and leads to a clean representation of the sig-
nal by a few well behaved signal components. In addition,
this method is empirical because the local characteristic time
scales of the data themselves are used to decompose the time
series. The number of modes and frequencies of each mode
are inherently determined by these time scales (Coughlin and
Tung, 2004; Huang et al., 2012). This adaptive technique is
derived from the simple assumption that any signal consist-
ing of different IMFs should satisfy two conditions: (1) in the
whole data set, the number of extrema and number of zero
crossings are either equal or differ at most by one. (2) At
any point, the mean value of the envelope defined by local
maxima and the envelope defined by the local minima ap-
proach is zero (Huang et al., 1998). We construct upper and
lower envelopes by connecting all maxima or all minima with
cubic splines and subtract the mean of the upper and lower
envelopes from the original signal to get a component, and
these two characteristics are also the criteria for shifting pro-
cesses and stopping (Deng et al., 2009). The modes of oscil-
lation are the components that retain the features of natural
oscillations in the overall signal, independent of each other.
By integrating all the IMFs and the residue, the original sig-
nal is recovered. Deng et al. (2009) successfully detected the
small targets under complicated sea–sky backgrounds using
EMD method, and this method can decompose signal self-
adaptively and efficiently. The performance and limitations
of the EMD are discussed by Datig and Schlurmann (2004).
A more detailed discussion of IMF method, i.e., about local
maxima, local minima, envelopes and graphical representa-
tion of the IMF, are discussed in the later section.
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3 Results

Figure 1a shows the time series of daily zonal mean temper-
ature anomaly observed at various altitudes (32 km, 42 km,
52 km, and 62 km) representing the stratosphere and lower
mesosphere derived from MLS temperature over the latitude
range of 60–80◦ N during winter 2009. In addition, daily
zonal mean wind from MERRA reanalysis data set at 32 km
(10 hPa) over 60◦ N is shown in Fig. 1a. From Fig. 1a, the on-
set of the major SSW is at day 24 (24 January 2009) and it is
defined by the zonal mean zonal wind reversal at 10 hPa over
60◦ N latitude. These results are consistent with that reported
by Manney et al. (2009) that during the 2008–2009 winter,
a major warming occurred with reversal of zonal wind and
temperature gradient on 24 January 2009.

The temperature anomaly at 32 km and 42 km altitudes in
Fig. 1a shows gradual increase in the mid of January 2009
and it reaches maximum of∼40 K at 23 January 2009, fol-
lowed by an equally sharp fall in late January, and does not
recover to its typical levels until mid February. A sharp peak
in mid-January 2009 to highly anomalous values is noticed
in the mid-stratosphere, and a subsequent rapid drop in 60◦ N
zonal mean wind is observed, as also reported by Manney et
al. (2009). Thus, the major warming can be clearly identified
in the MLS temperature anomalies at the stratospheric alti-
tudes (32 km and 42 km), and temperature increases of about
∼40 K are observed. Similarly, Kurihara et al. (2010) using
NCEP reanalysis data showed a rapid increase of zonal tem-
perature of about 50 K at 10 hPa pressure level over 70◦ N.
Such a strong temperature variability during SSWs is tradi-
tionally linked to the presence of PWs and their interactions
with the circumpolar flow (e.g., Matsuno, 1971; Andrews et
al., 1987).

Figure 1b shows the latitudinal variability of the tempera-
ture perturbations at 32 km. Strong enhancement in the tem-
perature perturbations are observed between days 20 and
45 in all the latitudinal bands. The maximum temperature
anomaly is observed on 23 January 2009 in three latitude
bands (60◦ N, 70◦ N, and 80◦ N). Stronger positive tempera-
ture anomaly exists at high latitudes and decreases, moving
towards mid-latitudes. A slight delay in the enhancement is
also observed with respect to latitude, with first enhancing
at polar latitudes. This indicates that the major SSW in win-
ter 2009 has spread out into the middle-high latitudes.

The upper stratosphere and lower mesospheric daily zonal
mean temperature observed by the MLS, its anomalies, daily
zonal mean zonal wind observed by the MERRA, and zonal
wind anomalies over the latitude range 60–80◦ N, centered at
70◦ N as a function of time and height, are shown in Fig. 2.
The temperature and zonal wind anomalies are calculated at
each altitude level by removing the daily zonal means from
the winter climatology over the periods from November 2008
to March 2009. The vertically varying temporal evolution of
the composite SSW can be seen clearly from Fig. 2. The alti-
tude range between 20 and 70 km height is investigated. The
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Fig. 1. (a) Daily MLS temperature anomalies at 32, 42, 52, and
62 km altitude levels averaged for latitude range 60–80◦ N observed
during November 2008 to March 2009. Zonal mean zonal wind
from MERRA reanalysis over 60◦ N at 32 km altitude level is also
shown.(b) The latitudinal variability of the temperature anomaly at
32 km altitude level for the latitudes 50–80◦ N is shown.

daily mean temperature shows maximum near stratopause re-
gion (between 50 and 60 km). The stratopause temperature
is around 255 K in January 2009, and it slowly increases to
275 K by 20 January 2009. The warm layer plunges from
55 km to 30 km and it extends up to 20 km. The maximum
warm temperature is observed on 23 January between the 30
to 50 km altitude region. Quiroz (1971) suggested the strato-
spheric warming start in the upper stratosphere and move
down to the lower levels. The zonal wind reversal at 65 km
occurred on 21 January, 3 days earlier than at the 32 km
(10 hPa), and clearly propagated downward at the rate of
about 12 km per day. Earlier it was shown that the zonal mean
zonal wind reversal below 90 km that occurs around the same
time also propagates down to the stratosphere (Manney et al.,
2009). Beginning in January, the zonal wind was westerly be-
tween 30 and 65 km altitude and peaked around mid-January,
reaching a maximum of 65–70 m s−1, and then reversed to
easterly on 24 January 2009. The easterly winds were strong
at about 30–40 m s−1 between 30 and 60 km altitudes. There
is very good correlation between the warm temperatures ob-
served by MLS and zonal winds taken from MERRA during
this period. This behavior is consistent with that described
in other studies (e.g., Manney et al., 2008a, 2009; Coy et
al., 2011) as a manifestation of a major SSW (defined as
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Fig. 2. Time–altitude sections of the(a) MLS temperature,(b) temperature anomalies,(c) zonal mean zonal wind from MERRA reanalysis,
and(d) zonal wind anomalies centered over latitude range 60–80◦ N during November 2008 to March 2009. A thick solid black line represents
the zero wind.

having easterly winds down to 10 hPa at 60◦ N) during last
week of January 2009. A large temperature anomaly with re-
versed temperature gradient is observed (Fig. 2b) at days 10
(10 November 2008), 33 (1 December 2008), and 50 (mid
of December 2008). Another strong temperature gradient oc-
curred on 23 January 2009, lasting four weeks at 32 km al-
titude level. This disturbance was accompanied by rapid de-
celeration of the zonal mean wind anomaly (Fig. 2d), and
other three pulses wind reversals reached only up to 40 km.
The reversal wind (west ward) at 32 km (∼10 hPa pressure
level) continued up to day 150. The observed latitudinal de-
pendence of the wind reversal of eastward-directed winds
with reduced magnitudes towards the Equator was more pro-
nounced during SSW in 1998/99 (Hoffmann et al., 2002).

The IMFs of the MLS temperature anomaly data are
shown in Fig. 3. Starting from the top of each figure, the
original temperature anomaly (Po(t)) data, the IMF compo-
nents (1, 4, and 6) are plotted. For getting anomaly daily tem-
perature data during period November 2008 to March 2009,
between 60◦ N and 80◦ N are averaged. These averaged val-
ues are subtracted from every day’s temperature data at each
altitude level. The method of extraction of IMFs is briefly
described below. We first identify all the points of the local
maxima and local minima in the time series of the data set.
These are marked using blue and red dots, respectively, in
Fig. 3. We then create a positive (E+) envelope by spline
interpolation of the local maxima and the negative envelope
(E−) by spline interpolation of the local minima of the in-
put data set, shown as blue and red curves in Fig. 3. For this
analysis we used cubic spline interpolation, as suggested by

Huang et al. (1998). For each time instant, we compute the
mean (mo(t)) value using positive and negative envelopes.
The signal mean (mo(t)) is referred to as the envelope mean
and is in Fig. 3 with black bold line. This mean value is sub-
tracted from the data series to getP1(t) = Po(t)−mo(t). The
new time series (P1) is shown in Fig. 3 as mentioned as a
1st iteration. The new time series is further processed as in
the previous step to getP2(t) = P1(t) − m1(t). This process
is repeated m times once the mean of the envelope is close
enough to zero. Such anPm(t) is the first intrinsic mode
function denoted as IMF1. Originally Huang et al. (1998,
their Eq. 5.5) repeated these steps until integral condition
was satisfied. In later papers they adopted stopping criterion
based on the number extrema and zero crossings. After the
first IMF is found and subtracted from the original time se-
ries (Po(t)), the procedure is repeated to find the second IMF.
These steps are iterated until only a linear trend remains.

For the time series shown in Fig. 3, eight IMFs can be
extracted. In Fig. 4 for clarity we show the first four IMFs
of the data in the order they are extracted. It can be eas-
ily observed that all IMFs exhibit slow varying amplitudes
and frequencies. In order to investigate the gross characteris-
tics of oscillations with dominant periods, we applied Lomb
Scargle (L-S) periodogram analysis to the temperature data;
each IMF and resultant amplitude spectral plots are plotted
at right side of the Fig. 4. Compared to the other methods,
the L-S method weights the data on a per point basis in-
stead of a per time interval basis (Press et al., 1992). It scores
over conventional Fourier techniques because of its ability
to deal directly with time series having missing data, and its
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straightforward significance level regime (Fraser et al., 1993;
Lawrence et al., 1995). Figure 4 displays the dominant os-
cillations in the MLS temperatures over latitude range 60–
80◦ N at altitude 42 km during winter 2009, and the 95 %
confidence level is indicated with a dashed line. From the
L-S spectral plot four dominant periods are observed during
the SSW. The first IMF contains a 3.6-day period as most
dominant. The second IMF has broad periods with an av-
erage period of 6–8 days. Third IMF dominates with maxi-
mum amplitudes at∼14 day and∼17 day periods, and the
fourth IMF shows clearly longer periods, i.e., 20–32 day pe-
riods. Recently Mbatha et al. (2010) observed the PW peri-
ods less than 15 days (14-, 10-, and 5-day) during the SSW
using SANAE HF radar data sets. All these oscillations are
not shown in the original time series of data set (see top of
Fig. 4); and shows only 20–25 periods of oscillations dur-
ing the SSW. Similarly, analysis performed on the MERRA
zonal wind data over 60◦ N and 80◦ N at 42 km altitude level
showed the oscillations with 3.6-day, 9–11 day, 17–25 day,
and 25–32 day periods (figure not shown). When we com-
pared the winter 2009 SSW spectra to the other normal years

(figure not shown), we noticed that other years do not have
strong presence of the above mentioned PWs. All these prop-
agating waves have large amplitudes. It is worth mentioning
here that the decomposed oscillations are only a small part
of the whole PW spectrum. Similarly, Pancheva et al. (2007)
found three prevailing periods of∼23, 17 and 11 days with
large amplitudes in the zonal wind data of the NH strato-
spheric altitudes centered at 50–60◦ N in the winter 2003–
2004 using UK Met Office data sets.

Note that the dominant periods of the PWs observed dur-
ing the winter 2009 are provided above; however, it was not
clear exactly when these periods dominate. To provide the
time description of the PW periods as a function of domi-
nant periods and time, wavelet analysis was performed on
the MLS temperature and IMFs, as shown in Fig. 4, and the
resultant amplitudes are shown as contours in Fig. 5. The
wavelet transform is localized transform (relative to the over-
all transform of a given time-sequence used by the Fourier
transform) in both time and frequency (Kumar and Foufoula-
Georgiou, 1997). Figure 5 shows the wavelet amplitude spec-
tra calculated at 32 km and 42 km over the latitude range
60–80◦ N during the winter 2009 for the temperature and
first four IMFs. The 95 % confidence level is indicated with
black line. The analysis covers the wave periods between 3
to 30 days. When the wavelet is applied to the original MLS
temperature anomaly data, it shows clearly the dominant pe-
riods greater than 15 days, which maximizes near days 60–
100, and does not show any wave periods less than 15 days
at both altitude levels.

We further applied the wavelet analysis for the first four
IMFs at 32 km and 42 km altitude levels. Four dominant
wave periods during winter 2009 SSW are observed. The
first IMF shows the presence of 4–8-day wave, and its max-
imum amplitude at∼6 day on around day 50 (20 Decem-
ber 2008). In the second IMF, the waves with peak between
6–10 days, and the peak amplitude at∼8-day centered at
day 85 (24 January 2009), are observed. In the third IMF,
a clear peak between 13–18 days, and the maximum peak
at around∼15-day on day number 80 (19 January 2009), is
noticed. The fourth IMF period covers 17–24 day periods
and extends nearly two months during the observational pe-
riod, where its maximum amplitudes are observed one month
before and after the SSW event. The PWs with short peri-
ods, e.g., quasi-two-day wave characterized by bursts of ac-
tivity, vary on scales of several days (Pancheva, 2006; Ma-
linga and Ruohooniemi, 2007). At 42 km altitude level, the
maximum peaks at around∼3.6 day,∼8 day,∼15 day, and
∼21–23 day are observed during the winter 2009 for the four
IMFs, respectively. These are in agreement with the work of
Pancheva et al. (2008), the dominating wave periods of∼22–
23,∼16 day and∼11 day in the stratospheric heights using
UKMO zonal wind during 2003–2004 winter period. This
clearly indicates that the PW periods varied from 3–30 days
during the winter 2009 at stratospheric altitude levels. From
the figure, it is clear that temperatures on 13–25 day, together

www.ann-geophys.net/30/1529/2012/ Ann. Geophys., 30, 1529–1538, 2012
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Table 1.Planetary wave periods observed four different heights (32, 42, 52 and 62 km) using MLS temperature and MERRA reanalysis zonal
winds over the latitude range of 60–80◦ N during 2009 stratospheric warming period.

Planetary wave periods: MLS temperature (60◦ N–80◦ N)

Height (km) Data IMF1 IMF2 IMF3 IMF4

32.0 >15 days 4–8 days (∼6 day) 6–10 days (∼8 day) 13–18 days (∼15 day) 17–24 days (∼18 day)
42.0 >16 days 3–6 days (∼4 day) 6–10 days (∼8 day) 13–22 days (∼15 day) 18–28 days (∼22 day)
52.0 >25 days 4–7 days (∼5 day) 7–11 days (∼8 day) 10–25 days (∼15 day) –
62.0 >30 days 6–10 days (∼7 day) 8–12 days (∼10 day) 10–15 days (∼13 day) 16–24 days (∼18 day)

Planetary wave periods: NASA MERRA Zonal winds (60◦ N–80◦ N)

32.0 >15 days 4–6 days (∼5 day) 6–11 days (∼8 day) 13–21 days (∼15 day) 14–26 days (∼21 day)
42.0 >15 days 4–6 days (∼5 day) 6–10 days (∼8 day) 12–22 days (∼15 day) 16–26 days (∼21 day)
52.0 >10 days 4–8 days (∼6 day) 7–11 days (∼8 day) 12–23 days (∼15 day) 17–26 days (∼22 day)
62.0 >20 days 4–8 days (∼6 day) 7–13 days (∼10 day) 12–20 days (∼15 day) –

with waves on 20–30 day, indicate a seasonal pattern charac-
terized by enhanced wave activity in winter superimposed
by short-term fluctuations. We did the analysis for different
altitudes of MLS temperatures and their dominant periods
are tabulated in Table 1. We estimated the PWs using MLS

temperature, and MERRA reanalysis zonal wind for four al-
titude (32, 42, 52, and 62 km) levels. We observed bursts of
wave activity during SSW period and the maximum peak os-
cillations are shown in the parentheses in Table 1. A very
good comparison in the dominant central periods between
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Fig. 5. Contours of wavelet intensities as a function of frequency and time for the temperature anomaly and first four IMFs shown in Fig. 4
over latitude range 60–80◦ N at both 32 km (left panels) and 42 km (right panels) altitude levels.

the waves with MLS temperatures and MERRA winds can
be observed from the table. During SH winter, Dowdy et
al. (2004) observed a distinct change in the character of the
planetary-wave field associated with SSW events. This is
most likely due to the changes in the filtering by the strato-
spheric winds brought about by the wind reversal.

In order to investigate the gross characteristics of oscilla-
tions with periods 20–30 days, we applied Lomb-Scargle pe-
riodogram analysis to the time series of temperature anomaly
data sets during the winter 2009 period. Figure 6 shows the
amplitude and the corresponding phase in the altitude range
of 20–70 km over the latitude range of 60–80◦ N. The anal-
ysis covers the wave periods between 20–30 days. In this
process, we have estimated the confidence levels of the pe-
riodograms and only those spectral peaks with more than a
95 % confidence level are considered. The amplitude is less
than 4 K at 20 km altitude level, increases and maximizes
nearly at 30 km with amplitude of∼7 K. Above 30 km, its
amplitude remains around∼6 K and extends up to 42 km.

The minimum amplitude of about 2.5 K is observed at around
50 km altitude level. A clear downward phase progression in-
dicating upward wave propagation can be noticed. This indi-
cates that the sources for these waves are in the troposphere.

4 Conclusions

In the present study, we have investigated the PW activity in
the upper stratosphere and lower mesosphere over latitude re-
gion 60–80◦ N using MLS temperature and NASA-MERRA
zonal wind during the unprecedented major SSW that oc-
curred from November 2008 to March 2009. This SSW is
one of the major warmings, which occurred with reversal of
zonal wind on 24 January 2009 (Fig. 1a). This SSW is more
pronounced in the NH high latitudes, expanding to the mid-
dle latitudes∼50◦ N (Fig. 1b). During the SSW, the PWs
with periods between 3 and 30 days in both wind and tem-
peratures are observed (Fig. 4) using EMD technique. The
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Fig. 6. Profiles of(a) amplitude and(b) phase of 20–30 day waves
observed over 60–80◦ N latitude range during November 2008 to
March 2009.

EMD method is very effective; it decomposes the time sig-
nal and extracts the possible PW periods at each IMF. We
applied this method for different altitude levels (32, 42, 52,
and 62 km) and found PWs with dominant periods of∼4–
7 days in IMF1,∼8–10 days in IMF2, and∼13–15 day pe-
riods in IMF3. Similarly, we observed PWs in the MERRA
zonal wind, as clearly mentioned in Table 1.

The PW activity is enhanced in the upper stratosphere and
lower mesosphere region. The results show that an upward
propagating, 20–30 day planetary wave was present during
the SSW period (Fig. 6). In the present paper we have shown
that a number of PW features of middle atmosphere are
able to be extracted using EMD technique. The EMD sig-
nal processing algorithm has been established to perfectly
analyze for single dimension array (Huang et al., 1998).
Later, Sinclair and Pegram (2005), extended the EMD algo-
rithm into two-dimensional array and its application to radar
rainfall data, as well as examining temporal persistence in
the data at different spatial scales. This decomposition tech-
nique has also been extended to analyze two-dimensional
(2-D) data/images, which is known as bi-dimensional EMD
(BEMD), 2-D EMD and so on (Damerval et al., 2005; Xu
et al., 2006). We emphasize use of such techniques to ex-
tract the signals even with the small amplitudes. Further stud-
ies extending our analysis to the stratospheric warming and
mesospheric cooling events are required in order to general-
ize these results.
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