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Abstract
In the present communication, characteristics of mean winds and planetary waves in the mesosphere lower thermosphere 
(MLT) region during sudden stratospheric warming (SSW) events using observations from four meteor wind radars located 
at high, middle, low and equatorial latitudes are discussed. The response of the respective MLT regions to three SSW events 
that occurred during 2008–09, 2009–10 and 2011–12 winters are investigated. SSW signatures in the MLT zonal and meridi-
onal winds over the high latitude station Andenes ( 69.3◦ N, 16.0◦ E ) are found to have significant differences from event 
to event. Mean wind reversals in the high latitude MLT are found to be preceding the corresponding signatures at 60◦ N , 
10 hPa by a few days. Zonal and meridional wind reversals extend to the MLT region over the mid latitude location Socorro 
( 34.1◦ N, 106.9◦ W ). However, MLT region over the low latitude station Thumba ( 8.5◦ N, 77◦ E ) as well as the equatorial 
station Kototabang ( 0.2◦ S, 100.3◦ E ) are found to be having a minimal response as far as mean winds are concerned. Apart 
from mean winds, planetary wave activity in the MLT region over the observational sites are examined, which show a 
systematic progression of planetary waves from high to equatorial latitudes during major as well as minor SSW events. To 
elucidate the origin of the observed planetary waves in the MLT region, the stratospheric winds are analyzed. Results suggest 
that the observed planetary waves have originated in the high-mid latitude middle atmospheric region. The present study 
provides observational evidence for secondary planetary wave generation in the high-mid latitude middle atmosphere and 
their equatorial propagation in the MLT as predicted by previous numerical modelling studies. Significance of the present 
study lies in employing a network of meteor radar observations to investigate the SSW signatures in the MLT region over 
high, middle, low and equatorial latitudes, simultaneously.

1  Introduction

Climatological structure of the high latitude wintertime 
stratosphere is characterized by a strong eastward flow, 
which is attributed to the polar vortex, and a negative pole-
ward gradient of temperature. During some winters, the 
stratospheric polar vortex undergoes rapid weakening or 

disruption owing to the interaction of anomalously strong 
planetary waves (PWs) propagating from troposphere with 
the background stratospheric zonal flow (Labitzke 1971; 
Andrews et al. 1987). These extreme episodes called Sudden 
Stratospheric Warming (SSW) events result in warming up 
of the polar stratosphere by a few tens of degrees of Kelvin, 
which in turn results in the reversal of the poleward tempera-
ture gradient. In some occasions, the zonal wind reverses 
from eastward to westward direction. It is now known that 
quasi-stationary planetary waves from the troposphere, pre-
dominantly having zonal wavenumbers 1 and 2, interact 
with the eastward winds in the stratosphere (Matsuno 1971; 
Holton 1980) and transfer their energy and momentum to 
the background flow during wave breaking processes, which 
leads to the warming and wind reversal. Studies on histori-
cal records of stratospheric data reveal that such warmings 
form a climatological feature of the high latitude winter time 
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boreal stratosphere (Schoeberl 1978). Owing to the rela-
tively weak polar vortex over the Arctic as compared to that 
over the Antarctic, SSWs are more common over the former. 
As planetary wave activity in the winter hemisphere shows 
significant inter-annual variability and that their interactions 
with the background flow happen in complex ways, each 
SSW event is observed to be dynamically unique. Although 
a universal definition for SSW does not exist (Butler et al. 
2015), the most widely accepted one, followed by World 
Meteorological Organization (WMO), classifies SSWs into 
major and minor ones. Events which involve a reversal of 
zonal mean zonal wind at 60° N/S, 10 hPa along with a 
reversal of zonal mean temperature gradient poleward of 
60° N/S, 10 hPa are termed major, and those which do not 
involve a reversal of zonal mean winds are termed minor 
SSWs. The polar vortex can be either displaced off the pole 
or can be completely split into two (Charlton and Polvani 
2007) depending on whether the planetary wave involved is 
of wave number 1 or 2. Accordingly, SSW events are also 
classified as displacement type and split type SSWs.

Observational as well as numerical modeling studies 
have confirmed that wind reversal due to planetary wave 
interaction initially starts deep in the mesosphere over high 
latitudes, forming a critical layer near the zero wind line. 
This critical layer further descends with time reaching 
stratospheric heights where they produce drastic adiabatic 
warming around the 10 hPa level (Holton 1980). Following 
SSW events, westward winds in the winter polar stratosphere 
allow more eastward gravity waves to propagate upward (Liu 
and Roble 2002). These upward transmitted gravity waves 
provide substantial eastward forcing in the MLT region, 
thus reversing the prevailing winds. Using MF and meteor 
wind radar observations from Northern Hemispheric loca-
tions, Hoffmann et al. (2007) observed that strength of wind 
reversal in the mesosphere in association with SSW events 
diminishes from high to mid-latitudes. MLT winds were 
found to reverse, coincident with warming in the high lati-
tude stratosphere as observed by the MF radars at the mid-
latitude sites Wuhan (30o N, 114o E) and Langfang (39.4o 
N, 116.6o E) by Chen et al. (2012). Reversal of MLT winds 
at the mid latitude location Fort Collins (41o N, 105o W) 
was found to be linked with a disturbance originating from 
polar regions during the SSW event of 2009 (Yuan et al. 
2012). In a modeling study, Chandran and Collins (2014) 
observed that there is a warming in the 60–90 km height 
region above midlatitudes whereas there is a cooling below 
60 km. It was also noticed that there is a westward accelera-
tion of the zonal flow and a deceleration of the pole to pole 
flow in the midlatitude middle atmosphere. Using obser-
vations from a chain of eight SuperDARN radars at high 
latitudes, Stray et al. (2015) investigated the planetary wave 
response in the MLT region during SSW events. The authors 
noted that wavenumber 1 and 2 planetary waves enhanced 

approximately 5 days following wind reversals at 50 km and 
the enhancements were observed irrespective of the strength 
of the wind reversal in the high latitude stratosphere. Limpa-
suvan et al. (2016) emphasized the role played by PW in the 
MLT region in the formation of elevated stratopause follow-
ing SSW events as seen in the specified dynamics version 
of the Whole Atmosphere Community Climate Model (SD-
WACCM). It was elucidated that the westward propagating 
PWs with wavenumber 1, originated from the regions of 
easterly mean flow in the mesosphere resulting from SSW 
events.

Over low latitudes, reversal of background zonal and 
meridional MLT winds during SSW events is not very dra-
matic. Kishore Kumar et al. (2014) reported the influence of 
SSW events on the low latitude MLT winds. Most consist-
ently noted feature is the enhancement of semidiurnal tides/
oscillations (Pedatella and Forbes 2010; Paulino et al. 2012; 
Sathishkumar and Sridharan 2013; Koushik et al. 2018). 
High frequency planetary waves such as quasi 2-day waves 
were also found to enhance during boreal winters with SSW 
events (Lima et al. 2012; Koushik et al. 2018). Since winds 
in the low latitude MLT region significantly influence the 
ionosphere by means of dynamo mechanism, manifestations 
of SSW events in low latitude ionosphere are multifarious 
[For example modulation of equatorial electrojet (Sathishku-
mar and Sridharan 2013; Siddiqui et al. 2015, 2018), equa-
torial counter electrojet (Vineeth et al. 2009), variations in 
total electron content (Yadav et al. 2017; Goncharenko et al. 
2018) etc. Refer Chau et al. (2012) for a detailed review]. 
In addition, several studies demonstrated significant vari-
abilities in planetary and gravity wave activities in the low 
latitude MLT region during SSW events (Sathishkumar and 
Sridharan 2009). The interaction of these planetary waves 
in the MLT with tidal winds is found to be affecting the low 
latitude ionosphere system (Vineeth et al. 2009).

The propagation of PWs originating from high-mid lati-
tudes during SSW events into the low latitude stratosphere 
was found to be dependent on the phase of the stratospheric 
Quasi Biennial Oscillation (QBO) as reported by Chan-
dran and Collins (2014). In another study using WACCM, 
Chandran et al. (2013) identified secondary planetary waves 
being generated from high latitude mesosphere- lower 
thermosphere region following the minor warming event 
of January 2012. In their study, it was suggested that the 
baroclinic/barotropic instability of the background zonal 
flow was responsible for the generation of secondary plan-
etary waves. Using the extended version of SD-WACCM, 
Sassi and Liu (2014) noticed cross equatorial propaga-
tion of westward propagating planetary waves during 
and after the occurrence of an SSW event. Further, these 
authors have shown that predominantly upward propagat-
ing planetary wave activity, with periods ranging from 
2 to 10 days, acquired an equatorward component only 
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following substantial stratospheric disturbances such as 
SSWs. In another study using SD-WACCM, Limpasuvan 
et al. (2016) predicted the generation of 5–12 day PW in 
the high latitude MLT following major SSW events with 
elevated stratopause. Using a set of different observations, 
planetary waves corresponding to wavenumber 1 were noted 
to enhance in the low latitude mesospheric temperatures by 
Shepherd et al. (2007). PW generation by jet instabilities 
in the middle atmosphere has been demonstrated by sev-
eral studies (Plumb 1983; Hartmann 1983; Tomikawa et al. 
2012). Secondary planetary wave generation in the high lati-
tude mesosphere/MLT following SSW events was attributed 
to the baroclinic/barotropic instability resulting from the 
reversal of the stratospheric eastward winds by Chandran 
et al (2013). The authors classify waves observed in the mid-
dle atmosphere following the minor SSW of 2012 as long 
(period > 20 days), medium (period between 10 to 20 days) 
and short (period < 10 days) period waves.

From the above discussion, it is evident that the dynamics 
of the MLT region over high, mid and low latitudes are sig-
nificantly altered during SSW events. It follows from these 
studies that only a few of them explore the planetary wave 
activity simultaneously from high to equatorial latitudes in 
the MLT region following SSW events. In the present study, 
the mean winds and planetary wave activity in the MLT 
region using meteor radar observations from four locations 
representing high, middle, low and equatorial latitudes are 
investigated. The objective of the study is to analyze the 
variability of planetary wave activity in the respective MLT 
regions in response to SSW events and to discuss the pos-
sible source mechanism for the observed wave activity. The 
paper is organized as follows: Sect. 2 describes the meteor 
wind radar systems, data and analysis techniques used for 
the study. Discussion on climatological mean winds over 
the observation location precedes the observations of mean 
winds and planetary waves during SSW winters in Sect. 3. 
Section 4 discusses the possible source mechanism for the 
observations shown in Sect. 3. Concluding remarks are pro-
vided in Sect. 5.

2 � Data and methods

Meteor wind radar observations from four locations: 
Andenes ( 69.3◦ N, 16.0◦ E ), Socorro ( 34.1◦ N, 106.9◦ W ), 
Thumba ( 8.5◦ N, 77◦ E ) and Kototabang ( 0.2◦ S, 100.3◦ E ) 
are used as primary data for the present study. Figure 1 
denotes the geographical locations of the radar sites. The 
four meteor wind radars operate at frequencies 32.55 MHz 
(peak power 12  kW), 35.24  MHz (peak power 6  kW), 
35.25 MHz (peak power 40 kW) and 37.7 MHz (peak power 
12 kW), respectively. These multichannel coherent receiver 
pulsed radar systems are commercially known as all-SKY 

interferometric METeor (SKiYMET) radars. Details of the 
meteor detection algorithm and wind retrieval can be found 
in Hocking et al. (2001). Meteor radars at Andenes, Socorro 
and Thumba provide hourly zonal and meridional winds 
in the 82–98 km height region in 6 height bins, whereas 
the system at Kototabang has a vertical resolution of 2 km 
between 80 and 100 km. Monthly mean climatologies of 
zonal and meridional winds over the observation locations 
were constructed using the data spanning from Sep 2001 to 
Aug 2012, Dec 2008 to Apr 2012, Jun 2004 to Dec 2015 and 
Jan 2003 to Dec 2012, respectively. Data corresponding to 
the SSW periods are not excluded while constructing the 
climatologies, as they have negligible effects in the monthly 
means. For the present study, MLT observations during 
three SSW winters viz. 2008–09, 2009–10 and 2011–12 are 
utilized.

Stratospheric wind, temperature and planetary wave 
amplitude data used to describe the types of SSW events 
were obtained from the NASA online data service (https​
://acd-ext.gsfc.nasa.gov/Data_servi​ces/met/ann_data.html). 
Products in this data service are derived from Modern Era 
Retrospective Reanalysis for Research and Applications 
(MERRA) data. Major and minor SSW events were identi-
fied using the WMO definition. Central date of the SSW 
was chosen as the day of wind reversal at 60o N, 10 hPa. In 
case of the minor SSW of 2011–12, the day of maximum 
temperature gradient poleward of 60o N, 10 hPa was chosen 
as the central date. Analyses of stratospheric winds were 
carried out using the data obtained from European Centre 
for Medium-Range Weather Forecasts ERA-Interim data-
sets. Data archived at a horizontal resolution of 1.5◦ × 1.5◦ 
was downloaded from https​://www.ecmwf​.int/resea​rch/era/
do/get/index​. Details of the ERA-Interim datasets includ-
ing input data, model used and data assimilation methods 
involved are outlined in Dee et al. (2011).

Wavelet analysis technique is used to identify planetary 
wave signatures in the MLT region. This is a well-established 

Fig.1   Geographical locations of meteor radars employed for the 
study: (red) Andenes, (blue) Socorro, (green) Thumba and (magenta) 
Kototabang

https://acd-ext.gsfc.nasa.gov/Data_services/met/ann_data.html
https://acd-ext.gsfc.nasa.gov/Data_services/met/ann_data.html
https://www.ecmwf.int/research/era/do/get/index
https://www.ecmwf.int/research/era/do/get/index
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technique and is frequently being used especially to analyze 
time evolution of the frequency spectrum. More details of 
the wavelet technique can be found at Torrence and Compo 
(1998). For the present study, daily mean zonal winds at 
88 km are subjected to wavelet analysis to identify plan-
etary wave amplitudes. By making use of daily means, the 
contributions from semidiurnal oscillations are effectively 
filtered out.

3 � Results

3.1 � Climatology of mean winds 
over the observational sites

Monthly mean climatology of zonal and meridional winds 
in the MLT region over the observational sites are calculated 

using long term observations. Figure 2 shows the climatol-
ogy of zonal winds over the sites (a) Andenes, (b) Socorro, 
(c) Thumba and (d) Kototabang in terms of height-month 
sections. Black contours represent zero wind lines. It can 
be seen that over Andenes (Fig. 2a), the mean zonal wind 
is characterized by a weak eastward flow during winter 
at all heights. During summer months (June–August) the 
zonal flow is strongly westward below 90 km. The sum-
mer westward winds gradually decelerate with the onset 
of autumn, with eastward winds replacing westward winds 
starting from September. It can be noted that there is a 
strong eastward jet near the mesopause region (> 90 km) 
during the summer months. This eastward jet in the MLT 
can be attributed to the eastward forcing provided by grav-
ity waves propagating upwards through the westward winds 
below this altitude. Zonal winds over the midlatitude loca-
tion Socorro (Fig. 2b) also show a strong eastward flow 

Fig. 2   Monthly mean zonal winds in the MLT region over a Andenes, b Socorro, c Thumba and d Kototabang derived from meteor wind radar 
observations
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reaching maximum monthly mean values of around 40 m/s 
in the 86–98 km height region during summer months. Weak 
westward winds prevail below 86 km from March to May 
and above 94 km during December-January months. Over 
the low latitude and equatorial stations Thumba (Fig. 2c) and 
Kototabang (Fig. 2d) zonal winds show a strong semiannual 
oscillation primarily below 90 km and an annual cycle in the 
90–100 km height region. Zonal winds are eastward dur-
ing summer and winter whereas they are westward during 
the equinoxes. Above 94 km it can be seen that the annual 
cycle is prevalent, predominantly over Thumba, with east-
ward winds during May–July months and westward winds 
otherwise. The semiannual oscillation in the equatorial and 
low latitude MLT region is a well-known feature driven by 
the wave-mean flow interactions contributed by gravity as 
well as equatorial waves (Antonita et al. 2008). It can be 
summarized that annual cycle is prevalent over the high 

and midlatitude locations in the entire 80–100 km altitude 
region, whereas semiannual oscillation in the 80–90 km and 
annual oscillations above 90 km are present over the low and 
equatorial latitude stations.

Figure 3 depicts the mean annual cycle of meridional 
winds over the observational sites in terms of their height-
month sections. Over the high latitude station Andenes 
(Fig. 3a) meridional winds exhibit an annual cycle with the 
poleward flow during winter months and equatorward flow 
during summer months. The equatorward flow is found 
to be stronger than the poleward flow. Figure 3b shows 
the climatology of meridional winds over the midlatitude 
site, Socorro. A very clear and strong annual oscillation 
can be seen in Fig. 3b with the poleward flow during win-
ter months and equatorward flow during summer months. 
The poleward flow is stronger over Socorro compared 
to that over Andenes. The annual cycle can be evidently 

Fig. 3   Same as Fig. 2 but for meridional winds
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seen in the meridional wind climatology over the low and 
equatorial latitude stations Thumba (Fig. 3c) and Koto-
tabang (Fig. 3d), except that southward winds persist in 
the 90–98 km over Kototabang during October-Decem-
ber months. Poleward (equatorward) winds are stronger 
(weaker) over the low latitudes than that over high and 
midlatitudes. It can be seen that the annual climatological 
cycle in the meridional winds is in accordance with the 
current understanding of residual circulation in the mid-
dle atmosphere. With a pole to pole circulation existing 
near the mesopause region, winds are poleward during 
the winter period and are equatorward during the summer 
period in the northern hemisphere. More discussions on 
climatologies of mean winds in the MLT region over high, 
middle and low latitude MLT region can be found else-
where (Portnyagin et al. 2004; Yuan et al. 2008; Kishore 
Kumar and Hocking 2010; Ramkumar and Babu 2016; 
Koushik et al. 2018; Kumar et al. 2018).

3.2 � SSW signatures in MLT mean winds

Before discussing the signatures of SSW events in the MLT 
region, a brief overview of the events under consideration 
is presented. Figure 4a, b, c illustrate the state of the high 
latitude stratosphere during 2008–09, 2009–10 and 2011–12 
winters, respectively. Top and middle panels show the zonal 
mean temperature difference between 60 and 90oN and zonal 
mean zonal wind at 60o N at 10 hPa level, respectively. 
Amplitudes of planetary waves with zonal wavenumber 1 
and 2 are depicted in the bottom panel. Dashed vertical lines 
indicate the central day of SSW which is defined as the day 
of wind reversal at 60o N, 10 hPa in case of a major SSW or 
the day of peak warming poleward of 60o N, 10 hPa in case 
of a minor SSW. The central days of the SSW events thus 
identified for the present study are at 55 (24 Jan 2008), 40 
(09 Feb 2010) and 49 (18 January 2012). The data period 
considered spans from 01 December to 28 February of the 

Fig. 4   Temperature at10  hPa averaged between 60–90o N latitude 
(top panels), zonal mean zonal wind at 60o N, 10 hPa (middle panels) 
and amplitude of planetary waves with zonal wave number 1 and 2 at 

60o N, 10 hPa (bottom panels) for the a 2008–09, b 2009–10 and c 
2011–12 events obtained from MERRA datasets
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following year. To facilitate a better description, the data 
period considered for the 2009–10 winter spans from 01 
January to 31 March since the SSW happened in the month 
of February. It can be seen that in all the three cases, the 
increase of temperature in the polar cap is almost coincident 
with the deceleration of zonal wind at 60o N. Wavenum-
ber 1 is the dominant component in 2009–10 and 2011–12 
winters, whereas 2008–09 winter shows the dominance of 
wavenumber 2 resulting in a split type SSW. The 2008–09 
SSW is exceptional in terms of the resultant temperature 
difference and also in terms of strength and duration of the 
wind reversal.

Figure 5 depicts the height-time sections of the zonal 
winds in the 82–98 km height region over the observational 
sites. Each panel represents observations over four sites for 
a given SSW event. Wind observations over Kototabang for 
the 2009–10 period is not considered as there were signifi-
cant data gaps during the period. Vertical solid black lines 
indicate the central day of the SSW. White regions indi-
cate data gaps. It can be seen from Fig. 5a that the zonal 
wind over the high latitude site Andenes reversed 4–5 days 
before the onset of the SSW. Westward winds replace east-
ward winds around the central day and a strong eastward 
flow remains afterward. During the wind reversal, westward 
winds reach amplitudes ~ 40 m/s. Reversal of mean zonal 
winds from eastward to the westward in the MLT region 
over the midlatitude site Socorro is almost coincident with 

the central day of the SSW as can be seen in Fig. 5b. An 
even stronger reversal can be seen penetrating from above, 
persisting up to day 65. Strong eastward winds prevail after 
the reversal dissipates. Over the low and equatorial latitude 
stations Thumba and Kototabang, no SSW induced wind 
reversal is visible (Fig. 5c, d) as a reversal of mean zonal 
wind persists as a part of the climatological seasonal change 
over both the sites (see Fig. 2c, d). For the 2009–10 SSW 
event, it can be seen from Fig. 5e that there is no signifi-
cant change in the mean zonal winds over Andenes. Zonal 
winds over Socorro (Fig. 5f) reverse almost 10 days before 
the wind reversal in high latitude stratosphere and eastward 
winds prevail during the warming. Though a patch of west-
ward winds shows up over Thumba (Fig. 5g), it seems that 
these winds are associated with planetary wave perturba-
tions as they appear periodically. For the minor SSW event 
of January 2012, winds in the high latitude MLT slightly 
decelerate before the central day (Fig. 5h). It can be seen 
from Fig. 5i that the zonal wind reversal persists to sev-
eral days after the central day over Socorro and eastward 
winds prevail after the reversal subsides. Figure 5j, k reveal 
stronger patches of westward winds reaching from above 
up to 85 km over Thumba and up to 88 km over Kotota-
bang. Whether these observed changes in zonal winds over 
Thumba and Kototabang are associated with minor SSW or 
not is yet to be ascertained as other westward wind bursts 
can also be observed away from the central day. However, 

Fig. 5   Height-date sections of meteor radar derived MLT zonal winds during (top) 2008–09, (middle) 2009–10 and (bottom) 2011–12 events 
over the observational sites a, e, h Andenes, b, f, i  Socorro, c, g, j Thumba and d, k Kototabang
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the observed westward winds over these latitudes around 
the central day are relatively stronger as compared to other 
days. A closer examination of Fig. 5a, e, h suggest that zonal 
wind signatures of SSW events in the high latitude MLT 
vary from event to event. This can be attributed to the zonal 
asymmetry associated with the SSW events. Since planetary 
waves themselves imply a deviation from zonal symmetry, 
the wind reversals resulting from their interactions with the 
background zonal winds are also expected to have a non-
zonal behavior. Also, the location of the observational site 
with respect to the final warming also may have implica-
tions in the observed features in the MLT region. Zonal wind 
reversals during SSW winters are found to extend up to the 
midlatitude MLT region, however the time of occurrence 
of wind reversal can vary significantly from the central day 
identified by the WMO definition. The low and equatorial 
latitude MLT region does not show a significant (distinct) 
zonal mean wind response to SSW events.

Figure 6 shows the height-time sections of meridional 
winds in the 82–98 km height region for the three SSW 
events considered. Meridional winds over the high latitude 
site Andenes exhibit strong equatorward flow before the cen-
tral day of the 2008–09 SSW event, followed by intense pole-
ward flow during the warming period as shown in Fig. 6a. 
The poleward flow lasts for approximately 5 days with peak 
value almost 50 m/s. Figure 6b shows the meridional wind 
evolution for the same SSW event over Socorro. It can be 
seen that strong equatorward flow immediately follows the 

central day. Thereafter meridional winds abruptly become 
poleward before returning to normal values. Over the low 
and equatorial latitude sites Thumba (Fig. 6c) and Kotota-
bang (Fig. 6d) no significant reversal of meridional winds is 
evident. But it can be seen that short term fluctuations in the 
meridional winds amplify near to the central day of SSW. 
For the major SSW event of 2009–10, the meridional wind 
over Andenes (Fig. 6e) is seen to become poleward ~ 10 days 
before the wind reversal at 60o N, 10 hPa. Moderately strong 
equatorward flow persists just before the central day of the 
SSW at day 40. No significant wind reversal can be seen 
over Socorro (Fig. 6f) for the February 2010 event but it 
can be observed that wavy structures start to appear well 
before the central day, starting from day 30. Same as the 
2008–09 event, for the 2009–10 event also very short term 
fluctuations become prominent over Thumba (Fig. 6g). 
From Fig. 6h it can be understood that strong equatorward 
flow starting from day 30 persists up to the central day for 
MLT region over Andenes for the 2011–12 case. Thereafter 
poleward flow takes over again. Over Socorro, short term 
fluctuations become evident after the central day (Fig. 6i). 
Again, over the low latitude station, Thumba (Fig. 6j) and 
equatorial station Kototabang (Fig. 6k) short term distur-
bances show up around the central day of the minor SSW. 
From the meridional wind observations in the high latitude 
MLT during SSW winters, it can be seen that the meridional 
flow largely depends on the location of the split/displaced 
vortex. The climatological circulation in the high latitude 

Fig. 6   Same as Fig. 5 but for meridional winds
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MLT consists of a summer to winter pole circulation. Hence 
during quiet wintertime conditions high latitude MLT region 
exhibits a poleward flow. During an SSW episode, after the 
reversal of winds in the stratosphere, due to the breaking of 
eastward propagating gravity waves, there is a resultant adi-
abatic upwelling and cooling which offsets the existing tem-
perature gradient. Accordingly, we expect an equatorward 
flow to happen in the high latitude MLT region. However, 
for the 2008–09 SSW event meridional winds over Andenes 
show a strong poleward flow. This is because at the time of 
the 2008–09 SSW, the anticyclone is present equatorward 
of Andenes above which MLT upwelling occurs (Chandran 
and Collins 2014). In the other two cases, it can be observed 
that the meridional flow becomes equatorward in the high 
latitude MLT around the time of SSW. A general tendency 
of midlatitude MLT region is to show enhanced equatorward 
flow in connection with SSW events. This is most likely 
resulting from the temperature offset created by high lati-
tude MLT cooling during SSW events. Meridional winds 
over the low and equatorial stations Thumba and Kototabang 
consistently show very short term fluctuations during SSW 
events. This is because of the enhancement of quasi 2-day 
wave amplitudes resulting from SSW events (McCormack 
et al. 2009; Lima et al. 2012; Gu et al. 2016; Koushik et al. 

2018). In all the three winters considered in the study, this 
feature is markedly seen.

3.3 � SSW signatures in MLT planetary waves 
and their relation to the underlying 
stratosphere

The planetary wave activity in the MLT region during SSW 
winters is analyzed over the four observational sites. For this 
purpose zonal winds at 88 km altitude obtained from meteor 
radar observations are used. The wavelet analysis technique 
is employed to identify the time evolution of planetary wave 
periodicities in the MLT region. ‘Morlet’ wavelet is chosen 
as the mother wavelet. Upper panels of Figs. 7, 8, 9 denote 
the wavelet spectra of zonal winds at 88 km over the obser-
vation locations. Data gaps if any are linearly interpolated 
before subjecting to wavelet analysis. Vertical dotted lines 
denote the central days of the SSWs. Slanted lines represent 
the cone of influence which is the region beyond which edge 
effects become prominent. White contours indicate 95% con-
fidence level for wavelet amplitudes. Since planetary wave 
activity in the MLT is largely dependent on the winds and 
waves in the underlying atmosphere, an attempt is made to 
link them to winds in the 100–1 hPa height region (middle 

Fig. 7   Wavelet spectra of meteor radar derived zonal winds at 88 km 
over a Andenes, b Socorro, c Thumba and d Kototabang, the corre-
sponding stratospheric winds over e Andenes, f Socorro, g Thumba 

and h Kototabang  from ERA-interim datasets, and wavelet spectra 
of zonal winds at 1 hPa over i Andenes, j Socorro, k Thumba and l 
Kototabang for 2008–09 winter from ERA-interim datasets
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panels) and to the planetary wave activity at 1 hPa (bottom 
panels  

Figure 7e–h depicts the zonal winds in the 100–1 hPa 
pressure levels over the nearest geographical locations of 
four observational sites obtained from ERA-Interim Rea-
nalysis Dataset during the 2008–09 winter. Bottom panel 
gives the wavelet spectrum of zonal winds at 1 hPa. The pri-
mary focus will be on planetary wave periodicities < 20 days 
since periodicities > 20 days are often classified as quasi sta-
tionary waves and are found to be primarily responsible for 
the generation of SSWs (Matsuno 1971). From Fig. 7a it 
can be seen that there are enhancements of wavelet ampli-
tudes near 4–6 day periodicities close to day 10 and 6–8 day 
periodicities close to day 50 over the high latitude location 
Andenes. A portion of the former peak happens to be out-
side the cone of influence and hence is not considered to 
be reliable. A ~ 20 day period wave also can be noted from 

this figure before the central day. Winds in the underlying 
stratosphere start reversing at 1 hPa a few days before the 
central day and rapidly propagate downwards (Fig. 7e). At 
the same time at 1 hPa, ~ 20 day and ~ 6–8 day periodicities 
enhance near the central day (Fig. 7i). Interestingly, the PW 
with period 6–8 days is not observed at 10 hPa (figure not 
shown). From Fig. 7b it is evident that there are two distinct 
peaks in wavelet amplitudes at 88 km over Socorro, one with 
4–6 day periodicity almost coinciding with the wind reversal 
and another one with ~ 10 day periodicity peaking around 
day 65, approximately 10 days after the central day. Winds 
in the underlying stratosphere reverse after the central day 
persisting up to day 75 (Fig. 7f). A 4–6 day period wave is 
also found to be enhanced at 1 hPa around the day of wind 
reversal (Fig. 7j). On closer examination, it can be identi-
fied that the 4–6 day periodicity appears to propagate from 
the stratopause region whereas the ~ 10 day periodicity is 

Fig. 8   Wavelet spectra of meteor radar derived zonal winds at 88 km 
over a Andenes, b Socorro and c Thumba, corresponding strato-
spheric winds over d Andenes, e Socorro and f Thumba from ERA-

interim datasets and wavelet analysis of zonal winds at 1 hPa over g 
Andenes, h Socorro and l Thumba for 2009–10 winter  from ERA-
interim datasets
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not present in the stratosphere. There were no signatures of 
PW with these periods at 10 hPa level. Over low and equa-
torial latitude stations Thumba (Fig. 7c) and Kototabang 
(Fig. 7d), 6–10 day periodicities enhance after the central 
day. It should be noted that there is a marked time delay in 
the occurrence of the peaks over these two locations com-
pared to that over Socorro as seen in Fig. 7b. Also, there is a 
slight time delay between the occurrence of the peaks over 
Thumba and Kototabang. However, it has to be noted that 
the peak observed over Thumba does not fall under the 95% 
significant region. It is seen that this peak over Thumba is 
above the 90% significance level (not shown). There is even 
a slight difference in the central time period of this wave 
over the three locations. Over Socorro, the observed time 
period is centered on ~ 10 day, it is ~ 8 day over Thumba 
and ~ 6 days over Kototabang. However, overall the observed 
time period is in the range of 6–10 days. The underlying 
stratospheric region over Thumba and Kototabang (Fig. 7g, 
h) does not exhibit any wind reversals in connection with 
the SSW event. Also there are no statistically significant PW 
periodicities observed at 1 hPa (Fig. 7k, l). It follows from 
these features that the enhancements observed over Thumba 
and Kototabang are not propagating from below.

For the 2009–10 winter, wavelet spectra at 88 km over 
Andenes, Socorro and Thumba are depicted in Fig. 8a, b, c, 

respectively. Over the high latitude site Andenes enhance-
ment of 8–10 day and 4–6 day periodicities can be observed 
around day 25 and 35, respectively. Winds in the 100–1 hPa 
region over Andenes reverse well in advance of the central 
day, starting from around day 25 (Fig. 8d). The wind reversal 
persists up to day 60 before turning eastward. In the 1 hPa 
region, enhancement of 4–6 day periodicity can be observed 
near to day 25 (Fig. 8g). Though winds in the underlying 
stratosphere stay reversed (Fig. 8e) during the enhancement 
of ~ 12 day periodicity at 88 km (Fig. 8b), no statistically 
significant periodicity is observed in the 1 hPa level (Fig. 8h) 
over Socorro. Over Thumba, two blobs of enhancements 
can be seen after the central day at 88 km (Fig. 8c), though 
they are not significant at the 95% confidence level. During 
this period there is no abrupt reversal of zonal winds in the 
underlying stratosphere (Fig. 8f) and no presence of signifi-
cant waves at 1 hPa (Fig. 8i). Above discussions suggest that 
PW enhancement seen in the MLT over Andenes generally 
seems to propagate from below, whereas enhancements over 
Socorro and Thumba are not related to the underlying atmos-
phere in a similar sense.

Figure 9a shows the wavelet spectra of zonal wind at 
88 km over Andenes during the minor SSW winter 2011–12. 
There are two statistically significant enhancements corre-
sponding to ~ 10 day and ~ 8 days appearing immediately 

Fig. 9   Same as Fig. 7 but for 2011–12 winter
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before the central day and ~ 15 days after the central day. 
Stronger wind reversals near to 1 hPa get diluted on reach-
ing lower altitudes, lasting from around days 40 to 65 
(Fig. 9e). Significant enhancement in planetary wave activ-
ity with ~ 14 day periodicity is observed at 1 hPa after the 
central day (Fig. 9i) over Andenes. Over Socorro at 88 km 
(Fig. 9b), enhancements are seen for 4–6 day periodicity dur-
ing 30–40 days and for a broader peak centered at ~ 14 days 
after the central day. Winds in the 100–1 hPa region (Fig. 9f) 
reverse (two significant reversals at 1 hPa) coinciding with 
the broader enhancement of PW periodicities at 1 hPa, peak-
ing at 12–14 days (Fig. 9j). Interestingly, the 12–14 day PW 
observed at 1 hPa was completely absent at 10 hPa (figure 
not shown) thus emphasizing the origin of the observed PW 
at stratopause region. Even though no statistically significant 
PW periodicity at 1 hPa (Fig. 9k, l) or abrupt wind reversals 
at 100–1 hPa region (Fig. 9g, h) are observed over Thumba 
and Kototabang, enhancements of 4–8 day periodicities can 
be seen at 88 km (Fig. 9c, d). Wavelet periodogram at 88 km 
over Kototabang (Fig. 9d) also shows a statistically signifi-
cant enhancement of 12–16 day periodicity well before the 
SSW onset. Observing the above features, it can be inferred 
that for the minor SSW event of 2011–12, the wind reversal 
in the stratosphere over the midlatitude station Socorro is 
stronger than that over the high latitude site Andenes. Simi-
larly, both planetary wave amplitudes at 1 hPa and at 88 km 
are stronger over Socorro than over Andenes. As mentioned 
earlier, each event of SSW, whether major or minor, mani-
fests uniquely in the MLT region and following section 
aimed at discussing some general features and interpreting 
the results presented in this section.

4 � Discussion

On closer examination of Fig. 7a it becomes clear that 
the PW enhancements seen in the MLT over Andenes are 
directly linked to the underlying stratopause region as simi-
lar peaks appear in the wavelet spectrum at 1 hPa (Fig. 7i). 
It is also noted that the observed PW activity at 1 hPa is 
completely absent at 10 hPa (figure not shown), thus pro-
viding an evidence for generation of secondary planetary 
waves around the stratopause region over the high latitudes. 
Limpasuvan et al. (2016) suggested that during SSW events, 
30–80 km region over high latitudes favors the generation 
of westward propagating secondary planetary waves through 
the occurrence of barotropic or baroclinic jet instabil-
ity. Over Socorro, a broad peak of 8–12 day periodicity at 
88 km (Fig. 7b) appears immediately after the central day 
and is statistically significant. A weaker wind reversal can be 
observed around the same time starting from 1 hPa (Fig. 7f). 
However, there is no enhancement in the corresponding peri-
odicity at 1 hPa. This leads us to argue that the 8–12 day 

PW enhancement seen over Socorro is not propagating from 
below and hence is generated by other mechanisms. Similar 
are the situations over Thumba and Kototabang (Fig. 7c, d) 
where there are no abrupt wind reversals or PW enhance-
ment at 1 hPa. These observations suggest that the PWs 
observed over Andenes, Socorro, Thumba and Kototabang 
are secondary planetary waves excited at or above 1 hPa 
level and propagating from high latitudes towards lower 
latitudes. Several numerical modeling studies have dem-
onstrated that secondary planetary waves are generated in 
the mid-high latitudes in the mesosphere or MLT region 
and that they propagate upward and equatorward (Chandran 
et al. 2013). Proposed mechanisms behind the generation of 
secondary planetary waves in the MLT are in-situ genera-
tion of PWs by zonally asymmetric gravity wave breaking 
(Liu and Roble 2002), baroclinic/barotropic instability of 
the background zonal flow (Chandran et al. 2013), and PW 
amplification by stimulated tidal decay (PASTIDE, He et al. 
2017). Systematic progression of time of occurrence of PW 
enhancements over mid and low latitudes observed in this 
study suggests that they are propagating meridionally in the 
MLT region. It should be noted that there is a finite differ-
ence in the periodicity of the waves observed over the mid-
dle and low latitude stations. This could arise because of 
(1) Doppler shift in the frequencies of these traveling waves 
or (2) broadening of spectral response due to variations in 
background winds (Salby 1981; Pancheva et al. 2008).

During the 2009–10 SSW event, PW enhancement seen 
in the MLT over Andenes (Fig. 8a) can be linked to the 
underlying stratopause since similar PW enhancement can 
be noted at 1 hPa (Fig. 8g), with the 1 hPa peak leading the 
peak at 88 km. Over Socorro, PW enhancement in the MLT 
(Fig. 8b) can be seen coinciding with wind reversal in the 
underlying 100–1 hPa region (Fig. 8e). After the central day, 
the PW activity diminishes in the MLT, concurrent with 
winds turning eastward in the underlying stratosphere. Sta-
tistically significant signatures of similar PW periodicities 
are not observed at 1 hPa. In the MLT region over the low 
latitude station Thumba also PW enhancement correspond-
ing to 4–6 day period can be observed (Fig. 8c) without any 
prominent signatures in the underlying stratosphere. The 
major difference between 2009–10 and 2008–09 events is 
that PW enhancements in the midlatitude MLT region are 
observed before the central day in 2009–10 and after the 
central day in 2008–09.

Contrary to the previous two cases, the planetary waves 
in the MLT region over the high latitude station Andenes 
during the minor SSW winter 2011–12 (Fig. 9a) do not seem 
to be propagating from stratopause region as no statistically 
significant PW enhancement is observed at 1 hPa level 
(Fig. 9i) concurrent with PW activity in the MLT prior to 
the central day. At the same time, 1 hPa level over Socorro 
shows a very strong and broad PW enhancement centered 
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at ~ 14 days (Fig. 9j). The PW activity at 10 hPa level (not 
shown) did not show the signature of ~ 14 day wave thus 
indicating the stratopause as the source region as discussed 
earlier. Concurrently, winds in the 100–1 hPa region show 
strong westward flow (Fig. 9f). A small patch of PW activ-
ity lasting for about 10 days starting from day 30 is seen in 
the MLT region with period 4–6 days over Socorro when 
winds in the 100–1 hPa region remain reversed. A broader 
PW enhancement can also be seen at 88 km over Socorro 
after the central day with period 12–14 days. It is observed 
that at 85 km 12–14 day PW has larger amplitudes than that 
of 88 km (not shown). The amplitude of the PW was even 
larger at 82 km. This suggests that either the wave under-
goes weakening as it approaches 88 km or it undergoes an 
equatorward turning at that altitude. It is also worth noting 
that a similar enhancement in the 12–14 day PW activity can 
be seen at 1 hPa over Andenes after the central day of the 
SSW. The observed periodicities fall strikingly similar to the 
one seen in the midlatitude stratosphere with a finite time 
delay. It can be seen from the middle panels of Fig. 9 that 
reversal of zonal winds is stronger and more persistent over 
Socorro than over Andenes. This indicates that PW ampli-
tudes were also larger over Socorro than over Andenes at 
1 hPa level. Hence secondary PW generation is more likely 
to be resulting from midlatitude middle atmosphere. Similar 
to the 2008–09 event, PW enhancements corresponding to 
periodicities 6–8 days appear over Thumba and Kototabang 
starting from day 60 onwards. These peaks are found to fall 
well within the statistically significant region. Thus it can 
be inferred that strong secondary PWs are generated in the 
midlatitude MLT region following the 2011–12 minor SSW 
and they propagate equatorward reaching low-equatorial 
latitudes.

Several aspects of coupling between the high and low 
latitude middle atmosphere exist in the literature. This cou-
pling is largely attributed to large scale planetary waves 
prevalent in the winter middle and high latitudes. Plane-
tary wave propagation in to middle and high latitude was 
found to be modulated by the phase of the equatorial Quasi 
Biennial Oscillation (Holton and Tan 1980, 1982). Accord-
ingly occurrences of SSW events were also found to have a 
dependence on the phase of the QBO. However robustness 
of this ‘Holton-Tan’ mechanism is still debated over (Anstey 
and Shepherd 2014). de Wit et al. (2015) discussed the cou-
pling aspects related to the 2013 SSW in the light of inter-
hemispheric coupling mechanism (Becker and Fritts 2006; 
Karlsson et al. 2009; Körnich and Becker 2010) wherein 
temperature anomalies in the MLT region over summer 
high latitudes are attributed to strong planetary wave activ-
ity prevailing in the winter stratosphere. Since SSW events 
form an extreme case for wintertime stratospheric planetary 
wave activity, it can as well be considered as an example 
demonstrating the interhemispheric coupling. It should be 

noted that cross-equatorial propagation of planetary waves 
has been demonstrated in several numerical modeling stud-
ies (Forbes et al. 1995) as well as observations (Riggin et al. 
2006; John and Kumar 2016).

Comparison of present results with Chandran et al (2013) 
suggests that medium period waves are mostly observed 
over midlatitudes and short period waves are observed over 
low and equatorial latitudes. Present results are in accord-
ance with Sassi and Liu (2014) in that the periodicities of 
PWs observed in low latitudes fall in the model predicted 
2–10 day range and that we see a systematic temporal pro-
gression of wave activity from mid to low latitudes follow-
ing the three SSW events. Even though we do not present 
a thorough analysis based on potential vorticity gradient 
demonstrating regions favorable for instability generation, 
present observations suggest that significant wind reversals 
observed in the high and midlatitude stratosphere following 
SSW events favor the instability mechanism for the genera-
tion of secondary planetary waves. However in-situ genera-
tion of MLT planetary waves by zonally asymmetric gravity 
wave breaking (Dunkerton and Butchart 1984; Holton 1984; 
Smith 1996, 1997; Liu and Roble 2002) cannot be ruled out.

Similar equatorward propagation of planetary waves fol-
lowing SSW events was also established by Chandran and 
Collins (2014). In their study, propagation of PWs from high 
to low latitudes in the stratosphere was found to depend on 
the phase of the stratospheric QBO. The easterly phase of 
the QBO facilitated cross equatorial propagation of the dis-
turbances. On the other hand, PW propagation terminated 
at ~ 20–25o N during the westerly counterpart of the QBO. 
Present results however suggest that such a dependence on 
phase of the QBO does not exist as far as the PWs observed 
in the MLT are concerned. It can be noted from Figs. 7, 8, 9 
that the phases of the QBO are westerly, easterly and east-
erly, respectively for the three cases considered. But during 
all the three cases PW enhancements were observed in the 
low latitude MLT. This suggests that these PWs propagate 
horizontally in the MLT region subsequent to their genera-
tion in the high-mid latitude middle atmosphere.

5 � Concluding remarks

Using meteor wind radar observations at four locations 
Andenes, Socorro, Thumba and Kototabang representing 
high, middle, low and equatorial latitudes, respectively, the 
response of the MLT region to SSW events that occurred 
during the winters of 2008–09, 2009–10 and 2011–12 are 
investigated. Climatology of monthly mean winds, vari-
ability in mean winds and planetary wave activity in the 
MLT region over four observational sites during SSW 
events including a possible mechanism for the observed 
variability are discussed. Apart from the MLT region wind 
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observations, stratospheric wind data from ERA-Interim 
datasets are employed. The following are the main conclu-
sions drawn from the study,

(i) Signatures of SSW events in the MLT region over 
high latitude zonal and meridional winds are found to have 
significant variabilities from event to event. This is most 
likely because of the differences in planetary wave-mean 
flow interaction and the resultant location of wind reversal 
in the underlying stratosphere. The mean wind responses in 
the MLT are found to precede the corresponding signatures 
in the stratosphere by a few days over high latitudes. Mean 
winds in the middle latitudes show moderate response to 
SSW events as compared to high latitudes. Temporal evolu-
tion of these signatures is again found to vary from event 
to event. Low as well as equatorial latitude MLT region is 
found to have a minimal response as far mean winds are con-
cerned. These observations thus confirm that the signatures 
of SSW in the MLT region mean winds are confined to high 
and mid-latitudes.

(ii) Our major emphasis is on investigating the planetary 
wave activity in the MLT region simultaneously over the 
four observational sites during SSW events. PW enhance-
ments are observed over high, middle, low and equatorial 
latitude MLT in association with major as well as minor 
SSW events. Over high latitudes, these enhancements are 
often found to lead before the central day of the SSW. Over 
midlatitudes, PW enhancements are generally stronger than 
those over high latitudes. Similar PW enhancements are 
also observed over low and equatorial latitude MLT region. 
PW enhancements are found to have a systematic temporal 
progression from high/mid to low latitudes suggesting their 
equatorward propagation in the MLT region.

(iii) Examination of underlying stratospheric winds and 
waves suggest that in the high latitude MLT, planetary wave 
enhancements are often (not always) related to PW activ-
ity from the stratopause region (1 hPa). Here it should be 
remembered that, the stratopause (1 ha) level considered in 
this study encompasses the region favorable for the genera-
tion of secondary planetary waves in high latitudes through 
shear instabilities resulting from SSW events. Thus presence 
of similar PW periodicities in high latitude MLT and strato-
pause need not necessarily imply their tropospheric origin. 
Further, it is examined that the observed PWs at 1 hPa are 
absent at 10 hPa level. These observations provide evidence 
for in-situ generated PW possibly at and above the stra-
topause level. Over midlatitudes, underlying stratospheric 
wind reversals are found to play a major role in the observa-
tion of PW enhancements. No relation to underlying winds 
or waves is observed over low and equatorial latitudes.

(iv) These observations suggest that PWs are generated 
in-situ in the high-mid latitude middle atmosphere and they 
propagate equatorward in the MLT region. Though efforts 
are not made in the present study to bring out the mechanism 

for observed secondary PWs, based on observations from 
the underlying stratosphere as well as results from earlier 
numerical studies, it is suggested that the instability of the 
stratospheric jet and/or in-situ generation of PWs by zon-
ally asymmetric gravity wave breaking could be potential 
candidates for the generation of secondary planetary waves 
observed in the MLT. The present observations are in agree-
ment with the previous numerical modeling studies on SSW 
signatures in the MLT region.
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