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Abstract

We present the high and equatorial mesospheric dynamical response to the minor stratospheric warming that occurred in
2014/15 and compared it with the major stratospheric warming events of 2005/06 and 2008/09. Meteor radar observations
over Esrange (67.88°N, 21.07° E), Mohe (52.97°N, 122.53°E) and Kototabang (0.20°S, 100.32°E) have been extensively
utilized in addition to ERA 5 Reanalysis datasets. Possessing the unique feature of a vortex displacement and split, the minor
warming of 2014/15 was observed on 27 December 2014 followed by four subsequent temperature peaks. During the 2014/15
minor SSW, the tropical stratospheric temperature decreased, causing upwelling similar to the major SSW events 2005/06 and
2008/09. The equatorial mesospheric zonal wind in 2014/15 displayed maximum westward wind with a delay of ~ 19 days
after the vortex disruption comparable to the major SSW events. Whereas, over Esrange and Mohe, the westward wind
maxima occurred about the vortex disruption during all the warming events. During the minor SSW 2014/15, the ~ 16-day
planetary wave is observed to be relatively stronger in the equatorial mesosphere than the high latitude mesosphere. The
Eliassen Palm flux diagnostics revealed the intrusion of planetary wave energy from high latitudes to the tropical band, sug-

gesting meridional and equatorward propagation of the planetary waves.
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1 Introduction

"Sudden Stratospheric Warming" (SSW) is an outstand-
ing dynamical event in the polar winter stratosphere. The
prime reason for the SSW occurrence is due to the vertically
propagating planetary waves generated in the troposphere
and their interaction with the mean flow (Matsuno 1971).
Further, the SSW phenomenon is represented based on the
evaluation of the polar vortex i.e., vortex breakdown or dis-
placement from its polar-centric position (Andrews 1985;
Kruger et al. 2005). Generally, planetary waves with wave-
numbers 1 and 2 are responsible for the vortex displacement
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and split processes (Charlton and Polvani 2007). The influ-
ence of SSW is not limited to the stratosphere, but it influ-
ences the higher as well as lower regions of the atmosphere,
thus affecting the global circulation (Siskind et al. 2010;
Wang et al. 2014; Sassi and Liu 2014; Limpasuvan et al.
2016). A major SSW is defined by the rapid rise of zonal
mean polar cap temperature associated with the zonal mean
zonal wind reversal at 60°N, 10 hPa, i.e., a poleward from
60 degree and above increase in temperature at 10 hPa, is
observed by tens of degrees in Kelvin in association with a
reversal in circulation (Mclnturff 1978; Butler et al. 2017).
A minor SSW is defined by the rapid polar cap temperature
rise at 10 hPa (Butler et al. 2015, 2017; Baldwin et al. 2021;
and references therein). According to the World Meteoro-
logical Organization (McInturff 1978), an SSW is defined as
a minor SSW if a significant temperature rise of at least 25
degrees in a period of about a week is observed anywhere in
the winter hemisphere and at any stratospheric height. The
stratospheric dynamics are becoming increasingly chaotic
and irregular in their features (Das et al. 2022); hence, it is
vital to understand the dynamic variability that is becoming
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more pronounced. A composite analysis on the stratospheric
polar cap temperature and zonal wind was done by Tao et al.
2017, who highlighted that the SSWs 2003/04, 2005/06, and
2008/09 were remarkable events with strong polar cap tem-
perature increase of 12.5 K, 7.7 K and 14.4 K respectively.

As stated by Baldwin et al. 2021, from event to event,
there is a significant variability concerning the Mesosphere
Lower Thermosphere (MLT) changes during SSW, showcas-
ing the dynamics' complexity. Recently, Pedatella and Har-
vey (2022) found that the stratospheric polar vortex, strong
and weak significantly affect the MLT region by utilizing the
AURA MLS observations and WACCM Model. The impact
of SSW on the mesospheric region was extensively studied
by Yang et al. 2017, wherein the PW played a significant
role in modulating the mesospheric dynamics. Utilizing a
network of meteor radar observations covering high, mid
and low latitude regions, Koushik et al. 2020a, b, investi-
gated the MLT dynamics during the 2008/09, 2009/10 and
2011/12 SSW events. Their study signifies, that in the case
of high latitudes, the mesospheric zonal wind reversal pre-
ceded the warming in the stratosphere. In mid-latitudes, the
mesospheric wind showed a moderate response, compared
to the high latitudes and a minimal mesospheric response
was seen in the low and equatorial latitudes. In 2020, Li
et al., studied the mesospheric response through a chain of
meteor radar observations over China and reported that the
tide-planetary wave interactions play a crucial role in affect-
ing the MLT dynamics during SSW.

In recent decades, the influence of polar SSW on tropi-
cal latitudes has been a zestful area of research in studying
the middle atmospheric dynamics. The impact of SSW on
the equatorial middle atmosphere was reported for the first
time by Fritz and Soules (1970) using satellite observations,
followed by several authors, Mukherjee and Ramana Murty
(1972), Appu (1984), Mukherjee et al. (1987), Mukherjee
(1990) and Siva Kumar et al. (2003). Utilizing Rayleigh
Lidar Observations over Gadanki (13.5N, 79.2 E), Siva-
kumar et al. (2004) observed the tropical stratospheric
warming with a delay of one week after the observance of
warming at the high latitudes. Further, studies suggested
the cooling effect in the equatorial mesosphere during SSW
(Shepherd et al. 2007) and the weakening of mesospheric
winds before the onset of SSW (Hoffmann et al. 2007;
Sathishkumar et al. 2009). Several authors have reported the
mesospheric response to SSW events (Pant et al. 2008; Day
and Mitchell 2010, Wang et al. 2014; Sassi and Liu 2014,
De Wit et al. 2015; Bhagavathiammal et al. 2016; Koushik
et al. 2018, Eswaraiah et al. 2019; Qin et al. 2019, Gu et al.
2020; Koushik et al. 2022). Bhagavathiammal et al. (2016)
evidenced the low latitude mesospheric dynamical response
during northern (NH) and southern (SH) hemispheric SSW
events, their study revealed that a more prominent evidence
of planetary wave activity was found in the NH 2008/09
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SSW than in the 2002 SH SW. WACCM-aided composite
analysis by Limpasuvan et al. (2016) revealed Westward
PWI1 drag as the vital factor for the winter polar descent
and stratopause recovery.

The remarkable SSW events of 2005/06 and 2008/09
and their impact were extensively investigated by several
authors. Their result summarizes the tropical response to the
SSW events as (i) mesospheric zonal wind and temperature
variation (Hoffmann et al. 2007, Matthias et al. 2013; Chan-
dran et al. 2014) (ii) Mesospheric PW activity (Sathishku-
mar and Sridharan (2009); Kuttippurath et al. 2010, 2012;
Bhagavathiammal et al. 2016; Ma et al. 2017; Koushik et al.
2018; 2020a, b) (iii) convection (Kodera 2006; Sridharan
and Sathishkumar 2011; Nath et al. 2013; Bal et al. 2017a,
b; Bhagavathiammal 2023) (iv) variation in Brewer-Dobson
Circulation (Tao et al. 2017).

Few studies have reported the minor SSW effects on
the tropical middle atmospheric circulation and dynamics
(Chandran et al. 2013, 2014; Medvedeva and Ratovsky 2018;
Gong et al. 2019; Eswaraiah et al. 2019, 2020). Eswaraiah
et al. (2019) reported the low latitude mesospheric response
to the 2017 minor SSW, which was seen to be similar to a
significant SSW event. They found weakened mesospheric
winds during SSW and dominant PW activity in the meso-
sphere before and after SSW. Chandran et al. (2013) found
evidence of secondary planetary wave generation in the
high-latitude mesosphere during minor SSW. Manney et al.
(2015) reported that the minor SSW of the 2014/15 win-
ter significantly impacted the stratosphere. Table 1 lists
the minor SSW events in the past decade and their vortex
evaluation. Recently, Zorkaltseva et al. 2023, reported the
2013/14,2014/15, and 2020/21 minor SSW events as unique
due to the extended warming duration and the appreciable
impact on the atmosphere.

Table 1 List of minor SSW events (2009-2017)

S.No Events Type of Vortex Disrup-
tion

(Split/ Displacement)

Duration (No. of Days)

07/01/2010—07/02/2010
(€2Y)
21/01/2011—15/02/2011

1 2009/10 Displacement

2 2010/11 Displacement

(25)

3 2011/12 Displacement 07/01/2012—21/02/2012
(45)

4 2013/14 Displacement 04/01/2014—17/02/2014
(43)

5 2014/15 Split & Displacement  27/12/2014—15/02/2015
(50)

6 2015/16 Displacement 22/01/2016—18/02/2016
@n

7 2016/17 Displacement 20/01/2017—11/02/2017
(22
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The SSW, which occurred in 2014/15, was a long-lasting
minor SSW event with a maximum duration that spanned
50 days and which had the unique characteristic of a vortex
split and displacement (Manney and Lawrence 2016; Gong
et al. 2019). The present study investigates the polar and
equatorial mesospheric response to the minor SSW event
that occurred in 2014/15, in comparison with the major SSW
events of 2005/06 and 2008/09.

2 Data and Methodology
2.1 Mesospheric Winds from Meteor Radar

The present study utilizes a network of three meteor radar
wind observations from Kototabang (0.2°S and 100.32°E),
Indonesia, Mohe (52.97°N and 122.53°E), and Esrange
Skiymet meteor radar data (67.88°N, 21.07°E) covering
the high and equatorial band. The Meteor Radar at Kotota-
bang was operated from 2002 to 2017, and is aided by the
Research Institute for Sustainable Humanosphere (RISH)
Kyoto University (http://database.rish.kyoto-u.ac.jp/arch/
iugonet/). It covers an altitude range of 70—110 km at the
frequency of 37.7 MHz with 12 kW output power, 13.3 ms
pulse width, and 400 ms interpulse period (Batubara et al.
2011). The Esrange Skiymet Meteor Radar was operated
from 2000 to 2018, covering an altitude range of 8§2-94 km
(Mitchell 2019). It can be accessed through the web-
site https://catalogue.ceda.ac.uk/uuid/ba34cd217a8c495
48f6fe62254b79fac. A VHF all-sky interferometric meteor
radar at Mohe (52.97°N, 122.53°E) has been in operation
since 2011 (Jones et al. 1998). It can be accessed through
the website http://wdc.geophys.ac.cn/dbList.asp?dType=
MetPublish

2.2 ECMWF ERA 5 Reanalysis

The stratospheric temperature and wind components are
retrieved from the fifth-generation European Centre for
Medium-Range Weather Forecasts (ECMWF) ERA-5 rea-
nalysis dataset (Hersbach et al. 2020). It is a four-dimen-
sional dataset operated by the Copernicus Climate Change
Service (C3S). The hourly temperature and wind compo-
nents of spatial coverage 2.5° latitude X 2.5° longitude are
utilized for the present study.

2.3 Eliassen-Palm (EP) Flux

Eliassen Palm flux and its divergence is an excellent diag-
nostic tool to visualize the wave-mean flow interaction,
planetary wave propagation, wave breaking and many other
middle atmospheric dynamical processes (Eliassen and Palm
1961; Andrews et al. 1987). Numerous authors extensively

utilized “Eliassen-Palm flux” as a tool since the 1960s (Eli-
assen and Palm 1961; Andrews and MclIntyre 1976, 1978;
Sato 1980; Edmon et al. 1980; Andrews et al. 1987; Sivaku-
mar et al. 2004; Harada et al. 2010; Bhagavathiammal et al.
2016, 2020, 2023; Koushik et al. 2022 and many more). To
achieve a realistic perception about planetary wave forcing
and the interaction between background winds and plan-
etary waves during sudden stratospheric warming, Eliassen-
Palm (EP) flux vector and its divergence are computed using
ECMWF ERA-5 reanalysis datasets. The EP flux vector (F )
can be represented in terms of its meridional and vertical
coordinates and can also be expressed by its spherical and
log pressure coordinates (Andrews et al. 1987)

F(¢) = poacosd)(u_zg —uv') 1)

Z

o= p,acosp{[f — (acosgp)™ (ﬁcosd))d’]@ —umw'} )
7]

Z

= 1 0 (=@ 0 =@
VF= 12 <F ) 9F
(acosg) 20 cosg | + o 3)
D= — _VF
" pyacosg @)

where ¢, z, p,,, u, v, 0, f are the meridional derivative, vertical
derivative, air density, zonal component of wind, meridional
component of wind, angle and Coriolis parameter respec-
tively. The primes and overbars denote the zonal deviations
and zonal averages. The vertical component of EP flux (F(z))
and EP flux divergence (wave driving, D) corresponds to the
heat flux and the forcing of planetary waves on the mean
flow respectively (Edmon et al. 1980). Enhanced heat flux
represents the dominant planetary wave activity. The nega-
tive EP flux divergence represents the strong convergence of
wave driving and vice versa.

3 Results and Discussions
3.1 Vortex Evolution in Major & Minor SSWs

Figure 1 describes the polar projection of geopotential
height at 10 hPa for the SSW events 2005/06, 2008/09,
and 2014/15. The top, middle two, and bottom panels
represent the prior, during and post-conditions of the
vortex evolution during SSW and the solid blue circle
denotes the arctic circle. It is well-defined that the vortex
displacement is merely the polar vortex shift from the
pole, appearing as a ‘comma’ shape. On the other hand,
vortex split is easily distinguishable as the split/break of
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Fig. 1 Polar plot of geopotential
height at 10 hPa for the 2005/06
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the vortex into two comparable sizes (O’Neill 2003). Dur-
ing the onset of warming, the polar eastward jet degrades
and causes the polar vortex to split or displace (Butler
and Gerber (2018); Hu et al. (2015); Charlton and Polvani
(2007)). Figure la, d, g & j shows the vortex evolution
during the 2005/06 SSW, and the vortex displacement
that occurred on 21 January 2006 (day no. 52). The polar
vortex evolution for the 2008/09 SSW is shown in Fig. 1b,
e, h & k and the vortex split that occurred on 23 Janu-
ary 2009 (day no. 54) is shown. Figure lc, f, i & 1 shows
the progression of geopotential height for the minor SSW
2014/15. The appearance of a vortex split on 5 January
2015 and displacement on 26 January 2015 clearly depicts
the rarity of the minor SSW 2014/15 wherein both fea-
tures of vortex split and displacement are observed (Man-
ney and Lawrence 2016). Table 1 outlines the minor SSW
events and their vortex evolution.
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3.2 Major & Minor SSWs

Figure 2 depicts the time-series variation of the temperature
difference and zonal wind during the SSW events 2005/06,
2008/09 and 2014/15. Figures 2a, b and c represents the
time-series variation of the temperature difference between
90 and 60°N at 10 hPa (solid maroon line) and 1 hPa (dashed
orange line) and Figs. 2d, e and f represent the time-series
variation of the zonal mean zonal wind at 60°N at 10 hPa
(solid blue line) and 1 hPa (solid teal line) for the three SSW
winters 2005/06, 2008/09 and 2014/15.

The horizontal purple and vertical black dashed lines
represent the zero-wind line and the day on which the polar
vortex displacement (split) occurred. The solid vertical
maroon and black lines denote the onset and end of warm-
ing respectively. Figure 2a shows the temperature profile
of the 2005/06 SSW at 1 and 10 hPa. Figure 2d shows the
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Fig.2 Temporal variations of the polar cap temperature solid maroon line, the vertical dashed black line and the vertical solid

(90°N—60°N) at 10 hPa & 1 hPa (a, b & ¢) and zonal wind varia-
tions at 60°N at 10 hPa & 1 hPa (d, e & f) for the 90 days of win-
ter from 1 December to 28 February for the three SSWs. The vertical

zonal mean zonal wind profile of the 2005/06 SSW at 1 and
10 hPa. From Fig. 2a, three warming pulses were observed
on 4 January 2006 (day no. 35), 11 January 2006 (day no.
42) and 21 January 2006 (day no. 52), with a temperature
difference of 32 K, 38 K and 49 K from the 30-day mean
temperature before the onset of warming at 10 hPa. How-
ever, the temperature profile at 1 hPa though erratic, coin-
cides with the peak temperature at 10 hPa. In connection
with the temperature rise at 10 hPa, deceleration of zonal
wind from eastward to westward was observed on 20 January
2006 at the 3rd peak of warming (Fig. 2d), and reaches max-
imum westward velocity ~30 m/s on 26 January 2006 (day
no. 57). The warming persisted till 17 February 2006 (day
no. 79). The zonal wind at 1 hPa is associated with the tem-
perature at 10 hPa showing three minima on 3 January, 10
January and 20 January 2006 (day no. 34, 41 and 51), while
the zonal wind at 10 hPa is observed with a delay. Figure 2b
& e are the same as Fig. 2a & d, but for the winter 2008/09.
The onset of warming was observed on 17 January 2009
(day no. 48) at 10 hPa, it reached maximum temperature on
23 January 2009 (day no. 54) with a temperature deviant of
45 K when the vortex split was observed (as seen in Fig. 1).
A spike in temperature at 1 hPa was observed prior to the
temperature peak at 10 hPa (Fig. 2b). From Fig. 2e, the zonal

black line denotes the onset of warming, polar vortex disruption (dis-
placement/split) and the end of warming respectively. The horizontal
dashed purple line denotes the zero-wind line

wind at 10 hPa is found to decelerate reaching maximum
magnitude of westward wind at~—40 m/s on 29 January
2009 (day no. 60). At 1 hPa, wind reversal was observed one
week prior on 23 January 2009 (day no. 54) as opposed to
29 January 2009 (day no. 60) at 10 hPa and it was found to
be more in phase with the temperature peak at 10 hPa. Fig-
ure 2¢ & f elaborates on the temperature and wind profile of
the 2014/15 SSW at 1 and 10 hPa. From Fig. 2f, at 10 hPa,
the onset of minor SSW was observed on 27 December 2014
(day no. 27). On 5 January 2015 (day no. 36), temperature
difference from the mean temperature was about 27 K, fol-
lowed by successive peaks on 17 January 2015 (day no. 48),
26 January 2015 (day no. 57) and 7 February 2015 (day
no. 69) with a temperature deviant of 17 K, 29 K and 29 K
respectively. Tang et al. (2021) reported the rise and fall in
temperature fluctuations from 27 December 2014 (day no.
27) till mid-February (day no. 77). At 1 hPa, four successive
warming pulses were observed on 31 December 2014, 15
and 23 January 2015 and 3 February 2015 (day no. 31, 46,
54 and 65). In connection with the temperature variation,
zonal mean zonal wind at 60°N at 10 hPa shows a decel-
erating trend with no wind reversal whereas in the case of
1 hPa, zonal wind at 60°N dabble near the zero-wind line at
the stages of the first and fourth warming pulse with intense
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deceleration but does not show prominent wind reversal.
Figures 2¢ & f show the signatures of a minor SSW event.

3.3 Equatorial Stratosphere During Major & Minor
SSwW

Figure 3 describes the equatorial stratosphere during major
(2005/06, 2008/09) and minor (2014/15) SSW. Figure 3a, b,
and c shows the time-altitude cross-section of zonal mean
zonal wind averaged over the latitude + 10° for the winters
2005/06, 2008/09, and 2014/15 respectively. The black
vertical dashed line represents the date of polar vortex dis-
placement or split and the solid vertical maroon and black
lines denote the onset and end of warming respectively. In
the winters 2005/06 and 2014/15, the stratosphere cover-
ing 28-43 km shows dominance of weak eastward which
extends throughout the winter. However, the appearance
of intense westward wind is found near the stratopause in
both 2005/06 (18 December 2005 to 29 January 2006) and
2014/15 (from the beginning of December to mid-Febru-
ary). In addition, the downward progression of westward
zonal wind is observed after the breakdown of polar vortex
through displacement/split in both the winters 2005/06 and
2014/15. However, the progression is more prominent in
2014/15 minor SSW. This shows that the zonal wind evo-
lution during the 2014/15 minor SSW displays a similar
kind of signature to the major SSW 2005/06. In the case
of 2008/09 winter (from Fig. 3b), the stratosphere is exten-
sively dominated by the westward zonal wind and is found to
further intensify after the vortex disruption. The low latitude
middle atmospheric dynamical response to the SSW events
that occurred in 1998-99, 2003—-04 and 2005-06 was stud-
ied by Sathishkumar et al. (2009). They observed enhanced

s
8

Altitude (Km)

24
1 10 20 30 40 50 60 70 80 90
Day no. (1= 01 December 2005)

Fig.3 Time-altitude cross-section of the stratospheric zonal wind
(a, b & ¢) and stratospheric temperature (d, e & f) averaged over the
equator. The vertical solid maroon line, the vertical dashed black line
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1 10 20 30 40 50 60 70 80 90
Temperature averaged over + 10°
(e) 48

24
1 10 20 30 40 50 60 70 80 90
Day no. (1= 01 December 2008)

westward (eastward) wind in the low latitude mesosphere
(stratosphere) suggesting the effect of SSWs on tropical lati-
tudes. Further, similar dynamical signatures were seen in
the upper stratosphere and lower mesosphere whereas the
middle and lower stratosphere showed similar but distinct
features from the upper stratosphere and lower mesosphere
after the onset of SSW (Mukhtarov et al. 2007). In 2014,
Chandran et al. reported the appearance of westward wind
in the equatorial region during 2008/09 warming when the
QBO was dominated by the Eastward phase. Koushik et al.
(20204, b) reported the possible reasons for the accelera-
tion in westward wind during SSW as such (i) SSW affects
the equatorial stratospheric wind which allows the PW from
high latitudes to propagate toward the equator and further
westward wind appearance at the stratopause region (Chan-
dran et al. 2014). (ii) the presence of inertial instabilities
at the extratropical stratosphere associated with the SSW
(Sassi et al. 1993).

Figure 3d, e, and f represent the time-altitude cross sec-
tion of zonal mean temperature averaged over the latitude
band + 10° for the winters 2005/06, 2008/09 and 2014/15
respectively. All three SSW events show a strong upwelling
(cooling) in the equatorial stratospheric temperature in con-
nection to the polar cap temperature rise and vortex disrup-
tion. It is found that prominent upwelling is seen around
21 January 2006 (day no. 52), 23 January 2009 (day no.
54), and 5 January 2015 (day no. 36) for the SSW events
2005/06, 2008/09 and 2014/15 respectively. Tao et al. (2017)
investigated the tropical upwelling response to the SSW and
non-SSW events along with their QBO phases and found
that in most cases increased upwelling was recorded as a
response to SSWs through the Brewer Dobson circulation.
At 10 hPa during the 2008/09 SSW, the temperature was

1 10 20 30 40 50 60 70 80 90

24
1 10 _20 30 40 50 60
Day no. (1= 01 December 201 4)

920

and the vertical solid black line denotes the onset of warming, polar
vortex disruption (displacement/split) and the end of warming respec-
tively
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seen to peak on 23 January 2009 (day no. 54). In associa-
tion with the rise in temperature at the polar regions, an
evident drop in temperature was observed over the tropi-
cal regions. The upwelling (150-100 hPa) was suggested
to be caused due to the strong wave activity observed over
the polar regions and its meridional propagation toward the
equator (Yoshida & Yamazaki 2011).

3.4 Status of Polar and Equatorial Mesosphere
during major & minor SSW

The mesosphere is an active dynamical region that greatly
responds to the dynamical processes in the lower atmos-
phere. Figure 4 depicts the polar and equatorial meso-
sphere for the three winters of 2005/06, 2008/09, and
2014/15. Figure 4a-d represents the time-altitude cross-
section of daily mesospheric zonal wind over Esrange
(a, b) and Kototabang (c,d) for the winters 2005/06 and
2008/09 respectively. The black dashed line indicates the
date on which the polar vortex disruption (displacement or

split) occurs and the solid vertical maroon and black lines
denote the onset and end of warming respectively.
During the 2005/06 winter (from Fig. 4a), it is found
that a large eastward (~ 60 m/s) wind dominates the polar
mesospheric zonal wind except during 20 December 2005
(day no. 20) and 21 January 2006 (day no. 52) wherein the
presence of westward wind of ~-30 m/s in the lower alti-
tudes over Esrange is observed for a short time prior to and
about the occurrence of vortex displacement. The equato-
rial mesospheric zonal wind over Kototabang (Fig. 4c) is
dominated by weak eastward and weak westward condi-
tions, whereas after the vortex disruption, strong westward
zonal wind is observed during the 2005/06 winter.
Likewise, in the case of the 2008/09 winter (Fig. 4b),
the eastward wind is seen to dominate the polar meso-
sphere over Esrange before and after vortex split; but about
the time of vortex split, westward wind reaches a maxi-
mum of -36 m/s on 24 January 2009 (day no. 55). Reverse
to the high latitude mesosphere, the equatorial mes-
ospheric zonal wind over Kototabang (Fig. 4d) showcases

MESOSPHERIC ZONAL WIND OVER ESRANGE (67.88°N, 21.07°E) & KOTOTABANG (0.2°S, 100.32°E)
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vertical solid maroon line, the vertical dashed black line and the verti-
cal solid black line denotes the onset of warming, polar vortex disrup-
tion (displacement/split) and the end of warming respectively
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the appearance of weak eastward until vortex disruption
after which it is dominated by the westward zonal wind.

The mesospheric zonal wind over Kototabang reaches
westward maxima ~ 10-20 days after the vortex disrup-
tion for the 2005/06 and 2008/09 SSWs. The mesospheric
zonal wind over Esrange showcase similar behaviour for
the winters 2005/06 and 2008/09. In the case of the equa-
torial mesosphere, the zonal wind continues to be west-
ward after the reversal till the end the winter.

Table 2 describes the observed mesospheric wind char-
acteristics over Esrange & Kotatobang during the 2005/06,
2008/09 & 2014/15 SSWs. Table 2 encapsulates the cen-
tral date (date on which vortex disrupts), mean zonal wind
during vortex disruption and maximum westward wind
observed at MLT. In the mesosphere, the magnitude of
the peak westward wind over Kototabang was found to
be nearly twice the magnitude of the peak westward wind
over Esrange/Mohe. The peak westward over Kototabang
appears with a delay of nearly ~ 10-20 days after the vor-
tex disruption, whereas over Esrange/Mohe, the peak west-
ward was seen to appear around the vortex disruption.

The SSW events 2005/06 and 2008/09 have been exten-
sively studied by several authors. Hoffmann et al. 2007,
reported a short reversal of the mesospheric zonal wind
over Andenes (69°N,16°E) and Juliusruh/ Kiihlungsborn
(54°N, 12-13°E) followed by a band of intensified east-
ward winds. This result agrees with Hoffmann et al. (2007)
wherein a short eastward to westward reversal followed
by the persistence of strong eastward wind at high lati-
tude mesosphere was observed. In the case of the equato-
rial mesosphere, the zonal wind reversal occurred before
the warming and peak westward appeared with a delay
of ~ 10-20 days after vortex disruption, in agreement with
Sathishkumar et al. (2009).

Figure 5a b&c, describes the polar and equatorial mes-
ospheric zonal wind during the minor 2014/15 SSW over
Esrange, Mohe, and Kototabang respectively. Due to the
sparse data availability over Esrange during the 2014/15
minor warming, we take Mohe into consideration. During
minor SSW 2014/15, the mesospheric zonal wind observa-
tion over Esrange and Mohe shows intense and strong east-
ward wind (40-80 m/s) with a sharp wind reversal around
the vortex disruption. Whereas, in the equatorial mesosphere
(Fig. 5¢), we see the appearance of an intense westward
wind ~ 10 days after the vortex split. The peak westward
maxima of magnitude -70 m/s is observed about 10 days
after the vortex disruption on 24 January 2015 (day no. 55),
this result is in agreement with Ma et al. (2017), wherein
the westward wind with a peak magnitude of -75 m/s was
observed strongest over low latitude Sanya after the onset of
SSW in comparison to the weak signatures over high latitude
Mohe.

Figures 6 and 7 describes the wavelet power spectrum of
planetary waves in the mesospheric altitudes for the winters
2005/06, 2008/09, and 2014/15. The Morlet wavelet tech-
nique is an efficient method to visualize the planetary waves
in the mesosphere and their temporal evaluation (Torrence
and Gilbert 1998; Rao 2002; Pancheva and Mukhtarov 2000,
Chen and Chu 2017). The black dashed line indicates the
date on which the polar vortex disrupts (displacement/split)
and the solid vertical maroon and purple lines denote the
onset and end of warming respectively. The white contour
represents the regions of greater than 95% confidence of
the planetary wave oscillations observed. For better under-
standing, the x-axis is shown by lead-lag representation in
steps of 10 days with reference to the vortex disruption. The
upper panel of Fig. 6 shows the wavelet power spectrum
of hourly zonal mesospheric wind at 88 km over Esrange

Table 2 Observed characteristics of minor SSW (2014/15) in comparison with major SSWs (2005/06 & 2008/09)

Sno  SSW Year Station Central date* Observed maximum westward Delay (No.  Mean zonal wind at MLT
wind (Date of occurrence) at MLT  of Days) during vortex disruption
1 Major  2005/06  Esrange 21 Jan 2006 -35 m/s 0 14.2 m/s
Kototabang (21 Jan 2006)
2008/09 Esrange 23 Jan 2009 -68 m/s 10 -6 m/s
Kototabang (31 Jan 2006)
-36 m/s 1 3.2 m/s
(24 Jan 2009) 23 -32.4 m/s
-77 m/s
(15 Feb 2009)
2 Minor  2014/15 Esrange 05 Jan 2015 -32 m/s -2 10.1 m/s
(03 Jan 2015)
Mohe -37 m/s -1 17.4 m/s
(04 Jan 2015)
Kototabang =70 m/s 19 -6 m/s
(24 Jan 2015)

“The Central date is the day the polar vortex disrupts (displaces/ splits) at 10 hPa. It is denoted by the dashed line in Figs. 2, 3, 4, 5, 6 and 7
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MESOSPHERIC ZONAL WIND OVER ESRANGE (67.88°N, 21.07°E), MOHE (52.97°N, 122.53°E) &
KOTOTABANG (0.2°S, 100.32°E)
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Fig.5 Time-altitude cross-section of daily mesospheric zonal wind
over Esrange (67.88° N, 21.07° E) (a), Mohe (52.97° N, 122.53° E)
(b) & Kototabang (0.20°S, 100.32°E) (c¢) during the 2014/15 minor
warming. The vertical solid maroon line, the vertical dashed black

for the winters 2005/06 and 2008/09. From Fig. 6a, we can
see the appearance of the Q8DW (~ 20 m?s-?) around 12
December 2005 and the Q10DW (~ 40 m?s-?) strongly at
the time when the polar vortex disrupts. Figure 6b presents
the wavelet power spectrum for the winter of 2008/09 over
Esrange. It shows the presence of a quasi-16-day oscilla-
tion prior to the vortex disruption. In addition, a quasi-5-day
wave is observed at the beginning of December. An intense
quasi-6.5-day wave is observed just a few days before the
vortex split. The bottom panels (Fig. 6¢ and d) describe the
planetary wave oscillation over Kototabang for the winters
2005/06 and 2008/09. From Fig. 6¢c, we can infer the vigor-
ous planetary wave activity at the beginning of the 2005/06
winter. Combined Planetary wave signatures of quasi-10-day
and quasi-16-day waves of maximum power ~37 m’s-2 are
noted in December. A similar PW feature is observed in
the polar latitude and is found at the time the polar vortex
disrupts. In the case of 2008/09, from Fig. 6d, the presence

line and the vertical solid black line denotes the onset of warming,
polar vortex disruption (displacement/split) and the end of warming
respectively

of a quasi-16-day wave with a maximum power of 50 m’s-

is found after the polar vortex disrupts. In addition, a strong
quasi-6.5-day wave was observed in February.

Matthias et al. (2013) reported the appearance of quasi-
6, 10, and 16 day waves during major warmings in 2005/06
and 2008/09 using MLT geopotential data. The amplitude of
the quasi-16-day wave was found to be weaker in compari-
son to the quasi-6 and 10-day waves. Koushik et al. (2020a,
b) reported 6—10-day waves over low and equatorial latitudes
Thumba and Kototabang that were seen after the central date
with a marked delay in comparison with the mid-latitude
station “Sorocco”. This study agrees with the above study
on the 2005/06 and 2008/09 SSW, wherein during SSW
planetary wave oscillations Q6DW, Q10DW and Q16DW
in geopotential data were reported, our work validates the
periodicities in the mesospheric zonal wind. Similar to what
Koushik et al. 2020a, b reported, the 6-10 day waves are
observed after the vortex disruption.
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PLANETARY WAVE ACTIVITY IN MESOSPHERIC ZONAL WIND

2
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Day number (2=2 December 2005)

Fig.6 Wavelet power spectrum of zonal wind at 88 km from the
polar and equatorial radar site at Esrange (67.88° N, 21.07° E) (a,
b) & Kototabang (0.20°S, 100.32°E) (¢, d) during the 2005/06 &
2008/09 major warmings. The vertical solid maroon line, the vertical

Figure 7a, b, c presents the wavelet power spectrum of mes-
ospheric zonal wind at 88 km over Esrange, Mohe, and Koto-
tabang for the winter 2014/15. From Fig. 7a, a weak quasi-16-
day wave appeared prior to the vortex disruption. In addition,
a quasi-5-day wave is strongly observed after the vortex dis-
ruption. Strengthening the results, mesospheric zonal wind
observations over Mohe, show similar features with increased
power. Figure 7c shows the wavelet power spectrum of mes-
ospheric zonal wind at 88 km over Kototabang for the winter
2014/15. An intense quasi-16-day wave appears just prior to
the vortex disruption and continues throughout the warming
with maximum power of 100 m?s~2. Further, a quasi-8-day
wave is weakly observed prior to the vortex disruption. From
Fig. 7a-c, the quasi 16-day planetary wave features are found
to appear strongly in all three stations Esrange, Mohe, and
Kototabang with maximum intensity at equatorial latitudes
and weaker amplitudes over the polar regions.

3.5 Wave Flux Over High and Equatorial Latitudes

The altitude-time cross-section of wave flux averaged over
high 60°-80° (top panels — Fig. 8a, b & c¢) and tropical lati-
tudes 0°-30° (bottom panels — Fig. 8d, e & f) for the win-
ters 2005/06, 2008/09 and 2014/15 are shown in Fig. 8. The
dashed white line indicates the date on which the polar vortex
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dashed black line and the vertical solid purple line denotes the onset
of warming, polar vortex disruption (displacement/split) and the end
of warming respectively. The white contour represents the region of
greater than 95% confidence

disrupts and the solid vertical maroon and purple lines denote
the onset and end of warming respectively. Eliassen Palm
(E-P) flux is widely used as a diagnostic tool to visualize the
planetary wave propagation in the middle atmosphere. Fig-
ure 8 shows the time- height cross-section of the vertical com-
ponent of E-P flux, F(z). Recently, Bhagavathiammal (2023)
reported the equatorward propagation of planetary waves
from the extra-tropical region to the tropics during mid-win-
ter stratospheric warming events 2003/04, 2005/06, 2008/09,
2012/13 and 2018/19. Figure 8a shows persistent downward
propagating wave flux with a maximum intensity of 4 x 10°
Kgs™ from the start of winter to mid-January. Specifically,
three-wave flux on January 3, 9 and 20 2006 (day no. 34, 40
and 51) propagated meridionally as well as downward and
reached the lower stratosphere which is seen in the tropical
band with a reduced intensity ~6 x 10> Kgs =2 (Fig. 8d).

Figure 8b &e represent the vertical component of heat
flux F(z) for the winter 2008/09 averaged over the high and
the low latitude band respectively. An intense wave flux is
observed around 20 January 2009 (day no. 51) at the time
of vortex split with an intensity of ~3.5x 10° Kgs =2 over the
high latitude band from Fig. 8b. Signatures of this wave flux
are found to propagate and reach the tropical band as well as
the lower stratosphere (~29 km) with a delay of about 7 days
with intensity ~6x 10° Kgs 2.
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Fig.7 Wavelet power spectrum of zonal wind at 88 km from the
polar and equatorial radar site at Esrange (67.88° N, 21.07° E) (a),
Mohe (52.97° N, 122.53° E) (b) & Kototabang (0.20°S, 100.32°E)
(¢) during the 2014/15 minor warming. The vertical solid maroon

Figure 8c & f represent the vertical component of E-P flux
F(z) for the winter of 2014/15 averaged over high (60-80°N)
and tropical (0-30°N) latitude bands respectively. An intense
wave flux around 28 December 2014 (day no. 28) and 02 Feb-
ruary 2015 (day no. 64) propagates downward and reaches up
to the lower stratosphere (~24 km). In addition, a weak wave
flux appeared around 19 January 2015 (day no. 50) confined
to the upper stratosphere. Signatures of the 1st wave flux
reached the tropical band with a delay of ten days with maxi-
mum intensity ~ 10 x 10° Kgs™2. Furthermore, the 2nd wave
flux observed around 2 February 2015 (day no. 64) propa-
gated downward, latitudinally and reached up to the tropi-
cal middle stratosphere with the intensity of ~6x 10° Kgs 2.
In comparison with 2005/06 and 2008/09, the minor SSW
that occurred in 2014/15 shows the appearance of wave flux
dominantly in both high and tropical latitudes. The downward
and equatorward propagation of planetary waves is evident
not only in the major stratospheric warmings but also in the
minor stratospheric warming of 2014/15. The penetration of
wave flux is more prominent in vortex split events (2008/09
and 2014/15) than vortex displacement (2005/06). Bal et al.
(20174, b) carried out a composite analysis of the warming
events from 1979 — 2013 using ERA-Interim and reported
that the EP flux and divergence for vortex split events in

line, the vertical dashed black line and the vertical solid purple line
denotes the onset of warming, polar vortex disruption (displacement/
split) and the end of warming respectively. The white contour repre-
sents the region of greater than 95% confidence

comparison with other warmings persist longer and give a
more pronounced negative divergence. Bhagavathiammal
et al. (2016) reported the downward progression and reach
of wave flux from extra-tropics to the tropical band with a
delay of about 7 days for the winter 2008/09.

3.6 Wave Driving Behavior in Major & Minor SSWs

Wave driving is the key factor that reveals the influence
of planetary wave forcing on the background mean flow.
Planetary wave forcing on the mean flow is defined as the
EP flux divergence (Edmon et al. 1980). Figure 9 depicts
the latitude-time representation of the EP flux divergence at
10 hPa for the winters 2005/06, 2008/09, and 2014/15. The
black dashed line denotes the date on which the polar vortex
disrupts (displacement/split) and the solid vertical maroon
and black lines denotes the onset and end of warming
respectively. The arrows indicate EP flux vectors at 10 hPa
and the arrowheads show the direction of propagation. The
negative EP flux divergence indicates the piling up of wave
activity. Figure 9a represents the latitude-time variation of
the wave driving and EP flux vectors at 10 hPa during the
2005/06 major SSW. The strong convergence of wave driv-
ing is observed throughout December -January, this confirms
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Fig. 8 Eliassen-Palm Flux, F(z) averaged over the high latitude band The vertical solid maroon line, the vertical dashed white line and the

(60°-80°N) and low latitude band (0°-30°N) during the 2005/06 (a, vertical solid purple line denotes the onset of warming, polar vortex
d), 2008/09 major warmings (b, d) & 2014/15 minor warming (c, f). disruption (displacement/split) and the end of warming respectively

again the observed from the vertical component of EP flux ~ begin to tilt equatorward towards the lower latitudes and
(Fig. 8), indicating more planetary wave activity. After the = propagation is more evident about the time of vortex split.
major warming, no such convergence of wave activity is  Around 9 January 2015 (day no. 40), when the vortex split
seen. The vectors are tilted and the propagation towards the ~ occurs, Convergence of wave forcing (negative EP flux
lower latitudes is shown around the time of vortex disruption ~ divergence) from high latitudes propagate downward and
(black dashed line). Around 15 January 2006 (day no. 46), reaches up to much lower latitudes (~3° N). In association
negative convergence of wave forcing propagates downward  with this extratropical planetary wave forcing, the wavelet
and reaches up to the low (~ 10°N) latitudes. power spectrum shows evidence of strong quasi-16-day wave
Figure 9b is the same as Fig. 9a but for the winter 2008/09.  features in Kototabang (Fig. 7). As we infer from Fig. 9, an
Consistent patches of convergence of Wave driving are found ~ EP flux visualizes the intrusion of planetary wave energy
throughout the month of December 2008— January 2009.  from high latitudes to the equatorial band around the time
Compared to the 2005/06 SSW, the EP flux vectors are seen  the vortex disrupts (displacement/split).
to be more evident in its propagation at the onset of warming The minor stratospheric warming effect on the tropi-
and at the time of vortex split. Intensified convergence of EP  cal atmosphere is a current topic of research. Manney
Flux divergence is observed around the polar vortex splitin et al. (2015) examined the stratospheric temperature and
mid-January 2009. This rapid convergence observed during  trace gas transport during minor stratospheric warming
the vortex split around 22 — 30 January 2009 (day no. 53-61)  2014/15 and their study revealed that the dynamical effects
represents the enhanced planetary wave activity whichinturn ~ seemed to be as similar to that of a major stratospheric
propagates downward and reaches up to the lower latitudes =~ warming. Eswaraiah et al. (2019, 2020) studied the low
(~7° N). In association with this, strong quasi-16-day and  latitude mesospheric response to the 2017 minor strato-
6.5-day were observed with little delay in the equatorial mes-  spheric warming using meteor radar observations over Fuke
osphere over Kototabang (can be found in Fig. 6d). (19.5°N, 109.1°E) and they found dominance of planetary
Figure 9c is the same as Fig. 9a and b, but for the win-  waves of periods 20-28, 14-16 and 2-12 day before and
ter 2014/15. Strong features of alternating convergence and  after the stratospheric warming. Meteor radar observations
divergence of wave forcing is observed throughout the win- at Tirupati (13.63°N, 79.4°E) showed a strong weakening
ter. During the onset of warming, we see that the vectors  of mesospheric zonal wind with temporal variations during
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Fig.9 Latitude-Time cross section of the wave driving and EP flux
vectors at 10 hPa during the 2005/06 (a), 2008/09 (b) & 2014/15 ¢)
SSW warmings. The vertical solid maroon line, the vertical dashed
black line and the vertical solid black line denotes the onset of warm-

SSW. Recently, Li et al. (2023) classified a new approach
for sudden stratospheric warming and suggested that the
2014/15 minor warming was considered to be a major
warming.

4 Conclusion
The present work describes the high and equatorial mes-

ospheric dynamical response to the minor stratospheric
warming that occurred in 2014/15 in comparison with the

50 60 70 80 90
Day number (1=01 December 2008)
(5 2015 SSW, 10hPa

ins }\N 5 y . .20

ing, polar vortex disruption (displacement/split) and the end of warm-
ing respectively. The arrow heads denote the direction of EP flux vec-
tor propagation

major SSW events of 2005/06 and 2008/09. This study
attempts to provide an in-depth view on the minor SSW
effects of the high and equatorial mesosphere in compari-
son to the major SSWs. The objective was mainly executed
with the help of Meteor radar observations over Esrange
(67.88°N, 21.07° E), Mohe (52.97°N, 122.53°E) and Koto-
tabang (0.20°S, 100.32°E). The unique feature of the minor
stratospheric warming that occurred in 2014/15 is that it is
long lasting and displays both vortex displacement and split
characteristics. The onset of minor warming in 2014/15 was
observed on 27 December 2014 followed by four subsequent
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temperature peaks, similar to the major warming in 2005/06.
Tropical upwelling is an induced process that occurs in the
tropical stratosphere during major stratospheric warming.
However, the minor stratospheric warming in 2014/15 also
shows the signatures of tropical upwelling and temperature
decrease at the time of vortex disruption, comparable with
the 2005/06 and 2008/09 SSWs. Similar to the two major
SSW events, the equatorial mesospheric zonal wind in
2014/15 displayed maximum westward wind with a mag-
nitude of ~-70 m/s along with a delay of ~ 19 days after the
vortex disruption, as inferred from Table 2. In the mes-
ospheric region, the magnitude of the peak westward wind
over Kototabang is found to be nearly twice the magnitude
of the peak westward wind over Esrange/Mohe. It was also
noted that the peak westward over Kototabang appeared with
a delay of nearly ~ 10-20 days after the vortex disruption,
whereas the peak westward over Esrange/Mohe appeared
around the time of vortex disruption. Vigorous planetary
wave activity was observed during the minor SSW 2014/15
comparable to the major SSWs 2005/06 and 2008/09. The
strong quasi-16-day with maximum power of 100 m* s~2 and
weak 8-day was observed in the equatorial mesosphere dur-
ing minor SSW 2014/15. The appearance of a quasi-16-day
wave is robustly seen in all three stations Esrange, Mohe,
and Kototabang with maximum intensity in the equatorial
belt and weaker intensities observed in the high latitudes.
Similar to the major stratospheric warming in 2005/06
and 2008/09, intrusion of planetary wave flux was seen
in 2014/15 and it reached well up to the tropical latitudes.
Eliassen Palm flux analysis revealed the meridional and
equatorward propagation of planetary wave energy that was
observed in 2014/15 similar to the major events of 2005/06
and 2008/09. In addition, the Intrusion of wave flux is more
prominent in vortex split (2008/09 and 2014/15) events than
in vortex displacement (2005/06). During the vortex split in
2014/15, Strong Convergence of wave forcing (negative EP
flux divergence) from high latitudes were seen to propagate
downward reaching up to much lower latitudes (~3° N). This
study presents the significant impact of the 2014/15 minor
SSW on the high and equatorial mesosphere in comparison
to the remarkable major SSWs of 2005/06 and 2008/09.
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