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Abstract

Using advanced meteor radar network observations along with ERA5 data, we report observational evidence of polar to tropical

mesospheric teleconnections during the 2018 major sudden stratosphere warming (SSW) event in the northern hemisphere. A

peak SSW on February 14, 2018, characterized by a ˜ 45 K rise in polar stratosphere temperature and a zonal wind reversal

of ˜ (–25) m/s at 60°N and 10 hPa, is observed. In the tropical lower mesosphere, a maximum zonal wind reversal (–24 m/s)

compared with that identified in the extra-tropical regions was observed. Moreover, a time delay in the wind reversal between

the tropical/polar stations and the mid-latitudes was detected. The wind reversal in the mesosphere is due to the propagation of

dominant intra-seasonal oscillations (ISOs) of 30–60-days and the presence and superposition of 8-day period planetary waves

(PWs). The ISOs phase propagation is observed from the high- to low-latitudes (60°N to 20°N) in contrast to 8-day PWs phase

propagation, indicating the change in the meridional propagation of winds during SSW. However, the superposition of dominant

ISOs and weak 8-day PWs could be responsible for the delay of the wind reversal in the tropical mesosphere. Therefore, this

study has strong implications for understanding the reversed (polar to tropical) mesospheric meridional circulation during SSW.
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Key Points:

• Mesospheric zonal wind reversal with a progressive delay from polar to
tropical latitudes appears during SSW.

• Contrasting lateral phase propagation of ISO and high-frequency plane-
tary waves were noted during SSW.

• The dominant ISO, together with weak 8-day planetary waves, favors
mesospheric wind reversal and its delay.
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Using advanced meteor radar network observations along with ERA5 data, we
report observational evidence of polar to tropical mesospheric teleconnections
during the 2018 major sudden stratosphere warming (SSW) event in the north-
ern hemisphere. A peak SSW on February 14, 2018, characterized by a ~ 45 K
rise in polar stratosphere temperature and a zonal wind reversal of ~ (–25) m/s
at 60°N and 10 hPa, is observed. In the tropical lower mesosphere, a maximum
zonal wind reversal (–24 m/s) compared with that identified in the extra-tropical
regions was observed. Moreover, a time delay in the wind reversal between the
tropical/polar stations and the mid-latitudes was detected. The wind reversal in
the mesosphere is due to the propagation of dominant intra-seasonal oscillations
(ISOs) of 30–60-days and the presence and superposition of 8-day period plane-
tary waves (PWs). The ISOs phase propagation is observed from the high- to
low-latitudes (60°N to 20°N) in contrast to 8-day PWs phase propagation, indi-
cating the change in the meridional propagation of winds during SSW. However,
the superposition of dominant ISOs and weak 8-day PWs could be responsible
for the delay of the wind reversal in the tropical mesosphere. Therefore, this
study has strong implications for understanding the reversed (polar to tropical)
mesospheric meridional circulation during SSW.

Keywords: Sudden Stratospheric Warming (SSW), Tropical-Extra-Tropical
Mesosphere, Meteor Radar Network, Mesosphere Wind Reversal, Intra-seasonal
Oscillations (ISO), Planetary Waves (PWs), Mesosphere Circulation.

1 Introduction

Sudden stratospheric warming (SSW) (Baldwin et al., 2021) is one of the most
remarkable and extreme atmospheric phenomena which occurs in the boreal
winter, causing the polar vortex to distort and, at times, even break down (Shi
et al., 2017). In recent years, SSW events have attracted significant attention
due to their role in changing the earth’s middle and upper atmospheric struc-
ture and dynamics on a large scale in both hemispheres, thereby affecting the
surface weather on a continental scale (Garfinkel et al., 2017; Karpechko et al.,
2018), and even influencing the atmospheres of other planets (Pedatella et al.,
2018). The mechanism of SSW is well documented (Matsuno, 1971); however,
significant ambiguities still exist in its classification (Butler and Gerber, 2018).
SSWs occur approximately six times per decade in the northern hemisphere
(NH) (Butler et al., 2017; Baldwin et al., 2021). However, due to the weak
topographic forcing and smaller planetary wave (PW) amplitudes, SSWs rarely
occur in the southern hemisphere (SH) (van Loon et al.,1973), with the excep-
tion of the remarkable major SSW event in September 2002 (Krüger et al., 2005)
and minor SSW events in 2010 and 2019 (Eswaraiah et al., 2016, 2017, 2018,
2020).

The 2018 SSW that occurred in mid-February in the NH attracted special at-
tention, as it took place after a 4-year gap following the 2013/2014 major SSW.
It is the 34th major SSW in the NH counted since 1959 (Fahimi et al., 2021).
The favorable climatic factors for the 2018 SSW are specific phases of the quasi-
biennial oscillation (QBO) in the tropical stratosphere, the El Niño Southern
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Oscillation (ENSO), and Madden Julian Oscillation (MJO) (Butler et al., 2020).
The 2018 SSW was registered during the westerly phase of the QBO (wQBO),
which favors the development of SSW, however, the coupling mechanism of
tropical stratospheric winds to the polar vortex or SSW has not been fully un-
derstood (White et al., 2015). Recent studies have proposed that the wQBO
allows the propagation of PWs of wavenumber 1 (k=1) (PW1) from the SH into
the NH, which is amplified by the QBO and hypothetically contributes to the
weakening of the polar vortex and formation of the SSW through enhanced mean
meridional circulation (Laskar et al., 2016; Lu et al., 2020). Hence, the SSWs
that occur during the wQBO are critical, as they establish the coupling between
the tropical and extra-tropical middle and upper atmospheres (Andrews et al.,
1987; Laskar et al., 2016,2019). Moreover, during the 2017–2018 NH winter, a
La Niña event prevailed, with anomalously cold sea surface temperatures over
the eastern and central tropical Pacific Ocean and the tropical Indian Ocean.

In addition, strong MJO phase 6/7 amplitudes were recorded two weeks before
the 2018 SSW over the western Pacific (Butler et al., 2020). Another impor-
tant feature of the 2018 SSW is that this particular event was followed by the
canonical weather pattern associated with the negative phase of the Northern
Annular Mode for up to two months (Rao et al., 2020), which, in turn, indi-
cates that the downward propagation of the SSW and its surface impacts are
greater than those of other events. With these features, the 2018 SSW offers
a unique opportunity to extend the current understanding of the middle at-
mospheric latitudinal coupling and the vertical coupling of the earth’s surface
climate and atmosphere through the upward propagation of PWs, both in the
tropical and extra-tropical regions (Niranjan Kumar et al., 2019; Vargin and
Kiryushov, 2019).

Studies related to the latitudinal coupling between the tropical and extra-
tropical regions in the middle and upper atmospheres during the NH major
SSW events are sparse (Chandran and Collins, 2014; Laskar et al., 2019). Such
studies are crucial for an improved understanding of the middle atmospheric
mean meridional circulation changes during SSWs. The present study aimed at
explaining the changes in circulation during the 2018 SSW. There are several
modeling studies that attempt to forecast and characterize the impact of SSW
on the lower atmosphere (Rao et al., 2020 and references therein); however,
such studies have not been performed for impacts on the middle and upper
atmosphere. There are still discrepancies in some models to correctly describe
the mesosphere lower thermosphere (MLT) circulation (e.g. Stober et al., 2021).
Recently, Satterfield et al. (2022) attempted to resolve errors in the upper
atmospheric model using meteor radar (MR) observations.

In addition, studies pertaining to the effects of SSW on the middle atmosphere,
especially in the mesosphere, are attained significant importance (Pedatella et
al., 2018; Eswaraiah et., 2020). The first observational evidence of a mesospheric
response to SSWs was investigated by Quiroz (1969), and many studies have
since been carried out in the polar and mid-latitude mesosphere using a vari-
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ety of instruments, including radars and model simulations (e.g., Jacobi et al.,
2003; Hoffmann et al., 2007; Zülicke and Becker, 2013; Medvedeva et al., 2019;
Luo et al., 2021). Responses to SSWs from the low-latitude mesosphere are less
reported than in the mid and high latitudes of the NH (Shepherd et al., 2007;
Sathishkumar et al., 2009; Eswaraiah et al., 2019). Moreover, the majority of
studies on SSW effects in the tropical MLT utilized medium-frequency radar
observations at Thumba (8.5°N, 76.9°E), which is very near the magnetic dip
equator. Hence, the results might be affected by the equatorial electro-jet (EEJ)
(Vineeth et al., 2009). Recently, a state-of-the-art advanced MR has been in-
stalled at Tirupati (13.63°N, 79.4°E) a tropical station in India. The Tirupati
MR observations have some advantages over other tropical MLT radars, includ-
ing being unaffected by the EEJ (Rao et al., 2014). Moreover, Eswaraiah et
al. (2019) documented the capabilities of the Tirupati MR in detecting meso-
spheric signatures during a minor SSW, similar to a major SSW. Hence, MR
observational studies in the mesosphere obtained a vital reputation.

A few studies have been conducted in the upper atmosphere during the ma-
jor SSW in 2018. For instance, the mesospheric response was investigated us-
ing microwave radiometer measurements (Wang et al., 2019) at a mid-latitude
station, in Ukraine (50°N, 36.3°E). Liu et al. (2019) investigated the iono-
spheric response to the current SSW over the mid and low latitudes. Vargin
and Kiryushov, (2019) examined the 2018 SSW impact on the Arctic tropo-
sphere, mesosphere, and ozone layer and highlighted the effect of tropical lower
atmospheric weather on the current 2018 SSW. To date, no other studies have
addressed the mesospheric response to the 2018 major SSW event. At large, the
mesospheric response to major SSWs at individual locations/latitudes was well
designated over the NH. However, simultaneous ground-based radar observa-
tions of the variability of the mesosphere from the tropical to the polar regions
and its teleconnections are in high demand but are sparse.

To this end, in the present study, we report the mesospheric response to the
2018 SSW using simultaneous observations from an MR network covering the
tropical to the polar regions. By using the advanced MR network and ERA5
(ECMWF Reanalysis-5) datasets, for the first time, we investigate the possible
coupling or connection between the tropical and extra-tropical mesosphere via
PWs during the 2018 SSW. Data and methodology used in this current study
have been given in section 2, the results and discussions are provided in section
3, and the final concluding remarks are summarized in section 4.

2. Data and methodology

We used mesospheric wind measurements from a network of advanced MRs,
whose locations are shown in Fig. 1. The network of MRs includes Tirupati
(TR) (13.63°N, 79.4°E) a tropical station, Collm (CR) (51°N, 13°E) and Kazan
(KR) (56°N, 49°E) in the mid-latitudes, and Esrange (ER) (67.88°N, 21.07°E)
in the high-latitudes. Because ER is located north of 65.5°N, we considered
this station to be in the polar region. All four radars are SKiYMET MRs that
function based on the same principle and with a similar setup. The Tirupati MR
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(Rao et al., 2014) operates with a peak power of 40 kW at 35.25 MHz, measuring
winds from 70–110 km with resolutions of 2 km and 1 h. The Esrange MR
operates at 6 kW peak power at 32.5 MHz (Mitchell et al., 2002) and measures
winds between 80 and 98 km. The Kazan MR operates with 15 kW power at
29.75 MHz, and the Collm MR operates with a peak power of 15 k at a frequency
of 36.2 MHz (Korotyshkin et al., 2019a, b; Jacobi et al., 2019). Both KR and
CR measure MLT winds between 80 and 100 km. For the present study, we used
the daily mean zonal and meridional winds obtained from MRs from December
1, 2017, to March 31, 2018, at all stations.

To study the SSW characteristics and evaluate PWs, we used ERA5 reanalysis
data. ERA5 is the fifth-generation reanalysis data from the European Centre
for Medium-Range Weather Forecasts (ECMWF), obtained from the utilization
of a 4D-Var data assimilation scheme. ERA5 reanalysis data exhibit higher
resolution than ERA-Interim data. The recent ERA5 reanalysis data are made
available at a 1-hour time interval with a horizontal resolution of ~31 km (Hers-
bach and Dee, 2016; Hersbach et al., 2020) and provide atmospheric parameters
at 137 levels from the surface to 0.01 hPa (~80 km) (Shepherd et al., 2018;
Rüfenacht et al., 2018). The merit of ERA5 data in comparison with existing
numerical models and other reanalysis datasets has been discussed by Tarek et
al. (2019) and Delhasse et al. (2019).

3. Results and discussions

3.1. SSW event in February 2018 and polar middle atmospheric dy-
namics

The observed characteristics of the 2018 major SSW and the background dynam-
ical regime of the polar middle atmosphere are displayed in Fig. 2. We used
ERA5 data to show the disturbance in the polar middle atmospheric tempera-
ture, zonal winds, and PWs. Fig. 2(a) depicts the time–altitude cross-section
of the NH daily mean polar cap (80°–90°N) temperature, and Fig. 2(b) dis-
plays the daily mean zonal winds at 60°N from December 1, 2017, to March
31, 2018. The approximate heights of respective corresponding pressure levels
are displayed on the right axis, and the 10 hPa pressure level is shown by a
dashed horizontal line. Fig. 2(c) shows the time variability of the PWs of
wavenumbers 1 and 2 (k = 1, 2) (PW1 and PW2) obtained at 10 hPa and 60°N.
The geopotential heights are used to estimate the PW parameters.

It can be seen from the figure that the cold stratosphere and warm lower meso-
sphere persist until February 10, 2018 (Fig. 2a), and a strong eastward jet
(~60 m/s) in the upper stratosphere and lower mesosphere is evident from late
December 2017 to January 15, 2018 (Fig. 2b). The onset date of SSW is Febru-
ary 11, and peak warming (~45 K) was attained on February 14, 2018 (Fig. 2a)
with a zonal wind reversal (at about –25 m/s) at 10 hPa and 60°N (Fig. 2b).
Moreover, the signatures of warming and zonal wind weakening/reversal contin-
ued until the end of March 2018. However, previous reports (Karpechko et al.,
2018; Wang et al., 2019) have indicated that the onset date of the 2018 SSW
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was February 10–12, 2018. Fig. 2c reveals that the amplitude of PW1 sub-
stantially increased well before (~2 weeks) the onset of the SSW; this increase
was responsible for the zonal mean flow reversal, and subsequent deceleration.
However, the amplitude of PW2 abruptly increased just before the onset of the
SSW, leading to the vortex-split SSW (Vargin and Kiryushov, 2019; Butler et
al., 2020). The 2018 SSW is the second-strongest vortex split event, after the
2009 major SSW (Kozubek et al., 2020). We further, noted that the zonal winds
during the 2018 SSW largely deviated from the 43-year mean (1979–2021) dur-
ing the NH winter (figure not shown), exhibiting a stronger (approximately –25
m/s) and longer-lasting wind reversal with an oscillatory pattern. The strong
zonal wind reversal in the 2018 SSW is a favorable factor for the downward
coupling of the SSW and its higher surface effects (Butler et al., 2020; Rao et
al., 2020). However, the role of the tropical climate and its mechanism to induce
the weakening of the polar vortex during the 2018 NH winter has not been well
reported.

3.2. Tropical and extra-tropical mesospheric mean wind structure

The mesospheric zonal and meridional winds from December 1, 2017, to March
31, 2018, observed by the MR network, are displayed in Figs. 3a–b. The panels
show the wind field time series from the polar to the tropical regions (from top
to bottom). The vertical line in each panel shows the SSW day, and the white
patches indicate the gaps in the data. The Tirupati MR (TR) demonstrates its
uniqueness in the tropical region by evaluating winds between 70–110 km as a
consequence of its high meteor detection rate (Rao et al., 2014; Eswaraiah et
al., 2019). Meanwhile, the extratropical MRs at Kazan (KR), Collm (CR), and
Esrange (ER) retrieve winds at 80–100 km. Usually, eastward winds (Fig. 3a)
dominate in the undisturbed winter MLT, both at Esrange (ER) (Mitchell et al.,
2002) and at the mid-latitude stations (KR and CR) (Jacobi, 2012); however,
in the tropical region, dominant eastward winds exist between 70 and 85 km
(Kishore Kumar et al., 2008; Eswaraiah et al., 2019), while above 85 km they
are westward. Strong westward winds (wind reversal) were detected during the
peak SSW day in the mid-latitudes, and the day after the SSW, they were
observed at the tropical and polar stations, continuing for a few days (~2 days
over the tropical/polar region and more than 2 days in the mid-latitudes). The
episodes of westward winds that exist in the polar MLT (Esrange) before the
SSW (December and January) could be caused by the amplification of PW1
(Fig. 2c) in the stratosphere and its vertical propagation. After the SSW,
the winds turned again eastward. However, a strong and long-lasting wind
reversal can be observed in the upper mesosphere (above 90 km) at the mid-
latitude stations, whereas the magnitude of the wind reversal is weak in the
lower mesosphere (below 90 km). In contrast, in the tropical region, eastward
winds are dominant in the lower mesosphere (70–85 km), and the wind reversal
(east to west) started in the first week of February (~10 days before the SSW).
However, the peak wind reversal occurred two days after the SSW, as the winds
returned eastward. In addition, a downward shift in the westward winds has
been noted in the tropical region (between 70 and 90 km) before the SSW.
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The meridional wind (Fig. 3b) structure exhibited an oscillatory pattern be-
fore the peak SSW at all stations and diminished afterward. These meridional
wind oscillations could be caused by the existence of atmospheric waves of wide
periodicities in the background atmosphere. However, strong wind shear was
observed from 80–100 km in late December to early January at the ER station.
Simultaneously, strong westward winds were observed (Fig. 3a), which, in
turn, suggests that the westward wind episodes at ER are due to the existence
of strong PWs. Wind shears were also noted in the mid-latitudes (KR and CR)
at 80–90 km during the day of the SSW. Moreover, the meridional wind oscil-
lations were more significant at the TR (right bottom panel). The meridional
winds at TR between 70–95 km show a wide spectrum of wave oscillations be-
fore SSW; later, it exhibited the usual seasonal wind pattern (Eswaraiah et al.,
2019).

Furthermore, a significant wind reversal is observed in the lower mesosphere
below 80 km at the TR station (Fig.3a). To determine the lower mesospheric
zonal wind structure in the other extra-tropical stations, we obtained ERA5
data near the latitude and longitude of each radar station, as displayed in Fig.
4. The figure shows the time–height contours of the daily zonal wind obtained
from ERA5 from December 1, 2017, to March 31, 2018, near MR locations.
The SSW day is shown as a vertical line. It is worth mentioning that the ERA5
also identified the zonal wind reversal during the day of the SSW at each radar
location and showed a delay in wind reversal at the tropical station TR (Fig.
4d).

The observed background wind structure in both the tropical and extratropical
MLT demonstrated an unusual wind pattern, which could be ascribed to the
occurrence of the SSW. A detailed discussion of the variation of the zonal wind
and the existence of a wide range of PWs with relevance to the SSW is provided
in the following subsections.

3.3. Polar stratosphere–mesosphere connection

To obtain the quantitative differences in the zonal wind reversal at all stations
and their connection to the polar stratospheric zonal mean zonal wind, the daily
mean zonal winds observed with the MR network in the upper (85–90 km) and
lower (78–82 km) mesosphere were averaged and compared with the zonal mean
zonal winds at 10 hPa at 60°N from ERA5, as shown in Fig. 5. The zonal
winds at available altitudes from each station were averaged in the upper and
lower mesosphere. The zonal winds in the two mid-latitude stations CR and
KR were averaged, whereas the other stations were shown individually.

It is clear from Fig. 5a that in the mid-latitudes the upper mesospheric (85–
90 km) zonal winds follow the polar stratospheric winds, and the zonal wind
reversal started on the onset day of the SSW (February 11), attaining a peak
wind reversal (–16 m/s) on the day of the SSW (February 14) (the time of
maximum wind reversal in the polar stratosphere). In the polar region (68°N),
episodes of westward winds appeared well before the SSW day; which could be
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attributed to the upward propagation of PWs in the polar region. However, a
peak wind reversal (–18 m/s) occurred two days after the peak SSW (February
16). In the tropical region, typically, the upper mesospheric winds are westward
(Kishore Kumar et al., 2008); however, in the present case, the wind reversal
(west to east) occurred 10 days before the SSW day (~ February 4) and reached
its peak value (~ 28 m/s) one day before the peak SSW event, followed by the
weakening of the wind. Wind reversal (approximately −13 m/s)) occurred two
days after the SSW day.

Afterward, both the polar and tropical zonal winds abruptly turned eastward as
a consequence of the seasonal phenomenon, whereas in the mid-latitudes, they
continued until February 23. Briefly, in the mid and high latitude upper meso-
sphere, a larger wind reversal than in the tropical station was observed, in which
mid-latitude (51°–56°N) upper mesospheric zonal winds follow the stratospheric
zonal mean zonal wind at 60°N, 10 hPa. In the lower mesosphere (78–82 km)
(Fig. 5b), a different feature of the zonal winds was noted in the mid-latitudes;
the zonal winds weakened but did not reverse on the SSW day. However, in
the tropical (13°N) and polar (68°N) latitudes, the wind reversal started two
weeks before the SSW day (around January 31) and attained peak values of
around –24 m/s and –13 m/s, three and two days after the SSW day, respec-
tively. Moreover, the polar lower mesospheric winds return eastward two days
after their peak reversal, wherein tropical winds were observed a week after the
peak reversal.

As clearly shown in Fig. 5, the mesospheric signatures to the SSW are more or
less similar at the polar and tropical stations and different in the mid-latitudes.
Moreover, the wind reversal in the upper mesosphere is greater in the mid-
latitudes (Fig. 5a), lasting for more than a week. In the tropical and polar re-
gions, wind reversal was noted after the SSW event for a short period. However,
zonal wind oscillations were observed before the SSW event over the tropical
station. At the tropical latitude, greater effects of the SSW were observed in
the lower mesosphere (Fig. 5b), and peak reversal was noted (–24 m/s, the
highest value of all stations) three days after the SSW event, lasting for a week.
The delay and differences in the mesospheric wind reversal between the mid-
latitudes and the polar- and tropical-latitudes may be attributed to PW forcing
and mean circulation changes (Kodera, 2006; Eguchi and Kodera, 2007; Vargin
and Kiryushov, 2019), as well as to middle atmospheric transport (Manney et
al., 2015). Hence, the PW analysis of the MR measured winds may provide
some clues for the delay in wind reversal.

3.4. Planetary waves in the mesosphere

To observe the PW activity in the mesosphere at all the observational
stations during the 2018 SSW, the MR observed zonal winds during
the 2017–2018 winter were subjected to wavelet analysis. We used
“Morlet” wavelet analysis (Torrence and Compo, 1998) to estimate
the wavelet spectrum. Fig. 6 shows the wavelet spectra of the zonal
winds averaged between 85–90 km in the upper mesosphere (Fig.
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6a) and at 78–82 km in the lower mesosphere (Fig. 6b) for all four
stations. The cone of influence is shown as a dashed black line, and
the range of significant PW periods is shown with a thick contour
line in the wavelet diagram, where the vertical line indicates the SSW
day. From the wavelet spectra, it is evident that a wide spectrum
of PWs (periods of ~2–4, 5–9, and 12–16 days) and intra-seasonal
oscillation (ISO) period waves (~30–60 days) took place during the
SSW winter from the polar to the tropical region at different time
intervals.

The ISOs appeared at all stations at different times. The ISO was
present well before the SSW day (from mid-December) in the upper
mesosphere (Fig. 6a) and the polar and tropical latitudes, later
gently disappearing after the SSW day. In contrast, in the mid-
latitudes, the peak ISO amplitudes appeared during the SSW day,
with higher amplitudes at CR than at KR, and persisted until the
mid of March at the CR station. The strong ISOs are also noted in
the lower mesosphere (Fig. 6b) at all the stations but showed differ-
ent effects there. For instance, at the polar- and tropical-latitudes,
they emerged well before (early January) the SSW day and contin-
ued until mid-March, whereas in the mid-latitudes, they attained
peak amplitudes after the SSW day and continued until the end of
March. The ISOs propagation and their effects on the mesosphere
wind reversal have been discussed in the following sections.

In contrast, the 16-day, and 12–14 day PWs signatures are limited
to only polar and tropical stations in the upper mesosphere (Fig.
6a). For instance, the 16-day PWs appeared from mid-December at
the polar (68°N) station (ER) and vanished there before the SSW
day. At the tropical station (14°N) (TR), 12–14 day PWs started
appearing at the same time and faded off before the SSW day. This
suggests that the zonal wind reversals (oscillations) both in the trop-
ical and polar region before the SSW (January and early February)
(Fig. 5a) could be due to the amplification of 12–16-day PWs and
their interaction with the background mean flow. The occurrence
of 16-day waves that are replaced by short-period PWs at high lat-
itudes has been reported for other SSW years (Jacobi et al., 2003,
2016; Matthias et al., 2012).

Similar to ISOs, the 8-day-period (~5–9 days, peak at 8 days) PWs
prevail at all the stations in the upper mesosphere (Fig. 6a). These
waves showed distinct features in the upper mesosphere, although
they appeared well before the SSW day in the mid and high lati-
tudes, they attained peak amplitudes on the SSW day at CR and
a few days (2–3 days) before at the ER and KR. However, at the
tropical station (TR), they peaked 3–4 days after SSW. These PWs
also exhibited their signature in the lower mesosphere; nevertheless,
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they appeared at the tropical and polar stations during the SSW
day and even well before the SSW day (mid-January (tropical) and
late December (polar)) and disappeared (a very weak signal at KR)
at the mid-latitude stations. In addition, small period (~2–4 days)
PWs were also identified in the upper mesosphere in late December;
however, their amplitudes were very small and are not considered in
the present discussion.

Considering the mesospheric zonal wind reversal and the dominant
PW periods from the polar to tropical region, the present SSW
demands a further understanding of the latitudinal propagation of
PWs, especially ISOs and 8-day waves, which appear at almost all
stations. Moreover, the results in Fig. 6 are evaluated based on
single-point measurement. Hence, for more robust results we showed
in Fig.7a–b, the latitudinal propagation of ISO and 8-day filtered
zonal winds (10°–100°E covering all MR longitudes) at 80 km (max-
imum pressure level available in ERA5), respectively, from ERA5
reanalysis. The ability of ERA5 to detect SSW signatures in the
lower mesosphere (up to 80 km) was already shown (Fig. 4), and
the mesospheric zonal wind reversal is demonstrated at all stations,
similar to the MR observations (Fig. 3a). Hence, it is appropri-
ate to use ERA5 data for further analysis of ISOs and 8-day PWs
to quantify the MR observed wave features. Here, we applied har-
monic filtering analysis using the least-squares method (Giarnetti
et al., 2015) to obtain the ISO and 8-day PW amplitudes. The ad-
vantage of harmonic analysis relative to the conventional filtering
method is that the noise associated with multiple waves within the
filtering band and the phase distortion due to nonlinear wave-wave
interactions can be minimized. Here, the amplitude of the 8-day
wave was obtained using harmonic analysis, considering periods be-
tween 6 and 10 days at a 1-day interval. Meanwhile, to obtain the
ISO amplitudes, periods between 30 and 60 days were considered
at an interval of 10 days, followed by the use of the least-squares
method to obtain the amplitude of the best-fit harmonic in the cho-
sen band.

It is evident from Fig. 7(a) that the ISO features appeared well
before the SSW at all latitudes, and showed strong signatures at the
mid-latitudes even after the SSW day. This agrees with the wavelet
spectra obtained using the MR observations at the CR (51°N) and
KR (56°N) stations (Fig. 6). It is also interesting to note that
the ISO phase propagates from high (~60°N) to low latitudes (up to
~20°N) (black arrows in Fig. 7a), demonstrating the change in the
meridional propagation of winds during SSW. The strong westward
flows associated with the ISO could decelerate the mean eastward
wind, thereby modifying them to proceed westward (wind reversal),
as observed in Fig. 5. However, because the radar measures wind
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at a point location, it is sometimes difficult to observe such progres-
sive changes in wind reversal in accordance with ISO propagation.
Another interesting point to be noted from Fig. 7 is the 8-day
wave (Fig. 7b) phase propagation, which propagates in contrast
to the ISO, i.e., from low to high-latitudes (black arrows in Fig.
7b); higher amplitudes of the 8-day wave were observed in the polar
region (60–90°N) from February 1 to the SSW day. Therefore, it
is exciting to see how the combination of the ISO and 8-day waves
modify the structure of the mean background winds through con-
structive and destructive interference in the mesosphere during the
progression of SSW. A composite of the ISO and 8-day waves to-
gether is shown in Fig. 7c. It can be seen that the ISO amplitude
is quite strong relative to the 8-day wave; therefore, the strong west-
ward winds along with the ISO amplitudes have a stronger impact
in modifying the mean background winds than do the 8-day waves.

Fig. 7c shows that the interference of ISO and 8-day waves results
in westward winds in the mid-latitudes (40°–60°N) until before the
SSW; in contrast, they appeared during and after the SSW day in the
polar latitudes (60°–90°N). However, the resulting westward winds
(ISO+8-day) (Fig. 7c) shifted down from the mid-latitudes, and
the shift can be perceived between 40°N and 20°N during and after
the SSW (around February 6–20). The westward winds (ISO+8-
day) moved further up to the tropical latitudes after the SSW, but
they are weak at the tropical latitudes. Moreover, the westward
8-day waves are observed after the SSW over the tropical latitudes
(Fig. 7b), hence the wind delay in the tropics could be associated
with both equatorward ISOs and 8-day PWs. Besides, the strong
westward PWs (either ISO or combination) identified over the mid-
latitudes (CR, KR) might provide the necessary feedback for zonal
wind reversal on the SSW day. However, at the polar station (ER),
the westward force of the ISO or the combination is weak and ex-
ists after the SSW day; hence, the wind reversal might be delayed.
Henceforth, it is suggested that, although strong ISOs were recog-
nized over the mid-latitudes, their direction of propagation (east
or west) may change with height. For instance, at ~80 km (Fig.
7a and 7c), although there are ISOs, winds are weak westward (or
turn eastward), hence, radar observed winds in the lower mesosphere
(Fig. 5b) showed only wind weakening in the mid-latitudes but not
wind reversal. In any case, the ISOs have a strong effect on the
mid-latitude zonal winds during the SSW.

Fig. 7, therefore, suggests that the PWs of ISO periods show greater effects
on the zonal wind reversal between the latitudes 20°N and 60°N, owing to their
westward flow; meanwhile, at high latitudes (above 60°N), 8-day PWs are re-
sponsible for the zonal wind reversal, where the westward ISO flow is weak and
8-day wave amplitudes are higher. At the tropical latitudes, weak ISOs and
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8-day PWs are noted after the SSW. Moreover, the relative phase of the com-
posite wave (ISO + 8-day) is the same in the tropics and the polar latitudes
(> 60°N) and different in the mid-latitudes, which could be responsible for the
different timing of the wind reversal between the tropical/polar latitudes and
the mid-latitudes.

In addition, the 8-day wave has some influence in decelerating the westward
winds associated with the ISO due to destructive interference, which is seen in
the low-latitudes. For instance, from Fig. 7b it is quite clear that the amplitude
of the 8-day wave is opposite (i.e., eastward) that of the ISO amplitudes during
the SSW day from the low-latitudes up to 40°N. The westward winds associated
with the ISO between the latitudes 20°–40°N are greater than 25 m/s during
the SSW day (Fig. 7a); meanwhile, eastward winds of nearly 5–8 m/s are
associated with the 8-day wave (Fig. 7b), while resulting in a reduction in the
westward winds of > –20 m/s. This feature can be seen in Fig. 7c between
20°–40°N and shifted to the tropical latitudes after the SSW day. Hence, the
propagations of the ISO and 8-day waves have a strong influence on the mean
winds, with a major contribution from the ISO.

The question arises as to what kind of PWs and mechanism is responsible for the
tropical (14°N) mesospheric higher wind reversal, as the observed ISOs (Fig.
7a) and ISO and 8-day composite (Fig. 7c) are observed to be a weak signal.
Therefore, the wind reversal observed in the tropical mesosphere may be partly
due to the ISO or the composite of ISO+8-day waves, and a major contribution
from the other PWs. The existence of the PWs in the mesospheric altitudes
in the tropical atmosphere is further controlled by the background winds and
low-frequency climatic modes such as tropical QBO (Niranjan Kumar et al.,
2011; Niranjan Kumar et al., 2019), which needs to be further investigated with
extended analysis.

Briefly, the MR network observations in the mesosphere in association with the
ERA5 demonstrates striking features of wave activity during the 2018 major
SSW:

1) A wide spectrum of waves (8-day, 12–16-day, and ISO periods (30–60-day))
were observed from the tropical to the extra-tropical regions, 2) The signature
of ISO was observed at all latitudes before the SSW day and continued in the
mid-latitudes even after the SSW day, a weak signal of ISOs observed after the
SSW over the tropical and polar latitudes. 3) The equatorward phase propaga-
tion of ISO and contrasting phase propagation of 8-day PWs were observed, the
ISO propagation establishes the change in the meridional propagation, which
in turn designates the changes in the mean mesospheric meridional circulation.
4) The time evaluation and phase propagation of ISO suggests that ISOs might
be in-situ generated by various mechanisms (e.g., wave-wave interaction, meso-
spheric wind shear instabilities) in the mid-latitudes. 5) We speculate that the
combined effect of dominant ISO and 8-day wave propagation and their relative
phase caused the zonal wind reversal and its variations at the tropical and polar
latitudes. 6) Further, it is interesting that the significant 8-day waves in the
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lower mesosphere were observed only at the tropical and polar stations during
the peak SSW but were weak/not significant in the mid-latitudes. This, in turn,
suggests that the wind reversal in the lower mesosphere (Fig. 5b) might be
influenced by the 8-day waves in the polar-, and the tropical region. In the
mid-latitudes, wind weakening (Fig. 5b) is observed rather than wind reversal,
owing to the weakness or absence of 8-day waves over the mid-latitudes.

It is worth mentioning that, for the first time, we have ascribed the mesospheric
wind reversals as caused by ISO period oscillations rather than the classical high-
frequency PWs and described their role in the lateral coupling of the mesosphere.

4. Conclusions

We described the polar to a tropical teleconnection in the mesosphere during the
2018 major SSW in the NH using simultaneous observations of an MR network.
We used the Tirupati MR (13.63°N, 79.4°E) at the tropical station, Collm (51°N,
13°E) and Kazan (56°N, 49°E) MRs in the mid-latitudes, and Esrange (67.88°N,
21.07°E) MR in the polar region. We also utilized ERA5 data to describe the
SSW characteristics and ISO and PW latitudinal propagation. The timing of
the mesospheric zonal wind reversals and the analysis of planetary-scale waves
with the intra-seasonal period at these radar stations were utilized to establish
the connection between the tropical and extra-tropical mesosphere and to show
the possible mean circulation changes. To the best of our knowledge, this is the
first report on the observational evidence of intra-seasonal variability latitudi-
nal coupling during the 2018 major SSW in the NH, rather than considering
conventional 16-day waves. The main findings are summarized as follows.

1. The zonal wind reversal in the upper mesosphere (85–90 km) occurred
on the peak SSW day in the mid-latitudes with a maximum value of ~
(–16) m/s, whereas in the tropical- and high-latitude regions, the reversal
occurred two days after the SSW day with a peak value of –13 m/s, and –18
m/s, respectively. In the lower mesosphere (78–82 km), the mid-latitude
zonal winds weakened but did not reverse, however, at the tropical/polar
regions, the reversal started two weeks before the SSW day and attained
a peak value (~ –24 m/s, –13 m/s) three and two days after the SSW,
respectively. Hence, the highest zonal wind reversal during 2018 SSW was
noted in the tropical lower mesosphere with a maximum value of ~ –24
m/s.

2. The wavelet analysis of zonal winds both in the upper and lower meso-
sphere at the four observational stations shows the presence of a wide
spectrum of PWs (~2–4 days, 8 days, 12–16 days) and waves with an
intra-seasonal period (30-60-day) oscillations. The signatures of 16-day
waves at the polar and 12–14-day PWs in the tropical region in the upper-
mesosphere were observed well before the SSW but dissipated before the
peak SSW. The 8-day PWs were observed at all the stations in the upper
mesosphere during the SSW, while in the lower mesosphere, they present
only at the tropical and polar stations and disappear at the mid-latitudes.
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3. The radar observations showed that the ISOs were observed before the
peak SSW at all stations in the upper and lower mesosphere; however,
at the mid-latitudes, they attained peak amplitude after the SSW day.
The latitudinal propagation of both ISOs and 8-day waves using ERA5
suggests that the ISO phase propagated to low latitudes (up to 20°N)
from 60°N, before the SSW. Reverse-phase propagation of the 8-day PWs
was observed from the tropical to the polar regions. The superposition
of these opposite phase propagation results in wind reversal in the meso-
sphere. The ISO, 8-day wave composite showed significant effects on the
mesosphere wind reversal at the polar, mid-, and low-latitudes in different
time intervals and caused the delay of wind reversal both at the polar and
tropical stations.

4. The ISO propagation from 60°N-to-tropical regions during the SSW shows
an indication of the reversed mean mesosphere meridional circulation dur-
ing the SSW.

Our study suggests that major SSW in 2018 significantly affected the mesosphere
from the polar to the tropical regions. Although several theoretical studies have
proposed changes in the mean circulation during major SSWs, observational
evidence in the mesosphere is very sparse. The present study using the MR
network and ERA5 data attempted to reveal the impact of the 2018 major SSW
at the tropical and extra-tropical stations and observed changes in the PWs
and ISO propagation, including changes in the mean mesospheric circulation.
Further studies are required to address the latitudinal and longitudinal propa-
gation of ISOs in the upper mesosphere, using multiple observations, and model
simulations.
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Figure captions

Figure 1. Geographical location map of the advanced meteor radar network.

Figure 2. Time–altitude cross-sections of the (a) daily mean polar cap temper-
ature at 80–90°N and (b) daily zonal mean zonal wind at 60°N obtained from
ERA5. The approximate height of the corresponding pressure level is displayed
on the right axis. (c) Planetary wave (k = 1 and k = 2) amplitudes at 10 hPa
and 60°N. The vertical dashed lines indicate the day of peak warming, whereas
the dashed horizontal lines in (a) and (b) indicate the 10 hPa pressure level.

Figure 3. (a) The time–height contour of the daily mean zonal wind obtained
from 1 December 1, 2017, to 31 March 31, 2018, using Esrange radar (ER) at
68°N, Kazan meteor radar (KR) at 56°N, Collm meteor radar (CR) at 51°N,
and Tirupati meteor radar (TR) at 14°N (top to bottom). (b) Same as (a) but
shows the meridional winds. The vertical lines indicate the SSW day.

Figure 4. Time–height contours of the daily mean zonal winds obtained from
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ERA5 data from December 1, 2017, to March 31, 2018, near meteor radar
locations. The vertical line indicates the SSW day.

Figure 5. Daily mean variability of the averaged zonal winds (solid lines) (a) in
the upper mesosphere (85–90 km), and in the (b) lower mesosphere (78–82km)
was obtained using the meteor radar network. Daily mean zonal winds at 10
hPa, 60°N are shown by a dotted black line. The dashed horizontal line indicates
the zero-wind level, and the vertical line indicates the SSW day.

Figure 6. Continuous wavelet spectra of the averaged zonal winds in the (a)
upper mesosphere (85–90 km), (b) lower mesosphere (78–82km) were observed
by the meteor radar network. The dashed curved black lines in the wavelet
spectra show the respective cone of influence, and the vertical lines show the
SSW day.

Figure 7. (a) 30–60-day filtered intra-seasonal oscillations (ISOs) of the zonal
wind at 80 km using ERA5 data. (b) Same as (a) but for the 8-day wave, and
(c) shows the composite of both ISO and 8-day waves. The filtered oscillations
are obtained for the zonal wind between the longitudes 10�–100�E (covering all
meteor radar longitudes). The dashed vertical lines show the SSW day.

Figures:
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Figure 1. Geographical location map of the advanced meteor radar network.
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Figure 2. Time–altitude cross-sections of the (a) daily mean polar cap temper-
ature at 80–90°N and (b) daily zonal mean zonal wind at 60°N obtained from
ERA5. The approximate height of the corresponding pressure level is displayed
on the right axis. (c) Planetary wave (k = 1 and k = 2) amplitudes at 10 hPa
and 60°N. The vertical dashed lines indicate the day of peak warming, whereas
the dashed horizontal lines in (a) and (b) indicate the 10 hPa pressure level.
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Figure 3. (a) The time–height contour of the daily mean zonal wind obtained
from 1 December 1, 2017, to 31 March 31, 2018, using Esrange radar (ER) at
68°N, Kazan meteor radar (KR) at 56°N, Collm meteor radar (CR) at 51°N,
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and Tirupati meteor radar (TR) at 14°N (top to bottom). (b) Same as (a) but
shows the meridional winds. The vertical lines indicate the SSW day.
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Figure 4. Time–height contours of the daily mean zonal winds obtained from
ERA5 data from December1, 2017, to March 31, 2018, near meteor radar loca-
tions. The vertical line indicates the SSW day.

Figure 5. Daily mean variability of the averaged zonal winds (solid lines) (a) in
the upper mesosphere (85–90 km), and in the (b) lower mesosphere (78–82km)
was obtained using the meteor radar network. Daily mean zonal winds at 10
hPa, 60°N are shown by a dotted black line. The dashed horizontal line indicates
the zero-wind level, and the vertical line indicates the SSW day.

Figure 6. Continuous wavelet spectra of the averaged zonal winds in the (a)
upper mesosphere (85–90 km), (b) lower mesosphere (78–82km) were observed
by the meteor radar network. The dashed curved black lines in the wavelet
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spectra show the respective cone of influence, and the vertical lines show the
SSW day.

Figure 7. (a) 30–60-day filtered intra-seasonal oscillations (ISOs) of the zonal
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wind at 80 km using ERA5 data. (b) Same as (a) but for the 8-day wave, and
(c) shows the composite of both ISO and 8-day waves. The filtered oscillations
are obtained for the zonal wind between the longitudes 10�–100�E (covering all
meteor radar longitudes). The dashed vertical lines show the SSW day.
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