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Abstract Long‐term variability and tendencies in monthly mean semidiurnal tide (12‐hr) in zonal (U12) and
meridional (V12) winds are investigated in northern polar mesosphere and lower thermosphere (MLT; ∼80–
100 km) using meteor radar observations during 1999–2022 over Esrange (67.9°N, 21.1°E). The climatological
mean of U12 and V12 amplitudes peak (up to ∼35 m/s) in winter (December–February) above ∼90–95 km with
secondary maxima in late summer/early autumn (August–September), however the amplitude of V12 is larger
than U12. The U12 and V12 exhibit strong interannual variability that varies with altitude and month/season. The
responses of U12 and V12 anomalies (from 1999–2003) to solar cycle (SC), Quasi Biennial Oscillation (QBO) at
10 hPa and 30 hPa, El Niño‐Southern Oscillation (ENSO), North Atlantic Oscillation (NAO), ozone (O3) and
carbon dioxide (CO2) are analyzed using multiple linear regression. From the analysis, significant correlations
are found between monthly tidal amplitudes and the above potential drivers, and the correlations vary with
altitude and month. The U12 and V12 responses to O3 are positive and significantly large (∼60–80 m/s/ppmv)
below ∼85–90 km in February–March and above ∼95 km in January‐March. The tidal response to ENSO is
significantly negative during August‐October (above ∼90 km) and positive in November‐December (above
∼85 km) in both components. The cumulative trend in U12 is positive below ∼93 km and negative above this
height peaking at ∼97 km. A positive trend in V12 increases above ∼93 km and maximize at ∼98 km. The
significant monthly trends vary with altitude in both tidal components.

Plain Language Summary Atmospheric tides are global scale oscillations in wind, temperature,
density, and pressure. They grow in amplitude in response to decreasing density with increasing height. The
tides play vital role in transferring energy and momentum from their source regions to mesosphere and lower
thermosphere (MLT). In the present study, the long‐term variability, and tendencies of the monthly mean
semidiurnal tide (12‐hr) in both zonal (U12) and meridional (V12) wind components are investigated in the
northern polar MLT (∼80–100 km) from the meteor radar observations during 1999–2022 over Esrange
(67.9°N, 21.1°E). The consistent ability of the radar provided unique long‐term data set of the polar MLT winds
from which the tidal amplitudes are derived for the period of about two solar cycles. The tidal amplitudes show
some important characteristic features, interannual variability and trends that vary with month and altitudes. In
addition, the influence of potential drivers including solar activity, Quasi Biennial Oscillation (at 10 hPa and
30 hPa), El Niño‐Southern Oscillation, North Atlantic Oscillation, ozone, and carbon dioxide on the variability
of tidal amplitudes are investigated from the multiple linear regression analysis. The significant variability and
tendencies of the tidal amplitudes can be attributed to the above forcings.

1. Introduction
The large‐scale dynamics of the mesosphere and lower thermosphere (MLT) are dominated by atmospheric solar
tides of large amplitude. They are global‐scale oscillations at periods which are subharmonics of a solar day viz.,
24‐hr (diurnal), 12‐hr (semidiurnal) and 8‐hr (terdiurnal) etc (Chapman & Lindzen, 1970). They are apparent in
basic atmospheric variables including wind, temperature, density, pressure and/or in tidally induced effects such
as airglow emissions and trace species (López‐González et al., 2017; Smith, 2012). Further the tidal signatures
can be determined in noctilucent clouds over middle and high latitudes (Fiedler & Baumgarten, 2018). Tides play
crucial role in dynamical coupling of different layers from their source regions to the upper atmosphere including
ionosphere and thermosphere. Their amplitude grows with altitude in response to exponentially decreasing
density to conserve the energy, and transport momentum and energy into the MLT (e.g., Lieberman et al., 2000;
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Pancheva et al., 2009; Smith, 2012) to influence the thermal, dynamical, and chemical processes of this region.
Based on migrating (sun‐synchronous) and non‐migrating (non‐sun‐synchronous) modes, the tides are pre-
dominantly forced by absorption of solar (a) infrared radiation (IR) by tropospheric (∼0–15 km) water vapor
(H2O), (b) ultraviolet (UV) radiation by stratospheric and lower mesospheric (∼30–60 km) ozone (O3), (c)
extreme ultraviolet (EUV) radiation by molecular oxygen (O2) and nitrogen (N2) in the lower thermosphere
(∼120–170 km) (e.g., Chapman & Lindzen, 1970; Forbes, 1995). The other sources include release of latent heat
due to deep tropospheric convection over the tropics, non‐linear interaction of tides and planetary waves (Forbes
et al., 2007; Hagan & Forbes, 2002, 2003; Oberheide et al., 2002; Vadas et al., 2014) and land‐sea contrast of solar
heating (Kato et al., 1982). In the MLT, the tidal amplitudes exhibit significant variability that depends on
latitude, altitude, and season. For example, the diurnal tides are more prominent over tropical‐low latitudes with
maximum amplitudes at around 95 km (e.g., Ramesh & Smith, 2021; Ramesh et al., 2020; Smith, 2012), while the
semidiurnal tides are dominant over middle and high latitudes (Manson et al., 2002; Pancheva et al., 2009; Wu
et al., 2011) with their largest amplitudes above mesopause (Smith, 2012). The terdiurnal tides are smaller than
the diurnal and semidiurnal tides and show peak amplitudes over middle latitudes above ∼95 km (e.g., Pancheva
et al., 2013; Smith, 2000; Yue et al., 2013). Tides can control the vertical propagation of the gravity waves (GWs)
through filtering effect of the tidal winds (Fritts &Vincent, 1987) and influence the wave induced momentum flux
and thereby the atmospheric circulation (Fritts & Alexander, 2003; Yiğit et al., 2021). However, the interaction of
the GWs can amplify or damp the tidal amplitudes when they break at various tidal phases (Smith, 2012). Further
tides play a significant role in the diurnal cycle and vertical transport of the chemically active species (e.g., Marsh
& Russell, 2000; Ward, 1999; Zhang et al., 2001) which in turn influence the chemical heating in the MLT (Smith
et al., 2003).

Among the broad spectrum of vertically propagating atmospheric waves, tides continue to be a major focus of
MLT research over the past three decades emphasizing their important role in dynamical coupling of the lower
and upper atmosphere. Various ground based (meteor radar, medium frequency radar and lidar) and spaceborne
observations are helpful to reveal the important characteristics including the structure and variabilities (including
seasonal and interannual) of the tides (24‐hr, 12‐hr, 8‐hr) over low‐, mid‐ and high‐latitudes. The ground‐based
observations provide the vertical wavelength, direction of propagation (Manson et al., 2004; Mitchell et al., 2002;
Pancheva & Mitchell, 2004), seasonal and interannual variabilities of the tides over a specific location while the
satellite observations provide the global structure of the tides and distinguish the migrating and nonmigrating
components (e.g., Pancheva et al., 2009; Pancheva & Mukhtarov, 2011). However, the numerical models are
capable of reproducing the seasonal and global tidal fields (Achatz et al., 2008; Akmaev et al., 2008; Chang
et al., 2008; Covey et al., 2014; Gan et al., 2014; Grieger et al., 2002; Hagan et al., 1995, 1999, 2001; Hagan &
Forbes, 2002, 2003; Lu et al., 2012; McLandress, 2002; Miyahara et al., 1999; Oberheide et al., 2011; Pedatella
et al., 2021; Ramesh & Smith, 2021; Ramesh et al., 2020; Smith, 2012; Ward et al., 2005) to study the long‐term
and interannual variabilities.

Although the diurnal tide is dominant in the tropical‐low latitude MLT, it weakens over mid‐latitudes and trapped
in the high‐latitude stratosphere. The semidiurnal tide, maximizing in the mid‐high latitude MLT winds, is a main
driver of diurnal, inter‐seasonal and interannual variabilities of this region (e.g., Arras et al., 2009; Pancheva
et al., 2009; Shepherd et al., 1998; Van Caspel et al., 2022). Recently Goncharenko et al. (2023) emphasized the
importance of the semidiurnal tide to influence the ionosphere‐thermosphere‐mesosphere (ITM) system and for
the lower‐upper atmosphere coupling. They further stressed the potential need of understanding of the semi-
diurnal tidal variability which is lacking mainly due to the observational limitations. Pancheva et al. (2009) have
briefed several previous studies that revealed the important features and variabilities (short‐term, seasonal, and
long‐term) of the semidiurnal tide from ground based and spaceborne observations, and model simulations. The
long‐term variabilities of the semidiurnal tide in MLT are believed to occur due to several important mechanisms
including (a) variations in the tidal forcing in the troposphere and stratosphere, (b) vertical propagation char-
acteristics modulated by the background wind and temperature in the middle atmosphere (stratosphere and
mesosphere), (c) non‐linear interaction with gravity waves and planetary waves, and (d) variations in the solar
flux and geomagnetic activities. The understanding of the semidiurnal tidal characteristics and variabilities in the
MLT region is significantly improved due to several space‐borne (e.g., TIMED‐SABER: Thermosphere Iono-
sphere Mesosphere Energetics Dynamics—Sounding of the Atmosphere using Broadband Emission Radiometry
and TIDI: TIMED Doppler Interferometer) and ground‐based (e.g., VHF radars) observations, and model sim-
ulations. However, the knowledge of the potential sources for the significant variabilities (long‐term and
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interannual) of the semidiurnal tide is inadequate especially over high latitudes. Very few studies have focussed
on these aspects (e.g., Dempsey et al., 2022; Pancheva et al., 2002), but none of them include all possible drivers
that are responsible for the semidiurnal tidal variability especially in the polar MLT.

The significant interannual, seasonal and long‐term variabilities of the semidiurnal tides in the polar MLT are
believed to be mainly driven by the solar cycle, Quasi‐Biennial Oscillation (QBO), El Niño Southern oscillation
(ENSO), North Atlantic Oscillation (NAO in the northern hemisphere), O3 and CO2. The incoming solar flux
variations strongly influence the tidal variability in the middle atmosphere and lower thermosphere because the
major migrating tidal components are forced mainly through the solar heating due to water vapor and ozone in the
troposphere and stratosphere. Moreover, the solar flux variability significantly modulates the background tem-
perature and thereby the winds that influence the tidal vertical propagation conditions. Pancheva et al. (2009)
indicated that the variability in semidiurnal tidal amplitudes could be due to the variations in the solar activity and
the total ozone. The QBO in the equatorial/tropical lower stratospheric zonal wind can significantly influence the
MLT neutral winds and tides through dynamical coupling globally (e.g., Gurubaran & Rajaram, 1999, Forbes
et al., 2008; Laskar et al., 2016; Wu et al., 2008). Hibbins et al. (2007) illustrated the enhancement of the southern
high‐latitude semidiurnal tidal amplitudes during eastward phase of the QBO. Pancheva et al. (2009) noted the
interannual variability of the semidiurnal tide in the mid‐latitude lower thermosphere can be driven by the QBO.
Laskar et al. (2016), from the meteor radar observations over two northern mid‐, and high‐latitude stations, re-
ported the enhancement of the mesospheric semidiurnal tidal amplitudes below and above mean level for the
QBO westward and eastward phases. One of the potential sources for the long‐term and interannual variability in
the MLT tides is the ESNO (e.g., Gurubaran et al., 2005; Lieberman et al., 2007; Liu et al., 2017; Oberheide
et al., 2011; Ramesh & Smith, 2021; Ramesh et al., 2020; Sundararajan, 2020). Pedatella and Liu (2012)
simulated the diurnal and semidiurnal tidal variability in MLT driven by the ENSO. They found the enhancement
of the semidiurnal tidal (SW4) amplitude during the El Niño phase of the ENSO.

The NAO, a regional scale tropospheric circulation over Atlantic and Europe, is another potential driver of the
atmospheric variability (e.g., Kolstad et al., 2020) connecting the polar stratosphere and mesosphere via
dynamical coupling (e.g., Jacobi & Beckmann, 1999). The link between NAO and stratospheric polar vortex
could be useful for the detection of long‐term variability in the MLT winds and tides over this region. There have
been very few reports that link the variability in polar MLT winds and tides with the NAO. As the NAO signal
correlates with the mesopause/MLTwinds over northern polar latitudes (e.g., Jacobi & Beckmann, 1999; Ramesh
et al., 2024), it is strongly believed that the NAO profoundly impacts the tidal oscillations of this region. The
ozone is an important driver of the polar semidiurnal tidal variability because its absorption of solar ultraviolet
radiation mainly generates the migrating semidiurnal tide (westward zonal wavenumber 2, SW2) (e.g., Forbes &
Garrett, 1978; Lindzen & Chapman, 1969). Hence any changes in the stratospheric ozone can significantly in-
fluence the variations in the tidal amplitudes in the MLT. For example, Siddiqui et al. (2019) simulated the in-
crease in stratospheric ozone during 2009 sudden stratospheric warming event could potentially enhance the
amplitude of the semidiurnal tide in theMLT region. The CO2 is an important driver of the radiative cooling in the
middle atmosphere and lower thermosphere. The changes in temperature and composition due to increasing CO2
have direct impact on the MLT winds and tides (e.g., Laštoviĉka et al., 2008; Ramesh & Smith, 2021; Ramesh
et al., 2020). Although the increasing trend in MLT diurnal tide is predominantly due to increasing CO2 (Ramesh
et al., 2020), however, the effect of long‐term increase of CO2 on the semidiurnal tidal variability is least explored
especially over the polar latitudes where their amplitudes are significantly large.

It is crucial to better understand the dynamical processes and their associated mechanisms in the polar MLT in
terms of coupling of the middle and upper boundary of the terrestrial atmosphere. The main scientific goal of this
study is to investigate the long‐term tendencies and interannual variabilities of the semidiurnal tidal amplitudes in
the Arctic MLT zonal (U12) and meridional winds (V12) from the meteor radar observations during 1999–2022
over Esrange (67.9°N, 21.1°E). Further the responses of U12 and V12 monthly anomalies (from 1999–2003) to the
above predominant climate forcings viz., solar cycle (SC), Quasi Biennial Oscillation (QBO) at 10 hPa and
30 hPa, El Niño‐Southern Oscillation (ENSO), North Atlantic Oscillation (NAO), ozone (O3) and carbon dioxide
(CO2) are analyzed using multiple linear regression (MLR). The analysis reveals some important results for better
understanding of the variabilities and tendencies in the Arctic MLT semidiurnal tides possibly due to the above
most significant drivers during the observational period. This is a companion study of Ramesh et al. (2024) which
explores the long‐term variabilities and tendencies in the Arctic MLT horizonal winds from the meteor radar
observations during 1999–2022 over Esrange in response to the above dominant forcings. Section 2 provides the
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details of data and analysis method, Section 3 presents the results, summary and discussion are detailed in
Section 4 and finally the main conclusions of the study are listed in Section 5.

2. Data and Methodology
2.1. Esrange Meteor Radar Data

In this study, the meteor radar observations are used over Esrange (67.9°N, 21.1°E), Sweden for the period of
1999–2022. The radar is a commercially produced all‐sky Interferometric SKiYMET VHF system operating
continuously from August 1999. It is a pulsed system that uses a transmitter of 6 kW peak power and operates at a
frequency of 32.5MHz with a pulse repletion frequency (PRF) of 2144 Hz and a duty cycle of 15%. Further it uses
five receiver aerials which are configured to function as an interferometer to determine the azimuth and elevation
angles of meteor echoes required to determine the MLT horizontal winds. The routine measurement of the radar
yields the hourly zonal andmeridional winds at the typical height resolution of∼2 km between∼80 and∼100 km.
Further details about this radar and its observations of mean winds, and tides (diurnal and semidiurnal) can be
obtained from Mitchell et al. (2002). The information about meteor detection algorithm can be found in Hocking
et al. (2001). Since it is crucial in the studies of long‐term variability, the performance of the radar has been
carefully examined for any significant changes over the period of the data set. It is found that the basic
configuration of the radar persisted with no significant changes since the installation of the system (Ramesh
et al., 2024). Thus, it is well suited for investigating the long‐term variability in the MLT tidal winds as no major
biases arose in the radar observations. Since the commencement of its observations, the radar has been operational
till date (in 2024), however there exist a few data gaps as shown in Figure 1f and Figure S2 of Ramesh et al. (2024)
primarily due to technical problems and when the radar was unable to operate. More information about the
distribution and detection of the meteors using this radar for the observational period can be found in Ramesh
et al. (2024).

2.2. Analysis Method

2.2.1. Tidal Amplitude and Phase

For investigating the long‐term variabilities of the semidiurnal tides, their amplitudes are retrieved from the
hourly zonal and meridional winds of the meteor radar observations over Esrange for 1999–2022. The improved
time‐height localisation of the meteor radar winds has been acquired from the Gaussian‐weighting approach. This
method uses Guassian‐weighted least squares fit to improve the accuracy in deriving the hourly horizontal winds
in the MLT. A complete description of this new improved method (when compared to a traditional height gates
approach) is given by Hindley et al. (2022). The seasonal, interannual and long‐term variabilities in the monthly

Figure 1. The composite day (in UTC) variations of the MLT zonal winds (U) for each month of the year 2007 at ∼80–100 km over Esrange.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD043134

RAMESH ET AL. 4 of 26

 21698996, 2025, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

043134 by B
ritish A

ntarctic Survey, W
iley O

nline L
ibrary on [24/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



zonal and meridional winds derived from this method for the same observational period over Esrange can be seen
in Ramesh et al. (2024). In this study, the sliding composite day method (also known as superposed epoch
analysis) is used to determine the tidal characteristics. The radar detected meteors within a specified range of days
before and after a particular day are anticipated to have been measured on that same day. The Gaussian‐weighted
wind fitting method is adopted to generate a composite day of hourly winds at each height for all the observations.
To derive the amplitude and phase of the semidiurnal tide, a least‐squares fit of a specific sinusoidal oscillation of
period 12‐hr is made to the composite day (sliding 30‐day composite window) wind time series at each height
between ∼80 and ∼100 km. The sinusoidal fitting is made as per the Equation 4 of Hindley et al. (2022). For
hourly zonal (U) and meridional (V) winds at one height, this can be given as follows.

U(t),V(t) = A12 cos (
2πt
T
) + B12 sin (

2πt
T
) + C (1)

Here t contains the weighted average times of the hourly wind measurements in hours and T is the tidal period

(here T= 12 hr). The amplitude and phase of the semidiurnal tide are given by
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

A212 + B212
√

and tan − 1 (B12A12
) with

A12 and B12 representing the tidal amplitude coefficients for the cosine and sine terms respectively. The C is the
mean background wind for the composite day. This process is repeated to fit at all the heights between ∼80 and
∼100 km.

2.2.2. Multiple Linear Regression

The long‐term variability and tendencies in the monthly mean semidiurnal tidal amplitudes in response to the
natural and anthropogenic forcing are retrieved from multiple liner regression (MLR) analysis. The monthly tidal
and predictor anomalies are calculated with respect to the first five years of the observations, 1999–2003 that is,
the difference between the value in a specific month and the average of all values over this 5 years period for that
month. The MLR analysis determines the responses of the changes in tidal amplitudes to the potential drivers of
SC, QBO, ENSO, NAO, O3, and CO2. The general expression for the regression model is given below.

φ(t) = α +∑
n

i=1
βiKi(t) + ε(t) (2)

where φ is the predictand, that is, ΔU12 or ΔV12, t is the time in months, α is a constant, βi are regression co-
efficients corresponding to n predictors (here n = 7), K is a matrix containing n predictors, and ε is the residual.
The matrix K includes the following seven predictors.

K =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

F10.7
QBO10

QBO30

NINO 3.4

NAO

O3
CO2

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(3)

where F10.7 is the 10.7 cm solar radio flux which is the proxy for solar activity in solar flux units (sfu), 1
sfu= 10− 22 Wm− 2Hz− 1; QBO10 and QBO30 are the zonal mean zonal winds (m/s) averaged over 5°N–5°S at 10
and 30 hPa respectively; NINO 3.4 index, the proxy for ENSO, is equatorial Pacific Sea surface temperature (K)
averaged over 5°N–5°S and 170°W–120°W; The NAO index is the difference in normalized sea level pressures
between Ponta Delgadas (Azores) and Akureyri (Iceland); O3 is the global mean of ozone volume mixing ratio
(VMR) in ppmv at 1 hPa (∼48 km); and CO2 is the global average of surface carbon dioxide volume mixing ratio
in ppmv. More details about these regressors can be found in Ramesh et al. (2024). The regressors of monthly
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mean changes (with respect to 1999–2003) are used in the MLR analysis to obtain the regression coefficient/
response of each predictor. It should be noted that the data gaps are included in the regressors for the months/years
corresponding to that in the radar wind/tidal observations to avoid any misleading results from the regression
analysis.

3. Results
3.1. Tidal Signatures in MLT Winds

The basic tidal signatures in the MLT winds can be detected through the diurnal variability of the winds in the
height domain. For example, Figures 1 and 2 represent the composite day (in UTC) variations of the MLT zonal
(U) and meridional (V) winds respectively for each month of the year 2007 at∼80–100 km over Esrange. Here the
composite days are created for each month to generate a representative day for that month. By visual inspection,
the winds exhibit a clear semidiurnal (12‐hr) oscillation in both the components with strong tidal winds (up to
∼60 m/s including background winds underlying tides) found in August‐September and December‐January.
Further to detect and characterize the tidal periodicities, the MLT winds are diagnosed with Lomb‐Scargle (L‐S)
periodogram. Figure 3 illustrates the normalized L‐S periodogram of hourly zonal and meridional winds at 90 km
for the period of August 1999–December 2022. The power spectra indicate the large semidiurnal (12 hr) tide

Figure 2. Same as Figure 1, but for meridional winds (V).

Figure 3. Normalized power spectra of hourly (a) zonal and (b) meridional winds at 90 km for 1999–2022 over Esrange. The dashed horizontal line represents the 90%
confidence level and τ denotes the inertial period (∼12.9 hr). The tidal periods (24, 12, 8, and 6 hr) are marked in both panels of the figure.
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dominates in both wind components with the diurnal (24 hr) tide being the secondary in the meridional winds over
Esrange. The amplitude of the semidiurnal tide is nearly consistent in U and V whereas the diurnal tidal amplitude
is much larger in V than in U. The amplitude of the terdiurnal (8 hr) tide is almost equal to that of the diurnal tide in
zonal winds, but it is much smaller in the meridional winds. The power spectra also show the quarterdiurnal tide
(6 hr), however its amplitude is below the 90% significant level (horizontal dashed line). Apart from the tidal
periods, the gravity waves with periods shorter than the inertial period (τ ∼ 12.9 hr at this location) can be seen in
the power spectra of both wind components. The present study focuses on the largest tide, that is, 12‐hr tide only.

3.2. Climatology of the Semidiurnal Tide

3.2.1. Tidal Amplitude

The variations of the monthly mean semidiurnal tidal amplitude in zonal winds (U12) for the height region of
∼80–100 km during 1999–2022 over Esrange are depicted in Figures 4a and 4b. The vertical gray patches in both
the panels indicate the data gaps that arose due to non‐availability of the meteor radar observations. It can be
observed from the figure that the tidal amplitude increases with altitude and exhibits strong interannual vari-
ability. For example, it ranges from ∼20 m/s in 2002, and ∼30 m/s in 2005 and 2006 to the maximum of ∼40 m/s
in 2018, 2020 above ∼95 km in the winter months (December–January). The interannual variability in the tidal
amplitude also exists during August‐October varying from∼20 m/s in 2005, 2007, 2020 to a maximum of∼30 m/
s in 1999, 2001, 2011. Figure 4c illustrates the composite mean (averaged for all the years) of monthly tidal
amplitudes at ∼80–100 km. From the figure, it can be observed that the tidal amplitudes are least in spring
(March–May) below ∼95 km and in late autumn/early winter (November‐December) at lowermost altitudes.
However, the tidal amplitudes are large (∼30–35 m/s) in winter months (December–February) above ∼95 km
with secondary maximum (∼20–25 m/s) during late summer and early autumn (August‐October) above ∼82 km.

The monthly variations of the semidiurnal tidal amplitude in the meridional wind (V12) at ∼80–100 km over
Esrange are shown in Figures 5a and 5b for the observational period. The vertical gray patches represent the data
gaps in both panels. It can be observed that the V12 also exhibit significant interannual variability; for example, the
winter amplitudes range from ∼30 m/s in 1999, 2007, 2015 to the maximum of ∼40 m/s in 2001, 2006, 2016,
2018, 2020 above ∼95 km. In addition, the V12 exhibits significant interannual variability during August‐
September with the amplitudes range from ∼25 m/s in 2002 to ∼35 m/s in 2004, 2016, 2017 with a maximum
of ∼40 m/s in 2008 above ∼95 km. Figure 5c depicts the composite mean monthly amplitudes of V12 at ∼80–
100 km. It can be observed that the tidal amplitudes are minimum in spring below ∼95 km, however they are
significantly large (∼30–35 m/s) above this height in winter and late summer and early autumn (August–
September).

Figure 4. Monthly amplitudes of the semidiurnal tide in zonal wind (U12) for (a) 1999–2010, (b) 2011–2022, and (c) their composite means in the MLT region (∼80–
100 km) from the meteor radar observations over Esrange. The vertical gray patches in (a, b) indicate the data gaps.
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3.2.2. Tidal Phase

The monthly mean variabilities of the semidiurnal tidal phases in the zonal and meridional components are
presented in Figures 6 and 7 respectively. The zonal and meridional tidal phases are defined as the time (in hours)
of first maximum of the eastward wind and the northward wind respectively, measured in local time. It is likely
that the tidal phase values are larger (i.e., later hours)/smaller (i.e., early hours) when the amplitudes of the tide are
relatively small/large (Figures 4 and 5) in both the components. Further it is obvious that a negative change in
tidal phase with increasing height when the tidal amplitudes are relatively large, signifying the upward propa-
gating tide. These features are more pronounced in the late winter (January–February) and autumnal equinox
(September–November). In addition, when the tidal amplitudes are larger, the meridional phase lags the zonal by
a quarter cycle. Like the tidal amplitudes, phases in both the components exhibit interannual and seasonal
variability. The tidal phase in both the components is nearly constant (i.e., the variability is considerably small)
during April‐August at all heights, then decreases to early hours in the autumnal equinox and proceeds to later
hours in the early winter (December), finally attaining the latest hours in the late winter (January–February).
These seasonal variations in the tidal phases are consistent with that reported byMitchell et al. (2002) using 1 year
of meteor radar observations during August, 1999–July, 2000 over Esrange. They found the phase difference
between the two tidal components was around∼3 hr at all observational heights in all the months representing the
phase quadrature.

Figure 5. Same as Figure 4 but for semidiurnal tide in meridional wind (V12).

Figure 6. Monthly phases of the semidiurnal tide in zonal wind (U12) for (a) 1999–2010, (b) 2011–2022, and (c) their composite means in the MLT region (∼80–100 km)
from the meteor radar observations over Esrange. Here the phases are given in hours since midnight local time. The vertical gray patches in (a, b) indicate the data gaps.
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3.3. Interannual Variability of the Semidiurnal Tide

The interannual variabilities of the semidiurnal tidal amplitudes in both zonal (U12) and meridional (V12)
components for each month at two different heights, 89.9 km, and 98.5 km for 1999–2022 are shown in Figure 8.

Figure 7. Same as Figure 6 but for semidiurnal tide in meridional wind (V12).

Figure 8. Year‐to‐year variability of the amplitudes of (top) zonal semidiurnal tide (U12) and (bottom) meridional semidiurnal tide (V12) for each month at two different
heights of (left) 89.9 km and (right) 98.5 km during 1999–2022 over Esrange. The gray pixels in the figure panels denote the observational data gaps.
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The gray pixels in the figure denote the observational data gaps. It is evident from the figure that there exists
substantial interannual variability in both the tidal components in each month at the two height levels. At 89.9 km,
the variability in zonal tide is relatively small when the amplitudes are least during spring equinox (March–May).
For example, the U12 amplitude in April varies from∼3 m/s in 2005 and∼10 m/s in 2000, 2012, 2016 to∼15 m/s
in 2003, 2019. The variability is more pronounced when the tidal amplitudes are relatively large during autumnal
equinox and in winter. For instance, in September, the tidal amplitude varies by∼30 m/s between 2011 and 2019;
however, it is ∼25 m/s in the month of January between 2009, 2015 and 2019. Similarly at higher altitude of
98.5 km, the variability is small in late spring/early summer (e.g., ∼10 m/s in May between 2007 and 2020, 2021)
when the tidal amplitudes are minimum; however, it is more pronounced when the U12 amplitudes are relatively
strong in the late autumn and winter. In November, the tidal amplitude varies from ∼8 m/s in 2010, 2022 to the
maximum of∼50 m/s in 2000, while it ranges from∼10 m/s in 2009 to∼50 m/s in 2012, 2019, 2021 in the month
of January. Like U12, the variability in the meridional tide is small when the amplitude is relatively small (March–
May) and more pronounced when the tidal amplitude is large (autumn and winter) at both the heights.

Figure 9 illustrates the composite means of all years for the monthly tidal amplitudes in both the components to
characterize the interannual variabilities at the same height levels (given in Figure 8) of 89.9 and 98.5 km. The
vertical bars (in red) denote the standard deviations for each month to represent the tidal variability in that month.
At 89.9 km, the variability (deviation) in the tidal amplitude in both zonal and meridional components is large
during March–April (U12 ∼ 4.4–4.9 m/s, V12 ∼ 4.3–4.6 m/s), October–November (U12 ∼ 7.7–8.9 m/s, V12 ∼ 7–
8 m/s) and in the winter months especially in January (U12 ∼ 6.8 m/s, V12 ∼ 6.3 m/s). However, it is least in May
(U12 ∼ 2 m/s, V12 ∼ 2.4 m/s) and relatively smaller in summer. At 98.5 km, the tidal variability in both the
components is larger during autumn and winter with maximum deviation in November (U12 ∼ 12.3 m/s,
V12∼ 10.3 m/s) and January (U12∼ 12.8 m/s, V12∼ 10.5 m/s) months. However, it is minimum duringMay–June
(U12 ∼ 3.1–3.3 m/s, V12 ∼ 3.7–5.3 m/s) in both the components.

3.4. Time Series of Predictors for 1999–2022

The temporal variations of monthly predictors used in the regression model (Equations 2 and 3) for 1999–2022 are
depicted in Figure 10. The solar proxy (F10.7) includes the 11‐year cycles 23, 24 and part of 25 with decreasing
solar maxima over this period. The two near orthogonal QBO indices at 10 hPa (QBO10) and 30 hPa (QBO30)
vary between 20 m/s and 40 m/s in eastward and westward phases respectively, and no significant long‐term trend
is apparent in these two indices. The NINO 3.4 index, a proxy for ENSO, shows slight increasing trend during

Figure 9. Monthly variation of composite mean amplitudes of (top) zonal semidiurnal tide (U12), and (bottom) meridional
semidiurnal tide (V12) (in blue) at two different heights, (left) 89.9 km and (right) 98.5 km. The vertical bars (in red) denote
the standard deviations of the tidal amplitudes for each month.
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1999–2002 and 2011–2015 in consistent with the warm sea surface temperature anomalies, and decreasing trend
in recent years signify the reduction in the ENSO variability. The NAO is mostly varying as ±2 hPa and no
significant long‐term trend is evident in this index. The global mean O3 VMR at 1 hPa with equinoctial maxima
and solstitial minima shows slight increasing trend in the begging years (1999–2001), then declines up to 2003
and again increases until 2005–2006, and then it remains consistent to the end of the observations. The global
surface CO2 VMR obviously shows the increasing trend during the observational period with minima in summer.

The correlation coefficients (r) among the above predictors denote that they are nearly independent as no strong
correlation (above r ∼ 0.5) was observed between them. Furthermore, no multicollinearity exists in the regression
analysis and hence the results of the analysis are believed to be more reliable. More details on the r values among
these predictors and the multicollinearity check in the MLR analysis can be obtained from Ramesh et al. (2024).

3.5. Zonal and Meridional Semidiurnal Tidal Responses to the Climate Forcings

The monthly anomalies of the amplitudes of zonal and meridional semidiurnal tide calculated with respect to
1999–2003 are subjected to the MLR analysis (defined in Section 2) to investigate their possible responses to the
climate forcings at ∼80–100 km in the MLT region.

Figure 11 illustrates the monthly mean anomalies of the zonal tidal amplitudes (ΔU12) along with their responses
to the seven potential forcings viz., solar (F10.7), QBO10, QBO30, NINO 3.4 (ENSO), NAO, O3 and CO2. The
stippled regions show the responses which are statistically significant at 90% confidence level from t‐test (e.g.,
Wilks, 2006). From the figure, the regions of the significant response due to the solar forcing are quite less. They
can be found as the positive response (∼12 m/s/100 sfu) at higher altitudes above ∼98 km during late autumn
(October‐November) indicating the tidal enhancement, and the negative response (up to − 10 m/s/100 sfu) at
∼85–88 km in the late summer (August) implying the decrease in the tidal amplitudes. The significant negative

Figure 10. The time series of monthly mean regressors viz., F10.7, QBO10, QBO30, NINO 3.4, NAO, O3, CO2 for 1999–
2022.
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responses due to QBO10 and QBO30 in the late autumn/early winter (November–December) above ∼85–90 km
represent the declining tidal amplitudes. The strong positive response due to QBO30 in the late winter indicate the
tidal enhancement, however it is significant in January at ∼82–88 km and above ∼97 km. Further the significant
negative responses due to the QBO (at both the levels) can be found at various heights in spring and summer. The
NINO 3.4 index, a proxy for ENSO comprising El Niño or La Niña events, displays the significant negative
response above ∼95 km in the early autumn indicates the decrease in the tidal amplitude, while the significant
positive response above ∼85 km in the late autumn/early winter denotes the increase in the tidal amplitude. The
response due to NAO is quite variable and mostly insignificant; however, the regions of significant negative
responses are limited to summer below ∼85 km during July‐August and at ∼90–92 km in June. The response due
to O3 is significantly positive at almost all the heights during late winter/early spring (January‐March), however it
is stronger (∼80m/s/ppmv) at higher altitudes above∼95 km in January. This implies that the O3 likely to amplify
the U12 during January–March at almost all the heights, with more enhancement (strong amplitudes) in January
above ∼95 km. The response of U12 to CO2 is significantly positive in late autumn above ∼95 km, and at various
heights in January and June indicating the enhancement of the tidal amplitude.

Figure 11. Monthly mean zonal semidiurnal tidal anomalies along with their responses to the seven predictors viz., solar
(F10.7), QBO10, QBO30, NINO 3.4 (ENSO), NAO, O3 and CO2 in the MLT region (∼80–100 km) over Esrange. The
stippled regions denote the significant responses at 90% confidence level.
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The monthly mean anomalies of the meridional semidiurnal tidal amplitudes (ΔV12) and their responses to the
seven predictors are depicted in Figure 12. The stippled regions denote the responses significant at 90% confi-
dence level. Near similar to U12, the meridional tide shows significant positive response to solar forcing (∼12 m/s/
100 sfu) above ∼96 km during late autumn (October–November) implying the enhancement in the tidal
amplitude. However, the response is significantly negative (up to − 12 m/s/100 sfu) at ∼85–90 km in August and
above ∼98 km during June‐July indicating decrease in tidal amplitude. Alike U12, the response of V12 to the
QBO10 and QBO30 are significantly negative in the late autumn/early winter (November–December) above
∼85–90 km implying declining tidal amplitudes. The response due to ENSO (NINO 3.4 index) is significantly
negative above ∼90 km in the late summer/early autumn, and positive above ∼87 km in the late autumn/early
winter that denote the decreasing and increasing tidal amplitudes respectively. The response due to NAO is
mostly insignificant, however, there are a few regions including significant negative response at around ∼85 km
and positive response at higher altitudes in late autumn. Like the zonal component, the V12 response to O3 is
significantly positive up to∼98 km during late winter/early spring with strong response (∼80m/s/ppmv) centered
around∼82–86 km inMarch. This indicates the O3 is likely to enhance the amplitude of the meridional tide during
late winter/early spring especially with strong impact during February‐March below ∼90 km. Further the sig-
nificant negative responses due to O3 can be found at various heights in summer and below ∼85 km in the early

Figure 12. Same as Figure 11 but for meridional semidiurnal tide.
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autumn, however they are relatively strong (up to − 80 m/s/ppmv) above ∼94 km during July–August. The
response (significantly positive) of V12 to CO2 is comparable to that of U12 in late autumn (October–November),
likely to enhance the meridional tidal amplitude above ∼94 km. The strong positive response due to CO2 can also
be found in the late winter (January–February) above ∼95 km and at various heights in late spring/summer.

3.6. Aggregate Responses of the Semidiurnal Tide to Climate Forcings

The cumulative responses of semidiurnal tidal anomalies (ΔU12 and ΔV12) to the seven potential drivers viz.,
solar (F10.7), QBO10, QBO30, ENSO (NINO 3.4), NAO, O3 and CO2 for all the months and years during 1999–
2022 in theMLT region between∼80 and 100 km are determined from theMLR analysis. Figures 13a–13g shows
the altitude variation of the cumulative tidal responses in both components to the above climate forcings. The
zonal tidal response to solar forcing is negative, decreases above ∼90 km up to ∼97 km and reverses to positive
above this height; however, the meridional tidal response is negative at all the heights. The tidal response to the
QBO10 is negative and increases above ∼85 km in both the components; however, the negative response of the
meridional tide decreases above ∼95 km. The tidal response to QBO30 remains nearly consistent above ∼85 km
in both the components, and the zonal tide response turns to positive above∼97 kmwhile the negative response of
the meridional tide decreases above this height. The response due to ENSO is negative and increases with height
for both tidal components, however the negative response of V12 decrease above ∼97 km. The tidal response to
NAO is negative and decreases with increasing height up to ∼90 km in both the components. Above this height,
the response of U12 turns to positive, while it is insignificant up to ∼97 km and positively increases above this
height for V12. The tidal response to O3 is negative in both components. In case of U12, it is highly variable with
height, decreases below ∼85 km and increases above this height up to ∼90 km. Again, it decreases slightly up to
∼98 km and increases above this height. The negative response of V12 increases with height above∼82 km, peaks
at ∼97 km (− 35 m/s/ppmv) and decreases above this height. The negative response of U12 to CO2 slightly in-
creases above ∼82 km and decreases beyond ∼97 km to become positive at top altitudes (around ∼99 km). The
response of V12 is highly variable with altitude, positively decreasing below ∼88 km and negative above this
height up to ∼93 km. Again, it turns to positive above this height and increases with altitude peaking at ∼98 km
and decreases above this height.

Figure 13. Vertical profiles of cumulative zonal (in blue) and meridional (in red) semidiurnal tidal (a–g) responses to the seven predictors, and (h) trend. The blue and red
patches in each panel denote the corresponding standard errors.
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3.7. Trends in Semidiurnal Tide

The “Trend” here implies changes on a time scale longer than a solar cycle. The altitude variation of cumulative
trends in semidiurnal tidal amplitude in both zonal and meridional components are depicted in Figure 13h. The
trends are derived as the rate of change of tidal anomalies (ΔU12 and ΔV12) for all the months over all the years
during 1999–2022. Due to the large correlation between trend (time) and CO2 index in the MLR analysis, the
trends in the tidal amplitudes are calculated irrespective of the climate forcings with no trend term in the
regression model (Equation 2). The trend in zonal tide is positive, decreases with increasing height below∼83 km
and slightly increases above this height up to ∼90 km. The positive trend in U12 declines above this height,
reverses to negative just below ∼95 km and increases to maximum at∼97 km (− 0.05± 0.02 m/s/year). The trend
in U12 again becomes positive at around ∼98 km and increases with height. The trend in V12 is positive at all
heights, remains nearly consistent between ∼88 and ∼92 km. It increases above this height peaking at ∼98.5 km
(∼0.2 ± 0.02 m/s/year) and declines beyond this height.

Figures 14a and 14b illustrates the monthly trends in tidal amplitudes in zonal and meridional components
respectively. They represent the rate of change of tidal anomalies for each month over all the years of the ob-
servations. The monthly trends are calculated regardless of the climate forcings with no trend (time) term included
in the regression model. The significant trends at 90% confidence level are represented by the stippling in the
figure panels. The trends in U12 are significantly positive (∼0.5 m/s/year) above ∼92 km during late autumn
(October–November) and below ∼95 km in the month of January indicating the increasing trend of zonal tidal

Figure 14. Monthly trends of the (a) zonal, and (b) meridional semidiurnal tide in the MLT region (∼80–100 km) during the
observational period (1999–2022) over Esrange. The stippled regions denote the significant trends at 90% confidence level.
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amplitude. A few regions of significant positive trends vary with altitude in late spring and summer. However, the
trends are significantly negative (− 0.5 m/s/year) above ∼97 km in the late winter/early spring representing the
decreasing trend in the zonal tidal amplitude. The monthly trends in V12 are significantly positive and peaks
(∼0.6 m/s/year) above ∼94 km in late spring (May) and at ∼92–98 km in mid‐summer (July) suggesting the
increasing trend in the meridional tide. The significant positive trends can also be found below ∼84 km during
these seasons and further in January between∼82 and ∼92 km. The positive trends in V12 can also be found at the
height (above ∼92 km) where the trends in U12 are significantly positive in the late autumn, however these trends
are mostly insignificant. The negative trends observed above ∼85 km during August–September and November–
December are statistically insignificant.

4. Summary and Discussion
In the present study, the meteor radar observations of horizontal winds are used to investigate the long‐term
variabilities and tendencies of the semidiurnal tide in the northern high latitude MLT during 1999–2022 over
Esrange. As the polar (especially Arctic) MLT tidal variabilities are least explored in response to the possible
significant drivers, the findings of this study have great importance for comprehensive understanding of the
impact of the solar and potential climate forcings (QBO, ENSO, NAO, O3, and CO2) on the tidal variabilities in
this region. The diurnal variability of the zonal and meridional winds (in 2007) clearly indicates the basic sig-
natures of the 12‐hr oscillation (Figures 1 and 2). Further the spectral analysis of the winds at ∼90 km reveals the
24‐hr, 12‐hr, 8‐hr, and 6‐hr tidal modes; however, the 12‐hr (semidiurnal) tide dominates with largest amplitude in
both wind components over Esrange (Figure 3). Hence the present study focuses only on the largest mode, the 12‐
hr tide to investigate its long‐term variabilities and tendencies in response to the above significant climate forcings
using the MLR analysis.

The amplitude of the semidiurnal tide increases with height in both the components in the arctic MLT. It is
characterized by relatively large amplitude in winter with maximum above ∼95 km and the secondary maximum
(with relatively less amplitude) during late summer and early autumn. However, the amplitude of V12 is larger
than that of U12 at higher altitudes. Mitchell et al. (2002) showed the similar seasonal tidal variations using the
meteor radar observations for around 1 year (August, 1999–July, 2000) over Esrange. Recently Dutta and
Sridharan (2023) also reported the similar seasonal variabilities of the U12 and V12 amplitudes from the meteor
radar observations during 2005–2019 over Esrange. However, Riggin et al. (2003) demonstrated that the tidal
(V12) amplitudes maximize around autumnal equinox at ∼86 km in the arctic MLT using the medium frequency
(MF) radar observations for 1999–2001 over Andenes (69°N, 16°E) and Poker Flat (65°N, 147°E). They
attributed the seasonal enhancement of the semidiurnal tide to reduction in tidal vertical scale in association with
refractive effects of wind shears and temperature gradients. However, in the present study, the maximum tidal
amplitudes are observed in winter at higher altitudes, even stronger than that in autumnal equinox. The semi-
diurnal tidal amplitudes are significantly modulated by the nonlinear interaction of migrating tide (SW2) with
planetary waves (PWs) and nonmigrating tide. The significant amplification of the PWs in the winter and the
nonlinear coupling between the tides and PWs could be the possible reason for the maxima in semidiurnal tidal
amplitudes in this season. It can be noted that, as it is not possible to derive the amplitudes of the distinct
migrating, nonmigrating tides and PWs with the single location (Esrange) observations, the interaction between
these waves cannot be demonstrated here. The winter maxima in semidiurnal tidal amplitudes (Figures 4 and 5)
are highly variable (e.g., Pancheva & Mitchell, 2004) and this could be associated with the PW activity and the
sudden stratospheric warming (SSW) events (e.g., Chau et al., 2012, 2015; Laskar et al., 2014; Merzlyakov
et al., 2001). In spring and summer (Figures 5 and 6), the decrease in the tidal amplitude could be due to the
weakening of SW2 and PWs. The least tidal amplitudes in late autumn/early winter could be associated to the
combination of out of phase interaction between migrating (SW2) and nonmigrating (SW1) tides, and changes in
tidal refractive properties due to changes in other dynamical properties (wind shears and temperature gradients)
(e.g., Hibbins et al., 2010; Laskar et al., 2016; Riggin et al., 2003). Pedatella et al. (2021) simulated the SW2
variability and found the pronounced minimum around September equinox in the northern middle and high
latitudes. Further they found that the minimum in SW2 tide is due to the seasonal transition of the zonal mean
zonal winds which modulate the symmetric and antisymmetric modes of this tide. The enhanced tidal amplitude
during August‐October could be due to the in‐phase interaction between migrating and nonmigrating (SW1) tides
(e.g., Laskar et al., 2016).
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The interannual variability in the U12 and V12 amplitudes varies with height (Figure 8) with more pronounced at
higher altitudes than at lower altitudes. Further the variability is more obvious when the tidal amplitudes are large
especially during winter, and in the late summer and autumn. In the present study, the large tidal amplitudes up to
∼50 m/s are observed (at 98.5 km) in winter of the major SSW years 2001, 2002, 2012, 2013, 2019, 2021. During
the minor SSW events of 2000, 2008, 2016, the tidal amplitudes increase moderately up to ∼40 m/s. However,
when there is no SSW in 2004 and 2011, no such strong enhancements in the tidal amplitudes are observed. Here
it can be noted that, there exist multiple (two or three) SSW events that include major and minor events in different
winter months of a single year/season (Zhang & Chen, 2019). The SSW events have substantial impact on the
semidiurnal tidal amplitudes in the MLT. They occur primarily due to the interaction of upward propagating PWs
of zonal wavenumber 1 or 2 with the zonal mean flow (Matsuno, 1971). The changes in tidal amplitudes are
attributed to the changes in zonal winds, changes in tidal sources and nonlinear interactions between the tides and
PWs (e.g., Pedatella et al., 2012). It is observed that the winter MLT zonal winds amplify over Esrange during the
SSW events (Ramesh et al., 2024). The nonmigrating tide, SW1 can be generated by the nonlinear interaction
between the SW2 and the quasi‐stationary PW of zonal wavenumber 1 (PW1) (e.g., Liu et al., 2010). The
enhancement in SW1 and PW1 (Pedatella et al., 2012) and the interaction between enhanced PW1 and SW2 could
significantly increase the semidiurnal tidal amplitude during SSW events. However, Pedatella et al. (2012)
simulated that the enhancements in the SW2 is 40%–50% relative to the climatological mean and the changes in
the nonmigrating tides are relatively small except the SW1 which shows the changes more than 20% during the
SSW events in the northern mid‐ and high‐latitude MLT region. Further it can be observed that there is no
enhancement of the tidal amplitude during the major SSW events of 2003 and 2009, possibly associated to the
changes in zonal mean zonal winds, ozone forcing and the non‐linear interaction of the tides with PWs. In
addition, the interaction between enhanced quasi 16‐day wave and the semidiurnal tide is maximum around the
peak of the major SSWs; however, it is weaker during the minor SSW events (Laskar et al., 2014).

Apart from the above, Hagan et al. (1992) simulated that the variability of the semidiurnal tide (∼5–20 m/s) in the
mesosphere could be attributed to the low latitude stratospheric QBO, and it is more pronounced in high latitude
winter (January). The interannual variabilities in the tidal amplitudes during August‐September could be asso-
ciated with the behavioral characteristics of the low‐latitude QBO. Laskar et al. (2016) found that the tidal
amplitudes during August‐September enhancement are above and below the mean level for the QBO eastward
and westward phases (at 50 hPa) respectively. They hypothesized that the QBO wind modulate the southern
hemispheric quasi stationary PW1 (enhance/damp during eastward/westward phases of the QBO) that subse-
quently interacts with the semidiurnal tide over northern mid‐high latitudes to modulate the tidal amplitudes there.
Further the interannual variability in U12 and V12 is also evidenced in summer and autumnal equinox; however, it
is more prominent in autumn than in the summer. Smith et al. (2007) analyzed the semidiurnal tidal variability in
summer and autumn using the meteor radar observations for 2002–2005 over Esrange. They found that the
temporal variability of the semidiurnal tide is well correlated with the PW1 in the stratosphere over southern high
latitudes. The correlations suggest that the variability in the tidal amplitude could be due to the dynamical in-
teractions in the opposite (southern) hemisphere.

From the MLR analysis, the tidal responses are robust at the altitude/month where/when the correlations between
the tidal anomalies and the predictors are high; however, they are not significant at the areas where no or weak
correlations occur as shown in the Figures 11 and 12. The solar forcing plays a significant role to drive the
thermal, dynamical processes and their variabilities in the MLT region. In this study, the responses of U12 and V12
to the solar cycle are found to be significantly positive in late autumn (above∼95 km) and negative in late summer
(at ∼85–90 km) representing the increasing and decreasing tidal amplitudes respectively during solar maximum
conditions. Sprenger and Schminder (1969) reported the negative correlation between the solar flux and U12 and
V12 at around 95 km in winter over central Europe (54.1°N, 11.8°E and 51.3°N, 13.0°E). Bremer et al. (1997)
found the negative but weak correlation of U12, and almost zero correlation of V12 with the solar activity in most
of the months of a year over central Europe. However, from the radar observations, Jacobi et al. (1997) did not
find any solar cycle dependence of the semidiurnal tide in most of the months over Collm, Germany (52°N, 15°E).
Conversely, Fraser et al. (1989) showed the positive correlation between the solar activity (in the declining phase)
and the semidiurnal tidal amplitude in winter over the northern midlatitudes. Though over a southern low‐latitude
station (22.7oS, 45oW), Guharay et al. (2019) reported the strong positive correlation between U12 and the solar
activity at the lower heights (below ∼84 km) of the MLT, and negative correlation above this height during the
autumnal equinox. They further found that the V12 exhibits positive correlation with the solar cycle at all the
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observational heights (∼80–100 km). In agreement with most of the studies, the present study shows that, the
cumulative tidal amplitudes are negatively dependent on the solar cycle at all observational heights except that the
U12 response reverses to positive above ∼97 km (Figure 13). As the nonlinear interaction with PWs plays sig-
nificant role in the semidiurnal tidal variabilities, the negative response to the solar cycle could be related to the
changes in the PW activity (e.g., Baumgaertner et al., 2005). The second mechanism might be the seasonal
variations of the stratospheric ozone and strength of the vortex in response to the solar cycle could affect the
timing of the large tidal amplitudes in the MLT. Another possible mechanism could be attributed to the changes in
pressure and density gradients that affect the tidal vertical propagation and growth. The warming/cooling of the
middle atmosphere during increasing/decreasing solar activity in the solar maximum/minimum conditions result
in the pressure and density increase/decrease at a given altitude (e.g., Khosravi et al., 2002; Laštovička, 2005).
The higher stratospheric temperatures during solar maximum could lead to increased mean densities at the higher
altitudes (e.g., Schmidt et al., 2006). The tidal amplitude increases in response to decreasing density with
increasing height to conserve the energy and momentum. However, the increase in neutral density during solar
maximum could slow down the growth of the tidal amplitudes in the MLT (e.g., Andrioli et al., 2022). This could
be the possible reason for the negative tidal response to the solar forcing observed in this study (Figure 13).

The tidal (U12 and V12) responses to the QBO at 10 hPa and 30 hPa are significantly negative above∼85–90 km in
the late autumn and early winter (Figures 11 and 12). This could be associated to the reduced amplitudes of SW2,
SW1 in these seasons. Laskar et al. (2016) suggested that the reduced semidiurnal tidal amplitude after the
August‐September enhancement period could be due to the out of phase interaction between SW2 and SW1 and
changes in refractive properties due to various thermal and dynamical changes. The significant negative tidal
responses are also observed at various heights in spring and summer. This maybe associated to the reduced tidal
amplitudes due to weakening of SW2 and PWs in these seasons. During winter especially in January, the sig-
nificant positive response of the semidiurnal tide is observed in both the components. The plausible mechanism
could be associated with the tidal modulation due to interaction with the PWs under different phases of the QBO.
The QBOmodulation of the semidiurnal tide in the northern hemisphere is teleconnected to the PW activity in the
opposite hemisphere (Laskar et al., 2016). Hagan et al. (1992) simulated that the effect of stratospheric QBO
variability over low latitudes is largely evident on the upward propagating semidiurnal tides (in the wind fields)
during January in the high latitude mesosphere. When the QBO winds are eastward, the enhanced PW1 in the
southern hemisphere could interact with the SW2 tide in the northern high latitude and enhances the SW1 tide and
subsequently the amplitude of the semidiurnal tide in the MLT region. This could be the possible reason for the
significant positive responses of the U12 and V12 to the QBO (at 30 hPa) observed in January. The cumulative
tidal response to QBO (at 10 hPa and 30 hPa) remains negative (more variable with height for QBO10 than
QBO30), except the U12 response to QBO30 above ∼97 km where it reverses to positive. The possible reason for
the negative tidal responses to QBO could be associated with the dependence of the SSW occurrence on the QBO
phase. As stated above, the semidiurnal tidal amplitudes are enhanced during the major SSW events which occur
more often under the QBOwestward phase than the eastward phase (e.g., Labitzke, 1982; Dunkerton et al., 1988).
Therefore, when the QBO phase is eastwards, the occurrence rate of major SSWs is less and thus the reduced tidal
amplitudes. Another potential mechanism could be related to the QBO impact on the ozone variability. When the
QBO phase is eastward, the weakening of the Brewer‐Dobson circulation (due to the QBO induced meridional
circulation) (e.g., Andrews et al., 1987) results in the reduced ozone over mid‐ and high‐latitudes. As the
semidiurnal tides are excited through the absorption of solar UV radiation by stratospheric ozone, the reduced
ozone during the eastward phase of the QBO could result in less tidal forcing. Further the altitude variation of the
zonal tidal response to QBO30 mostly resembles with that of the solar forcing (Figures 13a and 13c). This
signifies the connection between solar, QBO forcings and the SSW occurrence and their impact on the semi-
diurnal tidal variability. Salminen et al. (2020) investigated the dependence of the SSW on the internal and
external drivers. They found that the effect of the QBO on the occurrence of the SSW strengthens/weakens for the
low/high solar (geomagnetic) activity. That is, in QBO westward/eastward phase, the SSWs occur more/less
often when the solar (geomagnetic) activity is low/high.

The semidiurnal tide exhibits significant negative response to ENSO in the late summer/early autumn and
positive response in the late autumn/early winter above ∼85–90 km in both the components. However, the tidal
response to ENSO is mostly insignificant in late winter/early spring and significant at various heights in late
spring and summer. The large‐scale changes in tropospheric convection induced by ENSO could modify the
tropospheric tidal forcing (Lieberman et al., 2007; Trenberth et al., 2002). Depending on the specific tide, the
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increase or decrease in the tidal forcing in response to ENSO results in changes in the tidal amplitudes in the MLT
(e.g., Gurubaran et al., 2005; Lieberman et al., 2007). Hagan and Forbes (2003) simulated that the semidiurnal tide
in the MLT is influenced by latent heat release associated with raindrop formation in tropospheric deep
convective clouds over the tropics. They further illustrated that the year‐to‐year variability in the tropospheric
tidal forcing of the semidiurnal tide can be expected in association with deep convective activity over the tropics.
However, the monthly variations in the tidal responses could be possibly due to ENSO induced changes in the
tropospheric precipitation change slowly over several months (e.g., Trenberth et al., 2002). In addition, the
changes in stratospheric and mesospheric zonal winds in response to ENSO could be another source of tidal
variability in the MLT (Sassi et al., 2004). Ramesh et al. (2024) found significant positive response of the zonal
winds to ENSO during late autumn/early winter, and negative response of the meridional winds in summer/early
autumn below ∼90–95 km over Esrange. In the present study, the significant tidal responses to ENSO are found
above this height. This indicates the tidal variability in response to ENSO can also result from the wind variations
due to ENSO in theMLT. Furthermore, Pedatella and Liu. (2012) suggested that the changes in PW activity due to
ENSO can influence the zonal mean winds, resulting in additional modulation of the tides in the MLT. Besides, in
the present study, the significant opposite responses due to ENSO (positive) and QBO (negative) observed in both
components of the semidiurnal tide during late autumn/early winter (above ∼85–90 km) indicating the rela-
tionship between these two dominant modes of climate variability. That is, the hydrostatic effects of QBO linked
zonal wind shear likely to enhance/suppress the equatorial deep convective activity during westward/eastward
phase of the QBO (Gray et al., 1992). The cumulative tidal response to ENSO is negative in both components at
all observational heights (Figure 13d). This could be possibly due to the response of the tide especially the
nonmigrating components to the El Niño and La Niña phases of the ENSO. Warner and Oberheide (2014) found
the larger radiative heating occur during La Niña phase than the El Niño phase and most of the heating occurs in
the southern hemisphere. However, the larger heating in the southern hemisphere during La Niña occurs along
with the larger tidal amplitudes in the northern hemisphere, and it could be because of the global nature of the tides
combined with phase interference (Warner & Oberheide, 2014).

The tidal response to NAO is mostly insignificant except at some parts in summer, autumn, and early winter. In
winter when the NAO is more pronounced (NAO index is high), the positive tidal response to the NAO is found in
December, but at very limited heights. In summer when the NAO is weak (NAO index is low), the tidal responses
are negative but significant at limited heights especially during June‐July (Figures 11 and 12). According to
Jacobi and Beckmann., (1999), in winter, the polar vortex is directly dynamically coupled to the troposphere and
the MLT and thus the NAO index can be correlated to the dynamical parameters from both the regions of the
atmosphere. However, in summer, the dynamical coupling could be weaker when the stratospheric westward
winds prevent westward traveling PWs from propagating into the MLT. In addition, the tidal amplitudes are
relatively larger in winter (above ∼85 km) and smaller in summer. The opposite responses of V12 to the NAO
(negative below and positive above ∼90–95 km) are observed during September–November, however, they are
insignificant in case of U12. The cumulative tidal responses to NAO are negative below∼88 km and reverse to
positive above this height; however, the V12 response is insignificant at ∼92–98 km. This behavior can be ex-
pected due to the height variation of the tidal amplitude especially during and after the August‐October maximum,
wave modulation by background winds, and non‐linear wave‐wave (tides, GWs and PWs) interactions during
strong (positive) and weak (negative) NAO (index). The long‐term responses of MLT winds to NAO over
Esrange can be found in Ramesh et al. (2024).

The semidiurnal tidal response to ozone is positive in winter/early spring with strong and significant responses
during January–March in both the components (Figures 11 and 12). This could be associated mostly to the SSW
induced changes in the ozone, and thus the amplitudes of the semidiurnal tide. As the SSWs are large scale
transient events in the winter polar stratosphere, any changes in dynamical and chemical processes before, during
and after the SSW events could profoundly impact the chemical composition including ozone in the polar middle
atmosphere (e.g., Sofieva et al., 2012). However, the changes in stratospheric ozone during SSWs are strongly
dependent on altitude (e.g., de la Cámara et al., 2018) with which the dynamical (lower stratosphere) and chemical
(upper stratosphere) processes change. The PW breaking accompanying the onset of an SSW accelerates the
Brewer‐Dobson circulation (McIntyre, 1982) leading to warming of the stratosphere. Additionally, the downward
transport of NOx is terminated, preventing the O3 losses through the chemical reactions with NOx, while the
primary source of O3 remains unchanged (Denton et al., 2019). These processes combinedly lead to a rapid
increase in O3 levels in the upper stratosphere and mesosphere immediately after an SSW event. As the absorption
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of solar UV radiation by ozone is the primary source for the generation of SW2 tide (e.g., Forbes & Garrett, 1978;
Lindzen & Chapman, 1969), the increase in ozone density could result in the enhancement of this tide during
SSWs (e.g., Siddiqui et al., 2019). However, Pedatella et al. (2014) simulated that the SW2 changes were driven
by the combination of changes in the zonal mean zonal winds and the changes in stratospheric ozone during the
2009 SSW event. Goncharenko et al. (2012) reported that, during the 2009 major SSW event, PW forcing induced
large‐scale global circulation changes led to the enhancement of the ozone density by 25% in the tropical
stratosphere (30–50 km) where the SW2 tide is primarily generated. Further they suggested that the stratospheric
circulation changes during SSW can increase the longitudinal inhomogeneities in the distribution of the ozone
that can result in the generation of the nonmigrating tides. Sridharan et al. (2012) found the increase in the
semidiurnal tidal amplitudes in the tropical mesosphere during major SSW events of 2006 and 2009; they linked it
to the enhancement of the tropical stratospheric ozone due the weakening of the Brewer Dobson circulation
during SSWs. The variations in the nonmigrating tides (SW1 and SW3) could be due to the nonlinear interaction
between the enhanced PWs and the migrating tide (SW2) during SSWs (e.g., Liu et al., 2010; Pedatella &
Forbes, 2010). On the other hand, Sridharan et al. (2012) reported an unusual reduction in the mesospheric
semidiurnal tide over the tropics (8.7°N, 77.8°E) prior to the onset of a minor stratospheric warming event in
2011. They suggested that the enhanced PW activity prior to the occurrence of the 2011 minor SSW strengthened
the Brewer‐Dobson circulation which transports stratospheric O3 to the northern high latitudes. Therefore, in the
present study, the positive tidal responses to the ozone in the winter/early spring could possibly be attributed to the
above dynamical and chemical processes during major and minor SSW events. In addition, the negative tidal
responses to ozone in summer/early autumn could be associated with less ozone due to weak eddy mixing and/or
other dynamical and chemical processes, less PW activity, and thus weaker tidal amplitudes. However, the cu-
mulative tidal responses to ozone are negative at all observational heights with a maximum V12 response at
around ∼97 km. This could be possibly associated with, in addition to the above, the response of the ozone and
semidiurnal tide to the solar flux variations, and the variability of the V12 is slightly strongly dependent on the
solar activity than that of U12 (e.g., Pancheva et al., 2003).

The tidal responses to CO2 are significantly positive in mid‐late winter, and during mid‐late autumn at higher
altitudes above ∼95 km. Significant positive responses can also be found at various heights in late spring/summer
in both the tidal components. Further the tidal responses to CO2 are nearly identical to that of ENSO especially
during the autumnal equinox when the El Niño intensity tends to maximize (Figures 11 and 12). The semidiurnal
tide can be excited by large‐scale latent heat release due to deep convection in the troposphere (Forbes et al., 1997;
Hagan & Forbes, 2003; Lindzen, 1978). The global warming due to rising levels of CO2 could lead to more
frequent and intense El Niño events (e.g., Cai et al., 2022), and thus influence the tropical deep convective
systems and tidal forcings, subsequently the semidiurnal tidal amplitudes in the MLT region. On the other hand, it
is evidenced that there exist correlations between the atmospheric CO2 growth rate and El Niño activity (Betts
et al., 2016; Chatterjee et al., 2017 and references therein), that is, the global atmospheric CO2 increases during El
Niño events. However, during La Niña events the annual CO2 growth rate is slower. The impact of El Niño and La
Niña is very small in summer, and this could be the possible reason for relatively weak positive tidal responses to
CO2 in this season. The positive tidal response to CO2 in January‐February could be attributed to increasing
number of SSWS due to increasing CO2 (e.g., Schimanke et al., 2013). The cumulative tidal response to CO2
varies with altitude, with maximum negative and positive responses of U12 and V12 occur at around ∼97–99 km.
However, the U12 response reverses to positive above this height. The rising levels of CO2 lead to infrared cooling
which could result in reduced tidal dissipation due to weaker heat conduction and molecular viscosity at higher
levels of the MLT (e.g., Sun et al., 2022). The positive tidal responses to CO2 represent the increasing tidal
amplitudes likely due to decreasing wave dissipation associated to the radiative cooling at higher altitudes.

The significant positive trends in the tidal amplitudes in late spring/summer and mid‐winter (January) at various
heights implies the increasing trends in the tidal amplitudes with relatively strong trends in the meridional
component. Above 90 km, the positive trends in V12 are maximum (∼0.6 m/s/year) in May and July. This could
be probably associated to the trends in meridional wind. Ramesh et al. (2024) showed a strengthening of the
summer to winter pole meridional circulation over Esrange, mostly in response to the increasing CO2. In addition,
the increasing radiative cooling in the summer polar mesosphere due to increasing greenhouse gases (GHGs)
(e.g., Bailey et al., 2021) could lead to weaker heat conduction and molecular viscosity which in turn could result
in decreasing tidal dissipation, and hence the increasing trend in the tidal amplitudes. The significant increasing
trend in the tidal amplitudes in mid‐winter can be attributed to the complex processes associated to the SSWs.
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From ensemble simulations, Schimanke et al. (2013) reported an increase in the number of SSWs from the pre‐
industrial period to the end of 21st century predominantly due to increasing GHGs. Further they simulated that the
intensity of the SSWs is moderately reduced due to increase in GHGs. In the present study, the significant positive
trends in the tidal amplitudes in January month could be associated to increasing frequency of SSWs in asso-
ciation with increasing GHGs. The cumulative trend in the zonal tide is positive below ∼95 km, it reverses to
negative above this height peaking at ∼97 km, and again turns to positive above this height (Figure 13h).
However, the trend in meridional tide is positive at all observational heights with maximum at ∼98 km, and it
decreases above this height. The trends in the tidal amplitudes are likely associated to increasing CO2 that
significantly influence (through cooling effect) the tidal amplitudes especially at higher altitudes; however, they
can vary depending on the month/season for the zonal and meridional components of the tide. The positive trends
in the tidal amplitudes could be due to increase in the SW2 tidal forcing associated to the stratospheric ozone
enhancement by the increasing CO2 radiative cooling (e.g., Liu et al., 2020). Further, the negative trend in
pressure altitude (decreasing altitude for a given pressure level) due to the middle atmosphere CO2 cooling (e.g.,
Bailey et al., 2021; Zhao et al., 2020) could lead to the positive trends in the semidiurnal tidal amplitudes.

5. Conclusions
The long‐term, interannual variabilities and tendencies of the monthly zonal and meridional semidiurnal tide in
the northern polar MLT are derived from the meteor radar observations at ∼80–100 km during 1999–2022 (two
SCs) over Esrange (67.9°N, 21.1°E). In addition, for the first time, the broad impact of the potential climate
forcings viz., SC, QBO (at 10 and 30 hPa), ENSO, NAO, O3, and CO2 on the arctic MLT semidiurnal tide has
been investigated using MLR analysis for the observational period.

The important conclusions of this study can be listed as follows.

1. The spectral analyses of zonal and meridional winds reveal the dominance of the semidiurnal (12‐hr) tide
over the diurnal (24‐hr) and terdiurnal (8‐hr) tide in the arctic MLT (at ∼90 km) during 1999–2022 over
Esrange.

2. The climatological means of the semidiurnal tidal amplitude in both components are significantly large at
higher altitudes (above ∼90–95 km) in winter and late summer/early autumn (August–September).

3. The monthly mean U12 and V12 amplitudes exhibit significant interannual variability that changes with
altitude and month or season. The variability is more pronounced during autumn and winter, and smaller in
summer at 89.9 and 98.5 km.

4. The U12 and V12 responses to solar forcing are significantly positive at higher altitudes (above∼98 km) in the
late autumn and negative at ∼85–88 km in late summer. The positive/negative responses due to solar forcing
represent the increase/decrease in tidal amplitudes during solar maximum conditions.

5. The significant negative tidal responses to QBO (at 10 hPa and 30 hPa) above ∼85–90 km in the late autumn/
early winter indicates the decreasing tidal amplitude during eastward phase of the QBO.

6. The significant negative response of U12 and V12 to ENSO during autumnal equinox above ∼95 km indicates
the decrease in the tidal amplitude, while the significant positive response above ∼85 km in the late autumn/
early winter denotes the increase in the tidal amplitude during the El Niño events.

7. The tidal response to NAO is mostly insignificant except in summer (negative) at various heights, and at
around ∼85 km during mid‐late autumn for V12.

8. The significant positive responses of U12 and V12 to O3 during January‐March represent the increase in tidal
amplitudes likely due to the SSWs induced changes in ozone concentrations.

9. The responses of U12 and V12 to CO2 are significantly positive in late autumn above ∼95 km, and at various
heights in January and June imply the enhancement of the tidal amplitude likely due to the consequences of
increasing CO2.

10. The positive trends of V12 are significantly larger than that of U12 especially above ∼90 km in late spring/
summer.

Data Availability Statement
The Esrange meteor radar data used in this study can be obtained from the UK Centre for Environmental Data
Archival (CEDA), Mitchell (2019) for 2000–2018, and from Genesis software Ltd. (https://www.gsoft.com.au/)
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for the remaining years upon request. The monthly F10.7 values are from Laboratory for Atmospheric and Space
Physics (2005). The QBO indices (at 10 and 30 hPa) and the O3 mass mixing ratio (MMR) are obtained from
ERA5 reanalysis, Hersbach et al. (2023). The O3 MMR is converted to its VMR as per Ramesh et al. (2024). The
monthly NINO 3.4 index data are provided by NOAA/PSL and can be obtained from National Oceanic and
Atmospheric Administration (2023c). The monthly NAO index values are provided by NOAA/CPC and can be
obtained from National Oceanic and Atmospheric Administration (2023a). The monthly CO2 VMR data is
provided by NOAA/GML and can be obtained from National Oceanic and Atmospheric Administration (2023b).
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