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Abstract The influence of migrating diurnal tides in driving the mean zonal wind in the upper mesosphere
and lower thermosphere (UMLT) is investigated using the zonal and meridional winds observed by the
Michelson Interferometer for Global High‐Resolution Thermospheric Imaging (MIGHTI) instrument onboard
the Ionospheric Connection Explorer (ICON) satellite over the region of interest having a latitudinal and
longitudinal extent of 5°N–15°N and 67.5°E–90°E, respectively, for the years 2020, 2021, and 2022. The mean
zonal wind exhibits a distinct semiannual oscillation (SAO) with large westward winds found during
January–March and September–December, varying in intensity (20–40 m/s) across all three years from 91 to
103 km. The diurnal tidal amplitude in meridional wind (DTV) reported equinoctial maximum (∼80–100 m/s)
and solstitial minimum (∼10–30 m/s), revealing similar SAO found in mean zonal wind. The seasonal variation
of westward acceleration, induced by the vertical gradient of meridional flux of zonal momentum (Fmeridional),
peaks during January‐March (18–43 m/s/day) and September‐December (40–55 m/s/day), exhibiting an
equinoctial enhancement analogous to the westward wind intensity in mesospheric SAO. This quantitatively
demonstrates the significance of momentum flux deposition by diurnal tides in driving the MSAO above 91 km
using ICON/MIGHTI wind observations for the first time. The magnitude of westward acceleration (m/s/day)
induced by Fmeridional exceeds the convergence of vertical flux of zonal momentum (Fzonal) due to diurnal tides
from January to March, while the westward acceleration induced by both Fzonal and Fmeridional are found to be
larger and comparable during September–December.

Plain Language Summary The mean zonal wind in the upper mesosphere and lower thermosphere
(UMLT) region exhibits semiannual variation with strong westward winds during equinox months and there is
also an equinoctial asymmetry with large westward winds in one equinox compared to the other. Diurnal tide
in meridional wind also shows similar variation with large amplitudes during the equinox months depicting
similar equinoctial asymmetry. It is suggested that the diurnal tide, being the largest westward momentum
source, contributes to the westward phase of semiannual variation as well as equinoctial asymmetry. The
momentum flux contributed by the diurnal tide is also estimated and found to be in the range 18–55 m/s/day.
The westward acceleration induced by the vertical gradient of meridional flux of zonal momentum due to
diurnal tide exceeds the convergence of vertical flux of zonal momentum due to diurnal tide during
January–March, while the westward acceleration induced by both these parameters is larger and comparable
during September–December.

1. Introduction
Low‐latitude mesospheric winds are characterized by semiannual oscillation (MSAO) with westward maxima
during equinox months and eastward or less westward winds during solstice months (Andrews et al., 1987; Garcia
et al., 1997; Reed, 1966). This oscillation is approximately 3 months out of phase with the stratospheric semi‐
annual oscillation (SSAO). It is known that the SSAO is mainly driven by advection of westward momentum
by mean meridional circulation (Holton & Wehrbein, 1980) and momentum deposition due to vertically prop-
agating waves of all scales, in particular Kelvin waves and inertia gravity waves contributing to its eastward
phase. However, the driving mechanisms for the upper mesospheric semiannual oscillation are not well under-
stood. Considering the out‐of‐phase relationship between SSAO and MSAO (Antonita et al., 2007), Dunker-
ton (1982) suggested that the selective transmission of Kelvin waves and gravity waves by SSAO could drive the
MSAO. Sassi and Garcia (1997) suggested the possible role of inertia‐gravity waves of convective origin that
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could drive the westward phase of the MSAO and both inertia‐gravity waves and Kelvin waves contributing to the
eastward phase.

There is an equinoctial asymmetry exhibited sometimes by the MSAO with a westward wind maximum during
March‐April being stronger than September‐October and the large westward winds occur preferentially during
the eastward phase of stratospheric quasi‐biennial oscillation (QBO) (Burrage et al., 1996; Garcia et al., 1997).
The large westward winds were suggested to be due to selective filtering of inertia gravity waves (Sassi &
Garcia, 1997) and/or small‐scale gravity waves generated due to tropical convection (Beres et al., 2005; Dun-
kerton, 1982). Using the equatorial beta‐plane model, Garcia and Sassi (1999) demonstrated that the inertial
gravity waves of phase speeds slower than 40 m/s, which are important for driving the westward phase of MSAO,
could get absorbed by the strong westward phase of the QBO, while they can propagate to mesospheric heights
during their eastward phase without any attenuation. As the eastward phase of QBO winds is weak (∼15 m/s),
similar quasi‐biennial modulation of MSAO could not occur during the eastward phase of QBO.

Using the Whole Atmosphere Community Climate Model, version 2 (WACCM2), Richter and Garcia (2006)
demonstrated that the meridional advection of the zonal wind (∼− 9 m/s/day) and Eliassen‐Palm flux divergence
from resolved waves (∼− 8 m/s/day mostly due to quasi‐2‐day wave) could also contribute significantly to the
momentum budget of the MSAO and they counter the eastward forcing due to small‐scale gravity waves. Their
results also suggested that small scale gravity waves could not be the primary driver of the MSAO near the
equinoxes and the westward forcing must be due to inertia‐gravity waves and tides, which have been accurately
represented in WACCM2.

Akmaev et al. (1996) suggested that convective instabilities may lead to the damping of migrating diurnal tides.
Lieberman and Hays (1994) quantitatively estimated that the contribution due to diurnal tide to the westward
phase to be up to − 20 m/s/day near the equinoxes at 100 km, and less than − 5 m/s/day near 85 km. Srid-
haran (2020) observed that the migrating diurnal tide (DW1) estimated from Sounding of Atmosphere by
Broadband Emission Radiometry (SABER) temperature at 80–90 km shows larger amplitudes in March than in
September in 2008 and 2011, which seems to be consistent with the large equatorial mesospheric mean westward
winds in March than in September in these strong La Niña years. The results also showed that the DW1 was
equinoctially symmetric during the equatorial mesospheric mean zonal wind exhibiting equinoctial symmetry.

The induced westward acceleration could drive poleward residual flows and transport angular momentum
poleward from the equator (Holton & Wehrbein, 1980). The extension of residual flows from one hemisphere to
the opposite hemisphere could cause a more pronounced acceleration of westward winds at the equator
(Tomikawa et al., 2008). Using a newly developed reanalysis data sets, Suclupe et al. (2024) demonstrated the
causes for the large westward wind (− 80 m/s) observed at 82 km during March 2023 could be due to the large
eastward winds at low levels, which blocked the eastward propagating waves. Garcia (2023) suggested that
breaking of the diurnal tide could have a major impact on the zonal wind structure in the mesosphere and lower
thermosphere during the equinoxes.

Though it is not yet clear what governs the westward flows at the upper mesosphere and lower thermosphere
(UMLT) heights and their interannual variability, there has recently been a consensus among the scientific
community on the potential role of the migrating diurnal tide in driving the large westward winds in the upper
mesospheric heights. In the present work, we investigate seasonal and interannual variabilities of upper meso-
spheric semiannual oscillation and their possible link with the tidal forcing using space‐borne horizontal wind
observations.

2. Data and Methodology
2.1. Horizontal Winds From ICON/MIGHTI

On 10 October 2019, NASA launched the Ionospheric Connection Explorer (ICON) satellite into a nearly circular
orbit at an altitude of ∼575 km with an inclination of 27° (Englert et al., 2023; Li et al., 2024). Michelson
Interferometer for Global High Resolution Thermospheric Imaging (MIGHTI) is one of the four instruments on‐
board ICON and it measures horizontal thermospheric winds in the altitude region 90–300 km covering latitudes
from 12°S to 42°N. Two perpendicularly oriented interferometers MIGHTI‐A and MIGHTI‐B making an azi-
muth angle of 45° and 135°, respectively, from the spacecraft ram direction use the Doppler Asymmetric Spatial
Heterodyne Spectroscopy (DASH) technique to estimate the line of sight (LOS) winds based on the Doppler shift
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measurements of the forbidden atomic oxygen red and green lines from airglow emissions centered at wave-
lengths 630.0 nm (O (1D → 3P)) and 557.7 nm (O (1S → 1D)). Dissociative recombination and the collisional
deactivation of N2 are the main airglow production processes, respectively (Gao et al., 2024). Thus, the LOS wind
velocities obtained from the two sensors (MIGHTI‐A and MIGHTI‐B), after coordinate transformation, are
combined to obtain the zonal and meridional winds.

Daytime data covers altitudes from 90 to 300 km for green‐line winds and from 160 to 300 km for red‐line winds,
whereas nighttime data are available from 90 to 110 km and 220–300 km and with vertical resolution of ∼3 and
∼10 km for green‐line and red‐line winds, respectively (Meenakshi & Sridharan, 2024). It takes a complete
precession period of about 48 days for ICON satellite passes to cover all the local times of 0–24 hr over a region
(Englert et al., 2023). In the present work, the Version 5 (vr5) Level 2.2 data products are used. The quality of the
available data was classified as 0.0 (Bad), 0.5 (Caution), 1.0 (Good) and we have selected only those data for
which the variable “ICON_L22_Wind_Quality” = 1.0.

2.2. Tidal Analysis From MIGHTI Zonal and Meridional Winds

In our present study, we used version 5 Level 2.2 green‐line vector wind data from 6 December 2019 to
24 November 2022. The region of interest has a latitudinal extent of 5°N–15°N and longitudinal extent of 67.5°
E–90.0°E (Figure 1). To obtain full local time coverage over this region, we have restricted the altitude range from
91 to 109 km with a vertical resolution of 3 km. The wind values for about 2 months are binned for each 1 hr to
obtain the diurnal cycle of winds from 1 to 24 hr. For example, to obtain complete local time coverage for 1
January 2020, we have binned data from 6th December 2019 to 31st January 2020. Following this, we have
obtained monthly profiles of zonal and meridional winds from January to December for 2020, 2021 and from
January to November in 2022 (since the last valid data is available till 24 November 2022).

Now for the extraction of tidal amplitudes, the zonal and meridional winds obtained are interpolated to have 1‐hr
temporal resolution for each month to obtain u(t) and v(t), which are subjected to a classical harmonic analysis via
the following equation

u(t),v(t) = a0 +∑
n=3

n=1
(Cn sin(

2π
Tn

t + ϕn)) (1)

where, a0 is the mean wind, Cn and ϕn are the amplitude and phase of the nth tidal components with n = 1,2,3
corresponding to 24‐hr (diurnal), 12‐hr (semi‐diurnal) and 8‐hr (ter‐diurnal) tides (Dutta & Sridharan, 2023). The
harmonic fit is independently applied to u(t) and v(t) using the least squares method. Here, Cn denotes the

Figure 1. Geographical map of the region of interest for the present study having latitude and longitude range as 5°N–15°N and 67.5°E–90°E.
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amplitudes for diurnal (DTU), semi‐diurnal (SDTU) and ter‐diurnal (TDTU) tides in zonal wind as well as for
diurnal (DTV), semi‐diurnal (SDTV) and ter‐diurnal (TDTV) tides in meridional wind, obtained by fitting u(t)
and v(t) in Equation 1. The analysis is repeated successively for every month to obtain seasonal variation of the
tidal amplitudes for the years 2020–2022.

3. Results
Figures 2a–2h, 3a–3h, and 4a–4h show the variation of monthly mean zonal winds (m/s) and meridional Winds
(m/s) along with monthly diurnal, semi‐diurnal, and ter‐diurnal amplitude (m/s) of both Zonal and Meridional
winds from ICON/MIGHTI (91–109 km) green‐line v5 winds for the years 2020, 2021, and 2022, respectively.
The latitudinal and longitudinal extents for the study were taken to be 5°N–15°N and 67.5°E–90.0°E,
respectively.

Figure 2. Seasonal variation of (a) mean zonal wind, (b) meanmeridional wind, (c) diurnal tidal amplitude in meridional wind (DTV), (d) diurnal tidal amplitude in zonal
wind (DTU), (e) semi‐diurnal tidal amplitude in meridional wind (SDTV), (f) semi‐diurnal tidal amplitude in zonal wind (SDTU), (g) ter‐diurnal tidal amplitude in
meridional wind (TDTV) and (h) ter‐diurnal tidal amplitude in zonal wind (TDTU) for the year 2020 for the altitude range 91–109 km.
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3.1. Seasonal Variation of Mean Winds and Tidal Amplitudes in 2020

Figures 2a–2h shows the monthly variation of mean zonal and meridional winds (in m/s) along with the Diurnal
(n= 1), Semi‐diurnal (n= 2), and finally Ter‐diurnal (n= 3) tidal amplitude in zonal wind (DTU, SDTU, TDTU),
and Meridional wind (DTV, SDTV, TDTV) for the year 2020. Figure 2a shows the seasonal variation of mean
zonal winds (m/s). During the months of January‐March we see a gradual intensification of westward winds from
∼− 3 m/s at 91 km altitude to − 20 m/s near 100 km, followed by gradual weakening of westward winds above
100 km until we find mild eastward winds (∼2 m/s) at 109 km. Similarly, from September to December, we find
strong westward winds prevailing from 91 to 97 km peaking around October (∼− 40 m/s) at 94 km. Thereafter,
above 100 km, a subsequent decrease in westward winds followed by weak eastward winds around 109 km can be
seen.

From Figure 2c, from January to April, we see that at lower heights (∼91 km) diurnal tidal amplitude in
meridional wind (DTV) shows a minimum in January and it increases to ∼30 m/s during February‐April. As we
approach higher altitudes, DTV increases and reaches a maximum (∼80 m/s) around 100 km altitude in March.

Figure 3. Same as Figure 2 but for the year 2021.
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From 103 to 109 km, we see the strength of DTV again decreases, thus showing its strongest signatures from 94 to
100 km during February‐April. Similarly, during the months of August‐December, DTV begins to increase from
∼40 m/s around 91 km, reaches its peak of∼75 m/s at 97 km in December and deceases above 97 km, showing the
weakest amplitude signal (∼17 m/s) in December at 109 km. Thus, seasonal variation of DTV exhibits a striking
similarity with the subsequent strengthening and weakening of mean westward winds for the same months and
over the same altitude range. Hence, it can be expected that the diurnal tide in meridional wind may have
transferred its westward momentum into the background zonal flow due to tidal damping.

DTV ceases over the months of May–July lacking a clear seasonal amplification as seen during January–April and
August–December. Similarly, from May to July we see a transition of eastward to westward winds (Figure 2a)
from 91 to 100 km followed by a shift in wind direction above 100 km. At higher altitudes (>103 km) in Figure 2e,
a strong semi‐diurnal component in Meridional wind (m/s) (SDTV) persists fromMay to July with its peak (80 m/
s) in June at 109 km. The seasonal amplification pattern in SDTV shows a close resemblance with mean eastward

Figure 4. Same as Figure 2 but for the year 2022.
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winds at higher altitudes. Unlike DTV, diurnal tidal amplitude in zonal wind (DTU) in Figure 2d does not show
any such seasonal and altitudinal resemblance with the westward wind intensification. Since DTU has almost
similar magnitude (m/s) to DTV from 91 to 94 km from August to October, it can be thought to strengthen the
westward flow. SDTU, TDTV, and TDTU (Figures 2f–2h) exhibit weaker magnitude (m/s) with no clear seasonal
variation. For the year 2020, we see a shift from poleward (∼15 m/s) to equatorward winds peaking in May‐July
(∼− 12 m/s) from 91 to 94 km, as depicted by Figure 2b. Above 97 km, poleward winds persist across all seasons
peaking in August at 106 km and thereafter become sufficiently equatorward with maximum intensity over
February–March (− 10 m/s) and November–December (− 14 m/s) around 109 km.

3.2. Seasonal Variation of Mean Winds and Tidal Amplitudes in 2021

Figure 3a shows the seasonal variation of mean zonal winds (m/s) for the year 2021. During January–April we see
westward winds prevailing from 91 km and reaching its peak (∼− 23 m/s) around 97 km in the month of March
followed by a gradual weakening above 100 km. Similarly, from September to December, strong westward winds
are found at 97 km (∼− 35 m/s) peaking around December followed by a gradual shift of westward to weak
eastward winds (∼2 m/s) at 109 km during October‐December. DTV also shows an almost similar seasonal
variation in its magnitude (Figure 3c) having the lowest value (∼20 m/s) at 91 km in February and attaining its
highest peak (∼100 m/s) in March around 100 km followed by further damping to 18 m/s in January at 109 km.
Similar to the height structure of amplitude in January‐March, the DTV during September‐November is minimum
(∼32 m/s) in September around 91 km and maximum of (∼96 m/s) at 97 km in December.

Very weak eastward winds (∼2 m/s) can be observed at 91 km during May‐July followed by wind reversal from
94 to 103 km. Figure 3e at 109 km, presence of large SDTV attaining a peak value (∼95 m/s) during July‐August
coinciding with weak eastward winds for the same. Diurnal tidal amplitude in zonal wind (DTU) has magnitude
comparable to DTV (Figure 3d) strictly from 91 to 94 km, which could result in the amplification of westward
winds over this altitude above which DTV dominates, solely. As observed in 2020, the SDTU, TDTV, and TDTU
do not show prominent seasonal enhancements (Figures 3f–3h).

A shift in meridional winds from poleward to equatorward wind can be seen from 91 to 94 km but only for the
months March‐April and August‐October with wind velocity close to − 10 m/s in the year 2021. Above 94 km,
poleward winds sustain throughout the seasons till 106 km except around September (− 10 m/s) at 97 km and June
(∼− 8 m/s) at 106 km. From 106 to 109 km, the development of strong equatorward winds from January to March
(− 20 m/s) and June to September (∼− 22 m/s) can be seen in Figure 3b.

Figure 5. Scatter plot of zonal wind (m/s) versus (a) DTV (m/s) and (b) DTU (m/s) at 97 km for the years 2020–2022.
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3.3. Seasonal Variation of Mean Winds and Tidal Amplitudes in 2022

Figure 4a shows the seasonal variation of mean zonal winds (m/s) for the year 2022. Sufficiently strong westward
winds persist during January–April from 91 km and attain maximum intensity (∼− 43 m/s) around 97 km from
February to March followed by a gradual weakening above 100 km. During September–November, winds are
relatively weak westward (∼− 17 m/s) around 91 km and reach a maximum at 97 km (∼− 24 m/s) in November.
As altitude increases, a gradual change to weak eastward winds (∼15 m/s) is observed during September‐
November at 109 km. The seasonal variation of DTV in Figure 4c shows the lowest value (∼40 m/s) over
January at 91 km, thereby attaining its highest peak (∼85 m/s) in March around 100 km, followed by further
damping to 20 m/s in January at 109 km. Similar to the variation in January‐April, DTV attains a dip (∼20 m/s) in
August around 94 km and shows maximum amplitude (∼78 m/s) in November close to 100 km. Eastward winds
(∼17 m/s) can be seen over the months of May–August at 91 km followed by wind reversal from 94 to 100 km.
Eastward winds persist from 106 to 109 km during May–November having its peak (∼26 m/s) in June. SDTV
starts dominating from 103 km and the highest value can be seen in June at 109 km. The variation in mean
eastward winds shows almost symmetric behavior with the variation of SDTV at higher altitudes (>106 km).

Diurnal tidal amplitude in zonal wind (DTU) has magnitude comparable to DTV (Figure 4d) strictly from 91 to
94 km, which could result in amplification of westward winds over this altitude and above which DTV dominates,
solely. Figures 4f–4h shows very weak seasonal variation and amplification of SDTU, TDTV, and TDTU,
respectively. The scatter plots in Figures 5a and 6a are a vivid representation of how the amplification of DTV is
strongly correlated with the intensification of westward winds. The negative sign in Pearson's correlation coef-
ficient, r = − 0.77 in Figure 5a and r = − 0.75 in Figure 6a arises due to the negative sign in zonal wind, which
affirms that with an increase in the magnitude of DTV (m/s), there is a similar strengthening of mean westward
winds at 97 and 100 km altitude, respectively. From Figures 5b and 6b we can see diurnal tidal amplitude in zonal
wind shows somewhat lesser correlation (r= − 0.56 and r= − 0.61, respectively) with westward intensification of
mean winds compared to diurnal tidal amplitude in meridional wind. Nevertheless, the results are statistically
significant owing to the p‐value being much smaller than 0.05 for both zonal and meridional tidal components at
97 and 100 km altitude.

In 2022, unlike previous years, the equatorward winds strengthen from 91 to 94 km during February‐June peaking
around March (∼− 19 m/s) along with poleward winds sustaining during July–September (∼8 m/s). Strong
poleward winds, having maximum intensity (32 m/s) in January at 100 km can be seen to develop over all the

Figure 6. Scatter plot of zonal wind (m/s) versus (a) DTV (m/s) and (b) DTU (m/s) at 100 km for the years 2020–2022.
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months till 106 km and thereafter a shift to equatorward winds is noticed for the months of January, April–June,
and August–September (− 15 m/s) at 109 km in Figure 4b.

3.4. Seasonal Phase Profiles and Vertical Wavelengths

The phase profiles for diurnal tide in both zonal and meridional winds are shown in Figures 7a–7l. On average,
meridional (ϕMeridional) and zonal (ϕZonal) phases profiles for the 3 years show characteristic downward phase
progression with time which indicates upward wave propagation with ϕZonal showing somewhat irregular phase
structures for few months such as in July 2020 (Figure 7c) and 2021 (Figure 7g)). The phase profiles for January
show consistent phase progression for the years 2020 (Figure 7a), 2021 (Figure 7e) and 2022 (Figure 7i) in both
ϕMeridional and ϕZonal with the steepest rate of change of phase (∼3 km/hr) with height from 13 hr at 91 km to 9 hr at
103 km observed in 2021 in ϕMeridional as shown in Figure 7e. We see a similar sharp gradient in ϕZonal (∼4 km/hr)
from 19 hr at 91 km to 15 hr at 109 km in April 2022 (Figure 7j). Beyond 103 km, few months like October 2021
(Figure 7h), 2022 (Figure 7l) and April 2020 (Figure 7b), we see increasing phase shift with height in ϕMeridional.

Figures 8a–8c represents the vertical wavelengths (λZ) of diurnal tides in zonal and meridional winds are
calculated from their phase variation with height. It is observed that the wavelength of the meridional tide
(λMeridional) is in the range of 25–30 km during January–March, and during September‐December but relatively
shorter (∼18 km) during May‐July in 2020 (Figure 8a). Though similar seasonal variation of vertical wavelength
is observed in both 2021 and 2022, λMeridional is much longer (∼58 km) in January 2021. The vertical wavelength
of zonal tide (λZonal) has a maximum wavelength during the months of May (40 km) and September (38 km) in
2020, June (46 km) and September (40 km) in 2021 and April (48 km) in 2022 where, λZonal is higher than
λMeridional. Considerably longer λZonal (30–40 km) can be seen from January to March in 2021 and 2022 than in

Figure 7. Seasonal phase profiles of diurnal tides January, April, July, and October for the years 2020 (a–d), 2021 (e–h) and
2022 (i–l).
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2020 (∼20 km). In all three years, minimum λZonal (∼20 km) is found during the month of July. Sharp gradient in
phase progression with height indicates large vertical wavelengths (Figures 8b and 8c) and the results are in
coherence with the phase profiles of January 2021 and April 2022, as shown in Figures 7e and 7j, respectively.

3.5. Mean Zonal Flow Acceleration From Momentum Fluxes

The acceleration of the mean zonal wind due to tidal wave dissipation can be estimated as

dU
dt

= −
1
ρ0

∂
∂z
(ρ < uʹwʹ > ) (2)

where, U is the mean zonal wind, ρ0 is mean density, < uʹwʹ > is the time‐averaged zonal and vertical diurnal
tidal velocity terms, respectively. The divergence of the vertical flux of zonal momentum ( 1

ρ0
∂
∂z (< ρuʹwʹ >) ),

can be estimated using the polarization relation wʹ = − k
m uʹ , where k and m are the horizontal and vertical

Figure 8. Seasonal variation of vertical wavelength (km) of diurnal tide for the years (a) 2020, (b) 2021 and (c) 2022.
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wavenumbers, respectively. As we have observed, DTV has a strong vertical and seasonal correlation with
simultaneous strengthening/weakening of westward winds in all 3 years, and the westward momentum induced
by the convergence of meridional flux is also considered. As the diurnal tide in meridional wind shows similar
seasonal variation as that of migrating diurnal tide (DW1) and also the amplitude of non‐migrating tides is in
general much less when compared to that of DW1 (Sridharan, 2019), it is assumed that the diurnal tide mostly
represents the DW1 and horizontal wavelength of DW1 is used here in the calculation of zonal acceleration. The
height variation of atmospheric density has been obtained from the NRLMSIS version 2.0 atmospheric model
(Emmert et al., 2021).

Figures 9a–9c gives us the seasonal variation of zonal acceleration (m/s/day) at 97 km induced by the horizontal
momentum flux divergence Fzonal and Fmeridional given as

Fzonal = −
k

mρ0
∂
∂z
(ρ < uʹ2 > ) (3)

Figure 9. Seasonal variation of zonal acceleration (m/s/day) for the years (a) 2020, (b) 2021 and (c) 2022. In this Figure, the
black dashed line (‐‐) indicates zero zonal acceleration.
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Fmeridional = −
k

mρ0
∂
∂z
(ρ < uʹvʹ >) (4)

where in Figure 9a, Fmeridional and Fzonal induce westward acceleration close to − 18 m/s/day and − 14 m/s/day in
the month of March and May, respectively. The westward acceleration is found to be very low during the months
of April–July. However, Fzonal shows eastward acceleration (∼20 m/s/day) in the month of July. From August to
November, both Fzonal and Fmeridional impart large westward acceleration peaking around the month of September
(∼− 40 m/s/day), which is in accordance with the large mean westward winds (Figure 2a) found during these
months in 2020. The convergence of the meridional momentum flux is found to be consistent throughout January
to March, causing westward acceleration of − 25 m/s/day and thereby gradually diminishing in strength until July
2021, as shown in Figure 9b. The westward acceleration due to Fmeridional gradually increases from August to
November reaching its maximum in October (− 55 m/s/day). Unlike Fmeridional, the divergence in Fzonal causes an
eastward acceleration from January to a maximum of 35 m/s/day in the month of June. The zonal acceleration
induced by Fzonal reverses its direction from July to December, where the strength of westward acceleration varies
alternatively within − 40 m/s/day and − 2 m/s/day. The strength of the westward acceleration induced by
convergence of meridional momentum flux (Fmeridional) shows excellent correlation with the seasonal variation of
mean westward winds at 97 km (Figure 3a), suggesting the driving of the zonal mean flow due to tidal momentum
dissipation. Unlike 2020 and 2021, Figure 9c shows a symmetric enlargement of westward acceleration induced
by both Fmeridional and Fzonal from January to a maximum in March (∼− 43 m/s/day) and from September to a
maximum in October (∼− 47 m/s/day) which shows a similar seasonal variation with the large mean westward
winds as shown in Figure 4a in 2022. Tidal dissipation due to convergence of meridional flux is found to be very
weakly westward (∼− 5 m/s/day), which appears to be consistent with weak mean westward winds prevailing
from April to August.

4. Discussion
In the present study, the ICON/MIGHTI zonal and meridional winds are utilized to study seasonal variation of
mean zonal and meridional winds and diurnal, semi‐diurnal and ter‐diurnal tides from 91 to 109 km with the
region of interest having a latitudinal and longitudinal extent of 5°N–15°N and 67.5°E–90°E, respectively, for the
years 2020, 2021, and 2022. Semiannual variation of mean westward winds is noticeable in all the three years
between 91 and 106 km. Large westward winds are found to dominate around 97–100 km from September to
November in 2020 and 2021 and from January to March in 2022. Studies from Yamazaki et al. (2023) show
ICON/MIGHTI zonal‐mean zonal wind to be weakly westward below ∼105 km within the equatorial region
(10°S–10°N). The reversal of zonal‐mean zonal wind is often seen around 105 km, which has been confirmed by
Yiğit et al. (2022). Consistent with our present study, Lieberman and Hays (1994) observed the presence of mean
easterly flow at 90–105 km with a similar semiannual variation in the space‐borne High Resolution Doppler
Imager (HRDI) wind observations. Lieberman et al. (1993) and Garcia et al. (1997) also reported the presence of
semiannual oscillation of mean easterly flow above 65 km with maximum intensity occurring near equinox
periods. The amplitude of migrating diurnal tidal amplitude in meridional wind in Yamazaki et al. (2023) is found
to be largest at 15°N–20°N around 95–97 km and shows a distinct semiannual variation with equinoctial maxima
of ∼60 m/s. Similarly, studies like Meenakshi & Sridharan, 2024 and Teja et al. (2024) used ICON/MIGHTI
winds over low latitude regions and reported a distinct semiannual oscillation of migrating diurnal tide in
meridional wind with maximum amplitude (∼65–100 m/s) around equinoxes and minimum amplitude (<40 m/s)
during solstices from 94 to 100 km. In the present study, it was found that the diurnal tidal amplitude in meridional
wind (DTV) shows strikingly similar seasonal amplification with the semiannual variation in westward winds in
the altitude region 91–103 km. In all the three years, a semiannual maximum in diurnal tidal amplitude in
meridional wind can be seen in March (80 m/s–100 m/s) and from November to December (75 m/s–96 m/s),
followed by a minimum from May to July (∼20 m/s) at 97–100 km altitude. Thus, this semiannual oscillation
reported in our study seems to be highly concurrent with earlier ICON/MIGHTI low latitude studies. Consistent
with our results, Zhang et al. (2007) reported the presence of larger meridional diurnal tidal amplitude in the winds
observed by the space‐borne Wind Imaging Interferometer (WINDII) instrument. They also reported that the
equinoctial amplitudes are 2–4 times that of the solstitial minima, as observed in the present study. Using
SKiYMET radar observations at Trivandrum (8°N, 77°E), Deepa et al. (2006) confirmed the diurnal tide in
meridional wind to be stronger than the zonal wind. The dominant source of excitation of migrating semi‐diurnal
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tides in MLT altitudes is heating resulting from the absorption of UV radiation by ozone peaking around 45 km
(Forbes & Garrett, 1978; Forbes et al., 2022). In our study, we see a strong semi‐diurnal component in meridional
wind (80–90 m/s) that persists from May to August above 103 km. Similarly, using ICON/MIGHTI green‐line
measurements, Yamazaki et al. (2023) and Meenakshi & Sridharan, 2024 also found the amplitude of
migrating semi‐diurnal tides reaching 60 m/s above 100 km during August‐September and March‐September,
respectively. Miyahara (1981) earlier reported a large westward wind (− 40 m/s) in the low latitude region at an
altitude of 100 km and indicated that the dissipating solar diurnal tidal wave could contribute to the determination
of the mean zonal wind structure in the lower thermosphere. Hagan (1999) observed a similar semiannual
variation in diurnal tidal amplitude in the meridional winds observed by the HRDI instrument around 20°N with
maximum amplitude in March and October (∼60–70 m/s) at 95 km.

Based on the availability of both satellite and radar observations, we methodically selected our region of interest
covering the radar sites in order to validate our results efficiently. Teitelbaum and Vial (1981) reported a distinct
westward wind maximum at 10°N in March around 100 km and attributed it to the mechanical dissipation of the
first propagating diurnal tide, which could induce an eastward acceleration beyond 20° latitude and westward
from the equator and 20° latitude. In 2020 and 2021, we observe more intense westward winds from October to
December compared to March at 97 km, whereas in 2022, maximum ICON/MIGHTI mean westward winds are
captured during the month of March. Delisi and Dunkerton (1988) and Garcia et al. (1997) reported seasonal
asymmetry in westward winds with stronger westward winds in theMarch equinox, when compared to September
equinox. However, the present study reports that the westward winds in the fall equinox can also be stronger than
the March equinox. It is also interesting to note that in those years, the diurnal tidal amplitude is also stronger in
September equinox when compared to March equinox. Earlier, the interannual variability of the zonal wind was
attributed to the eastward phase of the stratospheric quasi‐biennial oscillation using upper mesospheric wind data
for limited periods (Burrage et al., 1996; Rajaram & Gurubaran, 1998). However, Sridharan et al. (2007) with
long‐term mesospheric winds observed by the medium frequency radar at Tirunelveli (8.7°N, 77.8°E) confirm
that large westward winds did not occur in all eastward phases of stratospheric QBO. In the present study, the
vertical wavelength of the diurnal tide is found to be in the range from 18 to 40 km, with a rare occurrence of
58 km in January 2021. In earlier studies, the vertical wavelength of diurnal tide was found to be∼25 km in Deepa
et al. (2006) and ∼30 km in Roble and Ridley (1994) along with a downward propagating phase, both of which
corroborate well with our results. In an isothermal atmosphere of 256 K, the migrating diurnal tide can have a
vertical wavelength of 28 km, though it can be very significant in the real atmosphere (Chapman &
Lindzen, 1970).

The upper mesosphere lower thermosphere (UMLT) region covering ∼50–180 km is dominated by wave
dissipating processes governing the atmospheric dynamics and energetics. Vertically propagating planetary
waves, with period range ∼2–25 days, transfer momentum into the middle atmosphere and play a significant role
in UMLT dynamics. Using daily mean wind velocities obtained from MF radar over the low latitude region
(16.8°N, 74.2°E) for four years (August 2013–July 2017), Gaikwad et al. (2023) observed a strong semiannual
oscillation in 6.5‐day wave with an equinoctial maximum, which appears to be stronger when the mean back-
ground winds are predominantly westward. Suresh Babu et al. (2012) calculated the forcing towards the mean
flow by the 2–4 days and 6–8 days planetary waves in the 82–98 km height region using the horizontal and
vertical winds obtained from SKiYMET Meteor Wind radar over Trivandrum (8.5°N, 77°E) and reported
30%–80% contribution from both 6–8 days and 2–4 days waves dominating during winter and vernal equinoxes
and during summer and both equinoxes, respectively, during the period April 2006–April 2007. Besides planetary
waves, comprehensive work has already been done to estimate the role of gravity waves in driving the MSAO
over multiple latitude sites. Dunkerton (1982) suggested that the selective transmission of vertically propagating
gravity waves of easterly and westerly phase speeds leads to a semiannually varying deposition of momentum in
the mesopause region and can act as a plausible mechanism for the MSAO. The parameterization for the mo-
mentum deposition of small‐scale gravity waves in the background flow developed by Hines (1997) was used
extensively by Mengel et al. (1995) in Numerical Spectral Model (NSM) over low latitudes, which revealed that
gravity wave interaction with mean zonal wind produces significant semiannual oscillation signatures in the zonal
circulation of the upper mesosphere. Hitchman et al. (1992) found the mean flow forcing to be ∼10–100 m/s/day
due to momentum fluxes by short period gravity waves from 70 to 85 km altitude using data from the MST radar
at Jicamarca, Peru (12°S, 77°W) during two 10‐day campaigns in June and August of 1987. Eswaraiah
et al. (2013) estimated zonal (∼4 m2s− 2) and meridional (∼10–12 m2s− 2) momentum fluxes of gravity waves with
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periods 20 min to 2 hr between 73 and 80 km using long‐term observational data (1998–2008) from the MST
Radar and Rayleigh LIDAR over a tropical station, Gadanki (13.5°N, 79.2°E). However, in both cases, the mean
flow forcing and the momentum fluxes, respectively, seemed to oppose the mean background wind and were
unable to conclude the role of gravity waves in driving the MSAO. From the calculated profiles of mean zonal
acceleration from gravity wave momentum flux data using a dual‐beam Doppler radar near Adelaide, Australia
(35°S, 138°E) from 9 to 17 June 1984, Fritts and Vincent (1987) concluded a clear tendency towards convergence
of easterly momentum between 80 and 96 km range leading to an easterly acceleration of the zonal mean flow.
Almost 70% of this inferred zonal drag (− 8 to − 50 m/s/day) was contributed by high‐frequency (T< 1 hr) gravity
waves (Reid and Vincent (1987); Vincent and Reid (1983)). Observing wind variability at mesospheric altitudes,
Nakamura et al. (1993) observed wind motions from 60 to 90 km altitude usingMURadar located at a midlatitude
(35°N, 136°E) station and provided a quantitative value of gravity wave (period from 5 min to 8–10 hr) induced
zonal and meridional drag to be +51 m/s/day and − 4 m/s/day in June at 75 km and − 4 m/s/day and +7.4 m/s/day
in October at 70 km, respectively, and thus suggesting the acceleration of the mean zonal wind in response to the
day‐to‐day variation of gravity wave activity. Using MLT wind data (2004–2010) acquired using MF Radar from
Pameungpeuk (7.4°S, 107.4°E), Rao et al. (2012) found a strong correlation between the mesospheric semiannual
oscillation and short period (20–120 min) gravity wave variances with enhanced Gravity wave activity during
equinoxes when the mean zonal winds are primarily westward, thus suggesting the contribution of westward
propagating gravity waves in imparting westward momentum to the zonal wind. Since the gravity wave variance
alone is not sufficient enough to conclude wave‐mean flow interaction, divergence of momentum fluxes, that is,
zonal acceleration, is required. Antonita et al. (2008), using wind measurements for three continuous years
(2004–2007) from meteor radar situated over Trivandrum (8.5°N, 76.9°E), reported the acceleration due to
gravity wave momentum flux divergence to be ∼5–9 m/s/month and ∼− 9 m/s/month in the 82–88 km altitude
region during the westerly phase and the easterly phase of the MSAO, respectively, thus revealing seasonal
variation in short period (2–3 hr) gravity wave momentum fluxes with equinoctial maximum and solstitial
minimum.Moss et al. (2016) analyzed high‐frequency gravity wave fluxes frommesospheric wind measurements
using Ascension Island (8°S, 14°W) meteor radar and suggested that the westward acceleration imparted by high‐
frequency gravity waves is not always sufficient enough to drive the westward MSAO winds.

Primarily, gravity waves are localized mesoscale disturbances which are transient in nature and can provide
efficient but localized eastward as well as westward forcings. Though planetary waves are mostly westward
propagating waves, their amplitudes are less compared to diurnal tides and they are dominant during solstice
months as well (Gurubaran et al., 2001 e.g.), when the mean winds are either eastward or relatively less westward.
Migrating diurnal tides, on the other hand, can be described as a consistent wave phenomenon having a planetary
scale horizontal wavelength and large westward momentum source. Suclupe et al. (2024) suggested the role of
both DW1 tide and westward‐propagating gravity waves in driving the abnormally strong westward winds during
March equinox 2023 over low latitudes as a consequence of their momentum deposition. Using high‐resolution
(HR)WACCM‐Xmodel simulations, Krier et al. (2026) demonstrated how zonal forcing from the wave breaking
of migrating diurnal tide could play a crucial role in driving the westward acceleration of the mean zonal winds
from 80 to 100 km during the westward phase of the MSAO near March equinox over an equatorial region
(15°S–15°N). Owing to the invariant and persistent nature of migrating diurnal tides, the novelty of our work lies
in estimating the role of zonal acceleration (m/s/day) imparted by diurnal tides in driving the MSAO above 91 km
at low latitudes (5°N–15°N) using ICON/MIGHTI winds for the first time. According to Killeen and John-
son (1995), upward propagating tides and gravity waves dissipate and deposit their energy and momentum into
the background flow. In order to comprehend the role of solar diurnal tides on the mean background zonal flow,
we need a quantitative understanding of momentum transport by dissipating solar diurnal tidal waves. Apart from

the convergence of vertical flux of zonal momentum ( ∂
∂z (< uʹwʹ >)), which appears in the zonal acceleration

equation, the vertical gradient of meridional flux of zonal momentum ( ∂∂z (< uʹvʹ >)) is also considered owing to

the symmetry in seasonal amplification of DTVwith the mean westward winds for all 3 years. Diurnal tidal waves
transport momentum as well as energy during their course of propagation. The amplitude grows exponentially
with decreasing density, owing to energy conservation. However, this growth is restricted during tidal wave
breaking at altitude levels where the deposition of eddy momentum flux becomes substantial. According to
Lieberman and Hays (1994), the tidal damping causes redistribution of energy and momentum, thus defying the
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Eliassen‐Palm non‐acceleration theorem resulting in the deposition of eddy momentum flux. This, in the case of
solar diurnal tides, imparts semiannual westward acceleration within an altitude range of 95–100 km.

The results shown in our present study reveal that the westward acceleration induced by the vertical gradient of
meridional flux of zonal momentum (Fmeridional) due to diurnal tide exceeds the convergence of vertical flux of
zonal momentum (Fzonal) due to diurnal tide from January to March around 97 km over the 3 years. This confirms
the dominance of Fmeridional in driving the westward winds during these months, imparting a maximum westward
acceleration of − 43 m/s/day in March 2022. Compared to the zonal acceleration induced from January to March,
larger westward acceleration is found to be induced by both Fzonal and Fmeridional from August to November
peaking in October (− 55 m/s/day) in 2021. Using numerical experiments with the General Circulation Model,
Lieberman and Hays (1994) noted westward diurnal tidal accelerations, ranging from − 10 m/s/day to − 60 m/s/
day with corresponding mean zonal winds from − 5 m/s to − 30 m/s. They also reported westward acceleration
close to − 25 m/s/day calculated from the winds near 100 km observed from the space‐borne HRDI instrument.
Hines (1974) used Lindzen (1973)'s model results to reveal the zonal acceleration of − 20 m/s/day imparted by the
solar diurnal tides. The magnitude as well as the seasonal coherence observed between the westward acceleration
(m/s/day) and the mean westward winds (m/s), exhibiting equinoctial maximum and solstitial minimum around
97 km, discernibly proves that momentum flux deposition by dissipation of migrating diurnal tides imparts
adequate westward acceleration necessary in driving the MSAO from 95 to 100 km altitude region.

Compared to earlier studies showing different wave forcings driving theMSAO, the novelty in our work allows us
to present a vivid seasonal picture quantifying the role of the zonal acceleration (m/s/day) induced by low latitude
diurnal tides in both zonal and meridional winds derived from ICON/MIGHTI above 91 km in driving the mean
zonal winds, for the first time. Thus, the results from our study, both qualitatively and quantitatively, emphasize
how the momentum flux deposition by diurnal tides significantly contributes to driving the MSAO.

5. Summary and Conclusions
Using ICON/MIGHTI zonal and meridional winds, we not only demonstrate the seasonal variation of mean winds
and tidal amplitudes in both zonal andmeridional wind from 91 to 109 kmwithin the region of interest (5° N–15°N,
63.5°E− 90°E) for the years 2020, 2021 and 2022 but also highlight the role of diurnal tides in driving the mean
zonal wind for the first time, in this study. The summary of the results are provided as follows:

1. Semiannual mean westward winds are found to dominate around 91–106 km with maximum intensity found
at 97–100 km in February–March (− 20 m/s to − 43 m/s) and September–December (− 24 m/s to − 40 m/s).

2. In 2020 and 2021, we observe more intense westward winds from October to December compared to March
at 97 km, whereas in 2022, maximum ICON/MIGHTI mean westward winds are captured during the month
of March.

3. Similar semiannual variation of diurnal tidal amplitude in meridional wind (DTV) is found for all years,
amplifying around 97–100 km in March (80 m/s to 100 m/s) and from November–December (75 m/s to
96 m/s).

4. DTU, though lacking a similar seasonal signature, is comparable to DTV in intensity and is found to be
catalytic in westward wind amplification.

5. At higher altitudes (>103 km), strong semi‐diurnal tidal amplitude in meridional wind (SDTV) persists for all
years.

6. STDU, TDTU, and TDTV have relatively weaker magnitudes compared to DTU and DTV, and do not show
any prominent seasonal variation.

7. The seasonal profiles of both ϕMeridional and ϕZonal reveal characteristic downward phase progression with
time, indicating upward diurnal tidal wave propagation.

8. The seasonal variation of westward acceleration derived from the deposition of zonal momentum flux of
diurnal tides is found to be maximum from January to March (− 18 m/s/day to − 43 m/s/day) and from
September to December (− 40 m/s/day to − 55 m/s/day) around 97–100 km and reveals similar semiannual
variation as that of the mean westward winds with maximum intensity found at 97–100 km in
February–March (− 20 m/s to − 43 m/s) and September–December (− 24 m/s to − 40 m/s) for all three years.

9. Thewestward acceleration induced by the vertical gradient ofmeridional flux of zonal momentum (Fmeridional)
shows a closer resemblancewith the seasonal variation of westwardwinds than convergence of vertical flux of
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zonalmomentum (Fzonal) around 97 km altitude, for all years, thus indicating the significant role ofmomentum
flux deposition of diurnal tides in driving the mean zonal flow.

10. Fmeridional exceeds Fzonal explicitly from January to March in 2020 and 2021, which confirms the dominance
of Fmeridional in driving the westward winds found during these months, imparting westward acceleration
close to − 18 m/s/day in March 2020 and − 25 m/s/day in March 2021.
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