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Key Points:

e Thermospheric neutral winds (TNW) significantly influence the dynamics of the thermosphere-ionosphere system (TIS), but
knowledge gaps remain in the finer understanding of their behavior and impacts due to limited monitoring and characterization
efforts.

e The low-latitude equatorial region, particularly near the dip equator, exhibits unique interactions with TNW modulated by the Earth's
magnetic field lines, which necessitates more focused investigations regarding the relevant parameters to further understand these
complexities.

¢ Anintegrated approach combining empirical observations, first-principles methods, and advanced numerical models is necessary to
accurately characterize TNW in equatorial regions, enhancing our ability to improve atmospheric models, predict global dynamics,
and refine space weather forecasting.
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Abstract: Thermospheric neutral winds (TNWs) refer to the neutral gases in the thermosphere circulating as tides, which play a crucial
role in the dynamics of the thermosphere-ionosphere system (TIS). Global geospace neutral winds, particularly over the magnetic
equator, have been a subject of study for several decades. However, despite the known importance of neutral winds, a comprehensive
understanding and characterization of the winds is still lacking. Various ground-based and satellite missions have provided valuable
information on the contribution of neutral winds to the global atmospheric dynamics. However, efforts in the global monitoring of
neutral winds are still lacking, and the drivers behind the behavior of TNWs as well as their influence on the TIS remain incomplete. To
address these knowledge gaps in the global circulation of TNWs, it is crucial to develop a deep understanding of the neutral wind
characteristics over different regions. The low-latitude equatorial region in particular has been observed to exert complex influences on
TNWs because of the unique effects of the Earth’s magnetic field at the dip equator. Studying neutral winds over this region will provide
valuable insights into the unique dynamics and processes that occur in this region, thereby enhancing our understanding of their role in
the overall dynamics of the TIS. Additionally, through empirical observations, an improved ability to accurately model and predict the
behavior of this region can be achieved. This review article addresses challenges in understanding equatorial winds by reviewing
historical measurements, current missions, and the interactions of ionospheric and thermospheric phenomena, emphasizing the need for

comprehensive measurements to improve global atmospheric dynamics and weather forecasting.
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1. Introduction

The Earth’s atmosphere is a complex layer of gases structured into
several distinct zones based on temperature and composition. It is
typically differentiated into two parts: the lower atmosphere,
consisting of the troposphere and stratosphere, and the upper
atmosphere, which includes the mesosphere, thermosphere,
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ionosphere, and exosphere (Lastovicka, 2023). The thermosphere
extends from approximately 85 to 550 km above the Earth's
surface (Dhadly et al., 2023). Its upper boundary merges with the
non-Maxwellian exosphere, whereas its lower boundary separates
it from the mesosphere at the mesopause. Overlapping with the
mesosphere and thermosphere is the ionosphere, which is a
partially ionized region within Earth’s upper atmosphere that is
characterized by a high concentration of ions and free electrons.
The thermosphere differs from other layers of the upper atmo-
sphere because of its composition of light gases, such as atomic
oxygen, molecular nitrogen, and helium (Solomon and Roble,
2015). However, because of its high altitude, the density of
molecules in the thermosphere is extremely low, which means
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that collisions between neutral particles are relatively infrequent.
This situation leads to altitudinal differentiation of the thermo-
spheric composition as the gases become separated based on
chemical and physical processes. For example, solar radiation in
the far ultraviolet dissociates molecular oxygen at altitudes near
130 km into atomic oxygen, which moves downward (through
molecular diffusion and other transport) to heights around 95 km,
where sufficient collisions occur and three-body recombination
recombines it into molecular oxygen and ozone (Burns et al.,
2021). Overall, the low to middle thermosphere (~100-300 km) is
characterized by the presence of heavier gases, such as molecular
nitrogen and oxygen, whereas the upper thermosphere (up to
~550 km) is more abundant in atomic oxygen.

The thermosphere makes up a large part of the upper atmosphere
system; hence, any slight variations caused by external energy
input may result in direct changes observed at other altitudes.
These changes may be reflected in the mesosphere, lower ther-
mosphere, and ionosphere through the distribution of heat,
momentum, and energy carried out by neutral winds in the ther-
mosphere. As identified by Rishbeth (1972), the thermospheric
neutral winds (TNWs) are mainly driven by (1) pressure gradients
resulting from solar heating; (2) frictional forces attributable to the
viscosity of the air; (3) ion drag from collision between ions and
neutral particles; and (4) the Coriolis force, which arises from the
rotation of the Earth. Throughout the 24-h day, TNW movement
follows a predictable pattern mostly influenced by the global
pressure gradient; however, an increase in solar activity may
disrupt this behavior. Thermospheric neutral winds contribute to
the overall circulation patterns of the Earth’s atmosphere. Under-
standing TNWs helps elucidate the dynamics of the upper atmo-
sphere and its coupling with lower atmospheric layers so that
subsequently, we can improve existing models and predictions of
upper atmospheric weather and dynamics.

The neutral winds in the thermosphere are very influential in the
overall dynamics of the upper atmosphere because of their effects
on the electric field (Chen JJ and Lei JH, 2019), which carries tech-
nological implications. They are closely tied to space weather
phenomena, such as geomagnetic storms, solar flares, and coronal
mass ejections. These disturbances can substantially alter the
composition of the thermosphere (Cai XG et al.,, 2021) and the
dynamics of the ionosphere (Ambili and Choudhary, 2022; Seba et
al., 2022) through modulation of the ionospheric current system
(Hamid et al., 2021). Throughout the years, attempts to measure
TNWs have typically been done in one of two ways: ground-based
instrumentation through incoherent scatter radars (ISRs),
ionosondes, and Fabry-Perot interferometers (FPIs), or space-
based data collection via satellite measurements. Additionally,
empirical and first-principle models have historically been used to
gain insight into the processes driving TNWs and governing upper
atmospheric dynamics. In summary, the interplay between external
drivers and the inherent dynamics of the Earth’s upper atmosphere
highlights the need for a multidisciplinary and holistic approach
to unraveling the complexities of this intricate system.

In this review, we are interested in the equatorial region, which
holds a certain geometrical significance because of its nearly hori-
zontal magnetic field lines parallel to the surface of the Earth. This
distinction is crucial for studying the dynamics and phenomena

occurring in the upper atmosphere. Specifically, plasma particles
in the upper atmosphere are influenced by the Earth’s magnetic
field, and studying their behavior along the magnetic equator
allows scientists to observe and analyze the effects of magnetic
forces on these particles. In particular, the climatology of winds
over the magnetic equator exhibits unique phenomena primarily
because of the geometry of the Earth’s magnetic field, where the
zonal component of the wind is perpendicular to the field and the
meridional component aligns with the field (Sivla et al., 2020).
Moreover, the magnetic equator is an important region for study-
ing the interactions between the Earth’s magnetic field and
incoming solar radiation. Solar radiation interacts with the Earth’s
magnetic field differently at the dip equator compared with other
latitudes. This unique interaction leads to the formation of
phenomena such as the equatorial electrojet (EEJ) and equatorial
ionization anomaly (EIA). These phenomena interact with the
TNWs, leading to changes in circulation patterns, which have
significant implications for communication systems, satellite oper-
ations, and our overall understanding of space weather.

This review article aims to tackle the challenges and gaps in
understanding TNWs in the equatorial region by offering an
overview of historical neutral wind measurements at low lati-
tudes. Additionally, it delves into the current operational ground-
based and space-based missions, which furnish valuable informa-
tion on TNWs, along with their limitations. The article further
explores the ionospheric and thermospheric phenomena specific
to the equatorial region and their interactions with neutral winds.
Overall, this review emphasizes TNWs and their influence by
processes at subtropical latitudes, stressing the necessity for
comprehensive measurements in the equatorial region. These
efforts aim to enhance our understanding of their role in global
atmospheric dynamics and improve weather forecasting capabili-
ties.

2. Observation of Thermospheric Winds

2.1 Ground-based Instruments

One method of observing TNWs is through the use of ground-
based instruments. This approach is often used to gather thermo-
spheric and ionospheric data over a specific region, with a focus
on temporal variations. Stationary instruments provide continuous
data collection in one location throughout each day, making
them useful for identifying long-term trends in TNWs. However,
most observational data have been confined to the middle (Sivla
and McCreadie, 2014; Harding et al, 2019; Navarro and Fejer,
2020) and upper (Lu G et al., 2016; Xu H et al., 2019; Oyama et al.,
2023) latitudes. Only in the past couple of decades have more reli-
able in situ instruments, such as the FPI, been installed in equatorial
locations. In this section, we examine the instruments that have
historically been used for TNW measurements.

The earliest attempts at measuring TNWs date back to the 1960s
and utilized radars, such as the ISRs proposed by Gordon (1958),
to directly measure the properties of ionized plasma in the upper
atmosphere. These radars use the incoherent scattering of radio
waves off free electrons and ions to gather information about ions
and electron density. From these measurements, TNW velocity in
the region of study can be derived through various models
(Kofman et al., 1986; Farmer et al., 1990; Davis et al., 1995). Specifi-
cally, the motions of the neutral atmosphere are extracted from
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measurements of the motions of the ionospheric plasma along
the line-of-sight of the radar, which results in the introduction of a
Doppler shift in the measured scatter spectrum proportional to
the drift velocity of the ions and electrons (Salah and Holt, 1974).
The incoherent scatter return signal spectrum is dependent on
multiple ionospheric parameters: electron density, ion and electron
velocities and temperatures, and ion composition (Evans, 1969).
Through the use of ISRs, some key understandings regarding
TNWs and the complex system formed in the thermosphere-iono-
sphere coupling have been discovered. For instance, Williams

+90
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(1989) identified the source region for large-scale atmospheric
gravity waves affecting the thermosphere based on neutral
density parameters derived from profiles of electron concentration
or field-aligned plasma velocity as measured with an ISR.
Currently, several ISRs across the globe are still actively being used
to observe upper atmospheric dynamics, such as the recent Sanya
ISR, because of their ability to measure ionospheric contents at
varying heights. The locations of the ISRs, alongside a number of
other important instruments, including ionosondes and FPIs in
the equatorial region, are listed in Figure 1 and Table 1. However,
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Figure 1. Past and current ground-based instruments for measuring TNWs in the low-latitude region (less than 25° of the dip equator).

Instruments that are no longer in operation are marked in red.

Table 1. A nonexhaustive list of past and present ground-based stations for thermospheric wind measurement in the low-latitude and

equatorial region.

Location Dip latitude (°)* Geographic longitude (°) Instrument Years in operation References
Abuja +10.6 +7.5 FPI 2016-present Wu Q, 2016
All-sky 2015-present Okoh et al.,, 2017
imager
Allahabad +17.0 +81.8 lonosonde 2015-present Ramsingh et al.,, 2015
Arequipa 7.1 -714 FPI 1983-present Meriwether et al., 1986
All-sky Colerico et al.,, 1996
imager 1993-present
Bac Lieu +0.0 +105.7 lonosonde 2004-present Maruyama et al., 2007
Bahir Dar +8.3 +37.4 FPI 2015-present Tesema et al., 2017
Boa Vista +11.9 -60.7 Digisonde 2002 Abdu et al., 2009
All-sky 2013-present Paulino et al., 2011
imager
Cachimbo -0.7 —-54.8 Digisonde 2002 Abdu et al., 2009
Cachoeira -144 —45.0 Digisonde 2002 Abdu et al., 2009
Paulista 1990-present Fagundes et al., 1995
Batista et al., 2000
FPI 1988-present Sahai et al., 1994
All-sky 1987-1991
imager
Cajazeiras +0.8 -38.6 FPI 2009-present Makela et al., 2009
Campo Grande -11.7 —54.6 Digisonde 2002 Abdu et al., 2009
All-sky 2013-present
imager
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Continued from Table 1

Location Dip latitude (°)* Geographic longitude (°) Instrument Years in operation References
Cariri —-4.4 -35.0 All-sky 1972-present Medeiros et al., 2004
imager
FPI 2009-present Makela et al., 2009
Carmen Alto -39 -69.4 FPI 1996-present Martinis et al., 2001
Cebu +9.9 +195.6 lonosonde ~1998-present Maruyama et al., 2002
Chiang Mai +9.6 +98.9 lonosonde 2004-present Maruyama et al., 2007
FPI 2010-present Shiokawa et al., 2012
Chumphon +1.6 +99.4 lonosonde 2004-present Maruyama et al., 2007
All-sky 2020-present
imager
Cocos Islands -21.3 +96.9 lonosonde 1961-present Kalita et al., 2016
Darwin -21.0 +130.8 lonosonde 1982-present Lynn et al., 2006
El Leoncito -22.6 -69.4 All-sky imager 1999-present Martinis et al., 2006
Fuke +10.2 +109.1 All-sky imager 2013-present WuKetal, 2017
Guiping +14.2 +110.7 All-sky imager 2013-present WuKetal, 2017
Hyderabad +9.2 +78.5 lonosonde 1963-present Sreekumar and Sripathi, 2016
Ishigaki +15.5 +124.2 All-sky imager 2014-present Hosokawa et al., 2020
Jicamarca -2.8 -76.9 ISR 1961-present Farley, 1991
Digisonde 1992-present Reinisch, 1993
All-sky 2014-present Mendillo, 2015
imager
Kavalur +7.1 +78.5 FPI 1992-present Sastri et al., 1994
Kodaikanal +2.1 +77.5 lonosonde 1955-present Sastrietal,, 1994
Korhogo +13.0 -5.6 FPI 1993-1995 Vila et al., 1998
Kototabang -9.4 +100.3 lonosonde 2004-present Maruyama et al., 2007
FPI 2010-present Shiokawa et al., 2012
Lulin +14.5 +120.9 All-sky imager 2021-present Liu JY et al., 2024
Manila +5.6 +121.1 Digisonde ~1998-present Maruyama et al., 2002
Maui +21.5 -156.5 lonosonde 1944-present Bittencourt and Sahai, 1978
Merihill -2.8 -76.9 FPI 2009-present Gerrard and Meriwether, 2011
Nazca -5.5 -74.5 FPI 2011-present Navarro and Fejer, 2019
Niue -23.1 +170.0 lonosonde 2004-present Wilkinson, 2005
Okinawa +17.6 +127.8 lonosonde 2001-present Maruyama et al., 2004
Paramaribo +14.7 -55.2 lonosonde 1957-present Bittencourt and Sahai, 1978
Port Moresby -16.6 +147.1 lonosonde 1961-2007 McNamara and Wilkinson, 2009
Quijing +16.3 +103.8 ISR 2014-present Ding ZH et al., 2018
Rarotonga -20.4 -159.7 lonosonde 1945-1980 Bittencourt and Sahai, 1978
Sanya +9.0 +109.6 ISR 2020-present Yue XA et al., 2022
Sao Luis +5.7 —44.3 Digisonde 2002 Abdu et al., 2009
1994-present De Paula et al., 2004
Sao Paulo -15.2 -46.6 lonosonde 1953-1965 Bittencourt and Sahai, 1978
Sriharikota +5.4 +80.1 lonosonde 1989-present Sastrietal,, 1994
Taoyuan +16.0 +121.3 lonosonde 1960-2000 Ke KJ et al., 2022
2006-2016
2020-present
Tirunelveli +0.6 +77.8 lonosonde 2006—-present Sreekumar and Sripathi, 2016
Trivandrum +0.5 +77.0 lonosonde 1989-present Sastri et al., 1994
FPI 2017-present Hossain et al., 2023
Tucumaén -17.6 —-65.0 All-sky imager 1997-1999 Martinis et al., 2003
Vanimo -10.4 +141.3 lonosonde 1964-2009 Lynn et al., 2006
Wuhan +21.3 +114.4 lonosonde 1946-present Yue XN et al., 2018
Yamagawa +24.6 +130.6 lonosonde 1946-present Maruyama et al., 2004

*Dip latitudes as calculated for the 2024.0 epoch.
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this review does not go into detail on each of these data sources,
their methodologies, or results.

Similar to ISRs are ionosondes, which are ground-based instru-
ments that utilize radio waves to study the ionosphere. They emit
radio waves at various frequencies and then detect the signals
that are reflected from the ionosphere. This approach allows
scientists to measure properties such as electron density, electron
temperature, and ionospheric plasma drift. We owe a large
number of early TNW observations to the ionosonde, which
allowed for investigations to be carried out on the long-term vari-
ability of TNWs alongside ionospheric variations. For example,
Haridas et al. (2016) made use of ionosonde data spanning two
solar cycles to investigate the climatology of meridional winds
and its variability with respect to solar activity over the Indian
equatorial sector. When examining the thermosphere-ionosphere
system (TIS), ionosondes are favored because of the widespread
availability of ionosonde networks worldwide (Sreekumar and
Sripathi, 2016). They also offer cost-effective data collection on
the electron density profile (Hanbaba, 1995) while allowing
neutral parameters to be derived from measurements of the
height of the F, layer (Miller et al., 1986). However, this derivation
of TNWs introduces uncertainties arising from several factors.
First, the measured height of the F, layer peak (hmax) can have
uncertainties because of limitations in the ionosonde itself. Addi-
tionally, the linear regression used to determine the proportionality
constant (a) relating wind velocity and hmax might not perfectly fit
the data points if substantial scatter is present. Another source of
uncertainty is the ionospheric model used to determine a and the
calculated height of the F, layer peak when wind velocity is zero
(ho), which neglects the effects of electric fields on the F layer.
Thus, each of these factors can contribute to the overall uncertainty
in determining the TNW velocity when using the height of the F,
layer peak measured with the ionosonde.

In addition to radars, optical instruments have been used to
directly measure the thermosphere through Doppler spec-
troscopy, via airglow imaging and interferometers. All-sky
imagers, such as the high-latitude SCANning Doppler Imager
(SCANDI), allow for measurements over a large field of view and
thus are capable of observing thermospheric variabilities on
spatial scales of several tens of kilometers (Aruliah et al., 2010).
Presently, however, the most popular method of measuring TNWs
is through the FPI, which holds an advantage over radars and
ionosondes by providing very high resolution and direct measure-
ments of important TNW parameters, namely, wind velocity and
temperature, from emissions produced by neutral particles during
dissociative recombination (Florescu-Mitchell and Mitchell, 2006).
Operating on the principle of interference, the FPI utilizes multiple
reflections within a resonant optical cavity to measure the
Doppler shift of the incoming airglow emission (Makela et al.,
2011). Through analysis of the interferogram pattern of fringes
produced, the neutral wind velocities and temperatures can be
derived with exceptional precision.

Each of the instruments presented in this section has its advantages
and disadvantages based on the circumstances of the investigation
being carried out, and there has yet to be an instrument capable
of addressing all our knowledge gaps of TNWs arising from their
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spatiotemporal complexities. For specific investigations into
TNWs, the FPI is arguably the best instrument because it provides
direct and accurate measurements of neutral parameters with a
reasonably satisfactory time resolution of up to 15 min (Shiokawa
et al, 2012). One of the limitations of FPIs is that they are
restricted to post-sunset observations only because of the over-
whelming effect of atmospheric scattering during the daytime,
which has been noted to introduce errors of up to 400 m/s (Harding
et al.,, 2017a). Additionally, FPIs with fixed etalon spacings are also
capable of measuring only one emission wavelength (typically the
Ol 630-nm airglow) at a time, leading to poor height resolution in
the thermosphere. Thus, studies focusing on the TIS would benefit
from utilizing instruments that are capable of measuring both
neutral and ionospheric parameters, such as radars.

2.2 Space-based Instruments

Remote sensing observations conducted from high altitudes have
been instrumental in advancing our understanding of TNWs.
These satellite missions have provided us with data on the hori-
zontal and vertical components of neutral winds, giving us valuable
insights into the global distribution, altitudinal variations, and
temporal dynamics of neutral winds in the upper atmosphere. The
instruments onboard the satellites are highly crucial in determining
the types of information that can be gathered on the upper atmo-
sphere and the accuracy of data collected. The satellite observato-
ries that have historically measured TNWs are summarized in
Figure 2.

The first multiyear satellite mission capable of specifically measur-
ing thermospheric neutral parameters over the equatorial region
was the Atmosphere Explorer-E (AE-E), which was equipped with
a spectrometer to measure the velocity distribution of molecular
nitrogen, enabling the derivation of the temperature of the
neutral gas (Spencer et al.,, 1973). Throughout its 3 years of opera-
tion, the AE-E orbited at different heights between 250 and
450 km, which allowed for the analysis of TNW changes with vary-
ing altitudes. Using measurements from the AE-E, Herrero et al.
(1988) reported weaker poleward meridional winds in winter, with
a maximum occurring in the early evening sector, whereas in the
summer, winds were stronger and peaked closer to midnight.
Following the success of the AE-E, the Dynamics Explorer 2 (DE-2)
was launched in 1981, featuring the unique ability to measure the
vector wind field of the neutral atmosphere, along with a compre-
hensive set of other thermospheric, ionospheric, and magneto-
spheric variables (Killeen and Roble, 1988). This measurement was
achieved through the FPI (Hays et al., 1981) and the Wind and
Temperature Spectrometer (WATS) onboard. The Upper Atmo-
sphere Research Satellite (UARS) was another early spacecraft
capable of measuring TNWs with its onboard Wind Imaging Inter-
ferometer (WINDII), providing us with wind measurements cover-
ing the entirety of Solar Cycle 22 (Reber et al.,, 1993). The data
collected from these early satellite observatories proved valuable
in refining existing empirical and physics-based models. Such is
the case with the Mass Spectrometer—Incoherent Scatter (MSIS)-
86 model by Hedin (1987), which was updated with neutral
temperature, density, and composition data from the DE-2
mission.
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Figure 2. Past and current satellite observatories capable of measuring low-latitude TNWs. From 'Pelz et al., 1973; 2Hoffman and Schmerling,
1982; 3Reber et al., 1993; “Reigber et al., 2002; >Drinkwater et al.,, 2007; and élmmel et al., 2018.

Satellites with global coverage have also been used to study
TNWs over the low-latitude region, namely the German CHAlleng-
ing Minisatellite Payload (CHAMP), and the Gravity Field and
Steady-State Ocean Circulation Explorer (GOCE). Zonal wind
measurements obtained from accelerometers on CHAMP were
used in multiple TNW studies. For instance, Sutton et al. (2005)
illustrated the spatial-temporal dependence of the thermospheric
response to the severe solar storms occurring from October 29 to
November 1, 2003. In contrast, GOCE was a mission mainly aimed
toward measuring the Earth’s static gravity field at a high spatial
resolution and accuracy (Drinkwater et al., 2007); however,
measurements made with the onboard gradiometer and ion
thruster could be used to determine air density and crosswind
speed in the Earth’s thermosphere (Doornbos et al., 2013). With
the help of increasingly accurate GOCE measurements of TNWs,
our understanding of other upper atmospheric phenomena has
been improved. For instance, by conducting simultaneous obser-
vations of TNW velocities obtained from the GOCE over Southeast
Asia from 2010 to 2013 and measuring the EEJ strength by using
ground-based magnetometers, Abadi et al. (2021) proposed that
eastward winds and the EEJ are likely to independently influence
the pre-reversal enhancement (PRE) of the eastward electric field
in the evening equatorial ionosphere, with their effects balancing
each other.

At present, only one active satellite observatory is capable of
measuring both ionospheric and neutral thermospheric parame-
ters over the equatorial region. This is the lonospheric Connection
Explorer (ICON) launched in 2018 to join the National Aeronautics
and Space Administration’s heliophysics satellite constellation. Its
primary scientific objective is to identify the sources of strong
ionospheric variability. In the low-latitude equatorial region,
where the ionosphere is shielded from magnetospheric and solar
wind influences, it is suggested that the main sources of this vari-
ability are neutral wind circulation and ionospheric conductance
(Immel et al., 2018). Therefore, to study this thermosphere-iono-

sphere coupling, the ICON satellite measures neutral winds in the
range of the dynamo region (~100-160 km) via remote sensing
limb measurements, along with local ion drift measurements for a
limited time period (Harding et al., 2017b). The ICON is equipped
with the Michelson Interferometer for Global High-Resolution
Thermospheric Imaging (MIGHTI), which utilizes two perpendicular
fields of view pointed at the Earth’s limb to measure the Doppler
shift of the atomic oxygen red and green lines at wavelengths of
630.0 nm and 557.7 nm, respectively (Englert et al., 2017).

In addition to long-term satellite missions, in situ measurements
have frequently been used to investigate upper atmospheric
dynamics for short windows of time, which has provided us with
knowledge on (1) mesospheric and lower thermospheric winds,
and (2) thermospheric-ionospheric responses to space weather
events, such as geomagnetic storms. These systematic observa-
tions have been conducted via sounding rockets (Pfaff et al.,
2020), which can provide good height resolution and broad alti-
tude coverage (Larsen, 2002), as well as balloon-borne optical
instruments (Wu Q et al., 2012), which allow for daytime measure-
ments of TNWs. However, these observations have been mostly
focused on the middle to high latitudes only (Heppner and Miller,
1982; Deng Y et al,, 2017), with very few missions carried out over
near-equatorial regions (Anandarao and Raghavarao, 1979; Larsen
and Odom, 1997).

2.3 Modeling Approach

Various modeling techniques have been used to study and under-
stand the dynamics of the thermosphere, including the behavior
of neutral winds. The integration of these diverse modeling tech-
nigues has substantially enhanced our ability to comprehend the
complex dynamics of TNWs, paving the way for more accurate
predictions and a deeper understanding of Earth’s upper atmo-
sphere. These models have not only improved our understanding
of the thermosphere and its interactions with the space environ-
ment, but also have practical applications in various fields (Ren ZP
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et al.,, 2009). Two approaches can be used to model the complex
upper atmospheric system: (1) through empirical models that
integrate observational data collected throughout the years, and
(2) through first-principle models that predict neutral dynamics
based on physical processes, by taking into account factors such
as solar activity and geomagnetic conditions.

The most well-developed empirical model is the Horizontal Wind
Model (HWM), which has been updated several times since its
conception in the 1990s, the latest version being the HWM14. The
HWM integrates various data from quiet-time TNW observations;
however, a large portion of the data integrated into the current
HWM14 are sourced from mid- to high-latitude observations,
which naturally means that the model does not perform very well
when simulating low-latitude or subtropical winds (Okoh et al.,
2021; Rabiu et al., 2021). The model also does not reproduce solar
radiation flux variations very accurately (Haridas et al, 2016),
which is why the Disturbance Wind Model (DWM) was later devel-
oped to simulate wind dynamics more accurately during geomag-
netically disturbed conditions. Additionally, these models are
subject to data sparseness at certain altitudes and time ranges
(Drob et al., 2008, 2015). At present, because of the lack of obser-
vational data collection in the equatorial region, newly developed
empirical models, such as the Magnetic mEridional NeuTrAl Ther-
mospheric (MENTAT) model (Dandenault, 2018) and the High-
Latitude Thermospheric Wind Model (HL-TWiM; Dhadly et al.,
2019), mostly incorporate data from middle to high latitudes;
hence, they may not perform well at modeling the equatorial
region. In time, as the global TNW data collection network
expands, these latitudinal gaps in existing empirical models can
eventually be resolved. Additionally, there also exist empirical
models that simulate other parameters of the thermosphere,
including temperature and density. Such is the case with the MSIS-
86 model (Hedin, 1987) and its numerous iterations. Although
these models do not provide direct simulation of TNWs, they may
provide supplementary information on thermospheric conditions,
which helps in explaining any behavioral changes in TNWs. For
instance, Murty and Kim (1988) utilized the MSIS-83 and MSIS-86
models to identify an increase in thermospheric temperature
during disturbed storm-time conditions, which helped explain the
enhanced equatorward meridional winds observed with the FPI.
The MSIS models have also been used in combination with the
HWM to provide comparisons with observational data, as can be
seen in the work by Wu Q et al. (1994). Hence, it is evident that
oftentimes models that only simulate TNWs may not sufficiently
explain wind circulation patterns and may require additional
modeling of upper atmospheric conditions to provide a more
comprehensive understanding of TNW behavior. This shortcoming
highlights a need for improved thermospheric models that incor-
porate multiple parameters of the thermosphere.

On the other hand, first-principle models have opened new possi-
bilities for studying and predicting the behavior of TNWs in differ-
ent regions and under various environmental conditions (Harding
et al, 2019). One prominent modeling technique used in TNW
studies is the Thermosphere-lonosphere Electrodynamics General
Circulation Model (TIEGCM), which is a three-dimensional (3-D),
nonlinear representation of the TIS that includes a self-consistent
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solution of the low-latitude dynamo electric field (Jiang GY et al,,
2018). The TIEGCM improves on its previous versions by incorpo-
rating mid- and low-latitude electrodynamics. Thus, it produces
more accurate models during storm-time periods because of its
emphasis on the coupling of the TIS that occurs during strong
geomagnetic disturbances. Another model similar to the TIEGCM
that is often used is the Global lonosphere-Thermosphere Model
(GITM), which is a comprehensive numerical model that considers
solar activity variations when simulating the global ionosphere
and thermosphere system, including neutral winds. The GITM
solves the Navier-Stokes equations for the thermosphere, broken
into vertical and horizontal directions and considering ion drag,
Coriolis, pressure gradients, and geometric terms (Ridley et al.,
2006). Thus, by incorporating key physical processes, such as solar
radiation, chemical reactions, and interactions between different
atmospheric constituents, the GITM provides valuable insights
into the behavior of TNWs under varying conditions. Nevertheless,
Harding et al. (2019) reported that correlations with data collected
by using the FPI are nearly zero at low latitudes. This finding
suggests that substantial work is still required with the GITM
before it can reliably predict daily variations in upper atmospheric
weather over the geomagnetic equator.

Generally, the TIEGCM is regarded as the most capable physics-
based model for simulating the low-latitude TIS, particularly
regarding electron densities and ionospheric temperatures.
Despite this capability, the model is still lacking in some ways, as
seen in the study by Fesen et al. (2002), which identified discrep-
ancies in multiple parameters, including horizontal neutral winds,
when compared with observational data from equatorial stations
in Peru. Additionally, Marsal et al. (2012) noted some limitations in
capturing shorter term variations and height resolution with the
TIEGCM. New models are actively being developed to better simu-
late TNW patterns and upper atmospheric dynamics in the equa-
torial region. For example, one of the more recent models that has
been produced is the Global Coupled lonosphere-Thermosphere-
Electrodynamics Model, Institute of Geology and Geophysics,
Chinese Academy of Sciences, (GCITEM-IGGCAS). One of the
promising features of this model can be seen in its ability to simu-
late the EIA and midnight temperature maximum (MTM) at low
latitudes (Ren ZP et al., 2009), a capability that the TIEGCM has not
been able to replicate (Colerico et al., 2006). However, additional
comparisons with observational data are necessary to verify its
performance in equatorial TNW modeling. Another promising
model is the Whole Atmosphere Community Climate Model with
thermosphere and ionosphere extension (WACCM-X), which
provides a comprehensive, self-consistent description of the
entire atmosphere-ionosphere system, from the surface to an alti-
tude of 500-700 km (Liu HL et al, 2010, 2018). This model is
unique compared with the previously mentioned models, which
had more limited representations of upper atmospheric
processes. The WACCM-X has been useful for modeling low-lati-
tude middle-atmosphere winds, which are lacking in terms of
empirical observations because of instrument limitations (Dhadly
et al., 2023). For instance, Venkat Ratnam et al. (2019) identified
long-term wind trends in the lower thermosphere over the near-
equatorial Indian sector, which they suggested were influenced
by changes in concentrations of greenhouse gases, as simulated
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with the WACCM-X. Besides providing insights into wind circula-
tion at varying altitudes, the WACCM-X allows for investigations
into lower atmospheric influences on thermospheric circulation
by incorporating climate and weather processes into the model.
For example, Liu HL et al. (2023) simulated traveling ionospheric
disturbances (TIDs) resulting from a powerful volcanic eruption in
2022, which was observed to cause large wind perturbations in
the thermosphere. Comprehensive, whole-atmosphere numerical
models, such as the WACCM-X, which bridge meteorological
processes with upper atmospheric dynamics, may prove to be
quite crucial in future efforts to improve our current understanding
of the global atmospheric system. However, observational data
are still necessary to accurately constrain these whole-atmosphere
models, as discussed by Sassi et al. (2021), who noted that the
absence of middle-atmosphere data leads to substantially larger
amplitudes of solar nonmigrating tides in WACCM-X simulations.

In more recent years, machine learning (ML) techniques have
been emerging in the field of space weather, as discussed in the
review by Camporeale (2019). Specifically, ML is becoming more
prevalent in atmospheric studies for forecasting and nowcasting
applications, mainly because of the turbulent nature of the upper
atmosphere. Machine learning methods are known to be ideal for
problems in which the relationship between input variables and
the desired output is unknown or the physical model is computa-
tionally expensive because they effectively learn from data to
handle complex, nonlinear systems. The TIS can be described as
one such system, thus making it well-suited for ML techniques
such as neural networks and generative modeling. Another
reason that upper atmospheric research is suitable for ML applica-
tions is the increasing number of high-resolution datasets accu-
mulated over the years through the various remote and in situ
space missions discussed previously. However, most existing
research using ML and deep learning techniques in thermospheric
studies has focused on other parameters of the TIS, such as total
electron content (TEC) predictions (Cai YH et al.,, 2019; Zewdie et
al., 2021), long-term trends in thermospheric neutral density
(Weng LB et al., 2020), and short-term forecasting of their
responses to geomagnetic storms (Wang YR and Bai XL, 2022),
with less emphasis on TNWs. This focus is likely due to the limited
availability of large datasets of TNW observations, as discussed
earlier in this section. Recent studies have demonstrated some
promising effectiveness of ML techniques in developing forecast-
ing models for near-space wind fields with errors of <5 m/s (Sun
XX et al.,, 2024), which suggests that ML methods may be useful
for forecasting upper atmospheric winds as well. As TNW datasets
expand in coming years, ML is expected to play a more important
role in TNW forecasting and consequently improve our under-
standing of the broader TIS through advanced techniques, such as
feature extraction, which allow the analysis of multiple other vari-
ables of the system, such as temperature and density.

2.4 Comparisons Between Instruments and Approaches

Thermospheric neutral winds can be more conveniently under-
stood as a large-scale 3-D fluid circulating globally; thus, it is
spatially complex in terms of latitudinal, longitudinal, and altitudi-
nal variations. One important aspect to consider is the latitudinal
variation of these winds, which is influenced by the Earth’s curva-

ture and the distribution of solar heating. At higher latitudes, the
neutral winds are influenced by the interaction of the Earth's
magnetic field and the solar wind, leading to unique patterns of
wind circulation. Simultaneously, pressure gradients resulting
from thermal expansion push winds away from the geographic
equator, which receives most of the solar heating on a day-to-day
basis. Moreover, TNWs vary with longitude because of the differ-
ence in geomagnetic field configuration in the two hemispheres
with different dip angles, inclinations, and magnetic field
strengths (Wang WB et al., 2021). This difference leads to substan-
tial variations in the ionosphere at different longitudes because
the ionosphere layer is strongly regulated by the electromagnetic
field. Therefore, ion drag forcing on TNWs is more pronounced at
locations with higher ionospheric electron densities, such as
places with weak PRE, as discussed by Yizengaw et al. (2014).
Furthermore, altitudinal variations in TNWs are equally crucial
because they are affected by the changing thermal structure of
the upper atmosphere, the presence of gravity waves, and the
influence of tides propagating from the lower atmosphere. Each
of these variations leads to intricate vertical wind patterns that
play a pivotal role in shaping the dynamics of the TIS.

It is crucial to emphasize that obtaining a comprehensive
measurement of equatorial TNWs solely by using any single
instrument would be challenging because each approach is
affected by a drawback in one way or another. For example,
despite their usefulness in identifying low-latitude and global
wind circulation patterns at varying altitudes, space-based obser-
vatories are affected by the temporal dependence of TNWs owing
to their inability to collect data continuously in any one location
as these satellites orbit the Earth. Conversely, the spatial coverage
of ground-based measurements may be limited, resulting in
geographic sparseness of wind measurements even after combin-
ing data from multiple missions. Ideally, a combination of both
ground-based and space-based observations supplied with simu-
lations would provide an in-depth understanding of the processes
influencing the climatology of equatorial TNWs and their impacts
on upper atmospheric dynamics. Therefore, to enhance our
comprehension of upper atmosphere dynamics over the equatorial
region, it is vital to reduce data gaps by establishing a compre-
hensive data network, such as the Southeast Asia Low-Latitude
lonospheric Network (SEALION; Maruyama et al., 2007), as shown
in Figure 3. Such data networks would cover various locations
along the magnetic equator and be capable of measuring param-
eters of the chemical species of the TIS at varying altitudes. To
reach this goal, governments, research institutions, and space
agencies could jointly fund and maintain instruments across
different geographic regions, allowing for shared use and opera-
tional costs, which would require international collaborative
efforts. Establishing a global network of instruments for measuring
TIS parameters would be a highly collaborative process with great
potential, although some challenges would also need to be over-
come. The major issues that should be considered are how instru-
ments can be calibrated and synchronized to work together and
how they can be installed. Moreover, the problems can be
addressed through overcoming geographical and political
constraints, fast data transfers, and data latency reduction, as well
as data robustness in remote regions. On the other hand, mainte-
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Figure 3. The location of each instrument in SEALION.

nance problems, such as adverse weather conditions and the
processing of large data sets, require a resilient infrastructure and
high-performance computing resources. In addition, concerns
about data security, privacy, and standardization must be taken
into account to make the global TNW data network a reality.
However, overcoming these challenges and building strategic
partnerships would be an important step forward for the better
understanding of TNWs, and subsequently, the TIS.

In addition to reducing data gaps, improving data acquisition
tools is another method that could be used to obtain a compre-
hensive understanding of the TIS and TNWs. To this end, several
new instruments have been proposed, such as the Doppler Wind
and Temperature Sounder (DWTS) suggested by McHugh et al.
(2014). The DWTS is designed to be operated on a spacecraft and
utilizes Doppler-modulated gas correlation and spectroscopy to
measure the Doppler shift of atmospheric emission lines. This
capability allows it to determine wind speeds and air temperatures
at multiple altitudes, operating days and nights to offer high
temporal resolution. Another promising space-based instrument
is the Terahertz Limb Sounder (TLS), which is designed to measure
atmospheric properties such as wind, oxygen density, and
temperature by observing emissions at terahertz frequencies (Wu
DL et al., 2016). The mechanism involves using terahertz receivers
to detect emissions from molecular oxygen and atomic oxygen
specifically in the Earth’s lower thermosphere. These instruments
may be used to gain insight into equatorial TIS dynamics if
deployed on satellite missions orbiting at low latitudes. As for
ground-based instruments, few novel methods have been
proposed in favor of optimizing existing technologies. An example

that enhances current interferometers and has applications both
in space and on the ground is Doppler Asymmetric Spatial Hetero-
dyne (DASH) spectroscopy (Englert et al., 2007). Doppler Asym-
metric Spatial Heterodyne spectroscopy operates in a manner
similar to the Michelson interferometer used in WINDII. It holds an
advantage over typical FPIs and interferometers by being
compact and allowing simultaneous observations of multiple
spectral lines, which means that it can offer good height resolutions
(Marr et al., 2012). Comparisons with ground-based FPIs in mid-
latitude regions show generally good agreement, with occasional
disagreements larger than the combined uncertainties attributed
to cloud interference and differences in observation geometry
(Englert et al., 2012). Although novel ground-based techniques
and instruments have been emerging in recent times (e.g.
DopplerWind lidars; Liu ZL et al., 2019), at present these instru-
ments have yet to be deployed along the magnetic equator.
Instead, making improvements to current instrumentation tech-
niques (e.g., Chen G et al.,, 2009; Gerrard and Meriwether, 2011)
seems to be the focus in ground-based equatorial TNW research.

3. Climatology Studies of Neutral Winds

3.1 Characterizing Winds

Variations in TNWs can be complex because of the myriad factors
influencing them. Therefore, a large part of thermospheric studies
is dedicated to characterizing the behavior of TNWs and identifying
the mechanisms influencing any deviation from their typical
behavior. During periods of high solar and geomagnetic activity,
the thermosphere and ionosphere form a complex and intricate
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coupled system whereby the neutral constituents of the thermo-
sphere interact with the ionized plasma of the ionosphere. In the
low-latitude equatorial region, the effect of this coupling becomes
more pronounced as the zonal component of the TNW generates
electric fields by transporting ions along the magnetic field lines
through a dynamo process (Heelis and Maute, 2020). Few long-
term studies have been undertaken on TNW variability with solar
activity, which fluctuates over an 11-year cycle. Therefore, its
effects on TNWs are still under investigation. Additionally, investi-
gations looking into the comparisons of TNW behavior across
solar cycles are lacking. In their project encompassing two solar
cycles, Haridas et al. (2016) discovered that equatorward merid-
ional winds during low solar activity (indicated by the Fip7; cm
solar radio flux index) were higher by 30 m/s compared with high
solar activity. This increase could potentially be due to reduced
ion drag forcing. Similarly, by utilizing zonal wind data from the
CHAMP satellite to statistically determine TNW variations with
solar flux, Zhang XF et al. (2017) found that eastward zonal winds
are reduced during periods with high solar flux levels.

The interaction between the solar wind and the Earth’s magneto-
sphere can result in the formation of geomagnetic storms, which
subsequently affect the behavior of neutral winds in the thermo-
sphere. Strong geomagnetic disturbances have been observed to
coincide with reduced wind velocity amplitudes caused by alter-
ations in solar heating and increased Joule heating. Additionally,
these disturbances can stem from collisions between neutral
particles and convecting ions in the thermosphere (Fejer et al,
2017). Westward winds during geomagnetically disturbed condi-
tions may result in increased energy and momentum deposition
into the ionosphere at high latitudes (e.g., Blanc and Richmond,
1980; Fuller-Rowell et al., 1997), which drives the disturbance
wind dynamo. Additionally, thermospheric neutral density has
been noted to undergo enhancements of up to 200%-300%
(Sutton et al., 2005), which spread to equatorial latitudes because
of equatorward winds. The effects on TNWs and the equatorial
electric fields may persist into the post-storm recovery phase, as
observed by Polekh et al. (2017), where westward and polarized
jets caused thermospheric Joule heating, which increased TNW
velocity and generated disturbed dynamo electric fields over the
low-latitude region during the recovery phase of the March
17-19, 2015, geomagnetic storm. In summary, all phases of a
geomagnetic storm can cause disturbances in the TIS, resulting in
substantial alterations in the circulation patterns and temperatures
of TNWs. A comparison of quiet-time and storm-time wind
patterns, as modeled by the HWM and its disturbance counterpart
the DWM during midnight Coordinated Universal Time (UTC), are
shown in Figure 4, where the reduction in wind velocity during
disturbed conditions is apparent. It can also be seen that equatorial
winds are generally lower velocity than those at upper latitudes
during both geomagnetic conditions.

As emphasized previously, TNWs are temporally and spatially
complex structures that undergo modulation throughout each
day and exhibit variations between different months and seasons.
One key aspect of the seasonal variability in the thermosphere is
the influence of solar radiation. The varying intensity and angle of
incidence of solar radiation throughout the year result in substan-

tial changes in the upper atmosphere. As a result, this influences
the TNWs, which lead to distinct seasonal patterns. During the
equinoxes, when the Sun is directly over the equator, the TNWs
exhibit a relatively symmetrical and balanced pattern, with winds
flowing from the east to the west (Tsuda et al., 2016). During the
summer months (May, June, July), the intensity of solar radiation
increases, resulting in a reoccurring MTM, which reduces zonal
wind velocities, as shown by Makela et al. (2013) between the
years 2009 and 2012. The authors also observed that the meridional
winds showed trans-equatorial flow from the summer to winter
hemisphere, which is consistent with the findings of Hari and
Krishna Murthy (1995). The winter solstice months (November,
December, January) respond to stronger eastward winds, as
shown by Liu HX et al. (2016) based on GOCE observations in
2010-2013, which agreed with 2017 trends in the African longitu-
dinal sector, as demonstrated by Sivla et al. (2020).

Finally, TNWs also show variability with local time because of daily
fluctuations in the thermal responses to solar activity. Previous
studies have shown that during geomagnetically quiet times in
the low-latitude equatorial region, zonal winds are mostly eastward
and that they peak during pre-midnight hours, a few hours after
sunset (Tesema et al., 2017; Rabiu et al,, 2021; Sarudin et al., 2022).
Differences may be seen in terms of wind velocity amplitude
because of varying ion drag influences in different longitudinal
sectors (Hossain et al., 2023). In contrast, meridional winds are
slightly more poleward during pre-midnight hours and peak near
midnight, with a distinct reversal in direction caused by the pres-
sure bulge associated with the MTM, as first noted by Harper
(1973) and again in subsequent observations at other equatorial
latitudes (Spencer et al., 1979; Niranjan et al., 2006; Maruyama et
al., 2008). Figure 5 provides an overview of quiet-time wind
patterns and their relation to magnetic declination and electric
content at midnight UTC. The winds are modeled by HWM and
DWM, whereas the magnetic declination for the epoch of 2020 is
obtained from the International Geomagnetic Reference Field
(IGRF) model (Alken et al., 2021) provided by the International
Association of Geomagnetism and Aeronomy (IAGA). The Coupled
Thermosphere lonosphere Plasmasphere Electrodynamics (CTIPe)
model (Millward et al., 2001) was used to simulate TEC. It is
evident that TNW circulation is highly dependent on the geomag-
netic field and global plasma motions.

3.2 Space Weather in the Equatorial Region

Thermospheric neutral winds play a crucial role in the development
of the TIS, particularly in relation to the dynamics of ionospheric
weather. The low-latitude region is particularly interesting
because it is characterized by several unique space weather
phenomena. The mechanism responsible for most features of
equatorial anomalies results from electric fields produced by
zonal winds driving E region ionization across the magnetic field
lines, which map up into the F region to produce vertical drifts of
ionization (Titheridge, 1995). In the following paragraphs, we
elaborate on these anomalous phenomena and explore their
interactions with the TNWs. In addition, a summary of these
phenomena, alongside their measurement methods and spatial
distributions, is provided in Table 2.
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Figure 4. Thermospheric neutral winds at an altitude of 250 km during quiet and disturbed conditions at midnight UTC, modeled with (a)
HWM?14, and (b) DWMO7. Wind velocity is indicated by the length of the vectors, where short-tailed arrows are lower velocity.

One of the most notable phenomena occurring in the equatorial
region is the EEJ, which is an enhanced east-west overhead
current restricted to within +2° of the magnetic dip equator,
exerting major influences on ionospheric conditions in the region,
with little to no influence on the ionosphere outside this narrow
strip (Bello et al., 2021). It is driven by the presence of boundaries
inhibiting the flow of Hall current, resulting in a strong vertical
polarization field that opposes the downward current flow, leading
to the intense eastward Hall current known as the EEJ (Hamid et
al., 2014). The existence of the EEJ is explained by the enhanced
effective conductivity near the magnetic equator caused by inhib-
ited vertical current flow (Forbes, 1981). Thermospheric neutral
winds play a crucial role in shaping the height and latitude struc-
tures of the electrojet because they influence the dynamics of the
EEJ region by pushing ions along magnetic field lines, causing
northward or southward drifts while generating currents perpen-

dicular to the magnetic field lines, as described in Figs. 9a, 9b, and
11 in the study by Reddy and Devasia (1981). Additionally,
through the use of numerical simulations, Yamazaki et al. (2014)
observed that the day-to-day fluctuations (up to £25%) of the EEJ
during calm periods are primarily influenced by zonal winds at
altitudes of approximately 100-120 km near the magnetic equa-
tor. This observation was then confirmed in a later study utilizing
Swarm magnetometer observations of EEJ intensity and wind
velocities measured at different altitudes via MIGHTI, which
showed that the EEJ correlated both positively (R =0.58) and
negatively (R = —0.54) with the equatorial zonal wind at heights of
110 km and 140 km, respectively. This potentially resulted in the
reversal of the EEJ from its typical eastward direction to a westward
current (Yamazaki et al., 2021). The westward current is also
known as the counter electrojet (CEJ), which has been observed
to correspond to a strong eastward zonal wind, as seen during the
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Figure 5. Quiet-time TNW patterns at an altitude of 250 km during midnight UTC as modeled by HWM14, overlaid with (a) the magnetic
declination for epoch 2020 obtained from the IGRF model, where the red contour lines indicate positive degrees (east) and the blue contour lines
indicate negative degrees (west), and (b) TEC unit (TECU) values simulated with the CTIPe.

Tonga volcanic eruptions that produced large-scale atmospheric
disturbances leading to zonal wind reversal (Le G et al., 2022).
Additionally, a study by Rosli et al. (2022) demonstrated that the
CEJ could occur simultaneously at locations within 30° apart in
longitude; however, an extensive simultaneous investigation has
yet to be undertaken on the characteristics of TNWs and the CEJ in
different longitudinal sectors to identify their influence on each
other. Overall, the EEJ is strongly modulated by zonal winds,
which are influenced by atmospheric forcing and solar activity,
among other factors.

The EIA is another distinctive ionospheric phenomenon driven by
the eastward electric field associated with the EEJ. It generates a

pair of electron density crests at approximately +15° latitude on
both sides of the magnetic equator, a pattern that varies with
solar activity. This anomaly results in a beltlike structure that flows
eastward along the dip equator in the E region ionosphere (Balan
et al, 2018). It also provides a region in the upper atmosphere
where the neutral gas is heated by plasma—neutral collision (Qian
LY etal., 2016). The meridional winds at low latitudes play a decisive
role in the asymmetry of ElAs in the low-latitude ionosphere, as
demonstrated by Khadka et al. (2018) through an investigation
into the day-to-day variability of the EIA with simultaneous
measurements of meridional winds. Meridional winds transport
plasma up the field lines, thereby affecting the EIA configuration
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Table 2. Space weather phenomena occurring in the equatorial region.
Phenomenon Brief summary Location Detection References
Equatorial electroiet A narrow belt of strong eastward ionospheric current +2° of the dip
q ) caused by electrodynamic coupling with the neutral equator at an altitude Magnetometer Forbes, 1981

(EE)) atmosphere.

of 100-120 km

A belt of eastward currents with low electron density
Equatorial ionization

troughs formed on either side of the dip equator caused

+15° of the dip TEC from radars,

Balan etal, 2018

anomaly (EIA) by plasma diffusion along geomagnetic lines, and upward equator ionosonde, and GPS
E x B drift.
Zonal wind
. Anomalous latitudinal variations in zonal winds and maX|mum.at th? <5||p
Equatorial equator with minima

temperature at low latitudes, with maximum and

temperature and minimum differences exceeding 100 Kand 100 m/s,

wind anomaly

(ETWA) . R
chemical reactions.

respectively, caused by ion drag and possibly exothermic

at the EIA crests;
temperature maxima
at EIA troughs and
minima at the EIA
trough

Interferometer,
spectrometer

Raghavarao and
Suhasini, 2002

Equatorial plasma Geomagnetic field-aligned depletions of ionospheric

Bottomside F layer

within £15° of the dip TEC from radars,

Rishbeth, 1971

bubbles (EPBs) plasma density caused by post-sunset recombination. equator ionosonde, and GPS
. i inth ic fiel
Geomagnetic storm strong d.|s.turbance in the geomagnetic field caused by Upper atmosphere Magnetometer Burns et al., 1995
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parameters, such as strength, shape, amplitude, and latitudinal
width. Additionally, the EIA affects the zonal neutral winds, as
noted by Martinis et al. (2001), where FPI observations of wind
speeds at Carmen Alto, Peru, showed a ~20%-25% reduction
compared with wind velocities at Arequipa, Peru, which is located
closer to the magnetic equator. This difference was attributed to
increased ion drag resulting from the higher electron density
caused by Carmen Alto’s proximity to the EIA crest. Hence, it is
evident that the EIA and TNWs mutually influence each other in
various ways; further real-time investigations into wind circulation
patterns alongside EIA responses to magnetosphere-induced
disturbances will be instrumental in improving our understanding
of the intricacies involved in this relationship.

Furthermore, the equatorial temperature and wind anomaly
(ETWA), sometimes generalized as the equatorial thermosphere
anomaly (ETA), is an anomalous TNW phenomenon occurring at
the dip equator because of the latitudinal variations in winds and
temperature influenced by the EIA. Evidence of the ETWA was first
provided by Raghavarao et al. (1991) through the analysis of iono-
spheric and neutral measurements obtained with the WATS and
Langmuir Probe aboard the DE-2 satellite (Hoffman and Schmer-
ling, 1982). The authors noted peak zonal winds and minimum
temperatures near the dip equator, as well as a sudden reduction
in wind velocity by ~100 m/s on either side of the equator; both

observations correlated well with EIA intensities (Raghavarao and
Suhasini, 2002). At low latitudes, the pressure gradient at the EIA
crests was significant compared with solar diurnal tides, as high-
lighted in recent studies (e.g., Hossain et al., 2023). Earlier theories
explaining these enhanced temperatures and slower zonal winds
at the EIA crests have included excess ion drag (Hedin and Mayr,
1973) and chemical heating from enhanced recombination (Fuller-
Rowell et al., 1997). Pant and Sridharan (2001) linked the ETWA to
both mechanisms after density and temperature simulations
made with derived composition values of ions and molecular
oxygen, run using the MSIS-86 model, were found to have failed
in capturing the phenomena. However, the absence of simultane-
ous measurements onboard the DE-2 leaves the theory of chemical
heating unconfirmed owing to a lack of observational data. Addi-
tionally, Lei JH et al. (2012a), in a study assessing the contribution
of these mechanisms through TIEGCM simulations, concluded
that chemical heating alone was insufficient to explain ETA crests,
with more recent theories (Maruyama et al., 2003; Lei JH et al,
2012b, 2014) suggesting field-aligned ion drag from increased
plasma density over the EIA crests as a key factor. This conclusion
was further supported by Hsu et al. (2014), who found that incor-
porating field-aligned ion drag into the TIEGCM model allowed for
the simulation of key ETA features. Coming investigations should
focus on further numerical modeling and empirical observations,
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such as those from the CHAMP satellite, which will be instrumental
in providing clarity on ETWA and ETA mechanisms and dynamics.

Another phenomenon unique to sectors near the dip equator is
the occurrence of equatorial plasma bubbles (EPBs), also known
as equatorial spread F (ESF), which are large-scale structures char-
acterized by regions of plasma depletion originating from the
bottomside F layer during post-sunset hours. The plasma instability
growth is dependent on various precursor conditions, including
the evening PRE, wave structure, and F layer density gradient
(Abdu, 2019). Through the analysis of equatorial electrodynamics,
Rishbeth (1971) discovered that zonal winds in the low-latitude F
region ionosphere induce nearly vertical polarization electric
fields, which in turn drive eastward plasma drift closely aligned
with neutral winds. Consequently, the eastward wind-driven
Pedersen currents at the sunset terminator causes an upwelling of
the F region, which pushes ionospheric plasma upward, causing a
perturbation of plasma density. This process leads to bubble
formation as a result of Rayleigh-Taylor instability (Farley et al.,
1986). This bubble formation can be seen in a study by Sarudin et
al. (2021), where the presence of EPBs corresponded to stronger
zonal winds. This finding was further supported by a similar inves-
tigation by Heelis et al. (2012), in which a reversal in zonal winds
caused an uplift in the F region. Moreover, the characteristics of
EPBs have been found to vary with changes in TNWs. For instance,
Aa et al. (2024) observed enhanced bubble intensity as a result of
zonal wind modulation by planetary waves, whereas unique C-
shaped EPBs have been identified by Kil et al. (2009) and Woodman
and La Hoz (1976) resulting from an eastward tilt caused by strong
westward zonal winds in the lower F region (Karan et al., 2023).
Conversely, meridional winds have been observed to negatively
correlate with the development of EPBs by reducing the evening
pre-reversal zonal electric field enhancement and directly
suppressing bubble growth (Abdu et al., 2006). Meridional winds
have also been suggested to cause EPB displacement in the direc-
tion of the wind (Barros et al., 2022). Both components of TNWs
substantially influence the development of EPB phenomena in the
low-latitude ionosphere. Therefore, more precise prediction
models of TNW circulation could enhance the forecasting of EPB
events.

4. Conclusions

The study of TNWs over the magnetic equator has illuminated the
intricate processes that govern Earth’s upper atmosphere. Recent
research has unraveled the complex interplay of various physical
processes, including the influence of solar activity, magnetospheric
processes, geomagnetic forces, and ionospheric responses. These
factors collectively shape the dynamic and nonlinear responses in
neutral wind patterns, which play a critical role in shaping the
dynamics of several key ionospheric phenomena unique to the
low-latitude regions. The EEJ, EIA, ETWA, and ionospheric scintilla-
tion phenomena are all strongly influenced by TNWs through
mechanisms such as ion-neutral interactions, plasma drifts, and
wind-induced electric fields. Thermospheric neutral winds modu-
late the structure, strength, and spatial distribution of these
phenomena, often in conjunction with other atmospheric and
space weather factors.

The research gaps in understanding equatorial TNWs as discussed

in this review highlight several notable limitations. The challenge
of measuring TNWs comprehensively, especially over the equator,
arises because of the limitations of individual observational tech-
niques. To bridge these data gaps, a combination of ground-
based and space-based measurements, supplemented with simu-
lations, is necessary to fully capture the climatology of TNWs and
their impacts on the upper atmosphere. Furthermore, establishing
a global network of TNW measurement instruments is a promising
solution, but it requires international collaboration and coordina-
tion. Projects such as SEALION offer a model for expanding data
coverage along the magnetic equator. Such networks would
benefit from joint funding and shared use of instruments by
governments, research institutions, and space agencies. However,
this collaborative effort faces technical and logistical challenges,
including the calibration and synchronization of instruments,
overcoming geographic and political constraints, and addressing
issues such as fast data transfers, data latency, and robustness in
remote regions. Additional concerns include adverse weather
conditions, maintaining a resilient infrastructure, and handling
large datasets, all of which require advanced computing resources
and robust data security protocols.

The development and deployment of advanced instruments are
also crucial for accurate TNW measurements, whereas existing
ground-based instrumentation techniques need optimization and
improvement. New and existing instruments also require valida-
tion and comparison to ensure accuracy and reliability in equatorial
TNW research. On the other hand, empirical models are subject to
data sparseness at certain altitudes and time ranges because they
rely heavily on mid- to high-latitude data, whereas first-principle
models face challenges in correlating with observational data and
exhibit discrepancies in multiple parameters. Newer models need
further validation and comparison with observational data to
confirm their effectiveness. Enhanced integration of diverse
observational data into both empirical and first-principle models
is crucial for better simulation accuracy. Addressing these gaps
requires improved model development, better integration of
observational data, and improved validation efforts, which will
improve our current understanding of the underlying physical
processes behind the interplay of space weather phenomena
occurring in the equatorial region. Additionally, ML techniques
are being explored to enhance TNW forecasting, although chal-
lenges remain because of the limited availability of high-resolution
datasets.

Future research will aim to untangle the intricate feedback loops
among the ionosphere, magnetosphere, and thermosphere,
examining how these interactions shape TNW patterns. This
comprehensive approach promises to improve predictive models
and provide deeper insights into the dynamics of Earth’s upper
atmosphere. Such studies will have far-reaching implications, not
only for space weather but also for broader atmospheric circula-
tion. As scientists continue to explore the complexities near the
magnetic equator, their work may reveal a fuller understanding of
the forces that drive TNWs and their global effects.
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