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In this study, the neutral wind observations from the Michelson Interferometer for Global High-resolution Thermospheric
Imaging (MIGHTI) instrument onboard lonospheric CONnections (ICON) are used to investigate the longitudinal struc-
ture of zonal wind between 100 and 300 km during daytime. The four-peaked structure in the longitudinal distribution
between June and August is visually clear in the whole altitudinal range. The longitudinal wavenumber 1-4 patterns
(WNT1-WN4) are extracted, and the altitude—month distributions of WN1-WN4 and their contributions to the longitudi-
nal structure are compared. The amplitudes of WN3 and WN4 show seasonal dependence, and the amplitude of WN4
exhibits obvious vertical propagation from the mesosphere and lower thermosphere (MLT) to the upper thermosphere
in summer and autumn. WNT1 is an important contributor to the longitudinal structure, WN4 is the primary contributor in
the lower altitude ranges in summer and autumn at three latitudes. The contributions of WN3 (WNT1) increase holistically
with latitude in summer (spring, autumn, and winter). And the main wave sources of WN1-WN4 are further investigated
in the 100-106 km and 210-300 km altitude regions. The main wave sources of WN1 and WN2 have complex variations
with altitude, latitude, and season, while WN3 (WN4) is clearly influenced by DE2 (DE3 and SE2).
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Introduction

The thermosphere is an important transition region
between the Earth’s atmosphere and space. Besides the
influence of solar and geomagnetic activities, the ther-
mosphere is also modulated by waves which generated
from the lower atmosphere. The waves which are referred
to as atmospheric “migrating” and “nonmigrating” tides
with longer vertical wavelengths can propagate upward
into the thermosphere, making thermospheric and iono-
spheric parameters exhibit global-scale variations (Forbes
1995; Oberheide and Gusev 2002; Immel et al. 2006). To
date, plenty of studies have been devoted to the longitu-
dinal structure of thermospheric and ionospheric param-
eters, such as airglow emission, temperature, wind, F-2
peak height, plasma density, total electron content, E x B
drifts, nitric oxide (NO) density, and so on (e.g., Forbes
et al. 1999; Fang et al. 2009; Liu et al. 2010; Pancheva
and Mukhtarov 2010; Xu et al. 2010; Shepherd 2011; Ren
et al. 2011; Gao et al. 2012; Ren et al. 2012). Investigat-
ing the longitudinal structure of thermospheric and iono-
spheric parameters helps us understand the effect of tides
from the lower atmosphere to the thermosphere.

Among the atmospheric parameters, the wind is an
important dynamical parameter in the thermosphere
(Rishbeth 1967; Blanc and Richmond 1980; Richmond
et al. 1992). As more observations and simulations
become available, and the longitudinal structure of wind
is better understood, more and more studies have been
devoted to the investigation of wave sources of the lon-
gitudinal structure (e.g., Xiong et al. 2014; Truskowski
et al. 2014; Jiang et al. 2018; Liu et al. 2021; Li et al. 2022).
Investigating the main wave sources in a large altitude
range helps understand the vertical coupling process
between the lower atmosphere and the ionosphere—ther-
mosphere (IT) system.

Based on the observation from the TIMED Dop-
pler Interferometer (TIDI) onboard the Thermosphere
Ionosphere Mesosphere Electrodynamics and Dynam-
ics (TIMED) satellite, the longitudinal structures of
wind in the MLT have been studied. The first climato-
logical analysis of the diurnal and semidiurnal zonal and
meridional wind tides from 85 to 105 km is displayed
by using the data from TIDI (Akmaev et al. 2008; Ober-
heide et al. 2005, 2006, 2007, 2011b; Wu et al. 2008; Wan
et al. 2010). The longitudinal structure of thermospheric
wind and the important signals of nonmigrating tides
at altitude ~ 400km are studied based on the acceler-
ometer onboard the CHAllenging Minisatellite Payload
(CHAMP) satellite (Lithr et al. 2007; Hausler et al. 2007;
Héiusler and Lithr 2009; Hausler et al. 2010). The annual
variation of the wave-4 structure of zonal wind and the
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tidal signatures at 400 km are also evaluated (e.g., Hausler
and Liihr 2009; Xiong et al. 2015).

However, the “thermospheric gap” region locates
between the MLT region and ~ 400 km (Oberheide et al.
2009, 2011a), which is proved to be an important region
in the atmosphere with few wind observations. Ober-
heide et al. (2009, 2011b) have combined the observa-
tions from TIMED and CHAMP with the physics-based
empirical fit model to analyze migrating and nonmi-
grating tides in the thermospheric gap region. However,
investigating the thermospheric wind tides is difficult
due to the limited global tidal observations. The Upper
Atmosphere Research Satellite (UARS)/Wind Imaging
Interferometer (WINDII) satellite provided neutral wind
observation in the altitude range of 90-275 km. Cho
and Shepherd (2012a) and Talaat and Lieberman (2010)
have reported the four-peaked structure of zonal wind
based on WINDII observations. However, the vertical
variations and the main wave sources of the longitudinal
structure of zonal wind still need to be further investi-
gated in a large altitude range in the thermospheric gap
region.

Fortunately, the Michelson Interferometer for Global
High-resolution Thermospheric Imaging (MIGHTI)
instrument onboard the Ionospheric Connection
Explorer (ICON) mission can provide wind observa-
tion from 90 to 300 km during daytime, 90-106 km and
210-300 km during nighttime (Immel et al. 2017; Englert
et al. 2017). Thus, the ICON/MIGHTI provides a new
data source to investigate the vertical variations and the
main wave sources of the longitudinal structure of zonal
wind in the thermospheric gap region. In this study, by
using the observation from ICON/MIGHTI, we are able
to present the longitudinal structure of zonal wind from
100 km to 300 km altitude during daytime. The seasonal
dependence of WN1-WN4 and their contribution to
the longitudinal structure are studied, and the potential
wave sources of WN1-WN4 are analyzed at 100-106 km
and 210-300 km as ICON cannot provide wind observa-
tion between the two altitudinal ranges during nighttime
(Englert et al. 2017; Immel et al. 2017).

This paper is organized as follows. The data and meth-
ods are given in “Data set and methods” section. The
result and discussion about the longitudinal structure of
zonal wind, the altitude—month distributions of WN1-
WN4 and their contribution to the longitudinal structure
are presented in “Results and discussion” section. And
the analysis of the main wave sources of the longitude
structure also is in “Results and discussion” section. The
conclusions are given in the last section.
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Data set and methods

The ICON mission, which launches on 11 October 2019,
aims to observe neutral winds between 9°S and 42°N
geographic latitude. It runs in an orbit with an incli-
nation of about 27° at 575 km, and its orbital period is
about 97 min. During the daytime, neutral wind profiles
from 90 to 300 km are derived from two perpendicular
tangent-point line-of-sight vector measurements. The
neutral wind data in the altitude range of 90-210 km
(180-300 km) are retrieved from the Doppler shift of
the OI 557.7 nm green (OI 630.0 nm red) airglow emis-
sion line. During nighttime, the neutral wind data in the
altitude range of 90—105 km are determined from the OI
557.7 nm green emission, while data in the altitude range
of 210-300 km are determined from the OI 630.0 nm red
airglow emission (Harding et al. 2017, 2021). The neutral
winds are measured with an accuracy of 1.2-4.7 ms™},
and the data have been validated against ground-based
measurements (Harding et al. 2021; Makela et al. 2021).

In this study, we use the ICON/MIGHTI zonal wind
V04 data with a quality factor of 1 from December 2019
to January 2022. During the daytime, the neutral wind
data can cover the altitude range of 100-300 km by com-
bining the winds of the red-line and green-line. There are
no discontinuities in the overlapping areas, as the com-
mon zero-wind reference is used for the red-line and
green-line (Harding et al. 2021; Makela et al. 2021). In
this work, we present the longitudinal structure of zonal
wind and the altitude—month distribution of WN1-WN4
during the daytime while the data between the 10:00—
14:00 h LT are used. To ensure the accuracy of extracting
the diurnal tides, the main wave sources of the longitu-
dinal structure are analyzed below 106 km and above
210 km by using the full 24 h of LT data.

The data are processed as follows. Firstly, the obser-
vation data between 10° N and 40° N are separated into
three latitudes: 10° N-20° N, 20°N-30°N, and 30°N
—40° N, which are, respectively, referred to as 15°N,
25°N, and 35° N, here in after. Secondly, in each latitude
bin, 51-day windows with the centers at the middle of
each month are set. Previous studies indicate that ICON
can provide data of nearly full 24-h local time coverage
by using a 41-day window (Cullens et al. 2020, ?). In this
study, the criterion for data selection is more rigorous
and only the data with quality equal to 1 are used. There-
fore, 51-day windows are used to make sure that there are
enough data in the study of wave sources. Thirdly, cor-
responding to each month and latitude bin, the altitude
profiles of zonal wind are binned in 36 30-degree win-
dows in the longitude direction. The windows partially
overlap and the centers of two adjacent windows are sep-
arated by 10° longitude. Averaging the profiles in the bins,
we get the altitude profiles of zonal wind at 36 longitudes
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for each month and latitude bin. Then the altitude pro-
files are interpolated to 1 km in height. Fourthly, the lon-
gitudinal distributions of zonal wind at three latitudes for
each month from 100 to 300 km are presented in Fig. 1.
Finally, we fit the longitudinal structure of zonal wind
with waves of zonal wavenumber 1-6 patterns (WN1-
WNBG6, referred to as longitudinal wavenumber patterns)
by using Eq. (1):

6
2
Y =40+ A, cos [360 = en)|- Q)

n=1

Here 4 denotes the longitude in degrees, Ap denotes the
zonal mean zonal wind, A, and ¢, denote the amplitude
and phase of the wavenumber n pattern, respectively.
WNI1-WNG6 are extracted by fitting the longitudinal dis-
tribution of zonal wind with Eq. (1). The results indicate
that WN5 and WNG6 are very weak compared to WN1-
WN4, so only the harmonics waves of WN1-WN4 are
given in this paper.

Results and discussion

The longitudinal structure of zonal wind

Previous studies on the longitude structure of zonal wind
in the thermospheric gap region have primarily relied on
observations from the UARS spacecraft. Although these
studies have improved our understanding of the lon-
gitudinal structures and the tides in this region, further
research is still required. In this study, we provide a more
detailed longitude structure of zonal wind and compre-
hensive analysis of longitudinal wave patterns over a wide
altitude range. Figure 1 shows the altitude—longitude dis-
tribution of zonal wind from 100 to 300 km at three lati-
tudes in 6 months. The altitude—longitude distribution in
the overlap altitude region in both panels are generally
consistent. This demonstrates that the ICON/MIGHTI
zonal wind data from both the OI 630.0 nm red airglow
emission line and OI 557.5 nm green airglow emission
line can be combined to study the variations of the longi-
tudinal structure with altitude.

The speed, direction, and altitude-longitude distri-
bution of zonal wind vary with month and latitude. In
general, westward zonal wind is predominant from 100
to 300 km in June and August at all latitudes (Fig. 1g-1),
eastward and westward zonal wind predominates below
and above 150 km in other months (Fig. la—f, m-r),
respectively. The four-peaked structure is prominent in
June and August (Fig. 1g-1) and lower altitudes in Octo-
ber (Fig. 1m—o0). The WINDII observation also shows a
similar four-peaked structure from 100 to 250 km in
August (Cho and Shepherd 2012a).

Furthermore, the longitudes where the wave peaks
appear gradually vary with altitude. Take Fig. 1j as an
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Fig. 1 The altitude-longitude distribution of zonal wind during daytime in the altitude range of 100-300 km at three latitudes, 15° N, 25° N, and
35° N.The local time is between 10:00 h and 14:00 h. Each subplot is divided into two panels, the top panel shows zonal wind from the 630.0 nm
red line emission of atomic oxygen in the altitude range of 180-300 km, and the bottom panel shows zonal wind from the 557.7 nm green line
emission of atomic oxygen in the altitude range of 100-210 km. a-r Represent the longitudinal structure of zonal wind in February, April, June,
August, October and December at 15° N, 25° Nand 35° N, respectively
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example, the wave peaks appear at around 40°, 130°, 220°
and 310° in longitude at 100 km, and gradually shift to
150°, 230°, 280° and 50° in longitude at 300 km. Such shift
with altitude is generally faster below 150 km than that
above 150 km, which is generally consistent with the early
results of observation and simulation (e.g., Cho and Shep-
herd 2012a; England et al. 2010; Wu et al. 2012). The alti-
tudinal variations of the phases of WN1-WN4 (not given
here) derived from the fitting based on Eq. (1) are larger
at lower altitudes than at higher altitudes, which may
imply that the wave sources of the longitudinal structure
at higher altitude have longer vertical wavelength than
those at lower altitude. Oberheide et al. (2011b) pointed
out that only the harder to dissipate long-wavelength

Latitude»= 15° N

Wave 3 Wave 2 Wave 1
Altitude (km) Altitude (km) Altitude (km)

Wave 4
Altitude (km)

Month

Latltude 25° N

Month
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mode propagates into the thermosphere, where ampli-
tudes and phases finally relax to almost constant values
as molecular diffusion becomes dominant.

Altitudinal and seasonal variations of WN1-WN4

As mentioned in the Data and methods section, the
WNI1-WN4 of the longitude structure are extracted by
using Eq. (1) based on the observations within 10-14
LT. Figure 2 shows the altitude—month distribution of
the amplitude of the WN1-WN4 at three latitudes. The
altitude—month distribution of WN1 shows significant
latitudinal dependence. At 15° N, the amplitude of WN1
shows two peaks occurring above 200 km from February
to June and below 150 km from October to December,

Latltude 35°N

Amplitude (m s™1) Amplitude (m s71) Amplitude (m s™1)

Amplitude (m s™1)

Month

Fig. 2 The altitude—-month distribution of amplitude of WN1-WN4 in the altitude range of 100-300 km at three latitudes (15° N, 25° N, and 35° N).

The layout of each subplot is similar to Fig.
respectively

1. a-1 Represent the altitude-month distribution of amplitude of WN1-WN4 at 15° N, 25° Nand 35° N,
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respectively (Fig. 2a). At 25° N, as shown in Fig. 2b, the
amplitude of WNT1 is larger around April and October
in the altitude range of 100-150 km and 200-300 km.
At 35° N, the amplitude of WN1 is larger in spring and
winter than those in other seasons in the whole altitude
range (Fig. 2c). The amplitude of WN2 is in general small
at ~ 150 km at 15° N and 25° N (Fig. 2d, e), and so is the
amplitude of WN1 at 15° N (Fig. 2a).

Several studies have shown that the longitudinal struc-
ture is caused by multiple tides (Hdusler and Liithr 2009;
Xiong et al. 2015; Jiang et al. 2018) and its potential tides
vary with altitude (Akmaev et al. 2008; Hagan et al. 2009;
Oberheide et al. 2009; Forbes et al. 2022). Thus, the
smaller amplitude of WN1 and WN2 at ~ 150 km can be
attributed to the weak intensity of potential wave sources.

The amplitudes of WN3 and WN4 show vertical struc-
ture in altitude. For WN3, the peaks of amplitude appear
in winter below 150 km and summer above 180 km at
15° N (Fig. 2g). With increasing latitude, the lower alti-
tude region with a larger amplitude in winter gradu-
ally disappears, and the magnitude of maximum WN3
amplitude also gradually decreases from 13.4 m/s at
15°N to 8.1 m/s at 35° N ~ 280km. The amplitude of
WN4 is larger in late summer and autumn than in other
seasons, and it propagates vertically from the MLT to
the upper atmosphere. The peaks of amplitude of WN4
also vary with latitude, situating ~ 100km at 15°N,
~ 120 km at 25° N and 35° N. Similar to WN3, the mag-
nitude of the maximum amplitude of WN4 also gradually
decreases from 20.4 m/s at 15° N ~ 100 km to 14.5 m/s at
35°N ~ 120 km.

The seasonal variations of WN4 amplitude are similar
to earlier studies which show that the four-peaked struc-
ture is most prominent in summer and autumn (Liu and
Watanabe 2008). And the altitudinal and latitudinal vari-
ations of the amplitude of WN4 also are consistent with
the variations of DE3 tide (Li et al. 2019). Earlier simula-
tion indicates that DE3 tide is strong during summer and
autumn at ~ 100 km (Akmaev et al. 2008). As pointed out
by Lieberman et al. (2013) and Oberheide et al. (2011b),
DE3 tide also varies with altitude and decreases with lati-
tude. In the following sections, the contributions of dif-
ferent potential wave sources to WN1-WN4 are further
analyzed.

The contribution of WN1-WN4 to the longitudinal
structure

To compare the individual contribution of WN1-WN4
to the longitudinal structures of zonal wind, the relative
amplitude percentage (RAmp) is calculated from Eq. (2)
during 10-14 LT at different altitudes, seasons, and lati-
tudes. By using this method, Liu et al. (2021) has analyze
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the main wave sources contributions to the longitudinal
structure of the equatorial electric field:

SAmp;
>i1 SAmp;

SAmp; denotes the seasonal average amplitude of WN1-
WN4, and the RAmp of WN1-WN4 in four seasons and
three latitudes is shown from 100 to 300 km in Fig. 3.

In spring, WN2 and WN1 are the major contributors
below and above 150 km at 15° N, respectively. The maxi-
mum contribution of WNT1 is ~ 230 km (> 40%) (Fig. 3a).
The contribution of WN1 increases with latitude, WN1
becomes the primary contributor at 25°N and 35°N
between 100-300 km (Fig. 3b, c). In summer, the major
contributors are WN4 and WNI1 at 15°N below and
above 180 km, respectively. The maximum contribu-
tion of WNT1 still appears ~ 230 km (> 40%) (Fig. 3d). At
25° N, the major contributors are WN4 and WN1 below
and above 150 km (Fig. 3e), respectively. While the con-
tribution of WN3 increases with latitudes, WN4 and
WN3 become the major contributor at 35° N below and
above 180 km (Fig. 3f), respectively. In autumn, the con-
tribution of WN4 is greater than in other seasons, and
WN4 is the primary contributor from 100 to 300 km at
15° N and below 200 km at 25° N and 35° N (Fig. 3g—i).
WN1 contributes most above 200 km at 25°N and
35°N. In winter, WN3 and WN2 are major contributors
at 15° N below and above 170 km (Fig. 3j), respectively.
WN1 becomes the primary contributor at 25°N and
35° N (Fig. 3k, I).

In summary, WN1 is a major contributor to the lon-
gitudinal structure of zonal wind for most altitudes,
seasons and latitudes. Strong WN1 in the zonal wind
was also reported by Xiong et al. (2015) based on the
observations of CHAMP spacecraft at midlatitudes
and this could be attributed to the nonmigrating tides
of the zonal wind can be generated in situ through ion-
neutral interactions in the upper atmosphere, which
causes several tidal sources of WN1 (D0, DW2, SW1,
and SW3) to be prominent (Xiong et al. 2015). Such a
mechanism may also influence zonal wind between
the MLT and upper thermosphere, indicating the need
for further investigation and more attention to WN1
in future studies. Also, Jhuang et al. (2018) have stud-
ied the longitudinal structure of TEC and pointed out
that WN2 is stronger than WN3 and WN4. This is not
completely consistent with the result in this study. As
shown in Fig. 3, at higher altitudes, the WN2 at 15°N
and 25° N is indeed stronger than WN4 in four seasons
except autumn; the WN2 at three latitudes is also, on
the whole, stronger than WN3 except the higher alti-
tudes in summer. However, at lower altitudes, the WN4

RAmp; = x 100%. (2)
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Fig. 3 The contribution of WN1-WN4 to the longitudinal structures in four seasons at three latitudes (15° N, 25° N, and 35° N) from 100 to 300 km.
Blue, orange, yellow and purple lines represent WN1, WN2, WN3 and WN4, respectively. a-m Represent the contribution of WN1-WN4 to the
longitudinal structure at 15° N, 25° Nand 35° Nin spring summer, autumn and winter, respectively

is stronger than WN2 in four seasons at 35° N and in
summer and autumn at 15°N and 25° N. In addition,
the contribution of the electron density in the F region
in the ionosphere to the TEC is predominant. There-
fore, the longitudinal structure of TEC given by Jhuang
et al. (2018) is more consistent with that of the zonal
wind at higher altitudes but different from that at lower
altitudes as shown in Fig. 3. The contribution of WNI1
increases with latitude in spring, autumn, and winter,
and the contribution of WN3 increases with latitude
in summer. In addition, the contribution of WN4 is
greater below 200 km than above 200 km.

The main wave sources of WN1-WN4
WNI1-WN4 are composed of different potential wave
sources, which may vary with season, latitude and alti-
tude. Therefore, the contribution of the tidal sources and
stationary planetary waves to WNI1-WN4 is calculated
to analyze their influence on WN1-WN4. Note that
here we only use the data in the altitude range of 100-
106 km and 210-300 km due to the limitation of the data
coverage.

Firstly, the wave potential sources of WN1-WN4 are
identified based on previous studies. Five important
tides and stationary waves for WN1-WN4 have been
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Table 1 The potential sources of WN1-WN4

Wavenumber patterns WN1 WN2 WN3 WN4

Potential wave sources DW2 DW3 Dw4 DWS5
DO DE1 DE2 DE3
SW3 SW4 SW5 SW6
SW1 SO SE1 SE2
SPW1 SPW2 SPW3 SPW4

summarized (Hausler et al. 2007; Hausler and Liihr
2009), as listed in Table 1. Westward (W) and eastward
(E) propagating diurnal tides (D), semidiurnal tides (S),
and stationary planetary waves (SPW) are included.

Secondly, we extract the WN1-WN4 components at
each LT between 1 LT to 24 LT by using Eq. (1). Then
in the LT frame, WN1-WN4 [(the left-hand side of
Eq. (3)] are fitted with their potential wave sources (are
listed in Table 1) by using the following Eq. (3) (Liu
et al. 2021):
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i

a .
CPS,; = 5 x 100%(i = 1,2,3,4,5). (4)

ai;
The observational data from the UARS spacecraft were
ever used to study several certain wave sources of cer-
tain longitudinal wavenumber patterns of zonal wind in
the thermospheric gap region (e.g., Lieberman et al. 2013;
Cho and Shepherd 2015). In this study, we present a
comprehensive quantitative analysis of the primary wave
sources of WN1-WN4 at various altitudes during differ-
ent seasons. Figure 4 shows the contribution of poten-
tial wave sources to WNI1. At the 100-106 km altitudes
(lower altitude range), at 15° N, the primary contributor
is SPW1 in spring and autumn, and DW?2 contribute the
most in summer and winter. At 25° N, DO is the primary
contributor in spring and summer, and DW2 becomes
the primary contributor in autumn and winter. At 35° N,
the main contributors are DW2 and SW1 in spring and
winter, respectively. And in summer and autumn, it is
SW3. At the 210-300 km altitudes (upper altitude range),

2 X 2w 2
Ay cos %%-(/L—(pn) :Zaicos ai-ﬂ-tLT—f—f%si—oi)-)»—f—(bi.

360 3)

The potential wave sources are superimposed on the
right-hand side of Eq. (3). 0; = 0, 1, and 2, representing
stationary planetary waves, diurnal tides and semidiur-
nal tides, respectively. s; denotes the wavenumber of the
ith potential wave sources in the universal time (UT)
frame (W: positive; E: negative; standing: 0). In addition,
|s; — 0;| = n, which represents the wavenumber of the
ith potential sources in the LT frame. In Eq. (3), a; and
¢; denote the amplitude and phase of the ith potential
sources, respectively. The ¢ represents LT in hours. The
fitting procedure is performed corresponding to all longi-
tudes during 24 LT by using the non-linear least squares
method. And this fitting is performed for each latitude,
altitude and month.

Thirdly, the potential sources listed in Table 1 are
validated by Eq. (3). WN1-WN4 are reconstructed
from corresponding potential sources. Figure S1 in
Additional file 1 shows the reconstructed results of
WNI1-WN4 in January at 106 km and 250 km (other
reconstructed results are not shown in this study). The
reconstructed amplitudes and phases are in good agree-
ment with the amplitudes and phases of original wave-
number patterns, proving the validity of the potential
sources selected in the first step.

Finally, the contribution of potential sources (CPS)
to WN1-WN4 in the four seasons are calculated from
Eq. (4):

in spring, the main contributor is SW3 at 15° N, and DO
is the main contributor at 25° N and 35° N. In summer,
SPW1 is the main contributor at 15° N and 25° N, and DO
and SW3 contribute the most at 35° N. In autumn and
winter, DO is the main contributor.

Figure 5 shows the contribution of potential sources
to WN2. We focus on spring at 15° N and on winter at
15° N and 25° N, when WN2 is the prominent contribu-
tor to the longitudinal structure. SW4 is the primary
contributor at the lower altitude range in spring and
winter at three latitudes. In winter at the upper altitude
range, SW4 and DE1 are the primary contributors at
15° N and 25° N, respectively.

The contribution of potential sources to WN3 is
shown in Fig. 6. For WN3, DE2 is mainly the most
important contributor, whose contribution can even
exceed 60% (Fig. 6a, d and j).

As for WN4, DE3 and SE2 are the primary contrib-
utors (Fig. 7). At the upper altitude range, the contri-
bution of SE2 tide is usually much larger than that of
other tides except for Summer and Autumn at 15°N
and 25° N, where DE3 contributes the most. At the
lower altitude range, the contribution of DE3 is usu-
ally the largest except for Spring to Autumn at 35°N,
where SE2 contributes the most. However, this result
about SE2 is different from previous simulations based



Li et al. Earth, Planets and Space

(2023) 75:59

WN1
Latitude = 15°N

WN1
Latitude = 25°N

WN1
Latitude = 35°N

Page 9 of 14

300
280 { —DW2
260 DO
> E 240 ———3Wi1
£ 5 220
i o A o
< a b c SPW1
100 L&A ( ©
300 J
280 - DW2
260 DO
,q_) E 240 —SW1
e B’ 220
E DT —swW3
5 2 105
S2T N Q) 0%/ se
100
300
280 —bw2
260 DO
c E 240 ——sw1
E g 22
£ O —swW3
ik PR )
< (9 (h) ( SPW1
100
300 Y
280 . —DW2
260 DO
. E 240 — W1
L5 220
C
S 3 105 [ W
< 100 () (k) \ UBBN SPwi
0 0.2 0.4 0.60 0.2 0.4 0.60 0.2 0.4 0.6
Contribution Contribution Contribution

Fig. 4 The contribution of potential sources to WN1 in the altitude range of 100-106 km and 210-300 km in four seasons at three latitudes. Each
subplot is divided into two panels, the top and bottom panels cover the altitude range of 210-300 km and 100-106 km, respectively. The blue,
green, yellow, purple and orange line indicate the contribution of DW2, DO, SW1, SW3 and SPW1, respectively

on E x B drift velocity and ionospheric peak density
(NmF2), which suggests that SE2 is not a contributor
to WN4 (Pedatella et al. 2012). This may be due to the
influence of SE2 being different between zonal wind
and E x B drift velocity and ionospheric peak density.
Further comparison and analysis are needed in future
studies.

Conclusions

The neutral wind observations from ICON/MIGHTI
provide a new insight to study the longitudinal struc-
ture of zonal wind and the altitude-month distribution
of WN1-WN4 in the “thermospheric gap” region. And
they are important data source to analyze the main wave
sources of WN1-WN4 to the longitudinal structure in a
larger altitude range.
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Fig. 5 Same as Fig. 4, but shows the contribution of potential sources to WN2, the blue, yellow, green, purple and orange line represent DW3, DET,

SW4, S0 and SPW2, respectively

In this study, we present the longitudinal structure
of zonal wind and extract the amplitudes and phases of

WNI1-WN4 from 100 to 300 km in different months at

low-middle latitudes, and then compare the altitude—
month distribution of the amplitude of WN1-WN4. In
addition, the main wave sources of WN1-WN4 are fur-
ther analyzed in different seasons, latitudes and altitudes.

The main conclusions can be summarized as follows:

1. The longitudinal structure of zonal wind varies with
month and latitude from 100 to 300 km, the four-

peaked structure is prominent between June and
August and lower altitudes in October.

. The altitude—month distributions of WN1 have

significant latitudinal dependence. At 15°N, the
amplitude of WN1 ~ 150km is small in all seasons.
At 25° N and 35° N, the amplitude of WNT1 is small
around summer from 100 to 300 km.

. WN3 and WN4 have significant seasonal depend-

ence in the altitude range of 100—300 km. The ampli-
tude of WN3 is enhanced in winter below 150 km
and in summer above 200 km. The WN4 amplitude
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Fig. 6 Same as Fig. 4, but shows the contribution of potential sources to WN3, the blue, yellow, green, purple and orange line represent DW4, DE2,
SWS5, SE1 and SPWS3, respectively

is enhanced in late summer and autumn between 100
and 300 km, with peaks appearing in the MLT region.
And the amplitude of WN4 shows a vertical propaga-
tion from the MLT to the upper thermosphere.

. WN1 has a significant contribution to the longitudi-
nal structure in four seasons. Especially at 35° N, the
contribution of WNI1 is larger than 45% in spring and
is about 40% in winter, respectively (Fig. 3¢, i). WN4
remains the primary contributor in the summer and
autumn at the lower altitude range (Fig. 3d—i), espe-

cially it contributes more than 40% to the longitudi-
nal structure in autumn (Fig. 3g—i). The contribu-
tion of WNI1 to the longitudinal structure increases
holistically with latitudes in spring, autumn and win-
ter, and the contribution of WNS3 to the longitudinal
structure also increases holistically with latitude in
summer.

The main wave sources of WN1 and WN?2 have com-
plex variations. The contribution of DE2 to WN3
is quite prominent (Fig. 6a—1). DE3 and SE2 are the
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Fig. 7 Same as Fig. 4, but shows the contribution of potential sources to WN2, the blue, yellow, green, purple and orange line represent DW5, DE3,
SW6, SE2 and SPW4, respectively

major contributors to WN4, and the contribution of =~ CHAMP
SE2 increases with increasing latitude. \L/JV/TISSD”
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The online version contains supplementary material available at https://doi.
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Additional file 1. The original and reconstructed local time-longitude
distributions for WN1-WN4 at 106 km and 250 km at 35°N in January. The
top and bottom panels in each subplot indicate the original and recon-
structed results, respectively.
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