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Abstract In our previous studies, using experimental data from Sanya (18.3°N, 109.6°E) Incoherent Scatter

Radar (SYISR), we have obtained the line-of-sight ion ve

locity in multiple directions, subsequently calculated

three-dimensional vector velocity through least square fitting, and finally derived electric fields from 200 km to

500 km based on the ion momentum equation. In this study,

we further derived nighttime zonal wind from 200 km

to 500 km based on the F region dynamo theory. To verify the reliability, we first analyzed the variations and er-

rors of the nighttime zonal wind at different time scales. The
cal model (NCAR-TIEGCM) for comparative analysis. Mod

consistency. The maximum nighttime zonal wind velocity

n, we used an empirical model (HWM) and a theoreti-
el results and observation results had a relatively good
from the SYISR (HWM, TIEGCM) is 115.6 m's '

(1443 m's”', 92.1 m's ") for the monthly average value. We further compared the nighttime zonal wind from the

SYSISR with that from a co-located FPI. They showed a positive correlation with a coefficient of ~0.68 for the

zonal wind values, demonstrating a strong consistency betwe

en the two independent observation techniques.

Key words Sanya Incoherent Scatter Radar (SYISR), Zonal wind, Momentum equation,

F region dynamo theory
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0 Introduction

Neutral wind transports energy and momentum in the
global ionosphere-thermosphere system. Neutral wind

carrying charged particles cuts the magnetic field lines to

generate an electric field. Plasma motion and neutral
winds are tightly coupled with each other. Neutral wind
plays an important role in the evolution of large scale
(e.g., equatorial ionization anomaly) and small scale

(e.g., irregularity) structures in the low-latitude iono-
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sphere[M]. Detecting the variability of neutral winds in

the  thermosphere is  highly

[5-11]

important  but
challenging

Fabry-Parrot Interferometers (FPIs) can also mea-
sure winds at night, but the observations are generally
discontinuous due to light pollution and cloudy
weather! > . Spaceborne satellites with onboard opti-
cal instruments, such as TIMED/TIDI, and ICON/
MIGHTI, detect neutral winds using limb observations
and can measure global wind variability on a climatolog-
ical time scale!"”"*. The disadvantage of satellite mea-
surements is that they are usually limited in local-time
coverage at a particular location, so it is difficult to ana-

[19’20]. Lindzen[zl]

lyze short-term variability of winds
took the observed diurnal component of the pressure giv-
en experimentally by the model and obtained the sim-
plest form of the resulting zonal wind. He found that
zonal wind could reach about 300 m's ™' even with a low
estimate of the pressure term.

Based on Line-of-Sight (LOS) ion velocity infor-
mation, neutral winds can also be derived from Incoher-
ent Scatter Radars (ISRs) data, e.g. Arecibo ISR
data™ !, EISCAT ISR data*”, PFISR data’***", and
Sanya Incoherent Scatter Radar (SYISR) data”™. Point-
ing Arecibo ISR toward geomagnetic north (353°) and
geomagnetic south (173°) respectively (by rotating the
antenna) for 10 minutes, Behnke™™ er al. obtained the
velocity along the geomagnetic field line and the veloci-
ty perpendicular to the geomagnetic field line in the geo-
magnetic meridian plane. Then the meridional neutral
wind in the F region is calculated. Nygren[zs] et al. used
EISCAT ISR data to calculate the electric field and neu-
tral wind. They first calculated two electric fields in the
F region according to the vector velocity perpendicular
to the magnetic field line, and then calculated the neu-
tral wind in the E region by using the obtained electric
fields and the vector velocity. Heinselman and Nicolls®”!
used PFISR multi-beam data to calculate vector velocity,
electric field in the F region and neutral wind in the E re-
gion. The overdetermined problem is solved using the
Bayes least squares method, through which the three-di-
mensional vector velocity is derived from multiple LOS
velocities, and the electric field and neutral wind in the E
region are obtained. Using SYISR data, we calculated
three-dimensional ion velocities and subsequently de-
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rived meridional neutral winds and vector electric fields
from 150 km to 500 km based on long-pulse observa-
tions''"\. The SYISR was further expanded to 8320 anten-
nas with a peak power greater than 4 MWEY. And then,
we used the expanded SYISR to derive neutral winds
from 100 km to 150 km at low latitudes based on alter-
nating code pulse observations'”. However, the above-
mentioned ISRs mainly measure the meridional wind in
the F region and the neutral wind in the E region, and
none of them have been employed to study the zonal
wind in the F region.

Using the EISCAT radar data, Bates and Roberts
developed a technique to calculate the heat conduction

(32]

velocity by calculating the upper and lower limits of the
ion temperature and the neutral temperature, which is
approximately equal to the local Joule heating rate. The
calculated local Joule heating rate (dependent on the
vector ion-neutral velocity difference) was used to de-
rive the zonal wind at the peak height of the F layer.
Roble et al”” determined the diurnal variation of the
neutral thermospheric wind by the diurnal variation of
the electron and ion temperatures, electron density and
vertical plasma drift from Millstone Hill ISR measure-
ments. They calculated the horizontal neutral wind com-
ponent along the magnetic declination and the longitudi-
nal derivative of the neutral exospheric temperature. The
atmospheric response to various forcing functions is de-
termined using a three-dimensional dynamic model of
the neutral thermosphere, with ion drag specified by the
electron density measurements. The harmonic compo-
nents of the pressure force, expressed in terms of latitu-
dinal and longitudinal variations in exospheric tempera-
ture, are used to determine the horizontal neutral wind
component along the magnetic declination direction
based on the model's response coefficients. Appropriate
latitudinal and longitudinal pressure gradients are then
constructed. The pressure gradients are then used to cal-
culate the diurnal winds for two geomagnetically quiet
days over Millstone Hill during the equinox. To our
knowledge, the derivation of the zonal wind in the F re-
gion has always been a challenge for ISR.

In this study, using ionospheric measurements from
the SYISR, we aim to derive nighttime zonal wind from
200 km to 500 km based on the F region dynamo theory.
The observational experiment transmitted long pulses of
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480ps. The remainder of the paper is organized as fol-
lows. In Section 1, we describe in detail the SYISR ex-
periment. Section 2 describes the data analysis, includ-
ing the ion vector velocity and nighttime zonal wind cal-
culation. Section 3 compares the SYISR, HWM, NCAR-
TIEGCM and FPI data. We discuss and summarize the

paper in Section 4.

1 Experiment Setup

A long pulse of 480 ps was used to conduct SYISR ob-
servation experiments from November 2023 to October
2024, corresponding to a range resolution of 72 km. The
pulse repetition period is 16000 ps, which implies a
~ 3% duty cycle. We used 11 SYISR beams along and
perpendicular to the geomagnetic meridian plane, as
shown in Figure 1, which is referred to as a cross-type
setup. In the geomagnetic meridian plane, the elevation
angles were 45°, 60°, 75°, 90°, 75°, 60°, and 45° from
south to north. In the plane perpendicular to the geomag-
netic meridian plane, the elevation angles were 60°, 75°,

90°, 75°, and 60° from east to west!*, According to the
principle of incoherent scatter detection, the electron
density, ion temperature, electron temperature and LOS
ion velocity can be obtained by fitting the measured
power spectrum with the theoretical spectrum[SS]. Tak-
ing the data from 4 November 2023, as an example, we
show the LOS ion velocity in Figure 1. Here, the LOS
direction is defined as positive when approaching the
SYISR. As each beam integrates for 30 seconds, the
temporal resolution of the data is 5.5 minutes.

Figure 1 shows that there are valid LOS ion veloci-
ty values for all 11 beams. The hexagon in the figure
represents the effective scanning range, the different col-
ors in the hexagon represent different gain values, and
the black dots represent the beam directions marked
from 1 to 11. Note that the no - data point in each sub-
plot indicates that the least square fitting in the data in-
version is unsuccessful. The number on each subplot is
the corresponding beam number and azimuth/elevation
angles. The Sanya Local Time (LT) equals UT plus
7.3 h. In Figurel(h), there are some unsuccessful fitting
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Fig. 1

(a) Beam diagram and LOS velocity for the SYISR experiment used in this study. (b)~(1) Daily universal time - height

variations of LOS velocity for 11 beams experiments made on 4 November 2023



points near 300 km, mainly because when the elevation
angle is 60° and the azimuth angle is 358°, the radar
beam near 300 km is perpendicular to the magnetic field
line, which makes the current retrieval algorithm invalid.
Figure 1(d) corresponds to the LOS ion velocity in the
zenith direction. After 20:00 UT (03:00 LT), a distinct
pre-dawn reversal phenomenon can be observed. The
LOS ion velocity in the zenith direction is upward dur-
ing the day and downward during the night. As shown in
Figure 1, the LOS ion velocities in different directions
are not the same. Figures 1(b) (f) show symmetrical
beams with the same elevation angles in the plane per-
pendicular to the geomagnetic meridian plane. The LOS
ion velocities of symmetrical beams are nearly opposite
and larger than other beams. The smaller the elevation
angle of the beam is, the greater the LOS ion velocities
will be.

2 Data Analysis

2.1 Ton Vector Velocity
The ion vector velocity is calculated from the LOS ion
velocity. The ion vector velocity and error can be ob-

tained as follows'":

u=3 A4 A+ ) nes ()
Y X YA A ) Ay

Here, vios is the LOS ion velocity. v; is the ion vector
velocity, which is a Gaussian random variable with zero
mean, and its covariance is ZU Moreover, ZU is set
as [10000, 0, 0; 0, 10000, 0; 0, 0, 10000], and the
units are m*s " A is the transformation vector. The
measurement error is also regarded as the Gaussian ran-
dom variable of the zero mean, with a covariance Ze.

The derived ion vector velocities and errors corre-
sponding to the LOS ion velocity of Figure 1 are shown
in Figure 2 in the geographic coordinates. Figures
2(a)~~ (c) show the ion velocity in the eastward, north-
ward and vertical directions. During the day, the ion ve-
locity is mostly westward (northward, upward), and the
maximum ion velocity can reach 95.5 ms (77.6 m-s ',
16.8 m-sfl). During the night, the ion velocity is mostly

eastward (southward, downward), and the maximum ion
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velocity can reach 153.5 ms’ (48.6 m's ', 28.8 m-sﬁl).
Figures 2(d)~ (f) show the ion velocity errors in the
eastward, northward and vertical directions. These fig-
ures indicate that the vertical ion velocity error is the
smallest, followed by the northward ion velocity error,
and the eastward ion velocity error is the largest. The
maximum vertical, northward and eastward ion velocity
errors are 0.61 m-s_l, 248 m-s"' and 5.76 m's" from
200 km to 500 km during the day, respectively. The
maximum vertical, northward and eastward ion velocity
errors are 0.73 m-s_l, 552m-'s" and 6.06m's" from
200 km to 500 km during the night, respectively. The
third and fourth rows in Figure 2 are the same as the first
and second rows but in the geomagnetic coordinates.
The ion velocity consists of the eastward component per-
pendicular to the geomagnetic field line (v,.), the north-
ward component perpendicular to the geomagnetic field
line (v,,), and the velocity antiparallel to the geomagnet-
ic field line (v,,). The maximum ion velocities are
97.6 m-sﬁl, 583 m-s ' and 77.1 m-s ' for Upe Upn and vy,
during the day, respectively. Most errors in vy, Upn, and
U,y do not exceed 7.37 m-sﬁl, 1.38m-s "' and 4.8 m/s
during the day, respectively. The maximum ion veloci-
ties are 157.5 m'sfl, 39.2m-s ' and 78.1 m's” for Upes
v,y and v,, during the night, respectively. Most errors in
Upes Upn, and v,, do not exceed 8.09 m-sfl, 2.03ms "
and 5.68 m-s ' during the night, respectively.

2.2 Night Zonal wind

After we get the ion velocity, we can further derive the
electric field in geomagnetic coordinates as follows:

Epn - 7”1’0Bv (3)

E, =v,B. (4)
We can further obtain the vertical electric fields in the
geographical coordinate system

E,=E,cosI. (5)

During the night, an electric field is generated by the
movement of electrons or ions driven by the neutral
wind in the F region. The zonal wind is generally west-
ward during the day and eastward during night. The east-
ward wind at night will drive positive charges to accu-
mulate at the upper boundary and negative charges to ac-
cumulate at the lower boundary. Therefore, a vertical po-
larization electric field will be generated, and the polar-
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Fig. 2 Universal time and height variations in the vector ion velocity (the first and third rows) and corresponding error

(the second and fourth rows) for geographic coordinates (the first and second rows) and geomagnetic coordinates (the third and

fourth rows), respectively on 4 November 2023

ization electric field will drive electrons and ions to
move under the action of the Lorentz force. Therefore,
the vertical electric field E, in the F region at night de-
tected by the ISR is primarily driven by the zonal wind

in the F region[3’7’2l’37]

. Therefore, we can obtain the zon-
al wind in the F region during the night by the vertical
electric field under the assumption that the dynamo ef-
fect of meridional wind is negligible in comparison with
that of zonal wind"**".

E,

Y= BeosTcosD’ (6)
Figure 3 shows the calculated nighttime zonal winds on
November 4, 2023, and their corresponding errors. Fig-
ure 3(a) shows that the zonal wind is eastward, and the
occurs at 14:00 UT at
approximately 200 km. Figure 5(b) shows that the maxi-
at 200 km around

11:00 UT, mainly due to relatively low electric density.

. . -1
maximum velocity of 183 m's

. . -1
mum zonal wind error is 17 m's

Most zonal wind errors do not exceed 5m's ' above
250 km. The winds are eastward and quite strong (about

150 m~s_1) in the post-sunset period, decaying to less

than 50 m's ' after midnight. Airglow observations in
the Peruvian sector are in good agreement with these
variations'™”. Our results show the same variations: the
zonal wind gradually decreases after midnight.
Furthermore, the height variations in the monthly
mean (November 2023) and standard deviation of the
nighttime zonal wind are plotted in Figure 4 for differ-
ent local times. Figures 4(a)~ (j) show that the standard
deviation of the zonal wind after 16:00 UT is larger than
that before 16:00 UT. After midnight, the electron densi-
ty decreases and the radar signal-to-noise ratio drops.
Consequently, the quality of the corresponding data de-
creases, leading to an increase in the standard deviation
of the data. The mean values (standard deviations) are
10623 m's ' (21.29m's ') for the zonal winds at
15:00 UT at 300 km. The mean values (standard devia-
tions) are 85.05 ms’ (31.54 m~s_1) for the zonal winds
at 17:00 UT at 300 km. As can be seen from Figure 4,
the height gradient for zonal wind throughout the night

is small.
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3 Data Comparison and Discussion compared the average zonal winds observed by the
SYISR in geographical coordinates with those from the

3.1 Comparison among the SYISR, Horizontal Wind Model version 14 (HWM14)[41’42] and
HWM and TIEGCM TIEGCM version 2.1"***! from November 1, 2023, to

To validate the SYISR derived nighttime zonal wind, we =~ November 30, 2023, as shown in Figure 5. The
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HWM14 was driven by realistic solar activity and geo-
magnetic indices. We ran the TIEGCM for 30 days,
which was driven by realistic solar activity, geomagnet-
ic and interplanetary indices with the Global Scale Wave
Model (GSWM) specifying the lower boundary, and
Weimer-05'""! modeled polar electric potential. The
TIEGCM was run with a resolution of 2.5° in latitude
and longitude, 0.25 scale height in altitude, and 30 s in
timestep.

Figure 5 shows the nighttime zonal winds from the
SYISR, HWM and TIEGCM. The zonal winds from the
three kinds of data are similar but have differences. The
three kinds of data sets show eastward neutral winds be-
tween 11:00 UT and 21:00 UT, in which the SYISR,
HWM and TIEGCM maximum velocities are
1156m's', 1443ms' and 92.1m-s’
13:00 UT, respectively. The velocity from HWM is
slightly greater than that from SYISR and TIEGCM. Ac-
cording to Figures 5(b) (c), there are also differences in
the zonal winds between those from TIEGCM and
HWM. Figures 5(a), (b) and (c) show that the zonal neu-
tral winds from the SYISR and those of the HWM and
those of the TIEGCM. The variations of the zonal neu-
tral winds of the SYISR and HWM are similar after mid-
night, but there are still some differences between the

around

zonal winds of the SYISR and HWM. All three types of
winds show their maximum nearly simultaneously at
13:00 UT and then gradually decrease. After 17:00 UT,
the zonal wind of TIEGCM drops below 50 m-s ', while
the zonal wind of HWM and SYISR remain above
50m-s .

To further show the day-to-day variability of the
three datasets, we plotted the zonal winds during a geo-
magnetic quiet period of 11-20 November 2023 in Fig-
ure 6. Figures 6(a), (b), and (c) correspond to the zonal
winds of the three datasets, respectively. For the HWM
and TIEGCM, the daily zonal neutral winds are almost
the same during this period, but the nighttime zonal
winds of HWM results are larger than those of TIEGCM
results. On the other hand, the daytime zonal winds of
HWM results are smaller than those of TIEGCM results.
A likely reason is that the empirical model incorporates
observational data, leading to incomplete consistency
with the theoretical model. For the wind derived from
SYISR data, the daily zonal neutral winds are similar to
those during the geomagnetic quiet period, and there is a
relatively large zonal neutral wind after 19 November
2023. The maximum eastward velocity occurs on
November 21 for the SYISR, with a maximum value of
1462 m-s . Among the nighttime zonal winds from
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SYISR, TIEGCM and HWM, the consistency of those
from SYISR and HWM is better than that of those from
SYISR and TIEGCM. A crucial reason is that HWM has
observational data, while TIEGCM is entirely based on
theoretical models. There are certain differences be-
tween theoretical models and observations. Therefore,
the results of SYISR and HWM are more consistent.

3.2 Comparison between the Zonal Wind

Results from SYISR and FPI

To further validate our method and results, we also com-
pared with a co-located FPI neutral wind"™*'"" from
Danzhou (19.5°N, 109.1°E) with SYISR wind data from
November 2023 to January 2024 around 250 km. The
data of SYISR during the nighttime (13:00—20:00 UT)
was compared with the FPI data. Figure 7 shows some
example comparison for 6 selected dates. Both the FPI
zonal wind data and the SYISR zonal wind data are in
good agreement and in the range from -50 m's' to
150 m's . The nighttime zonal wind is predominantly
eastward, reversing direction only on a few days. These
results indicate a good consistency despite the different
detection principles between SYISR and FPI.

In order to further carry out statistical analysis of
the zonal wind, we compared the data of FPI with the
data of SYISR from 1 November 2023 to 19 January
2024, and drew a scatter plot, as shown in the Figure 8.
Figure 8 demonstrates that the FPI and SYISR neutral
wind measurements are positively correlated, and the
correlation coefficient was 0.68. The mean and standard
deviation of the difference between two measurements is
23.8m's ' and 22.1 m's respectively. Note that we did
not do any smoothing or quality control when making
this comparison. On the other hand, we can find the zon-
al wind of SYISR is slightly larger than FPI, and the
main reason is the different detection principles and da-
ta processing. These results demonstrate good consisten-
cy between the SYISR and FPI zonal wind observations.

4 Discussion and Summary

In this study, we calculated the nighttime zonal winds in
the thermosphere using long pulses generated by the
SYISR in the low - latitude region of China from 200 to
500 km. To our knowledge, only EISCAT ISR and Mill-
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stone Hill ISR measurements have been used to conduct
research on F region zonal wind. The inversion method
used by EISCAT ISR relies on Joule heating, and only
suitable for the ISRs in the high-latitude regions. Mill-
stone Hill ISR, located at mid-latitudes, employs a ther-
mospheric dynamic model and calculates F region zonal
winds using parameters such as the temperature gradient
derived from ISR measurements as we described in the
introduction section. SYISR, located at low latitudes, has
dynamical processes approximating those around the
magnetic equator, and low-latitude F-region dynamics
can be used. It is a relatively simple methods and needs
minimal assumptions to derive nighttime F-region zonal
winds. However, daytime dynamics are dominated by
the E-region dynamo at low latitudes, so only nighttime
zonal winds in the F region can be obtained based on
SYISR observations.

Figure 5 shows that the zonal wind increases after

sunset and decreases after midnight. After sunset, the
zonal wind exhibits a distinct enhancement peak. One
important reason is that solar heating ceases after sunset,
creating a strong horizontal temperature gradient be-
tween the daytime-heated regions (such as low-latitude
areas) and the cooling nighttime regions, which readily
translates into intense eastward zonal winds, particularly
at thermospheric altitudes. Another reason is that the dy-
namo process in the F-layer generates a stronger east-
ward electric field. This enhanced electric field efficient-
ly drives the thermospheric neutral atmosphere to pro-
duce stronger eastward winds through the ion-drag ef-
fect.

After midnight, the enhanced eastward wind usual-
ly weakens and may even reverse to a westward wind.
The first reason is that the upper atmosphere undergoes
continuous radiative cooling during the night, altering

the pressure field—a process that tends to weaken or re-
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Fig. 8 Comparison of the zonal wind around 250 km
altitude between the FPI and SYISR measurements for three
months. The black dashed line in the figure represents the

diagonal line

verse the eastward zonal wind over the equator. The sec-
ond reason is that the plasma density decreases signifi-
cantly at night, greatly reducing the ability of ions to
couple with and drag the neutral wind, making it impos-
sible to sustain the strong post-sunset eastward wind.
The final reason is that tidal waves propagating upward
from the lower atmosphere have significant amplitudes
in the thermosphere. Their wind components superim-
pose on the background wind, which can lead to its
weakening or reversal.

After obtaining the nighttime zonal wind in the F
region, we further validated the derived nighttime zonal
winds. We compared the SYISR zonal winds with the
model results from HWM and TIEGCM and the ob-
served results from a co-located FPI. We verified the ac-
curacy of the observed nighttime zonal winds. The main
conclusions are as follows.

Firstly, the SYISR, HWM and TIEGCM zonal
winds show similar diurnal and day - to - day varia-
tions. The maximum neutral wind velocity from the
SYISR (HWM, TIEGCM) is 115.6 m's' (1443 m's ',
92.1 m-sfl) for the monthly average value.

Secondly, the FPI and SYISR wind at 250 km are
consistent. Statistically, they have a relatively high cor-
relation coefficient of 0.68. The differences in the mean

Chin. J. Space Sci. =AFFFIR 2026, 46(5)

and standard deviation between the two measurements
for the nighttime zonal winds are respectively 23.8 ms’
and 22.1 m's .

As we described earlier, for the ground-based ob-
servation methods, the detection of zonal winds in the
thermosphere is rather challenging. The zonal winds de-
rived through our calculations are of great significance.
They can not only be used to analyze the low-latitude
dynamic processes, but also have important value for the
validation and improvement of global circulation mod-
els.
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