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Abstract: As the first advanced modular phase array incoherent scatter radar (ISR) established in
the Eastern Hemisphere at low latitudes, Sanya ISR (SYISR) can measure the line-of-sight (LOS)
velocity of ion drift in multiple directions, potentially yielding the spatial distribution of ionospheric
plasma drift. Three beam-scanning modes are designed for plasma drift detection: meridian, zonal
and cross-shaped (both meridian and zonal) plane, which will provide the distribution of plasma
drift in latitude/longitude as well as altitude. The altitude profile of plasma drift and the first
presented distribution of low latitude plasma drift in the meridian plane for March to May 2021 are
inversed through LOS velocity using cross-shaped and meridian beam-scanning modes, respectively.
A statistical correlation coefficient between the vpn and crest-to-trough ratio (CTR) of equatorial
ionization anomaly (EIA) TEC and a case study of magnetic storm response in plasma drift show
that the inversed plasma drift can be a good indicator in response to the changes in atmospheric tide
and solar wind at different time scales and explain the corresponding ionospheric electron density
variations at low and equatorial latitudes. This study proves that the SYISR-measured plasma drift
is reliable and will play an important role in the atmosphere-ionosphere-magnetospheric coupling
study in the East Asian region.

Keywords: plasma drift; incoherent scatter radar; SYISR

1. Introduction

Plasma velocity is a key parameter in the Earth’s ionospheric study, especially in
the equatorial and low-latitude regions. Plasma velocity makes contributions to form
equatorial ionization anomaly (EIA) [1,2], plasma irregularities [3,4], and equatorial elec-
trojet (EEJ]) [5]. Many scientists have made great efforts on measuring plasma velocity
accurately and precisely, through either space-borne in-situ measurements or ground-based
remote detection [6-8]. Each instrument has its advantages and disadvantages. The ion
velocity meter (IVM), as a space-borne instrument, is widely used to measure the ion
drift velocity and other physical parameters in the spacecraft reference frame in Defense
Meteorological Satellite Program (DMSP), ROCSAT-1, Ionospheric Connection Explorer
(ICON), etc. [9-11]. It can provide plasma velocity in its orbit which has wide coverage of
latitude and longitude. Ionosonde, as a low-cost and running ground-based instrument,
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could provide long-time plasma velocity observations during the daytime [12]. Incoherent
scatter radar (ISR), known as a very powerful instrument of ionosphere detection, can
offer multi-parameters including the profile of electron density, electron temperature, ion
temperature and line-of-sight (LOS) velocity through fitting the theoretical autocorrelation
function with measured autocorrelation function derived from the backscatter signal [13].

At equatorial and low latitudes, the Jicamarca ISR in South America has contributed
significantly to the detection of equatorial plasma drift over the last five decades [14]. The
Jicamarca ISR can measure the vertical and zonal components of plasma drift velocities in
the F-region at the altitude range of 250-700 km with an altitude resolution of 25 km and
a time resolution of 5 min [15]. Based on the Jicamarca ISR and Atmosphere Explorer E
(AE-E) drifts, Scherliess and Fejer [16] developed the first empirical model of the global
equatorial vertical drift, which gives the local time dependence of the vertical drift during
the geomagnetic quiet period under different seasons and solar flux. The vertical drift is
upward during the daytime, with typical values of about 20-30 m/s during the June solstice
and equinox, and slightly smaller values during the December solstice. They do not change
much with the solar flux except in the afternoon sector during the solstice, when they
increase from the solar minimum to the solar maximum. During the equinox and December
solstices, the pre-reversal enhancement (PRE) in vertical drift increases substantially from
the solar minimum to the solar maximum. The nighttime vertical drifts have typical values
of about 20-30 m/s, and are largest in the late-night sector during December solstices under
high solar flux conditions. Fejer et al. [17] showed a pattern of zonal drifts: the daytime
zonal drifts are westward with a typical value of 40 m/s and do not vary with season
and solar flux, while the nighttime zonal drifts are eastward and increase with solar flux.
During the equinox and December solstices, the early night eastward drifts can reach about
200 m/s under solar maximum conditions. The post-midnight drifts decrease with local
time and reverses near dawn.

A new ISR, named Sanya ISR (SYISR), was established for the first time at low latitudes
in East Asia. It was specifically located at Sanya (geographic: 18.3°N, 109.6°E), south
of Hainan Island in China. In addition, it differs from the conventional regime of ISR
by the advanced modular phase array, which is capable of continuous long-duration
observation and changing the beam direction with typical inter-pulse periods of several
microseconds [18]. Thus, it can provide all three components of plasma drift velocity with
high temporal and fine spatial resolution. Since the first operation in February 2021, SYISR
has accumulated months of data after various experimental validations, such as regular
ionospheric observations, plasma line measurements, plasma bubble experiments, moon
imaging and meteoroid fragmentation observation experiments [19]. The initial evaluation
of ionosphere parameters from ion line observations is shown in Hao et al. [20], which
presents comparable results with other observations and models. In this paper, we present
the 3D spatial distribution of drift velocities in East Asia for the first time. Three different
beam scanning modes and the corresponding line-of-sight (LOS) velocity are presented
in Section 2. Section 3 describes the drift inversion method and procedure in detail. The
inversion results are discussed in Section 4. The final summary is in Section 5.

2. Experiment Setting and Line-of-Sight Velocity

We designed different kinds of experiments to adapt the observation of ionosphere
plasma drift and listed them in Table 1 in detail from March to May 2021. There are three
scanning modes in meridian (NS), zonal (EW) and cross-shaped (NS + EW); both meridian
and zonal planes have been set in the observations [20]. For ionospheric F region detection,
long pulses with 480 ps pulse length and 16 ms inter-pulse periods (IPPs) were utilized, so
the range resolution will be 75 km. The time resolution depends on both the number of
beams and the integration time of data processing. For these data, the integration time of
data processing is 15 s, so the time resolution of ionosphere parameters will be 10.25 min
for 41 beams. We arrange the elevation angle to increase from the minimum value to 90°
and then decrease to the minimum value at an equal interval angle in the meridian or
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zonal plane. When the minimum angle of elevation becomes lower, the horizontal range
of coverage will be wider but the echoes signal-to-noise ratio (SNR) of beams with low
elevation angle will be lower. The accuracy of LOS velocity is almost the most important
factor in plasma drift inversion with high quality. Figure 1 shows the geometry of the
beams and corresponding LOS velocity for these three scanning modes. Figure la—e are
for NS mode, Figure 1f—j are for EW mode and Figure 1k-s are for meridian and zonal
planes of NS + EW mode. For NS mode, Figure 1a shows the geometry of the beams with
41 beams from north to south by red and green (elevation angle lower than 50°) dots and the
location of the zenith beam. Figure 1b—e only show these beams with elevation angles larger
than 50°. Figure 1b,c show the LOS velocity (V;) and its error (dV;) during the daytime
(12:30:57 LT) and Figure 1d,e show the V; and dV; during the nighttime (21:24:34 LT). The
positive value of V; means the ions are away from the beam. During the daytime, V; shows
a positive value in all latitudes below 300 km, and a positive value at a higher latitude
range of 18.4°-21.4°N and negative value at a lower latitude range of 15.2°-18.4°N. dV;
is mostly less than 5 m/s below the altitude of 450 km and beams with elevation angles
larger than 55°. During the nighttime, V; shows a positive value on the northern side and
a negative value on the southern side at an altitude of 200400 km. At an altitude below
200 km and above 400 km, the plot of V; shows noise and dV; is much larger of more than
5 m/s. Similarly, Figure 1fj show the observation by 41 beams EW mode. Figure 1f shows
the geometry of the beams with 41 beams from west to east. During the daytime, V; shows
a positive value on the western side and a negative on the eastern side in Figure 1g. dV;
shows small values of less than 5 m/s below 400 km in Figure 1h. During the nighttime
shown in Figure 1i,j, V; shows mostly negative value, implying the ion motion of eastward
or downward, at the altitude range of 200-400 km where dV; is less than 5 m/s. At an
altitude below 200 km and above 400 km, the plot of V; shows noise and dV; is much
larger of more than 5 m/s. Observations by NS + EW mode in Figure 1k-s also show these
different features during daytime and nighttime. There are both 21 beams arranged at
meridian and zonal planes in Figure 1k. At 11:35:22 LT shown in Figure 11,m,p,q, V; shows
a negative value on the southern and eastern sides and a positive value on the northern
and western sides, and corresponding dVi; is less than 5 m/s below 450 km. At 22:30:19 LT
shown in Figure 1n,0,r,s, V; shows the opposite pattern and the corresponding dV; is
larger than that during the daytime. It seems that dV; is sensitive to the beam’s direction
and local time. Thus, we make statistics of dV; under different azimuth and elevation
angles for all experiments in Table 1. The results are shown in Figure 2. In Figure 2a-l,
there are some variations of dV; at 300 km altitude with local time under four different
azimuth angle bins from left to right and three different elevation angle bins from top to
bottom. In every panel, dV; shows a larger value during the nighttime than the daytime. At
09:00-19:00 LT of daytime, dV; shows a small value of less than 6 m/s. Before sunrise and
after sunset, dV; increased rapidly and reached the maximum value of 8-13 m/s around
04:00 LT. Comparing the dV; from beams with different directions, there seems no obvious
difference under different azimuth angle bins, but there is a clear fact that dV; increases
with the increase in elevation angle. In Figure 2m, dV; from 12:00 LT to 15:00 LT are selected
and gridded by a 5° elevation angle and a 50 km range. dV; shows an increasing value
with the decrease in elevation angle and an increase in range. When the elevation angle is
lower than 50°, dV; rapidly increases and is larger than 8 m/s at most ranges of altitudes.
dV; is smaller, mostly less than 4 m/s, in the ranges of 100-150 km and 250-400 km, which
correspond to the E and F regions. In summary, the error of the LOS ion velocity mainly
depends on the echo signal-to-noise ratio, which is affected by the elevation angle of the
beams, the range between the observation point and radar and the electron density at the
observation point.
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Table 1. Drift detection experiments in March to May 2021 by SYSIR.

Scanning Mode  Time (Days) Number of Beams  Minimum Angle of Elevation (°)  Interval Angle of Elevation (°)

5 41 40 2.50
NS 16 41 25 325
EW 1 41 25 3.25

1 41 45 450

NS + EW 1 41 55 3.50
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Figure 1. Three kinds of beam configurations and the corresponding LOS velocity and its error:
(a) beams scanning in zonal plane marked in red (elevation angle larger than 50°) and green (elevation
angle smaller than 50°) dots, blue hexagon marked the scanning range with non-grate lobe; (b) the
zonal distribution of line-of-sight velocity at 12:30 LT (daytime) and (c) its error; (d) the zonal
distribution of line-of-sight velocity at 21:24 LT (nighttime) and (e) its error; (f—j) showing the same
as (a—e) but for meridional plane; (k) beams scanning in both zonal and meridional planes; (1-0) the
zonal distribution of line-of-sight velocity and its error by beams scanning in zonal plane part;
(p-s) showing the same as (1-0) but by beams scanning in meridional plane part. Location of the
zenith beam marked in the bottom of (a,f k).
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Figure 2. (a-1) the local time distribution of error of LOS velocity at 300 km altitude four under
different azimuth angle bins from left to right panels and three different elevation angle bins from
top to bottom panels; (m) the distribution of errors of LOS velocity with elevation angle and range
during 12:00 LT to 15:00 LT.

3. Inversion Method and Process

Any LOS velocity measurement i can be written as
Vigs = Kvx +kyvy + Kv, = kv )

where unit vector k = [ky ky k| and vector velocity v = [vy vy v,] T In a radar-centered
geographic coordinate system, unit vector k can be expressed as

k = [ke kn k] = [xy z]R"! )

where subscripts e, n and z refer to east, north and up, respectively; x, y and z refer to

zonal, meridional and vertical distance to the observation point; R = |/x2 + y2+z2 means
the range. Strictly, unit vector k is indicated as

S . S H
k = [ke kn k;] = gSin® pcose ﬁ] 3)
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where S is the arc distance of the observation point projected on the ground; H is the same
as z; @ is the azimuth angle. H can be solved by

(H+ Rg)? = Rg? + R? — 2RgRcos (90 + 0) (4)
where Rg is the earth radius and 0 is the elevation angle. S can be calculated by

R2+H2
\ 1+
S =2Rgsin ' +——EF .

2Rg

©)

When we calculate vector velocity v in the geomagnetic coordinate system, the unit
vector k will be converted into

k= [kpe kPn kap] = [ke kn kZ] X Rgeongag 6)

where subscripts pe, pn and ap refer to perpendicular east, perpendicular north and
antiparallel, respectively. The coordinate transformation matrix

cosD sinIsinD —cosIsinD
Rgeozgmag = | —sinD  cosDsinl  —cosIcos D 7)
0 cos 1 sinl

when D is the declination angle and I is the inclination angle.

In theory, vector velocity can be estimated at one specific point if there are three or
more LOS velocity measurements. In this case, when we put n measurements together,
Equation (1) will be written as

1 1 1 1 1
Vlzos kge kgn kgp v elzos
Vl.os _ 1‘(pe k}‘)n ka];.) V};re1 + el.os (8)
; R S A P
Vios kpe kpn kap €los
or
Vips = AV + €]og )
in the geomagnetic coordinate system, where e)y is the error of the LOS velocity and
1 1 1
kge kEvn kap
K2, k2, K2

. pe I.m presents the geometry of the measurement beams. To solve
kpe kpn  Kgp
Equation (9), Heinselman et al. [21] proposed an estimation as follows

v = S AT(AZ AT + Z0) vies (10)

and
Yo =%y — SATAZ AT +2) 1AS, = (AT 1A+ 2,7 D)7 (11)

where ¥ is the vector velocity estimation and X is the covariance estimation; X is the prior
covariance matrix of the vector velocity; and X, is the error covariance matrix.

Assuming the plasma velocity is constant in a certain volume, the vector velocity
could be inversed by all the observation points in this volume. We designed two inversion
window settings as follows: one will achieve the altitude-time distribution of vector velocity
(settings A) and another will achieve the latitude/longitude-altitude-time distribution of
vector velocity (settings B). The former requires less computation and gives fewer errors
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of the vector velocity, while the latter gives a special spatial distribution, which serves
different needs and interests of the research.

Taking the experiment on 27 March 2021 in the last two lines of Figure 1 for example,
the process is described in detail here. To achieve the altitude-time distribution of vector
velocity, we set the sliding window in altitude with a size of 50 km and slide of 25 km
and set one window in all latitudes and longitudes (settings A). In every window, if there
are data points from at least three different beams, vector velocity and its error will be
inversed by Formulas (10) and (11). Figure 3 shows the inversion result of vpe, Vpn and
Vap from top to bottom with velocity on the left and its error on the right. The inversion
errors are less than 2 m/s in vpe and v,p, and less than 1 m/s in vp, most of the time.
Plasma presents a pattern perpendicular to westward, northward and along the magnetic
field during the daytime and the opposite pattern during the nighttime. At 11:00-13:00 LT,
plasma vector velocity shows the maximum value of ~—60 m/s in vpe, ~35 m/s in vpn
and ~—70 m/s in vap. During the nighttime after 19:00 LT, vp. shows a large value close
to 100 m/s while vpn and vap show a value close to 0 m/s. During 22:00-23:00 LT, vap
shows positive value reaching to 60 m/s. During 07:00-11:00 LT, three components of ion
drift show large gradients in altitude manifesting 0 m/s at high altitude as well as large
error, which is related to the low echo SNR because of the low electron density at high
altitude in the morning. With the window setting B, we inverse the vector velocity for
the meridional and zonal plane, respectively. For every plane, we set the sliding window
in range with a size of 100 km and slide of 25 km and elevation angle with a size of 40°
and slide of 5 degrees to make sure the same number of data points in each window, thus
the vector velocity in meridional and zonal planes will be derived. When we inverse the
vector velocity in each meridional or zonal plane, there will be lack of the information from
east—west (ke) or north-south (ky) direction. For the ionosphere over Sanya, the declination
angle D is about —1.9° and inclination angle I is about 26°. In this case, kpn and kap in the
meridional plane will be kpnNS and kapNS as follows:

Kpn,s = Kpn — kesinIsin D ~ kpn + 0.015ke (12)

and
kales = kap + kecos Isin D ~ kap — 0.030ke. (13)

Equation (8) will be written as

1 1 1 1

A% pn ap e
Vlzos 5 NS 5 NS e1205
los _ Prng apns [VPHNS} + los (1 4)
Vapys :
Vios kBT‘NS kgPNs €los
In zonal plane kpe and kpn will be written as kPGEw and kanW:
Kpepy = Kpe + knsin D & kpe — 0.033kn (15)
and
kpng,, = kpn + kncosIsin D ~ kpn — 0.438ky. (16)
Equation (8) will be written as
1 1 1 1
Vios kPeEw Phgw Clos
V2 K2 K2 e’
los _ PeEw PRgw [VpeEW :| + los (1 7)
: Vpngy :
Vios kgeEW kgnEW Clos
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It follows, then, that Vpnyss Vapas and Vpeg,, are very close to Vpn, Vap and vpe while
Vpng,, has a nonnegligible difference with vpn. This is because of a very small magnetic
declination angle (~—1.9°) but a nonnegligible magnetic inclination angle (~26°). The
result of applying this method to the experiment on 27 March 2021 is shown in Figure 4.
Figure 4a,b show the vpn . and vap . in meridional plane at daytime 11:35 LT and nighttime
22:30 LT. The gray dashed line shows the magnetic field lines. Plasma velocity shows the
perpendicular magnetic field northward and parallel magnetic field poleward at 11:35 LT
at the altitude of 200-500 km, and almost along the magnetic field towards the equator
at 22:30 LT at 250-450 km. These results are consistent with the result of vpn and vap in
Figure 3c,e. Figure 4c,d show the vpe,, and vpn_ in the zonal plane during daytime
and nighttime. At 11:35 LT, plasma velocity shows strong perpendicular magnetic field
westward at the altitude of 100 to 500 km which is consistent with the result of vpe shown
in Figure 3a. Plasma shows the obvious perpendicular magnetic field northward at the
altitude of 200 to 300 km but the perpendicular magnetic field southward above 300 km
which is different from the result of vy, shown in Figure 3b. At 22:30 LT, Vpepy shows
a strong perpendicular magnetic field eastward component which is consistent with the
result of vpe shown in Figure 3a, but vpngw shows perpendicular magnetic field northward
which is inconsistent with the Vpn of almost 0 m/s at that time in Figure 3b. That is what
Equations (12)—(16) tells. In meridional plane, the difference between vpn ., and vpn is
about +0.015keve, which might be 1.5 m/s or —1.5 m/s assuming that v, is 100 m/s at
daytime or —100 m/s at nighttime. Similarly, the difference between Vaps and Vap will be
about —3 m/s or 3 m/s at daytime or nighttime. This is a tiny difference compared to its
own value of vpn or vap. In the zonal plane, the difference between Vpepw and vpe is also
small. However, the difference between Vpngy and vpy is about 43.8 m/s or —43.8 m/s
with the assumption of 100 m/s or —100 m/s of ve. This caused an obviously decreased
and increased difference between vpn, and vpn at daytime and nighttime, respectively,
which could not be ignored.

a
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Figure 3. The distribution of vector plasma drift: (a) the component of perpendicular magnetic field

to eastward, (c) the component of perpendicular magnetic field to northward, (e) the component of

antiparallel magnetic field and its error (b,d,f) with altitude and local time on 27 March 2021.
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Figure 4. The distribution of vector plasma drift in meridian (a,b) and zonal (c,d) planes at daytime
and nighttime on 27 March 2021. Gray dotted lines marked the magnetic lines in (a,b).

4. Result and Discussion

With the above example, we find that the accurate three components of plasma
drift velocities can be obtained with NS + EW scanning beams, or relatively reliable two
components of Vpn and Vap can be obtained with NS scanning beams, but with only EW
scanning beams, the estimated vy, are very different from the actual vpn. Therefore, it
is not recommended to use only EW scanning beams for plasma drift detection; instead,
the beams can be performed scanning in the meridian (NS) and cross-shaped (NS + EW)
planes to obtain the spatial distribution of the plasma drift. The detection modes used
during 11-28 May were all the same as NS scanning beams. In Figure 5, the variation of
Vpn With local time (04:00 LT-21:30 LT) of 300 km altitude is shown as gray dots, while the
median value of vy, is calculated and plotted together in this figure as red dots. vpn shows
a clear day-to-day variation and will be distributed in a speed range with a difference of
about 40 m/s at the same local time. However, Vpn shows a similar trend during these
days, as presented by the median values: the velocity approaches 0 m/s or shows negative
values during the night, turns positive at sunrise (around 05:30 LT), and continues to
increase, reaching a maximum value of about 20 m/s before noon (around 10:00 LT), then
decreases slightly in the afternoon but remains positive, and gradually decreases to <0 m/s
around evening with no significant PRE at sunset, showing a negative value for most of
the nighttime. The solar flux in May 2021 was at a low level (averaged value of £107:79)
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and geomagnetic conditions were quiet (Kp < 3 for 93% period time). These results are
consistent with Jicamarca’s previous observations [16,22].

=N W AW
I I

202105

|

¢ median

PR
e e o o o <

1
0y

|

FNQl FEETIFTTT FEN T FRUTE FETEN PR FERES FEOTt FEvTi

wn

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Time (LT)

Figure 5. The local time variation of vpn at 300 km altitude during 11-28 May (gray dots) as well as
its median value (red dots).

To discuss the reliability of the plasma drift inversed by SYISR’s observations in
scientific studies, we give two examples as follows. The first one is the statistical correlation
of the vpn with the crest-to-trough ratio (CTR) of EIA for total electron content (TEC) in
May. The EIA is formed mainly from the removal of plasma around the geomagnetic
equator, creating the trough above the equator, and consequently, the two crests off the
equator at an altitude in both northern and southern hemispheres, which is influenced by
chemistry, neutral wind, E x B drift and ambipolar diffusion. The EIA varies with time of
day, season and level of solar activity, and has large day-to-day variability mainly due to the
variability of E x B drift [23]. With the evolution and enhancement of EIA, density above
the trough would decrease and densities at crests would increase. When the E x B drift is
stronger, the density above the trough is smaller. To characterize the EIA variations, CTR
is usually used to represent EIA strength, which is mainly linked with the zonal electric
field and used to study the occurrence of irregularities and scintillation [24]. The product
of a 15 min global ionospheric TEC map (GIM) has been used [25]. Figure 6a shows an
overview of the local time variation of EIA in the longitude of 110°E, Figure 6b shows
the TEC differences with its median value, and Figure 6c shows the v, at the altitude of
300 km. In detail, the monthly median pattern of EIA is shown in Figure 7a. The variation
of the correlation coefficient of crest-to-trough ratio (CTR) and vy from 07:00 LT-19:00 LT is
shown in Figure 7b. CTR is calculated by employing the same equation of Xiong et al. [26]
represented by (N+S)/2T, where N(S) represents the TEC above the northern (southern)
crest and T represents the TEC at the trough. The red rectangle indicates the number of
data pairs for which this correlation coefficient is calculated. The correlation coefficient
is close to 0 at 07:00 LT, basically negative in the morning hours, gradually reversing to
positive at noon, and maintaining a relatively high positive correlation after 14:00 LT. The
observed data pairs are less than 20 at 07:00 LT-10:00 LT and 19:00 LT, which may have the
effect of small samples with unstable statistical results. The negative correlation coefficient
before noon could most probably be caused by the asymmetry of the EIA modulated by
the meridional wind in May in the morning-noon sector. Due to the summer-to-winter
trans-equatorial wind, the northern crest of EIA is much less developed and the southern
crest is enhanced. There is no obvious double-crest of EIA in May before 12:00 LT, although
there is large vpn in the morning-noon sector shown in Figure 5. The high correlation
coefficient between vy, and CTR after 14:00 LT indicates that vy, is a key parameter that
affects the evolution of EIA and can be used in the study of middle-low latitude ionospheric
parameters of short-term forecasting and day-to-day variability.
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Figure 6. (a) The local time variation of EIA TEC from GIM TEC in the longitude of 110°E, (b) its
differences with median value and (c) vpn at altitude of 300 km (blank areas meaning missing data).
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Figure 7. (a) The local time variation of monthly median pattern of EIA calculated from GIM TEC in
the longitude of 110°E, (b) the local time variation of correlation coefficient between vpn and CTR,
the number of data points to calculate the correlation coefficient marked in red bars.
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The second is the application of the inverse drift with a latitude-altitude spatial
distribution in the study of the ionospheric storm. Figure 8a shows the variation of
interplanetary magnetic field (IMF) B, component in GSM coordinates obtained from
OMNI database, the dawn—dusk component of interplanetary electric field Ey, Dst index.
Figure 8b shows the local time variation of vp, at 300 km altitude on 18 May as well as its
monthly median value. Figure 8c shows the distribution of the peak electron density height
(Hm) derived from the SYISR electron density profile on 18 May as well as its monthly
median value. As shown in Figure 8a, a minor geomagnetic storm occurred on 18 May
with Dst minimum of —31 nT. IMF B, experienced two southward excursions at 08:00 LT
and 11:30 LT as well as the enhancements of Ey at the same time, corresponding to two
enhancements of Vpn at 300 km altitude with magnitudes of 5-15 m/s in Figure 8b. After
08:30 LT, Hy, lifts rapidly from 264 km to 383 km, then drops slightly to 378 km, but lifts
again to 386 km after 12:30 LT in Figure 8c. Because of the experiment interruption, vpn and
electron density after ~14:10 LT on 18 May are absent. Both the interplanetary parameters
and vpp as well as Hy, indicate that there were eastward penetrating electric fields taking
effect during this period in the East Asia region. Figure 9 shows the distribution of relative
electron density and plasma drift (white arrows) in the meridional plane at 12:30 LT on
18 May, with black arrows marking the monthly averaged plasma drift pattern and gray
dashed lines showing the magnetic lines. For the average pattern of drift at 12:30 LT,
the velocities in the meridional plane show basically northward perpendicular to the
magnetic field lines, with no apparent velocities along the equatorward or poleward along
the magnetic field lines. In comparison, drifts on 18 May show a significant increase in
the velocities northward perpendicular to the magnetic field lines and poleward along
the magnetic field lines below 500 km where the errors are within the acceptable range,
which contributes to the significant increase (80-100%) in electron density at high altitudes
over the latitudes 15-22°. The TEC over the whole EIA region was greatly intensified
during this period as illustrated in Figure 6a, which is associated with an electrodynamic
process due to the penetration electric field. More physical mechanisms will be discussed
in subsequent scientific study, but this unique spatial distribution of plasma drift velocities
at low latitude provides rich and fine information on the geomagnetic storm effect, which
facilitates the study of the ionospheric response at smaller scales and helps to understand
the magnetosphere-ionospheric coupling processes.
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Figure 8. (a) The local time variation of Ey (blue), IMF B; (green) and Dst (red) index on 18 May, (b) the
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local time variation of vpn at 300 km altitude on 18 May (red) as well as its median value (black),
(c) the distribution of the peak electron density height derived from SYISR electron density profile on
18 May (red) as well as its median value (black). The absence of vpn and electron density after ~14:10

LT on 18 May because of the experiment interruption.
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Figure 9. The distribution of relative electron density and plasma drift (white arrows) at 12:30 LT on
18 May in meridian plane, median pattern of plasma drift showed with black arrows. Gray dotted
lines marked the magnetic lines.

5. Conclusions

Based on the newly established advanced modular phase array ISR in the eastern
hemisphere at low latitudes, SYISR, we designed three beam-scanning modes in meridian,
zonal and cross-shaped (both meridian and zonal) planes for plasma drift detection of
SYISR. The inversion method based on Bayesian estimation was applied in drift inversion.
By two methods of inversion window setting, the altitude profile and distribution in
longitude/latitude and altitude of plasma drift were presented. The altitude profile of all
three components of plasma drift (vpe, Vpn and vap) could be inversed by LOS velocity
from cross-shaped beam scanning mode, with the error of 1 m/s for vp, and 2 m/s for
Vpe and vap. The distribution of the low-latitude plasma drift in the meridian plane was
first presented with meridian beam scanning mode on March/May 2021. It shows a clear
perpendicular magnetic field northward and parallel magnetic field poleward during
daytime and a completely parallel magnetic field equatorward at nighttime. A statistical
correlation coefficient between the vp, and CTR of TEC shows that for the May condition
Vpn is an important parameter to control the daily evolution of EIA in the afternoon sector.
A case study of minor magnetic storm response in plasma drift shows that the inversed
plasma drift can be a good indicator in response to the solar wind changes and explain
the ionospheric electron density changes at low latitudes. This study proves that the
SYISR-measured plasma drift is reliable and will play an important role in the atmosphere—
ionosphere-magnetospheric coupling study in the East Asian region.
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