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Abstract

The electron/ion density/temperature and ion velocities observed by the ROCSAT-1 and DEMETER satellites are
used to examine the daytime wavenumber-4 (WN4) feature in the equatorial/low latitude ionosphere during vari-
ous months and solar activity levels of 1999-2010. A moving median process has been employed to isolate WN4
features and calculate their amplitudes, while the upward ion drift is used to estimate electric fields. The ROCSAT-1
and DEMETER ion density, ion temperature, and ion velocity generally yield prominent WN4 features over the center
of Pacific Ocean, the west side of South America, the center of the Atlantic Ocean, and Southern India. The correla-
tion coefficient between the deviation of ion density and upward ion drift is significant during high solar activity

of 1999-2004, while it approaches to zero during low solar activity of 2004-2010. This confirms that the longitudi-
nal variation of the upward ion drift is essential during high solar activity, and the associated amplitude of dynamo
eastward electric field is in the range of 0.10-0.14 mV/m, which is 15-19% of daily dynamo electric field. By contrast,
the deviation of the ion density and the northward field-aligned ion flow show a clear anti-correlation which yields
a maximum coefficient in August during low solar activity but no correlation during high solar activity. These indicate
that the longitudinal variation of the meridional field-aligned ion flow could play an important role during low solar
activity, and its amplitude is in the range of 10.44-13.91 m/s, which is 10-13% of the ambient ion flows.
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1 Introduction

Wavenumber-four (WN4) structures in the ionosphere
have been intensively studied using the nighttime OI
135.6-nm emission (Sagawa et al. 2005; Henderson et al.
2005; Immel et al. 2006), ionospheric total electron

*Correspondence:

Chi-Kuang Chao

chikuang.chao@g.ncu.edu.tw

! Department of Space Science and Engineering, National Central
University, No. 300, Zhongda Rd., Zhongli District, Taoyuan City 320317,
Taiwan

2 Center for Astronautical Physics and Engineering, National Central
University, Taoyuan City 320317, Taiwan

3 Center for Space and Remote Sensing Research, National Central
University, Taoyuan City 320317, Taiwan

@ Springer

content (TEC) (Lin et al. 2007), magnetometer observa-
tions of the equatorial electrojet (England et al. 2006), ion
species in F-region (Bankov et al. 2009), and vertical ion
drift velocity (Hartman and Heelis 2007; Kil et al. 2007;
Fejer et al. 2008; Liu et al. 2023). Clear WN4 features can
be observed over the center of Pacific Ocean (PO), the
west side of South America (SA), the center of the Atlan-
tic Ocean (AO), and Southern India (SI). There is strong
evidence that the WN4 feature is associated with diurnal
eastward wavenumber 3 (DE3) nonmigrating tides since
the tidal winds contribute to the E-region electric fields
which in turn map to the F-region and modulates vertical
E xB plasma drifts that finally control the EIA structure.
(Immel et al. 2006; Hagan et al. 2007; Wan et al. 2010).
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Lin et al. (2007) examined electron density profiles
sounded by FORMOSAT-3/COSMIC (Constellation
Observing System for Meteorology lonosphere and
Climate) in 2006 and found that the WN4 structure of
TEC starts to develop at 0800-1000 local time (LT) and
becomes the most prominent at 1200-1600 LT. Kil et al.
(2008) and Fejer et al. (2008) studied ROCSAT-1 (Repub-
lic of China Satellite 1) data and reported that during
0900-1200 LT equinox and June solstice, WN4 peaks in
vertical ion drift velocity appear collocated with longitu-
dinal maximums in ion density. These studies show that
WN4 becomes prominent during the daytime. Bankov
et al. (2009) examined observations of DMSP (Defense
Meteorological Satellite Program) and DEMETER
(Detection of Electromagnetic Emissions Transmitted
from Earthquake Regions) in 2004, and propose that lon-
gitude variations of WN4 structures driven by F-region
winds are present at all local times in the topside iono-
sphere and modulate the magnitude and location of the
peak WN4 variations during the daytime and the night-
time. Kakinami et al. (2011) analyzed observations of
DEMETER from July to October 2007 and Hinotori
from July to October 1981, and suggest that longitudinal
structure of electron density in the topside ionosphere
is produced not only by the modulated electric field by
nonmigrating tides in the dynamo region but also by
meridional wind effects at the satellite altitude. On the
other hand, Wan et al. (2008) examine the WN4 inten-
sity in TEC under 3 solar activity levels of F10.7 <120,
120<F10.7< 160, and F10.7>160 and find that the WN4
intensity in TEC is increased with solar flux. Oberheide
et al. (2009) reported that solar cycle effects become
more important above 120 km in the E region, where
DE3 tidal winds modulate the electric fields. Onohara
et al. (2018) analyzed FORMOSAT-3/COSMIC observa-
tions and found that the DE3 amplitude in hmF2 is the
most prominent in high solar activity period of 2013,
while that in NmF2 is pronounced during 2007, 2008,
and 2015. These results indicate strong solar activity
dependency in WN4 features. In this paper, to derive the
dynamo electric field mapped from the E-region and to
clarify the WN4 response of ion velocities to solar activ-
ity, we examine observations from the ROCSAT-1 and
DEMETER satellites, and find the correlation between
ion density and vertical/meridional ion velocities, and
compute the associated dynamo electric fields over WN4
in various months and years.

2 Observation

ROCSAT-1 had a circular orbit at an average altitude of
600 km with an inclination of 35° (Chang et al. 1999; Su
et al. 1999; Yeh et al. 1999). Its low-inclination orbit ena-
bled ROCSAT-1 to sample the low latitude ionosphere
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within+35° geographic latitude during all local times
approximately every 25 days. IPEI (Ionospheric Plasma
and Electrodynamics Instrument) onboard ROCSAT-1
measures the ion density (N,), ion temperature (T)), as
well as upward ion drift perpendicular to the magnetic
field on the meridian plane (V,) and northward field-
aligned ion flow (V,) during March 1999-June 2004. On
the other hand, DEMETER traveled in a circular sun-
synchronous orbit with the descending node at 1030LT
and ascending node at 2230LT, an altitude of 660 km, and
an inclination of 98°, with observations covering+65°
geomagnetic latitude every 15 days (Cussac et al. 2006).
Onboard measurements of plasma quantities include
ISL (Instrument Sonde de Langmuir) observations of the
ion and electron density (N; and N,) and electron tem-
perature (T,), and IAP (Instrument d’Analyse du Plasma)
measuring the ion temperature (T,) and ion velocities
(V, and Vy) during July 2004—December 2010. For cross-
comparisons, DEMETER ion velocities (V, and Vy) have
been converted to the magnetic coordinate. ROCSAT-1
plasma data in January and March 2001 are discarded
owing to an insufficient number of available data points
to construct constant LT maps. The accuracy of the ion
drift meter onboard the satellite depends on the propor-
tion of oxygen ions and light ions such as hydrogen ions
since oxygen ions produce a sharper spot than hydrogen
ions on the collector on IAP, which improves the accu-
racy of the velocity direction measurement (Berthelier
et al. 2006). Thus, ion velocities probed by the ion drift
meter with the percentage of hydrogen ions above 15%
have been removed in the following study. The ROC-
SAT-1 and DEMETER data allow us to examine the WN4
response to the high solar activity years of 1999-2004
(average F10.7=160.5 sfu) and low solar activity years of
20042010 (average F10.7=82.4 sfu), respectively. Their
upward ion velocity measurements are further used to
estimate the dynamo electric fields.

We focus on quiet time (Kp <3) observations of ROC-
SAT-1 during 0900-1200 LT and DEMETER at 1030 LT
in the equatorial/low latitude ionosphere within + 30° dip
latitude. The ion density, ion temperature, and ion veloc-
ity probed by the two satellites, are smoothed by a mov-
ing window of 20° in latitude by 20° in longitude, sliding
by 2° in latitude and 10° in longitude, to obtain mean
values without high-frequency and unwanted noises. Fig-
ure 1 displays prominent WN4 features in ROCSAT-1 N,
T, and V, as well as in DEMETER N;, N, T;, T,, V,, and
V, within+15° dip latitude. However, no clear features in
ROCSAT-1 V, can be observed around the dip equator.
Similar patterns of N, versus N; and T, versus T, probed
by DEMETER reveal the characteristics of quasi-neu-
trality and thermal equilibrium. Following Bankov et al.
(2009), to further recognize the WN4 signature, large
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Fig. 1 Constant LT maps of plasma quantities probed by a ROCSAT-1 in 0900-1200LT in September 2000 and those by b DEMETER at 1030LT
in September 2006. The spatial resolutions are 2° in dip latitude and 10° in geographic longitude. The monthly median of F10.7 in September 2000

and 2006 is denoted in the figure

scale variations are removed by applying the deviation
data 8A =smooth(A) — median(A), where smooth(A) is
the smoothed constant LT map (Fig. 1), and median(A)
is 90° (i.e.+45°) longitudinal running median. Figure 2
illustrates pronounced WN4 signatures in ROCSAT-1
ON,, 8T;, and 8V, and those in DEMETER 8N, 6N, 6T,
8T, 8V, and 8V, within+15° dip latitudes. It can be
found that the weakest signature over the AO in Fig. 1
has been remarkably enhanced in Fig. 2. Similar to Fig. 1,
no obvious features in ROCSAT-1 8V, can be observed.
By contrast, over the WN4 longitudes, DEMETER &V,
is positive, while the associated 8V, is mainly negative
except for AO. In general, DEMETER WN4 signatures
can be found around the dip equator over PO, SA, and SI,
while a weak one over AO tends to move toward south
side of the dip equator.

Figure 3 illustrates that the monthly variation of all
plasma quantities within+15" dip latitude yield very
similar WN4 patterns during 1999-2010. Due to the
Coulomb cooling process, 8T; tends to have an oppo-
site polarity to ON;. The WN4 signatures of ON; and
0T, over the PO simultaneously shift 10-20 longitudes
toward west in January-June and backward east in July-
December, while those over SA shift 10-20 longitudes

toward east in January-June and backward west in July-
December, which reveals a C-shape and an inverted
C-shape features, respectively. It should be noticed that
ROCSAT-1 8V, and DEMETER 38V, also yield the same
behavior. Figure 3a displays that for ROCSAT-1, 6N;, 6T,
and 8V, exhibit very prominent WN4 features mainly in
March equinox months (i.e., February-April) and Sep-
tember—November during 1999-2004. Note that no
similar features can be found in 3V,. By contrast, for
DEMETER, Fig. 3b depicts that WN4 signatures in 8V,
can be identified from September to December, and how-
ever three troughs in 8V, over the PO, SA, and SI are
clearly observed during 2004-2010.

Figure 4, extracting data used in Fig. 3, illustrates the
correlation of 8N; vs 8V, and 8N; vs 8V, observed by
ROCSAT-1 (i.e., high solar activity), and those by DEM-
ETER (i.e., low solar activity). For the high solar activity
period, the correlation coefficient of 6N; vs 8V,, R(8N;
vs 0V,)=0.64 (0.62, 0.67), shows that WN4 signatures
are significantly related to the deviation of the upward
ion drift (Fig. 4a). Here, the numbers in the parentheses
stand for the associated 95% confidence interval for the
correlation coefficient. When the 95% confidence interval
includes 0, the data do not provide significant evidence at
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Fig. 2 Deviation LT maps of the plasma quantities of a ROCSAT-1 in 0900-1200LT in September 2000 and those by b DEMETER at 1030LT

in September 2006. The spatial resolutions are the same as Fig. 1

level 0.05 for different proportions (i.e., the proportion-
difference is not significant) (Klotz and Johnson 1983).
By contrast, R(6N; vs 8V,)=0.11 (0.06, 0.15) suggests
the correlation being rather weak. Nevertheless, these
results show that the longitudinal variation of the upward
ion drift is the dominant WN4 formation mechanism
during the high solar activity. For the low solar activity
period, on the other hand, R(8N; vs 8V,) =—0.02 (—0.06,
0.01) indicates that the deviation of the upward ion drift
is insignificant to the WN4 features. In contrast, anti-
correlation of R(SN; vs 6Vy) —0.45 (-0.48, —0.41) sug-
gests that the deviation of the meridional ion flows better
correlates with WN4 features in the deviation of the ion
density.

Table 1 lists the WN4 amplitudes of the deviation of
the ion density, ion temperature, and ion velocities at
the four longitudes during the high and low solar activi-
ties. The overall amplitude is calculated by the average
of amplitudes over the four WN4 longitude regions. The
overall amplitudes of 8N; and 8T, during the high (low)
solar activity are 0.58 (0.13) x 10° #/cm® and 22.73 (62.35)
K, which reveals that 8N; is larger in the high solar activ-
ity, while 8T is oppositely greater in the low solar activity.
Based on R(SN; vs 8V,) of ROCSAT-1 and R(SN; vs 6Vy)
of DEMETER being significant (Fig. 4), we calculate the

WN4 amplitudes of ROCSAT-1 8V, and those of DEM-
ETER 8V,. Amplitudes of 8V, range from 3.67-3.90 m/s
with an average of 3.79 m/s. According to Kelley (2009)
and magnetic fields from International Geomagnetic
Reference Field, amplitudes of the associated eastward
dynamo electric fields ranging from 0.10-0.14 mV/m
with an overall average of 0.11 mV/m are derived by
8V,. On the other hand, amplitudes of 8V, range from
10.44-13.91 m/s with an average of 12.06 m/s during
the low solar activity. To remove the ambient effect, the
normalized WN4 amplitude SA(= %), where
A is the plasma quantities, amp(8A) is the amplitude of
deviation plasma quantities over four WN4 regions, and
median(8A) is the median value of the deviation plasma
quantity in overall longitudes. Table 2 displays that 3N;
(8T;) at the four WN4 regions are either equal or larger
in the high (low) solar activity, except 3Nj at PO. Table 1
depicts that the amplitude of 8N; is larger in the high
solar activity and 8T; is greater in the low solar activity,
while Table 2 reveals that ROCSAT-1 §T; is larger in low
solar activity. Results from Tables 1 and 2 confirm that
the influence of solar activity on 8N; and 8T, are signifi-
cant, and however that on 3N; and 8T are insignificant.
We further examine monthly variations of R(8N; vs
dV,) and R(3N; vs 8V,) during the two solar activities.
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Fig. 3 Monthly variations in WN4 signatures of the normalized plasma quantities within+ 15° dip latitudes observed by ROCSAT-1 during a July
1999-May 2004 and DEMETER during b July 2004-December 2010. The plasma quantities in each longitude are divided by their associated

longitudinal maximum, and therefore the quantities are unitless

Figure 5a shows that R(8N; vs 8V,) are all positive in vari-
ous months, and yield a maximum value, 0.73, in August
of the high solar activity years, while R(8N; vs 8V,) are
positive in March-September with a maximum in June,
but negative in November-February with a minimum
in December. Figure 5b illustrates that the coefficients
R(SN; vs 8V,) fluctuate around zero, while R(SN; vs 6Vy)
are negative in all months with a maximum, 0.62, in
August during low solar activity. Results in Fig. 5 show
that the deviation of EXB drift is essential to the WN4
feature in various months during high solar activity, while
the deviation of meridional field-aligned ion flows is sig-
nificantly anti-correlated to that of ion densities, espe-
cially in June—September, in the low solar activity period.

3 Discussion and conclusion

Previous studies (Lin et al. 2007; Kil et al. 2007; Kakinami
et al. 2011) reported clear WN4 features in the electron
density, electron temperature, ion density, upward ExB
drift, etc., which agree with those observed by ROC-
SAT-1 and DEMETER (Fig. 1). However, strong WN4
signatures in V, and 8V, as well as insignificant signa-
tures in V, and &8V, in Figs. 1b and 2b evidently show

that the meridional ion flows are rather prominent than
upward EXB drifts over WN4 regions during the low
solar activity. A comparison between Figs. 1 and 2 sug-
gests that the deviation data process proposed by Bankov
et al. (2009) is useful to isolate the amplitude of WN4
signatures. Figures 1 and 2 show a clear anti-phase rela-
tionship between N; and T; (8N, and 6T;) due to the Cou-
lomb cooling process. Here, WN4 signatures in the ion
temperature might be for the first time reported. Bankov
et al. (2009) found that the WN4 signature in DEMETER
N, and ON; over AO, where the declination is negative, is
located southward of the magnetic equator, which can
be explained by the combined effects of ExB drifts and
meridional neutral winds. Figures 1b and 2b show that
the WN4 signatures in N; and 8N; over AO is shifted
toward south side of the dip equator, which agrees with
Bankov et al. (2009). Meanwhile, Figs. 1b and 2b also
show prominent WN4 in V, and 8V,, which once again
agrees with Bankov et al. (2009) that the WN4 in the ion
density is related to meridional neutral winds in low solar
activity periods. Figure 3 illustrates that WN4 features
in 8N,, 8T, and 8V, become pronounced in March and
September—November during high solar activity years
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Fig. 4 Scatterplots of 8N; vs 6V, and 8N, vs 8V, observed by a, b ROCSAT-1 and ¢, d DEMETER. The black lines are the linear regression lines. The
numbers in the parentheses stand for the associated 95% confidence interval for the correlation coefficient

Table 1 Amplitudes of WN4 Observed by ROCSAT-1 and  Table 2 Normalized Amplitudes of WN4 Observed by ROCSAT-1

DEMETER and DEMETER

ROCSAT-1 PO SA AO SI Overall ROCSAT-1 PO SA AO SI Overall

ON; (x 10° #/cm3) 0.50 043 048 0.85 0.58 ml 0.10 0.09 0.10 0.18 0.12

oT; (K) 17.68 2045 21.05 31.73 22.73 8T, 0.01 0.02 0.02 0.02 0.02

8V, (m/s) 3.70 3.88 3.67 3.90 3.79 3V, 0.15 0.15 0.15 0.16 0.15

DEMETER DEMETER

8N, (X 10° #/cm?) 0.15 0.10 0.07 0.18 0.13 SN 014 0.09 007 017 012
I

8T, (K) 5192 5434 5045 8063 6235 5T 003 003 003 005 003
‘ I I X X I

8V, (m/s) 1044 1391 1185 1205 1206 N 007 010 008 008 008

y

of 1999-2004. The good agreement between the previ- Hartman and Heelis (2007) found that there is a seasonal
ous and current studies confirms that plasma quantities  variation of DMSP vertical E x B drifts (i.e. V,) associated
of the electron/ion density, electron/ion temperature, with WN4 shifting east during northern summer and
and ion velocity can be used to examine WN4 signatures. ~ west during northern winter, which generally agrees well
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with Fig. 3 that WN4 in ROCSAT-1 8N,, 8T, and 8V,
as well as DEMETER 8N, 8T, and 8V, over SA (nega-
tive declination) displays the prominent inverse C-shape
longitudinal motion toward the east in January-June and
backward the west in July-December. Figure 3 also shows
the C-shape longitudinal motion of WN4 in the above-
mentioned parameters over PO (positive declination),
which confirms the meridional wind effect being signifi-
cant on different orientations of the magnetic meridian.
The similar C-shape behavior in ROCSAT-1 6N, 8T, and
dV,, as well as DEMETER 8N, 8T, and 8V, strongly indi-
cates the relationship between the deviation of vertical
E X B drift (meridional ion flow) and WN4 features in 8N;
and 0T, in the high (low) solar activity.

The correlation of R(ON; vs §V,) =0.64 (0.62, 0.67) dur-
ing 0900-1200LT in Fig. 4a shows that the upward ExXB
drift can significantly contribute to the WN4 formation
in the morning period, which agrees with those reported
by Kil et al. (2008) and Fejer et al. (2008). Meanwhile,
Bankov et al. (2009) and Kakinami et al. (2011) suggest
that the WN4 longitudinal structure might be also related
to meridional winds. Additionally, Chang et al. (2020)

7

8 10 11 12

©

Month

Fig.5 R(ON; vs &V,) and RGN, vs 6V,) in various months and solar activities. Error bars are the upper and lower bounds for a 95% confidence interval

and Liu et al. (2023) report that summer-to-winter winds
(or meridional field-aligned flows) significantly modify
the longitudinal distribution of electron and ion density
at the magnetic equator during low solar activity peri-
ods. Nonlinear wave interactions of the tides responsible
to meridional winds, the offset of the magnetic equator,
and the DE3 nonmigrating tide will give modifications
of the WN4 structure in the electron density in different
tidal modes (¢f. England et al. 2010; Chang et al. 2013).
During the low solar activity, the correlation of R(8N; vs
d8V,)=-0.02 (—0.06, 0.01) indicates that the deviation of
upward EXB drifts at the dip equator are insignificant
(Figs. 4c), and however, R(ON; vs 8Vy)=—0.45 (—0.48,
—0.41) shows that the deviation of southward meridi-
onal ion flows to the WN4 ion density features plays an
important role (Fig. 4d). This indicates that the deviation
of the meridional ion flows becomes more related to the
WN4 feature in the low solar activity. The correlation
results in Fig. 4 well agree with the solar activity depend-
ence of WN4 features seen in Figs. 1, 2, 3.

Tables 1 and 2 list the WN4 amplitudes and the
normalized ones of the plasma quantities in various
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longitude regions and solar activity levels. The ampli-
tudes of ON; are proportional to solar activities, which
agrees with Wan et al. (2008) and Onohara et al. (2018).
On the other hand, the amplitudes and normalized ones
of 8T, which might be for the first time reported, are
found to be inversely proportional to solar activity. These
show that the ion density and ion temperature are better
to study WN4 features during high and low solar activi-
ties, respectively. Moreover, the amplitudes of 8V, seem
consistent with variations in the vertical drift reported by
the previous studies (Hartman and Heelis 2007; Kil et al.
2007; Fejer et al. 2008) during high solar activity periods.
This agreement confirms that the vertical drift is essen-
tial to the WN4 signature during high solar activities.
The amplitudes of the associated dynamo electric fields
are also derived. Based on Cheng et al. (2022) that derive
the daily dynamo electric fields using the vertical ExB
drifts, the amplitudes of the electric fields over the WN4
regions are 15-19% to the daily dynamo electric fields.
On the other hand, the significant correlation of R(6N; vs
6Vy) =-0.45 (—0.48, —0.41) allows us calculating ampli-
tudes of 8V,. Table 1 depicts that the amplitude of 8V,
lies between 10.44 and 13.91 m/s, which is about 10-13%
to the associated ambient ion flows. These indicate that
the meridional ion flow plays an important role to modu-
late the WN4 feature during low solar activities, and the
amplitude of the deviation of ion flows is for the first time
reported.

Scientists (Kil et al. 2008; Fejer et al. 2008) find that
daytime upward drifts have strong WN4 signatures dur-
ing equinox and June solstice, which agrees well with
Fig. 5a that correlation coefficients of the deviation of
the upward EXB drift versus that of the ion density are
significant in all months and yield the prominent ones in
June—September during the high solar activity period. On
the contrary, Fig. 5b exhibits that correlation coefficients
of the deviation of the upward EXB drift are mostly
insignificant, and however, correlation coefficients of the
deviation of the southward ion flow become pronounced
in all seasons of low solar activity periods. Note that the
tendency of monthly variations of R(8N;, 6V,) and R(SN;,
dV,) are similar exhibiting minimums during June-
September, which generally agrees with June-October
reported by previous scientists (Forbes et al. 2008; Kil
et al. 2008; Pedatella et al. 2008; Ren et al. 2008; Liu et al.
2009; Hausler and Lithr 2009). In addition, Fig. 5b shows
that the deviation of southward flows becomes more cor-
related to that of ion densities rather than upward ExB
drifts, especially in August during low solar activity peri-
ods. Nonetheless, the negative R(8N;, 8V,) in various
seasons shown in Fig. 5b well agrees with Fig. 4d, which
confirms that the deviation of southward ion flows has a
strong relationship with that of the ion density over the
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WN4 regions during low solar activity. To explore the
response of WN4 to various solar activities in detail, we
further subgroup the ROCSAT-1 and DEMETER dataset
into 4 solar activity levels from high to low: F10.7>170
(SA1), 130 <F10.7 <170 (SA2), 80 <F10.7 < 130 (SA3), and
F10.7 <80 (SA4). Figure 6 illustrates that R(ON; vs 8V,)
in SA1, SA2, and SA3 are 0.69, 0.62, and 0.39, respec-
tively, which shows that dN; is proportional to dV,. This
agrees with that the WN4 intensity in TEC is increased
with solar flux reached by Wan et al. (2008). Notice that
R(8N; vs 8V,) of —0.04 in SA4 is insignificant due to the
95% confidence interval including 0. These indicate that
the deviation of the vertical ion drift to the WN4 peaks
of 8N plays an important role during the high solar activ-
ity. Figure 7 depicts that R(8N; vs 8V,) yield small val-
ues of 0.16, 0.03, and —0.05 during SA1, SA2, and SA3.
Note that the latter two include 0, and therefore, these
three correlations are generally insignificant. By contrast,
R(ON; vs SVY) of —0.44 in SA4 shows that the deviation of
the southward ion flow is related to that of the ion den-
sity during the low solar activity.

Since DEMETER flew at sun-synchronized orbit of 98
degrees and ROCSAT-1 flew at 35 degrees inclination,
there might be effects of the orbit inclinations embed-
ded in the ion velocity data. Thus, ion parameters meas-
ured by ICON/IVM, flying at a satellite inclination of 27
degrees and in low solar activity years of 2019-2022, are
used to cross-compare with our results. Figure 8 depicts
prominent WN4 features in ICON V,, which agrees
with Fig. 1b except for AO. In addition, N;, T}, and V,
for ROCSAT-1 (Fig. 1a), DEMETER (Fig. 1b), and ICON
(Fig. 8) exhibit similar longitudinal pattern at various
solar activity levels and satellite inclinations. These simi-
larities show that the WN4 longitudinal pattern in the
ion parameters can be clearly detected regardless satellite
inclinations.

Majority of the previous studies suggest the same that
low solar activity prompts clearer WN4 or DE3 patterns.
However, Wan et al. (2008) reveal that WN4 intensity
in TEC is stronger during high solar activity, while Wan
et al. (2010) find that the MLT parameters of TEC and
neutral winds in DE3 are stronger during low solar activ-
ity. TEC is the integration of electron density along the
altitude. As a result, TEC and its WN4 intensity should be
dependent on #mF2 and NmF2. Note that Onohara et al.
(2018) find that WN4 in #mF2, which is mainly modu-
lated by the vertical ExB drift, is stronger in high solar
activity, while WN4 in NmF2 is stronger in the low solar
activity. In the meantime, Figs. 1, 2, 3 illustrate that V,
and 8V, (V, and 8V,) exhibit prominent WN4 signatures
and Figs. 4, 5, 6 depict that the correlation coefficient of
dN; and 8V, (8N; and 8V,) is more significant in the high
(low) solar activity. Our results and previous studies of
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Fig. 8 Constant LT maps of plasma quantities probed by ICON IVM-A in 0900-1200LT in September 2021. The spatial resolution is the same as Fig. 1.
The monthly median of F10.7 is 88.4 sfu

Wan et al. (2008), Wan et al. (2010), and Onohara et al.

(2018) show that WN4 signatures in hmE2, NmF2, TEC Council (NSTC) Grant NSTC 112-2123-M-008-003 and MOST 1
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. . . 018 and MOST 111-2111-M-008-031 in Taiwan.
and ion velocities are a function of the

solar activity. In conclusion, upward EXB drifts modu-  Author contributions

lated by the dynamo electric fields is the major driver

publish this paper.

in forming WN4 features during high solar activity, and
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