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Abstract: Based on the plasma parameters measured by the Ion Velocity Meter (IVM) instrument on
the Ionospheric Connection Explorer (ICON) satellite from 2020 to 2021, we present an analysis of
seasonal variations in ion density, ion temperature, and migrating tides in the low-latitude topside
ionosphere. The interannual variations in total ion density and O* density are directly impacted
by solar radiation. However, the concentration of H* is not highly related to solar activity. The
measurements show that the hemispheric dividing latitude for the seasonal variation in T; is at
about 9°N. We suggest that the reason for the hemispheric dividing latitude being 9°N is because
measurements at this geographical latitude represent the closest match to the geomagnetic equator. An
anticorrelation in the seasonal variations between the total ion density (as well as the O* density) and
the ion temperature is observed at all observed latitudes while the correlations between H* density
and the ion temperature are positive in most of the latitudes except for serval degrees around 9°N.
The latitudinal variations in the correlation coefficients lead us to suggest that thermal conduction is
likely more important than ion-neutral collision in the ion energy budget at 600 km. Additionally,
semiannual oscillations with peak amplitudes in winters and summers at the extra-equatorial latitudes
are revealed in the observations of diurnal migrating tides in the topside ionosphere, which are
different from the latitudinal and seasonal distributions of diurnal migrating tides captured in the
lower thermospheric temperature and total electron content.

Keywords: topside ionosphere; satellite; ion density; ion temperature; migrating tides

1. Introduction

The ion density and ion temperature in the topside ionosphere have been studied using
ground-based measurements from incoherent scatter radars [1-6]. Satellite-borne instruments
have also provided in situ measurements of the topside on a global scale [7-12]. Furthermore,
modeling analyses have been developed to understand the behavior of ion compositions
in the topside ionosphere [13-16]. In the recent two decades, in situ measurements by
low-earth-orbit (LEO) satellites have provided high-temporal-resolution, observational
data to understand the ion variations in the topside, such as the Republic of China Satellite
1 (ROCSAT-1), the Communication/Navigation Outage Forecasting System (C/NOES),
and the Ionospheric Connection Explorer (ICON) [17-19]. The ROCSAT-1 was launched
into a circular orbit at the height of 600 km in 1999, which provided in situ observations of
ion density, ion temperature, ion composition, and ion velocity from 35°S to 35°N [17]. The
C/NOFS satellite started its mission in 2008 and measured the same ionospheric parameters
as the ROCSAT-1 but at an altitude range of ~400 to 800 km [18]. However, the ROCSAT-1
ended its mission in 2014, and the C/NOFS shut down its observation in 2015. In October
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2019, ICON was launched which allows us to continuously explore the topside ionosphere
based on in situ observation with high temporal resolutions [20].

Many previous studies have indicated that the topside ionosphere is dominated by O,
H*, and He™" [21-23]. The variations in these ion densities are found to be related to solar
activities [24-27]. Borgohain and Bhuyan [28] found that at 600 km the most dominant
ion, O, exhibits the minimum density before sunrise and the maximum density in the
afternoon, while the density of H*, almost one-tenth the density of O", decreases as the
solar activity increases. Shen and Zhang [29] reported that the density of H* at 670 km in
winter is much greater than that in summer. The variations in ions in the topside ionosphere
are also found to be modulated by many other factors, for example, plasma collisions, tidal
and planetary waves, geomagnetic storms, and sudden stratospheric warmings [20-34].
Tidal oscillations due to solar activity play a significant role in modulating the ionosphere
and thermosphere [9,35-38], especially for the westward migrating tides [39-43]. However,
the characteristics of migrating tides in the topside ionosphere are still not well understood.

Recently, Immel et al. [44] demonstrated that the vertical plasma velocities in the top-
side ionosphere are highly related to the lower thermosphere winds, around 100-150 km,
where atmospheric tides are the most prominent dynamics. To our knowledge, the charac-
teristics of tidal oscillations in the topside ionosphere are not well studied. The mechanisms
of the seasonal variations in the ion compositions in the topside are also rarely revealed. In
the present study, observations of ion density and ion temperature obtained from ICON
are used to investigate spatial and temporal variations in ions and tides in the topside
ionosphere. Data and methodology are present in Section 2. Results and discussions are
given in Section 3. Conclusions are summarized in Section 4.

2. Data and Methodology

The ICON satellite, launched in October 2019, aims to understand the characteristics
of the ionosphere and thermosphere. It consists of four instruments, including the Michel-
son Interferometer for Global High-Resolution Thermospheric Imaging (MIGHTI), the
Ion Velocity Meter (IVM), the Far-Ultraviolet Imager (FUV), and the Extreme-Ultraviolet
Spectrometer (EUV) [20]. The effectiveness of data sets from instruments on ICON has
been proven through comparisons with other satellites, ground-based equipment, and
models [19,45,46]. MIGHTI can measure wind and temperature of neutral species in the
lower thermosphere. EUV and FUYV, respectively, measure the daytime and nighttime
O™ altitudinal profiles. The column density ratio of O to N; can be obtained from FUV.
IVM measures the density, temperature, and composition of ions along the orbits of the
spacecraft. In this study, in situ observations from the IVM are applied to investigate the
seasonal variations in ions in the topside region. The retarding potential analyzer (RPA) in
the IVM is used to measure the ion density, temperature, and composition. The current
in the RPA is given by Equation (2) in Hanson et al. [47]. The retarding potential, ranging
from zero to 25.5 volts, determines the energy of ions that can fly into the collector of the
spacecraft. Therefore, when the retarding grid is stepped through within the range of re-
tarding potentials, ion temperature and composition can be extracted from the normalized
current-voltage characteristic with the least-square fitting method. In addition, a zero volt
of the retarding potential means all the positive ions can enter the collector and total plasma
density is derived. More detailed descriptions of the ion measurements based on the IVM
can be found in Heelis et al. [48]. In this study, the data from the products of Level 2-7
version 05 in ICON/IVM measurements are used.

Flying at a low Earth orbit at about 15 circles per day, ICON/IVM measures the
ion density and temperature every second in the range of 590-607 km. One orbit can be
divided into an ascending leg and a descending leg within the latitudinal range from 27°S
to 27°N. The local times of the observed data in the ascending and descending legs are
not differentiated and there is a daily precession of 0.5 h at a given latitude on a given day.
Therefore, it takes about 46 days to complete the 24 h local time coverage for ICON/IVM
measurements. Thus, results of the daily ion densities and migrating tides are obtained
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based on a 46-day sliding window with a 1-day step. Details of the fitting method are
provided as follows. The fitting is only performed when the data gaps are lower than 30%
in each window. The observed ion density (Ni) or ion temperature (Ti) at a given latitude
and a given altitude can be written as Equation (1) [49]:

_ M S
N(t,A)=N(t)+ ¥ ¥ Ni%cos[swoty +mA + Bsm]+
m=—Ms=1 (1)

lef:_K 2}:1 wacos[(wo/l)tu + kA + @1 k]

which consists of three terms on the right-hand side: the background level, migrating and
non-migrating tides, and stationary and traveling planetary waves, respectively. swy is
the frequency of tides, where wy = 271/24 (h). The second term represents the diurnal,
semidiurnal, terdiurnal, and quarterdiurnal tides withs =1, 2, 3, 4. A, t,and t, are the
longitude, local time, and universal time. m is the tidal zonal wavenumber. Nst% denotes
the amplitude of migrating tides when s = m; otherwise, N%, represents the amplitudes
of non-migrating tides. I and k represent the wave periods (in days) and wavenumbers
of planetary waves. s, ,, and ¢ i are the phase of tides and planetary waves, respectively.
Planetary waves, generated in the troposphere, are usually hard to propagate into the
topside ionosphere. Non-migrating tides are more likely to be influenced by local factors.
Nevertheless, migrating tides induced by solar radiation might be a dominant dynamic in
the topside region. Thus, we extract amplitudes and phases of migrating tides with s = m.
When calculating the zonal mean value, Equation (1) can be expressed as Equation (2):

27
% /0 N(t,A\)dA = N(t) + Zle NI cos(swot + Bs, m) + Ny )

The zonal mean of the observed data is on the left-hand side, and the three terms on the
right-hand side, respectively, represent the background level, migrating tides, and residual
component N,. Thus, the least-square fitting can be performed based on Equation (2) to
derive the amplitude and phase of migrating tides (N% and Bs ). Note that the back-
ground level is regarded as the ion density or ion temperature in the following discussions.
The available data from the ICON/IVM is from 22 October 2019 to 31 December 2021. The
daily variations in the observations in this study are all presented from 6 December 2019,
which are marked at the end date of each 46-day sliding window. Results are shown within
a latitudinal resolution of 3° in case of data gaps. Note that the results in the present study
are shown as a function of geographic latitudes instead of magnetic latitudes. Using the
geographic latitudes can also capture the seasonal tendency of tidal waves and allow us to
derive the zonal mean calculation in the above equations.

3. Observations and Discussions

The topside ionosphere is easily impacted by the geomagnetic force and the solar
force. Figure 1 shows the daily indices of Fig7 indices, the sum of Kp indices per day
(XKp), and Dst indices from 6 December 2019 to 31 December 2021, in correspondence
with ICON/IVM observations. As shown in Figure 1a, the solar radiations are generally
higher in 2021 than in 2020. However, the Kp and Dst indices do not have much difference
between 2020 and 2021. As seen from Figure 1b, the geomagnetic activity was slightly
greater around April 2021 than around April 2020. A strong geomagnetic storm (Kp > 7)
occurred on 4 November 2021, which led to large values of ZKp and Dst.
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Figure 1. Daily variation in the (a) F1py indices (unit: solar flux unit, SFU = 10722 W/m?/Hz),
(b) sum of Kp indices per day, and (c) Dst indices from 6 December 2019 to 31 December 2021.

3.1. Ion Density

Figure 2 presents the daily variations in the total ion density at ~600 km. The total
ion density varies from the minimum of 2.4 x 10* cm~3 to the maximum of 17 x 10* cm 3
during the more than two years of observation. The total ion density reveals similar
evolutions in 2020 and 2021: The density is relatively high around January and April and
comparatively low around August. Around January, a high concentration in the total ion
density is observed mainly in the southern hemisphere (SH). In a latitudinal range between
0 and 9°N, another seasonal enhancement in the total ion density can be seen around April.
The total ion density becomes lower after May and reaches the minimum in July/August
at all latitudes from 27°S to 27°N. Note that the total ion density has different behaviors in
November between 2020 and 2021. The total ion density was enhanced in both hemispheres
in November 2021, while this behavior was not captured in November 2020. A strong
geomagnetic storm (Kp > 7) occurred on 4 November 2021, which may have led to the
enhancement of total ion density in November 2021. However, more observations are
needed from other satellites to better understand this structure. The RPA on ICON/IVM
also provides the ion densities separately for O* and H*, which can be used to understand
the seasonal variations in the total ion density shown in Figure 2. The densities of H* and
O™ are presented in Figures 3a and 3b, respectively.

As shown in Figure 3a, the density of H* has two tilted enhancements each year, which
reveals a semiannual oscillation (SAO) in the equatorial region. The decrease in H* density
is observed twice each year around January and August in the southern hemisphere but
only once around August in the northern hemisphere. Figure 3b shows the variation in the
O* density, which reveals a very different structure from the variation in the H* density.
The concentrations of O" are annually enhanced in the summer hemisphere and decreased
in the winter hemisphere, which suggests an annual oscillation (AO) in the extra-equatorial
region (poleward from 10°S and 10°N). A comparison of the total ion density shown in
Figures 2 and 3 indicates that at 600 km, the seasonal variations in O* are more consistent
with the total ion density than the H* density. It seems that the AO in the O" density
is largely due to the movement of the sun. In addition to the seasonal variations, the
total ion density and the O" density both reveal a higher concentration in 2021 than in
2020. Previous studies have suggested that solar activity can influence the variations in



Remote Sens. 2023, 15, 5205

50f12

Latitude (°N)

Latitude (°N)

Latitude (°N)

27

I I
N o !
~ (o) © o

Jan

Jan

ion density in the topside ionosphere [28,29]. According to Figure 1, the solar radiations
are generally higher in 2021 than in 2020, which corresponds well to the concentrations in
total ion density and O* density. However, the concentrations in H* density (as shown
in Figure 3a) do not reveal an increasing trend from 2020 to 2021 as in solar radiation. As
seen from Figures 1 and 3, the O* density reveals a high correlation with the variation in
solar radiations, even after sharp increases in the solar radiations in December 2020 and
December 2021. However, the positive response is not observed in the concentrations of
H*, which even decrease in November 2021.

) 3
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Date from Dec 06, 2019 to Dec 31, 2021

Figure 2. Variation in the mean ion density (unit: cm~3) observed by ICON/IVM from
6 December 2019 to 31 December 2021. The contour step is 1 x 10* cm=3.
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Figure 3. Daily variation in the H* and O* densities (unit: cm~3) observed by ICON/IVM from
6 December 2019 to 31 December 2021. Contour steps are 2 x 10> cm ™2 and 1 x 10* cm ™3 for H* and
O7, respectively.
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3.2. Ion Temperature

Ion temperature is another important ionospheric parameter provided by ICON/IVM.
Figure 4 presents the observed daily variations in the ion temperature in the topside
ionosphere from 6 December 2019 to 31 December 2021. The ion temperature is generally
lower from October to January in the latitudinal range between 12°S and 12°N. Strong
enhancements of the ion temperature can be seen during winter at each hemisphere, which
exhibits a clear annual oscillation. As shown in Figure 2, the ion densities during winter
in both hemispheres are relatively lower, which suggests that the ion temperature and
ion density are anticorrelated in the topside ionosphere. In Figure 5, we further calculate
the correlation coefficients between the ion temperatures and ion densities observed by
ICON/IVM at each latitude.

lon temperature K

27 1700

18
1600

1500

Latitude (°N)
o

1400
1300

- - — 1200
Jan Apr Jul Oct Jan Apr Jul Oct

2020 2021
Date from Dec 06, 2019 to Dec 31, 2021

Figure 4. Ion temperatures from 6 December 2019 to 31 December 2021, measured by ICON/IVM.

The contour step is 50 K.
Correlation Coefficients
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Figure 5. Correlation coefficients at different latitudes between ion temperature and total ion density
(blue), H* density (red), and O density (yellow), respectively.
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As shown in Figure 5, the correlation coefficients are negative at each latitude between
the ion temperature and the total ion density (blue). Interestingly, the correlation coefficients
between ion temperature and O* density (yellow) are consistent with the correlation
coefficients between ion temperature and total ion density (blue), which are both negative
at all latitudes. This feature indicates that the anticorrelation between ion temperature and
total ion density is mainly caused by the anticorrelated ion temperature and O* density. A
positive correlation between ion temperature and H* density (red) is only observed in the
extra-equatorial regions. Zhou and Sulzer [50] reported the relationship between electron
density and ion temperature in the topside ionosphere based on measurements from an
incoherent scatter radar over Arecibo (18.3°N). They suggested that the electron density
and ion temperature are not well correlated at 590 km, where the in situ measurement
of the ICON/IVM is made. Our analysis also reveals a relatively lower correlation at
latitudes around 18°N, while the absolute values of the negative correlation coefficients
southward from 9°N are generally higher than 0.6. Zhang et al. [51] also reported the
anticorrelation between total ion density and ion temperature in local daytime at low
latitudes in the northern hemisphere, while a positive correlation is captured southward
from 15°S. Borgohain and Bhuyan [52] suggested that the ion temperature was not related
to the total ion density during the nighttime. Kakinami et al. [34] analyzed the correlation
between ion density and ion temperature based on the ROCSAT-1 plasma data, while both
positive and negative relations were observed.

Ions are heated by Coulomb collisions with electrons and cooled by ion-neutral colli-
sions. Heat conduction, plasma transport, including adiabatic expansion and advection,
and ion—ion collision can contribute significantly to the ion energy budget as well in the
topside [53]. When local heating and cooling are balanced, as in the lower ionosphere, we
expect the ion temperature to be positively correlated to the electron density in the steady
state as both depend on solar irradiance. The fact that ion temperature is in anticorrelation
with the O" density indicates that ion-neutral collision is not likely the dominant cooling
mechanism. Thermal conduction has been known to be important in the topside ionosphere
and it is mostly along the field line. As the geomagnetic equator does not align well with
the geographical equator and the geomagnetic equator is about 9°N of the geographical
equator at most of the longitudes, samples from 9°N in the geophysical coordinator tend
to correspond to the geomagnetic equator. In Figure 4, we see that 9°N is approximately
the divisional line to make the upper part and lower part more balanced, i.e., 9°N is the
hemispheric transitional latitude for T;. We thus interpret the geographical hemispheric
asymmetry to be due to the effect of the geomagnetic dip angle. Because thermal conduc-
tion is anisotropic in the geomagnetic frame and largely along the field line, it is a viable
candidate in explaining the variation in the correlation coefficients in Figure 5. The negative
correlation in T; and O" density away from the geomagnetic equator is a result of thermal
conduction being the more dominant cooling mechanism for O*. This is consistent with
the result obtained at Arecibo (18.3°N) by Zhou and Sulzer [50] that thermal conduction
becomes dominant above 500 km for electron energy budget. Right above the geomagnetic
equator (i.e., around 9 degrees northern latitude), plasma transport, ion—ion collision, and
ion-neutral collision may contend for the energy budget of O* at 600 km contributing to
the smaller correlation coefficients.

One reason for the positive correlation between ion temperature and H* density
shown in Figure 5, stems from the anticorrelation between O" density and H* density.
Plasma transport plays a large role in contributing to the anticorrelation of O* density and
H* density away from the geomagnetic equator. When the ionosphere moves downward
along the field line, a large amount of He* and H* are transported from the flux tube to
600 km, while O* is pushed downward. This contributes to the anti-correlation between
O™ density and H* density (positive correlation between ion temperature and H* density)
at locations away from the geomagnetic equator as seen from observations at Arecibo by
Gong et al. [5].
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3.3. Migrating Tides

The amplitudes of migrating tides in the ion temperature can be obtained based
on Equation (2). Figure 6 shows the daily evolutions of the amplitudes of westward
propagating diurnal tide (DW1). The maximum amplitude of DW1 is above 800 K. In the
SH, the amplitudes of DW1 in winters are usually larger than they are in summers, but
this feature is not obvious in the NH. Nevertheless, the larger DW1 amplitudes are usually
strong in the winter and summer months in both hemispheres, which exhibits a semiannual
oscillation (SAO) and an annual oscillation (AO). In the lower thermosphere, the SAO
and AO are also found in the amplitudes of DW1 using temperature observations [40,54].
The ionospheric total electron content (TEC) measurements also reveal the SAO and AO
in the amplitudes of DW1 [43]. However, the seasonal variations in DW1 in the topside
ionosphere are different from those in the lower thermosphere and the TEC. For instance,
the enhancements of DW1 are around equinoxes in the lower thermosphere, but DW1 is
enhanced during winter and summer in the topside ionosphere. Additionally, the peak
amplitudes of DW1 in the thermospheric temperature and ionospheric TEC are located in
the equator region, while larger amplitudes of DW1 in the topside ionosphere are separated
in the extra-equatorial regions.

DW1 Ti Amplitudes

800

750

700

1650

600

Latitude (°N)

1550

500

450

400

Jan Apr Jul Oct Jan Apr Jul Oct
2020 2021

Date from Dec 06, 2019 to Dec 31, 2021

Figure 6. Amplitudes of DW1 in temperature from 6 December 2019 to 31 December 2021, measured
by ICON/IVM. The contour step is 50 K.

Evolutions of the amplitudes of westward propagating semidiurnal and terdiurnal
tides (SW2 and TW3) are, respectively, presented in Figure 7a,b. Unlike the DW1, the feature
of SAO is not obvious in the variations in the SW2 and TW3. The amplitudes of TW2 over
300 K are mainly located in the NH, while the amplitudes of TW2 are usually lower than
200 K as the latitude goes higher. The relatively lower amplitudes around 200 K in July
2020 are similar to the SW2 variations observed in ionospheric TEC [43], while the decrease
in the SW2 amplitudes in July 2021 is not obvious. The spatial and seasonal variations in
the TW3 amplitude are similar to that in the SW2 amplitude. The amplitudes of TW3 are
enhanced twice a year and they are relatively weak around July in both hemispheres. The
feature of lower amplitudes around July is similar to the seasonal variation in the TW3
in TEC observations [41]. Chang et al. [43] suggested that the amplitudes of migrating
tides in TEC observations usually reveal positive correlations with the solar radiations.
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However, according to the results shown in Figures 6 and 7, such positive correlations are
not captured in the interannual variations from 2020 to 2021 in any of the migrating tidal
components in the topside ionosphere. Anticorrelation between tidal winds and solar cycle
activity in the mesosphere and the lower thermosphere is recently reported by Andrioli
et al. [55]. By comparing the results shown in 2020 and 2021, the anticorrelation between
tidal amplitude and solar radiation is only found during winter times in the component of
DW1. More observations in a long-term time range are needed to further understand the
correlation between tidal amplitudes and solar cycle activities in the topside ionosphere.
Nevertheless, our analysis reveals the seasonal characteristics of the migrating tides in the
topside ionosphere. The peaks in the DW1 amplitudes are found with a new structure in
seasonal variations and latitudinal distributions, which are very different from the DW1
amplitudes in the lower thermospheric temperature and ionospheric TEC reported in
previous studies.

(a) SW2 Ti Amplitude
.
®

400

181
300
=z 9
) 200
=
3 -9
100
-18
-27 : — 0
Jan Apr Jul Oct Jan Apr Jul Oct
K
300
250
z 200
3 150
=
kS 100
50
0
Jan Apr Jul Oct Jan Apr Jul Oct
2020 2021

Date from Dec 06, 2019 to Dec 31, 2021

Figure 7. Same as Figure 6 but for the amplitudes of SW2 (a) and TW3 (b). The contour step is 50 K.

4. Summary and Conclusions

Based on the ion density and ion temperature data obtained from the Ion Velocity
Meter (IVM) instrument on the Ionospheric Connection Explorer (ICON) satellite from
2020 to 2021, we investigated the seasonal variations in ion density, ion temperature, and
migrating tides in the topside ionosphere at the latitude range from 27°S to 27°N. Major
conclusions are summarized as follows:

1. At 600 km, H density exhibits a semi-annual variation, and an annual variation is
prominent in O* density. The interannual variation in total ion density and O* density
is positively related to solar radiation from 2020 to 2021, while H* density is not
enhanced when solar radiation increases.



Remote Sens. 2023, 15, 5205 10 of 12

2. lon temperatures measured by the ICON/IVM reveal an enhancement in the winter
hemisphere and a decrease in the summer hemisphere. However, an anticorrelation
between ion temperature and total ion density is found in their seasonal variations at
all observational latitudes. Similar negative correlations are also captured between ion
temperature and O* density. Interestingly, these negative correlations have the largest
amplitude away from the magnetic equator, which indicates that thermal conduction
mainly dominates the cooling mechanism for O* outside the magnetic equatorial
region.

3.  The seasonal variations in the semidiurnal and terdiurnal migrating tides in the
topside ionosphere are generally consistent with the results derived from thermo-
spheric temperature observations and ionospheric TEC measurements. However, the
peak amplitudes of diurnal migrating tides in the topside ionosphere reveal different
characteristics in the seasonal variations and latitudinal distributions, although semi-
annual oscillations are observed. The semiannual peaks are observed during winters
and summers but are not during equinoxes. Additionally, the latitudinal peaks are
separately located in the extra-equatorial regions but are not observed at the equator.
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