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Abstract In this paper we provide a comprehensive comparison of in situ electron density (Ne) and
temperature (Te) measured by Langmuir probe (LAP) on board the China Seismo-Electromagnetic
Satellite (CSES), with nearly simultaneous measurements from the Swarm B satellite, incoherent scatter
radar (ISR) at Millstone Hill, as well as predictions from empirical models including the incoherent scatter
radar ionospheric model (ISRIM) for Millstone Hill and International Reference Ionosphere model
(IRI-2016). Results reveal that the global distributions and their relative variations of Ne/Te from CSES and
Swarm are quite consistent during conjunction periods of the two satellites, although the absolute values of
Swarm Ne are proportionally larger than that of CSES. The large-scale ionospheric structures, such as the
equatorial ionization anomaly (EIA), the longitudinal wave number (WN3/4), the Weddell Sea anomaly
(WSA), the northern midlatitude summer nighttime anomaly (MSNA), and the midlatitude ionospheric
trough (MIT), are well represented by the CSES measurements. For the temporal variation over Millstone
Hill station, CSES Ne at nightside shows some different characteristics from the predictions of IRI and
ISRIM, possibly due to the influences of MIT and midlatitude arc (MLA) that are often observed at latitudes
of Millstone Hill. Our results suggest that the CSES in situ plasma parameters are reliable with a high
scientific potential for investigation of geophysics and space physics.

1. Introduction

Electron density (Ne) and temperature (Te) are two key parameters that characterize the status of iono-
spheric plasma (e.g., Hargreaves, 1992; Lomidze et al., 2018; Schunk & Nagy, 2009). They have been mea-
sured since the 1960s by rockets, satellites, and ground-based remote sensing facilities (Kakinami et
al., 2013). Currently, the instruments mostly used to measure Ne/Te include the Langmuir probes, incoher-
ent scatter radars (ISRs), and ionosondes. The measuring mechanisms and data processing methods of Ne/Te
rely on certain assumptions and approximations; therefore, each instrument has its own strengths and lim-
itations (Lomidze et al., 2018). The Langmuir probe works as a conductor immersed in plasma, with a bias
voltage applied to it; the derived current is collected as a function of the applied voltage, then to acquire the
current-voltage (I-V) characteristic of the probe (e.g., Chen, 2002; Langmuir & Mott-Smith, 1924). Because
the Langmuir probe is prone to be contaminated by water vapor or other causes (Lebreton et al., 2006;
Oyama, 2015; Oyama et al., 2012; Oyama & Hirao, 1976), further validation is required to guarantee the data
quality.

Comprehensive comparison with other similar types of well-calibrated ground- and space-borne data is a
conventional validation approach for a new satellite-borne Langmuir probe. The revealed discrepancies
can provide helpful information for improving the data quality of a new satellite mission. For example,
the Ne measured by Challenging Mini-satellite Payload (CHAMP) has been validated by comparison with
ionosonde measurements at Jicamarca (McNamara et al., 2007), and the Te measurement has been com-
pared with ISR observations located at Arecibo and Tromse (Rother et al.,, 2010). The Constellation
Observing System for Meteorology Ionosphere and Climate (COSMIC) radio occultation Ne was
compared_ with those obtained via the CHAMP and Communications/Navigation Outage Forecasting
System (C/NOFS) satellites (Pedatella et al., 2015), and the correlation coefficients of in situ observations
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from COSMIC, CHAMP, and C/NOFS are both greater than 0.90, indicating an overall good agreement of Ne
among the three satellite missions. Lomidze et al. (2018) validated the Swarm in situ Ne and Te by using
ground-based radars and COSMIC measurements, and the adjustment based on Swarm-ISRs comparison
has improved the data quality of Swarm.

In another way, the comparative analysis on the new measurements with those already known characteris-
tics of ionosphere can also serve as an indirect verification. For example, Kakinami et al. (2011) examined
the dayside ionospheric longitudinal structures of Ne and Te measured by the Hinotori and DEMETER satel-
lites and found that the observed longitudinal structures from these two satellites show similar patterns of
wave number-3 (WN3) in December and wave number-4 (WN4) in September, which also have been dis-
cussed by other publications (e.g., Immel et al., 2006; Liihr et al., 2012; Xiong & Liihr, 2013). Ryu et
al. (2016) investigated the seasonal and spatial variations of in situ observations in topside ionosphere during
the solar minimum in 2008-2009 using measurements from CHAMP, Detection of Electro Magnetic
Emissions Transmitted from Earthquake Regions (DEMETER), and Defense Meteorological Satellite
Program (DMSP) F-15 satellite. Results from all these satellites show quite consistent large-scale ionospheric
structures, for example, the equatorial ionization anomaly (EIA) with longitudinal asymmetry of WN3 and
WN4 patterns at different seasons, the Weddell Sea anomaly (WSA), and the northern midlatitude summer
nighttime anomaly (MSNA), although with slight altitude dependence. The equatorial plasma temperature
anomaly (EPTA), which is the anomaly of Te at the topside ionosphere during the evening-midnight period,
observed by the Hinotori satellite shows quite consistent feature with the simulation from Sheffield
University Plasmasphere Ionosphere Model (SUPIM) (Balan et al., 1997). Matyjasiak et al. (2016) studied
the seasonal variations of the nightside midlatitude ionospheric trough (MIT) observed by DEMETER and
COSMIC and found that the typical magnetic latitude (MLAT) of MIT minimum is at +62° during magne-
tically quiet period, while under magnetically disturbed period the trough minimum moves equatorward as
far as 5°. Zhang et al. (2013) first reported the midlatitude arc (MLA) by using airglow emission
(OI 135.6 nm) measured by the Thermosphere, Ionosphere, Mesosphere, Energetics and Dynamics/Global
Ultraviolet Imager (TIMED/GUVI), and they found that the MLA can be observed in all seasons under geo-
magnetically quiet period (Kp < 1.0) and low solar activity conditions, with clear seasonal dependence, that
is, during equinoxes the MLA can be observed in both hemispheres, while during solstices, it is only
observed in the winter hemisphere. Li et al. (2018) found similar nighttime midlatitude enhancements from
the CHAMP and DMSP in situ measurements. Zhong et al. (2019) also found that at approximately +40°
MLAT, the nighttime Ne derived from COSMIC is generally greater than the adjacent MLAT, especially
in the topside ionosphere. Such nightside Ne enhancements at midlatitude have been confirmed by the
observations from Swarm satellites (Xiong et al., 2019). Liu et al. (2015) revealed the anticorrelation between
Te and Ne at the WSA region in both day and night times, by using concurrent measurements from Tatiana-
2, DEMETER, and F3/COSMIC covering altitude of 660-830 km. In addition to the observations, the empiri-
cal or physical models have also been widely used for providing the ionospheric background information.
However, the model predication values are not very precise; for example, the international reference iono-
sphere (IRI) model generally overestimates the Ne at topside ionosphere during low solar minimum condi-
tion, whereas the Te estimates are somehow lower than the satellite observations (Kakinami et al., 2013;
Liihr & Xiong, 2010; Xiong et al., 2013; Zhang, 2014).

The China Seismo-Electromagnetic Satellite (CSES), launched on 2 February 2018, is the first space-based
platform of China for earthquake observations and geophysical field measurements (Shen et al., 2018).
Eight types of scientific payloads are equipped to provide a continuous survey of the ionospheric plasma,
background magnetic field and electromagnetic waves, and energetic particles. Among them, the
Langmuir probe (LAP) measures Ne and Te within the range of 5 X 10%-1 x 10" m~ and 500-10,000 K,
respectively. The preliminary application of the CSES Ne and Te has been presented, for example, Yan,
Guan et al. (2018) and Yan, Shen et al. (2018). The primary aim of this paper is to evaluate the reliability
of CSES LAP measurements. It is relevant to mention that a statistical comparison between CSES plasma
data set with other independent data sources has not been performed before. In this study, we provide a com-
prehensive comparison between CSES and other space-borne and ground-based measurements (e.g., coinci-
dent measurements from Swarm B satellite and the ISR measurements at Millstone Hill). In addition, model
predictions, for example, from IRI, have also been applied. In section 2, we briefly describe the LAP data and
other data set used in this paper. Sections 3 and 4 present the comprehensive comparisons of Ne/Te between
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different data sources. In section 5, we provide relevant discussion, and in section 6, we summarize the main
findings of this study.

2. Data Sources and Simultaneous Measurements Selection

2.1. Data Sources

The Ne/Te obtained from the CSES, Swarm B, ISR at Millstone Hill station, predictions by the IRI-2016
model, and the incoherent scatter radar ionospheric model (ISRIM) for Millstone Hill (Zhang et al., 2005)
were used in this paper.

CSES is a Sun-synchronous orbit satellite at an altitude of 507 km with a descending node of 14:00 local time
(LT). The spherical sensor of LAP is installed on the 50 cm extension boom to reduce the interference from
the platform. The collected current changes with the sweeping voltage applied to the sensor. The
relationship between the sweeping voltage and the sensor current is determined by the I-V characteristic
curve through which the Ne and Te are obtained. Each sweeping period contains three parts: voltage
down-sweeping, voltage up-sweeping, and fixed bias voltage sweeping. The voltage down-sweeping is sub-
ject to interference and is used to check whether the probe is contaminated or not. The fixed biased voltage
sweeping only measures the relative variation of current and voltage instead of Ne/Te. Ne/Te is calculated
from voltage upsweeping. LAP operates in the survey and burst modes (over China and seismic belts).
The resolution of LAP is 3 seconds in the survey mode and 1.5 seconds in the burst mode (Liu et al., 2018).

The Swarm satellites (A, B, and C) were launched on 22 November 2013. A pair of LAPs is installed on each
of the Swarm satellites (Haagmans et al., 2004). In this paper, we used the observations from Swarm B to
compare with CSES ones, as they have the closest altitude. Usually, the current between the probe and
the satellite is measured by the varying probe bias in small steps over the complete range of values that could
possibly be relevant (Lebreton et al., 2006). However, a different method was chosen for providing the bulk
of Langmuir probe measurements on board the Swarm. By tracking a specific current on board, only three
bias points are selected at values that are most relevant for determining plasma parameters. At these points,
the bias voltage is modulated by using a harmonic signal with small amplitude. The current and the complex
admittance are measured at each of three points, which is sufficient to estimate the density, temperature,
and potential (Knudsen et al., 2017). Lomidze et al. (2018) has provided a linear correction method for the
Swarm Ne and Te. In this study, we applied the linear correction to Ne and Te of Swarm B, based on equa-
tions (2) and (5) of Lomidze et al. (2018), before analysis and comparison.

In this paper, the data obtained by the ISR at Millstone Hill were also used. The Millstone Hill ISR system
consists of a 2.5 MW peak Ultra High Frequency (UHF) transmitter coupled to a 68-m zenith directed fixed
parabola antenna, as well as a fully steerable 46-m antenna. It measures the ionospheric plasma density,
temperature, velocity, and composition with high accuracy (Zhang & Holt, 2004). The data from the zenith
antenna were used in this study, because the zenith antenna is fixed at an elevation angle of 88°. However, as
the ISR operates occasionally, there are only limited measurements available for comparing with CSES.
Therefore, we used additional model predictions from the ISRIM (http://models.haystack.mit.edu/models).
This model utilizes the radar observations of basic ionospheric parameters to calculate the Ne, Ti, Te, and
line-of-sight ion drift (Vi). Model-predicted parameters are averaged in cadence of 1 hour local time, 1° step
of geographic latitude between 32° and 55° and 50 km step of altitude from 200 to 600 km.

The IRI model provides monthly averages of electron and ion densities and temperatures in the altitude
range of 50-2,000 km (Bilitza et al., 2017). In this paper, we use the version of IRI-2016 updated on 26
March 2018. NeQuick is used for the topside Ne profile, URSI maps are used to get the F2 peak density
(NmF2), the AMTB-2013 model is used to obtain the F2 peak height (hmF2), the ABT-2009 option is used
for the bottom side thickness parameter, and TBT-2012 with solar dependence is used for Ne.

2.2. Simultaneous Measurements Selection

For comparison, we selected the simultaneous measurements from different data sources. As the LT of CSES
is fixed while it slowly drifts for Swarm B (see Figure 1), four conjunction periods are found between the two
satellite from May 2018 to October 2019, which are 6-13 July 2018, 18-27 November 2018, 7-16 April 2019,
and 27 August-6 September 2019. Unfortunately, the LAP of CSES is temporarily turned off from 18 June to
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Figure 1. The local time variation of CSES and Swarm B satellites from May 2018 to October 2019. The ascending
(As)/descending (Des) orbits of CSES are represented by black and green dots, and the corresponding orbits of

Swarm B are denoted by blue and red dots, respectively. The horizontal cyan lines represent the local time window of
14 + 0.5 h and 02 + 0.5 h.

11 July, due to in-orbit commission test. So, for the first overlap we just used data during 12-19 July 2018. We
compared the observations during these conjunction periods.

To compare the CSES data with measurements obtained by the ISR, the revisiting orbits when CSES passed
by (longitudinal difference less than 2.5°) Millstone Hill station (42.5°N, 71.5°W) from May 2018 to
November 2019 were considered. In Figure 2, the black star indicates the position of Millstone Hill station,
and blue curves represent footprints of the revisiting orbits. For each selected orbit, the coincident measure-
ments of CSES and ISR with time difference less than 15 minutes were used. For each revisiting orbit of
CSES above Millstone Hill, we used averages of CSES data within 5.0°/2.5° of latitude/longitude relative
to ISR location and the average values of corresponding ISR observations from 485 to 535 km. Finally, we
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Figure 2. The footprints of CSES passing by Millstone Hill from May 2018 to November 2019. (a) Ascending orbits
(nightside); (b) descending orbits (dayside).
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Figure 3. The comparison of Ne/Te measurements from CSES (red) and Swarm (black) within the closest orbits at closest local time in 25 November 2018.

obtained 22 coincident events between CSES and ISR. The same method was applied for comparing the
CSES data with predictions from ISRIM.

3. Simultaneous Measurements Comparison
3.1. CSES and Swarm

Firstly, we compared Ne/Te measurements between CSES and Swarm during their conjunction periods.
Figure 3 shows the latitudinal profiles of Ne/Te measurements from CSES (red) and Swarm (black) on 25
November 2018 when the two satellites were close to each other. The orbits on dayside (left) and nightside
(right) are presented separately. For each subpanel, the values of Ne/Te from Swarm and CSES are depicted
by the left and right y-axis, respectively. The measurements of two satellites show very similar latitudinal
variations, but the absolute values of Swarm Ne are roughly eight times larger (both day and night sides)
than those from CSES. The Te measurements both from two satellites are basically at the same range.

For each pair of orbits traveled by CSES and Swarm with the closest temporal and spatial separation, the
mean values of Ne/Te within +45° geographic latitudes are derived separately for the two satellites. These
mean values of Ne and their linear regression during the first (July 2018, left panels) and fourth (August
2019, right panels) conjunction periods are shown in Figure 4. The red line is the regression line, and the
“R” is the correlation coefficient in Figure 4. Quite good linear relation is found between CSES and
Swarm Ne measurements at both dayside (top panels) and nightside (bottom panels), with correlation coef-
ficients exceeding 0.6 (except the nightside result during July 2018). Similarly, Figure 5 shows the correla-
tions of Te between CSES and Swarm B during the first (July 2018, left panels) and fourth (August 2019,
right panels) conjunctions. On the dayside, the Te measured by the two satellites is quite consistent, with cor-
relation coefficients above 0.7 (Figures 5a and 5b), while on the nightside no clear correlation is visible
between the two satellites (Figures 5c and 5d).

The linear regression during all the four conjunction periods is listed out in Table 1, with parameters of the
slop and intercept of linear regression, as well as correlation coefficient. As listed out in Table 1, the Ne mea-
surements from CSES and Swarm B show quite good correlations during all the four conjunctions (relatively
low for the conjunction on April 2019), and the correlation coefficients on dayside are always larger than
that on nightside. For dayside Te, the correlation coefficients reach over 0.7 except the one during 7-16
April 2019, while for the nightside Te, no correlation is visible between the two satellites.
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Figure 4. Linear relation between CSES Ne and Swarm Ne in dayside (a, b) and nightside (c, d) during 12-19 July 2018
(a, c) and 27 August-6 September 2019 (b, d).

3.2. CSES and ISR at Millstone Hill

Based on the criteria for selecting simultaneous measurements between CSES and ISR at Millstone Hill
(see section 2.2), only 22 events are found from May 2018 to November 2019. Therefore, instead of showing
their correlation, we present their temporal variations in Figure 6. The red dotted lines represent Ne/Te from
CSES, green dotted lines are from ISR, and blue dotted lines are from the ISRIM. The global magnetic activ-
ity Kp index during all 22 events kept below or equal to 3. It is clearly that the variation trend of CSES Ne/Te
is relatively more stable than that of ISR Ne/Te (Figure 6). The time of the 22 ISR events is roughly around
19:30 UT, corresponding to the 14:30 LT at Millstone Hill, which matches well with the CSES LT coverage on
the dayside. The dayside Ne from CSES is nearly 60% lower (on average) than the values of ISR, but the Te
values from CSES are about several hundred K higher than that measured by ISR.

Figure 7 shows the differences of Ne (top panel) and Te (bottom panel) between CSES data and ISR (green) as
well as ISRIM predicts (blue). In general, the empirical model results are smoother than observations at
Millstone Hill; therefore, the difference between ISRIM and CSES measurements is more stable than that
between CSES and ISR.

4. Comparisons for Global Distribution and Temporal Variation
4.1. Global Distributions of Ne/Te

In section 3, we mainly focus on the correlation analysis between CSES and other data sources during

conjunction periods. In this section, we compare the global distribution of Ne/Te derived from CSES and
Swarm B.
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Figure 5. The same as Figure 4 but for Te.

For each conjunction period, the observations from CSES and Swarm B are separately sorted into bins of 5°
(longitude) x 2.5° (latitude). To reduce the magnetic disturbance influence, only the observations under
magnetically quiet conditions (Kp < 3) were considered. The global distributions of Ne are shown in
Figures 8 and 9. Since we have given emphasis in the variation analysis of the Ne/Te from CSES, and calibra-
tion of such parameters is still going on, to let a clear presentation, the scale color bars are not the same in
our comparisons. Clear EIA double crests are seen in the Swam B Ne on the dayside, while CSES Ne shows
only a single crest (Figure 8, marked by black ellipses). The longitudinal WN4 pattern during the conjunc-
tion period in July 2018 is clearly seen from both satellites, with four Ne maxima located at 0°, 100°,
—150°, and —120° longitudes, respectively (marked by black ellipses in Figures 8a and 8d). During the con-
junction periods of November 2018 and April 2019, the longitudinal Ne distributions at equatorial and low

Table 1
The Correlation Parameters of Ne/Te Between CSES and Swarm B During Four Conjunction Periods
Ne/Te Correlation parameters 12-19 July 2018 18-27 November 2018 7-16 April 2019 27 August-6 September 2019
Ne (dayside) Correlation coefficients 0.75 0.81 0.61 0.82
Slop 2.88 7.72 2.07 4.31
Intercept (10'°/m™>) 418 1.28 14.40 7.97
Ne (nightside) Correlation coefficients 0.58 0.69 0.44 0.67
Slop 5.2 8.22 343 4.85
Intercept (10'%/m™>) 5.02 0.99 6.01 434
Te (dayside) Correlation coefficients 0.74 0.70 0.20 0.67
Slop 0.59 0.48 0.30 0.60
Intercept (K) 954.72 796.72 1332.63 851.18
Te (nightside) Correlation coefficients 0.04 —0.14 —0.16 —0.06
Slop 0.062 —0.44 —-1.34 —0.16
Intercept (K) 1618.23 2576.86 4211.46 1773.55
YAN ET AL. 7 of 17
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Figure 6. Comparison of simultaneous Ne and Te obtained by CSES (red), ISR (green), and ISRIM (blue) from May 2018 to November 2019. Panel (a) is the Ne;
panel (b) is the Te.

latitudes exhibit as WN3 structure (Figures 8b and 8c). The seasonal variation of Ne longitudinal distribution
is mainly caused by the seasonal dependent forcing of various tides and waves propagating from the lower
atmosphere (Immel et al., 2006; Liihr et al., 2012; Xiong & Liihr, 2013).

Figure 9 shows the Ne distributions of CSES (top) and Swarm B (bottom) on the nightside around 02:00 LT.
During July and November 2018, CSES Ne depicts clearer WSA and MSNA structures at the middle latitudes
than that of Swarm Ne (marked by black ellipses in Figures 9a, 9b, 9d, and 9¢). While during April 2019, a
more prominent feature of Ne global distribution is the longitudinal WN3 pattern at low and equatorial
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Figure 7. Same as Figure 6 but for difference values of Ne (up panel)/Te (bottom panel) between CSES and ISR (green) and between CSES and ISRIM (blue).

YAN ET AL. 8 of 17



/. ¥el ) . .
NI Journal of Geophysical Research: Space Physics 10.1029/2019JA027747

ADVANCING EARTH
AND SPACE SCIENCE

(a) CSES - 0712 - 0719

" ™

(b) CSES - 1118 -1127

v

(c) CSES - 0407 - 0416

" 2

0 6 12
x10"°

(f) Swarm - 0407 - 0416

~

x10" x10" «10""

Figure 8. The global distributions of Ne at 14:00 LT of CSES (up panels) and Swarm (bottom panels) under the geomagnetic quiet conditions. From left to right:
Ne measurements during 12-19 July 2018, 18-27 November 2018, and 7-16 April 2019, corresponding to roughly at summer solstice, winter solstice, and spring
equinox, respectively.

latitude (denoted by the black ellipse in Figures 9c and 9f). At subauroral region, the MIT is clearly visible
between 60°-25°W and 40°-60°N during Northern summer hemisphere (denoted by the red arrows in
Figures 9a and 9d), while it can be seen between 30°-100°E and 40°-60°S in Southern summer hemisphere
(indicated by the red arrows in Figures 9b and 9e), which are consistent with the results of Matyjasiak

(a) CSES - 0712 - 0719 (b) CSES_- 1118 - 1127 (c) CSES - 0407 - 0416

" o

Figure 9. Same as Figure 8 but for Ne at 02:00 LT.
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Figure 10. Same as Figure 8 but for Te at 14:00 LT.

(a) CSES - 0712 - 0719

et al. (2016). Importantly, the structure of MLA is also identified by CSES Ne and Swarm Ne (denoted by the
black arrows in Figure 9), which was earlier reported by Li et al. (2018) from CHAMP (460-350 km) and
DMSP (850 km) observations.

For global distribution of Te at dayside shown in Figure 10, a clear ETA structure is found at equatorial
region, which also shows seasonal variations. A notable feature of Te measured by CSES is the abnormal
increases/decreases in the dayside/nightside Te over the WSA region in November 2018 (marked by black
arrows in Figures 10b, 10e, and 11b), which is consistent with previous research (Liu et al., 2015; Ryu et
al., 2016). It is worth noting that besides November 2018, a region of relatively high Te over WSA region
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Figure 11. Same as Figure 10 but for Te at 02:00 LT.
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Figure 12. Comparisons of Ne/Te obtained by CSES (black), ISRIM (red), and IRI (blue); (a) nightside Te; (b) nightside Ne; (c) dayside Te; (d) dayside Ne; (e) dayside
Te after removing the linear trend of CSES Te; and (f) dayside Ne after removing the linear trend of CSES Ne. Green lines are the regress trend lines.

was also observed in July 2018 (denoted by black arrows in Figures 10a and 10d). For Swarm Te at dayside,
relatively high values are found in July 2018 than that in November 2018 at the WSA region (denoted by
black arrows Figures 10d and 10e). A different feature between the two satellites is that at middle latitudes
the CSES measured Te shows higher values in the Northern Hemisphere, while the Swarm measured Te
shows generally the same magnitudes in two hemispheres (except in the WSA region). The relatively large
Te measured by CSES in the Northern Hemisphere is consistent with earlier report by Liu et al. (2015) from
Tatiana-2 data in which Te is higher in the Northern Hemisphere than that in the Southern Hemisphere dur-
ing winter times.

4.2. Temporal Variations

Since it was identified only 22 simultaneous events from CSES and ISR, the long-term variation was not
investigated here. Therefore, two models, ISRIM and IRI, were implemented here to further compare the
temporal variation over Millstone Hill. The results of Te (left panels) and Ne (right panels) from CSES,
ISRIM, and IRI are shown in Figure 12 by black, red, and blue lines, respectively. To reduce the influences
caused by enhanced magnetic activity, only the periods with Kp < 3 from May 2018 to November 2019 are
considered.
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On the nightside the Te temporal variations of CSES and ISRIM are roughly consistent (Figure 12a), exhibit-
ing an annual trend with a valley in May and peak in November, but the temporal variation of IRI Te is
nearly opposite to the ISRIM Te variation. The variations of nightside Ne from ISRIM (Figure 12b) are gen-
erally higher in summer and lower in winter. The CSES Ne in November is always higher and almost at the
same level in June compared to the values fromISRIM. One possible explanation is that Millstone Hill sta-
tion (42.5°N, 71.5°W) is located right close to the latitudes of MIT in summer, where more MLA structures
appear over it in winter (see section 4.1 for details), resulting in low values in summer while as high values in
winter over Millstone Hill station.

For the dayside Ne/Te from May 2018 to April 2019, CSES Ne shows a general decreasing trend while the Te
exhibits an overall increasing trend (indicated by the green dotted lines in Figures 12c and 12d). After April
2019, CSES Ne shows a quite sharp increase and then gradually decreases again, and the Te turns to the
opposite way (Figures 12c and 12d). For the relative variations, we have applied a linear fit to the CSES data
before April 2019 and then subtracted the linear fit from the original Ne/Te data of CSES. After the values of
linear fitting have been removed, CSES Ne shows better agreement with ISRIM Ne temporal variation
(Figure 12f), but the trend is quite different to the IRI predictions. After removing the linear fitting from
Te, the variations between CSES and IRI become more consistent (Figure 12e).

It is worth to note that around November, nightside CSES Ne becomes larger than dayside Ne
(see Figures 12b and 12d), due to the Millstone Hill station being possibly located in the MLA regions
(Figures 8b and 9b), where Ne is larger on nightside than on dayside. Such variations were not seen in both
IRI and ISRIM results (Figures 12b and 12d).

5. Discussions
5.1. Spatial Distribution

Our results shown in Figures 8-11 suggest that the global distribution of Ne/Te measured by CSES generally
shows similar variations like the observations from Swarm B, except some regional differences. Swarm Ne at
dayside depicts clear two-crest of EIA, while the CSES Ne shows a single crest somehow peaking above the
equator. One reason for causing such difference is that the CSES orbit is slightly higher than Swarm B, where
the two crests may not be there. At middle latitudes, the WSA can be seen from both CSES and Swarm but
with a stronger relative intensity seen from CSES. However, the reason of such difference has not been well
understood. One possible reason could be that the orbit of CSES is fixed in local time (around 02:00 LT on the
nightside), while the orbit of Swarm B slowly drifts with local time. As revealed by Xiong and Liihr (2014),
the WSA is not stationary at fixed longitude but drifts eastward with evolution of local time. Therefore, the
observed WSA structure by Swarm B is slightly smoothed due to the relatively wide span of local time, which
could reduce the magnitude of WSA. At subauroral region, the structures of MIT and MLA can be well
recognized from the CSES and Swarm Ne measurements.

Another reason for explaining the difference of Ne measurements between CSES and Swarm is their differ-
ent processing methods of LAP. CSES employed the graphical method for LAP I-V characteristic analysis;
the I-V curve consists of three main regions: the ion saturation region, the electron retardation region,
and the electron saturation region (Yan, Guan, et al., 2018). This method works well when the plasma dis-
tribution follows a Maxwellian distribution, without photoelectrons or secondary particles presenting and
the magnetic field effects being neglected (Lebreton et al., 2006). This method is most effective to analyze
the nightside I-V curves. For dayside, the ion density cannot be accurately determined, and the electron tem-
perature may be too high due to additional ion current existing in the ion saturation and transition regions
when the photoelectron current is not removed (Lebreton et al., 2006). A different method was adopted to
provide the bulk of the Swarm Langmuir probe scientific data. By tracking a specific current on board, only
three bias points were selected at values that were most relevant for determining plasma parameters. At
these points, the bias voltage was modulated using a harmonic signal with small amplitude. The current
and the complex admittance were measured at each of the three points, which is used to estimate density,
temperature, and potential (Lomidze et al., 2018). The Swarm LAP selected the three bias points in advance
and took these points as references to modulate the harmonic signal and obtain the final key parameters.
The selected parameters could make Ne values stable but at the cost of the detailed information.
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Figure 13. Latitude variation of Vf/Vp/Ne/Te denoted by revisiting orbits at nightside over the Millstone Hill station during June and July both in 2018 and 2019
and during January and February in 2019. Panel (a) is Vf, (b) is Vp, and (c) and (d) are Ne and Te, respectively.

There remain two features of Te that we could not interpret their causes at present. One is the anomalous
increase over the WSA region at dayside in July 2018 observed both by CSES and Swarm (marked by black
arrows in Figures 10a and 10d). Another peculiar observation is that of higher CSES Te values at dayside in
the Northern Hemisphere than that in the Southern Hemisphere. Rother et al. (2010) found similar phenom-
enon from CHAMP electron temperature, and they suggest an interaction of the spacecraft with the ambient
field as the cause for the biases of the temperature estimates. Interestingly, Swarm Te shows relatively simi-
lar values both at the Northern and Southern Hemispheres, while DEMETER Te displays a behavior that is
opposite to CSES Te. Lomidze et al. (2018) suggested that the accuracy of satellite LAP measurements can be
different from mission to mission, and the uncertainties in Te are usually larger than uncertainties in Ne. The
task of finding the sources of these uncertainties is challenging for us within this study. At same time, given
that Te has a strong dependence on the altitude and local time; it can also provide important information

related to plasma movement and thermodynamic equilibrium (Ryu et

al., 2016). This topic is planned to be comprehensively examined with

100 F

Current(log(l))

108

' ' : longer data collected by CSES in the future.

—— Up Scanning

Down Scanning

5.2. Temporal Variations

J The temporal variation of CSES Ne displays a behavior that is opposite to
the ISRIM predictions at nightside, which has been shown in Figure 12b.
One possible reason is that the ISR at Millstone Hill is located at MIT in
summer but at MLA region in winter. In addition, we also checked the
data from revisiting orbits of CSES passing by the Millstone Hill station
(Figure 13), and we found that the floating voltage (Vf) and potential vol-
tage (Vp) from the LAP of CSES show sudden drops at round 42°N
(Figures 13a and 13b). We confirm that this sudden drop is related to
the illumination angle of the Sun, which shifts with seasons from nearly
40°N to northern polar latitudes. We conclude, therefore, that the sudden

2 -1
Voltage(V)

0 1 2 3 drop in Vf/Vp is caused by the strong variation in the satellite's potential
when the CSES enters/leaves the shadow area. At latitudes of Millstone

Figure 14. The I-V curves recorded by orbit 4645_0 on 4 December 2018, Hill (42.5°N), the sudden drop usually occurs from June to August. In
including up-scanning (red) and down-scanning (blue). other seasons, such as January and February, the Vf/Vp dropping
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Figure 15. Temporal variations of dayside Ne (a) and Te (b) obtained by CSES and IRI 2016 at different latitudes during April 2018-July 2019 according to
revisiting orbits passing by Millstone Hill. In the double coordinate system, the left vertical axis represents quantities from CSES, and the right vertical axis is
the ones produced by IRI2016.
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occurred at latitudes higher than 65°, which is out of the observation latitude range of LAP (the LAP of CSES
is designed to switch off at latitudes higher than 65°). By comparing data with (June/July) and without
(January/February) Vf/Vp dropping, we found that the Ne/Te showed stable variation without large differ-
ence (Figures 13c and 13d). Hence, the steep variation of satellite potential does not affect the results of data
inversion, and the derived scientific data are reliable.

In addition, we found that there seems a linear trend in CSES Ne/Te at dayside (green dotted line in
Figures 12c and 12d). After removing the linear trend, Ne obtained from CSES shows better consistent var-
iation with the ISRIM predictions, while Te from CSES is more similar with the IRI predictions. We further
checked the data and I-V curves and found that the down-scanning and up-scanning I-V curve fit very well
(Figure 14), confirming that the probe surface treatment is chemically stable. We also compared the tem-
poral variation at different latitudes using the revisiting orbits passing by Millstone Hill station and the cor-
responding IRI data at dayside. The observations at latitude 10°N/S, 20°N/S, 30°N/S, 40°N/S, and 50°N/S
(Figure 15) clearly show that the temporal patterns vary with latitudes. In general, IRI Ne/Te shows a similar
temporal variation trend with CSES Ne/Te except for latitudes around 30°/40°/50°N. Approximately at 30°/
40°/50°N, there is a linear drift in the CSES Ne/Te, which is similar to Ne/Te variation above Millstone Hill
but are not seen in the IRI Ne/Te (seen Figures 12c and 12d). Zhang et al. (2014) studied the annual variation
of Ne in daytime and found that at latitudes from 20° to 55° the annual variation of Ne/Te in the Northern
Hemisphere was not so clear with Ne decreasing and Te ascending trend during 2005-2010 in the 23rd solar
cycle. The dayside Ne/Te variations at 30°/40°/50°N in this paper are very similar to those of DEMETER
(Zhang et al., 2014).

Furthermore, we found that the temporal variation of the IRI Te is nearly opposite to the ISRIM Te variation
both at nightside and dayside (Figures 12a and 12c). There are also large discrepancies of Ne at dayside dur-
ing May-October 2018 between the two models (Figure 12d). In general, the model predictions show much
smoother variations than the observations. Therefore, those some short-term variations may not be well
reflected by the models but can be captured by the actual observations. After the linear drift in the CSES day-
side Ne/Te has been removed, their temporal variations were slightly improved, when compared with the
modeled results. Obviously, the daily variability not observed in the smoothed values given by the models
remains.

5.3. Correlation Between CSES and Swarm

In general, the nightside/dayside Ne and dayside Te both from CSES and Swarm have a good correlation dur-
ing conjunction periods, indicating that the relative variation of Ne/Te observed by the two satellites is con-
sistent, despite of the fact that the absolute values of Swarm Ne are proportionally larger than those of CSES.
It should be noted that the correlation coefficient of Ne during 7-16 April 2019 is not as good as other per-
iods. By further check we found that there is rough 10° difference of longitude (at equator) for each pair orbit
of CSES and Swarm B, but the longitudinal separations between them are somehow smaller during the other
three conjunctions. We suggest that the larger longitudinal separation between CSES and Swarm during the
conjunction in April 2019 is the reason to cause the relatively low correlation of Ne between them.

There is almost no correlation for Te between CSES and Swarm at nightside. One possible reason is that at
nightside there are usually some fluctuations at the middle and low latitudes seen for the Swarm Te, while
the CSES Te latitudinal profiles are much smoother. In addition, the uncertainties in Te are usually larger
than uncertainties in Ne (Lomidze et al., 2018), and Te has a stronger dependence on the altitude and local
time in general (Ryu et al., 2016). Furthermore, in section 5.2 it is found that the Te from IRI, ISRIM, and
CSES shows quite different temporal variations in some cases. Therefore, the Te variation is much more
complicated compared to the variation of Ne. Much more efforts are still needed for improving our under-
standing of the ionospheric Te, especially for the nightside.

6. Summary

In this paper, we have performed a comprehensive comparison of Ne/Te observed by CSES satellite with
other measurements, for example, the ISR at Millstone Hill and Swarm B satellite. Quite good correlations
and consistent global distributions are found for the Ne/Te between CSES and Swarm during their conjunc-
tion periods (except the Te on nightside), although that the absolute value of Swarm Ne is much larger than
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that of CSES. The temporal variation of CSES Ne/Te is generally similar to ISRIM predictions at Millstone
Hill but showing relatively large difference for the IRI predicts. The larger scale structures, like the longitu-
dinal WN3/WN4 at equatorial and low latitudes, the WSA and MSNA at middle latitudes, and the MIT and
MLA at subauroral regions, are well reflected by the CSES Ne data set. For Te measured by CSES, the well-
known ETA structure at equatorial latitudes is also well depicted. This study confirms that the Ne/Te mea-
surements from CSES are quite reliable and have great potentials in the scientific field of geophysics and
space physics.

Data Availability Statement

CSES data can be downloaded from the website (www.leos.ac.cn). The official Swarm website and the server
for Swarm data distribution are http://earth.esa.int/swarm and ftp://swarm-diss.eo.esa.int, respectively. The
ISR data at Millstone Hill can be downloaded from the Madrigal database at Haystack observatory (http://
madrigal.haystack.mit.edu/madrigal), the ISRIM data of ISR at Millstone Hill from the website (http://mod-
els.haystack.mit.edu/models). The IRI-2016 model code in Fortran is available from the IRT homepage at the
website (irimodel.org).
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