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Abstract: The China Seismo-Electromagnetic Satellite (CSES-01) provides in situ electron density (Ne)
observations through Langmuir probes (LPs) in the topside ionosphere since February 2018. CSES-01
is a sun-synchronous satellite probing the ionosphere around two fixed local times (LTs), 14 LT in the
daytime sector and 02 LT in the night-time sector, at an altitude of about 500 km. Previous studies
evidenced that CSES-01 seems to underestimate Ne measurements with respect to those acquired
by similar satellites or obtained from different instruments. To overcome this issue, we calibrated
CSES-01 LP Ne observations through Swarm B satellite data, which flies approximately at CSES-01
altitude. As a first step, Swarm B LP Ne observations were calibrated through Faceplate (FP) Ne
observations from the same satellite. Such calibration allowed solving the Ne overestimation made by
Swarm LP during nighttime for low solar activity. Then, the calibrated Swarm B LP Ne observations
were used to calibrate CSES-01 Ne observations on a statistical basis. Finally, the goodness of the
proposed calibration procedure was statistically assessed through a comparison with Ne observations
by incoherent scatter radars (ISRs) located at Jicamarca, Arecibo, and Millstone Hill. The proposed
calibration procedure allowed solving the CSES-01 Ne underestimation issue for both daytime and
nighttime sectors and brought CSES-01 Ne observations in agreement with corresponding ones
measured by Swarm B, ISRs, and with those modelled by the International Reference Ionosphere
(IRI). This is a first fundamental step towards a possible future inclusion of CSES-01 Ne observations
in the dataset underlying IRI for the purpose of improving the description of the topside ionosphere
made by IRI.

Keywords: China Seismo-Electromagnetic Satellite (CSES-01); Langmuir probes data; electron
density; calibration and validation; low Earth orbit (LEO) satellites; topside ionosphere; International
Reference Ionosphere (IRI) model; European Space Agency (ESA); Swarm B satellite; Incoherent
Scatter Radars (ISR)

1. Introduction

In situ probing of the topside ionosphere plasma through Langmuir probes (LPs) on-
board low Earth orbit (LEO) satellites is of outstanding importance to gain information on
electron density (Ne) on a global scale and in a continuous way. Ne observations collected
by LEO satellites are the pillars on which ionospheric empirical models describing the
physical state of the topside ionosphere, such as the International Reference Ionosphere
(IRI, [1]), are based. Usually, when new satellites are deployed in orbit, measurements
need to be validated through a comparison with those from other similar satellites or from
different instruments and models in order to highlight the opportunity to include them in
the models themselves. In this respect, LP in situ Ne measurements collected by the China
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Seismo-Electromagnetic Satellite (CSES) mission offer a new opportunity of improving the
current knowledge and modelling capabilities of the topside ionospheric plasma [2].

The importance of comparing datasets from different satellites for a proper ionosphere
modelling was recently highlighted by Smirnov et al. [3], who compared Ne observations
recorded in the topside ionosphere by CHAMP, GRACE, COSMIC-1, C/NOFS, and Swarm
satellites in the last 20 years. Their analysis showed that all these Ne datasets are linearly
related with each other, with high correlation coefficients ranging between 0.86 and 0.97
and median percentage biases ranging between −12% and +3%. After applying a linear
calibration procedure, the range of median percentage biases was reduced between −3%
and +2%. To better understand how much the comparison and inter-calibration among dif-
ferent satellites datasets (and also the comparison with different instruments) are effective
in correcting possible biases, the emblematic case of the ongoing process of correction of
Swarm LP data can be taken as an example. Lomidze et al. [4] developed a linear correction
of Swarm LP Ne observations after comparing them with corresponding values retrieved
by incoherent scatter radars (ISRs), COSMIC-1 GPS radio occultation, and ionosondes.
Based on data collected from December 2013 to June 2016 (high to medium solar activity)
without local time (LT) sorting, they showed that Swarm LP Ne observations needed to be
corrected toward higher values by a factor depending on the Swarm satellite (A, B or C).
Thereafter, similar conclusions were also reached by Smirnov et al. [3] after comparing with
COSMIC-1 data and by Larson et al. [5] after comparing with Ne observations provided by
the high-latitude Canadian ISR located at Resolute Bay. However, Smirnov et al. [3] also
evidenced that Swarm LP Ne observations are characterized by an overestimation during
nighttime hours that is overcompensated by an underestimation during daytime hours,
which, overall, confirmed the findings by Lomidze et al. [4] when cumulating different
LTs. Since the Lomidze et al. [4] calibration does not discriminate among different LTs,
the LT discrepancy highlighted by Smirnov et al. [3] is not fixed; indeed, the nighttime
overestimation is increased by the application of the Lomidze et al. [4] calibration. A further
investigation by Xiong et al. [6] also demonstrated a solar activity variation of the Swarm
LP Ne observations when compared with those coming from the Faceplate (FP) instrument
on the same satellites and in conjunctions with the Jicamarca low-latitude ISR. Specifically,
Xiong et al. [6] found that for high solar activity, Swarm LP Ne observations underestimate
those obtained by the FP, while for low solar activity, LP Ne observations overestimate
those obtained by the FP. Anyhow, regardless of solar activity, there is a diurnal pattern
characterized by a nighttime overestimation and a daytime underestimation made by
LP with respect to FP (see Figure 4 of [6]). The higher accuracy of FP observations was
confirmed by comparing conjunctions with Jicamarca ISR observations. Since studies by
Smirnov et al. [3] and Lomidze et al. [4] were based on datasets biased towards mid and
high solar activity years, and they did not discriminate among different solar activity levels,
they resulted in a correction towards higher Ne values.

The comparison and validation of CSES-01 LP data is still ongoing. Wang et al. [7]
compared CSES-01 LP Ne observations with those made on board Swarm A and B satellites
by considering both the global large-scale patterns and orbit conjunctions for selected
periods where the satellites covered similar LTs. They found a good agreement among the
three satellites in the characterization of the topside global patterns and also consistent
results in the representation of ionospheric phenomena such as the Weddell sea anomaly [8]
and the mid-latitude summer night anomaly [9]. However, they pointed out the large
discrepancy in the Ne magnitude recorded by the three satellites. Specifically, CSES-01 Ne
observations underestimate Swarm B ones by a factor around six during both daytime and
nighttime. Yan et al. [10] enlarged the validation dataset by also comparing CSES-01 with
the IRI model and Millstone Hill mid-latitude ISR data in addition to Swarm B. By selecting
conjunctions between CSES-01 and Swarm B Ne observations, they pointed out a good
correlation between the two datasets but, also in this case, a large underestimation made by
CSES-01 by a factor ranging between 2 and 8 depending on the LT and season was found.
The underestimation was also confirmed through the comparison with Millstone Hill ISR
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observations and data modelled by IRI. At the same time, a good agreement between
CSES-01 and Swarm B was confirmed concerning the representation of the main spatial,
diurnal, and seasonal patterns. As a further step, in the validation process Liu et al. [11] also
included data from DEMETER satellite besides that measured by Swarm B and modelled
by IRI. They found that CSES-01 and DEMETER large-scale patterns are in close agreement
during periods of low solar activity. The comparison with Swarm B confirmed again the
overall underestimation by CSES-01 by a factor of about 6.4 although they show similar
variations both in space and time.

All the aforementioned studies agree on the general underestimation of Ne values
by CSES-01 when compared to different data sources but, at the same time, they point
out the good accuracy in representing both the spatial and diurnal patterns of Ne in
the topside ionosphere. Since the reliability of both magnitude and variations of data
is of utmost importance for their inclusion in datasets underlying empirical models, in
this work, we developed a calibration procedure of CSES-01 LP Ne observations based
on observations by Swarm B satellite, which flies at CSES-01 similar altitude. Section 2
describes all the datasets considered in the study. To overcome the issues in Swarm LP
Ne data highlighted by Smirnov et al. [3] and Xiong et al. [6], we preliminarily calibrated
Swarm B LP observations on the base of simultaneous observations collected by the FP
onboard the same satellite, as described in Section 3.1. The calibration of Swarm B LP data
was performed separately for the two LT sectors probed by CSES-01 and for the years of
low solar activity encompassing the CSES-01 dataset (2019−2021). After that, we calibrated
CSES-01 LP Ne observations on the base of Swarm B LP Ne observations, which were
previously calibrated using FP data. The statistical calibration procedure of CSES-01 Ne
observations is described in Section 3.2 along with corresponding results and comparison
with the IRI model. Finally, in Section 3.3, the validity of the proposed calibration procedure
is statistically assessed through a comparison with observations by the ISRs located at
Jicamarca, Arecibo, and Millstone Hill. Section 4 discusses the results, while the conclusions
and future developments are the subject of Section 5.

2. Data Description
2.1. CSES-01 Satellite Data

CSES-01 is the first Chinese LEO satellite dedicated to geophysical measurements and
near-Earth environment monitoring. The main scientific objectives of the CSES mission
are the investigation of the electromagnetic perturbations possibly associated with earth-
quakes, the study of the ionospheric plasma, and the magnetic and electric fields in the
ionosphere [2]. CSES-01 was launched on 2 February 2018 in a sun-synchronous orbit with
an orbital inclination of 97.4◦, an initial altitude of 507 km, and descending and ascending
nodes at ~14:00 LT and ~02:00 LT, respectively. Among the CSES-01 payloads, we are herein
interested in the LP that provides in situ Ne and electron temperature (Te) observations
between 5·102 cm−3 and 1·107 cm−3 and between 500 K and 10,000 K, respectively, both
with an accuracy of 10% [12,13]. The CSES-01 LP operating mode is based on varying the
bias voltage and then measuring the current collected by the probe as a function of the
applied voltage. Once the current–voltage (I–V) characteristic curve is acquired, according
to the theoretical Langmuir probe equations [14–17], both Ne and Te can be estimated.
CSES-01 LP has two operational modes: survey and burst; the latter activates only over
China and within principal seismic zones [2]. In survey mode, the sweeping period is 3 s:
1 s for both down- and up-sweeping and 1 s for the fixed bias voltage. Since during the
voltage down-sweeping, an interference issue occurs (see [13] for more details), Ne and Te
are evaluated only during the up-sweeping. Instead, for burst mode data, the sweeping
period is 1.5 s, which allows a higher time and spatial resolution.

In this work, we consider Ne observations collected by CSES-01 LP from 1 January
2019 to 30 September 2021, for a total of 27,935 semi-orbits, of which 13,957 are in the
daytime sector and 13,978 are in the nighttime sector. This dataset consists of both survey
and burst mode level 2 calibrated data. In the period here investigated, CSES-01 collected
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observations in a range of geographical latitudes between 70◦S and 70◦N. CSES-01 LP
data are freely available at https://www.leos.ac.cn/, (accessed on 18 September 2022) after
registration. For more information on the CSES-01 LP payload technology and testing
phase, please refer to [12].

2.2. Swarm B Satellite Data

Swarm B is one of the three LEO satellites of the European Space Agency Swarm
constellation launched at the end of 2013 and still in operation, with the aim of studying
the geomagnetic field, the electric currents in the magnetosphere and ionosphere, and the
impact of the solar wind on the dynamics of the upper atmosphere [18]. Swarm B flies in a
circular near-polar orbit with an inclination of 87.75◦ at an altitude similar to that of CSES-
01, i.e., at around 500–510 km above the ground. Differently from CSES-01, Swarm B spans
different LTs in different periods, taking about 130–140 days to cover all the LTs. Swarm
satellites provide Ne observations through the electric field instrument (EFI) payload [19].
EFI includes a pair of LPs that provide Ne and Te in-situ observations with a sampling
frequency of 2 Hz. Moreover, the EFI assembly is completed by a second instrument, the
thermal ion imager (TII), which is mounted on a platform (the already-mentioned FP) and
fed by a slightly negative potential (−1 V) in order to facilitate the penetration of ions
into the TII instrument. When the TII is inactive, the voltage applied to the FP can be
adjusted in order to make it work as a planar LP, providing only Ne in situ observations
with a sampling frequency of 16 Hz [20]. Therefore, while Swarm LPs provide continuous
observations, FP observations are not continuous in time.

We considered Swarm B LP and FP data collected for the same period as the CSES-01
dataset, i.e., from 1 January 2019 to 30 September 2021, and in the range between 70◦S and
70◦N of geographic latitude. To compare them with CSES-01 observations, we selected
Swarm B observations in the range 01:00 ≤ LT < 03:00 for the nighttime sector and in the
range 13:00 ≤ LT < 15:00 for the daytime sector. Only high-gain Swarm B LP data were
used in this study, selected through the flags provided with data (see https://earth.esa.int/
eogateway/missions/swarm/product-data-handbook/level-1b-product-definitions, (ac-
cessed on 18 September 2022)). The dataset used for Swarm B data calibration (see Section 3.1)
consists of 662,944 pairs of LP and FP simultaneous observations for the daytime sec-
tor and 642,710 pairs for the nighttime sector. Swarm data are freely downloadable at
ftp://swarm-diss.eo.esa.int, (accessed on 18 September 2022).

2.3. Data Modelled by the International Reference Ionosphere

We also considered the IRI-2016, which is the current version of the IRI model [1]. IRI
is an empirical climatological model of the ionosphere, and it is considered the reference
by the ionospheric community. In this study, IRI was run for the same time periods and
locations covered by CSES-01 (see Section 2.1) by using the IRI Fortran code available at
the IRI website (http://irimodel.org/, (accessed on 18 September 2022)). In this way, a one-
to-one comparison between measured and modelled values is guaranteed. Specifically, Ne
values provided by IRI were obtained by applying the following model options: (1) foF2 (the
critical frequency of the F2 layer according to the ordinary mode of propagation) values
were modelled through the URSI coefficients [21]; (2) hmF2 (the height of the absolute
electron density maximum) values were modelled through the Shubin option [22]; and (3)
the topside Ne profile was modelled through the NeQuick topside option [23].

2.4. Incoherent Scatter Radars Data

ISRs are ground-based remote sensing facilities exploiting the Thomson backscatter
from ionospheric electrons to retrieve several plasma parameters over a wide range of
ionospheric altitudes [24]. Ne observations collected by Jicamarca (12.0◦S, 76.8◦W), Arecibo
(18.2◦N, 66.4◦W), and Millstone Hill (42.6◦N, 71.5◦W) ISRs were used in this study for
validation purposes. Jicamarca ISR is located right above the geomagnetic equator, and
Arecibo is a typical low-latitude station, while Millstone Hill is a mid-latitude/subauroral

https://www.leos.ac.cn/
https://earth.esa.int/eogateway/missions/swarm/product-data-handbook/level-1b-product-definitions
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station. From http://cedar.openmadrigal.org, (accessed on 18 September 2022) database,
we downloaded Ne vertical profiles collected at Jicamarca from 1996 to 2020, at Arecibo
from 1974 to 2015, and at Millstone Hill from 1976 to 2020. The dataset used in this study
is the same used by Pignalberi et al. [25] to investigate the ion temperature variations
at Millstone Hill and by Pignalberi et al. [26] to validate Te values measured by Swarm
satellites and modelled by IRI at the three ISRs locations. ISRs data are not continuous
in time, but the length of the datasets used here ensures a uniform representation of
the diurnal variation of Ne at ISRs location. To perform a statistical comparison with
CSES-01, Swarm B, and IRI values, we selected ISRs observations recorded in the altitude
range 510 ± 20 km by considering only the most reliable observations, i.e., those with a
percentage error lower than 10%. Moreover, to be consistent with the CSES-01 dataset solar
activity conditions, only ISRs observations characterized by an 81-day running mean of the
F10.7 solar index [27], i.e., F10.781, lower than 90 solar flux units (sfu) were retained.

3. Results
3.1. Calibration of Swarm B LP Electron Density Observations through FP Observations

Based on the results provided by Smirnov et al. [3] and Xiong et al. [6], we developed
a calibration procedure to correct Swarm B LP Ne observations by using the FP instrument
data made from the same satellite. Since our final goal is the comparison with CSES-01 and
following calibration through Swarm B data, we focused on the dataset described at the
end of Section 2.2. This dataset encompasses only low solar activity levels, and this is why
we did not sort data as a function of the solar activity. According to Xiong et al. [6], for low
solar activity, Swarm LP nighttime observations heavily overestimate FP ones, while during
daytime, a slight underestimation is present. FP observations were decimated to 2 Hz for
a one-to-one comparison with LP observations. As explained in Section 2.2, FP data are
not continuous in time; moreover, the availability of data for the years 2019−2021 is quite
sparse. These FP data limitations did not allow uniformly sampling different months and
properly describing the seasonal variations of observations. This is why we did not sort
data as a function of the season.

The calibration procedure was performed on a statistical basis through joint probability
distributions (JPDs) between LP and FP datasets. Specifically, values from FP were sorted
on a logarithmic scale from 102 to 106 cm−3, with 30 bins for each order of magnitude;
the same was done for the LP corresponding values. Then, for each bin of FP values, we
calculated the mean and standard deviation of LP values conditioned by FP (i.e., those LP
values falling inside a specific FP bin). Panel (a) of Figure 1 reports the JPD between Swarm
B LP observations (on y-axis) and corresponding values from FP (on x-axis) for the daytime
sector; the scale of reds represents the number of pairs falling inside each bin of the JPD.
The mean and standard deviation values of Swarm B LP observations conditioned by FP
observations are represented as black dots and error bars, respectively. The calibration
procedure is performed on the base of these mean values considering only values greater
than 103 cm−3. Values below 103 cm−3, which are recorded only in the nighttime sector (see
Figure 2), are very few and much scattered, making corresponding bins undersampled and
statistically unreliable. The linearity between the two datasets suggests the implementation
of a simple linear calibration in a log-log scale (logarithm in base 10):

y = mx + q
x = log(Swarm B FP Ne)
y = log(Swarm B LP Ne) ,

(1)

with m the slope and q the intercept of the linear relation.

http://cedar.openmadrigal.org
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Figure 1. JPDs between Swarm B LP Ne observations (y-axis) and Swarm B FP Ne observations (x-
axis), both recorded from 1 January 2019 to 30 September 2021 in the range of latitudes between 70°S 
and 70°N for the daytime sector (13:00−15:00 LT). Panel (a) refers to Swarm B LP observations before 
the calibration, while Panel (b) also shows the distribution of Swarm B LP observations after apply-
ing the calibration. In each panel, histograms of the counts are also reported: on the right and in red 
for Swarm B LP before the calibration, in blue for Swarm B LP after the calibration, and on the top 
and in green for Swarm B FP. The black dots refer to the mean values of original Swarm B LP Ne 
observations conditioned by Swarm B FP Ne observations, with the corresponding standard devia-
tion as error bar. The magenta dots refer to the mean values of calibrated Swarm B LP Ne observa-
tions conditioned by Swarm B FP Ne observations, with the corresponding standard deviation as 
error bar. The blue line in Panel (a) is the linear fit on black dots, with coefficients given in the legend. 
The thin black line is the first-third quadrant bisector. 

Figure 1. JPDs between Swarm B LP Ne observations (y-axis) and Swarm B FP Ne observations
(x-axis), both recorded from 1 January 2019 to 30 September 2021 in the range of latitudes between
70◦S and 70◦N for the daytime sector (13:00−15:00 LT). Panel (a) refers to Swarm B LP observations
before the calibration, while Panel (b) also shows the distribution of Swarm B LP observations after
applying the calibration. In each panel, histograms of the counts are also reported: on the right and
in red for Swarm B LP before the calibration, in blue for Swarm B LP after the calibration, and on the
top and in green for Swarm B FP. The black dots refer to the mean values of original Swarm B LP Ne
observations conditioned by Swarm B FP Ne observations, with the corresponding standard deviation
as error bar. The magenta dots refer to the mean values of calibrated Swarm B LP Ne observations
conditioned by Swarm B FP Ne observations, with the corresponding standard deviation as error bar.
The blue line in Panel (a) is the linear fit on black dots, with coefficients given in the legend. The thin
black line is the first-third quadrant bisector.
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Figure 2. JPDs between Swarm B LP Ne observations (y-axis) and Swarm B FP Ne observations
(x-axis), both recorded from 1 January 2019 to 30 September 2021 in the range of latitudes between
70◦S and 70◦N for the nighttime sector (01:00−03:00 LT). Panel (a) refers to Swarm B LP observations
before the calibration, while Panel (b) also shows the distribution of Swarm B LP observations after
applying the calibration. In each panel, histograms of the counts are also reported: on the right and
in red for Swarm B LP before the calibration, in blue for Swarm B LP after the calibration, and on the
top and in green for Swarm B FP. The black dots refer to the mean values of original Swarm B LP Ne
observations conditioned by Swarm B FP Ne observations, with the corresponding standard deviation
as error bar. The magenta dots refer to the mean values of calibrated Swarm B LP Ne observations
conditioned by Swarm B FP Ne observations, with the corresponding standard deviation as error bar.
The blue line in Panel (a) is the linear fit on black dots, with coefficients given in the legend. The thin
black line is the first-third quadrant bisector.
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The blue line in the Panel (a) of Figure 1 is the result of the application of Equation (1) to
the mean values of Swarm B LP observations conditioned by FP ones, with coefficients given
in the legend. We also provide the Pearson correlation coefficient (R-Pearson) describing
the linear correlation between the two distributions. In this case, the R-Pearson value is
very close to one, which legitimizes the use of Equation (1). Panel (a) of Figure 2 provides
the results for the nighttime sector. JPDs and linear fitting coefficient values confirm the
findings by Xiong et al. [6] for low solar activity. Indeed, in the daytime sector, the two
datasets agree very well, with an overall slight underestimation by LP data and maximum
negative departures in the range 104.3–105 cm−3. Conversely, in the nighttime sector, most
of the LP data overestimate FP ones; the higher the Ne, the higher the overestimation.

The inversion of the linear relation of Equation (1), with coefficients given by the linear
fit, allows obtaining the correction of Swarm B LP observations:

ŷ = 10
y−q

m , (2)

with ŷ = calibrated Swarm B LP Ne.
To test the efficacy of the linear calibration procedure, in Panels (b) of Figures 1

and 2, we overplot the JPDs obtained with ŷ values to those of Panels (a) in a scale of
blues, and calculate the mean and standard deviation values of calibrated Swarm B LP
observations conditioned by Swarm B FP ones, represented as magenta dots and error
bars. The calibration procedure allows compensating for the original overestimation during
nighttime; while, during daytime, the differences are small, as expected. The agreement
between the two datasets is evidenced by the distributions of calibrated values spreading
along the first-third quadrant bisector (thin black lines in Figures 1 and 2). The most
significant departures from linearity are present only at the low tail of the nighttime
distributions (see Figure 2). In the next section, Swarm B LP observations corrected
through FP observations will be used as reference to calibrate CSES-01 LP observations.
After that, the correctness of such procedure will be assessed through comparison with
ISRs observations.

3.2. Calibration of CSES-01 Electron Density Observations through Swarm B Calibrated Electron
Density Observations

Since CSES-01 and Swarm B satellites cover different locations at the same time, the
application of a point-by-point calibration through the procedure described in Section 3.1 is
not possible. It would have been possible only with a dataset of the satellites’ conjunctions.
However, the number of such conjunctions is very small, and the corresponding dataset
would have been biased towards the specific geophysical conditions of the days of the con-
junctions. For these reasons, the calibration of CSES-01 LP Ne observations was performed
on a statistical basis by considering the mean Ne values after sorting data as a function of
geographic location and LT sector. Specifically, we sorted data according to the following
criteria [28]:

• Diurnal variation: data were sorted in two bins as a consequence of the CSES-01 orbit
configuration, namely a nighttime sector representative of 02:00 LT and a daytime
sector representative of 14:00 LT;

• Spatial geographic variation: for each diurnal bin, data were binned as a function
of the geographic latitude and longitude. Specifically, data in the range 70◦S–70◦N
were binned in bins 2◦-wide in latitude and 4◦-wide in longitude. Then, there are 6300
spatial bins for each diurnal sector.

For each bin, we calculated the mean value of Ne and represented such values as
geographic maps. As explained before, a reliable statistical characterization of the seasonal
dependence was not possible due to the limited extension of the available datasets. In
addition, data were not sorted as a function of the solar activity level because our dataset
encompasses only low solar activity levels.
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Figures 3 and 4 show, respectively, daytime and nighttime maps of Ne mean values as
obtained by CSES-01, Swarm B LP, and Swarm B LP calibrated with FP and as modelled by
IRI. Figure 3 highlights how much CSES-01 daytime values are smaller in magnitude than
Swarm B and IRI ones, as already evidenced by several works in the literature [7,10,11].
Concerning the spatial variations, both measured and modelled values show maxima in a
region surrounding the geomagnetic equator (represented by a black solid curve in the fig-
ure). However, while CSES-01 and Swarm B values show a single broad maximum centered
at the geomagnetic equator, IRI predicts double maxima located at the equatorial ionization
anomaly regions (at around ±15◦ of geomagnetic latitude) and a relative minimum at the
geomagnetic equator. This is a well-known feature of IRI that is related to the topside
ionosphere modelling made by the NeQuick option [23,29]. The comparison with data from
several satellite missions highlighted this inconsistency related to the topside modelling
made by IRI (e.g., [30]). In order to improve this IRI shortcoming, CSES-01 observations,
along with those from other satellite missions, play a key role, as demonstrated by the good
agreement among CSES-01 and other satellites related to the Ne spatial patterns. However,
the very large differences in magnitude between CSES-01 and IRI have to be carefully
investigated. As expected by looking at the results of Section 3.1, in the daytime sector
the application of the calibration of Swarm B LP observations through FP ones produces
a marginal effect. At the same time, it is worth noting how much Swarm B observations
agree in magnitude with IRI ones during daytime. A completely different scenario opens
up when considering nighttime observations.
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Figure 3. Geographical maps of Ne mean values measured by CSES-01 LP (Panel (a)), Swarm B
LP (Panel (b)), and Swarm B LP after applying the calibration with FP observations (Panel (d)) and
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mean is calculated on data ranging between 1 January 2019 and 30 September 2021. The thick black
curve in each plot represents the geomagnetic equator.
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mean is calculated on data ranging between 1 January 2019 and 30 September 2021. The thick black
curve in each plot represents the geomagnetic equator.

Figure 4 evidences how nighttime Swarm B LP observations overestimate IRI ones in
a large range of latitudes in both the Northern and Southern Hemispheres. The application
of the calibration procedure based on FP observations corrects this overestimation by
putting Swarm B observations in good agreement with IRI ones. Differently, CSES-01
underestimates IRI although to a lesser extent when compared to the daytime conditions.
Again, concerning the spatial patterns, the good agreement between CSES-01 and Swarm B
is remarkable.

The mean Ne values shown in Figures 3 and 4 are used to statistically compare
the CSES-01 LP and Swarm B LP calibrated datasets through the statistical procedure
based on JPDs outlined in Section 3.1 for both LT sectors. In this case, JPDs are based
on the 6300 binned Ne mean values (70 bins in latitude times 90 bins in longitude) from
Figures 3 and 4 maps.

Panel (a) of Figure 5 shows the comparison between CSES-01 LP mean values (on
y-axis) and corresponding calibrated values from Swarm B LP (on x-axis) for the daytime
sector. Corresponding results for the nighttime sector are shown in Panel (a) of Figure 6.
The layout of Figures 5 and 6 is the same as Figures 1 and 2. JPDs confirm the striking linear
correlation between CSES-01 and Swarm B. Further, the underestimation made by CSES-01
stands out for both conditions; on the other hand, the very good linear relation between the
two datasets allows performing a linear calibration such as that done in Section 3.1. Then,
the linear relation of Equation (1) is fitted to the mean values of CSES-01 values conditioned
by calibrated Swarm B LP ones. In this case, x = log(Swarm B LP Ne calibrated) and
y = log(CSES-01 Ne). The blue line in Panel (a) of Figures 5 and 6 represents the linear
fitting, and corresponding coefficients are given in the legend. The retrieved R-Pearson
values very close to one confirm the linear relation between the two datasets and legitimize
the application of the linear calibration procedure. The extent of the CSES-01 underesti-
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mation is provided by intercept coefficients, which are more pronounced during daytime
(q = −0.203) than during nighttime (q = −0.073).
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Figure 5. JPDs between CSES-01 LP Ne (y-axis) and Swarm B LP Ne calibrated with FP (x-axis) mean
values represented in Figure 3 for the daytime sector (13:00−15:00 LT). Panel (a) refers to CSES-01
before the calibration, while Panel (b) also shows the distribution of CSES-01 after the calibration.
In each panel, histograms of the counts are also reported: on the right and in red for CSES-01 LP
before the calibration, in blue for CSES-01 LP after the calibration, and on the top and in green for
Swarm B LP Ne calibrated with FP. The black dots refer to the mean values of original CSES-01 Ne
conditioned by Swarm B LP Ne calibrated with FP, with the corresponding standard deviation as
error bar. The magenta dots refer to the mean values of calibrated CSES-01 Ne conditioned by Swarm
B LP Ne calibrated with FP, with the corresponding standard deviation as error bar. The blue line in
Panel (a) is the linear fit performed on black dots, with corresponding coefficients given in the legend.
The thin black line is the first-third quadrant bisector.
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Figure 6. JPDs between CSES-01 LP Ne (y-axis) and Swarm B LP Ne calibrated with FP (x-axis) mean
values represented in Figure 4 for the nighttime sector (01:00−03:00 LT). Panel (a) refers to CSES-01
before the calibration, while Panel (b) also shows the distribution of CSES-01 after the calibration.
In each panel, histograms of the counts are also reported: on the right and in red for CSES-01 LP
before the calibration, in blue for CSES-01 LP after the calibration, and on the top and in green for
Swarm B LP Ne calibrated with FP. The black dots refer to the mean values of original CSES-01 Ne
conditioned by Swarm B LP Ne calibrated with FP, with the corresponding standard deviation as
error bar. The magenta dots refer to the mean values of calibrated CSES-01 Ne conditioned by Swarm
B LP Ne calibrated with FP, with the corresponding standard deviation as error bar. The blue line in
Panel (a) is the linear fit performed on black dots, with corresponding coefficients given in the legend.
The thin black line is the first-third quadrant bisector.
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The application of Equation (2) with coefficients given by the linear fitting of Figures 5 and 6
allows calibrating CSES-01 LP observations and obtaining ŷ = calibrated CSES-01 LP Ne.
The comparison between original and calibrated CSES-01 LP JPDs (Panel (b) of Figures 5 and 6)
highlights how the calibration procedure allows compensating the original underestimation
without affecting the linear trend. Moreover, the goodness of the procedure is testified
by the distributions spreading along the first-third quadrant bisector (thin black lines in
Figures 5 and 6) for the entire range of values.

Maps of calibrated CSES-01 LP Ne values are represented in the Panels (b) and (d)
of Figure 7. The comparison with calibrated Swarm B LP Ne in Panels (a) and (c) of
Figure 7, and with maps in Figures 3 and 4 points out how the application of the calibration
procedure is effective in correcting the magnitude of CSES-01 values. To evaluate the extent
of the magnitude correction, the relative residuals between CSES-01 and Swarm B maps
were calculated before and after CSES-01 data calibration. Specifically, percentage relative
residuals (PRR) are calculated as:

PRR [%] =
(CSES-01 N e)− (Swarm B N e)

Swarm B Ne
· 100. (3)
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FP observations (Panels (a,c)) and geographical maps of mean Ne values measured by CSES-01 LP
after applying the calibration procedure based on Swarm B data (Panels (b,d)). Panels (a,b) are for
the daytime sector (13:00−15:00 LT); Panels (c,d) are for the nighttime sector (01:00−03:00 LT). The
thick black curve in each plot represents the geomagnetic equator.

In Equation (3), Swarm B values are the ones calibrated with FP (Panels (a) and (c)) of
Figure 7). Instead, for CSES-01 values, for comparison purposes, we alternatively used the
original ones (Panel (a) of Figures 3 and 4) and the calibrated ones (Panels (b) and (d) of
Figure 7). Results are shown in Figure 8.
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Figure 8. Geographical maps of percentage relative residuals between mean values of CSES-01
Ne and Swarm B LP Ne calibrated with FP. Panels (a,c) are for CSES-01 original data; Panels (b,d)
are for CSES-01 data calibrated through Swarm B data. Panels (a,b) refer to the daytime sector
(13:00−15:00 LT); Panels (c,d) refer to the nighttime sector (01:00−03:00 LT). In green, the mean of
the percentage relative residuals calculated for the whole map is reported. Data encompass the
period from 1 January 2019 to 30 September 2021. The thick black curve in each plot represents the
geomagnetic equator.

Maps on the left (Panels (a) and (c)) show PRR values between original CSES-01 values
and Swarm B LP values calibrated with FP. During daytime, the mean PRR is −83.0%, while
during nighttime, it is −54.6%, thus confirming the well-known CSES-01 underestimation.
Maps on the right (Panels (b) and (d)) show PRR values after the calibration of CSES-01
values. In this case, we have mean PRR values equal to −6.9% and −0.9% during daytime
and nighttime, respectively, which confirms the efficacy of the calibration procedure. At the
same time, these maps highlight more clearly the spatial regions where CSES-01 and Swarm
B observations differ the most. In fact, even though the mean PRR values, calculated over
the entire maps, are close to zero, there are regions where CSES-01 statistically overestimates
Swarm B (in red) and regions where an underestimation prevails (in blue). It is of relevance
to note that the locations where this happens are not random but exhibit a quite clear
pattern, which also depends on the LT sector. This is because the calibration procedure
applied in this section does not explicitly consider spatial variations, which means that
spatial differences between the two datasets are not levelled by the calibration procedure.
Systematic differences between the two datasets that were hidden before applying the
calibration procedure are consequently highlighted.

3.3. Validation through Incoherent Scatter Radars Observations

The reliability and efficacy of the calibration procedure described in the previous
sections needs to be tested against independent observations. In this regard, Ne obser-
vations by ISRs are considered the ground-truth to rely on for validation of in situ LP
observations [4–6,31,32].

Since ISRs observations are not continuous in time and are performed only for a few
days per month, we collected all the available ISRs observations at Jicamarca, Arecibo, and
Millstone Hill (see Section 2.4) and performed a climatological statistical analysis similarly
to Pignalberi et al. [26]. Specifically, for each of the three ISRs, we sorted data in the range of
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altitude 510 ± 20 km as a function of LT, in bins 30 min wide, to highlight the diurnal trends.
To be consistent with the previous analyses, the seasonal variation was not considered, and
only observations recorded in the range F10.781 < 90 sfu, which is representative of low
solar activity level of the years 2019–2021, were considered. For each bin, we calculated the
following statistical metrics:

• Counts in the bin;
• Median, i.e., the 50th percentile;
• First (25th percentile) and third (75th percentile) quartiles representative of the inter-

quartile range (IQR);
• 5th and 95th percentiles, highlighting the tails of the distribution.

These statistical metrics are represented as boxplots and histograms in Figure 9 for
Jicamarca, Arecibo, and Millstone Hill.

To make a comparison with ISRs data, we selected all the CSES-01 observations
collected around the ISRs over an area centered at ISRs’ geographic location and extending ±5◦ in
latitude and ±20◦ in longitude. Then, the selected CSES-01 observations were binned for
the two LT sectors probed by CSES-01, and the corresponding median values are plotted.
In Figure 9, the magenta star is the median of CSES-01 original values, while the green star
is the median of CSES-01 calibrated values. For comparison purposes, the Swarm B FP
observations collected over the ISRs and corresponding values modelled by IRI along the
Swarm B orbit were also considered. The spatial selection criteria of both Swarm B FP and
IRI values are exactly the same as CSES-01. However, due to the orbital configuration of
Swarm B, all the LTs were covered, and the entire diurnal trend is represented.

The most striking features from Figure 9 are:

(a) Original CSES-01 LP observations underestimate ISRs observations for both daytime
and nighttime sectors for all the three locations. The application of the calibration
procedure based on Swarm B LP observations calibrated with FP data strongly reduces
this underestimation by bringing CSES-01 observations into agreement with ISRs ones
within the IQR. Focusing on daytime values, after applying the calibration, CSES-01
slightly overestimates ISR values at Jicamarca, while a slight underestimation is visible
both at Arecibo and Millstone Hill. This agrees with the PRR spatial patterns shown
in Panel (b) of Figure 8. After applying the calibration, the nighttime results are very
consistent, as was already evidenced by Panel (d) of Figure 8;

(b) Swarm B FP observations are very accurate both in terms of magnitude and LT pattern,
with values within the IQR, for all the three ISRs. This analysis testifies the goodness
and reliability of Swarm FP observations, at least for the low solar activity level
conditions investigated here. Compared to Swarm B LP observations (not shown in
Figure 9), FP observations are by far more accurate in the description of nighttime
conditions, as has been recently highlighted by Xiong et al. [6]. Most of the differences
between Swarm B FP and ISRs are limited to the morning hours at Jicamarca (slight
overestimation) and to nighttime conditions at Millstone Hill (slight underestimation);

(c) The IRI topside model of Ne is statistically very reliable during daytime at mid
latitudes (see Panel (c) for Millstone Hill). This is an expected behavior because IRI is
an empirical model whose underlying dataset is heavily biased towards mid latitudes,
where most of the ionospheric stations and facilities are located. A slightly degraded
performance is visible during daytime around the equatorial ionization anomaly (see
Panel (b) for Arecibo) and concerning the early morning trend at equatorial latitudes
(see Panel (a) for Jicamarca). Anyway, in most cases, the IRI model reliably describes
the Ne variations at CSES-01 altitude for the considered ISRs locations, making it a
very robust benchmark for satellite in situ observations comparisons.
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as a function of LT (x-axis) in bins 30 min wide. ISRs data are represented as boxplots in which the 
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Figure 9. Statistical comparison among Ne observations by ISRs at around 510 km of altitude
(boxplots), Swarm B FP (black line), and CSES-01 LP (magenta star for original values, green star
for calibrated values) and modelled by IRI-2016 (orange line). Panel (a) refers to Jicamarca, Panel
(b) refers to Arecibo, and Panel (c) refers to Millstone Hill. Both measured and modelled data are
binned as a function of LT (x-axis) in bins 30 min wide. ISRs data are represented as boxplots in which
the red line is the median; the 25th and 75th percentiles are represented as the lower and upper limits
of each box, and the vertical lines extending from the boxes represent the 5th and 95th percentiles.
Green vertical bars at the bottom of each panel represent the number of ISRs data falling in that bin.
For CSES-01 LP, Swarm B FP, and IRI-2016, only the median of values falling within each LT bin
is represented.
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Finally, the statistical comparison with ISRs observations highlights the effective-
ness of the proposed calibration procedure applied to CSES-01 LP data in reducing the
underestimation suffered by CSES-01 observations during both daytime and nighttime.

4. Discussion

From our comparisons, it is clear that CSES-01 LP Ne data present an underestimation
problem. In general, this could be due to several issues, spanning from an instrumental
malfunction to estimation method systematic errors. We excluded all possible instrumental
issues since the I–V characteristic curves produced by the CSES-01 LP are clear and smooth
(see Yan et al. [13] for more details). We investigated any possible problem related to the
inversion algorithm used for the evaluation of both Ne and Te. It is well-known that, on
the basis of the orbital-motion-limited (OML) theory [33], once the electron current incident
on the probe is at zero potential with respect to the surrounding plasma is known, Ne is
linearly dependent on the inverse of the square root of Te. Thus, any possible systematic
error in the evaluation of Te will produce an error in the Ne value. In our case, with Ne
being underestimated, one possible explanation might be an overestimation of Te. Van
Rompuy et al. [34] showed that a spherical LP can produce an overestimation of Te in
presence of a non-Maxwellian electron velocity distribution, such as in the presence of two
ion species plasma population. In fact, in such a condition, the general equation relating the
electron current to Ne is no longer valid [33], being based on the assumption that electrons
follow a Maxwellian distribution of velocities [35], and this needs to be evaluated integrat-
ing the correct electron distribution function. Hoegy and Brace [36] showed that additional
electron population can be produced in the ionosphere by: (1) photoelectrons produced
in the daytime ionosphere; (2) degraded secondary electrons produced by precipitating
particles in the auroral oval; (3) photoelectrons produced by sunlit spacecraft surfaces;
(4) secondary electrons produced by the impact at spacecraft velocities of thermospheric
molecules; (5) secondary electrons emitted when the spacecraft potential is high enough
to accelerate ionospheric ions or electrons to energies that exceed the ionization potential
of spacecraft metallic surfaces; and (6) electron beams or plumes emitted from devices on-
board the satellite. In general, (1) and (2) have a negligible influence on the I–V curves and
can be neglected. On the other hand, (3)–(6) can have high enough densities to significantly
distort the I–V curves and affect the determination of Te by distorting the electron retarding
regions [37–39]. The calibration procedure applied here cannot give indications of what
the main physical causes of CSES-01 LP Ne underestimation are. However, the evidences
brought by our analyses and by the considerations described above point toward the need
of a careful analysis of CSES-01 LP Te observations. Moreover, the possible inclusion
of non-Maxwellian electron velocity distribution in the inversion algorithm used for the
evaluation of both Ne and Te is a point to be investigated in a forthcoming analysis.

One aspect that deserves to be discussed in more detail concerns the calibration of
Swarm LP data by using FP measurements. The Swarm LPs operating mode is rather
different than the CSES-01 LP’s one: instead of continuously sweeping an applied voltage
and collecting the current, which is the standard method to operate a LP, three fixed voltages
on an ideal I–V curve are determined, and a periodic ripple is superposed to each of the
applied voltages for a duration of about 100 ms. This allows determining not only the
collected current but also the complex admittance, which is the derivative of the ideal I–V
curve in the selected point. By combining currents and admittances measurements in the
framework of the OML theory, Ne, Te, and the spacecraft potential can be inferred (full
details can be found in Knudsen et al. [19]). Since the so-called “ion region” of the ideal
I–V curve, where a negative voltage is applied, is less disturbed than the “electron region”,
in the Swarm LP processing, Ne is obtained from the ion region. As a consequence, what
Swarm LPs measure is the ion density, Ni, rather than Ne; however, this does not represent
a problem since quasi-neutrality (Ne ∼= Ni) holds for ionospheric plasma. Nevertheless, in
the framework of the Swarm LP processing, two major assumptions are needed: (1) the only
ion species present at these heights is O+; (2) the along-track ion speed is always negligible
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with respect to the satellite speed. These are reasonable assumptions most of the time but,
as pointed out by Pakhotin et al. [32], a non-negligible fraction of H+ ions can be present,
especially during the night and at Swarm B heights (e.g., [3,6]): even a small fraction
of ions lighter than O+ can considerably reduce the effective mass that enters in the ion
density determination so that neglecting this contribution could lead to an overestimation
of density. On the other hand, FP measurements do not imply any a priori assumption on
the ion species detected although still, as for the LPs, the along-track ion speed is neglected.
Overall, the picture is consistent with results: as seen in Figure 2, the nighttime portion of
Swarm B LP dataset overestimates the corresponding FP one. Instead, the Swarm B LP
dataset calibrated with the Swarm B FP dataset can safely be compared with a “true” Ne
dataset such as that from CSES-01 LP. A word of caution should nevertheless be brought
considering that such cross-validation between Swarm B and CSES-01 datasets is limited
to the time period taken into account, mainly characterized by low solar activity; while,
for high and intense solar activity periods, the results could be very different [6]. As a
consequence, to confirm the goodness of FP data and the effectiveness of the calibration
procedure applied to LP data, the procedure described in Section 3.1 should be repeated for
higher solar activity levels, which is possible because simultaneous LP and FP observations
are available from October 2014 onwards, thus embracing the second part of the last solar
cycle. Moreover, it has to be proven that this calibration procedure could be also applied
for LTs different from those studied in this work and, if so, to study the LT behavior of
calculated calibration parameters. Both these issues are beyond the scope of this paper but
deserve attention for the future improvement of the Swarm LP dataset.

The calibration procedure applied to CSES-01 LP Ne data allowed improving the
agreement with corresponding ISRs Ne data for the two LT sectors probed by CSES-
01 (see Figure 9) and with both Swarm B LP calibrated data and IRI-modelled data
(see Figures 3, 4, 7 and 8). This study represents a preliminary but fundamental step to-
wards the use of CSES-01 LP Ne data for topside ionosphere modelling and improvement
of empirical models such as IRI [1] and NeQuick [23]. Indeed, despite the reliable represen-
tation of the Ne spatial and LT variations in the topside ionosphere provided by CSES-01 LP
observations, the remarkable underestimation evidenced by previous studies [7,10,11] pre-
vented from using CSES-01 LP Ne data for empirical modelling of the topside ionosphere.
The application of our calibration procedure fixes this issue and opens up the way to several
applications. For instance, CSES-01 LP Ne observations can be used to calculate the topside
plasma effective scale height with the procedure implemented by Pignalberi et al. [40] and
later applied to the NeQuick model by Pezzopane and Pignalberi [41], both making use of
Swarm satellites LP Ne data. Since the topside plasma effective scale height is the param-
eter driving the decay of Ne in the topside ionosphere, thus controlling the shape of the
topside vertical Ne profile [42], a reliable specification of this parameter is fundamental for
empirical models and to retrieve reliable vertical total electron content values. Moreover,
Pignalberi et al. [43] also demonstrated that such effective scale height is linked to the
vertical scale height theoretically deduced from the plasma ambipolar diffusion theory
so that, from the study of its variations, some physical properties of the plasma in the
topside ionosphere can be inferred. CSES-01 LP Ne data can be profitably used to fix the
IRI representation of the low-latitude topside ionosphere at LEO altitudes in the daytime
sector. In fact, IRI at these altitudes predicts the presence of a double maximum located
at the equatorial ionization anomaly regions, while CSES-01 (in agreement with Swarm B
and other satellite missions) shows a single broad maximum centered at the geomagnetic
equator. The inclusion of CSES-01 LP Ne calibrated data in the dataset underlying IRI
would help to solve this issue, as recently demonstrated by Bilitza and Xiong [29], who
made use of CHAMP, GRACE, and Swarm satellites data to improve the IRI topside model.

5. Conclusions

To fix the underestimation characterizing the CSES-01 LP Ne observations, we de-
veloped a calibration procedure taking advantage of LP and FP observations recorded
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by Swarm B satellite flying at an altitude similar to that of CSES-01 (about 500 km above
the ground). As a preliminary step, Swarm B LP data were calibrated through the FP
dataset, which shows a better agreement with ISRs measurements made at Jicamarca,
Arecibo, and Millstone Hill. This calibration allowed solving the Swarm B LP overesti-
mation during nighttime hours and for low solar activity, evidenced by Smirnov et al. [3]
and Xiong et al. [6]. Calibrated Swarm B LP observations were then used to calibrate cor-
responding CSES-01 LP values. Overall, the calibration procedure resulted in strongly
reducing the CSES-01 LP underestimation. When compared to calibrated Swarm LP data,
the mean PRR was reduced from −83.0% to −6.9% during daytime and from −54.6%
to −0.9% during nighttime. The effectiveness of the calibration procedure was, finally,
statistically assessed against independent measurements from Jicamarca, Arecibo, and
Millstone Hill ISRs. After the calibration, CSES-01 LP data were in agreement with ISRs
ones within the IQR, contrary to the original data, which were highly underestimated.
The improvement brought by the calibration was verified for both daytime and nighttime
sectors and for the different latitudes of the ISRs locations. Calibrated CSES-01 LP data
were also in agreement with IRI modelled data.

Since the calibration procedure proposed here is based on data recorded from 1 January 2019
to 30 September 2021, it encompasses only low solar activity conditions. As a consequence,
when new data from both CSES-01 and Swarm B satellites will be available in the next
years, the possible dependence of the calibration coefficients on solar activity will be
investigated. Moreover, due to the shortness of the available dataset, this work did not
investigate a possible seasonal dependence of calibration coefficients. This is another point
that will be considered in the future when more data will be available. Furthermore, the
calibration procedure was applied on data recorded at different latitudes; however, PRR
maps of Figure 8 highlight latitudinal differences between calibrated CSES-01 and Swarm
B data, particularly during daytime. Since our main goal is to smooth the large CSES-01
Ne underestimation and provide the ionospheric community a simple methodology to
correct CSES-01 Ne data, at this stage, the latitudinal dependence was not considered in
the calibration procedure. Further studies based on a more extended dataset are needed to
also take into consideration this dependence as well as those on seasons and solar activity.

CSES-01 is the first of a series of Chinese LEO satellites dedicated to geophysical
measurements and near-Earth environment monitoring. Other satellites will be launched
in the coming years, covering different LTs and thus also allowing a complete description
of the diurnal behavior of the topside ionosphere. Since the satellites to be launched will
carry a Langmuir probe on board, the results of this study can be of value for future CSES
missions to foster the use of CSES observations for ionospheric modelling.

Last but not least, CSES-01 LP Ne observations calibrated through the procedure
described in this paper can be profitably used for empirical modelling of the topside
ionosphere and for the improvement of models such as IRI and NeQuick.
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