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Abstract In this study, we perform the first comprehensive comparison of ion density (Ni) in the topside
ionosphere measured by the Langmuir probe (LP) and faceplate (FP) of the thermal ion imager on board
Swarm satellites. Our results show a systematic difference between the LP and FP derived Ni values, and the
systematic difference shows prominent dependences on solar flux, local time, and season. Although both Ni
datasets show generally good linear regression with electron density (Ne) measurements from the incoherent
scatter radar (ISR) located at Jicamarca, the Ni derived from LP shows an additional dependence on the solar
flux, while such a dependence cannot be seen in the FP-derived Ni. We suggest that the solar flux dependence
of LP-derived Ni is related to the ion compositions change at Swarm altitude, which has not been properly
accounted for in the LP processing algorithm. More light ions (e.g., H*), diffusing down from the plasmasphere
to the Swarm altitude, seem to cause the overestimation of Ni from LP during low solar activity. A linear
relation between the Swarm LP-derived Ni and ISR Ne is derived, and such a function is recommended to be
implemented into further updates of the Swarm LP plasma density data.

1. Introduction

Earth's ionosphere is the ionized part of the upper atmosphere, spanning roughly the range from 60 to 1,000 km
altitude. Two important parameters for a description of the ionosphere are the plasma density and temperature;
therefore, different techniques have been developed for precisely measuring the two parameters. Compared to
remote sensing facilities from the ground, for example, ionosonde or incoherent scatter radar (ISR), in-situ meas-
urements from satellites provide continuous and global coverage. As a result, low-earth orbiting (LEO) satellites
have become an important data source for improving our understanding of the topside ionosphere (e.g., Benson
et al., 1977; Brace, 1998; Sagawa et al., 2005; Wan et al., 2021). Among a series of spaceborne payloads, the
Langmuir probe (LP) is a conventional instrument that has been frequently installed on satellites or rockets
for probing the ionosphere, due to its simplicity, relatively small weight and low power consumption (Brace
etal., 1971, 1998; Oyama, 2015).

The Langmuir probe (LP) includes an electrode immersed into the plasma, with either planar, cylindrical, or
spherical shape. The basic theory of measuring plasma density and temperature using Langmuir probe (LPs)
was developed by Langmuir and his colleagues (e.g., Mott-Smith & Langmuir, 1926). By applying a direct
current voltage varying from negative to positive, the electrode attracts ions and electrons from the ambient
plasma, leading to a measurable current. In the so-called ion saturation region, when the applied voltage has a
sufficient negative bias relative to the surrounded plasma potential, the current is carried almost entirely by the
positive ions. While in the electron saturation region with a sufficiently positive bias, current is resulting from
the electrons. In the region between the ion and electron retardation region, the current varies exponentially with
the bias of a scale factor proportional to the electron temperature, Te. Based on the analysis of current-voltage
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(I-V) characteristics, the number density of ion/electron as well as Te can be estimated (e.g., Brace et al., 1971;
Chapkunov et al., 1976; Lebreton et al., 2006). However, it is worth to note that there is not a universal theory
of LPs applicable for all measurement conditions, because the analytic current-voltage (I-V) characteristics are
derived under certain assumptions, for example, the orbital motion limited (OML) theory (Chen, 2009; Tonks &
Langmuir, 1929), factors, like the probe size, geometry, material, and platform potential etc., will lead to addi-
tional uncertainties of the plasma density and temperature estimates (e.g., Resendiz Lira & Marchand, 2021).

Comparison from earlier satellites equipped with long-wire LPs found that the in-situ measured Te is generally
higher than the values from ground-based radars (Brace, 1998). Hanson et al. (1969) compared the Explorer 32
overflights of incoherent scatter radar (ISR) at Jicamarca, and found the Te from LP was by about 70% higher.
Similar overestimates have also been reported from the OGO-6 satellite, showing higher values of Te by about
15% (McClure et al., 1973). Later from a shorter LP on board the Atmospheric Explorer-C (AE-C) satellite,
much better agreement was found between the in-situ Te and radar values (Benson et al., 1977). This result
suggested that the accuracy of earlier long probe measurements may have suffered from the inaccurately inverted
current-voltage (I-V) characteristics. One possible reason could be that the surface patchiness of long probes
and geomagnetically induced potentials can cause energy smearing of the electron retardation regions at very
low Te, and such influences have not been taken into account in the I-V curve inversion (Brace, 1998). For later
satellite missions, like the Challenging Mini-satellite Payload (CHAMP) (Reigber et al., 2002), Gravity Recovery
and Climate Experiment (GRACE) (Tapley et al., 2004), and China Seismo-Electromagnetic satellite (CSES)
(Shen et al., 2018) etc., comprehensive comparisons have been made between the in situ electron density with
ground-based measurements before the datasets being released (McNamara et al., 2007; Xiong et al., 2015; Yan
et al., 2020). In addition, the LP measurements onboard an orbiting platform sometimes can also provide insights
in differences between ground-based facilities. Benson et al. (1977) have compared the Te from the Atmospheric
Explorer-C (AE-C) satellite with four radars located at different locations (Millstone Hill, Chatanika, St. Santin,
and Arecibo). The only disagreement was found at Millstone Hill, which was lower than the LP measurements
by an average of 11%. This result uncovered a systematic bias between the radar measurements from Millstone
Hill and from facilities at other locations (Brace, 1998).

With an increased number of facilities over the globe and also the accumulated data sets during the past decades,
measurements from ground radar and ionosonde have been extensively used for comparison and validation of
in-situ measurements from recent satellite missions (e.g., Lei et al., 2007; Lomidze et al., 2018; McNamara
et al., 2007; Rother et al., 2010; Xiong et al., 2015). Meanwhile, in-situ measurements from different missions
can also be used for cross-validation (e.g., Pedatella et al., 2015; Smirnov et al., 2021; Wang et al., 2019; Yan
et al., 2020). Such efforts can reveal and eliminate the possibly existing systematic discrepancies between differ-
ent data sets, and they further help to improve ionospheric empirical modeling (e.g., Bilitza & Xiong, 2020).

European Space Agency (ESA's) on-going Swarm mission, consisting of three identical satellites, aims to
precisely monitor the Earth's magnetic field and upper atmosphere (Friis-Christensen et al., 2008). Lomidze
et al. (2018) performed a comprehensive validation campaign of Swarm LP measured Ne and Te, by comparing
the data with observations from incoherent scatter radar (ISRs), ionosondes, and the Constellation Observing
System for Meteorology, lonosphere, and Climate (COSMIC) satellites estimates. Their results revealed a gener-
ally good agreement between Swarm and other data sets; though, the Swarm LP underestimated the Ne by about
21% compared to the ISR values. Recent studies also proved that the in-situ plasma densities measured by Swarm
LP are excellent to survey ionospheric structures (e.g., Astafyeva et al., 2016; Buchert et al., 2015; Jin et al., 2020;
Wan et al., 2018; Zhou et al., 2016). The special constellation of Swarm, for example, during the initial mission
phase when the three satellites flew in a string-of-pearls formation, maked it possible to distinguish the temporal
from spatial variations of small-scale field-aligned currents at high latitudes (Liihr et al., 2014) as well as of
the ionospheric irregularities at equatorial and low-latitudes (Xiong, Stolle, et al., 2016); and of the east-west
magnetic field gradient measured by the lower pair of satellites flying side-by-side, helping the lithospheric
magnetic field modeling to achieve an unprecedented accuracy (Thébault et al., 2016).

In a recent effort, Bilitza and Xiong (2020) managed to improve the topside Ne estimation of the International
Reference Ionosphere model during extremely low solar activity levels, by including measurements from several
low-earth orbiting (LEO) satellites, such as, Alouette, International Satellites for Ionospheric Studies (ISIS),
CHAMP, GRACE, and Swarm missions. Good agreement of regression parameters is deduced between the
topside sounder of Alouette and International Satellites for Ionospheric Studies (ISIS) as well as in-situ Ne from
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CHAMP and GRACE, but an additional scaling factor needs to be applied to the Swarm Ne, in order to obtain
agreement of absolute values with the other data sets (see Figure 4 of Bilitza & Xiong, 2020). As mentioned
above, the in situ Ne measurements from CHAMP (McNamara et al., 2007), GRACE (Xiong et al., 2015) and
Swarm (Lomidze et al., 2018) showed quite well agreement with ground-based ISR observations. One possible
reason could be that the Swarm Ne data used by Lomidze et al. (2018) were from December 2013 to June 2016,
while Bilitza and Xiong (2020) used the Swarm Ne data from 2013 to 2020, covering the very low solar activity
years 2018-2019. This suggests that uncertainties might exist in the Swarm Ne data during very low solar activ-
ity conditions. In addition to the 2 Hz plasma data from the onboard LP, the faceplate (FP) of the thermal ion
imager (TII) occasionally provides plasma density with a higher sample rate of 16 Hz (Knudsen et al., 2017). To
our knowledge, no extensive cross-validation between the plasma densities from the two instruments has been
performed so far. So, a detailed comparison between two data sets has been pending, and such a comparison will
be helpful for identify if the LP data of Swarm underestimate the Ne during low solar activity years.

The content of this study is arranged as follows: in Section 2, we first provide a short introduction of the LP
and faceplate (FP) instruments, as well as recent updates of Swarm LP data processing. In Section 3, a detailed
comparison between the two data sets is performed, by resolving the local time (LT), seasonal, and solar flux
dependences. In Section 4, the LP and faceplate (FP) derived density data have been further compared with the
ISR measurements at Jicamarca. In Section 5, possible reasons that may cause the discrepancy between the two
data sets are discussed. Finally, our findings are summarized in Section 6.

2. Data Set and Approach
2.1. Swarm LP and FP

The Swarm LP and FP (embedding the TII) are part of the Electric Field Instrument (EFI) package, and a detailed
description of EFI can be found in Knudsen et al. (2017). There are two LPs mounted on the earthward edge of
the Swarm ram panel, and the two LPs are separated by 30 cm and located quite close to the faceplate of TII. The
radius of both spherical probes is 4 mm and the distance from the center of the sphere to the platform is 99.01 mm
(Resendiz Lira & Marchand, 2021). The surface material of one probe is Titanium Nitride, and the other probe
surface is made of gold-plated Titanium to reduce the chemical reactivity with ionospheric Oxygen (Catapano
et al., 2021).

Each of the three Swarm spacecraft is equipped with a FP, in which two TIIs are embedded. The FP is of rectan-
gle shaped with an area of 351 x 229 mm?, and its thickness is 3.175 mm (Resendiz Lira & Marchand, 2021).
The primary objective of the TIIs is to measure the plasma drift, but when they are not in operation, the current
collected by the FP and the shells of TIIs can be measured at a sample rate of 16 Hz, thus the FP can be used
as a planar LP with a fixed-bias voltage (typically —3.5 V) to the spacecraft. The relation between collected ion
current and density can be derived by considering the plasma flow being supersonic in the spacecraft reference
frame and the FP operating in the ion saturation region. We want to emphasize that the FP provides Ni only when
the TIIs are not active, namely for certain orbits per day (see later in our Figure 2).

2.2. Some Important Aspects of Swarm LP

Here we only repeat some important aspects of the Swarm LP, which might lead to the uncertainty of its plasma
density estimations.

2.2.1. Sweep Mode and High-Frequency Harmonic Mode

Two methods are conventionally used to measure currents collected by the probes as a function of voltage. One
is the full sweep mode, in which the probe bias voltage is varied from a sufficiently negative potential (the ion
saturation region) up to a sufficiently positive potential (the electron linear region). Another approach, referred
as high-frequency harmonic mode, focuses on the parts of I-V characteristics needed to infer the density and
temperature. In the harmonic mode, the probe voltages are modulated sinusoidally at a certain frequency and with
a variable amplitude depending on the characteristic region. For Swarm, the harmonic technique runs at 128 Hz
to measure the currents collected by the spherical probes. This is the first time that the harmonic mode is used
in orbit to obtain the I-V characteristic of space plasma (Knudsen et al., 2017). The high frequency harmonic
mode used most of the time, while the classical sweep mode occurs each 128 s, and lasts for 1 s. During the full

XIONG ET AL.

30f 16



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2022JA030275

sweep mode, the I-V curve is traditionally measured but the data are not included in the Swarm Level-1B plasma
processor. They are separately analyzed and provided as an additional advanced data product by ESA (Catapano
et al., 2021).

2.2.2. High Gain and Low Gain

Another important aspect of the Swarm LP is that each of the two LPs can be commanded to a high or low gain,
in order to avoid an automatic gain control which would potentially interfere with reliable and accurate current
measurements. The term “gain” should be understood here rather as a sensitivity of the current measurement
than an amplification. The first analysis, preceding Baseline 04 of the Swarm Level-1B products, estimated the
electron density and electron temperature from the high gain probe for low densities currents while from the low
gain probe for high densities currents, and by blending the results from both probes for an intermediate range of
density current. However, it was found out later that the regularly occurring transition between probes with differ-
ent gain produced non-physical variations of the estimated parameters even when smoothed by the intermediate
blending (Catapano et al., 2021). Therefore, the algorithm to estimate the density was changed to use the weaker
ion current instead of the retarded and saturated electron currents. The ion current and admittance are always and
very reliably measured by the high gain probe. The density product is therefore rather Ni, though often designated
still as Ne in some publications. We want to point out that the Ne and Ni are assumed to be equal at ionospheric
altitudes, due to the electric neutrality of plasma. This modification has been introduced with Baseline 05 at
ESA's servers. As shown in Catapano et al. (2021), only slight differences have been found between the plasma
densities of Baselines 04 and 05. In this study, we used the Ni product from Baseline 05. To exclude the outliers
of Ni from LP, only data points with “Flags_LP = 1, Flags_Ne = 20, Flags_Versus = 20” have been considered.
The detailed information about these flags can been found in Catapano et al. (2021).

2.3. Ne Measurements From the ISR at Jicamarca

Ne from the ISR located at Jicamarca has been used for further validating the Ni measurements from Swarm.
Under oblique mode (antenna elevation of 87.06°), the Jicamarca ISR provides nearly vertical electron density
profiles ranging from 100 km to above 1,000 km. The Ne data from the ISR are publicly accessible at the open
Madrigal database (http://cedar.openmadrigal.org).

To find the conjunctions between ISR and Swarm, three criteria have been applied: (a) the difference in coordi-
nated universal time (UTC) between Swarm and ISR measurements should be less than 15 min; (b) the longitu-
dinal difference between two techniques should be less than 15°, which limits the LT difference within 1 hr; (c)
for the corresponding altitude Ne profile from ISR, an exponential fit has been applied to the altitude range of
+75 km centered on the Swarm cruising altitude; if the standard deviations of the exponential fit with respect to
the altitude profile exceeds a threshold of 40%, the profile is not used. The criterion (c) is intended to exclude
the altitude profiles when the Ne distribution is quite dynamic. A similar approach has been used by Xiong
et al. (2015) for validating the GRACE satellite measured Ne against ISRs at different latitudes.

The ISR data used for comparison are from December 2013 until the end of 2020, as no oblique mode data are
available in 2021. After applying the above-mentioned criteria, it yields 162/51, 154/59, 175/81 conjunction
events of the ISR at Jicamarca and with the LP/FP for the three Swarm satellites, A, B, C, respectively.

3. Comparison of the Ni Measured by the Swarm LP and FP

Figure 1a shows the magnetic latitude (MLAT) profile of Ni from one orbital segment of Swarm A at low and
middle latitudes, when it crossed the equator at 22:47:56 UTC on 7 March 2015. The black and red curves
represent the Ni values measured by the LP and FP, respectively. Intense equatorial plasma depletions (EPDs)
are observed from both curves. Such EPDs, also called equatorial plasma bubbles, are often observed during
post-sunset hours and have been addressed in details based on the Swarm observations (e.g., Rodriguez-Zuluaga
& Stolle, 2019; Wan et al., 2018; Xiong, Stolle, et al., 2016). The latitudinal variations of the two curves agree
well with each other, but with a 16 Hz sample rate the Ni from FP reflects much finer structures than the 2 Hz
data from LP (Figure 1b). In addition, the absolute values of Ni from FP are larger than the values from LP, which
indicates that there is a systematic difference between plasma densities measured by the two instruments.
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Figure 1. (a) The latitude profile of Ni from one orbital segment of Swarm A at low and middle magnetic latitudes (MLAT),
when it crossed the equator at 22:47:56 UTC on 7 March 2015. Black and red curves represent the Ni measurements from
the Swarm Langmuir probe (LP) and faceplate (FP), respectively. (b) A zoom-in profile of Ni between —15.25° and —13.5°
MLAT.
As an overview, the top two panels of Figures 2a—2c show the solar flux index and altitude variations for the
three Swarm satellites, respectively. The P10.7 is defined as P10.7 = (F10.7 + F10.7 A)/2, where F10.7 A is the
average value of F10.7 over 81 days. As mentioned above, both solar flux indices slowly decrease from above 200
sfu at the end of 2014, to below 70 sfu in 2018-2019, and afterward they start to recover again since the end of
2019. During the initial mission phase, the three satellites flew at the same altitude (about 500 km); after the orbit
maneuvers were completed, on 17 April 2014, Swarm A and C flew at about 470 km, while Swarm B was about
50 km higher. The orbits of the three satellites slowly decayed during the past 7 years, due to the neutral air drag.
At the end of November 2021, Swarm A and C reached about 430 km and Swarm B about 500 km. For each satel-
lite, the Ni data from LP and FP have been presented in the bottom two panels. They are sorted into MLAT bin of
2°, and averaged over each day. The LP is continuously operated from the beginning of the mission and provides
data almost every day. The FP data are available since 2 October 2014 and is operated relatively sparsely since
7 October 2019 for Swarm A and B, and since 27 July 2020 for Swarm C. The blank areas in the third panel are
due to a lack of FP data. The Ni data from both instruments exhibit similar temporal and latitudinal variations. At
XIONG ET AL. 5of 16
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Figure 2. The solar flux and altitude variations over time are shown in the top two panels and the MLAT versus. date distribution of Ni derived from the LP and FP in
the bottom two panels for the three Swarm satellites in frame (a—c), respectively.

the equatorial and low latitudes, the well-known equatorial ionization anomaly structure (e.g., Appleton, 1946)
dominates, and its intensity shows a clear dependence on solar flux level, for example, Ni slowly decreases from
2014 to 2019 and then starts to increase again. In addition, a typical seasonal variation is also seen, with the
largest values of Ni at the two equinoxes and lowest values around the June solstice. At higher latitude, the iono-
spheric middle latitude trough is prominent during local winter, namely around December solstice in the northern
hemisphere and June solstice in the southern hemisphere. In addition, the intensity of the middle latitude trough
is much deeper and lasts longer during low solar flux years. This feature seen by Swarm is consistent with earlier
observations from the CHAMP and GRACE satellites (Xiong et al., 2013). Besides the agreement and similarity,
we also note that the Ni absolute values measured by FP are larger than those from LP during 2014-2016 (e.g.,
with a relative difference of —19.2% for Swarm B), which reflects well with the example shown in Figure 1.
However, the situation seems to be reversed during the low solar flux years, for example, 2017-2019, with larger
Ni values from LP (especially for Swarm B, with a relative difference by about 24.3%). This result suggests that
the systematic difference between Ni values measured by LP and FP changes with time.
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Swarm Ni from LP and FP
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Figure 3. Variations of solar flux indices (top panel), daily averaged values of Ni from Swarm B (second panel) and from
Swarm C (third panel); the ratios of Ni derived by faceplate (FP) over that from Langmuir probe (LP) for the two satellites
(bottom panel).

To better assess the relative variation of Ni from LP and FP, we use the ratio between the two datasets, which is
defined as Ni_FP/Ni_LP, and the result is shown in Figure 3. Note, as Swarm A and C fly side-by-side and their
plasma density from LP are fairly consistent (e.g., Xiong, Zhou, et al., 2016), in the following we only show the
result from Swarm C, as it has longer FP data coverage. The result from Swarm B is also shown, which represents
the situation at a higher altitude. To better compare with the solar flux variation, the F10.7 and P10.7 curves have
been repeated in the first panel of Figure 3. The daily averaged Ni values have been further averaged over all
latitudes and they are separately presented in the second and third panels for Swarm B and C, with black and red
curves representing results from LP and FP, respectively. It has to be noted here, although data are averaged over
24 hr, all readings of a day come practically from the same LT sectors, being separated by 12 hr for the ascend-
ing and descending arcs. The Swarm orbits precess only slowly through local times. The Ni curves follow each
other quite well, showing prominent solar flux and seasonal variations. Noticeable differences between the two
curves are seen, with larger/lower values from LP before/after 2017, respectively. During the deep solar minimum
(2018-2019), the difference between the two curves is much more prominent for the higher-flying Swarm B.

Quite dynamic variations of Ni (with many spikes) are seen beginning in October 2019 and July 2020 for Swarm
B and C, respectively. These dates correspond well to the time when the FP data coverage becomes sparse for
the two satellites. For example, two periods of Ni oscillations of Swarm B are seen in 2018, and the two periods
correspond well with the data gaps evident in the third panel of Figure 2b. We want to note that for making a fair
comparison between LP and FP, for deriving the curves in Figure 3, we only considered the periods when Ni from
both instruments (LP and FP) are available. For each orbit the 16 Hz Ni data from FP has been first down-sam-
pled to 2 Hz, and then averaged in the same way as for the LP. The Ni spikes most likely reflect the longitudinal
variation of the low-latitude ionosphere, which cannot be smoothed out because the FP data become sparse. Such
spikes cannot be seen in the LP data, as shown in Figure 2, when we make use of all the continuous LP measure-
ments, and as a result the longitudinal variations of the ionosphere are smoothed out in the daily averages.

From October 2014 to November 2021, the ratios (black and blue dots) for both satellites gradually decrease from
1.5 to below one and then increased again. After applying a sliding-average over a period of 27 days, the ratios
show clear periodical variations with periods of 141 and 133 days for Swarm B and C, respectively. Such periods
represent the number of days needed for the two Swarm satellites to cover all 24 hr of LT, which also suggests
that the systematic difference between LP and FP depends on LT. The ratios attain peak values when data are
collected from the 06 and 18 magnetic local time (MLT) sector. Minima are related to noon and midnight orbits.

XIONG ET AL.

7of 16



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2022JA030275

(a) Swarm B  2014-2021

—6—P10.7<90 sfu
—A—90<P10.7<120 sfu
—+—P10.7>120 sfu

9 12 15 18 21 24
MLT [h]

(b) Swarm C 2014-2021

t “\‘)‘I\‘\l -\‘l i

N
g —6—P10.7<90 sfu D
0.6+ —A—90<P10.7<120 sfu T
——P10.7>120 sfu
04 ‘ : ‘ ‘ : ‘ :
0 3 6 9 12 15 18 21 24

MLT [h]

Figure 4. The MLT dependence of the ratios between faceplate and Langmuir probe derived Ni, separately for Swarm B (a)
and Swarm C (b). For both satellites the data set have been divided into three different solar flux classes.

This suggests larger Ni overestimations of LP from noon plus midnight passes. Compared to Swarm C, the ratio
of Swarm B goes to lower values at low solar flux years, suggesting also an altitude dependence of the system-
atic difference between LP and FP. Figure 4a further presents the dependence of the ratio of Swarm B on MLT.
Data have been divided into low, moderate and high solar flux levels, indicated by the solar flux index ranges:
P10.7 < 90 sfu, 90 < P10.7 < 120 sfu, and P10.7 > 120 sfu. Mean values within 1 hr MLT bins are presented as
black circles, blue triangle, and red crosses for the three solar flux levels, respectively, and the standard deviations
of the hourly mean values are also represented. Similar MLT dependences are found for the ratios at all three solar
flux levels, that is, the ratios are smaller on the nightside than the values on the dayside. Under low solar flux
condition, the reversal of ratio (larger/smaller than 1) appears at 06:00 and 19:00 MLT; while under moderate
solar flux condition, the reversal has been shifted to 04:00 MLT on the morning side, and postponed to 21:00
MLT at nighttime. For high solar flux condition, relatively lower values are found at the nighttime, but the ratio
stays above 1 for all MLT hours, implying the LP measured Ni are always larger than the values from FP. The
ratios from Swarm C in Figure 4b show similar solar flux and LT dependences, but with systematically higher
values than that of Swarm B (see Figure 4b). An interesting feature is that a valley of the ratio is found around
10:00-11:00 MLT for both Swarm satellites under all solar flux levels.

Figure 5a shows the seasonal variation of the ratios for Swarm B. The daily averaged ratios under the three solar
flux levels are presented by smaller black circles, blue triangles, and red crosses, respectively, and the monthly
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Figure 5. The same as Figure 4, but for the seasonal variations of the ratio.

mean values are presented with larger symbols. The standard deviations of the monthly mean values are also
presented It is found again that the ratio is smaller for lower solar flux level. Slightly higher values are found at
the beginning of March and end of October and lowest around June solstice for both moderate and high solar flux
levels, while the ratios stay more or less constant throughout the year under low solar flux level. For Swarm C,
as shown in Figure 5b, similar solar flux and seasonal dependences are observed, but the absolute values of the
ratio are clearly larger.

4. Validation Against the ISR at Jicamarca

The previous section showed that the ratios between Ni values derived from the Swarm LP and FP instruments
and their ratios exhibit dependences on solar flux, season, and local time. Besides the relative variations of Ni, the
absolute values are also important, especially for empirical ionosphere modeling. Therefore, we further compared
the Swarm plasma densities to the Ne measurements derived by the ISR at Jicamarca, because ISR is one of the
most powerful ground-based facilities for providing reliable ionospheric parameters.

Figure 6a shows the linear regression between Ni from the LP of Swarm B and Ne from the ISR. Conjunctions
from different years are marked with different colors. Although underestimating by about 26%, the Ni from LP
agree quite well with the ISR Ne measurements, achieving a correlation coefficient of 0.90. However, when

XIONG ET AL.

9of 16



A7t |

M\\JI Journal of Geophysical Research: Space Physics 10.1029/2022JA030275
Ni from LP of Swarm B Ni from LP of Swarm C
(a) 30 . : : (d) =0 : : : ; :
Y=0.74x+0.43 Y=0.76x+0.56
251 ¢c=0.90 251 ¢c=0.92
o m:_'
‘£ 20 207
2 15} 215
zZ zZ
o 10t o 10+
- -l e
5t 5 . 2019
° % 2020
0 > : : : : 0 : £ : : :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
ISR Ne [10"" m?] ISR Ne [10"" m™3]
Ni from LP of Swarm B Ni from LP of Swarm C
(b)1s0 — - - : (e)so , ‘ : :
100F ° 3a 100 o
= o | ® osor L8, S e o ]
= - 68 = o, 82 g o o q
= ° ooooo o . = 0o ° 8° M ;
) b e ¥ o 4 0 § &8 o 26 .
§°° o eg o g g@ @ée ge o 8 °
-50 ° 82 8°§ N -50 ooo o%Ogo
% o °
5 05 S g 00 (o]
-100 —= ‘ : : - : : -100 —= : : : : : ‘
2014 2015 2016 2017 2018 2019 2020 2021 2014 2015 2016 2017 2018 2019 2020 2021
Year Year
Ni from LP of Swarm B Ni from LP of Swarm C
(0)150 : - ‘ —— (f) 150 : : : : :
100f , ° 8 100

15

12
MLT [h]

12 15 18 9
MLT [h]

9

24

Figure 6. Linear regression between the LP derived Ni and ISR Ne (top), their relative differences over year (middle) and MLT (bottom). The results from Swarm B
and C have been separately presented in the top and second bottom frames.

looking at the situations for different years, we find that the Ni from LP are larger than the ISR measurements at
low solar activity years (red circles). Figure 6b shows the relative difference, defined as ANe = (Ni_LP-Ne_ISR)/
Ne_ISR, and their annual median values are marked by red triangles. The relative difference slowly increases
from about —25% in 2014 to about 100% in 2019, indicating that the LP of Swarm B underestimates the plasma
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densities during 2014-2017, but overestimates the densities in 2019. From Figure 6¢c, we see that the Ni from
LP better agreement on the dayside (ANi < 25%), but show larger discrepancies on the night side (ANi of about
—40%). This result is consistent with the conclusion from Catapano et al. (2021). The results from the LP of
Swarm C are shown in Figures 6d—6f, which also reveal a nice linear dependence with the Ne from ISR. The
correlation coefficient reaches 0.92 and an overall underestimation by about 24% is obtained. The relative differ-
ence shows much clearer variations over the years, which increases from about —25% in 2014 to about 50% in
2019 and then decrease again back to zero in 2020. The variation of the relative difference agrees well with the
solar flux variations from 2014 to 2020. An interesting feature is that in 2019 the relative difference of Swarm
C reaches only half the values of Swarm B, which might be related to the lower altitude of Swarm C. For MLT
dependence, better agreement is also found on the dayside.

Similarly, Figure 7 shows the comparison of Ni from the FP of Swarm B and C with respect to the Ne measure-
ments of ISR. Generally good correlations are also found between them, with correlation coefficients of 0.83 and
0.91 for the two Swarm satellites, respectively. However, different from the results of LP, the Ni from FP do not
show an overall underestimation of the densities when compared to Ne from ISR. This result is consistent with
the amplitude ratios of Ni between Swarm LP and FP, as shown in Figure 3. The liner regression is dominated by
the points of larger values, and the Ni with higher values appear at high solar flux levels. During the higher solar
flux years 2014-2016, the Ni from FP is larger than the values from the LP, therefore, it is no surprise to see that
the absolute values of Ni from Swarm FP agree better with the ISR measurements. When looking at the relative
differences, as shown in Figures 7b and 7e, the FP generally overestimates the plasma density, but no clear solar
flux trend can be found. For the MLT dependence, it seems the FP generally overestimates the Ni on the dayside,
while understates the Ni during post-midnight hours.

In the next step, we have derived the scaling factor between Ni from Swarm and Ne from the ISR. Their depend-
ence on the solar flux index, P10.7, is shown in Figure 8, separately for the (left) LP and (right) FP measurements.
The scaling factor from each conjunction is presented by a black circle, and the results have been grouped into
bins according to the corresponding range of P10.7. The median values of each P10.7 bin (bin sizes of 10 sfu)
are marked with red triangles. As expected, for LP, the ratios show a clear dependence on P10.7, with a steeper
slope for Swarm B, while no clear dependence on P10.7 is found for the ratios with FP. The linear regression
shown in Figures 8a and 8c provides direct evidence that a scaling factor exists in the Swarm LP measured Ni,
which depends on the solar flux levels. The derived parameters of our linear regressions could be implemented
in further updates of the Swarm LP data product.

5. Discussion

Due to the long-time coverage of the Swarm mission, flying in space over 8 years, the in-situ plasma densities
measured by the Swarm LP become an important data source for investigating the structure and phenomena of
the topside ionosphere. For a satellite mission, it is usually essential to conduct a comprehensive validation of
its measurements against already existing operational instruments, to check the reliability of the data set. The Ne
measured by the Swarm LP have been compared with observations from ISRs, ionosondes, and Constellation
Observing System for Meteorology, Ionosphere, and Climate (COSMIC) satellites, which shows that the Swarm
LP underestimated the Ne by about 21% compared to the ISR values (Lomidze et al., 2018). Though the electron
density derived from Swarm LP (Baseline 04) has been changed to ion density now (Baseline 05) (Catapano
et al., 2021), the comparison with ISR Ne measurements at Jicamarca still reveals an overall underestimation of
the Ni data by about 25% for the three Swarm satellites. The similar underestimations between the LP derived Ne/
Ni against the ISR Ne measurements suggests that the changing of the Swarm plasma density processor, by using
ion current instead of electron current, does not sufficiently affect the accuracy of the derived plasma densities.
This result also implies that the updated processor is consistent with pervious release.

In addition to the overall underestimation of the Swarm LP derived plasma densities, the main issue we want
to address in this study is the fact that Swarm LP seems to overestimate the Ni under low solar activity condi-
tions. Figures 6b and 6d show that the annual mean difference between Swarm Ni and ISR Ne changes from
negative to positive in 2017. As the data set considered in Lomidze et al. (2018) lasts from December 2013 to
June 2016, which does not cover the low solar activity years 2018 and 2019, no overestimation of Swarm LP
data was found by Lomidze et al. (2018). One concern from our side is that the change of Swarm LP measured
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Figure 7. The same as Figure 6, but for the FP derived Ni and ISR Ne.

Ni from underestimation to overestimation could be due to the performance regression of the LP over the years.
For example, one of the two Swarm probe's surface is made of gold-plated Titanium to reduce the aggressive
chemical reactions with ionospheric Oxygen, but it is unknown how much Au is left on the 7i surface after more
than 8 years in space (Catapano et al., 2021). However, as shown in our Figure 6d, the overestimation of Swarm
LP Ni reduced again in 2020, which excludes the possibility of regressive performance of the LP. On the other
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Figure 8. Dependence of the Swarm LP (left) and faceplate (FP) derived Ni (right) scaling factors with respect to the incoherent scatter radar Ne on the solar flux
index, P10.7. Linear regression results are listed in the frames. The results from Swarm B and C are separately presented in the top and bottom frames.

hand, the variation of the ratio between Swarm LP Ni and ISR Ne shows a consistent dependence on solar flux
from 2014 to 2020, thus suggesting that the solar flux plays an important role in affecting the plasma density
measurements from the Swarm LP.

Additionally, the simultaneous Ni measurements from both LP and FP on board the same platform provide a
good opportunity for checking the consistency and reliability of the two instruments. Our results show that there
exists a systematic difference between the densities measured by the two instruments, and it changes with solar
flux levels. The correlation between FP Ni and ISR Ne is slightly lower than that between LP Ni and ISR Ne,
which might probably be due to fewer data points in the conjunction between FP and ISR. However, as shown in
Figures 7b and 7d, the relative difference between the Swarm FP Ni and ISR Ne do not show a clear dependence
over years (or solar flux level). This implies, the solar flux dependence of the systematic difference between LP

and FP comes from the LP measured Ni.

When deriving the plasma densities from the LP, certain assumptions are needed for resolving the analytic I-V
characteristics. In the original orbital motion limited (OML) theory the plasma is assumed to be: (a) Maxwel-
lian distributed; (b) unmagnetized; (c) collisionless; and (d) sufficiently tenuous or hot that the Debye length
is much larger than the size of the spherical or cylindrical probes (Chen, 2009; Tonks & Langmuir, 1929). The
assumptions (a and c) seem to be satisfied at ionospheric F-region height under most conditions (e.g., Niyogi &
Cohen, 1973). One exception is at auroral latitudes where non-thermalized energetic particles precipitate from the
magnetosphere. In addition, the effects of magnetic fields on the LP measured density have also been investigated
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theoretically (Rubinstein & Laframboise, 1983; Sanmartin, 1970) and experimentally (Brown et al., 1971; Ryan
et al., 2019). Resendiz Lira and Marchand (2021) have performed detailed simulations for checking the possible
influences of the orbital motion limited (OML) analytic approximations for the Swarm LP measured densities.
One resulting concern is that the LP spheres are mounted quite close to the platform (about 99.01 mm), which
could intercept or deflect the incoming particles. The result from Resendiz Lira and Marchand (2021) showed
that the relative errors of the estimated electron density can reach 100% due to the platform induced electric
field. In addition, when there are lighter ions (e.g., H*) in the incident plasma, which are deflected more by the
platform the relative error in the OML-predicted electron density can reach 50% if solely ionized oxygen (O*)
are assumed.

A similar concern about the influence of lighter ions causing errors in the Swarm LP derived plasma density
has been raised by Catapano et al. (2021), as in the Swarm Level-1B PLASMA processor it is assumed that
the plasma at Swarm height consists only of O* ions. This might be true for high solar flux years. However, as
reported from the observations of Communication/Navigation Outage Forecasting System satellite, the transition
height between O* and H* was reduced to about 450 km during the last solar minimum years 2008-2009 (Heelis
et al., 2009). As the solar flux level during 2018-2019 stays as low as the one in 2008-2009, the transition height
might also decrease to about 450 km, causing a considerable portion of H* ions at the Swarm altitude, which
further challenges the Ni derivation from LP.

According to the Swarm LP processing algorithm (Buchert, 2018):

. miu;
Nle = ——F dion
2x(er,)’ M

where m; is the ion mass,  is the ion ram velocity relative to the probe, e is the elementary charge, r, is the probe
radius, d,

ion

is the ion admittance. In the current applied algorithm, a pure O* composition is assumed. Light ions
(e.g., H*) are expected to diffuse from the plasmasphere to the Swarm altitudes, particularly for low solar activ-
ity. Therefore, one should multiply with an effective mass m, smaller than 16 (for O"), and a lower Ni, , will be
obtained. Thus, a contribution of H* that is not taken into account in the processing leads to an overestimation of
the derived ion density. This explains well the solar flux dependence of Ni derived from the Swarm LP, as shown
in Figures 6 and 8. As Swarm B flies 50-60 km higher than Swarm C, the linear regression from Swarm B shows
a steeper slope on solar flux dependence and the relative error at the altitude of Swarm B is larger.

However, the Ni derivation from FP is in a first approximation proportional to the ion charge and ion bulk drift
in the normal direction (Buchert, 2017):

Irp

Nigp =
eAu,-

@

where I, is the faceplate current, e is the elementary charge, A is the faceplate area, y; is the ion velocity normal
to the faceplate surface. Thus, no assumption on the plasma composition is needed for deriving Nig, As a
result, Nig, does not show a clear solar flux dependence, though slightly larger values than those from the ISR
(Figure 8). Furthermore, the much lower ratio between Swarm FP and LP derived Ni on the nightside (Figure 4)
also suggests that the transition height might be lower during the night and therefore more light ions are accumu-
lated at Swarm altitudes during the dark hours.

6. Summary

In this study, we performed a detailed comparison between Ni measured by the LP and FP instruments on board
the Swarm satellites. Our findings can be summarized as

1. There exists a systematic difference between the Ni derived from Swarm LP and FP, and the systematic differ-
ence shows dependences on solar flux level, local time and season

2. Both the Swarm LP and FP derived Ni show generally good linear regression with Ne from the ISR at Jica-
marca. However, the Ni from LP exhibit an additional dependence on the solar flux, while such a dependence
cannot be seen in the FP derived Ni

3. The solar flux dependence of LP derived Ni is assumed to be related to the ion compositions change at
measurement heights. A pure O* plasma is assumed in the LP processing algorithm. Light ions (e.g., H*) are
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expected to diffuse from the plasmasphere to the Swarm altitudes, particularly for low solar activity. With the
assumption of a pure O* plasma for the Swarm data this seems to cause an overestimation of Ni from the LP,
depending on the solar flux level

4. A scaling factor is defined by dividing the ISR Ne to Ni of Swarm LP, and the scaling factor shows a good
linear dependence on the solar flux index, P10.7. We suggest that the derived linear regression as shown in
our Figure 8 could be implemented into further updates of the Swarm LP data

SwarmB : Nippeor = —0.0082 X Vpio7 + 1.9823 3)

Swarm A and C : Nirpeorr = —0.0057 X Vp107 + 1.6067 )

here, the Vp10.7 is the value of solar flux index, P10.7. For a given solar flux level, the linear regression outlined
above can be applied to the Swarm Level-1B Ni data, for correcting the solar flux influence. The LT dependence
will then be a remaining issue for correction.

Data Availability Statement

The Swarm data are provided by ESA at https://earth.esa.int/web/guest/swarm/data-access, the ISR data is avail-
able at http://cedar.openmadrigal.org/, and the solar flux indices are available at OMNIWeb database https://
omniweb.gsfc.nasa.gov/.
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