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Thermospheric Mass Density Disturbances Due to
Magnetospheric Forcing From 2014-2020 CASSIOPE
Precise Orbits

Andrés Calabia' ©© and Shuanggen Jin'?

!School of Remote Sensing and Geomatics Engineering, Nanjing University of Information Science and Technology,
Nanjing, China, >Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai, China

Abstract Long-term thermospheric mass density disturbances due to magnetospheric forcing are
not clear due to a lack of measurement data and imprecise models. In this study, the Global Navigation
Satellite System (GNSS) precise orbits of CAScade SmallSat and IOnospheric Polar Explorer (CASSIOPE)
are used to infer high-resolution thermospheric mass densities between the years 2014 and 2020. The
CASSIOPE densities are comprehensively validated at altitudes from 325 to 425 km at intervals of

25 km with the High Accuracy Satellite Drag Model (HASDM) density database, and further compared
with the Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar Exosphere/2000
(NRLMSISE-00) and the Jacchia-Bowman/2008 (JB2008) empirical models. The CASSIOPE densities

are very similar to the HASDM and JB2008 densities, while the NRLMSISE-00 largely overestimates
(~150%) during low solar-flux conditions. For density values above ~107"* kg/m’, the correlation of
CASSIOPE with HASDM is ~5% better than the models, and the standard deviation is within 10% of the
background density. For density values below ~10™'? kg/m?, systematic errors have shown to reduce the
precision of the CASSIOPE densities. By setting geomagnetic contributions to zero in the models, the
density disturbances due to magnetospheric forcing are isolated from the CASSIOPE time-series, allowing
investigation into the correlations and time-delay responses to the models and to the merging electric
field (E;). A new linear dependence of the time delay to the E;, was found and then parameterized in this
study. Time delays occurred at the 4-7 h range during geomagnetic storms, and at 9-11 h during quiet
conditions; neither had significant dependence on altitude. The results represent the validation of the
first high-resolution thermospheric mass density estimates inferred from commercial-off-the-shelf GNSS
receivers.

1. Introduction

The characterization of the Earth's thermosphere, especially during geomagnetic storms, is essential for
applications such as Low Earth Orbit (LEO) satellite tracking and space weather research; thermosphere
models are routinely used as input in precise orbit determination (POD) schemes so that the position and
velocity of orbiting satellites can be accurately estimated (Montenbruck & Gill, 2013). However, position-
ing errors caused by uncertainties in the existing models are still a major concern (Anderson et al., 2009;
Jin et al., 2017; Calabia et al., 2020), largely due to the limited quality and quantity of data. Previously,
thermospheric mass density variations have been monitored by a variety of instruments and methods (Jin
et al., 2018), but only accelerometers on-board satellites have provided enough resolution to study high-ca-
dence disturbances caused by, for example, geomagnetic storms. The first high-resolution studies based on
accelerometers were by Marcos and Forbes (1985), and numerous scientific outcomes have followed since
then (e.g., Bruinsma & Biancale, 2003; Calabia & Jin, 2016a; Doornbos et al., 2010; Mehta et al., 2017),
in particular about disturbances caused by geomagnetic storms (e.g., Bruinsma et al., 2006, Calabia &
Jin, 2019; Liihr et al., 2004; Sutton et al., 2005).

The upper-atmosphere is mainly composed of two parts, the thermosphere and the ionosphere. In the ther-
mosphere, photoabsorption, photoionization, and photodissociation of molecules through extreme ultra-
violet radiation (EUV) create the ions of the ionosphere, and thermal energy-transfer from ions to neutral
particles drives the regular dynamics. However, this complex system is highly variable in space and time,
and the physical processes and corresponding mechanisms are not well understood (Heelis & Maute, 2020;
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Figure 1. Orbital altitudes (left axis) of the satellites capable to estimate high-resolution thermospheric mass densities.
The CAScade SmallSat and IOnospheric Polar Explorer (CASSIOPE) satellite covers altitudes from ~330 to ~1,300 km
due to its elliptical orbit, while the others have circular orbits. The 81-days mean solar flux F10.7 index is show in red
(right axis).

Palmroth et al., 2021). These processes, generally called space weather, can influence on several segments of
the economy negatively; satellites, communications, electric power distribution, airline industry, and Glob-
al Navigation Satellite Systems (GNSS) users. This shows how important it is for us to study the possible
detrimental impacts scientifically, then to implement and maintain reliable and integrated geodetic space
weather monitoring (Jin et al., 2011; Okoh et al., 2018; Blossfeld et al., 2019).

While the regular dynamics of the thermosphere are mainly driven by the day-night and annual cycles of
solar EUV (Calabia & Jin, 2016a; Qian & Solomon, 2012), the effects of geomagnetic storms can cause an
increase in its density of up to 800% (Bruinsma et al., 2006; Calabia & Jin, 2016b; Liu & Liihr, 2005; Sutton
et al., 2005). Usually, geomagnetic storms begin as a high latitude event located at the aurora region. Shortly
after the beginning of the storm, the whole Earth's thermosphere responds with southward-traveling gravity
waves, and a global density increase occurs. This can last anywhere between several hours to multiple days.
Many studies have shown thermospheric variations during geomagnetic storms are difficult to investigate
due to a lack of measurement data and large uncertainties in the models (e.g., Calabia et al., 2020; Chen
et al., 2014; Jackson et al., 2020; Oliveira & Zesta, 2019).

On-board satellite accelerometers can measure non-gravitational accelerations and derive thermospheric
mass density variation data with unprecedented details. However, the high instrumental costs and other
technical issues (Bruinsma et al., 2004; Calabia & Jin, 2017; Calabia et al., 2015; Siemes et al., 2016) have
limited these technology payloads to be carried by only a small number of satellites. In the last 20 years, the
only missions carrying accelerometers were Challenging Minisatellite Payload (CHAMP), Gravity Recovery
and Climate Experiment (GRACE), Gravity field and steady-state ocean circulation explorer (GOCE), and
Swarm (Figure 1). Currently, continuous high accuracy GNSS observation on-board LEO satellites has prov-
en the capability to measure high-cadence, non-gravitational accelerations, and then estimate densities at
a high resolution (Calabia & Jin, 2017, 2021a; Calabia et al., 2015; Li & Lei, 2020; van den IJssel et al., 2020;
Yuan et al., 2019).

With the increasing number of LEO satellites being equipped with a high-precision GNSS receivers, and
therefore more enhanced data processing and orbit determination strategies, GNSS-based thermospher-
ic mass densities may become an essential data to effectively monitor global thermospheric fluctuations;
GNSS Thermosphere Insitu Sensing (GNSS-TIS). Recently, for instance, commercial-off-the-shelf, geodetic
grade, dual-frequency GNSS receivers on board small satellites have demonstrated their full capability for
geodetic observations. These come at an affordable cost for low-budget space missions (Jin & Su, 2020; Kim
& Langley, 2019), and can be used to retrieve high-resolution thermospheric mass densities (Calabia &
Jin, 2021a). It is very likely that in the near future, these upgraded GNSS receivers will become a common
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payload in most satellite missions, and their high-precision, high-accuracy GNSS ephemeris products will
be used as standard to estimate thermospheric mass densities.

In Calabia and Jin (2021a), the GNSS ephemeris of the CAScade SmallSat and IOnospheric Polar Explorer
(CASSIOPE) satellite were used to investigate at high resolution the thermosphere's response to the geo-
magnetic storm of February 2014. The CASSIOPE satellite was launched on September 29, 2013. It is the
first mission to cover both telecommunications and scientific research purposes (Yau et al., 2006). The main
scientific objectives of the CASSIOPE mission are to better understand the complex processes that occur in
the upper atmosphere, while performing high-speed communications at the same time. It is important to
note that the initial purpose of the GNSS instruments on-board the CASSIOPE satellite were not intended
to retrieve thermospheric mass densities; the GNSS-based densities could become an exceptional secondary
data to assist in analysis and validation of the other payload measurement data.

In this study, a new thermospheric mass density data set is estimated from CASSIOPE GNSS precise orbits
during the period 2014 to 2020 and validated by the High Accuracy Satellite Drag Model (HASDM) density
data set (Tobiska et al., 2021). The ratio (quotient) between the CASSIOPE and the HASDM densities is
compared with that of the Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar
Exosphere/2000 (NRLMSISE-00) (Picone et al., 2002) and the Jacchia-Bowman/2008 (JB2008) (Bowman
et al.,, 2008) empirical models, that is, NRLMSISE-00/HASDM and JB2008/HASDM, respectively. The
trends and standard deviations of the ratios from 325 to 425 km altitude at increments of 25 km are analyz-
ed. Then, by setting geomagnetic contributions to zero in the models, the “quiet” background is removed
from the time-series to investigate the long-term correlations and time-lags of the disturbances due to mag-
netospheric forcing. In the following sections, the data and techniques used for thermospheric mass density
retrieval are described. Then, the results as a function of time and altitude are analyzed, and the statistical
comparisons for the validation and the assessment are performed. Finally, issues raised by the analyses, and
some suggestions for future progression is discussed.

2. Data and Methods
2.1. Density Estimation From CASSIOPE GNSS Precise Orbits

GNSS data from the CASSIOPE spacecraft are used to obtain the density estimates during the period 2014~
2020. The CASSIOPE satellite is equipped with 5 commercial-off-the-shelf dual-frequency GNSS receivers
(L1 C/A and L2 P) tracking up to 12 Global Position System (GPS) satellites. The GNSS instrument is called
GPS Attitude, Position, and profiling experiment (GAP), and is used for spacecraft position as well as for at-
titude determination and for ionospheric radio occultation. Positioning errors are within the range of a few
decimeters and a few millimeters for individual pseudorange and carrier phase measurements, respectively.
In this study, the precise orbit solutions computed from Montenbruck et al. (2019) are used. The authors
computed the precise positions and velocities at a second interval in a reduced-dynamic approach with
float-ambiguity estimation. The CASSIOPE mission has a slightly eccentric polar orbit of 81° inclination,
with altitudes ranging from approximately 1,400 km in the apogee to 325 km in the perigee. Due to its pre-
cessing orbit, the in-situ measurements cover all longitudes and local solar time (LST) locations. Figure 1
shows the orbital altitudes of the CASSIOPE satellite during the declining phase of the solar cycle 24.

Based on the method of Calabia et al. (2015), GNSS-based total accelerations are retrieved through numer-
ical interpolation of the precise velocity products. Subsequently, air-drag forces are obtained by removing
gravitational and radiation-pressure force-models, which can be finally used for density estimation. More
details of the methodology can be found in Appendix A and Appendix B. The most important sources of
error in this method are caused by the accuracy of the velocity products, and the errors caused by the drag
coefficient and the thermospheric winds models. The errors in the precise velocities are usually originated
in the POD scheme (stochastic least squares adjustment between models and GNSS observables) and can
cause noise and outliers in the resulting non-gravitational accelerations (Calabia et al., 2015). Here, in or-
der to mitigate high-cadence variations, noises, and possible outliers, a 6 min mean-average running filter
is applied. We tested different filtering lengths for different periods along the time-series, and the optimal
length was a 6 min averaging window, as we can see in Figure 2. Other lengths provide too average results
or too large residual noises. In this way, the comparisons with the empirical models will be more suitable,
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Figure 2. Thermospheric information with (a) density estimates from CAScade SmallSat and IOnospheric Polar
Explorer (CASSIOPE) and models, (b) altitudes, (c) local solar time (LST), (d) longitude, and (e) latitude along the
CASSIOPE orbit on February 20, 2014. In (a), at the inbound orbit, a set of four samples can be identified at steps of
25 km in altitude. For the illustrated window, Dst = —90 nT, and F;o; = 153 sfu.

since these can only provide an averaged state of the actual variations. The errors due to zonal and merid-
ional winds are estimated at 1% and 4% per 100 m/s wind error, respectively (Bruinsma et al., 2004, 2006),
while drag coefficients under different gas-surface interaction assumptions are expected to differ by ~15%,
during solar minimum conditions, and by ~2%-3%, during solar maximum (March et al., 2019a; Mehta
et al., 2014, 2017). Other minor systematic errors in the densities are directly connected to the aerodynamic
modeling of the satellite (March et al., 2019b). In this study, a variable drag coefficient in terms of solar flux
and altitude (Pardini et al., 2006) is used for satellites with hexagonal-prism shapes (Walker et al., 2014), and
the density estimates are re-scaled to match with that of the HASDM data set, which is considered the most
accurate up-to-date. According to this, under quiet magnetospheric conditions, a higher accuracy compared
to using a constant drag coefficient and a flat plate model is expected; within 10% of the background density
(Bruinsma et al., 2006).

2.2. Analysis Methods and Models

To validate and assess the CASSIOPE densities, the recently released HASDM data set (Tobiska et al., 2021)
is used as the control, and its quotient of densities (CASSIOPE/HASDM) is compared with that given by the
NRLMSISE-00 and the JB2008 models, that is, NRLMSISE-00/HASDM and JB2008/HASDM, respectively.
First to be analyzed is the distribution of the data in terms of LST and geographical coordinates with a
spatial histogram analysis. Then, a Pearson's linear correlation analysis is performed between the HASDM
densities and the densities from the CASSIOPE and the models. The paper also further compares the fluc-
tuations and deviations of the ratio along the time-series of the data, applying both a 30-days mean-average
and a 30-days standard-deviation running filters. The general form for the mean-average running-window
filter is:

i+a X

Filt(-xi) = j:lzia (2a -]|- 1) (1)
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In this equation, x; is the time-series to filter at each sampling index i, a is half of the increment of time for
each corresponding running-window. The standard deviation is calculated with similar form of Equation 1.
The resulting statistics provide means to assess the accuracy of the new CASSIOPE density estimates. Fi-
nally, the analysis to assess and investigate the disturbances due to magnetospheric forcing is introduced in
the next section. The used models are presented as follows:

1. The HASDM values are derived from several dozens of calibration satellites, which are validated weekly
by the U.S. Air Force Space Command and Space Environment Technologies (SET). This validation is
able to recreate the densities of the global atmosphere, and the resulting data are provided every3 h ata
grid size of 10° x 15° (latitude, longitude), with 25 km altitude steps between 175 and 825 km. This data
set is called the SET-HASDM density database. Due to the high accuracy of the HASDM data set (Tobis-
ka et al., 2021), the differences to these, along with the comparisons to the existing models, will allow a
reasonable validation and uncertainty assessment of the new CASSIOPE densities.

2. The NRLMSISE-00 model is the standard model of the Earth's atmosphere to aid predictions of satel-
lite orbital decay due to atmospheric drag, and it has widely been used in numerous research studies
and applications (e.g., Emmert & Picone, 2010, Horvath & Lovell, 2018; Pardini et al., 2006; Pilinski
et al., 2011). This model is based on averaged data from several measurement techniques, including
mass spectrometers, incoherent scatter radars, satellite drag data, and solar ultraviolet occultation. More
details about the background database of the NRLMSISE-00 model can be found in Picone et al. (2002).

3. While NRLMSISE-00 uses the exponential Bates vertical profile (Bates, 1959), the Jacchia-Bowman/2008
(JB2008) model represents the asymptotic behavior of the upper thermosphere with the arctangent func-
tion (Bowman et al., 2008). The measurement data sources employed in the JB2008 model include the
Air Force daily density values (Bowman et al., 2004), the HASDM values (Bowman & Storz, 2003; Storz
etal., 2005), and the CHAMP and GRACE accelerometer-based densities. Recent studies have shown the
very good performance of JB2008 against NRLMSISE-00 (e.g., Calabia & Jin, 2019).

2.3. Density Disturbances Due to Magnetospheric Forcing

The disturbance storm time (Dst) index, in units of nT, is commonly used in upper atmosphere modeling
during geomagnetic storms. Usually, Dst decreases as ring current energy increases, following a south-
ward-turning of the interplanetary magnetic field (IMF). However, the Dst index lacks time delay for ear-
ly warnings of hazardous variability of the thermospheric mass density. Another suitable parameter that
closely correlates with mass density variations during geomagnetic storms, and that has a larger time delay,
is the merging electric field E, (Calabia & Jin, 2019, 2021a; Liu et al., 2010), in units of mV/m. The E,, index
assumes that there is an equal magnitude of the electric field in the solar wind, the magnetosheath, and on
the magnetospheric sides of the magnetopause (Kan & Lee, 1979). The E,, index is a physical quantity that
can be easily obtained from solar wind and IMF data, and it correlates significantly with density changes
during all storm phases.

To compare high-cadence density disturbances due to magnetospheric forcing with the fluctuations of the
E,, index and models, we first remove the “quiet” background from the time-series. The “quiet” background
refers to that of negligible geomagnetic conditions. The “quiet” background is estimated by computing
the models at the same locations and times, but with the geomagnetic inputs set to zero. Then, a 30-days
mean-average running filter is applied to both densities and E,, time-series to remove the long-term varia-
tions. It is expected that the resulting short-term variations of both densities and E,, time-series will contain
the typical 27, 14, and 9-day periods caused by the magnetospheric forcing (Calabia & Jin, 2020). Long-
term variations of solar wind parameters and geomagnetic activity are usually delayed by two years in time
with the activity of the solar-flux cycle (Echer et al., 2004), and its contribution to thermospheric density
variability is difficult to detect due to large residuals in the models. Then, a correlation-delay study of the
resulting short-term variations (<30 days) at different altitudes is performed, to reveal the best possible fit
at different lag times within a range of +18 h. In this step, the sequential calculation of the Pearson's linear
correlation coefficient using a 30-days running window to obtain the time delays between the filtered den-
sities and the E,, index at maximum correlation is used. Finally, the fitting parameters are calculated for the
magnitude pém (kg/m?) and time delay Jg,, (h) of the density disturbances due to magnetospheric forcing
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in terms of the E, index (mV/m) and the solar flux Fy,; index (s.f.u.)

Table 1
Scale Factor Applied to Cp w.r.t. That of Estimated by Calabia and (sfu = 1072 Wm™%/ Hz) as follows:
Jin (2021a)

. Foz (t) -15 (22)
Altitude (km) Cp scale factor w.r.t. Calabia and Jin (2020) PEp, (F10.7’ E, ) = 100 pLE, (t + 5Em ) +p2|-10
325 0.86

* * 13

350 0.82 9, (pEm ):dl'/’Em 107 +d2 (2b)
SE il In these equations, p1, p2, d1, and d2 are the parameters, and ¢ is the Co-
400 0.78 ordinated Universal Time (UTC) in hours.
425 0.77

3. Results and Analysis

The thermospheric mass densities from CASSIOPE GNSS precise orbits

are estimated at a second interval for the period 2014-2020. Figure 2a
shows the resulting density estimates from CASSIOPE GNSS along with the HASDM database and the
models for a case example on February 20, 2014. The altitudes of the satellite along the orbit are shown in
Figure 2b. During this period, CASSIOPE's orbital descending node (83) was approximately located at 13 h
LST (Figure 2c), and the latitudes and longitudes of the satellite along the orbit are shown in Figures 2d
and 2e. In this figure, clear differences between estimates and models can be seen around the perigee loca-
tion (i.e., location of highest density values along orbit). These differences are mostly caused by inaccura-
cies in the models during geomagnetic storms. A deeper analysis for this particular storm can be found in
Calabia and Jin (2021a).

In this study, the analysis of differences with the HASDM database have shown that scaling the CASSIOPE's
drag coefficient of Calabia and Jin (2021a) by approximately 0.8 would provide a better match. Using this,
the estimated altitude dependence on this scaling factor is given in Table 1. The scale factors at each altitude
were estimated as the median value of the rate between the time-series. In Figure 3, the count of revisiting
days is presented as spatial histograms in terms of altitude, latitude, longitude, and LST, for both low and
high solar-flux conditions during the period 2014-2020. Here, both inbound and outbound orbits are in-
cluded. The count has been binned at four altitude ranges (h; < 350 < h, < 400 < h; < 450 < h, < 500 km),
and most of the bins have at least 30 days or more. The resulting count is suitable for modeling schemes,
statistical analyses, and data validation.

The correlation coefficients for the CASSIOPE, JB2008, and NRLMSISE-00 densities with respect to the
HASDM densities, at different altitudes, are shown in Table 2. The best match is given by the CASSIOPE
densities at the lowest altitude (325 km), with a correlation of 99.4%. At this altitude, the JB2008 and
NRLMSISE-00 densities correlate 1.4% and 3.5% lower, respectively. Then, at 350 km altitude, the CASIOPE
densities still provide better correlation, with 0.5% and 3% higher values than that given by the JB2008 and
NRLMSISE-00 models, respectively. From 375 km and above, the correlation given by the JB2008 model
reaches a similar value to that of the CASSIOPE densities, while the NRLMSISE-00 model reaches the
similar correlation at 425 km.

3.1. Ratio of Densities Relative to HASDM

Figures 4-8 show the CASSIOPE densities and those from the NRLMSISE-00 and JB2008 models, relative
to the HASDM densities, for altitudes ranging from 325 to 425 km at steps of 25 km. Since the samples from
the outbound orbits provide similar results, only the samples retrieved from the inbound orbits are shown.
The three top panels picture the density ratios of CASSIOPE, NRLMSISE-00, and JB2008, and the solution
of the 30-days mean-average running filter. Additions and subtractions of the 30-days standard-deviation
running filter to the mean averages are also included, and their magnitudes in the logarithmic scale are
shown in the fourth panels. The bottom panels show the background densities.

In Figure 4, data gaps are caused by the variable altitude of the satellite's perigee, which sometimes does not
reach 325 km altitude. For density values above ~10™*? kg/m°, the CASSIOPE densities have smaller ratios
and smaller standard deviations than that of NRLMSISE-00 and JB2008. For densities above ~10™** kg/m3,
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Figure 3. Spatial histograms of revisiting days as seen from CAScade SmallSat and IOnospheric Polar Explorer (CASSIOPE)'s orbits for the period 2014-2020.

From top to bottom, 4 altitude ranges by rows: (a, e, i, and m) h; < 350 km, (b, f, j, and n) 350 < h, < 400 km, (c, g, k, and 0) 400 < h; < 450 km, and (d, h, 1, and
p) 450 < h, < 500 km. Low solar flux conditions (F10.7 < 75 s.f.u.) are on the left panels (a-h), and high solar flux conditions (F10.7 > 75 s.f.u.) are on the right
panels (i-p). First and third columns (a-d, and i-1) are the geographical coordinates (6° X 6° bin), second and fourth columns (e-h, and m-p) are the local solar

time (LST) distributions (6° X 1-h bin).

it is remarkable that the standard deviations of CASSIOPE can reach 2% of the background density. Howev-
er, for density values below ~107*? kg/m?, systematic errors seem to reduce the precision of the CASSIOPE
densities. It can be seen that, during low solar flux conditions, the variation of the ratio fluctuates largely
(e.g., £25% in January 2018, 50% in January 2019), but the standard deviation has a moderate increase

(below 10%).

In Figures 5c-8c, the fluctuation of CASSIOPE densities show a clear periodic trend of around 2 months,
which increases in amplitude with a low-density background. A similar variation, but very less pronounced,
is found in the models, with similar variations on May 2017, January 2019, etc. The exact period of 62.5 days

Table 2
Correlation of CASSIOPE, NRLMSISE-00, and JB2008 Densities to the
HASDM Densities for the Period 2014-2020

Altitude (km) Casssiope NRLMSISE-00 JB2008
325 0.994 0.959 0.980
350 0.992 0.962 0.987
375 0.987 0.961 0.986
400 0.977 0.961 0.985
425 0.956 0.960 0.985

CASSIOPE, CAScade SmallSat and IOnospheric Polar Explorer; HASDM,
High Accuracy Satellite Drag Model; JB2008, Jacchia-Bowman/2008;
NRLMSISE-00, Naval Research Laboratory Mass Spectrometer and
Incoherent Scatter Radar Exosphere/2000.

was estimated by fast Fourier transform (FFT) spectral density analysis.
This period was identified with that of the latitudinal variation (periodo-
grams not included). The increases of the density ratio are correlated with
higher latitudes, while the ratios decrease with lower latitudes. The exist-
ence of systematic errors suggests potential to improve results further.

The similarities between the JB2008 and the HASDM densities are signif-
icant, in comparison to the NRLMSISE-00 model. This is expected, since
the HASDM values are included as empirical basis of the JB2008 model.
The discrepancies to the NRLMSISE-00 model show different trends of
the ratio, and a variable amplitude of the standard deviation. In general,
larger ratios and larger standard deviations at all altitudes are seen from
the NRLMSISE-00 densities, in comparison to the JB2008 (full time-se-
ries) and the CASSIOPE (density values above ~107" kg/m®) densities.
For the CASSIOPE and the JB2008 models, the ratio is centered to unit,
while the NRLMSISE-00 appears to provide larger ratios during low solar
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Figure 4. The (a) Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar Exosphere/2000
(NRLMSISE-00), (b) Jacchia-Bowman/2008 (JB2008), and (c) CAScade SmallSat and IOnospheric Polar Explorer
(CASSIOPE) densities relative to the High Accuracy Satellite Drag Model (HASDM) densities at 325 km altitude.
Samples from inbound orbits. Values of (a-d) are dimensionless. Panels (a and b) include the 30-days running window
median averages (u) and standard deviations (i + o) of the ratios. Panel (d) shows the standard deviations (i = M, J, C)
for comparison, and the background density is shown in (e).
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Figure 5. The (a) Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar Exosphere/2000
(NRLMSISE-00), (b) Jacchia-Bowman/2008 (JB2008), and (c) CAScade SmallSat and IOnospheric Polar Explorer
(CASSIOPE) densities relative to the High Accuracy Satellite Drag Model (HASDM) densities at 350 km altitude.
Samples from inbound orbits. Values of (a-d) are dimensionless. Panels (a and b) include the 30-days running window
median averages (u) and standard deviations (u + o) of the ratios. Panel (d) shows the standard deviations (i = M, J, C)
for comparison, and the background density is shown in (e).
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Figure 6. The (a) Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar Exosphere/2000
(NRLMSISE-00), (b) Jacchia-Bowman/2008 (JB2008), and (c) CAScade SmallSat and IOnospheric Polar Explorer
(CASSIOPE) densities relative to the High Accuracy Satellite Drag Model (HASDM) densities at 375 km altitude.
Samples from inbound orbits. Values of (a-d) are dimensionless. Panels (a and b) include the 30-days running window
median averages (u) and standard deviations (u + o) of the ratios. Panel (d) shows the standard deviations (i = M, J, C)
for comparison, and the background density is shown in (e).

L

0.01 =
e)A x10° : T
o = -
= 2
en
SR . il
< OMWMWW“ T N T
2014 2015 2016 2017 2018 2019

Figure 7. The (a) Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar Exosphere/2000
(NRLMSISE-00), (b) Jacchia-Bowman/2008 (JB2008), and (c) CAScade SmallSat and IOnospheric Polar Explorer
(CASSIOPE) densities relative to the High Accuracy Satellite Drag Model (HASDM) densities at 400 km altitude.
Samples from inbound orbits. Values of (a-d) are dimensionless. Panels (a and b) include the 30-days running window
median averages (u) and standard deviations (u + o) of the ratios. Panel (d) shows the standard deviations (i = M, J, C)
for comparison, and the background density is shown in (e).
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Figure 8. The (a) Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar Exosphere/2000
(NRLMSISE-00), (b) Jacchia-Bowman/2008 (JB2008), and (c) CAScade SmallSat and IOnospheric Polar Explorer
(CASSIOPE) densities relative to the High Accuracy Satellite Drag Model (HASDM) densities at 425 km altitude.
Samples from inbound orbits. Values of (a-d) are dimensionless. Panels (a and b) include the 30-days running window
median averages (u) and standard deviations (u + o) of the ratios. Panel (d) shows the standard deviations (i =M, J, C)
for comparison, and the background density is shown in (e).

flux periods. The NRLMSISE-00 densities seem to overestimate the HASDM densities up to 150% during
2018-2019, while the JB2008 densities only 130%.

A visual summary of the statistics from Figures 4-8 is presented in Figure 9, with a Red-Green-Blue (RGB)
image composite of the 30-days mean-averages of the ratios and corresponding standard deviations. The
RGB composite is an optimal method to visualize distributions of data that overlap the same dimensional
space. In this way, a non-overlapping data set shows its own color, that is, blue color for CASSIOPE, green
for JB2008, and red for NRLMSISE-00. Then, the cyan color results from overlapping CASSIOPE (blue) with
JB2008 (green), the yellow from overlapping JB2008 (green) with NRLMSISE-00 (red), and the magenta
from overlapping NRLMSISE-00 (red) with CASSIOPE (blue). The white color indicates the overlapping
scatters of all three datasets. Moreover, different saturations would provide different colors. On the left pan-
els we show the ratios of the densities, and in the right panels the standard deviations. For the left panels,
note the logarithmic scale in the background density (y-axis), for the standard deviations, both axes are in
logarithmic scale. On the right panels, we also include the logarithmic fit of the standard deviations, so that
the different distributions can be easy seen. From top to bottom, the 5 different altitudes show the resulting
ranges of density, centered in larger densities (~10"" kg/m®) at the top panels, and moving to lower densi-
ties (~107" kg/m®) at the bottom panels.

In regards to the density ratios (Figure 9, left panels), the NRLMSISE-00 densities (red) overestimate the
HASDM densities by approximately 150% for density values below 107 kg/m®. It is important to note this
overestimation shows a possible dependence on altitude. The second clear feature is the large and centered
spread of the CASSIOPE ratio for density values below 107" kg/m®. This is caused by the systematic varia-
tion of 62.5 days’ period, which is seen to follow the latitudinal variation of the satellite. For density values
above 107" kg/m®, the CASSIOPE and the JB2008 ratios are close-fitting and centered to unit. In regards to
the standard deviations of the density ratios (Figure 9, right panels), the CASSIOPE densities show a high
performance with low deviations for density values above ~107'? kg/m®. Then, the JB2008 (green) shows
slightly lower deviations than the NRLMSISE-00 (red), in comparison to CASSIOPE; for density values of
~1071 kg/ m?, the CASSIOPE densities reach deviations of 2%, while the models only 10%. Then, for density
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Figure 9. The composite Red-Green-Blue (RGB) scatter plots showing the background density (y-axes) versus the
mean-averages of the ratios (on the left), and the corresponding standard deviations (on the right), for CAScade
SmallSat and IOnospheric Polar Explorer (CASSIOPE), Naval Research Laboratory Mass Spectrometer and Incoherent
Scatter Radar Exosphere/2000 (NRLMSISE-00), and Jacchia-Bowman/2008 (JB2008). Same values as Figures 4d and 4e
to Figures 7d and 7e, for the altitudes of 325, 350, 375, 400, and 425 km, from top to bottom, respectively. The fits of the
standard deviations are in the left panels. Note the logarithmic scale of the y-axis in the left panels. In the right panels,
both axes are in logarithmic scale.

values below ~10™"* kg/m?, the CASSIOPE standard deviations increase in magnitude, reaching even 30%
or more at ~107** kg/m”>.

3.2. Density Disturbances Due to Magnetospheric Forcing

In Figure 10, the correlations and time delays between the E,, index and the density disturbances due to
magnetospheric forcing, as seen by CASSIOPE, are shown for the altitudes of 350, 375, 400, and 425 km.
In this figure, there is the inclusion of the identical analysis for the NRLMSISE-00 and the JB2008 densi-
ties, so that the performance of the time-response can be compared. We employ the filtered densities as
described in Section 2, and perform the correlation-delay study at the different altitudes. In order to remove
the “quiet” background density from the CASSIOPE densities, the JB2008 model is used due to its good
performance. Here, we refer to “quiet” to the thermosphere estate in which the geomagnetic conditions are
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Figure 10. The 30-days running window of (a) correlation and (b) time delay between the E,, index and the density
disturbances due to magnetospheric forcing at different altitudes. In (b) we also include the best fit in terms of the 30-
days running window maximum E,, value. The identical analysis for the Naval Research Laboratory Mass Spectrometer
and Incoherent Scatter Radar Exosphere/2000 (NRLMSISE-00) and the Jacchia-Bowman/2008 (JB2008) densities is
shown in panels (c and d) and (e and f), respectively.

negligible. The “quiet” background was estimated by setting the inputs of magnetospheric forcing to zero in
the models. For the NRLMSISE-00 and the JB2008 densities, their own “quiet” background is removed. Fi-
nally, the time delay estimated by the merging electric field E,, index is used to identify the activity periods,
and to further compare and assess the time-delay responses from the models. Figure 11 shows the filtered
densities from CASSIOPE and models for a case example using data from 2015.

In this analysis, an obvious dependence of the magnitude of the storm to the time delay response is found.
For instance, in Figure 10b, the 30-days running window of the maximum value of E,, shows that the fit
follows the fluctuations of the time delay. Table 3 shows the corresponding parameters to be used for the pa-
rameterization (Equation 2b), and Figure 11 shows the resulting fit for a case example on 2015. In Figure 10,
no significant differences are seen in the time delay response at different altitudes. During quiet conditions,
delay times are approximately 9-10 h, but these advance to 4-5 h following the intense storms. Clear exam-
ples are seen in March and December 2015, October 2016, September 2017, etc. During these storms, the
correlations reach above 95% (Figure 10a). The mean correlation for the full time-series is approximately
75%. Lower correlations are seen during lower magnetospheric conditions (the magnitude of the time delay
O, to identify the storm periods).

Identical analyses were performed for the NRLMSISE-00 and the JB2008 densities, and these are shown in
Figures 10c-10f. Here, the dependence of the magnitude of the storm to the time delay response is captured
poorly by the models. For these, in the hypothetical case that the models provided a non-delayed response to
the short-term variations, the time delays in Figures 10d and 10f should be zero. However, clear deviations
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Table 3

p* (kg/m?)

1 Nov 2015 1 Dec 2015 1 Jan 2016

Figure 11. The density disturbances due to magnetospheric forcing at (a) 325 km, (b) 350 km, (c) 375 km, (d)

400 km, and (e) 425 km altitude, as seen by CAScade SmallSat and IOnospheric Polar Explorer (CASSIOPE) ( £0),
Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar Exosphere/2000 (NRLMSISE-00) (o),
acchia-Bowman/2008 (JB2008) (y), and from the fit with E,, (,D;;m). Case example during October 2015 to March 2016

with samples from inbound orbits. Data gaps in (a) are caused by the variable altitude of the satellites’ perigee, which
sometimes does not reach the altitude of 325 km. Note the different scales on the y-axes.

are seen with respect to the zero (5 h), and a larger deviation during the low solar activity period (2018-
2019). The most significant deviation can be seen during January-April 2015, where the NRLMSISE-00
densities show a retarded time-delay estimation of approximately 6.5 h, while the JB2008 4.5 h. More in
detail, for the storm of March 2015, the NRLMSISE-00 densities show a lag in the time-delay estimation
by approximately 5 h, while the JB2008 by only 2.5 h; for the storm of December 2015, the NRLMSISE-00
densities show 3 h later, while the JB2008 2 h earlier; for the storms of October 2016 and September 2017,
the NRLMSISE-00 densities show a lag of 4 h, while the JB2008 0 h; etc. In general, during high solar flux
conditions, the NRLMSISE-00 densities show to overestimate the time delay by approximately 4 h, while
the JB2008 has, in average, an unbiased time delay response. During low solar flux conditions, the NRLM-

Parameters for the Fit of Density Disturbances Due to Magnetospheric

Forcing pEm (Equation 2) in Terms of Solar Flux Fy,; and E,, Indices

Altitude (km) pl p2 d1 d2

325 1.474 £ 0.008 —-16+4 0.06 £ 0.02 -12.3+£0.8
350 1.033 £ 0.003 —-4+1 0.14 £0.01 -123+0.3
375 0.664 + 0.002 -1+1 0.21 £0.03 -124+04
400 0.436 £ 0.002 —-0.9+09 0.25+0.06 -—-11.4+0.6
425 0.291 £ 0.001 —0.7 £0.8 0.3 £0.1 —10.8 £ 0.6

Note. Units of density in kg/m®.

SISE-00 densities show in average an unbiased time delay response, while
the JB2008 shows to anticipate the response by approximately 2.5 h.

4. Discussion

The validation of CASSIOPE GNSS-based thermospheric densities in this
study proves that low-budget commercial-off-the-shelf dual-frequency
GNSS receivers on board small satellites can be used for thermosphere
monitoring at a higher resolution and accuracy than that of existing
techniques (excluding accelerometers) and empirical models. For den-
sities above 107** kg/m?, the similarity of the CASSIOPE densities to the
HASDM data set is significant, with unbiased trends, and smaller devi-
ations than that provided by the models. However, for densities below
107*? kg/m?, some systematic deviations with respect to the HASDM den-
sities are evident. As these are now recognized, it could be possible to

CALABIA AND JIN

13 of 19



Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2021JA029540

achieve even smaller systematic errors in the future. In order to address the future research directions, it is
necessary to discuss the possible causes of the high-cadence variability (less than 6 min) shown by the CAS-
SIOPE densities; either by looking for actual variations (winds, ionospheric drag, etc.) in the spacecraft’s
bumpy, vertical trajectory along the thermosphere, or by looking for instrumental or modeling errors.

As described in Section 3, the latitude dependence of the CASSIOPE densities relative to the HASDM is
stronger for density values below 107 kg/m?. One likely source of this variability could be systematic errors
in the precise velocities and its variations after the smoothing filter. Another source of the discrepancies
could be actual density or wind increases due to magnetospheric forcing at the aurora regions. These short-
term features could not be well captured by the HASDM, resulting in the observed latitudinal systematic
variation. In fact, this study shows the peaks of these fluctuations are certainly located at the latitudes of
~70° in both hemispheres; a similar but less pronounced signature has been found in the NRLMSISE-00
and JB2008 models. Additional validations of these hypothesis could be performed by comparing acceler-
ometer densities with the HASDM outputs in similar conditions. However, comparing accelerometer den-
sities with the CASSIOPE densities is a difficult task since the existing accelerometer measurements are
limited in quantity in both space (3 dimensions) and time.

The high resolution of the CASSIOPE densities is comparable to that of accelerometer density estimates
(1 s interval), but the validation of high cadence density variability is still a challenge. The possible causes
of the observed variability could be actual density variations, or caused by instrumental or modeling errors
(e.g., ionospheric-delay models, winds model, etc.). As mentioned above, a possible test of these distur-
bances could be performed by comparing densities estimated by space accelerometers. However, adding
more complexity to the previous considerations, we should take into account that existing missions car-
rying accelerometers have circular orbit configurations, and the highly variable altitude of the CASIOPE
satellite may cause additional sources or density variability, either from thermospheric winds (Bruinsma
et al., 2004, 2006), ionospheric drag (Capon et al., 2019), or other factors. It is also important to consider ver-
tical winds omitted in the estimation of densities, mostly due to the lack of existing empirical models to rep-
resent the vertical wind variability. Other validation schemes could include comparisons with ionospheric
profiles from GNSS Radio Occultation (GNSS-RO) (Steiner et al., 2020) to reveal a possible ionospheric drag,
or in-situ measurements of magnetic field, electric currents, etc (e.g., Heelis & Maute, 2020; Lu et al., 2020),
which could correlate with the observed density variability, or even other sources of high-resolution meas-
urements of temperature, density, composition, pressure, etc (e.g., Forbes et al., 2018; Tang et al., 2020).

5. Summary

In this paper, thermospheric mass densities inferred from interpolation and numerical differentiation of
CASSIOPE GNSS-based precise orbits have been calculated, evaluated, and validated for the period 2014-
2020. Here, it is proved the acceleration approach for high-resolution thermospheric mass density estima-
tion can be used in current and/or future satellites with appropriate GNSS receivers, and without need of
high-precision accelerometers. First, total accelerations are obtained by differentiating GNSS-based precise
orbit velocities at a high-rate (e.g., 1 s interval), and the conservative and radiation pressure accelerations
from conventional models can be subsequently subtracted. Finally, the density observation data are estimat-
ed from the resulting accelerations due to drag.

The HASDM density data set has been used as the control for the validation of the CASSIOPE densities, and
we have compared the ratio of densities with that from the NRLMSISE-00 and JB2008 empirical models.
Moreover, by setting the geomagnetic contributions to zero in the models, we isolated the density distur-
bances due to magnetospheric forcing from the CASSIOPE time-series, and investigated the correlations
and time-delay responses to the models and to the merging electric field (E,,) index. The results from our
analyses are summarized as follows:

1. For density values above ~10™"? kg/m’, the CASSIOPE densities can provide better accuracy than the
densities of the existing empirical models. The correlation of CASSIOPE with HASDM is ~5% higher
than that of the models, and the standard deviation is within 10% of the background density. It is signif-
icant that for density values of ~10™" kg/m®, the CASSIOPE densities can reach deviations of 2%, where
the models reach only 10%.
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2. Comparisons with the NRLMSISE-00 and JB2008 models have shown the ratios of density, with respect
to the HASDM data set, are highly variable in time, and increase with a low-density background. Dur-
ing low solar-flux conditions, NRLMSISE-00 largely overestimates both the CASSIOPE and the JB2008
densities by approximately 150%.

3. For density values below ~10~ kg/m®, systematic errors have shown to reduce the precision of the CAS-
SIOPE densities, and the models provide better performance. Although the new CASSIOPE GNSS-based
densities were estimated at a second interval, the systematic errors originated in the POD scheme (sto-
chastic least squares adjustment between models and GNSS observables) were observed in the form of
noise and periodic errors to the final estimates. However, a systematic error has been found in the CAS-
SIOPE densities, and therefore there is potential to achieve smaller deviations. The systematic variation
shows to be a periodic fluctuation of 62.5-day period, which increases in amplitude with a low-density
background. This period corresponds to the latitudinal variation of the satellite, and density increases/
decreases are seen at higher/lower latitudes, respectively.

4. The time delay of density disturbances due to magnetospheric forcing have shown a linear dependence
to the E,, index. Time delays to the E,, index have shown to be within the 4-7 h range during geomag-
netic storms, while within 9-11 h during quiet conditions, and without significant dependence on al-
titude. This dependence is poorly captured by the models, showing clear deviated trends and localized
discrepancies during severe storms. Both models show deviations in the range of +5 h. During low solar
flux conditions, the NRLMSISE-00 shows in average an unbiased time delay response, while the JB2008
anticipates the response in approximately 2.5 h. During high solar flux conditions, the NRLMSISE-00
has an averaged overestimation of approximately 4 h, while the JB2008 shows an unbiased response.

With the increasing number of LEO satellites being equipped with a high-precision GNSS receivers and
more enhanced data processing and orbit determination strategies, GNSS-based thermospheric mass densi-
ties can be used to investigate the geophysical processes in the upper atmosphere. In the near future, numer-
ous datasets of GNSS-based densities will improve on the current limitation of lack of data, and the existing
upper atmosphere models will be improved with unprecedented details. These models are very important
for numerous applications, including the prediction of positioning disturbances due to aerodynamic drag
acting on debris and artificial satellites, and space weather research. It is expected a new data set from other
LEO missions will be provided.

Appendix A: GNSS-Based Air-Drag Acceleration (ap)

Instantaneous total accelerations (ar) are calculated through numerical differentiation of the GNSS-based
precise orbit velocities. The 8-data point piece-wise Lagrange interpolation and a time-interval of 0.05 s
is used for the numerical differentiation. At LEO altitudes, these settings allow the obtainment of an un-
biased accuracy in the arc-to-chord threshold approach of approximately 10~° m/s® (Calabia et al., 2015).
Subsequently, GNSS-based air-drag accelerations (ap) are retrieved by removing the gravitational (g) and
radiation pressure (ag) accelerations.

ap =dr — 8 —ag (A1)

Al. Gravitational Acceleration (g)

The gravitational accelerations (g) are obtained from the combination of the static EGM2008 gravity field
model with the background secular variations (Petit & Luzum, 2010). The Earth tides due to Sun and Moon
(Wahr terms), the solid Earth pole tides (with sub-daily wobble variables), and the relativity corrections
(Schwarzschild) are applied following the IERS2010 conventions (Petit & Luzum, 2010). The EOT11a ocean
tides of Mayer-Gdirr et al. (2012) is used, and the ocean pole tide of Desai (2002). Ephemeris of from Jet Pro-
pulsion Laboratory (JPL) DE421 are utilized to calculate the third body tides (Montenbruck & Gill, 2013).
Then, the first derivative of the gravitational potential (Frommknecht, 2008) is used to compute the accel-
erations due to gravity.
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A2. Radiation Pressure Acceleration (ag)

Radiation pressure accelerations include the direct solar radiation and the Earth's albedo (ag = ay + Q).
The direct solar radiation (ay,) was formulated by Luthcke et al. (1997):

A st
p E_ An, - 5" .
_ sr 4T Ssun rd,i A asat |~ ~sat
g = - 2 + crs,ini *Ssun |1 + (1 - Crs,i)ssun (AZ)
i=1 mc 3

In this equation, n, is the number of plates, A, is the plate area, c is the speed of light, c,q; is the coefficient of
diffusive reflectivity, c¢,; is the coefficient of specular reflectivity, m is the satellite mass, #; is the unit plate

2
normal, 5, is the unit sun-satellite vector, and E,, = sh - 1366 (IAU / sk ) is the flux on the Earth's atmos-

sun

phere (1366 W/m?), corrected from the yearly period of the Earth's orbit eccentricity and from the planetary
eclipse ratio (sh) (Montenbruck & Gill, 2013).

Similarly, the Earth albedo acceleration (a,,) can be computed as follows:

Ny orid A osat

pgrid E . An.-S; C. .

_ ea,j *ut"J rd,i A asat | A osat

Upg = 2 2 ————|2 T +Cp il S | + (l - C,.S’,-)Sj (A3)

ea
i=1 j=1 mc

In this equation, the parameter E,,, ; = EX + ER is the combination of the radiation reflected at the Earth's
surface EX and the Earth's infrared radiation EX. The Earth's reflected solar radiation EX at each satellite
position is estimated using the monthly averages of the NASA's Total Ozone Mapping Spectrometer (TOMS)

reflectivity index (o) (Bhanderi, 2005):

A (n v)(n -3‘?'")0
J J J J J J
EXi=fv,E, (A%)

~sat
TS j

In this equation, f; is field of view of the satellite, v; is the sunlight function, and A; is the area of each cell j
of TOMS. The reflection angle on each cell is defined by the directions of the satellite 3;"’, the Sun §;*", and
the cell normal-vector n i

The Earth's infrared radiation EX can be modeled as a black body with a surface temperature of 288 K,
whose spectrum is mainly IR with an exitance of about 239 W/m? (Taylor, 2005). In a similar way, the IR
irradiance E:S ; from each visible cell j of the Earth’s surface has been computed as follows:

2 A A
1AU Aj n;- Sja[
; IR, j (A5)
sun

IR
El’(la_i = f] 239( e
V4 s}‘”

In this equation, the Earth IR radiation €r,; for each cell j was parameterized in terms of latitude and season
by Knocke and Ries (1987):

e =€y +ePsing + e,Pysing (A6)

e =ky + klcos[w(]D - to)} + kzsin[a)(JD -t )J (A7)

Here, t, is the epoch of December 22, 1981, w is the Earth orbit rotation rate around the Sun (27/365.5), ¢
is the equatorial geocentric latitude, JD is the Julian Date, P, is the Legendre polynomial of degree n, and
ey = 0.68; e, = —0.18; ky = 0; k; = —0.07, and k, = 0.

Detailed algorithms and accurate schemes to estimate irradiative accelerations can be found in numerous
works, for example, Calabia and Jin (2017), Doornbos (2011), Jin et al. (2018), Sutton (2008), Vielberg and
Kusche (2020), Woske et al. (2019), and the approximated values of CASSIOPE's panel properties are given
in Calabia and Jin (2021a), where the visible (VIS) and the infrared (IR) part of the electromagnetic spec-
trum can be weighted by the amount of solar flux given for each spectral window (43% for VIS, and 53% for
IR).
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Appendix B: Thermospheric Mass Density (o) Retrieval

GNSS-based thermospheric mass densities are computed using the drag-force (Fp) formula:
1
Fy = apm = ECDA,ovr2 (B1)

In this equation, ap is the acceleration due to air-drag, m is the mass of the satellite, Cp, is the drag coeffi-
cient, p is the thermospheric mass density, and A is the cross-sectional area perpendicular to the relative
velocity of the atmosphere with respect to the spacecraft v, which includes the co-rotating atmosphere and
the horizontal winds. Horizontal wind velocities are calculated from the horizontal wind model HWM14
(Drob et al., 2015), and the velocity of the co-rotating atmosphere is computed as the vector product be-
tween the Earth's angular rotation and the satellite's position vector. In this study, a variable drag coefficient
Cp is approximated for the CASSIOPE satellite in terms of solar flux and altitude. Modification of the values
is provided by Pardini et al. (2006) and for the hexagonal-prism shape of the CASSIOPE satellite using the
results of Walker et al. (2014).
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