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Abstract

Uncertainties in radiation pressure modelling play a significant role in the thermospheric density and crosswind observations derived
from the GRACE-FO accelerometer, especially during low solar activity. Under such conditions, the radiation pressure acceleration
matches the magnitude of the aerodynamic acceleration along the track and exceeds it in the cross-track direction. The GRACE-FO
mission has been operating for several years at such high altitudes during both low and rising solar activity, providing a perfect oppor-
tunity to study the effects of radiation pressure. This research uses ray tracing based on a high-fidelity satellite geometry model to cal-
culate the radiation pressure acceleration. We numerically fine-tuned the coefficients describing the thermo-optical surface properties to
obtain more accurate radiation pressure accelerations than those specified in the GRACE-FO mission manual. We also used in situ tem-
perature measurements from thermistors on the solar arrays to model the satellite’s thermal emission. These temperature measurements
allowed a realistic setup of the thermal model, extended by the parameter describing the efficiency of the solar cells, and reproduced the
acceleration of the thermal emission with an accuracy of RMS 0.148 nms�2. The combination of the updated thermal model and the fine-
tuning of the surface coefficients improved the accuracy of the crosswind acceleration to an RMS of 0.55 nms�2, compared to an RMS of
4.22 nms�2 when using panel models and instantaneous thermal radiation. We compared the observed crosswind with two models:
HWM14 and TIE-GCM. While both models capture most of the salient features of the observed crosswind, HWM14 shows particularly
good agreement at high latitudes. Compared to the previously employed radiation pressure model, the crosswind observations have been
improved in low and mid-latitudes, especially during periods of higher solar activity. Since the effect of radiation pressure is most sig-
nificant in the crosswind direction, the effect on density was small compared to previously published datasets.
� 2023 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Gravity Recovery And Climate Experiment Follow-
On (GRACE-FO) mission’s primary objective is measuring
https://doi.org/10.1016/j.asr.2023.12.059
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Earth’s time-variable gravity field to deduce mass changes
with high precision. GRACE-FO was launched in May
2018 and remains operational until today. The mission
consists of two identical satellites flying in a near-polar
orbit around Earth at an initial altitude of approximately
510km (Kornfeld et al., 2019), and a current altitude of
500km, as of September 2023. The satellites share the same
orbital plane with a nominal along-track separation of 220
±50km, continuously measuring the relative distance
between each other. GRACE-FO extends the scientific
org/licenses/by/4.0/).
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Fig. 1. Comparison between the solar arrays of GRACE-FO1, Swarm2,
and GRACE3.

1 airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-
get-an-earful accessed on 03/10/2023.
2 esa.int/ESA_Multimedia/Images/2012/02/Swarm_constellation_in_

IABG_cleanroom2 accessed on 03/10/2023.
3 wetteronline.de/wetternews/astro accessed on 19/10/2023.

N.A. Hładczuk et al. Advances in Space Research 73 (2024) 2355–2373
legacy of its predecessor, the GRACE mission (Tapley
et al., 2004). Both missions share the same principal design
features, however, a laser-ranging interferometer was
added to GRACE-FO as a technology demonstration.
The GRACE-FO satellites are equipped with a dual-
frequency GPS receiver, star trackers and high-precision
accelerometers. These instruments allow for measuring
the non-gravitational forces acting on the satellites, from
which we deduce neutral mass density and crosswind
observations (Doornbos, 2011). Shortly after launch, the
GRACE-D accelerometer data degraded, and its measure-
ments were replaced by a synthetic data transplant
(Landerer et al. (2020),Harvey et al. (2022)). Therefore, this
article focuses solely on the better-performing GRACE-C
satellite. This study will enhance the radiation pressure
and thermal emission models for GRACE-FO to obtain
a more accurate neutral mass density and crosswind data-
set, which complements earlier published data from the
CHAMP, GRACE, GOCE, and Swarm missions (Siemes
et al., 2023). Producing thermosphere density and cross-
wind observations relies on the aerodynamic acceleration
obtained by subtracting the radiation pressure from the
calibrated acceleration. Therefore, uncertainties in the radi-
ation pressure modelling propagate directly into the density
and crosswind datasets. This effect is particularly profound
for GRACE-FO altitude during low solar activity. In such
conditions, the radiation pressure matches the magnitude
of the aerodynamic acceleration in the along-track direc-
tion and even surpasses it in the cross-track. Since the
GRACE-FO mission has been operating for several years
at such high altitudes during both low (2018–2021) and ris-
ing solar activity, it provides a perfect opportunity to study
the effects of radiation pressure. The foundation of the
non-gravitational force modelling is the definition of the
satellite geometry model. Its complexity varies, starting
from the straightforward approach based on a satellite
panel model. Such a model implies using a limited number
of flat panels to characterise the satellite’s outer geometry
(Bettadpur, 2012). Replacing commonly used panel models
with high-fidelity geometries for aerodynamic modelling
has increased the accuracy and consistency of thermo-
spheric density and crosswind data (March et al., 2019).
To take advantage of the high-fidelity geometry models
for the radiation pressure modelling, we must first augment
them with thermo-optical surface properties. These models
can then be used in ray-tracing simulations to determine
the radiation pressure force coefficients. Ray-tracing is an
efficient method for modelling the momentum exchange
between each ray and satellite surface. It can cope with
complex satellite shapes while accounting for self-
shadowing and multiple reflections. One way to implement
the ray-tracing simulation is to perform calculations for
each position along the orbit independently (Kenneally
and Schaub, 2020). Regardless of its simple implementa-
tion, this method requires high computational resources
and is, therefore, not a feasible option to process the entire
GRACE-FO mission data. In this study, we perform the
2356
ray-tracing simulations in advance and store the results
as a lookup table. This approach is very similar to the
one proposed by Klinkrad et al. (1991) and applied by
Doornbos et al. (2002). It has been later adopted by differ-
ent groups working on GNSS precise orbit determination
(Ziebart (2004),Li et al. (2018), Bhattarai et al. (2022)).

Thermal acceleration typically accounts for one-fourth
of total cross-track radiation pressure acceleration. A com-
mon approach to model thermal emission relies on the
assumption of simple instantaneous heat reradiation and
no heat conduction between and through elements
(Montenbruck et al. (2015),Vielberg and Kusche (2020)).
The state-of-the-art thermal models reproduce the temper-
atures of the outer panels, taking into account their ther-
mal inertia (Wöske et al. (2019),Wang et al. (2023)). In
this scenario, the satellite surface heats up by absorbing
incoming radiation and cools down by emitting radiation.
This process can be implemented using thermal model con-
trol parameters such as internal heat generation, heat
capacity of the panels, and conductance towards the inner
parts.

Within the last few years, significant progress has been
made in the field of radiation pressure and thermal
emission modelling. Nevertheless, specific gaps can still

http://https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful
http://https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful
http://esa.int/ESA_Multimedia/Images/2012/02/Swarm_constellation_in_IABG_cleanroom2
http://esa.int/ESA_Multimedia/Images/2012/02/Swarm_constellation_in_IABG_cleanroom2
http://https://www.wetteronline.de/wetternews/astro
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be identified, such as insufficient knowledge of the thermo-
optical properties of the satellite material. According to the
GRACE-FO Level-1 Data Product User Handbook (Ying
et al., 2019), the reflection coefficients do not differ between
GRACE and GRACE-FO. However, there are numerous
design differences between the two missions. One of them
is the solar arrays illustrated in Fig. 1, which were
upgraded from silicon ones used on GRACE to triple-
junction panels (GaAs), previously qualified for the Swarm
mission and characterised by higher absorption of visible
light (Kornfeld et al., 2019). The need to update the
thermo-optical surface properties for GRACE-FO has
already been addressed by Siemes et al. (2023). However,
the proposed set of reflection coefficients was selected
empirically based on the visual inspection of the accelerom-
eter data and prelaunch satellite photos. The same publica-
tion introduced the thermal inertia model, with the heat
capacity and conductivity of the panels based on the theo-
retical values of the respective panels. However, it ignored
that part of the radiation absorbed by the solar arrays con-
verts to electricity, commonly referred to as the electric effi-
ciency of the solar arrays.

This research aims to provide new insights into selecting
the thermo-optical surface coefficients for GRACE-FO
using numerical optimisation. Additionally, we tuned a
thermal model to accurately match the actual surface tem-
perature measurements obtained from the GRACE-FO
thermistors. To achieve even more realistic thermal beha-
viour, we introduced the efficiency of the solar arrays
(Duan and Hugentobler, 2022), which was not the case in
previously publishedGRACE-FO data (Siemes et al., 2023).

This paper is organised as follows. Section 2 describes
the input data and models used in this study. Section 3
elaborates on methodology in the context of thermal emis-
sion and radiation pressure modelling. We summarise the
results in Section 4, comprising the thermal modelling
and surface reflection coefficients fine-tuning, the effect on
the cross-track acceleration and updated crosswind and
density datasets. Finally, Section 5 provides conclusions
and an outlook on future work.

2. Data and models

2.1. GRACE-FO data

This study utilises Level 1 GRACE-FO data publicly
available via FTP ftp://isdcftp.gfz-potsdam.de, specifically,
the acceleration, attitude, position, velocity, thruster, satel-
lite mass, and accelerometer temperature data. We rely on
the higher temporal resolution of the Level 1A accelerome-
ter data to enable easier removal of the acceleration due to
thruster activations. Additionally, we use the NRLMSISE-
00 model (Picone et al., 2002a) to model the atmospheric
composition and temperature. Wind in the direction of
the satellite’s x-axis is accounted for by the HWM07 model
(Drob et al., 2008). To measure the non-gravitational accel-
erations, the GRACE-FO satellites were equipped with the
2357
SuperSTAR-FO accelerometers, an advanced version of the
ones used previously for the GRACE mission (Christophe
et al., 2015). The accelerometer noise level in the along-
track is about 0.1 nms�2, whereas the cross-track measure-
ments are about 10 times less precise by design.

2.2. Thermistor data

This study took advantage of in situ measurements from
GRACE-FO thermistors provided by NASA Jet Propul-
sion Laboratory (JPL) to select realistic thermal model
control parameters. Thermistors monitor the temperature
on the inner and outer satellite’s surfaces in several loca-
tions. Sensors on the solar arrays were particularly useful
since they provided the most representative temperature
readings due to their external location. Numerous other
thermistors were mounted on the inner side of the panels
or below insulating foils, making their measurements
unsuitable for thermal analysis.

Fig. 2 shows the location of the temperature sensors on
GRACE-FO solar arrays and their registered temperature
measurements for the year 2020. The horizontal and verti-
cal axis of the temperature data correspond to time and the
argument of latitude. Each column denotes a single orbital
revolution, where 0� is the ascending equator crossing, 90�
indicates the northernmost point of the orbit, 180� marks
the descending equator crossing and 270� is the southern-
most points of the orbit. The 360� point marks the start
of the next revolution at the equator.

We compared the temperature readings from thermis-
tors on the same panel to examine thermal gradients across
the surface. Thermistors located closer to the satellite’s rear
register at maximum 10K higher temperatures, in compar-
ison to the central sensors (Fig. 3). We consider such tem-
perature differences small enough to assume a uniform
temperature over the whole panel area.

2.3. Geometry models

Accurate aerodynamic and radiation pressure modelling
requires detailed satellite geometries rather than simple
panel models. Such geometries were already created for
multiple low Earth orbit satellites such as CHAMP,
Swarm, GOCE and GRACE (March et al., 2019). This
article relies on the high-fidelity GRACE-FO geometry
(Fig. 4), first published by Siemes et al. (2023). This model,
which consists of 23,746 facets, acted as a baseline for
deriving aerodynamic coefficients and calculating radiation
pressure accelerations. For the radiation pressure mod-
elling, different surface properties were assigned to individ-
ual materials, defining absorption and reflection
coefficients for both visible and infrared parts of the spec-
trum. We initially selected the thermo-optical surface prop-
erties from the GRACE-FO Level-1 Data Product User
Handbook (Ying et al., 2019). For materials that remained
unspecified in the documentation, we used the properties
specified by Fortescue et al. (2011).



Fig. 2. GRACE-FO top view with the thermistors’ location on solar arrays (indicated by blue dots) and corresponding temperature measurements. The
thermistors’ IDs are indicated in the title (e.g., THT10014). The grey colour indicates data gaps. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. Comparison between the temperature measurements from thermistors on the same solar array. The thermistors’ IDs are indicated in the title (e.g.,
THT10014).

Fig. 4. Rendered GRACE-FO geometry model used as an input for the
ray-tracing algorithm. Colours correspond to individual material proper-
ties. The axes are aligned with the satellite reference frame.
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2.4. TIE-GCM

We use the physics-based thermosphere-ionosphere-elec
trodynamics general circulation model (TIE-GCM;
2358
Richmond et al., 1992) to validate the crosswind data. It
is a time-dependent three-dimensional numerical model
of the coupled thermosphere and ionosphere system. This
work is based on TIE-GCM version 2.0 (2016) and resolves
the system at a horizontal resolution of 2.5�x2.5� in latitude
and longitude and a vertical resolution of 0.25 scale height.
The exact configuration of the model used in this study
along with the simulated data are provided in Kodikara
(2023).
2.5. HWM14

The Horizontal Wind Model is an empirical model of
the horizontal neutral wind in the upper thermosphere.
The model consisted primarly of data from two NASA
satellites (Explorer 55 and Dynamics Explorer 2),
ground-based incoherent scatter radar and Fabry–Perot
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optical interferometers (FPI). As described in subSec-
tion 2.1 we used the HWM07 model (Drob et al., 2008)
to account for wind in the direction of the satellite’s x-
axis. However, for the comparison with observation data,
we used the most recent model version HWM14, which
was updated with ground-based 630nm FPI measurements
in the equatorial and polar regions, as well as cross-track
winds from the Gravity Field and Steady State Ocean Cir-
culation Explorer (GOCE) satellite (Drob et al., 2015). The
updates in HWM14 fill important gaps in both latitude and
local time coverage and provide an improved specification
of the upper atmospheric tides and general circulation pat-
terns. Currently, the model does not account for solar
activity dependence. The variations with geomagnetic
activity are specified via the Ap index.

2.6. DTM2020

The Drag Temperature Model (DTM2020) is a semi-
empirical model providing information on the Earth’s ther-
mosphere temperature, density and compositions
(Bruinsma and Boniface, 2021). This study used the opera-
tional version of the model to assess the neutral mass den-
sity datasets. The DTM2020 is driven by the F10.7 and Kp
indices for solar and geomagnetic activity. The core of the
model is CHAMP, GOCE and GRACE accelerometer
data together with GNSS measurements from the
Swarm-A satellite. In addition, very accurate laser tracking
data from the Stella satellite have been incorporated.

2.7. NRLMSISE-00 model

NRLMSISE-00 is a semi-empirical atmosphere model
based on a wide range of data, including mass spectrometer
and incoherent scatter radar data. It is also based on neu-
tral mass density datasets derived from accelerometer mea-
surements and orbital decay of objects that flew during the
1960s and 1980s (Picone et al., 2002b). We point out that
the NRLMSISE-00 model is independent of the density
datasets produced after 2000. The model provides the ther-
mosphere density, temperature, and composition. We used
the latter two as input for density and crosswind data pro-
cessing and the first for comparing to the density
observations.
3. Methodology

For satellites, such as GRACE-FO, where the
accelerometer placement coincides with the satellite’s cen-
tre of mass, the aerodynamic acceleration vector aaero can
be obtained by subtracting the radiation pressure accelera-
tion, arp, and thermal acceleration, athe, from the calibrated
accelerometer acceleration, acal:

aaero ¼ acal � arp � athe: ð1Þ
The total radiation pressure acceleration is the sum
2359
arp ¼ asrp þ air þ aalb; ð2Þ

where asrp stands for the solar radiation pressure accelera-
tion, and air and aalb are Earth’s infrared radiation and
albedo, respectively.

Fig. 4 shows the satellite body-fixed reference frame.
During nominal operations, the satellite x-axis is oriented
in the anti-flight and in-flight directions for the leading
and trailing satellites, respectively. The y-axis corresponds
to the direction perpendicular to the orbital plane (cross-
track), and the z-axis to the nadir direction (toward Earth).
Since the satellite’s x-axis is approximately aligned with the
flight direction, it captures most of the drag signal. There-
fore, we use the x-component of the aerodynamic accelera-
tion, aaero;x, to derive the neutral mass density:

q ¼ 2maaero;x
Caero;x V 2

rel

: ð3Þ

Here, m denotes the satellite mass, Caero;x is the x-
component of the aerodynamic coefficient vector intrinsi-
cally multiplied by the reference area, and V rel is the veloc-
ity relative to the atmosphere. Neutral mass density and
crosswinds retrieval rely on accurate aerodynamic acceler-
ation estimation, formerly derived using the radiation pres-
sure acceleration (Eq. (1)). This reliance creates a
dependency between the radiation pressure modelling
uncertainty and the density and crosswind quality. The
impact of radiation pressure modelling errors is most
prominent at altitudes above 450km during low solar activ-
ity. In such conditions, the along-track component of radi-
ation pressure acceleration matches or even surpasses the
magnitude of the aerodynamic acceleration. This effect
was already quantified for the Swarm satellites (van den
IJssel et al., 2020), as well as GRACE (Wöske et al.,
2019), and GRACE-FO, in which case the radiation pres-
sure acceleration doubled the magnitude of aerodynamic
acceleration during deep solar minimum in 2018–2020
(Siemes et al., 2023).

The crosswind retrieval is based on the iterative algo-
rithm proposed by Doornbos et al. (2010). In the cross-
track direction, the aerodynamic acceleration signal is
much smaller (Fig. 5), resulting in a strong impact of radi-
ation pressure modelling errors on the crosswind estimate.

This chapter presents the methodology, starting from
the radiation pressure modelling approach in Section 3.1,
complemented by thermo-optical surface coefficients fine-
tuning in Section 3.3, and the thermal emission modelling
description in Section 3.2.
3.1. Radiation pressure modelling

Radiation pressure acceleration acting on the satellite
can be calculated as

aextða; bÞ ¼ P extða; bÞ
m

Cwða; bÞ; ð4Þ



Fig. 5. Non-gravitational forces acting on the GRACE-C satellite: aerodynamic acceleration (aero), Solar Radiation Pressure (SRP), Thermal Radiation
Pressure (TRP), Earth’s Infrared radiation (IR), Earth’s Albedo (Alb).
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where Pext stands for the radiation pressure originating
from external sources such as solar radiation, Earth’s infra-
red radiation and Earth’s albedo, Cw is the coefficient inte-
grated over the relevant wavelength domain, and m is the
satellite mass. The a and b angles describe the satellite ori-
entation toward the incident radiation. They can be derived
using a unit vector fixed to the satellite reference frame, usat,
pointing from the radiation source towards the satellite:

usat ¼
ux
uy
uz

2
64

3
75; a ¼ arcsinðuzÞ; b ¼ arctan2ðuy ;�uzÞ: ð5Þ

The main contributor to the radiation pressure is solar
radiation pressure, commonly defined as

P srp ¼ 1AU

krsat � rSunk
� �2

P 1AU; ð6Þ

where rsat and rSun are the positions of the satellite and Sun,
respectively. P 1AU is the solar radiation pressure at one
astronomical unit (AU), commonly calculated as the ratio

of the solar constant U ¼ 1367Wm�2 and the speed of light

c, i.e. P 1AU ¼ U=c ¼ 4:56lNm�2. The calculation of radia-
tion forces originating from Earth’s albedo and infrared
radiation is described by Vielberg and Kusche (2020), not-
ing that we use monthly averaged albedo and Earth infra-
red emission maps based on Earth Radiation Budget
Experiment (ERBE) satellite data (Doornbos et al., 2014).

This study employs a ray-tracing technique to calculate
the radiation pressure coefficient Cw. This technique uses
the high-fidelity GRACE-FO geometry as input, previ-
ously described in Section 2.3. Ray-tracing simulates the
scenario in which a distant radiation source emits parallel
rays towards a much smaller satellite body. The algorithm
accounts for both self-shadowing and multiple reflections.
Emitted rays intersect with the satellite surface and spawn
additional rays, whose energy depends on the surface prop-
erties. We use the ray tracing technique to calculate the
solar radiation pressure, Earth’s infrared radiation, and
albedo (Siemes et al., 2023).
2360
3.2. Thermal emission modelling

The thermal model proposed in this article is similar to
the approach suggested and implemented by Wöske et al.
(2019). We modelled the satellites by 12 independent panels
and the inner body. The panels heat up uniformly by

absorbing incoming radiation _Qabs;j, cool down by emitting

radiation _Qemit;j and exchange heat _Qcond;j conductively with
the satellite body, resulting in the net heat change

_Qj ¼ ð1� ejÞ _Qabs;j � _Qemit;j � _Qcond;j; ð7Þ
where ej stands for the electric efficiency, and subscript j
indicates the panel. The electric efficiency represents the
fraction of absorbed energy converted into electricity.
Therefore, ej > 0 for the solar arrays while ej ¼ 0 for the
other panels not covered by photovoltaic cells. Introducing
the efficiency parameter into the thermal model has been
done by multiple authors (Duan and Hugentobler (2022),
Wang et al. (2023)). However, it was not the case in for-
merly published GRACE-FO datasets (Siemes et al., 2023).

The radiation U that originates from solar and Earth
fluxes, as well as albedo, is absorbed in both visible and
infrared bandwidths following the equation

_Qabs;j ¼ Uca;jAj cos hj; ð8Þ
where ca;j is the absorption coefficient, Aj is the area of the
panel, and h is the angle between the panel’s normal and
the vector from the satellite to the radiation source. The
heat loss toward space follows the Stefan–Boltzmann law
of diffuse irradiation:

_Qemit;j ¼ AjejrT 4
j ; ð9Þ

where ej is the emissivity, r is the Stefan–Boltzmann con-
stant and T j is the absolute temperature of the satellite
panels.

The thermal conduction between the satellite walls and
the inner body T body is

_Qcond;j ¼ kjðT j � T bodyÞ; ð10Þ
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where kj is the thermal conductivity. The total heat
exchange for the satellite body is

_Qbody ¼ _Qgen þ
X
j

_Qcond;j; ð11Þ

where _Qgen stands for the internal heat generated by, e.g.,

the batteries and electronics. The _Qgen value was selected
to assure the realistic operational inner temperature T body

of about 25�C.
In the numerical implementation, panels and body tem-

peratures are updated at each timestep following the
equations

T jðt þ DtÞ ¼ T jðtÞ þ
_Qj

Cj
Dt; ð12Þ

and

T bodyðt þ DtÞ ¼ T bodyðtÞ þ
_Qbody

Cbody

Dt; ð13Þ

where Cj and Cbody are the thermal capacity of the panels
and the satellite body, respectively.

Finally, the thermal radiation pressure acceleration is
derived using the following formula

athe ¼ � 2

3

X
j

_Qemit;j

mc
nj; ð14Þ

where nj is the outer panel normal of the j surface element.
The following control parameters describe the thermal

model: heat capacity of the panels, thermal conductance
towards the inner parts, solar cell efficiency, and internal
heat generated by the payload and other electronic parts.
We optimise the control parameters by minimising the
Root Mean Square (RMS) of the difference in the y-
component of the accelerations athe;y as calculated in Eq.
(14) and âthe;y derived directly from the thermistor
measurements:

RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
n¼1

ðâthe;y � athe;yÞ2

n

vuuut
; ð15Þ

where n is the number of data points in 2020. We selected
this year because of the satellite’s high altitude and low
solar activity.
3.3. Surface coefficients fine-tuning

As previously explained in Section 3.1, the radiation
pressure coefficients were derived using the ray-tracing
algorithm. We introduce the sum of the contributions of
the individual materials m:

arpða; bÞ ¼ P extða; bÞ
m

X
m

Ca;mca;m þ Cd;mcd;m þ C s;mcs;mð Þ:

ð16Þ
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The factors ca;m; cd;m, and cs;m denote coefficients of absorp-
tion, diffuse and specular reflections, respectively, while
Ca;m;Cd;m, and C s;m are radiation pressure coefficient vec-
tors. These vectors originating from the intersection of
the i-th ray, with the j-th surface element, and then sum-
ming all intersections with surface elements of the same
material (sum over index i), are defined as

Ca;m ¼
X
i

Airi ð17Þ

for absorption,

Cd;m ¼
X
i

Aiðri � 2

3
njÞ ð18Þ

for diffuse reflection, and

C s;m ¼
X
i

2Aiðri � njÞ � nj ð19Þ

for specular reflection. Calculating the sum of all surface
elements with the same material allows us to extract the
individual materials’ contribution to the total radiation
pressure. This equation holds for both infrared and visible
light. However, this analysis focuses only on the latter. It is
because the magnitude of the Earth’s infrared radiation is
much smaller than the solar radiation in the along-track
and cross-track directions (Vielberg and Kusche, 2020),
which are relevant for the density and crosswind observa-
tions. In the selected period for GRACE-C, the infrared
radiation pressure acceleration was smaller than 0.5 nms�2

in both x and y directions. In comparison, the size of the
SRP acceleration was about 12 nms�2 in the along-track
and about 28 nms�2 in the cross-track direction,
respectively.

To realistically represent GRACE-FO characteristics, a
new set of finetuned coefficients cm, describing surface
properties is necessary. In the first step, the density based
on the along-track acceleration (Eq. (3)) was used to derive
the acceleration in the y-direction due to aerodynamic side
forces,

aaero;y;der ¼ Caero;y

Caero;x
aaero;x; ð20Þ

where Caero;y is the aerodynamic coefficient vector, multi-
plied by the corresponding cross-section area, and
aaero;y;der stands for the y-component of aerodynamic accel-
eration derived from the along-track signal.

Afterwards, we calculated the difference

Daaero;y ¼ aaero;y � aaero;y;der; ð21Þ
between the derived cross-track acceleration and the
observed one. We selected a time period of one year
(2020) to optimise the radiation pressure model. This selec-
tion is motivated by the high GRACE-FO altitude of
approximately 510 km, the very low solar activity during
that period, and the fact that all local solar times are cov-
ered within one year. Under such conditions, the accelera-
tion due to crosswind is negligible, and Daaero;y should thus
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equal zero. Since the aerodynamic acceleration depends on
the radiation pressure acceleration arp and thermal acceler-
ation athe (cf. Eq. (1) and Eq. (2)), we used it directly to
determine new coefficients. We note that athe was calculated
from the thermistor measurements as described in
Section 3.2.

In the next step, a highpass filter was applied to Daaero;y
to eliminate the influence of the accelerometer data calibra-
tion, which affects daily and longer periods (Siemes et al.,
2023):

Daaero;y;filt ¼ filt ðDaaero;yÞ: ð22Þ
In contrast to the accelerometer data calibration, radiation
pressure modelling errors also affect the sub-daily varia-
tions in Daaero;y , e.g., step-like changes at the eclipse entry
and exit locations. Applying a highpass filter allows us to
focus on these errors and, therefore, optimise the reflection
coefficients without any impact from the accelerometer
data calibration.

The radiation pressure acceleration can be defined as a
function of the absorption and reflection coefficients per
material:

f ðca;m; cd;m; cs;mÞ ¼ kDaaero;y;filt k: ð23Þ
Finally, we use the Sequential Least SQuares Programming
(SLSQP) technique originally implemented by Kraft (1988)
to minimise f ðca;m; cd;m; cs;mÞ. The SLSQP algorithm allows
minimising a linear function of several variables subject to
bounds and constraints, here defined as:

ca;m 2 ½0; 1�; cd;m 2 ½0; 1�;
cs;m 2 ½0; 1�; ca;m þ cd;m þ cs;m ¼ 1: ð24Þ
The optimum solution was computed after 15 iterations.
The fine-tuned surface coefficients are provided in Table 2
(Section 4.2).

Apart from optimising the surface properties, Daaero;y as
defined in Eq. (21) serves to calibrate the cross-track accel-
eration. When the calibration is only based on precise orbit
determination (POD), the cross-track calibration accuracy
suffers from, e.g., dynamic force model errors, which ren-
ders the crosswind observations unusable. To resolve this,
we first optimise the radiation pressure modelling to miti-
gate errors from this source as much as possible. Then,
we recalculate Daaero;y and apply a lowpass filter that
removes sub-daily variations to extract the accelerometer
data calibration and remaining radiation pressure mod-
elling errors (Siemes et al., 2023). The lowpass filtered
Daaero;y is directly applied as a correction to the cross-
track accelerations.
4. Results and discussion

4.1. Thermal emission modelling

The design of solar arrays of GRACE and GRACE-FO
differs. While the GRACE satellites were equipped with sil-
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icon cells, its successors utilize modern triple-junction gal-
lium arsenide (GaAs) cells with an efficiency of 28%
(Kornfeld et al., 2019). Since the proposed thermal model
is based on the panel model, we must distinguish between
the area covered by photovoltaic cells and the panel area,
partly covered by multi-layer insulation (MLI) foil, star
trackers, and other elements. Based on the technical draw-
ings (Fig. 2) the exact number of solar cells n was estimated
for solar arrays nSA ¼ 656 and the zenith panel nzenith ¼ 479.
The area of the individual cell is known to be
Acell=31.36 cm. Using this information, the packing factor
p can be calculated as a ratio between the effective area cov-
ered by the solar cells, and the total panel area

p ¼ Acell � n
Atotal

: ð25Þ

Following this equation the packing factor was estimated
to be 0.66 for the side panels and 0.69 for the zenith panel,
resulting in the panel efficiency of 18% and 19%,
respectively.

The design difference between GRACE and GRACE-
FO solar arrays also affects the visible and infrared surface
coefficients as they control how much energy is absorbed or
reemitted. Table 2 provides optimised coefficients for visi-
ble light. The emissivity was specified according to the
Swarm technical note on thermo-optical properties
(Siemes, 2019), noting that the Swarm solar array is the
same as on GRACE-FO. In the proposed modelling
approach the emissivity, as well as efficiency, fulfil the same
function of controlling how much radiation is reemitted.
This means that both parameters have almost the same
effect on the cross-track acceleration, and therefore cannot
disentangle. For this reason, we only modify the efficiency.

We used the in situ thermistor measurements to select
the remaining thermal model control parameters, the heat
capacity and conductivity. As described in Section 2.2, only
external thermistors located on the solar arrays on the side
panels and the zenith panel were suitable for such analysis.
Since the thermal emission contributes mainly to the cross-
track acceleration, the thermistor’s locations perfectly align
with our modelling requirements.

The first step in optimising the heat capacity and con-
ductivity was to convert thermistors measurements and
modelled temperatures into the accelerations following
Eq. (14). Since each solar array on the side panels has
two temperature sensors, we determined the acceleration
difference between both sensor pairs. Fig. 6 shows that
the differences do not surpass 0.6 nms�2, which was used
as a reference for the maximum reachable modelling accu-
racy, noting that our model assumes a uniform tempera-
ture per panel.

In the second step, we compared the accelerations based
on the measured temperatures, âthe;y , and the modelled tem-
peratures, athe;y , for a range of capacity and conductivity
values using the RMS defined in Eq. (15). Fig. 7 and
Fig. 8 summarise the results. For the solar arrays, the best
fit (RMS = 0.148nm s�2) was obtained for heat capacity



Fig. 6. Comparison between the measurements of thermistors located on the same solar array, translated into acceleration.

Fig. 7. Root Mean Square (RMS) acceleration difference between the thermal model and the THT10005/THT10031 thermistors. The best fit was obtained
for capacity C = 8200.0JK�1 and conductivity k = 0.4WK�1 The best RMS fit is indicated with the dark circle.

Fig. 8. Differences between the accelerations (top) and the temperatures (bottom), derived from the thermal model and measured by thermistors.
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C ¼ 8200:0JK�1 and conductivity k ¼ 0:4WK�1. Such
parameter selection assures that the thermal model accu-
racy is within the earlier defined range of 0.6 nms�2

(Fig. 6).
We performed a similar analysis for the zenith panel, for

which external temperature sensors are also available. The

best fit was found for C ¼ 5800:0JK�1 and k ¼ 0:7WK�1.
The difference between solar arrays and zenith thermal
parameters is likely caused by different packing factors of
the solar cells.

This analysis focused on optimising the thermal model
for the panels for which the thermistor measurements were
available. The remaining values of heat capacities and con-
ductivities were defined according to the GRACE-FO ther-
mal model developed by Siemes et al. (2023). Table 1
summarises the updated parameters and previously used
values.

4.2. Surface coefficients fine-tuning

This section reports the results of the surface coefficient
optimization using the method described in Section 3.3 and
summarized in Table 2. The first column describes the
material, whereas the next column provides initial values
of the optical coefficients from the GRACE-FO Level-1
Data Product User Handbook (Ying et al., 2019) and
recently redefined values from Siemes et al. (2023). The last
columns consist of the coefficients optimized within this
Table 1
GRACE-FO thermal radiation panel model. The internal heat generation was

Panel Aj nx;j ny;j nz;j
(m2) (-) (-) (-)

Front 0.9551567 1.0 0.0 0.0
Rear 0.9551567 �1.0 0.0 0.0
Starboard (outer) 3.1554792 0.0 0.766044 �0.6427
Starboard (inner) 0.2282913 0.0 �0.766044 0.64278
Port (outer) 3.1554792 0.0 �0.766044 �0.6427
Port (inner) 0.2282913 0.0 0.766044 0.64278
Nadir 6.0711120 0.0 0.0 1.0
Zenith 2.1673620 0.0 0.0 �1.0
Boom* 0.0461901 - - -

* Planar projection area of the cylindrical Boom, along X-Y plane.

Table 2
Comparison between GRACE-FO surface coefficients for visible light: defined
by Siemes et al. (2023) (2), and fine-tuned within this study (3). Surface coe
Handbook.

(1) Level-1 Handbook

(1) Material ca cd cs c

SiOx/Kapton (Front/Rear) 0.34 0.26 0.40 0.3
SiOx/Kapton (Apron) 0.34 0.26 0.40 0.3
Si Glass (Solar Arrays) 0.65 0.30 0.05 0.9

Si Glass (Zenith) 0.65 0.30 0.05 0.9
Teflon (Nadir) 0.12 0.20 0.68 0.1
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study. The coefficients for infrared radiation are defined
in the handbook and were not modified. These coefficients
have an insignificant effect on the y-acceleration and could
not be finetuned with the method presented in this paper.

In addition to the SLSQP fitting of the coefficients, we
inspected the satellite photos visually to cross-check
updated thermo-optical surface coefficients. One of the
fundamental design differences between GRACE-FO
(Fig. 1) and its predecessor was replacing the silicon solar
cells (Si Glass) with state-of-the-art triple-junction gallium
arsenide (GaAs) cells, previously certified for the Swarm
mission (Kornfeld et al., 2019). These solar arrays absorb
more light and, thus, have a higher efficiency. This design
similarity between Swarm and GRACE-FO justifies the
selection of optical absorption (ca=0.90), which coincides
with the value provided in Swarm technical note on
thermo-optical properties (Siemes, 2019).

The second dissimilarity visible in the prelaunch photos
(Fig. 1) is the difference in the solar arrays’ packing factor
of the side panels and the zenith panel. The zenith panel is
more densely populated by the solar cells (black) compared
to the two side panels, which reveal more of the back-
ground MLI foil (red). Since the ray-tracing algorithm
treats the MLI and solar cells (depicted as red and black
surface elements) uniformly, the packing factor affects the
overall absorptivity of this material (cs=0.90 ! cs=0.88).

Another distinctive element between GRACE and
GRACE-FO is the nadir panel (red circles in Figs. 9a
set to 55 W, and the satellite body heat capacity to 1 � 105JK�1.

Siemes et al. (2023) New thermal model

Cj kj Cj kj ej
(JK�1) (WK�1) (JK�1) (WK�1) (-)

4000.0 0.1 4000.0 0.1 -
4000.0 0.1 4000.0 0.1 -

87 18000.0 0.1 8200.0 0.4 0.18
7 800.0 0.1 800.0 0.1 -
87 18000.0 0.1 8200.0 0.4 0.18
7 800.0 0.1 800.0 0.1 -

10000.0 0.5 10000.0 0.5 -
12000.0 0.1 5800.0 0.7 0.19
400.0 0.01 400.0 0.01 -

in Level-1 Data Product User Handbook (Ying et al., 2019) (1), provided
fficients for infrared radiation are defined in Level-1 Data Product User

(2) Siemes et al. (2023) (3) Fine-tuned coefficients

a cd cs ca cd cs

4 0.26 0.40 0.14 0.15 0.71
4 0.26 0.40 0.05 0.79 0.16
0 0.07 0.03 0.90 0.10 0.00
0 0.07 0.03 0.88 0.00 0.12
2 0.20 0.68 0.00 0.05 0.95



Fig. 9. Prelaunch photos of GRACE-FO4, 6 and GRACE5 satellites. Red circles (a) and (b) show the differences in the nadir panel design between two
satellites. Blue circles (c) indicate the differences in the material of the apron and the rear panel.

Table 3
The summary of GRACE-FO radiation pressure modelling approaches implemented in this study.

Case Thermal model Geometry model Surface properties RMS
– – – (nms�2)

(a) - Panel Level-1 Handbook 4.22
(b) Instantaneous reradiation Panel Level-1 Handbook 3.04
(c) Thermal inertia Panel Level-1 Handbook 1.70
(d) Thermal inertia Ray-tracing Siemes et al. (2023) 0.88
(e) Thermal inertia Ray-tracing Fine-tuned coefficients 0.55
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and 9b). The GRACE nadir panel has a much more
creased surface than the reflective GRACE-FO material.
This difference justifies finetuning the specular reflection
coefficient to the higher value (cs=0.68 ! cs=0.95).

Ultimately, we finetuned the satellite’s apron surface
coefficients. This small geometry element proved to have
a significant impact on the radiation pressure acceleration.
The Handbook defines the surface properties of the apron
and the rear/front panels as identical. However, the photos
reveal that the front/rear panels have a reflective surface,
whereas the apron is creased and, thus, reflects light more
diffusely than a flat surface of the same material
(Fig. 9c). Such difference validates the increase in the dif-
fuse reflection component (cd=0.26 ! cd=0.79).
4.3. Effect of radiation pressure model accuracy on the cross-
track acceleration

As discussed before, the cross-track calibration purely
based on POD suffers from low accuracy, affecting the
4 airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-
get-an-earful accessed on 03/10/2023.
5 Gath (2016)
6 www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satel-

lites-get-an-earful accessed on 03/10/2023.
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quality of crosswind data. The exact steps undertaken to
resolve this issue were described in Section 3. Here, we used
the Daaero;y parameter derived in Eq. (21) to assess the per-
formance of various radiation pressure and thermal emis-
sion modelling approaches. The calibration parameters
were estimated based on the final model (Case (e), Table 3)
and applied consistently to all previous cases. This
approach enabled disentangling the calibration parameters’
accuracy and focus on the sole impact of the radiation
pressure modelling.

Table 3 summarises models used in this study, together
with their input parameters: thermal emission model,
geometry model and the thermo-optical surface coefficients
used. The last column states the RMS estimate as the
model quality indicator.

The most straightforward approach to radiation pres-
sure modelling is presented in Fig. 10a. It utilizes the sim-
plest geometry consisting of 6 panels and does not account
for thermal emission. The thermo-optical surface proper-
ties used for the radiation pressure modelling follow the
guidelines provided in the Level-1 Handbook. In this mod-
elling variant, the acceleration difference Daaero;y exceeds the
RMS of 4.22 nms�2. The largest offset occurs when the
satellite solar arrays on the sides of the satellite (red area
in Fig. 4) are oriented perpendicular to the Sun. These

http://airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful
http://airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful
http://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful
http://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful


Fig. 10. Difference between observed and derived cross-track acceleration Daaero;y defined in Eq. (20) for cases (a)–(e) (cf. Table 3) and the shadow
function. White and black areas indicate when the satellite is in the sunlight or shadow. The yellow dashed-line rectangles indicate when the satellite solar
arrays were oriented perpendicular to the Sun. The green crosses mark locations when the satellite is close to the penumbra regions. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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locations are indicated by yellow dashed rectangles
(Fig. 10a). At this stage, the cross-track acceleration errors
originate mainly from ignoring the thermal emission of the
solar arrays, as demonstrated in the next paragraphs.

The second model, illustrated in Fig. 10b, assumes
instantaneous heat reradiation for all panels
(Montenbruck et al., 2015), i.e. the absorbed radiation is
instantly re-emitted in accordance with Lambert’s cosine
law. The main difference in comparison to Case (a) can
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be noted in the radiation pressure errors originating from
the solar arrays. It occurs when the solar arrays are ori-
ented approximately perpendicular to the Sun, which takes
place between the arguments of latitude 90� and 270�, dur-
ing April 2020 for the (+Y) solar array and November
2020 for (-Y) solar array. Similar to the previous figure,
these locations are indicated by yellow dashed rectangles.
The second effect can be spotted near the eclipse regions,
which can be identified based on the shadow function
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shown in Fig. 10f, indicated as green crosses. This effect
occurs when the satellite enters the eclipse, and the nadir
panel receives direct radiation, which is then re-radiated.
Since this scenario better reflects reality, the radiation pres-
sure errors decrease compared to Case (a). Using the
instantaneous heat re-radiation model, the overall radia-
tion pressure error Daaero;y reduces to RMS 3.04 nms�2.

Fig. 10c was produced using a thermal model that
accounts for the thermal inertia of the panels as described
in Section 3.2. The optimized thermal control parameters
are provided in Table 1. In this variant, the panel geometry
was used for both radiation pressure and thermal emission
modelling. After accounting for the thermal inertia the
Daaero;y decreases significantly, to RMS 1.70 nms�2.

In the next step, we complemented the advanced ther-
mal modelling with ray-tracing utilizing the high-fidelity
geometry and the thermo-optical surface coefficients pro-
posed by Siemes et al. (2023), provided in Table 2. The
model’s output is depicted in Fig. 10d. Including additional
geometry elements creates a more uniform error pattern.
An interesting effect, exhibiting as Daaero;y reduction around
the eclipse transitions, was identified as a shadowing effect
from the satellite’s apron. In this step, the cross-track accel-
eration RMS is reduced to 0.88 nms�2.

Last but not least, Fig. 10e shows the thermal emission
modelling improvements combined with the ray-tracing
method, detailed satellite geometry, and fine-tuned
thermo-optical surface coefficients (Table 2). Introducing
these improvements altogether results in the significant
reduction of the Daaero;y errors below 0.55 nms�2.

The remaining radiation pressure residuals could be
caused by errors in the thermistors’ measurements, as well
as the modelling limitations, e.g., the assumption of the
uniform temperature of the panels. To resolve this issue,
we could introduce a finite element thermal model. How-
ever, such a modelling approach is computationally
demanding and unlikely to give significant improvement
due to other error sources, which are out of the scope of
this work. These error sources include the assumption
about negligible cross-wind during low solar activity while
fine-tuning the surface coefficients, aerodynamic coefficient
modelling errors originating from the gas-surface interac-
tion modelling uncertainties, and accelerometer data cali-
bration errors. To model the penumbra transitions, this
paper utilizes the Solar radiation pressure with Oblateness
and Lower Atmospheric Absorption, Refraction, and Scat-
tering Curve Fit (SOLAARS-CF) (Robertson et al., 2015).
However, using this approach results in noticeable artefacts
remaining around the eclipse entrances/exits. Therefore,
these times were excluded while calculating the RMS.
4.4. Density and crosswind observations

The new GRACE-FO density and crosswind datasets,
labelled V2b, are available from the FTP server ftp://ther-
mosphere.tudelft.nl. Compared to the previous version V2
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in Siemes et al. (2023), this new version contains two major
improvements. Firstly, it is based on the fine-tuned surface
coefficients for the radiation pressure modelling. Secondly,
it introduces the electrical efficiency of the solar arrays into
the thermal model and optimises its parameters based on
real temperature data.

4.4.1. Crosswind

To analyse the impact of the radiation pressure mod-
elling on the crosswind data, we selected a time period of
increasing solar activity from 2022 until mid-2023.
Fig. 11 shows the 3-hourly geomagnetic activity index ap
and 10.7 cm solar radio flux (F 10:7). Fig. 12 compares the
log RMS ratio of the radiation pressure acceleration to
the aerodynamic acceleration for GRACE-C with a sliding
window of one week. For the selected period, the magni-
tude of the aerodynamic acceleration surpasses the magni-
tude of radiation pressure in the along-track direction. For
the cross-track direction, the RMS ratio reflects the trend
of the F 10:7 curve (Fig. 11). At the beginning of 2022, the
magnitude of the radiation pressure acceleration is 10 times
larger in comparison to the aerodynamic acceleration.
Fig. 12 shows that this difference gradually decreases with
increasing solar activity in 2023. The low periodic RMS
ratio values for cross-track acceleration occur when the
Sun is aligned with the orbital plane, resulting in accelera-
tions from the right and left solar array cancelling out.

Fig. 13 compares versions V2 and V2b of the observed
GRACE-C crosswind. The argument of latitude used in
the figures in this section is described in Section 2.2. Qual-
itatively, both versions have several similarities. The wind
speeds peak near the poles (close to arguments of latitude
90� and 270�), which is associated with the auroral oval
(Lühr et al., 2007), and are generally less than 150m s�1

in the low- and mid-latitudes. Around the north pole
(90��20�), 4% of wind speed exceeds 500m s�1, whereas
9% is larger than 400m s�1. Around the south pole
(270��20�) the wind speed is slightly lower, with only 2%
exceeding 500m s�1, and 5% being larger than 400m s�1.
Magnetospheric convection and particle precipitation con-
tribute to energy and momentum transfer between ions,
drifting rapidly in electric and magnetic fields, and neutrals,
which strongly influence the high-latitude thermosphere,
including neutral winds (e.g., Barreto-Schuler et al., 2021;
Killeen and Roble, 1984; Richmond et al., 2003).

The sharp curve features present in both V2 and V2b in
Fig. 13 are an artefact due to eclipse transitions caused by
inaccurate modelling of the Earth’s shadow. The high wind
speeds around January and August/September 2022 visible
in both versions in Fig. 13 also correspond to periods of
low signal-to-noise in the measured along track accelera-
tion. Under such conditions, meaningful wind retrieval is
limited. This results in spurious features that cannot be
mitigated by improvements in radiation pressure modelling
alone. In order to distinguish the useful wind data from the
spurious features, we have introduced flagging in the pub-
lished dataset.



Fig. 11. 3-h ap (source: GFZ German Research Center for Geosciences) and 10.7 cm solar radio flux (F 10:7). 1 sfu ¼ 10�22 �W �m�2 �Hz�1.

Fig. 12. Size of the radiation pressure acceleration relative to the aerodynamic acceleration for GRACE-C, where the size is measured by the RMS of the
acceleration within a sliding one-week window.

Fig. 13. GRACE-C crosswind speed version V2 (top, cf. Siemes et al. (2023)), version V2b (middle, this work), and the difference between the two versions
(bottom). The values on the x-axis are common for all plots.
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The two versions show large differences in 2022, when
the ratio of the radiation pressure to aerodynamic acceler-
ation is still significant (see Fig. 12). This demonstrates that
the radiation pressure models used to produce V2b are
superior to V2. In 2023, as solar activity and hence density
increase, the difference between the two versions gradually
converges. However, the improvements are still visible in
periods such as February/March 2023 during the entry
and exit of the eclipse, when the wind speed decreases at
mid-latitudes.

In Fig. 14, we compare the new V2b crosswind data with
the physics-based TIE-GCM and the empirical HWM14
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models. The crosswind data are given in the same reference
frame as the models, and the zonal (east–west), meridional
(north–south) and vertical unit vector components are pro-
vided in the dataset to accurately project the model winds.
The contributions from the vertical wind component are
much weaker than the horizontal components and are
therefore ignored in this study, similar to Lühr et al.
(2011) using CHAMP observations. The model wind vec-
tor projected onto the direction of the observed crosswind
is obtained as follows:
Mcw;i ¼ Mzonal;i � uzonal;i þMmerid;i � umerid;i; ð26Þ



Fig. 14. Crosswind speed observed by the GRACE-C satellite (top), wind speed from the HWM14 model (middle) and TIE-GCM (bottom). The negative
values in the model winds indicate that the wind direction is opposite to the observed wind. The values on the x-axis are common for all plots.
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where Mcw;i is the projected model crosswind at time epoch
i, and Mzonal and Mmerid are the model zonal and meridional
wind vectors, respectively. uzonal and umerid are the corre-
sponding unit vector components.

Fig. 14 shows that both models capture most of the sali-
ent features of the observed crosswind, especially at low
and mid latitudes. The time period shown in the figure cor-
responds to relatively high solar activity, which improves
the quality of the retrieved wind signal. Compared to the
TIE-GCM, the HWM14 shows better agreement at high
latitudes and well reflects some of the high wind speed
around 90� and 270� occurring during the significant geo-
magnetic storms in late February, March, and April 2023
(see Fig. 11). In general, the data-model agreement is better
in 2023 than in 2022. While the crosswind speeds are
greater than the model estimates, this agreement has
improved in 2023 to the extent that the mean model wind
speed is about half that of the observed crosswind. Further
investigation is needed to determine the extent to which the
TIE-GCM underestimates the winds, particularly at high
latitudes. Neutral winds at high latitudes are strongly influ-
enced by the direction and strength of the interplanetary
magnetic field (IMF) and ion collisions (Richmond et al.,
2003). The TIE-GCM runs in this study do not use
observed IMF conditions and use, among other parameter-
isations, an empirical ion convection model based on the 3-
h Kp index, which may have some limitations in accurately
modelling ion drag and winds on the observed timescale.

Fig. 15 shows some general statistics of the data-model
comparison from January 2022 to April 2023. The two
top panels show the daily mean and standard deviation,
respectively. Two bottom panels show the Pearson correla-
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tion coefficient, which describes the linear correlation
between the models and the observations. Since both
TIE-GCM and HWM14 underestimate the high-latitude
wind speeds (Fig. 14) the Pearson coefficient was calculated
for two subsets: including all data, and considering only
low- and mid-latitude crosswinds, by excluding data
between arguments of latitude 60�–120� and 240�–300�.
The penumbra regions were discarded while calculating
the statistical data.

The figure shows a remarkable improvement in the
GRACE-C retrieved winds after September 2022, when
the daily mean stabilises, the standard deviation is consis-
tently low, and the correlation increases. We observe an
exceptionally good correlation after January 2023 reaching
0.6 for all data and 0.8 if only low- and mid-latitude wind
speeds are considered. The figure also shows that the
GRACE-C crosswinds are quite stable from April to June
2022. There are a few periods in 2022 with large wind
speeds and high standard deviations (e.g. January, March
and August). As explained earlier, this is due to the spuri-
ous features in the crosswind data resulting from an insuf-
ficient signal-to-noise ratio in the acceleration data (see
Fig. 13). Finally, the figure also highlights the importance
of a comprehensive further analysis of the winds to identify
the reasons for different model responses to observed geo-
physical conditions, including the periods of anticorrelated
winds in October 2022 and late March 2023.

4.4.2. Density

The newly estimated neutral mass density (V2b) was
compared with the previously published data (V2) and
two thermosphere models: NRLMSIS 2.0 and DTM2020.



Fig. 15. Statistical comparison of the crosswind speed observed by the GRACE-C and model estimates from HWM14 and TIE-GCM. Two top panels
show the daily mean and the daily standard deviation. Two bottom panels show the Pearson’s correlation coefficient for TIE-GCM and HWM14,
respectively, for two types of subsets: all data and low- to mid-latitudes. The values on the x-axis are common for all plots.
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The mean density ratio (Sutton, 2018) was used for
comparison

lðq1; q2Þ ¼ exp
1

N

XN
n¼1

ln
q1;n

q2;n

 !
; ð27Þ

where q1=q2 is the ratio between the observed and modelled
density.

Fig. 16a shows the yearly mean of the observation-
model density ratio. The solid lines represent the compar-
Fig. 16. Comparison of GRACE-FO density observations to DTM2020 and N
and V2b was developed wi.thin this study.
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ison between atmospheric models and version V2 (Siemes
et al., 2023), whereas the dashed lines introduce version
V2b, produced using new radiation pressure and thermal
emission models. It can be seen that the ratio between
the observations and DTM2020 is always larger than unity.
This means that both previous and new observations con-
sistently show a 5–10% higher density than the DTM2020
model. The only exception is 2021, where the annual mean
increases to 25%. The observation-model ratio for
NRLMSIS 2.0 is about 0.65 during the solar minimum
RLMSIS 2.0. Observations of version V2 are based on Siemes et al. (2023)
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(2018–2020). This indicates the model’s tendency to overes-
timate the density, which was already pointed out for
Swarm data (van den IJssel et al., 2020). As solar activity
increases from 2021 onward, the mean density ratio gets
closer to one, indicating better agreement between observa-
tions and model during medium–high solar activity.

Comparison within versions does not show significant
scale differences. This is expected since both V2 and V2b
datasets share the same aerodynamic model and differ only
in the radiation pressure and thermal emission, which aver-
age to zero in the yearly mean.

To compare the variability across the density data, the
standard deviation of the density ratio was used:

rðq1; q2Þ ¼ exp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N � 1

XN
n¼1

ln
q1;n

q2;n

� ln lðq1; q2Þ
� �2

vuut
0
@

1
A
ð28Þ

Fig. 16b shows the annual standard deviation. The
annual standard deviations have continuously decreased
since the beginning of the mission in 2018. This is likely
caused by radiation pressure modelling errors playing a
smaller role when the solar activity, and hence density,
increases towards 2023. The annual standard deviation
for DTM2020 is always lower compared to NRLMSIS
2.0, which indicates a better model agreement with obser-
vations’ variability. Nevertheless, considerable values can
still be seen for DTM2020, starting from 32% in 2018 to
22% in 2023. For NRLMSIS 2.0, the standard deviations
range from 45% in 2018 to 28% in 2023. These larger values
could be explained by the fact that the NRLMSIS 2.0
model is independent of the density observations produced
after 2000.

Similarly to the annual mean, the standard deviations of
V2 and V2b follow almost the same pattern. However, a
small difference of about 1–2% can be spotted for the
DTM2020 model. One may conclude that the V2b density
observations are slightly worse. Yet, it is important to note
that DTM2020 is based on the data where not all advances
in radiation pressure modelling have been implemented.
NRLMSIS 2.0 also indicates that the V2b data agrees less
with the model, though the standard deviations are much
larger than those of DTM2020, obscuring the subtle differ-
ences between V2 and V2b. Given the clear improvements
in the crosswind observations, further investigation is
needed to confirm if the changes in the variability of the
V2b density data represent a worsening or improvement.
5. Conclusions and outlook

The motivation for this study was twofold: to determine
the impact of radiation pressure and thermal emission
modelling during periods of low solar activity and to derive
updated density and crosswind datasets. The first was
achieved by fine-tuning the reflection coefficients to charac-
2371
terise satellite surface properties better. A thermal emission
model based on heat transfer was introduced together with
the solar panel electric efficiency parameter. Achievements
in radiation pressure modelling allowed for better cross-
track calibration and improved crosswind datasets.

The accessibility of the thermistor measurements from
the top and side panels was key to the success of this
research. By knowing the external surface temperature, it
was possible to disentangle the thermal emission from the
other sources of radiation pressure and model it separately.
To further improve the radiation pressure modelling accu-
racy, reliable data from thermistors in suitable locations on
accelerometer-carrying satellites would be desired. Equip-
ping future missions with thermistors that are distributed
externally in multiple places would allow for an even more
advanced modelling approach, for example, a finite-
element thermal analysis. On the contrary, the inaccessibil-
ity of meaningful thermistor readings poses limitations on
thermal emission modelling for past missions. This is the
case for GRACE, where multiple temperature sensors were
placed below the insulation foil, making a similar analysis
as the one performed in this study meaningless since the
thermistor data do not represent the topside temperature
of the panel.

The thermal model accounting for thermal inertia signif-
icantly reduced the error compared to the instantaneous
heat re-radiation. However, it is also more computationally
demanding, as the calculations cannot be performed up-
front but must be done along the orbit instead. Therefore,
the choice of the appropriate thermal model depends on
the required accuracy.

Taking into account the design similarities between
GRACE-FO and Swarm solar arrays, it would be recom-
mended to update the GRACE-FO documentation with
the solar arrays’ thermo-optical surface properties as spec-
ified for the Swarm mission. The surface coefficients
defined for other materials should also be revisited. It
was shown for the GRACE-FO apron, that in the case of
foils, the reflection coefficients may vary depending on
the wrinkling, and thus should be specified per separate foil
sheet, and not globally for the whole material.

The improvements in the radiation pressure modelling
did not have a significant impact on the density observa-
tions. In the case of the crosswind, a low aerodynamic sig-
nal along the track prevented the derivation of usable
observations for some periods and manifested itself as spu-
rious features in the crosswind data. To distinguish these
spurious features from real geophysical signals, and to bet-
ter attribute observation-model discrepancies, it would be
beneficial to define reliable error bounds. Such error quan-
tification should include errors in radiation pressure mod-
elling, aerodynamic coefficient estimation, calibration
errors and accelerometer measurement noise, as well as
errors in external models providing thermosphere charac-
teristics, such as uncertainty in the radiation fluxes and
thermosphere composition. This work is currently in
progress.
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Lühr, H., Park, J., Ritter, P., et al., 2011. In-situ CHAMP observation of
ionosphere-thermosphere coupling. Space Sci. Rev. 168 (1–4), 237–
260. https://doi.org/10.1007/s11214-011-9798-4.
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