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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 opportunity to study the effects of radiation
pressure. This research uses ray tracing based on a high-fidelity satellite geometry model to calculate 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 temperature 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 nm s−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 nm s−2, compared to an RMS of 4.22 nm s−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 significant in the crosswind direction, the effect on density was small compared to previously published datasets.
© 2023 COSPAR. Published by Elsevier Ltd All rights reserved.
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1. Introduction 1

The Gravity Recovery And Climate Experiment Follow-On (GRACE-FO) mission’s primary objective is measuring Earth’s 2

time-variable gravity field to deduce mass changes with high precision. GRACE-FO was launched in May 2018 and remains 3
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operational until today. The mission consists of two identical satellites flying in a near-polar orbit around Earth at an initial altitude4

of approximately 510 km (Kornfeld et al., 2019), and a current altitude of 500 km, as of September 2023. The satellites share the5

same orbital plane with a nominal along-track separation of 220±50 km, continuously measuring the relative distance between each6

other. GRACE-FO extends the scientific legacy of its predecessor, the GRACE mission (Tapley et al., 2004). Both missions share the7

same principal design features, however, a laser-ranging interferometer was added to GRACE-FO as a technology demonstration.8

The GRACE-FO satellites are equipped with a dual-frequency GPS receiver, star trackers and high-precision accelerometers. These9

instruments allow for measuring the non-gravitational forces acting on the satellites, from which we deduce neutral mass density and10

crosswind observations (Doornbos, 2011). Shortly after launch, the GRACE-D accelerometer data degraded, and its measurements11

were replaced by a synthetic data transplant (Landerer et al. (2020), Harvey et al. (2022)). Therefore, this article focuses solely12

on the better-performing GRACE-C satellite. This study will enhance the radiation pressure and thermal emission models for13

GRACE-FO to obtain a more accurate neutral mass density and crosswind dataset, which complements earlier published data14

from the CHAMP, GRACE, GOCE, and Swarm missions (Siemes et al., 2023). Producing thermosphere density and crosswind15

observations relies on the aerodynamic acceleration obtained by subtracting the radiation pressure from the calibrated acceleration.16

Therefore, uncertainties in the radiation pressure modelling propagate directly into the density and crosswind datasets. This effect17

is particularly profound for GRACE-FO altitude during low solar activity. In such conditions, the radiation pressure matches the18

magnitude of the aerodynamic acceleration in the along-track direction and even surpasses it in the cross-track. Since the GRACE-19

FO mission has been operating for several years at such high altitudes during both low (2018–2021) and rising solar activity, it20

provides a perfect opportunity to study the effects of radiation pressure. The foundation of the non-gravitational force modelling is21

the definition of the satellite geometry model. Its complexity varies, starting from the straightforward approach based on a satellite22

panel model. Such a model implies using a limited number of flat panels to characterise the satellite’s outer geometry (Bettadpur,23

2012). Replacing commonly used panel models with high-fidelity geometries for aerodynamic modelling has increased the accuracy24

and consistency of thermospheric density and crosswind data (March et al., 2019). To take advantage of the high-fidelity geometry25

models for the radiation pressure modelling, we must first augment them with thermo-optical surface properties. These models can26

then be used in ray-tracing simulations to determine the radiation pressure force coefficients. Ray-tracing is an efficient method27

for modelling the momentum exchange between each ray and satellite surface. It can cope with complex satellite shapes while28

accounting for self-shadowing and multiple reflections. One way to implement the ray-tracing simulation is to perform calculations29

for each position along the orbit independently (Kenneally & Schaub, 2020). Regardless of its simple implementation, this method30

requires high computational resources and is, therefore, not a feasible option to process the entire GRACE-FO mission data. In this31

study, we perform the ray-tracing simulations in advance and store the results as a lookup table. This approach is very similar to32

the one proposed by Klinkrad et al. (1991) and applied by Doornbos et al. (2002). It has been later adopted by different groups33

working on GNSS precise orbit determination (Ziebart (2004), Li et al. (2018), Bhattarai et al. (2022)).34

Thermal acceleration typically accounts for one-fourth of total cross-track radiation pressure acceleration. A common approach35

to model thermal emission relies on the assumption of simple instantaneous heat reradiation and no heat conduction between36

and through elements (Montenbruck et al. (2015), Vielberg & Kusche (2020)). The state-of-the-art thermal models reproduce37

the temperatures of the outer panels, taking into account their thermal inertia (Wöske et al. (2019), Wang et al. (2023)). In this38

scenario, the satellite surface heats up by absorbing incoming radiation and cools down by emitting radiation. This process can be39

implemented using thermal model control parameters such as internal heat generation, heat capacity of the panels, and conductance40

towards the inner parts.41
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Within the last few years, significant progress has been made in the field of radiation pressure and thermal emission modelling. 42

Nevertheless, specific gaps can still be identified, such as insufficient knowledge of the thermo-optical properties of the satellite 43

material. According to the GRACE-FO Level-1 Data Product User Handbook (Ying et al., 2019), the reflection coefficients do not 44

differ between GRACE and GRACE-FO. However, there are numerous design differences between the two missions. One of them 45

is the solar arrays illustrated in Fig. 1, which were upgraded from silicon ones used on GRACE to triple-junction panels (GaAs), 46

previously qualified for the Swarm mission and characterised by higher absorption of visible light (Kornfeld et al., 2019). The 47

need to update the thermo-optical surface properties for GRACE-FO has already been addressed by Siemes et al. (2023). However, 48

the proposed set of reflection coefficients was selected empirically based on the visual inspection of the accelerometer data and 49

prelaunch satellite photos. The same publication introduced the thermal inertia model, with the heat capacity and conductivity of 50

the panels based on the theoretical values of the respective panels. However, it ignored that part of the radiation absorbed by the 51

solar arrays converts to electricity, commonly referred to as the electric efficiency of the solar arrays. 52

This research aims to provide new insights into selecting the thermo-optical surface coefficients for GRACE-FO using numerical 53

optimisation. Additionally, we tuned a thermal model to accurately match the actual surface temperature measurements obtained 54

from the GRACE-FO thermistors. To achieve even more realistic thermal behaviour, we introduced the efficiency of the solar arrays 55

(Duan & Hugentobler, 2022), which was not the case in previously published GRACE-FO data (Siemes et al., 2023). 56

This paper is organised as follows. Section 2 describes the input data and models used in this study. Section 3 elaborates 57

on methodology in the context of thermal emission and radiation pressure modelling. We summarise the results in Section 4, 58

comprising the thermal modelling and surface reflection coefficients fine-tuning, the effect on the cross-track acceleration and59

updated crosswind and density datasets. Finally, Section 5 provides conclusions and an outlook on future work.60

(a) GRACE-FO1 (b) Swarm2

(c) GRACE3

Fig. 1: Comparison between the solar arrays of Swarm, GRACE and GRACE-FO.
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2. Data and models61

2.1. GRACE-FO data62

This study utilises Level 1 GRACE-FO data publicly available via FTP ftp://isdcftp.gfz-potsdam.de, specifically, the63

acceleration, attitude, position, velocity, thruster, satellite mass, and accelerometer temperature data. We rely on the higher temporal64

resolution of the Level 1A accelerometer data to enable easier removal of the acceleration due to thruster activations. Additionally,65

we use the NRLMSISE-00 model (Picone et al., 2002a) to model the atmospheric composition and temperature. Wind in the66

direction of the satellite’s x-axis is accounted for by the HWM07 model (Drob et al., 2008). To measure the non-gravitational67

accelerations, the GRACE-FO satellites were equipped with the SuperSTAR-FO accelerometers, an advanced version of the ones68

used previously for the GRACE mission (Christophe et al., 2015). The accelerometer noise level in the along-track is about69

0.1 nm s−2, whereas the cross-track measurements are about 10 times less precise by design.70

2.2. Thermistor data71

This study took advantage of in-situ measurements from GRACE-FO thermistors provided by NASA Jet Propulsion Laboratory72

(JPL) to select realistic thermal model control parameters. Thermistors monitor the temperature on the inner and outer satellite’s73

surfaces in several locations. Sensors on the solar arrays were particularly useful since they provided the most representative74

temperature readings due to their external location. Numerous other thermistors were mounted on the inner side of the panels or75

below insulating foils, making their measurements unsuitable for thermal analysis.76

Fig. 2 shows the location of the temperature sensors on GRACE-FO solar arrays and their registered temperature measurements77

for the year 2020. The horizontal and vertical axis of the temperature data correspond to time and the argument of latitude. Each78

column denotes a single orbital revolution, where 0◦ is the ascending equator crossing, 90◦ indicates the northernmost point of the79

orbit, 180◦ marks the descending equator crossing and 270◦ is the southernmost points of the orbit. The 360◦ point marks the start80

of the next revolution at the equator.81

We compared the temperature readings from thermistors on the same panel to examine thermal gradients across the surface.82

Thermistors located closer to the satellite’s rear register at maximum 10 K higher temperatures, in comparison to the central sensors 83

(Fig. 3). We consider such temperature differences small enough to assume a uniform temperature over the whole panel area. 84

1URL https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful, accessed on 03/10/2023.
2URL https://www.esa.int/ESA_Multimedia/Images/2012/02/Swarm_constellation_in_IABG_cleanroom2, accessed on 03/10/2023.
3URL https://www.wetteronline.de/wetternews/astro, accessed on 19/10/2023.

ftp://isdcftp.gfz-potsdam.de
https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful
https://www.esa.int/ESA_Multimedia/Images/2012/02/Swarm_constellation_in_IABG_cleanroom2
https://www.wetteronline.de/wetternews/astro
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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.

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).

2.3. Geometry models 85

Accurate aerodynamic and radiation pressure modelling requires detailed satellite geometries rather than simple panel models. 86

Such geometries were already created for multiple low Earth orbit satellites such as CHAMP, Swarm, GOCE and GRACE (March 87

et al., 2019). This article relies on the high-fidelity GRACE-FO geometry (Fig. 4), first published by Siemes et al. (2023). This 88

model, which consists of 23,746 facets, acted as a baseline for deriving aerodynamic coefficients and calculating radiation pressure 89

accelerations. For the radiation pressure modelling, different surface properties were assigned to individual materials, defining 90

absorption and reflection coefficients for both visible and infrared parts of the spectrum. We initially selected the thermo-optical 91

surface properties from the GRACE-FO Level-1 Data Product User Handbook (Ying et al., 2019). For materials that remained92

unspecified in the documentation, we used the properties specified by Fortescue et al. (2011).93
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Fig. 4: Rendered GRACE-FO geometry model used as an input for the ray-tracing algorithm. Colours correspond to individual material properties. The axes are
aligned with the satellite reference frame.

2.4. TIE-GCM94

We use the physics-based thermosphere-ionosphere-electrodynamics general circulation model (TIE-GCM; Richmond et al.,95

1992) to validate the crosswind data. It is a time-dependent three-dimensional numerical model of the coupled thermosphere and96

ionosphere system. This work is based on TIE-GCM version 2.0 (2016) and resolves the system at a horizontal resolution of97

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 this98

study along with the simulated data are provided in Kodikara (2023).99

2.5. HWM14100

The Horizontal Wind Model is an empirical model of the horizontal neutral wind in the upper thermosphere. The model consisted101

primarly of data from two NASA satellites (Explorer 55 and Dynamics Explorer 2), ground-based incoherent scatter radar and102

Fabry-Perot optical interferometers (FPI). As described in subsection 2.1 we used the HWM07 model (Drob et al., 2008) to account103

for wind in the direction of the satellite’s x-axis. However, for the comparison with observation data, we used the most recent104

model version HWM14, which was updated with ground-based 630 nm FPI measurements in the equatorial and polar regions, as105

well as cross-track winds from the Gravity Field and Steady State Ocean Circulation Explorer (GOCE) satellite (Drob et al., 2015).106

The updates in HWM14 fill important gaps in both latitude and local time coverage and provide an improved specification of the107

upper atmospheric tides and general circulation patterns. Currently, the model does not account for solar activity dependence. The108

variations with geomagnetic activity are specified via the Ap index.109

2.6. DTM2020110

The Drag Temperature Model (DTM2020) is a semi-empirical model providing information on the Earth’s thermosphere tem-111

perature, density and compositions (Bruinsma & Boniface, 2021). This study used the operational version of the model to assess112

the neutral mass density datasets. The DTM2020 is driven by the F10.7 and Kp indices for solar and geomagnetic activity. The core113

of the model is CHAMP, GOCE and GRACE accelerometer data together with GNSS measurements from the Swarm-A satellite.114

In addition, very accurate laser tracking data from the Stella satellite have been incorporated.115

2.7. NRLMSISE-00 model116

NRLMSISE-00 is a semi-empirical atmosphere model based on a wide range of data, including mass spectrometer and incoherent117

scatter radar data. It is also based on neutral mass density datasets derived from accelerometer measurements and orbital decay of 118

objects that flew during the 1960s and 1980s (Picone et al., 2002b). We point out that the NRLMSISE-00 model is independent of 119
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the density datasets produced after 2000. The model provides the thermosphere density, temperature, and composition. We used 120

the latter two as input for density and crosswind data processing and the first for comparing to the density observations. 121

3. Methodology 122

For satellites, such as GRACE-FO, where the accelerometer placement coincides with the satellite’s centre of mass, the aero- 123

dynamic acceleration vector aaero can be obtained by subtracting the radiation pressure acceleration, arp, and thermal acceleration, 124

athe, from the calibrated accelerometer acceleration, acal: 125

aaero = acal − arp − athe. (1)

The total radiation pressure acceleration is the sum 126

arp = asrp + air + aalb, (2)

where asrp stands for the solar radiation pressure acceleration, and air and aalb are Earth’s infrared radiation and albedo, respectively. 127

Figure 4 shows the satellite body-fixed reference frame. During nominal operations, the satellite x-axis is oriented in the anti- 128

flight and in-flight directions for the leading and trailing satellites, respectively. The y-axis corresponds to the direction perpendicu- 129

lar to the orbital plane (cross-track), and the z-axis to the nadir direction (toward Earth). Since the satellite’s x-axis is approximately 130

aligned with the flight direction, it captures most of the drag signal. Therefore, we use the x-component of the aerodynamic accel- 131

eration, aaero,x, to derive the neutral mass density: 132

ρ =
2 m aaero,x

Caero,x V2
rel

. (3)

Here, m denotes the satellite mass, Caero,x is the x-component of the aerodynamic coefficient vector intrinsically multiplied by the 133

reference area, and Vrel is the velocity relative to the atmosphere. Neutral mass density and crosswinds retrieval rely on accurate 134

aerodynamic acceleration estimation, formerly derived using the radiation pressure acceleration (Eq. 1). This reliance creates a 135

dependency between the radiation pressure modelling uncertainty and the density and crosswind quality. The impact of radiation 136

pressure modelling errors is most prominent at altitudes above 450 km during low solar activity. In such conditions, the along- 137

track component of radiation pressure acceleration matches or even surpasses the magnitude of the aerodynamic acceleration. This 138

effect was already quantified for the Swarm satellites (van den IJssel et al., 2020), as well as GRACE (Wöske et al., 2019), and 139

GRACE-FO, in which case the radiation pressure acceleration doubled the magnitude of aerodynamic acceleration during deep 140

solar minimum in 2018-2020 (Siemes et al., 2023). 141

The crosswind retrieval is based on the iterative algorithm proposed by Doornbos et al. (2010). In the cross-track direction, the142

aerodynamic acceleration signal is much smaller (Fig. 5), resulting in a strong impact of radiation pressure modelling errors on the143

crosswind estimate.144
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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).

This chapter presents the methodology, starting from the radiation pressure modelling approach in Section 3.1, complemented145

by thermo-optical surface coefficients finetuning in Section 3.3, and the thermal emission modelling description in Section 3.2.146

3.1. Radiation pressure modelling147

Radiation pressure acceleration acting on the satellite can be calculated as148

aext(α, β) =
Pext(α, β)

m
Cw(α, β), (4)

where Pext stands for the radiation pressure originating from external sources such as solar radiation, Earth’s infrared radiation and149

Earth’s albedo, Cw is the coefficient integrated over the relevant wavelength domain, and m is the satellite mass. The α and β angles150

describe the satellite orientation toward the incident radiation. They can be derived using a unit vector fixed to the satellite reference151

frame, usat, pointing from the radiation source towards the satellite:152

usat =

ux

uy

uz

 , α = arcsin(uz), β = arctan2(uy,−uz). (5)

The main contributor to the radiation pressure is solar radiation pressure, commonly defined as153

Psrp =

(
1AU

∥rsat − rS un∥

)2

P1AU, (6)

where rsat and rS un are the positions of the satellite and Sun, respectively. P1AU is the solar radiation pressure at one astronomical154

unit (AU), commonly calculated as the ratio of the solar constant Φ = 1367 W m−2 and the speed of light c, i.e. P1AU = Φ/c =155

4.56 µN m−2. The calculation of radiation forces originating from Earth’s albedo and infrared radiation is described by Vielberg &156

Kusche (2020), noting that we use monthly averaged albedo and Earth infrared emission maps based on Earth Radiation Budget157

Experiment (ERBE) satellite data (Doornbos et al., 2014).158

This study employs a ray-tracing technique to calculate the radiation pressure coefficient Cw. This technique uses the high-159

fidelity GRACE-FO geometry as input, previously described in Section 2.3. Ray-tracing simulates the scenario in which a distant160

radiation source emits parallel rays towards a much smaller satellite body. The algorithm accounts for both self-shadowing and161

multiple reflections. Emitted rays intersect with the satellite surface and spawn additional rays, whose energy depends on the 162

surface properties. We use the ray tracing technique to calculate the solar radiation pressure, Earth’s infrared radiation, and albedo 163

(Siemes et al., 2023). 164
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3.2. Thermal emission modelling 165

The thermal model proposed in this article is similar to the approach suggested and implemented by Wöske et al. (2019). We 166

modelled the satellites by 12 independent panels and the inner body. The panels heat up uniformly by absorbing incoming radiation 167

Q̇abs, j, cool down by emitting radiation Q̇emit, j and exchange heat Q̇cond, j conductively with the satellite body, resulting in the net 168

heat change 169

Q̇ j = (1 − e j) Q̇abs, j − Q̇emit, j − Q̇cond, j, (7)

where e j stands for the electric efficiency, and subscript j indicates the panel. The electric efficiency represents the fraction of 170

absorbed energy converted into electricity. Therefore, e j > 0 for the solar arrays while e j = 0 for the other panels not covered 171

by photovoltaic cells. Introducing the efficiency parameter into the thermal model has been done by multiple authors (Duan & 172

Hugentobler (2022), Wang et al. (2023)). However, it was not the case in formerly published GRACE-FO datasets (Siemes et al., 173

2023). 174

The radiationΦ that originates from solar and Earth fluxes, as well as albedo, is absorbed in both visible and infrared bandwidths 175

following the equation 176

Q̇abs, j = Φca, jA j cos θ j, (8)

where ca, j is the absorption coefficient, A j is the area of the panel, and θ is the angle between the panel’s normal and the vector from 177

the satellite to the radiation source. The heat loss toward space follows the Stefan-Boltzmann law of diffuse irradiation: 178

Q̇emit, j = A jε jσT 4
j , (9)

where ε j is the emissivity, σ is the Stefan-Boltzmann constant and T j is the absolute temperature of the satellite panels. 179

The thermal conduction between the satellite walls and the inner body Tbody is 180

Q̇cond, j = k j(T j − Tbody), (10)

where k j is the thermal conductivity. The total heat exchange for the satellite body is 181

Q̇body = Q̇gen +
∑

j

Q̇cond, j, (11)

where Q̇gen stands for the internal heat generated by, e.g., the batteries and electronics. The Q̇gen value was selected to assure the 182

realistic operational inner temperature Tbody of about 25 °C. 183

In the numerical implementation, panels and body temperatures are updated at each timestep following the equations184

T j(t + ∆t) = T j(t) +
Q̇ j

C j
∆t, (12)

and185

Tbody(t + ∆t) = Tbody(t) +
Q̇body

Cbody
∆t, (13)

where C j and Cbody are the thermal capacity of the panels and the satellite body, respectively.186

Finally, the thermal radiation pressure acceleration is derived using the following formula187

athe = −
2
3

∑
j

Q̇emit, j

m c
nj, (14)
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where nj is the outer panel normal of the j surface element.188

The following control parameters describe the thermal model: heat capacity of the panels, thermal conductance towards the inner189

parts, solar cell efficiency, and internal heat generated by the payload and other electronic parts. We optimise the control parameters190

by minimising the Root Mean Square (RMS) of the difference in the y-component of the accelerations athe,y as calculated in Eq. 14191

and âthe,y derived directly from the thermistor measurements:192

RMS =

√ ∑n
n=1(âthe,y − athe,y)2

n
, (15)

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.193

3.3. Surface coefficients fine-tuning194

As previously explained in Section 3.1, the radiation pressure coefficients were derived using the ray-tracing algorithm. We195

introduce the sum of the contributions of the individual materials m:196

arp(α, β) =
Pext(α, β)

m

∑
m

(
Ca,mca,m + Cd,mcd,m + Cs,mcs,m

)
. (16)

The factors ca,m, cd,m, and cs,m denote coefficients of absorption, diffuse and specular reflections, respectively, while Ca,m, Cd,m,197

and Cs,m are radiation pressure coefficient vectors. These vectors originating from the intersection of the i-th ray, with the j-th198

surface element, and then summing all intersections with surface elements of the same material (sum over index i), are defined as199

Ca,m =
∑

i

Airi (17)

for absorption,200

Cd,m =
∑

i

Ai(ri −
2
3

nj) (18)

for diffuse reflection, and201

Cs,m =
∑

i

2Ai(ri · nj) · nj (19)

for specular reflection. Calculating the sum of all surface elements with the same material allows us to extract the individual202

materials’ contribution to the total radiation pressure. This equation holds for both infrared and visible light. However, this analysis203

focuses only on the latter. It is because the magnitude of the Earth’s infrared radiation is much smaller than the solar radiation in the204

along-track and cross-track directions (Vielberg & Kusche, 2020), which are relevant for the density and crosswind observations.205

In the selected period for GRACE-C, the infrared radiation pressure acceleration was smaller than 0.5 nm s−2 in both x and y206

directions. In comparison, the size of the SRP acceleration was about 12 nm s−2 in the along-track and about 28 nm s−2 in the207

cross-track direction, respectively. 208

To realistically represent GRACE-FO characteristics, a new set of finetuned coefficients cm, describing surface properties is 209

necessary. In the first step, the density based on the along-track acceleration (Eq. 3) was used to derive the acceleration in the 210

y-direction due to aerodynamic side forces, 211

aaero,y,der =
Caero,y

Caero,x
aaero,x, (20)
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where Caero,y is the aerodynamic coefficient vector, multiplied by the corresponding cross-section area, and aaero,y,der stands for the 212

y-component of aerodynamic acceleration derived from the along-track signal. 213

Afterwards, we calculated the difference 214

∆aaero,y = aaero,y − aaero,y,der, (21)

between the derived cross-track acceleration and the observed one. We selected a time period of one year (2020) to optimise the 215

radiation pressure model. This selection is motivated by the high GRACE-FO altitude of approximately 510 km, the very low solar 216

activity during that period, and the fact that all local solar times are covered within one year. Under such conditions, the acceleration 217

due to crosswind is negligible, and ∆aaero,y should thus equal zero. Since the aerodynamic acceleration depends on the radiation 218

pressure acceleration arp and thermal acceleration athe (cf. Eq. 1 and Eq. 2), we used it directly to determine new coefficients. We 219

note that athe was calculated from the thermistor measurements as described in Section 3.2. 220

In the next step, a highpass filter was applied to ∆aaero,y to eliminate the influence of the accelerometer data calibration, which 221

affects daily and longer periods (Siemes et al., 2023): 222

∆aaero,y, f ilt = filt (∆aaero,y). (22)

In contrast to the accelerometer data calibration, radiation pressure modelling errors also affect the sub-daily variations in ∆aaero,y, 223

e.g., step-like changes at the eclipse entry and exit locations. Applying a highpass filter allows us to focus on these errors and, 224

therefore, optimise the reflection coefficients without any impact from the accelerometer data calibration. 225

The radiation pressure acceleration can be defined as a function of the absorption and reflection coefficients per material: 226

f (ca,m, cd,m, cs,m) = ∥ ∆aaero,y, f ilt ∥. (23)

Finally, we use the Sequential Least SQuares Programming (SLSQP) technique originally implemented by Kraft (1988) to 227

minimise f (ca,m, cd,m, cs,m). The SLSQP algorithm allows minimising a linear function of several variables subject to bounds and 228

constraints, here defined as: 229

ca,m ∈ [0, 1], cd,m ∈ [0, 1], cs,m ∈ [0, 1], ca,m + cd,m + cs,m = 1. (24)

The optimum solution was computed after 15 iterations. The fine-tuned surface coefficients are provided in Table 2 (Section 4.2). 230

Apart from optimising the surface properties, ∆aaero,y as defined in Eq. 21 serves to calibrate the cross-track acceleration. When 231

the calibration is only based on precise orbit determination (POD), the cross-track calibration accuracy suffers from, e.g., dynamic 232

force model errors, which renders the crosswind observations unusable. To resolve this, we first optimise the radiation pressure 233

modelling to mitigate errors from this source as much as possible. Then, we recalculate ∆aaero,y and apply a lowpass filter that 234

removes sub-daily variations to extract the accelerometer data calibration and remaining radiation pressure modelling errors (Siemes 235

et al., 2023). The lowpass filtered ∆aaero,y is directly applied as a correction to the cross-track accelerations. 236

4. Results and discussion 237

4.1. Thermal emission modelling238

The design of solar arrays of GRACE and GRACE-FO differs. While the GRACE satellites were equipped with silicon cells, its239

successors utilize modern triple-junction gallium arsenide (GaAs) cells with an efficiency of 28% (Kornfeld et al., 2019). Since the240
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proposed thermal model is based on the panel model, we must distinguish between the area covered by photovoltaic cells and the241

panel area, partly covered by multi-layer insulation (MLI) foil, star trackers, and other elements. Based on the technical drawings242

(Fig. 2) the exact number of solar cells n was estimated for solar arrays nS A = 656 and the zenith panel nzenith = 479. The area of243

the individual cell is known to be Acell=31.36 cm. Using this information, the packing factor p can be calculated as a ratio between244

the effective area covered by the solar cells, and the total panel area245

p =
Acell ∗ n

Atotal
. (25)

Following this equation the packing factor was estimated to be 0.66 for the side panels and 0.69 for the zenith panel, resulting in246

the panel efficiency of 18% and 19%, respectively.247

The design difference between GRACE and GRACE-FO solar arrays also affects the visible and infrared surface coefficients as248

they control how much energy is absorbed or reemitted. Table 2 provides optimised coefficients for visible light. The emissivity249

was specified according to the Swarm technical note on thermo-optical properties (Siemes, 2019), noting that the Swarm solar array250

is the same as on GRACE-FO. In the proposed modelling approach the emissivity, as well as efficiency, fulfil the same function251

of controlling how much radiation is reemitted. This means that both parameters have almost the same effect on the cross-track252

acceleration, and therefore cannot disentangle. For this reason, we only modify the efficiency.253

We used the in-situ thermistor measurements to select the remaining thermal model control parameters, the heat capacity and254

conductivity. As described in Section 2.2, only external thermistors located on the solar arrays on the side panels and the zenith255

panel were suitable for such analysis. Since the thermal emission contributes mainly to the cross-track acceleration, the thermistor’s256

locations perfectly align with our modelling requirements.257

The first step in optimising the heat capacity and conductivity was to convert thermistors measurements and modelled tempera-258

tures into the accelerations following Eq. 14. Since each solar array on the side panels has two temperature sensors, we determined259

the acceleration difference between both sensor pairs. Fig. 6 shows that the differences do not surpass 0.6 nm s−2, which was used 260

as a reference for the maximum reachable modelling accuracy, noting that our model assumes a uniform temperature per panel. 261

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

In the second step, we compared the accelerations based on the measured temperatures, âthe,y, and the modelled temperatures, 262

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 263

the solar arrays, the best fit (RMS = 0.148 nm s−2) was obtained for heat capacity C = 8200.0 J K−1 and conductivity k = 0.4 W K−1. 264

Such parameter selection assures that the thermal model accuracy is within the earlier defined range of 0.6 nm s−2 (Fig. 6). 265
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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=8200.0 J K−1 and conductivity k=0.4 W K−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.

We performed a similar analysis for the zenith panel, for which external temperature sensors are also available. The best fit was266

found for C = 5800.0 J K−1 and k = 0.7 W K−1. The difference between solar arrays and zenith thermal parameters is likely caused267

by different packing factors of the solar cells.268

This analysis focused on optimising the thermal model for the panels for which the thermistor measurements were available.269

The remaining values of heat capacities and conductivities were defined according to the GRACE-FO thermal model developed by270

Siemes et al. (2023). Table 1 summarises the updated parameters and previously used values.271
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Table 1: GRACE-FO thermal radiation panel model. The internal heat generation was set to 55 W, and the satellite body heat capacity to 1× 105 J K−1.

Siemes et al. (2023) New thermal model
Panel A j nx, j ny, j nz, j C j k j C j k j e j

(m2) (-) (-) (-) (J K−1) (W K−1) (J K−1) (W K−1) (-)

Front 0.9551567 1.0 0.0 0.0 4000.0 0.1 4000.0 0.1 -
Rear 0.9551567 -1.0 0.0 0.0 4000.0 0.1 4000.0 0.1 -
Starboard (outer) 3.1554792 0.0 0.766044 -0.642787 18000.0 0.1 8200.0 0.4 0.18
Starboard (inner) 0.2282913 0.0 -0.766044 0.642787 800.0 0.1 800.0 0.1 -
Port (outer) 3.1554792 0.0 -0.766044 -0.642787 18000.0 0.1 8200.0 0.4 0.18
Port (inner) 0.2282913 0.0 0.766044 0.642787 800.0 0.1 800.0 0.1 -
Nadir 6.0711120 0.0 0.0 1.0 10000.0 0.5 10000.0 0.5 -
Zenith 2.1673620 0.0 0.0 -1.0 12000.0 0.1 5800.0 0.7 0.19
Boom* 0.0461901 - - - 400.0 0.01 400.0 0.01 -
* Planar projection area of the cylindrical Boom, along X-Y plane.

4.2. Surface coefficients fine-tuning272

This section reports the results of the surface coefficient optimization using the method described in Section 3.3 and summarized 273

in Table 2. The first column describes the material, whereas the next column provides initial values of the optical coefficients from 274

the GRACE-FO Level-1 Data Product User Handbook (Ying et al., 2019) and recently redefined values from Siemes et al. (2023). 275

The last columns consist of the coefficients optimized within this study. The coefficients for infrared radiation are defined in the 276

handbook and were not modified. These coefficients have an insignificant effect on the y-acceleration and could not be finetuned 277

with the method presented in this paper. 278

Table 2: Comparison between GRACE-FO surface coefficients for visible light: defined in Level-1 Data Product User Handbook (Ying
et al., 2019) (1), provided by Siemes et al. (2023) (2), and fine-tuned within this study (3). Surface coefficients for infrared radiation are
defined in Level-1 Data Product User Handbook.

(1) Level-1 Handbook (2) Siemes et al. (2023) (3) Fine-tuned coefficients
(1) Material ca cd cs ca cd cs ca cd cs

SiOx/Kapton (Front/Rear) 0.34 0.26 0.40 0.34 0.26 0.40 0.14 0.15 0.71
SiOx/Kapton (Apron) 0.34 0.26 0.40 0.34 0.26 0.40 0.05 0.79 0.16

Si Glass (Solar Arrays) 0.65 0.30 0.05 0.90 0.07 0.03 0.90 0.10 0.00
Si Glass (Zenith) 0.65 0.30 0.05 0.90 0.07 0.03 0.88 0.00 0.12

Teflon (Nadir) 0.12 0.20 0.68 0.12 0.20 0.68 0.00 0.05 0.95
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(a) GRACE-FO4 (b) GRACE5 (c) GRACE-FO6

Fig. 9: Prelaunch photos of GRACE and GRACE-FO 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.

In addition to the SLSQP fitting of the coefficients, we inspected the satellite photos visually to cross-check updated thermo- 279

optical surface coefficients. One of the fundamental design differences between GRACE-FO (Fig. 1) and its predecessor was 280

replacing the silicon solar cells (Si Glass) with state-of-the-art triple-junction gallium arsenide (GaAs) cells, previously certified 281

for the Swarm mission (Kornfeld et al., 2019). These solar arrays absorb more light and, thus, have a higher efficiency. This design 282

similarity between Swarm and GRACE-FO justifies the selection of optical absorption (ca=0.90), which coincides with the value 283

provided in Swarm technical note on thermo-optical properties (Siemes, 2019). 284

The second dissimilarity visible in the prelaunch photos (Fig. 1) is the difference in the solar arrays’ packing factor of the side 285

panels and the zenith panel. The zenith panel is more densely populated by the solar cells (black) compared to the two side panels, 286

which reveal more of the background MLI foil (red). Since the ray-tracing algorithm treats the MLI and solar cells (depicted as red 287

and black surface elements) uniformly, the packing factor affects the overall absorptivity of this material (cs=0.90→ cs=0.88). 288

Another distinctive element between GRACE and GRACE-FO is the nadir panel (red circles in Figs. 9a and 9b). The GRACE 289

nadir panel has a much more creased surface than the reflective GRACE-FO material. This difference justifies finetuning the 290

specular reflection coefficient to the higher value (cs=0.68→ cs=0.95). 291

Ultimately, we finetuned the satellite’s apron surface coefficients. This small geometry element proved to have a significant 292

impact on the radiation pressure acceleration. The Handbook defines the surface properties of the apron and the rear/front panels 293

as identical. However, the photos reveal that the front/rear panels have a reflective surface, whereas the apron is creased and, thus,294

reflects light more diffusely than a flat surface of the same material (Fig. 9c). Such difference validates the increase in the diffuse295

reflection component (cd=0.26→ cd=0.79).296

4.3. Effect of radiation pressure model accuracy on the cross-track acceleration297

As discussed before, the cross-track calibration purely based on POD suffers from low accuracy, affecting the quality of cross-298

wind data. The exact steps undertaken to resolve this issue were described in Section 3. Here, we used the ∆aaero,y parameter derived299

4URL https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful, accessed on 03/10/2023.
5Gath (2016)
6https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful, accessed on 03/10/2023.

https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful
https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful
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in Eq. 21 to assess the performance of various radiation pressure and thermal emission modelling approaches. The calibration pa-300

rameters were estimated based on the final model (Case (e), Table 3) and applied consistently to all previous cases. This approach301

enabled disentangling the calibration parameters’ accuracy and focus on the sole impact of the radiation pressure modelling.302

Table 3 summarises models used in this study, together with their input parameters: thermal emission model, geometry model303

and the thermo-optical surface coefficients used. The last column states the RMS estimate as the model quality indicator.304

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

Case Thermal model Geometry model Surface properties RMS
- - - (nm s−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

The most straightforward approach to radiation pressure modelling is presented in Fig. 10a. It utilizes the simplest geometry305

consisting of 6 panels and does not account for thermal emission. The thermo-optical surface properties used for the radiation306

pressure modelling follow the guidelines provided in the Level-1 Handbook. In this modelling variant, the acceleration difference307

∆aaero,y exceeds the RMS of 4.22 nm s−2. The largest offset occurs when the satellite solar arrays on the sides of the satellite (red308

area in Fig. 4) are oriented perpendicular to the Sun. These locations are indicated by yellow dashed rectangles (Fig. 10a). At this309

stage, the cross-track acceleration errors originate mainly from ignoring the thermal emission of the solar arrays, as demonstrated310

in the next paragraphs.311

The second model, illustrated in Fig. 10b, assumes instantaneous heat reradiation for all panels (Montenbruck et al., 2015), i.e.312

the absorbed radiation is instantly re-emitted in accordance with Lambert’s cosine law. The main difference in comparison to Case313

(a) can be noted in the radiation pressure errors originating from the solar arrays. It occurs when the solar arrays are oriented314

approximately perpendicular to the Sun, which takes place between the arguments of latitude 90◦ and 270◦, during April 2020315

for the (+Y) solar array and November 2020 for (-Y) solar array. Similar to the previous figure, these locations are indicated by316

yellow dashed rectangles. The second effect can be spotted near the eclipse regions, which can be identified based on the shadow317

function shown in Fig. 10f, indicated as green crosses. This effect occurs when the satellite enters the eclipse, and the nadir panel318

receives direct radiation, which is then re-radiated. Since this scenario better reflects reality, the radiation pressure errors decrease319

compared to Case (a). Using the instantaneous heat re-radiation model, the overall radiation pressure error ∆aaero,y reduces to RMS320

3.04 nm s−2.321

Figure 10c was produced using a thermal model that accounts for the thermal inertia of the panels as described in Section 3.2.322

The optimized thermal control parameters are provided in Table 1. In this variant, the panel geometry was used for both radiation323

pressure and thermal emission modelling. After accounting for the thermal inertia the ∆aaero,y decreases significantly, to RMS 324

1.70 nm s−2. 325

In the next step, we complemented the advanced thermal modelling with ray-tracing utilizing the high-fidelity geometry and 326

the thermo-optical surface coefficients proposed by Siemes et al. (2023), provided in Table 2. The model’s output is depicted in 327

Fig. 10d. Including additional geometry elements creates a more uniform error pattern. An interesting effect, exhibiting as ∆aaero,y 328

reduction around the eclipse transitions, was identified as a shadowing effect from the satellite’s apron. In this step, the cross-track 329
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acceleration RMS is reduced to 0.88 nm s−2. 330

Last but not least, Fig. 10e shows the thermal emission modelling improvements combined with the ray-tracing method, detailed 331

satellite geometry, and fine-tuned thermo-optical surface coefficients (Table 2). Introducing these improvements altogether results 332

in the significant reduction of the ∆aaero,y errors below 0.55 nm s−2. 333

The remaining radiation pressure residuals could be caused by errors in the thermistors’ measurements, as well as the modelling 334

limitations, e.g., the assumption of the uniform temperature of the panels. To resolve this issue, we could introduce a finite element 335

thermal model. However, such a modelling approach is computationally demanding and unlikely to give significant improvement336

due to other error sources, which are out of the scope of this work. These error sources include the assumption about negligible337

cross-wind during low solar activity while fine-tuning the surface coefficients, aerodynamic coefficient modelling errors originating338

from the gas-surface interaction modelling uncertainties, and accelerometer data calibration errors. To model the penumbra transi-339

tions, this paper utilizes the Solar radiation pressure with Oblateness and Lower Atmospheric Absorption, Refraction, and Scattering340

Curve Fit (SOLAARS-CF) (Robertson et al., 2015). However, using this approach results in noticeable artefacts remaining around 341

the eclipse entrances/exits. Therefore, these times were excluded while calculating the RMS. 342
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(a) Not accounting for the thermal emission acceleration. (b) Instantaneous thermal reradiation.

(c) Thermal inertia and panel method. (d) Thermal inertia and ray-tracing method.

(e) Thermal inertia and fine-tuned thermo-optical surface properties. (f) Shadow function.

Fig. 10: Difference between observed and derived cross-track acceleration ∆aaero,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.

4.4. Density and crosswind observations 343

The new GRACE-FO density and crosswind datasets, labelled V2b, are available from the FTP server ftp://thermosphere. 344

tudelft.nl. Compared to the previous version V2 in Siemes et al. (2023), this new version contains two major improvements. 345

Firstly, it is based on the fine-tuned surface coefficients for the radiation pressure modelling. Secondly, it introduces the electrical 346

efficiency of the solar arrays into the thermal model and optimises its parameters based on real temperature data. 347

ftp://thermosphere.tudelft.nl
ftp://thermosphere.tudelft.nl
ftp://thermosphere.tudelft.nl
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4.4.1. Crosswind 348

To analyse the impact of the radiation pressure modelling on the crosswind data, we selected a time period of increasing solar 349

activity from 2022 until mid-2023. Figure 11 shows the 3-hourly geomagnetic activity index ap and 10.7cm solar radio flux (F10.7). 350

Figure 12 compares the log RMS ratio of the radiation pressure acceleration to the aerodynamic acceleration for GRACE-C with 351

a sliding window of one week. For the selected period, the magnitude of the aerodynamic acceleration surpasses the magnitude 352

of radiation pressure in the along-track direction. For the cross-track direction, the RMS ratio reflects the trend of the F10.7 curve 353

(Figure 11). At the beginning of 2022, the magnitude of the radiation pressure acceleration is 10 times larger in comparison to 354

the aerodynamic acceleration. Figure 12 shows that this difference gradually decreases with increasing solar activity in 2023. 355

The low periodic RMS ratio values for cross-track acceleration occur when the Sun is aligned with the orbital plane, resulting in 356

accelerations from the right and left solar array cancelling out. 357

Fig. 11: 3-hour ap (source: GFZ German Research Center for Geosciences) and 10.7cm solar radio flux (F10.7). 1 sfu = 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.

Figure 13 compares versions V2 and V2b of the observed GRACE-C crosswind. The argument of latitude used in the figures in 358

this section is described in Section 2.2. Qualitatively, both versions have several similarities. The wind speeds peak near the poles 359

(close to arguments of latitude 90◦ and 270◦), which is associated with the auroral oval (Lühr et al., 2007), and are generally less 360

than 150 m s−1 in the low- and mid-latitudes. Around the north pole (90◦±20◦), 4% of wind speed exceeds 500 m s−1, whereas 9% 361

is larger than 400 m s−1. Around the south pole (270◦±20◦) the wind speed is slightly lower, with only 2% exceeding 500 m s−1, and 362

5% being larger than 400 m s−1. Magnetospheric convection and particle precipitation contribute to energy and momentum transfer 363

between ions, drifting rapidly in electric and magnetic fields, and neutrals, which strongly influence the high-latitude thermosphere, 364

including neutral winds (e.g., Barreto-Schuler et al., 2021; Killeen & Roble, 1984; Richmond et al., 2003).365

The sharp curve features present in both V2 and V2b in Figure 13 are an artefact due to eclipse transitions caused by inaccurate366

modelling of the Earth’s shadow. The high wind speeds around January and August/September 2022 visible in both versions in367

Figure 13 also correspond to periods of low signal-to-noise in the measured along track acceleration. Under such conditions,368

meaningful wind retrieval is limited. This results in spurious features that cannot be mitigated by improvements in radiation369

pressure modelling alone. In order to distinguish the useful wind data from the spurious features, we have introduced flagging in370

the published dataset.371
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The two versions show large differences in 2022, when the ratio of the radiation pressure to aerodynamic acceleration is still372

significant (see Fig. 12). This demonstrates that the radiation pressure models used to produce V2b are superior to V2. In 2023, as373

solar activity and hence density increase, the difference between the two versions gradually converges. However, the improvements374

are still visible in periods such as February/March 2023 during the entry and exit of the eclipse, when the wind speed decreases at375

mid-latitudes.376

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.

In Figure 14, we compare the new V2b crosswind data with the physics-based TIE-GCM and the empirical HWM14 models.377

The crosswind data are given in the same reference frame as the models, and the zonal (east-west), meridional (north-south) and378

vertical unit vector components are provided in the dataset to accurately project the model winds. The contributions from the379

vertical wind component are much weaker than the horizontal components and are therefore ignored in this study, similar to Lühr380

et al. (2011) using CHAMP observations. The model wind vector projected onto the direction of the observed crosswind is obtained381

as follows: 382

Mcw,i =Mzonal,i · uzonal,i +Mmerid,i · umerid,i, (26)

where Mcw,i is the projected model crosswind at time epoch i, and Mzonal and Mmerid are the model zonal and meridional wind 383

vectors, respectively. uzonal and umerid are the corresponding unit vector components. 384

Figure 14 shows that both models capture most of the salient features of the observed crosswind, especially at low and mid 385

latitudes. The time period shown in the figure corresponds to relatively high solar activity, which improves the quality of the 386

retrieved wind signal. Compared to the TIE-GCM, the HWM14 shows better agreement at high latitudes and well reflects some 387

of the high wind speed around 90◦ and 270◦ occurring during the significant geomagnetic storms in late February, March, and 388
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April 2023 (see Fig. 11). In general, the data-model agreement is better in 2023 than in 2022. While the crosswind speeds are 389

greater than the model estimates, this agreement has improved in 2023 to the extent that the mean model wind speed is about half 390

that of the observed crosswind. Further investigation is needed to determine the extent to which the TIE-GCM underestimates 391

the winds, particularly at high latitudes. Neutral winds at high latitudes are strongly influenced by the direction and strength of 392

the interplanetary magnetic field (IMF) and ion collisions (Richmond et al., 2003). The TIE-GCM runs in this study do not use 393

observed IMF conditions and use, among other parameterisations, an empirical ion convection model based on the 3-hr Kp index, 394

which may have some limitations in accurately modelling ion drag and winds on the observed timescale. 395

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.

Figure 15 shows some general statistics of the data-model comparison from January 2022 to April 2023. The two top panels 396

show the daily mean and standard deviation, respectively. Two bottom panels show the Pearson correlation coefficient, which 397

describes the linear correlation between the models and the observations. Since both TIE-GCM and HWM14 underestimate the 398

high-latitude wind speeds (Fig. 14) the Pearson coefficient was calculated for two subsets: including all data, and considering 399

only low- and mid-latitude crosswinds, by excluding data between arguments of latitude 60◦–120◦ and 240◦–300◦. The penumbra 400

regions were discarded while calculating the statistical data. 401

The figure shows a remarkable improvement in the GRACE-C retrieved winds after September 2022, when the daily mean402

stabilises, the standard deviation is consistently low, and the correlation increases. We observe an exceptionally good correlation403

after January 2023 reaching 0.6 for all data and 0.8 if only low- and mid-latitude wind speeds are considered. The figure also404

shows that the GRACE-C crosswinds are quite stable from April to June 2022. There are a few periods in 2022 with large wind405

speeds and high standard deviations (e.g. January, March and August). As explained earlier, this is due to the spurious features in406

the crosswind data resulting from an insufficient signal-to-noise ratio in the acceleration data (see Fig. 13). Finally, the figure also407

highlights the importance of a comprehensive further analysis of the winds to identify the reasons for different model responses to408

observed geophysical conditions, including the periods of anticorrelated winds in October 2022 and late March 2023.409
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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.

4.4.2. Density410

The newly estimated neutral mass density (V2b) was compared with the previously published data (V2) and two thermosphere411

models: NRLMSIS 2.0 and DTM2020. The mean density ratio (Sutton, 2018) was used for comparison412

µ(ρ1, ρ2) = exp

 1
N

N∑
n=1

ln
ρ1,n

ρ2,n

 , (27)

where ρ1/ρ2 is the ratio between the observed and modelled density.413

Fig. 16a shows the yearly mean of the observation-model density ratio. The solid lines represent the comparison between414

atmospheric models and version V2 (Siemes et al., 2023), whereas the dashed lines introduce version V2b, produced using new415

radiation pressure and thermal emission models. It can be seen that the ratio between the observations and DTM2020 is always416

larger than unity. This means that both previous and new observations consistently show a 5–10% higher density than the DTM2020 417

model. The only exception is 2021, where the annual mean increases to 25%. The observation-model ratio for NRLMSIS 2.0 is 418

about 0.65 during the solar minimum (2018–2020). This indicates the model’s tendency to overestimate the density, which was 419

already pointed out for Swarm data (van den IJssel et al., 2020). As solar activity increases from 2021 onward, the mean density 420

ratio gets closer to one, indicating better agreement between observations and model during medium–high solar activity. 421

Comparison within versions does not show significant scale differences. This is expected since both V2 and V2b datasets share 422

the same aerodynamic model and differ only in the radiation pressure and thermal emission, which average to zero in the yearly 423

mean. 424
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To compare the variability across the density data, the standard deviation of the density ratio was used: 425

σ(ρ1, ρ2) = exp


√√√

1
N − 1

N∑
n=1

(
ln
ρ1,n

ρ2,n
− ln µ(ρ1, ρ2)

)2
 (28)

Fig. 16b shows the annual standard deviation. The annual standard deviations have continuously decreased since the beginning 426

of the mission in 2018. This is likely caused by radiation pressure modelling errors playing a smaller role when the solar activity, 427

and hence density, increases towards 2023. The annual standard deviation for DTM2020 is always lower compared to NRLMSIS 428

2.0, which indicates a better model agreement with observations’ variability. Nevertheless, considerable values can still be seen for 429

DTM2020, starting from 32% in 2018 to 22% in 2023. For NRLMSIS 2.0, the standard deviations range from 45% in 2018 to 28% 430

in 2023. These larger values could be explained by the fact that the NRLMSIS 2.0 model is independent of the density observations 431

produced after 2000. 432

Similarly to the annual mean, the standard deviations of V2 and V2b follow almost the same pattern. However, a small difference 433

of about 1–2% can be spotted for the DTM2020 model. One may conclude that the V2b density observations are slightly worse. 434

Yet, it is important to note that DTM2020 is based on the data where not all advances in radiation pressure modelling have been 435

implemented. NRLMSIS 2.0 also indicates that the V2b data agrees less with the model, though the standard deviations are 436

much larger than those of DTM2020, obscuring the subtle differences between V2 and V2b. Given the clear improvements in the 437

crosswind observations, further investigation is needed to confirm if the changes in the variability of the V2b density data represent438

a worsening or improvement.439

(a) GRACE-FO observation-model mean. (b) GRACE-FO Observation-model standard deviation.

Fig. 16: Comparison of GRACE-FO density observations to DTM2020 and NRLMSIS 2.0. Observations of version V2 are based on Siemes et al. (2023) and V2b
was developed within this study.

5. Conclusions and outlook440

The motivation for this study was twofold: to determine the impact of radiation pressure and thermal emission modelling441

during periods of low solar activity and to derive updated density and crosswind datasets. The first was achieved by fine-tuning442

the reflection coefficients to characterise satellite surface properties better. A thermal emission model based on heat transfer was443

introduced together with the solar panel electric efficiency parameter. Achievements in radiation pressure modelling allowed for444

better cross-track calibration and improved crosswind datasets.445
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The accessibility of the thermistor measurements from the top and side panels was key to the success of this research. By446

knowing the external surface temperature, it was possible to disentangle the thermal emission from the other sources of radiation447

pressure and model it separately. To further improve the radiation pressure modelling accuracy, reliable data from thermistors448

in suitable locations on accelerometer-carrying satellites would be desired. Equipping future missions with thermistors that are449

distributed externally in multiple places would allow for an even more advanced modelling approach, for example, a finite-element450

thermal analysis. On the contrary, the inaccessibility of meaningful thermistor readings poses limitations on thermal emission451

modelling for past missions. This is the case for GRACE, where multiple temperature sensors were placed below the insulation452

foil, making a similar analysis as the one performed in this study meaningless since the thermistor data do not represent the topside453

temperature of the panel.454

The thermal model accounting for thermal inertia significantly reduced the error compared to the instantaneous heat re-radiation.455

However, it is also more computationally demanding, as the calculations cannot be performed up-front but must be done along the456

orbit instead. Therefore, the choice of the appropriate thermal model depends on the required accuracy.457

Taking into account the design similarities between GRACE-FO and Swarm solar arrays, it would be recommended to update458

the GRACE-FO documentation with the solar arrays’ thermo-optical surface properties as specified for the Swarm mission. The459

surface coefficients defined for other materials should also be revisited. It was shown for the GRACE-FO apron, that in the case of460

foils, the reflection coefficients may vary depending on the wrinkling, and thus should be specified per separate foil sheet, and not461

globally for the whole material.462

The improvements in the radiation pressure modelling did not have a significant impact on the density observations. In the463

case of the crosswind, a low aerodynamic signal along the track prevented the derivation of usable observations for some periods464

and manifested itself as spurious features in the crosswind data. To distinguish these spurious features from real geophysical465

signals, and to better attribute observation-model discrepancies, it would be be beneficial to define reliable error bounds. Such error466

quantification should include errors in radiation pressure modelling, aerodynamic coefficient estimation, calibration errors and467

accelerometer measurement noise, as well as errors in external models providing thermosphere characteristics, such as uncertainty468

in the radiation fluxes and thermosphere composition. This work is currently in progress.469
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