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Abstract

The Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) satellite, which operated at an altitude of ~250km, provided
neutral thermosphere mass density and crosswind observations in the dawn-dusk sectors throughout most of its operational lifetime
(2009-2013). As a result of its Sun-synchronous orbit, GOCE'’s large solar panels remained at a near-perpendicular angle to the incoming
solar radiation, leading to a significant radiation pressure acceleration. In this research, we focused on revisiting and reprocessing GOCE
thermosphere mass density and crosswind data. We selected the coefficients describing the thermo-optical surface properties and
employed a high-fidelity satellite geometry in a ray-racing simulation. Additionally, we distinguished between the solar flux in the visible
and infrared bands and introduced a model for the satellite’s thermal emission. The availability of the in situ thermistor measurements
allowed for the validation of the thermal model. Moreover, we replaced the Level-1b ion thruster data with raw telemetry, filling multiple
data gaps. We analysed how incremental improvements in the radiation pressure modelling affected the observed crosswind speed. By
replacing the panel model with the high-fidelity satellite geometry, the crosswind speed decreased up to 5 ms™'. The biggest difference
reduction of 40ms™! resulted from introducing the thermal model. Splitting the solar flux further decreases the observed crosswind speed
by up to 8ms™'. The reduction in crosswind speed was most prominent during the first years of the mission when the solar activity was
low. We compared the newly processed GOCE zonal wind data with respect to the most recent previous release. We observed a median
absolute deviation decrease of 10 ms~! around the south magnetic pole in the dawn sector. The yearly consistency of low-latitude zonal
winds did not change significantly. The main obstacle in quantifying the improvement compared to the previous crosswind dataset
stemmed from the fact that the previous and new datasets were generated with different crosswind estimation algorithms. The difference
in thermosphere density compared to previously published datasets is minor since the effect of radiation pressure is most prominent in the
cross-track direction. Finally, we verified the assumption about the energy accommodation coefficient of 0.82 and concluded that it
remains valid after implementing the radiation pressure modelling improvements.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of COSPAR. 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 Field and Steady-State Ocean Circulation

Explorer (GOCE) was the first European Space Agency
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accuracy. The mission successfully achieved a range of
multidisciplinary scientific goals, including applications in
geodesy, geophysics, oceanography, glaciology, and cli-
mate research.

GOCE flew in a near-circular, Sun-synchronous dusk-
dawn orbit with an inclination of 96.5°. The satellite alti-
tude was 270 km at the beginning of the mission and was
lowered to 240 km by the end of operations. This orbit
was selected to provide optimal Earth coverage while min-
imizing the time spent in eclipses. As a result, one side of
the satellite was always directed toward the Sun while the
other was never directly illuminated by sunlight. The satel-
lite’s subsystems were powered by four body-mounted and
two wing-mounted solar panels equipped with triple-
junction gallium arsenide (GaAs) solar cells, which made
GOCE the first gravimetry mission to use this technology.

GOCE was equipped with a Satellite-to-Satellite Track-
ing Instrument, which was used to determine the position
and velocity, and star trackers that provided information
on attitude (Drinkwater et al., 2007). Maintaining the satel-
lite’s low operational altitude was made possible by a drag-
free control system enabled by ion propulsion (Andreis and
Canuto, 2005). The core instrument onboard the spacecraft
was the Electrostatic Gravity Gradiometer (EGG), measur-
ing the gravity gradients along GOCE’s orbit. The EGG
consisted of three pairs of three-axis, servo-controlled
accelerometers, providing independent measurements of
the gravity gradient components (Drinkwater et al., 2007).

GOCE’s low altitude, where aerodynamic accelerations
are significant, provided unique conditions for obtaining
highly accurate crosswind estimates. The availability of
four years of GOCE wind data facilitated a number of
studies. Because of its near-polar orbit and mostly fixed
local time, GOCE winds remain uncontaminated by local
solar time variations, providing an opportunity to study
seasonal dependencies. GOCE data allowed the analysis
of the spatial and temporal variability of thermospheric
zonal winds (Molina and Scherliess, 2023)), helped to iden-
tify wind jets (Liu et al., 2016), and gave insights into intra-
annual oscillations in upper thermospheric winds (Dhadly
et al., 2020). Furthermore, GOCE cross-track wind data
has been assimilated into wind models, effectively filling
gaps in the twilight regions that are typically inaccessible
through ground-based measurements such as Fabry—Perot
Interferometers (Drob et al., 2015). However, studies also
revealed that GOCE winds obtained from non-
gravitational accelerations show substantial offsets com-
pared to other space-based and ground-based observations
(Dhadly et al. (2017, 2018)). Moreover, characteristic
jumps in GOCE winds have been identified at the locations
where the satellite entered and exited eclipses (Doornbos
et al., 2014).

The most recent version of GOCE data, prior to the one
presented here, was version 2.0 in the ESA GOCE Data
Collections Website, which is the exact same dataset as ver-
sion V01, found in http://thermosphere.tudelft.nl. This
dataset, consisting of both vertical and horizontal winds,

6900

Advances in Space Research 76 (2025) 68996917

was produced using an algorithm based on linear and
angular accelerations as described in Visser et al. (2019).
The algorithm relies on the measured accelerations to cal-
culate a net force and torque acting on the satellite. There-
fore, the algorithm output is a pair of wind datasets, one
force-derived and one torque-derived, which, after apply-
ing an offset correction, results in a final wind estimate.

The derivation of density and winds from the satellite’s
accelerometer data relies on the precise modelling of non-
gravitational forces. For GOCE, the thrust exerted by the
drag-free control system acts as an additional acceleration,
which must first be added to the calibrated acceleration.
Afterwards, the aerodynamic acceleration is obtained by
subtracting the radiation pressure from the remaining sig-
nal. Likewise version V01, this study uses a high-fidelity
GOCE geometry (March et al., 2019a) to model the aero-
dynamic drag.

This study aims to provide new insights into GOCE hor-
izontal winds by reprocessing all data using enhanced pro-
cessing standards and models. Crosswind data are
particularly sensitive to acceleration modelling errors in
the cross-track direction, where the main contributors are
solar radiation pressure and the satellite’s thermal emis-
sion. To take advantage of the high-fidelity geometry for
radiation pressure modelling, we assigned appropriate
thermo-optical surface properties to each geometry ele-
ment. Such a model is then used in ray-tracing simulations
to determine radiation pressure force coefficients. Ray-
tracing is an efficient method for modelling the momentum
exchange between incident radiation and the satellite sur-
face while accounting for self-shadowing and multiple
reflections. To optimize computational efficiency, the ray-
tracing simulation is performed once for all directions of
incidence, and the resulting coefficients are stored in a
lookup table (Siemes et al., 2023; Hiadczuk et al., 2024).
This approach has been already adopted by various
research groups (Bhattarai et al., 2022; Ziebart, 2004; Li
et al., 2018).

In the standard approach to Solar Radiation Pressure
(SRP) modelling, the solar spectrum is assumed to be fully
in the visible wavelength range. However, in reality, the
interaction between the solar flux and the satellite surface
is frequency-dependent. This aspect is often neglected or
simplified due to uncertainties in the satellite surface prop-
erties. In this study, we divided the solar flux between the
two main contributing wavelengths, infrared and visible,
following a similar approach as Vielberg and Kusche
(2020).

In addition to the SRP, the acceleration due to the satel-
lite’s thermal emission is the second largest contributor to
the cross-track radiation pressure acceleration, accounting
for one-fourth of the signal. Typically, the thermal effect is
either neglected or modelled as simple instantaneous heat
re-emission (Montenbruck et al.,, 2015; Vielberg and
Kusche, 2020). State-of-the-art models account for tran-
sient heat conduction and characterize the heat exchange
using thermal control parameters such as heat capacity,
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conductivity, and heat generation by the inner parts
(Woske et al., 2019; Siemes et al., 2023). Some studies addi-
tionally account for the efficiency of the solar arrays,
defined as the amount of absorbed radiation converted into
electricity instead of heat (Wang et al., 2023; Adhya, 2005;
Htadczuk et al., 2024).

In this study, we provide new insights into radiation
pressure modelling by applying a ray-tracing technique
and revisiting the selection of the thermo-optical properties
of satellite materials. For a more realistic SRP model, we
accounted for the visible and infrared contributions of
the solar spectrum. We proposed a thermal model based
on the transient heat conduction and accounted for the
heat transfer through the satellite wing - a distinctive fea-
ture of the GOCE design. Finally, we validated the choice
of model control parameters by comparing the modelled
temperatures to the readings from the GOCE thermistors.

The paper is structured as follows. First, in Section 2, we
discuss the input data. Then, in Section 3, we explain the
methodology of the radiation pressure modelling, including
thermal emission and heat transfer through the satellite
wing. Section 4 presents the results, including new cross-
wind estimates. Finally, Section 5 discusses the conclusions
and opportunities for future work.

2. Data
2.1. GOCE data

All GOCE Level-1b and Level-2 data collections,
including the temperature readings, are freely available
on ESA GOCE Data Collections Website. The GOCE
satellite operated under drag-free control, using an ion
thruster to continuously compensate for atmospheric drag
in the in-flight direction. Previously published GOCE data-
sets were based on Level-1b ion thruster data. In this work,
we used raw telemetry thruster data instead. This allowed
us to fill numerous data gaps (280 gaps longer than
5 min). For the remaining data products, we used the most
recent version of the Level-1b data. Additionally, we
updated the accelerometer bias estimation (Visser and
van den [Jssel, 2016) to be consistent with that version of
the accelerometer data.

To process GOCE density and crosswind data, we uti-
lize the following models: NRLMSISE-00 model (Picone
et al., 2002) to obtain the atmospheric composition and
temperature and HWMO07 (Drob et al., 2008) to account
for in-track wind.

2.2. Thermistors data

Each panel of GOCE was equipped with a pair of Rose-
mount 0118MF temperature sensors, as shown on Fig. 1.
Unlike GRACE-FO (Htadczuk et al., 2024) and Swarm,
GOCE’s thermal sensors were installed on the rear side
of each panel, making them unsuitable for direct use in
thermal modelling. However, these thermistors can still
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(1) Outer body-mounted solar panel (BMSP)
(2) Inner body-mounted solar panel (BMSP)
(3) Wing solar panel (WSP)

Fig. 1. Approximate locations of the GOCE thermistor pairs on each
panel. The pairs named THTI17/THT03 and THTI19/THTO05 were
mounted on the inner body-mounted solar panels (BMSP), whereas
THT16/THT02 and THT18/THT04 were mounted on the outer BMSP.
The sensors THT14/THTO00 and THT15/THTO1 were placed on the wing
solar panels (WSP). Note that the thermistors are located on the rear side
of the panels.

serve as reference temperature. Being located beneath the
panels and thus better insulated, their temperature readings
record less extreme values than the outer temperatures we
aim to model. An exception is a thermistor located on
the rear side of the wing, which can be directly used to com-
pare modelled and measured temperatures.

Fig. 2 shows the temperature variation during a few
orbits as well as the orbit mean temperature. We compared
the temperature readings from thermistors on the same
panel throughout the mission lifespan to examine thermal
gradients across the surface. The difference within the ther-
mistor measurements was at most 10 °C in the sunlight and
20 °C in the eclipse.

2.3. High-fidelity geometry model

For GOCE aerodynamic and radiation pressure mod-
elling, we utilised the detailed geometry model illustrated
in Fig. 1, similar to the ones developed for CHAMP,
Swarm, and GRACE. The model, which consists of 2474
mesh triangles, was created using CAD software and con-
structed from technical drawings and pre-launch images
(March et al., 2019a). The GOCE high-fidelity geometry
model was used as input for a ray-tracing simulation to cal-
culate radiation pressure force coefficients. To achieve this,
we enhanced the model by assigning surface material prop-
erties to each mesh element. These properties were defined
for both visible and infrared wavelengths. Details on the
selection of surface coefficients are provided in Section 4.2.

3. Methodology

GOCE was equipped with the Electrostatic Gravity
Gradiometer consisting of three orthogonal pairs of
accelerometers, providing independent measurements of
the gravity gradient components in the along-track,
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Fig. 2. Temperature measurements of the thermistors placed on the same panel. The horizontal black lines show the orbit mean temperature of the
corresponding thermistors. Acronym BMSP refers to the body-mounted solar panels, whereas WSP refers to the wing solar panels.

cross-track and vertical directions. Since GOCE accelerom-
eters do not coincide with the satellite centre of mass, we
are using the so-called common mode acceleration, which
is obtained by averaging the accelerations measured along
the corresponding axis of the gradiometer (Visser and van
den IJssel, 2016).

To retrieve the aerodynamic signal, a@,.,, we subtract the
other nongravitational accelerations from the calibrated
common-mode accelerations a.,. These other nongravita-
tional accelerations consist of solar radiation pressure
(SRP), ay,, Earth albedo, a.ip, Earth infrared radiation,
a;., and thermal acceleration, a,.. The continuous thrust
applied by the ion thruster as part of the drag-free control
system acted as an additional acceleration, ay,,, which can-
celled the aerodynamic acceleration in the thrust direction.
Therefore, we must add ay,, to ag, to obtain the aerody-
namic acceleration @,eo.

This amounts to

(1)

The neutral mass density p can be calculated from the
acceleration along the satellite’s X-axis dyeror DY

Aaero = Acal — Agrp — Air — Ayl — Qe — Qypyy-

= 2m @aerox
= S eerox
Caerox V

rel

) (2)
where m denotes the satellite mass, and V,.; is the satellite’s
velocity relative to the atmosphere. Since the satellite’s x
and y-axes are approximately aligned with the along-
track and cross-track directions, respectively, we refer to
the accelerations in these directions as the along-track
and cross-track accelerations. The term Cgep, 1S the x-
component of the aerodynamic coefficient vector (approx-
imately aligned with the flight direction) intrinsically multi-

plied by the reference area. Due to the drag-free flight,
information about GOCE’s density primarily comes from
thruster activation data.

Both neutral mass density and crosswind estimations
rely on the accurate modelling of aerodynamic accelera-
tion. Consequently, the errors in crosswind data arise from
inaccuracies in the cross-track acceleration, with radiation
pressure being a significant contributor. The effect of the
radiation pressure mismodelling has been already studied
for higher-altitude satellites such as Swarm (van den
IJssel et al., 2020), GRACE (Wdske et al., 2019), and
GRACE-FO (Siemes et al., 2023; Htadczuk et al., 2024).

Fig. 3 shows the ratio between the size of radiation pres-
sure acceleration components with respect to the size of the
aerodynamic acceleration. The magnitude of accelerations
was calculated using a sliding one-month window root
mean square (RMS). At GOCE altitude, during the early
phase of the mission when the solar activity was low, the
solar radiation pressure acceleration had magnitude up to
1% of the aerodynamic acceleration in the along-track
direction (Fig. 3.a) and 50% in cross-track direction
(Fig. 3.b). The reason for the small ratio of radiation pres-
sure to aerodynamic acceleration in the along-track direc-
tion compared to the cross-track direction is twofold:
drag, which acts approximately in the along-track direc-
tion, is much larger than the side forces acting in the
cross-track direction. Second, the radiation pressure accel-
eration in the along-track direction is much smaller than
that in the cross-track direction because of the dawn-
dusk orbit.

The next largest contribution stems from thermal emis-
sion, with a magnitude of approximately one-fifth of the
aerodynamic acceleration in the cross-track direction.
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Fig. 3. Ratio between the radiation pressure components and the aerodynamic coefficient (aero). The radiation pressure components are: solar radiation
pressure (SRP), thermal radiation pressure (TRP), Earth albedo (Alb), and Earth infra-red radiation (IR). The magnitude of accelerations was calculated

using a sliding one-month window root mean square (RMS).

The accelerations due to albedo and Earth’s infrared emis-
sion have a negligible impact on the cross-track accelera-
tion. As solar activity increases towards the end of the
mission, the ratio between the radiation pressure accelera-
tion component and the aerodynamic acceleration
decreases.

Apart from the radiation pressure, additional error
sources are accelerometer cross-track bias and accelerome-
ter scale factor errors, as well as the misalignment of the
thrust vector.

3.1. Radiation pressure modelling

The radiation pressure acceleration is defined as

(0. 9) = [ Pesln . AC (o 1) 2 ()
where m is the satellite mass and P. is an external
radiation pressure source such as the Sun (solar radia-
tion pressure) or the Earth (infrared radiation and
albedo). The coefficient C depends on the radiations’s
wavelength /, and the angles o and f, which describe
the orientation of the satellite to incident radiation.
The angles can be derived using a unit vector fixed to
the satellite reference frame, wug,, pointing from the
radiation source towards the satellite:
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Uy

u, |, o=aresin(u,), f = arctan,(u,,—u,).

(4)

Uyt =

u;

The solar radiation pressure Py,(4) at the position of the
satellite is calculated using the solar radiation pressure at
one astronomical unit, Pjay, and the distance from the
Sun to the satellite ||Fs — Fsunll:

PMM(lMJ)%ww

||rsat - VSun”

The solar radiation pressure at 1AU is commonly approx-
imated by the ratio of the mean solar constant
®=1361 Wm2 to the speed of light ¢, (ie.
Piau = ®/c =453 uNm~2). The mean solar constant
was estimated using CERES data from 2000 to 2024. We
found the temporal variation in the solar flux to have a
negligible effect on the acceleration and, therefore, did
not account for it in this work.

The solar constant is an average of the Sun’s energy flux
integrated over all wavelengths. We accounted for depen-
dency on both visible and infrared frequency bands of
the solar spectrum, departing from the standard approach
that considers only the visible range. Since the satellite
material properties are typically available only for the vis-
ible and infrared wavelengths, we approximate the total

(5)
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flux by evenly distributing it between these bands (50% vis-
ible and 50% infrared). This method is similar to the
extended SRP model proposed by Vielberg and Kusche
(2020). Subsequently, we introduced the solar constant val-
ues for the visible and the infrared parts of the spectrum
@, = 680.5 Wm~2 and ®@;, = 680.5 Wm2, respectively.

To model the visible and infrared radiation pressure
coefficient C,;; and C;,, we augmented the GOCE aerody-
namic model with thermo-optical surface properties and
employed a ray-tracing technique. The advantage of this
method is that it accounts for both self-shadowing and
multiple reflections. The details on the ray-tracing algo-
rithm can be found in Siemes et al. (2023) and Hladczuk
et al. (2024). The method was used to calculate the acceler-
ation due to solar radiation pressure, Earth’s infrared radi-
ation, and albedo. For albedo and Earth’s thermal
emission, we use monthly averaged maps based on Earth
Radiation Budget Experiment (ERBE) satellite data
(Doornbos et al., 2014). We evaluated the impact of replac-
ing the ERBE data with more precise Clouds and Earth’s
Radiant Energy System (CERES). However, the differ-
ences at the acceleration level were negligible given the size
of the radiation pressure acceleration contributions, as
shown in Fig. 3.

3.2. Thermal emission modelling

The implemented thermal model is based on indepen-
dent panels outlining the GOCE satellite’s geometry. The
net heat exchange of an individual panel j is

Qj = (1 - ej) Qabsj - Qemit,j - QCondAjv (6)

where Qabst,- denotes absorbed radiation, Qemn‘j emitted

radiation, and 'Qcond, ; conductive heat exchange either with
the satellite body or through the satellite wing depending
on the panel. The efficiency e; represents the fraction of
absorbed energy converted into electricity (Htadczuk
et al., 2024; Wang et al., 2023).

Since the panel model does not account for self-
shadowing, using such a model to account for the satellite’s
thermal emission may introduce errors. Therefore, we
implemented a modified version of the panel model of
Dumontel (2010), estimating the illuminated area of the
Sun-opposing horizontal stabiliser instead of using the
total area. This was possible due to GOCE’s distinctive
orbit, where the orientation of the Sun-facing and Sun-
opposing panels remains roughly fixed.

In the first step of numerical implementation, panels
absorb the incoming radiation originating from the Sun
and Earth, including albedo. Our calculations account for
the dependency on both visible and infrared parts of the
solar spectrum. The change in heat due to absorbed radia-
tion is

Qabs,j = (Dyiscyisay + PirCira )A; cos 0, (7)
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where cyis.; is the absorption coefficient for visible light,
Cira; 18 the absorption coefficient for infrared radiation,
4; is the area of the panel, and 0; is the angle between
the panel’s outward normal and the vector from the satel-
lite to the radiation source. The heat absorption is followed
by heat loss toward space following the Stefan—Boltzmann
law,

Qemit,j = Ajcir,a,jaré;v (8)

where T, is the absolute temperature of the satellite panels
and o is the Stefan—Boltzmann constant.

In the case of the GOCE satellite, two scenarios can be
distinguished. For the panels attached directly to the satel-
lite body, thermal conduction k; between the satellite walls
and the inner body 704y OCCUTS

QcondJ’ = kj(Tj - Tbody)~ (9)

The heat change of the satellite body Qbody is then defined

as

Qbody = Qgen + ZQcond,jv (10)
J

where Qgen stands for the internal heat generated by the

payload and satellite systems.

The second scenario concerns elements where the sur-
face area connected to the satellite body is significantly
smaller than the panel area, such as the satellite wings or
the stabilizers. In these cases, instead of the thermal con-

duction towards the satellite body we consider the heat
transfer through the panel

(Tj — T/z)

R; ’

Qcond,‘ j=

(11)

where T';, and T, denote two sides of the panel, and R; is
the panel’s thermal resistance, noting that R; = k]_l
The panels and body temperatures are updated by

Ti(t+ At) = Ty(¢) +%At, (12)
J
and
o Qbody
Tbody(t + Al) = Tbody(t) + At, (13)
Cbody

where C; and Cpoqy are the thermal capacity of the panels
and the satellite body, ¢ is time, and At is the time difference
to the next time step.
In the last step,
acceleration

_—
J

is calculated, where n; is the outer panel normal of the j-th
surface element.

the thermal radiation pressure

Qemit, J
n;
mc

(14)



N.A. Htadczuk et al.

3.2.1. Thermal model control parameters

The proposed thermal model includes the following con-
trol parameters: heat capacitance of the panels (C;) and the
body (Cproay), thermal resistance of the panels (R)), efficiency

of the solar cells (e;), and internally generated heat (Qgen).
Due to the characteristics of the GOCE orbit, the geometry
can be divided into Sun-facing elements (solar panels) and
Sun-opposing elements (insulation foil). Since the main
thermal impact originates from the illuminated parts of
the satellite (Eq. 8), we focus in this section solely on
describing the thermal properties of the Sun-facing panels.

The GOCE satellite was equipped with four body-
mounted solar panels, consisting of two larger inner panels
and two smaller outer panels, along with two wing solar
panels, as shown in Fig. 1. GOCE solar panels contain
triple-junction Gallium Arsenide (GaAs) solar cells, similar
in design to those used on the Swarm and GRACE-FO
missions (Kornfeld et al., 2019).

The efficiency of the solar cells decreases with the tem-
perature, as shown in Fig. 4. Since the efficiency is only rel-
evant when the solar panels are sunlit, we consider the
following temperatures: For the satellite front wings, we
assume a temperature of around 70 °C, for the outer
body-mounted panels 100 °C, and for the inner body-
mounted panels 140 °C, which translates to cell efficiencies
of 23%, 21%, and 18%, respectively. These temperatures
are consistent with those predicted by our thermal model.
For reference efficiency, we used the values provided at
the beginning-of-life. However, it should be noted that
the difference in the beginning and end-of-life efficiency
provided by the documentation is less than 1%.

The area of a single solar cell is 30.18 cm? (Dutch Space,
2005) and the number of cells per panel is 676 for each of
the WSP, 338 for each of the outer BMSP and 390 for each
of the inner BMSP (Dutch Space, 2005). The effective effi-
ciency of the whole panel was estimated by calculating the
packing factor, taking into account the area covered by the
photovoltaic cells (Htadczuk et al., 2024). For the BMSP,
this yields the effective efficiencies of 10% and 11% for
the inner and outer panels, respectively (packing factors:

40 GOCE solar cell efficiency

35

30

25

20

Cell efficiency [%]

15 = EOL

= BOL

10
-150

-100 =50 0

Temp [C]

50 100 150

Fig. 4. Efficiency of GOCE solar cells in the beginning-of-life (BOL) and
end-of-life (EOL) provided in the technical documentation (Dutch Space,
2006).
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0.56 and 0.53), and 16% for the WSP (packing factor
0.72). Tt is worth pointing out that cell efficiency varies
slightly throughout the mission lifespan, and manufactur-
ers usually define them separately for the beginning and
end of life (Fig. 4). However, in this work, we consider this
change negligible.

The thermal capacitance determines the ability of the
panel to store heat and depends on the panel temperature.
The values for the BMSP and WSP were based on the
information provided in the technical documentation
(Dutch Space, 2006). Fig. 5 shows temperature-dependent
thermal capacitance of the front and rear sides of the wing.
The temperature of these panels remains fairly constant for
GOCE, due to the Sun-synchronous orbit, with the excep-
tion of the eclipse passes. In this work, we use a fixed value
selected in accordance with the temperature that the satel-
lite reaches in sunlight. We estimate that the front of the
GOCE wing heats up to 70 °C, and the rear side remains
around 50 °C. Scaling through the wing area leads to
approximate values of heat capacitance of 6100J K~' and
2800J K~ for front and rear, respectively.

For the body-mounted panels, we follow a similar
approach, with the operational modelled temperatures as
described above. This leads to the thermal capacitances
of 4300J K=" and 3800J K~! for larger and smaller panels,
respectively.

The internal heat generated by the onboard electronics
was adjusted to assure realistic operational temperature
(25 °C). The internal heat generation has been set to 70W.

The details on calculating thermal resistance values for
GOCE are provided in the next section.

3.2.2. Thermal resistance

Thermal resistance is a function of a fabric’s thickness
and thermal conductivity and determines the material’s
insulation properties. It can be defined as the ratio of the
temperature difference between the two faces of a material
to the rate of heat flow per unit area (Mishra et al., 2018).

Both the satellite wings and the body-mounted solar
panels were thermally de-coupled from the platform by

GOCE solar panels heat capacity

= WSP front side incl. half panel
- ==~ WSP rear side incl. half panel
—— BMSP

2500

2000 |

1500 |

1000 |

500

Heat capacity [J/m2K]

25 50

0

—-200-175-150-125-100 =75 -50 =25
Temp [C]

Fig. 5. Heat capacity of GOCE solar panels body-mounted solar panels
(BMSP) and wing solar panels (WSP) as provided in the technical
documentation (Dutch Space, 2006). Values for higher temperatures have
been linearly interpolated.
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titanium brackets and thermal washers (Cataloglu et al.,
2004). Moreover, the MLI blankets were placed below
the body-mounted panels for additional insulation
(Battaglia et al., 2008). This assures high thermal resistance
towards the satellite body.

To precisely model the heat flow through the wing wall,
we use the information about the material layers provided
in the documentation. In a composite structure such as the
satellite wing, the total thermal resistance R,,,; can be cal-
culated as a sum of the individual resistance of each layer
by

1 11
Roa = R':__jv
total Azj:] Ak]

where /; is a thickness of the layer, k; is the conductivity
and A4 area (Adhya, 2005).

Fig. 6 depicts the schematic cross-section of the GOCE
solar panel comprising 11 materials based on the 'GOCE
Solar Array: Detailed Thermal Model Analysis’ document
(Dutch Space, 2006).

Table 1 summarizes each layer’s properties, considering
the material type, thickness, and conductivity. Part of the
information stems from Adhya (2005), who carried out a
similar study to identify and describe the structure of a
GPS Block IR satellite.

Using the information from Table 1, the total resistance
of the wing was calculated following Eq. 15 considering the
panel areas. Note that the number of layers in the wing var-
ies depending on whether the surface element is covered by
solar cells or not. To distinguish between the area covered
by the solar cells and that covered only by the adhesive, the
thermal resistance was calculated for the whole panel sur-
face and then scaled through the packing factor.

The total thermal resistance R of a panel is

1

Aadhesive =5

(15)

4

_ZRj+

Acell =1

12
R

vl

R = Rcell + Radhesive = (16)
where A,qnesive 1 the area covered by adhesive (which corre-
sponds to the total panel area of 2.828m), and A is the
fraction of the surface covered by the solar cells (see pack-
ing factor, Section 3.2.1).

ADHESIVE

—

COVERGLASS
GERMANIUM CELL

SIVER |

L KAPTONINSUIATIONIAYER |
CFRP FACESHEET

HONEYCOMB
WSP:
WHITE
PAINT

T CFRP FACESHEET 1

Fig. 6. The schematic cross-section of typical GOCE solar panel (Dutch
Space, 2006).

6906

Advances in Space Research 76 (2025) 6899-6917

Table 1
Material properties by layer. The thickness refers to the thickness of a
single layer.

Layer Material Thickness Conductivity Layers
-] ] [m] [Wm™'K™'] ]
1 Coverglass 2.54 x 107 1.417° 1
2 Adhesive RTV 1.02x 1074 0.157° 1
3 Germanium cell 230 x 1074 41.0' 1
4 Silver 1.00 x 107* 419" 1
5 Adhesive RTV 1.02 x 107* 0.157° 1
6 Kapton insulator ~ 2.54 x 1073 0.157° 1
7 CFRP 0.001 0.35' 5
8 Adhesive RTV 1.02 x 107 0.157° 1
9 Honeycomb 6.52 x 1072 2.03’ 1
10 Adhesive RTV 1.02x 1074 0.157 1
11 CFRP 0.001 0.35" 5
12 White paint 1.00 x 107 0.2! 1

! Material Property Data:https://www.matweb.com/, accessed on

20/08/2024.
2 (Adhya, 2005).

From Table 1, we deduced R.y = 0.00042 WK™ and
Radhesive = 0.01469 WK ™!, Therefore, the total thermal
resistance of a GOCE wing amounts to
R =0.01469 WK™'. For the wing solar panels, for which
the information about the layers is available, we can calcu-
late the thermal resistance. Moreover, we have the rear-side
thermistor measurement available to verify the tempera-
tures resulting from these resistance values. As for the
body-mounted panels, they remain very well insulated
from the interior, assuring the operational internal temper-
ature of approximately 25 C. We used this criterion to cal-
culate the thermal resistance instead of relying on layers.

4. Results and discussion
4.1. Solar radiation pressure modelling

In this work, we distinguish between the two frequency
bands of the solar spectrum: visible and infrared (see Sec-
tion 3.1). Typically, the total solar flux is approximated
by integrating over all wavelengths and assuming that
interactions occur only at the visible wavelength (i.e., only
the visible surface properties are used in combination with
the total solar flux). In our approach, we select the appro-
priate surface coefficients based on the specific wavelength,
using either visible or infrared properties. Fig. 7 illustrates
an example of two satellites, GOCE and Gravity Recovery
and Climate Experiment Follow-On (GRACE-FO), show-
ing the differences in solar radiation pressure (SRP) accel-
eration when the flux is split by wavelength or integrated.
For both satellites, splitting the solar flux increases the
radiation pressure estimate in the cross-track direction.
The differences, reaching up to 4nm s~> for GOCE and
3nm s> for GRACE-FO, directly impact the crosswind
estimation. On the other hand, the along-track acceleration
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Fig. 7. Solar radiation pressure acceleration (SRP) in along-track, cross-track and radial directions calculated using integrated (orange) and solar flux split

by wavelength (blue). The top and bottom rows show examples from the GOCE and GRACE-FO satellites, respectively.

decreases by approximately Inm s> for both satellites
when the split flux is used. The changes are negligible in
the radial direction. This pattern may vary depending on
the satellite, its surface properties and orbital
characteristics.

To our knowledge, no publicly available document pro-
vides official information on GOCE’s thermo-optical sur-
face properties. Therefore, the ray-tracing model was
based on the information about satellite materials available
in the satellite thermal control documentation (Valentini
et al., 2006; Battaglia et al., 2008) and the information on
the thermo-optical properties of the specific materials used

for the satellite design (Fortescue et al., 2011; Silverman,
1995). The satellite surface properties used in the ray-
tracing simulation are summarized in Table 2. To model
the eclipse in this work, we utilize the Solar radiation pres-
sure with Oblateness and Lower Atmospheric Absorption,
Refraction, and Scattering Curve Fit (SOLAARS-CF)
model (Robertson et al., 2015).

4.2. Thermal emission

The crosswind data are sensitive to acceleration mod-
elling errors in the y-direction. Moreover, the thermal emis-

Table 2

GOCE thermo-optical surface coefficients for visible and infrared light. The visual representation of the Sun-facing panels has been shown in Fig. 1.
Panel Aj Ry j ny.j nzj Cvis,a,j Cvisd,j Cvis,s,j Cir,a,j Cird.j Cirs,j
[m?] [-] [-] [-] [-] [-] [-] [-] [-] [-]
Front 0.865 1.000 0.000 0.000 0.07 0.23 0.70 0.74 0.20 0.06
Rear 0.865 —1.000 0.000 0.000 0.10 0.05 0.85 0.80 0.15 0.05

Sun—facing side (solar panels)
Body 1 2.067 0.000 -0.924 —-0.383 0.95 0.05 0.00 0.60 0.29 0.11
Body 2 1.918 0.000 —-0.383 -0.924 0.95 0.05 0.00 0.60 0.29 0.11
Body 3 1.918 0.000 —-0.383 0.924 0.95 0.05 0.00 0.60 0.29 0.11
Body 4 2.067 0.000 -0.924 0.383 0.95 0.05 0.00 0.60 0.29 0.11
Wing 1/2 2.828 0.000 —1.000 0.000 0.95 0.05 0.00 0.60 0.29 0.11
Sun—opposite side
Body 1 1.874 0.000 0.383 -0.924 0.15 0.35 0.50 0.05 0.25 0.70
Body 2 1.601 0.000 0.924 —-0.383 0.15 0.35 0.50 0.05 0.25 0.70
Body 3 1.601 0.000 0.924 0.383 0.15 0.35 0.50 0.05 0.25 0.70
Body 4 1.874 0.000 0.383 0.924 0.15 0.35 0.50 0.05 0.25 0.70
Wing 1/2 2.828 0.000 1.000 0.000 0.35 0.55 0.10 0.75 0.20 0.05
Radiators

Radiator Front 0.036 1.000 0.000 0.000 0.10 0.20 0.70 0.80 0.15 0.05
Radiator Rear 0.036 —1.000 0.000 0.000 0.10 0.20 0.70 0.80 0.15 0.05
Radiator 1 0.101 —0.924 0.383 0.101 0.10 0.20 0.70 0.80 0.15 0.05
Radiator 2 0.061 —0.383 -0.924 0.061 0.10 0.20 0.70 0.80 0.15 0.05
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sion is proportional to the temperature raised to the fourth
power (Eq. 8), meaning that the panels with higher temper-
atures exert greater thermal acceleration. Thus, in this
work, we focus specifically on modelling the temperature

of the solar arrays, which were on the Sun-facing side of

the satellite and, therefore, reached much hotter tempera-
tures than the panels on the Sun-opposing side.

Fig. 8 gives an overview of the modelled and measured
temperatures of all solar arrays during the timespan of a
few orbits. The measured temperatures were calculated as
the average value between two thermistors located on the
same panel. It is important to note that the thermistors
serve only as a rough reference for our thermal modelling,
and direct comparison is not possible. Since the thermistors
were mounted on the rear side of the panels, they were
shielded from direct sunlight. Consequently, the measured
temperatures exhibit smaller variations compared to the
modelled ones, while displaying a similar pattern. The
body-mounted inner panels (Fig. 8a, Fig. 8d) reach the
highest temperatures because they have the smallest inci-
dence angle to the incoming radiation from the Sun. In
contrast, the temperature is lower for the upward- and
downward-facing outer panels (Fig. 8b, Fig. 8¢). As shown
here, during the summer the Earth-opposed panels get hot-
ter than the Earth-facing panels due to the tilt of the orbital
plane with respect to the Sun. Figs. 8c and 8f present the

temperature model for both the front and rear sides of

the wing. As anticipated, the modelled orbit mean temper-
atures are higher than those recorded by the thermistors,
with the exception of the Earth-facing panel (Fig. 8e),
where the modelled and measured temperatures are of sim-
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ilar magnitude. This could be attributed to errors in the
thermistor’s measurements or inaccuracies in Earth’s
albedo and infrared radiation modelling.

The results of the thermal modelling for the GOCE wing
are shown in Fig. 9. In this work, we use the argument of
latitude to illustrate the position of the satellite along the
orbit. The horizontal axis of the figure refers to time, and
the vertical axis refers to the argument of latitude. Argu-
ment of latitudes of 0° and 180° refer to the ascending
and descending equator crossings, while 90° and 270° rep-
resent the northern and southernmost points of the orbit,
respectively.

As expected, the modelled temperature of the front side
of the wing (Fig. 9a, 9b), which is facing the Sun, exhibits a
higher value compared to the rear side (Fig. 9c, 9d). Since
the panel geometry used for thermal modelling does not
account for shadowing, the modelled temperature of the
front and rear sides is symmetrical for both Earth-facing
and Earth-opposed wings. Fig. 9¢ shows the average mea-
sured temperature of two thermistors on Earth-facing
wing, and Fig. 9f shows the same for the Earth-opposed
wing. Fig. 9g and 9h shows the difference between the mea-
sured and modelled temperatures. For the Earth-facing
wing, the temperature differences in sunlight are approxi-
mate 3 °C, and in the shadow, they remain within 15 °C.
In case of the Earth-opposed wing the differences are
respectively 7 °C and 20 °C. This indicates that the differ-
ence between the modelled and measured temperature
has the same magnitude as the differences between mea-
surements of the thermistors located on the same wing
(Section 2.2).
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Fig. 8. Comparison between the modelled (solid line) and measured (dashed line) temperatures per panel. The horizontal black lines show the orbit mean
temperature of the model (solid) and measurements (dashed). The panels presented in the top row are Earth-opposed, while the panels in the bottom row

are Earth-facing.
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Fig. 9. Temperature of the GOCE wing. The left column shows the temperature of the Earth-facing wing, and the right column of the Earth-opposed
wing. The first and second rows depict the front and rear modelled temperatures, respectively. The third row shows the average measured temperature by
the THT14/THTOI thermistors (¢) and THT15/THTO00 thermistors (f). The last row shows the difference between the measured temperatures and

modelled ones.

Table 3 summarizes the material properties used for
thermal modelling. Only the geometry elements which con-
tribute primarily to the total thermal emission were sum-
marized in the table. The remaining elements, such as the
stabilizer, contribute less than 0.5nm/s? to the total cross-
track thermal acceleration and, therefore, were not listed.
It should be mentioned that in our model, we assume that
the panel is heated evenly.
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4.3. Horizontal crosswind and density

The low operational altitude of GOCE, which led to
high aerodynamic accelerations, provided an advantage
for obtaining valuable crosswind data. The newly produced
GOCE neutral thermosphere density (Fig. 10) and horizon-
tal wind datasets (Fig. 11) labelled as Version V02 are
available on the TU Delft Thermosphere FTP Server.


move_t0015
move_f0050
move_f0055

N.A. Htadczuk et al.

Table 3

GOCE thermal radiation model. The internal heat generation has been set
to 70 W. It should be noted that the panel thermal capacitance is inversely
proportional to the resistance k; = Rj’l. The value of areas and panel’s
normals are identical to the ones presented in Table 2.

Panel

G kj e
K™ [WK™'] []
Front 4000 0.1 -
Rear 9000 0.1 -
Sun—facing side (solar panels)
Body 1 4300 0.1 0.10
Body 2 3800 0.1 0.11
Body 3 3800 0.1 0.11
Body 4 4300 0.1 0.10
Wing 1/2 6100 68.9 0.15
Sun-opposite side
Body 1 2000 0.1 -
Body 2 2000 0.1 -
Body 3 2000 0.1 -
Body 4 2000 0.1 -
Wing 1/2 2800 68.9 -
Radiators
Radiator Front 400 0.1 -
Radiator Rear 400 0.1 -
Radiator 1 400 0.1 -
Radiator 2 400 0.1 -

These datasets incorporate the advancements in SRP mod-
elling, including splitting the solar flux into the visible and
infrared bands, using the ray-tracing algorithm in

GOCE density V02
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combination with the high-fidelity satellite geometry, and
updating the thermo-optical surface coefficients. It also
includes the thermal satellite model to account for the
acceleration due to the satellite’s thermal emission.

Fig. 12 quantifies the impact of the advances on the hor-
izontal winds by incrementally introducing additional fea-
tures in the radiation pressure model, as indicated in
Table 4. In the simplest case (a), the satellite geometry is
represented by a panel geometry, the satellite’s thermal
emissions are not modelled, and solar radiation pressure
is obtained from the flux integrated over the whole spec-
trum in combination with surface coefficients for visible
light. Then, we introduce the high-fidelity geometry in case
(b), the thermal model in case (c), and distinguish between
visible and infrared wavelengths of the solar flux in case
(d). To highlight the impact of each modelling feature,
we show the difference between cases (a) and (b), and (c)
and (d). For the comparison, we selected the time interval
from 2010 to 2013, aligning with the satellite’s operational
phase while avoiding periods with too many manoeuvres.

For all three panels of Fig. 12, the biggest differences
appeared in 2010, when the solar activity was lowest and,
consequently, the aerodynamic acceleration making
changes in the radiation pressure acceleration more notice-
able. By replacing the panel model with the high-fidelity
geometry (Fig. 12.1), the estimated horizontal wind speed
decreased by approximately 5Sms~'. The largest decrease
of up to 40ms~! resulted from introducing the thermal
model (Fig. 12.2). In this case, the satellite emitted infrared
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Fig. 10. Version V02 of the GOCE neutral thermosphere mass density.
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Fig. 11. Version V02 of the GOCE horizontal windspeed.
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Fig. 12. Quantification of the advancements in the radiation pressure modelling as described in Table 4. The difference in the scale of the colour bars

should be noted.

Table 4
The summary of GOCE radiation pressure modelling approaches.

Case Thermal model Geometry Solar flux split
included model by wavelength
(a) no panel no
(b) no high-fidelity no
(c) yes high-fidelity no
(d) yes high-fidelity yes

radiation due to its nonzero absolute temperature. As the
satellite heated up in the sunlit part of the orbit due to
absorbed solar radiation, the resulting thermal emission
acceleration caused changes in the estimated wind. The
changes in the estimated wind shortly after the satellite
entered the eclipse can be explained by the fact that it took
several minutes before the satellite cooled down so much
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that the thermal emission acceleration became insignificant
(for eclipses, see Fig. 13). Finally, splitting the solar flux by
wavelength further reduced the estimated wind by up to
8ms~! (Fig. 12.3).

The previous version of the GOCE crosswind dataset is
labelled version V01 in TU Delft’s thermosphere database
and version 2.0 in ESA’s GOCE data collections website
(despite the different versions, it is the same dataset). In this
work, we will refer to the newly produced dataset as V02
and the previously produced dataset as V01, following
the convention in the TU Delft’s thermosphere database.

The version V01 dataset provides both the thermosphere
neutral density and crosswind estimates. The crosswind
data was generated using a method described by Visser
et al. (2019). The method utilises the concept of simultane-
ous observation of linear and angular accelerations, so the
derived winds rely on both forces and torque modelling.
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torques in addition to the linear accelerations.

Visser et al. (2019) used the high-fidelity satellite geometry
model (Section 2.3) for aerodynamic modelling, assuming
diffuse reflections of gas particles with incomplete energy
accommodation of oz = 0.82 (March et al., 2019a). They
used a simplified solar radiation pressure model, assuming
a reflectance of zero for the side covered by solar panels
and 0.8 for the other side. For modelling of albedo and
Earth’s infrared radiation, they utilized the monthly mean
top-of-atmosphere albedo and infrared flux maps obtained
from the CERES SYNldeg product'. The eclipse was
defined by the physics-based SOLAARS-CF model
(Robertson et al., 2015).

To produce version V02, we retrieved the crosswind esti-
mates with the iterative algorithm proposed by Doornbos
et al. (2010), which relies solely on the satellite linear accel-
erations. The intrinsic differences between the methods of
Doornbos et al. (2010) and Visser et al. (2019) may lead
to discrepancies in crosswind estimates, making the inter-
pretation of the differences challenging. Nevertheless, ver-
sion VOl can still serve as a valuable reference for
comparison between the two datasets.

Since interpreting the crosswind comparison between
versions V01 and V02 directly can be challenging, we first
compare only the results of the solar radiation pressure
modelling. Fig. 14 shows the SRP acceleration used in
V01 and V02. There is a good agreement between both ver-
sions, regardless of V01 using the simple panel model and

! https://ceres.larc.nasa.gov/data/#synoptic-toa-and-surface-fluxes-and-
clouds-syn, accessed on 20/05/2025.

limited knowledge of the thermo-optical properties of
materials. The difference between VOl and V02 is 3nm
s in the cross-track direction and smaller than Inm s~
in the along-track and radial directions.

Fig. 15.a shows the difference in the crosswinds between
the newly produced version V02 and the version VO1. At
the beginning of the mission, version V02 winds have a
lower magnitude in comparison to V01, evident from neg-
ative differences. Considering the difference in the SRP
magnitude between both versions (Fig. 14), the decrease
of the wind in the first year is likely due to the introduction
of the thermal emission acceleration. We interpret this as
an improvement, assuming that smaller crosswinds are
likely more accurate. As the density increases over time
(Fig. 15.c), the wind difference changes sign, meaning that
VOI1 crosswinds have a smaller magnitude than V02. This
could be attributed to errors in the acrodynamic modelling
(manifesting at higher densities) as well as differences
between the algorithms used to produce both versions.
Therefore, the wind retrieval algorithm used to generate
VO1 (Visser et al., 2019) should be revised and updated
to incorporate recent improvements.

While the wind retrieval algorithm relies on the cross-
track acceleration, the thermosphere density is derived
from the along-track aerodynamic acceleration (Eq. 2).
The ratio of radiative forces to the aerodynamic force in
the along-track direction is much smaller than in the
cross-track direction (see Fig. 3). Therefore, the improve-
ment in the radiation pressure modelling is best reflected
in the crosswind rather than in the density. Fig. 15.b
shows the relative density difference towards VO1. The
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Fig. 15. Evolution of the GOCE orbit mean density and the differences between versions V01 and V02 of the neutral thermosphere density and horizontal

wind.

overall differences are very small, with the biggest impact
(up to 7%) visible around the eclipse regions during
2010/2011 when the solar activity was low. The features
highlighted by dashed lines are caused by high-
frequency thrust noise, a real acceleration signal. Since
the L1b thruster data has a lower sampling rate than
the raw telemetry, the feature is either smoothed out or
aliased in the former (the details of the L1b thruster data
processing are unknown to us). Hence, it appears as high-
frequency noise in the density difference. The new GOCE
dataset includes a flag indicating when density data is
affected by thruster noise.
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Finally, since a comparison of the GOCE densities to
other datasets is out of the scope of this paper, we refer
to Bruinsma (2014) for such a comparison.

The thermospheric wind pattern depends, among others,
on the season of the year, local solar time, and geomagnetic
conditions (Wang et al., 2021). Due to a very small orbital
precession, GOCE’s local time remained roughly fixed
throughout the mission. The ascending equatorial crossing
of the satellite drifted from 18:00 local time at the begin-
ning of the mission to 19:30 local time at the end (Bock
et al., 2014). This orbital characteristic provided a perfect
opportunity to study seasonal and annual variations in
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Fig. 16. Distinction between GOCE zonal and meridional winds V02. The seasonal wind pattern repeating through the year is clearly visible in the zonal

winds.

the wind data. As a result of its near-polar orbit, the winds
are closely aligned with the zonal direction at low and mid-
latitudes and with the meridional direction at the poles,
which is illustrated in Fig. 16. The seasonal dependency
is clearly visible in the zonal winds, with a cyclical pattern
that repeats throughout the mission.

The study performed by Dhadly et al. (2017) and
Dhadly et al. (2018) showed that there is an offset between
the accelerometer-derived GOCE zonal wind data and the
models. The study compared the GOCE data with various
ground-based and space-based datasets, including Fabry—
Perot interferometers, Scanning Doppler imaging Fabry—
Perot interferometers, as well as space-based instruments
flying on the Upper Atmosphere Research Satellite and
Dynamic Explorer 2. The study concluded that amongst
all these datasets, the GOCE in situ crosswind data have
been overestimated, with the differences. This offset
increases with latitude and is particularly noticeable on
the duskside. It should be noted that the authors’ compar-
ison did not yet include Version V01 but relied on an even
older version of the dataset. Nevertheless, we can use this
information to quantify the improvement in the new wind
data.

To verify this assumption, we divided the zonal wind
data in the dusk and dawn sectors and binned with a reso-
lution of 1° magnetic latitude (MLAT). Then we calculated
the median absolute deviation (MAD) of each bin. Fig. 17
shows the comparison between the VO1 and V02 data. At
low latitudes, the wind distribution is similar for both ver-
sions in both the dusk and dawn sectors. In the South Pole
region (approximately —80° to —70° MLAT), there is a
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decrease of wind MAD of approximately 10ms™! for the
dawn sector. Around the North Pole (70°-80° MLAT),
the MAD decreases on the dusk side, but it slightly
increases on the dawn side. These variations in MAD
may be linked to eclipse transitions occurring at these lat-
itudes, which are affected by the updated thermal emission
modeling.

We can also assess the data quality by checking the con-
sistency of zonal wind data. To do so, first, we divided the
dataset into three yearly bins: 2010, 2011 and 2012. In the
next step, we split the data into the dusk and dawn sectors
and limited it to the low latitudes (argument of latitudes
0° £45° and 180° +45°) to prevent the complex wind
dynamics at the poles from affecting the statistics. To calcu-
late data consistency, we subtracted the wind from the con-
secutive years and calculated the MAD. Table 5 shows the
MAD comparison between Version V01 and V02. The
wind consistency is similar between both versions, with a
slight enhancement of V02 in the dawn sector, especially
for the 2010-2011 bin. This indicates that even though
the magnitude of the total wind speed differs between both
versions (Fig. 15.a), the consistency between the zonal
component of the low-latitude winds is similar.

To produce the Version V02 dataset, we used the energy
accommodation coefficient of 0.82. This is in line with the
study by March et al. (2019b), who optimised the gas-
surface interaction DRIA (Diffuse Reflection Incomplete
Accommodation) model by investigating the consistency
of the GOCE winds. After implementing the radiation
pressure improvements, we verified whether this assump-
tion was still valid.
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Fig. 18. Median absolute deviation of the Version v02 GOCE zonal wind,
restricted to the argument of latitude 0° +45° and 180° £45°, as a
function of energy accommodation coefficient.

Fig. 18 shows the zonal component of GOCE wind data
produced for the energy accommodation coefficients rang-
ing between 0.5 and 1.0. We followed a similar approach as
explained in the previous analysis, starting by arranging the
dataset into three yearly bins. By dividing the data into
years instead of seasons (as proposed by March et al.
(2019b)), we captured the seasonal wind variations while
mitigating the effect of prolonged data gaps (such as the
one occurring in July 2010). Likewise, in the previous anal-
ysis, we restricted the data selection to low-latitude and
divided it into dawn and dusk sectors. To calculate the data
consistency, we subtracted the wind from the consecutive
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years and calculated MAD. The markers pinpoint the min-
imum MAD for each curve. The optimum energy accom-
modation coefficients are oz = 0.82 and az = 0.85 for the
dusk and dawn sectors, respectively, with the best estimate
for the energy accommodation coefficient lying between
these values. Therefore, we conclude that introducing the
new radiation pressure model did not notably change the
assumptions on the energy accommodation coefficient.

5. Summary and outlook

The aim of this study was to revisit and reprocess the
GOCE horizontal wind data using enhanced force mod-
elling standards. The key improvement was the introduc-
tion of the thermal emission acceleration, which has
never been accounted for in the previous GOCE datasets.
Moreover, this study has advanced the solar radiation pres-
sure modelling, including updating the thermo-optical sur-
face coefficients and using a ray-tracing method. We
collected and presented information on the GOCE surface
materials relevant for radiation pressure modelling, includ-
ing the GOCE panel model, from multiple sources. The
information on the surface materials can be readily reused
in the context of other missions. For a more realistic
model, the solar flux was split between two wavelengths:
visible and infrared. The ion thruster Level-1b data were
replaced by raw telemetry filling multiple data gaps. Fur-
thermore, this research served as an opportunity to com-
pare the new dataset with the previously published one,
evaluating wind consistency and magnitude, as well as ver-
ifying the assumptions about the energy accommodation
coefficient.

We took advantage of thermistor data located on the
Sun-opposed side of the satellite wing to realistically model
the heat transfer and the wing surface temperature. How-
ever, since the other thermistors were placed on the rear
side of the panels, a direct evaluation of surface tempera-
ture was not possible. Similar limitation was encountered
for the GRACE mission (Htadczuk et al., 2024). Therefore,
it would be beneficial from the perspective of thermal mod-
elling to equip future missions with thermistors placed on
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the top of the panels and distributed externally in multiple
places.

Modelling the wavelength-dependent solar flux interac-
tion with the satellite requires detailed knowledge of the
material properties. Due to GOCE’s low orbit, the degra-
dation caused by the atomic oxygen results in erosion of
the coating materials (Battaglia et al., 2008). Moreover,
the surface properties of the satellites are affected by factors
such as UV radiation exposure (Silverman, 1995). Address-
ing these factors would require an extensive study with a
focus on laboratory testing. Therefore, some assumptions
had to be made to ensure a compromise between model
accuracy and simplicity. While accounting for the infrared
part of the solar spectrum is crucial for applications which
require precise force modelling, other missions with limited
knowledge of surface properties may not significantly ben-
efit from this distinction.

The solar flux varies not only in wavelength but also in
magnitude. However, these variations are relatively minor.
In this study, we did not account for the temporal varia-
tions in solar flux, which could be a point for future anal-
ysis. Future studies would also benefit from introducing
Clouds and Earth’s Radiant Energy System (CERES) data
to improve vertical wind estimate as well as wind uncer-
tainty quantification, similar to the one available for the
density data (Siemes et al., 2024). Both of these aspects will
be addressed in our future work.
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