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1 Introduction	

1.1 Scope	
This document summarises the validation activities performed within the TOLEOS project as described in the 
proposal [AD-1]. 
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2 Applicable	and	Reference	Documentation	

2.1 Applicable	Documents	
The following documents are applicable to the definitions within this document. 

[AD-1] TOLEOS – Thermosphere Observations from Low-Earth Orbiting Satellites. Proposal for 
Swarm DISC ITT 4.3, SW-OF-DUT-GS-129, Revision 1 

2.2 Reference	Documents	
The following documents contain supporting and background information to be taken into account during 
the activities specified within this document. 

[RD-1] Bettadpur S (2012) Gravity recovery and climate experiment: Product specification 
document. Tech Rep GRACE 327-720 Center for Space Research, The University of Texas 
at Austin 

[RD-2] Doornbos, E, M Forster, B Fritsche, T van Helleputte, J van den IJssel, G Koppenwallner, H 
Lühr, D Rees, and P Visser (2009). “ESTEC Contract 21022/07/NL/HE Air Density Models 
Derived from Multi-Satellite Drag Observations - Final Report”. In: DEOS/Delft Univ. of 
Technology Scientific TR 1. 

[RD-3] Robertson, RV (2015) Highly physical solar radiation pressure modeling during penumbra 
transitions. Dissertation, Department of Aerospace and Ocean Engineering at Virginia 
Polytechnic Institute and State University, Blacksburg, Virginia 

[RD-4] Vielberg, K and J Kusche (2020) Extended Forward and Inverse Modeling of Radiation 
Pressure Accelerations for LEO Satellites. Journal of Geodesy, 94:43. 
https://doi.org/10.1007/s00190-020-01368-6  

[RD-5] Knocke P, Ries J, Tapley B (1988). Earth radiation pressure effects on satellites. In: 
Proceedings of the AIAA/AAS astrodynamics conference, Minneapolis, USA, 577–586. 

[RD-6] Montenbruck O, Steigenberger P, Hugentobler U (2015) Enhanced solar radiation 
pressure modeling for Galileo satellites. Journal of Geodesy, 89(3):283–297. 
https://doi.org/10.1007/s00190-014-0774-0  

[RD-7] Montenbruck, O, Gill, E (2012) Satellite orbits – Models, Methods Applications (1st ed.). 
Springer. http://doi.org/10.1007/978-3-642-58351-3 

[RD-8] Doornbos, E (2011) Thermosphere density and wind determination from satellite 
dynamics. Dissertation, Delft University of Technology. 
http://resolver.tudelft.nl/uuid:33002be1-1498-4bec-a440-4c90ec149aea 



	   

TOLEOS 

Validation Report 

SW-TN-DUT-GS-129_04 
Revision 0 

Page 7 of 70 
  

The use and/or disclosure, etc. of the contents of this document (or any part thereof) is subject to the restrictions referenced on the front page.  

 

[RD-9] Mehta, PM, Walker, AC, Sutton, EK, Godinez, HC (2017) New density estimates derived 
using accelerometers on board the CHAMP and GRACE satellites. Space Weather, 15(4), 
558–576. http://doi.org/10.1002/2016SW001562  

[RD-10] Bruinsma, SL, Forbes, JM (2007) Global Observation of Traveling Atmospheric 
Disturbances (TADs) in the Thermosphere. Geophysical Research Letters, 34:L14103. 
http://doi.org/10.1029/2007GL030243  

[RD-11] March, G, van den IJssel, J, Siemes, C, Visser, P, Doornbos, E, Pilinski, M (2021) Gas-surface 
interactions modelling influence on satellite aerodynamics and thermosphere mass 
density. Journal of Space Weather and Space Climate, 11(54). 
http://doi.org/10.1051/swsc/2021035  

2.3 Abbreviations	
The following list defines the acronyms used within this document. 

Acronym Description 

CDF Common Data Format 

CHAMP Challenging Minisatellite Payload 

CERES Clouds and the Earth's Radiant Energy System 

CIRA COSPAR International Reference Atmosphere 

CNES Centre National d'Études Spatiales 

COSPAR Committee on Space Research 

CTIPe Coupled Thermosphere Ionosphere Plasmasphere electrodynamics 

DLR Deutsches Zentrum für Luft- und Raumfahrt 

DTM Drag Temperature Model 

DTM2020_F107 Drag Temperature Model operational version using the F10.7 index 

DTM2020_F30 Drag Temperature Model scientific version using the F30 index 

DTU Danmarks Tekniske Universitet 

DUT Delft University of Technology 

ERP Earth Radiation Pressure 

ESA European Space Agency 

GRACE Gravity Recovery and Climate Experiment 

GRACE-FO Gravity Recovery and Climate Experiment Follow-On 

GSWM Global Scale Wave Model 

HWM14 US Naval Research Laboratory Horizontal Wind Model 2014 
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Acronym Description 

IR Infrared Radiation 

JB2008 Jacchia-Bowman 2008 atmospheric model 

JPL Jet Propulsion Laboratory 

NCAR National Center for Atmospheric Research 

NRLMSISE-00 Naval Research Labs Mass Spectrometer, Incoherent Scatter (Radar) Extended-
2000 atmospheric model 

NRMSE Normalized Root-Mean-Square Error 

RP Radiation Pressure 

SOLAARS-CF Solar radiation pressure with Oblateness and Lower Atmospheric Absorption, 
Refraction, and Scattering Curve Fitting model 

SRP Solar Radiation Pressure 

StD Standard Deviation 

TAD Travelling Atmospheric Disturbance 

TIE-GCM Thermosphere-Ionosphere-Electrodynamics General Circulation Model 

TOLEOS Thermosphere Observations from Low-Earth Orbiting Satellites 

TRP Thermal Radiation Pressure 

UB Rheinische Friedrich-Wilhems-Universität Bonn 

WAM  Whole Atmosphere Model 
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3 Validation	of	radiation	pressure	model	

The radiation pressure (RP) acting on a satellite results from three different non-gravitational accelerations, 
which are all related to the radiation of the Sun and the Earth. The solar radiation pressure (SRP) acceleration 
is caused by the radiation of the Sun. The solar radiation reaching the satellite depends on the distance to 
the Sun, the shadowing effects of the Earth (and other celestial bodies), and the solar activity. The Earth's 
radiation pressure (ERP) acceleration is commonly divided into two components: an infrared and a visible 
part. The visible ERP acceleration often referred to as the albedo effect, is caused by the sunlight that reaches 
the satellite after the Earth reflects it. This outgoing shortwave radiation depends on the reflection properties 
of the Earth’s surface, the distance between Earth and satellite, and the angle of incoming light. Thus, it is 
zero during nighttime. On the other hand, the infrared ERP acceleration is due to the Earth’s thermal 
radiation, which also varies with the Earth’s surface properties and the Earth-satellite distance. The radiation 
of the Sun and the Earth can be reflected or absorbed at the satellite’s surface, which induces an impulse on 
the satellite leading to an acceleration. The resulting accelerations additionally depend on the satellite’s 
mass, the geometry and the thermo-optical material properties. Besides these ERP and SRP accelerations, 
the radiation, which is absorbed at the satellite’s surface also causes internal heating. The emission of the 
satellite’s thermal (infrared) radiation causes an acceleration, which is called thermal radiation pressure 
(TRP). It depends on the amount of absorbed radiation, and the satellite’s construction and the thermo-
optical material properties. 

The sum of these accelerations results in the radiation pressure acceleration 

𝑎!" = 𝑎#!" + 𝑎$!"!"# + 𝑎$!"$% + 𝑎%!" . 

In the density processing, the modelled radiation pressure accelerations are subtracted from the calibrated 
non-gravitational accelerations to obtain the modelled aerodynamic acceleration 

𝑎&'() = 𝑎*&+ − 𝑎!" , 

which can then be used to derive the mass density along the satellite orbit.  

Validating the radiation pressure acceleration is challenging since independent measurements are not 
available. Systematic errors in the radiation pressure model can be detected indirectly by studying the 
modelled aerodynamic acceleration. However, a comparison to absolute measurements is not possible. 
Therefore, we perform a detailed comparison of modelled radiation pressure accelerations from DUT and 
UB. Both institutes have their own, independently developed software for the RP modelling.   

In the following, we provide an overview of the processing details at DUT and UB. Then, we present the 
results of the comparison for selected time periods and selected satellites under different conditions. 
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3.1 Radiation	pressure	modelling	
Table 1 provides an overview of the processing details of the RP models at DUT and UB. The main difference 
in RP modelling is the use of different macro-models. At UB, we apply the 8-panel model for GRACE from 
[RD-1] and the panel model for CHAMP from [RD-2], whereas DUT makes use of their own high-fidelity 
models. In SRP modelling, both institutes apply the physical shadow function from [RD-3], where the use of 
different ephemerides is expected to have no noticeable impact on the modelled acceleration. At DUT, self-
shadowing and multiple reflections are considered in RP modelling. At UB, the solar constant is replaced by 
daily total solar irradiance data 
(https://ceres.larc.nasa.gov/documents/TSIdata/CERES_EBAF_Ed2.8_DailyTSI.txt), which was found to have 
a negligible impact on the SRP acceleration [RD-4]. In ERP modelling, DUT applies the common model by [RD-
5] with the consideration of monthly radiation data of the Earth from CERES to compute albedo and emission 
coefficients, whereas UB applies hourly radiation data with a spatial resolution of 1° in longitude and latitude 
directly as described in [RD-4]. In addition, UB considers the back-projection of CERES fluxes to the position 
of the satellite under consideration of the angular dependence of Earth’s radiation by applying angular 
distribution models (for details please refer to [RD-4]. In TRP modelling, the simple instantaneous TRP 
acceleration at UB was originally considered within the ERP and SRP models. For this project, we separated 
the TRP acceleration from the SRP and ERP models to allow for the comparison to the TRP from the 
temperature-based approach at DUT, which accounts for thermal inertia. 

Table 1: Processing details of SRP, ERP and TRP accelerations from Delft and Bonn. 

Model Model details DUT UB 

Satellite Macro-model High-fidelity model Panel model 

SRP Shadow function SOLAARS-CF [RD-3], 
JPL DE405 ephemerides 

SOLAARS-CF [RD-3], 
JPL DE421 ephemerides 

Solar flux Constant Daily 

Self-shadowing Yes No 

Multiple reflections Yes No 

ERP Reference Mainly [RD-5] [RD-4] 

CERES data Monthly Outgoing shortwave and 
longwave fluxes: CERES SYN1deg 
hourly, 1°x1° 

Angular distribution 
models 

No Yes 
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Model Model details DUT UB 

TRP Model Temperature-based approach 
that accounts for thermal inertia 

Simple instantaneous reradiation 
[RD-6] 

 

3.2 Results	
In this section, we present the results of the validation of the radiation pressure force models. We focus on 
the results from CHAMP and GRACE A, noting that results for the GRACE and GRACE-FO satellites are very 
similar since they have a very similar shape are flying in the same orbits, separated by approximately 30 s, 
respectively. We will focus more on the CHAMP satellite because it has a more complex shape than the 
GRACE satellites and it is flying at a lower altitude, which means that the ERP is larger. 

For the validation, we select different time periods to cover wide range of conditions. Since the radiation 
pressure signal is large compared to the aerodynamic acceleration during low solar activity, we choose the 
year 2008 for a detailed comparison. In this year, we expect the largest impact of radiation pressure 
modelling errors on the observed aerodynamic acceleration and, consequently, the density and crosswind 
observations. Considering a whole year of data is beneficial to cover all beta angles. The beta angle is the 
angle between the satellite’s orbital plane and the vector pointing from the satellite to the Sun. It takes about 
9 months for CHAMP and 11 months for GRACE to pass through all beta angles and, therefore, experience all 
solar illumination conditions. In addition, we consider the year 2003 for validation to identify possible 
mission-related errors because the altitude difference between CHAMP and GRACE is very small during this 
period. With this choice of year we also cover high solar activity conditions. 

3.2.1 CHAMP	

As mentioned before, the comparison for CHAMP will be more detailed than for GRACE. We will start by 
comparing time series of the radiation pressure acceleration of UB and DUT, both available at 10 s resolution 
along the orbit. Then, we will compare the radiation pressure acceleration for each component (SRP, albedo, 
Earth IR, TRP) separately in the time-argument of latitude domain. The argument of latitude is the angle that 
defines the position of the satellite within one orbital revolution [RD-7]. This representation is highly suited 
for analyzing data, where errors might depend on the solar illumination conditions. 

3.2.1.1 Time	series	comparison	
Figure 1 and Figure 2 show the radiation pressure acceleration from UB and DUT, respectively. Figure 3 shows 
their difference. 
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Figure 1: RP acceleration modelled by UB for CHAMP on January 1, 2003. 

 

Figure 2: RP acceleration modelled by DUT for CHAMP on January 1, 2003. 
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We find a good agreement between the RP acceleration modelled by UB and DUT. Some differences are 
noticeable at the eclipse entry (shortly before 1:00) and the eclipse exit (at 2:30). Investigations revealed 
differences in the implementation of the shadow function. This needs further investigation. The differences 
in the x-component are on the order of 1 nm/s2 and are mostly caused by SRP and TRP. The differences in 
the ERP (Earth IR and albedo) are less than 1 nm/s2 and contain short wavelength variations, which indicates 
that they are caused by the differences in the CERES datasets used by UB and DUT (cf. Table 1). Since the RP 
signal is about 15 nm/s2, the difference is only 7%. The y-component shows a RP acceleration signal of 55 
nm/s2. The differences between UB and DUT are about 4 nm/s2, i.e., also only 7%, except for the spikes at 
the eclipse entry and exit. Also here, the differences are caused mostly by SRP and TRP. The signal of the z-
component of the RP is 20 nm/s2. The differences between UB and DUT are about 5 nm/s2, which is 25% of 
the signal and, therefore, considerably larger. Here, all RP sources play a significant role in the differences. 
For Earth IR and albedo, the differences in the CERES datasets are the most likely cause. Even though the 
differences in the z-component are significant, they do not play a role for the derivation of the density and 
crosswind observations, which are derived solely from the x- and y-components of the acceleration vector 
[RD-8]. 

3.2.1.2 Time-argument	of	latitude	domain	comparison	
Figure 4 shows the shadow function for reference. It indicates when the satellite is experiencing eclipse 
phases and full sun phases. Further, it shows clearly where the satellite enters and exists the eclipse, where 
we expect to see differences between UB and DUT according to the discussion in Section 3.2.1.1.  

 

Figure 3: Difference in RP acceleration modelled by UB and DUT for CHAMP on January 1, 2003. 
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Figure 6 to Figure 9 show the radiation pressure acceleration due to SRP, ERP (combined effects of Earth IR 
and albedo), TRP, and the total RP, respectively. 

 

 

 

Figure 4: Shadow function for CHAMP 

 

Figure 5: SRP acceleration signal (left) and differences between UB and DUT (right) for CHAMP in 
2003  
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Figure 6: Albedo radiation pressure acceleration signal (left) and differences between UB and DUT 
(right) for CHAMP in 2003 

 

Figure 7: Earth infrared radiation pressure acceleration signal (left) and differences between UB 
and DUT (right) for CHAMP in 2003 
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In the following, we will discuss only the x- and y-components of the radiation pressure acceleration vector 
because the z-component is not relevant for the derivation of density and crosswind observations. The z-
component is only shown for reference. 

 

Figure 8: Satellite TRP acceleration signal (left) and differences between UB and DUT (right) for 
CHAMP in 2003 

 

Figure 9: Total RP acceleration signal (left) and differences between UB and DUT (right) for 
CHAMP in 2003 
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The SRP shown in Figure 5 reaches about 20 nm/s2 in the x-component of the acceleration vector and about 
50 nm/s2 in the y-component and is by far the largest contributor to the total RP acceleration. The differences 
between UB and DUT in the x-component are smaller than 1 nm/s2, except at the eclipse entry and exit, 
which we attribute to differences in the implementation of the shadow function. The differences in the y-
component can reach 4 nm/s2 for shallow illumination angles. This indicates that shadowing effects of the 
aprons, which are accounted for in the high-fidelity model, could be the cause for the differences. 

The second largest contributor is the TRP show in Figure 8, which is about 2 nm/s2 in the x-component and 
10 nm/s2 in the y-component. The differences between UB and DUT are about 1 nm/s2 in the x-component 
and 4 nm/s2 in the y-component. At this stage it is not clear to which extent the differences in acceleration 
can be attributed to differences in the satellite geometry (panel vs. high-fidelity) or the differences between 
the instantaneous reemission and the temperature-based model that accounts for thermal inertia. 

The Earth infrared and albedo radiation pressure accelerations shown in Figure 6 and Figure 7 are both 
smaller than 1 nm/s2. The differences between UB and DUT are consequently also very small. Both are 
characterised by short-wavelength features, which in case of albedo are obviously restricted to the dayside. 

The total radiation pressure acceleration illustrated in Figure 9 is thus dominated by SRP and TRP in the x- 
and y-components of the acceleration vector. The differences between UB and DUT are about 1 nm/s2 in the 
x-component and 4 nm/s2 in the y-component, where SRP and TRP contribute equally to the differences 
despite the fact that the TRP has a smaller signal size than SRP. While the 1 nm/s2 in the x-component will 
have a small effect on the density observations, we expect that the differences of 4 nm/s2 in the y-component 
are significant for the crosswind observations. This means that the radiation pressure model is a very 
important element for the crosswind observations and probably needs further improvements and fine-tuning 
based on in-flight data. 

Figure 10 and Figure 11 show the aerodynamic accelerations derived by UB and DUT, starting from the same 
calibrated acceleration by subtracting the radiation pressure acceleration modelled by UB and DUT, and their 
difference. In addition to the comparison for 2003, Figure 11 shows also the comparison for 2008, i.e. for 
both solar maximum and minimum. There are hardly any differences between the 2003 and 2008, noting 
that the sampled range of beta angles was nearly identical. We can therefore conclude that the radiation 
pressure is largely independent of solar activity and that the inspection of results for 2003 is exhaustive. We 
should note in this context that solar acitvity referes to the large variations in the extreme ultroviolet part of 
the spectrum, whereas the visible part of the spectrum shows hardly any variations in the intensity. 

The x-component of the aerodynamic acceleration signal was dominated by atmospheric drag and had a size 
of hunderds of nm/s2 for CHAMP in 2003.  The differences in the x-component of about 1 nm/s2 are therefore 
less than 1% and, consequently, negligible. We emphasize in this context that the size of aerodynamic 
acceleration signal depends strongly on the altitude, the satellite size, and solar activity, which means that 
the conclusion shall not be extrapolated. The size of the y-component of the aerodynamic acceleration signal 
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had a size of about 100 nm/s2 and can be explained too a large extent by lift and to a much smaller extent by 
crosswinds. The differences of about 4 nm/s2 are thus about 4% of the signal size. 

 

 

 

Figure 10: Aerodynamic acceleration signal derived with the radiation pressure acceleration 
modelled by UB (left) and DUT (right) for CHAMP in 2003 

 

Figure 11: Differences in the aerodynamic acceleration between UB and DUT for CHAMP in 2003 
(left) and 2008 (right) 
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3.2.2 GRACE	

We will start with a comparison of short time series of the radiation pressure accelerations modelled by UB 
and DUT for the GRACE A satellite, shown in Figure 12 and Figure 13, respectively, and their difference 
presented in Figure 14. Then, we will inspect the modelled radiation pressure acceleration in the time-
argument of latitude domain in Figure 15. The aerodynamic acceleration derived using the radiation pressure 
accelerations modelled by UB and DUT are shown Figure 16 and their difference in Figure 17. 

3.2.3 Time	series	comparison	

 

 

 

Figure 12: Radiation pressure acceleration modelled by UB for GRACE on January 1, 2003 

 

Figure 13: Radiation pressure acceleration modelled by DUT for GRACE on January 1, 2003 
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Also for GRACE, we find an overall good agreement between UB and DUT. The x-component of the radiation 
pressure acceleration has a size of 30 nm/s2 and the y-component about 40 nm/s2. For the x- and y-
components, the SRP acceleration is the dominating signal. For the y-component, the TRP acceleration makes 
a significant contribution of about 10 nm/s2. The Earth IR and albedo RP accelerations are very small in the 
x- and y-components in comparison to the SRP acceleration. The differences in shadow function are also here 
visible at the eclipse entries at 00:50 and 00:20 and exits at 01:30 and 3:00. However, the difference is not a 
short spike, which indicates that in addition to the Earth shadow function, self-shadowing effects of the solar 
array aprons onto the nadir panel play a role. The differences in the SRP accelerations modelled by UB and 
DUT are about 1 nm/s2 in the x-component and about 2 nm/s2 in the y-component. The TRP acceleration 
shows differences of 1 nm/s2 in the x-component and 3 nm/s2 in the y-component. The Earth IR and albedo 
show differences of 1 nm/s2 in both x- and y-components. The total differences between the RP acceleration 
modelled by UB and DUT are about 2 nm/s2 and 3 nm/2 for x- and y-components, respectively, which is about 
7% for both components. This is at the same the level of agreement as observed for CHAMP. 

 

Figure 14: Difference in the radiation pressure accelerations modelled by UB and DUT for GRACE 
on January 1, 2003 
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3.2.3.1 Time-argument	of	latitude	domain	comparison	

 

 

 

Figure 15: Radiation pressure acceleration modelled by UB (left) and difference between UB and 
DUT (right) for GRACE in 2008 

 

Figure 16: Aerodynamic acceleration derived using the radiation pressure accelerations modelled 
by UB (left) and DUT (right) for GRACE in 2008 
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The RP acceleration signal shown in Figure 15 has a size of 30 nm/s2 for the x-component of the acceleration 
vector and 50 nm/s2 for the y-component. The differences are about 2 nm/s2 and 4 nm/s2 for the x- and y-
components, which is about 7% and 8% of the signal size, respectively. The largest differences occur before 
eclipse entry and after eclipse exit, which we attribute to possible self-shadowing effects caused by solar 
array aprons. We can also clearly see the contour of the eclipse region, which is related to the difference in 
the Earth shadow function. 

The aerodynamic acceleration signal presented in Figure 16 has a size of a few tens of nm/s2 for the x-
component of the acceleration vector, which is substantially smaller than the one for CHAMP in 2003. This is 
due to the combined effect of the very low solar activity in 2008 and the much higher altitude of the GRACE 
satellites, which was about 475 km as opposed to 410 km for CHAMP in 2003. The y-component of the 
aerodynamic acceleration vector shows a size of about 20 nm/s2. However, the acceleration is largest when 
the satellite is in full sun and much smaller otherwise. This leads us to believe that this feature is an error in 
the radiation pressure modelling common to the implementation of both UB and DUT rather than an 
aerodynamic signal. 

The difference between the aerodynamic acceleration derived by UB and DUT presented in Figure 17 is about 
2 nm/s2 in the x-component. This is roughly 10% of the aerodynamic acceleration signal and, therefore, 
significant. This statement is only valid for the altitude of 475 km and the solar minimum in 2008, and cannot 
be generalized. The difference in the y-component is about 5 nm/s2, but this is possibly an underestimation 
of the true error, which could be as large as 20 nm/s2. However, already a 5 nm/s2 error would cause very 
large errors in the crosswind data. 

 

Figure 17: Aerodynamic acceleration difference between UB and DUT for GRACE in 2008 
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3.3 Summary	and	conclusions	
The validation of RP modelling revealed that the accelerations from DUT are in very good agreement with 
those of UB. The differences of the RP accelerations in shadow regions were found to be related to the 
application of the more sophisticated temperature-based TRP model employed by DUT. Further, we detected 
a difference in the implementation of the Earth shadow function, which could be corrected on the UB side 
such that the implementations are now in agreement. However, this is less critical because of the very well-
defined and local impact. The differences between UB and DUT were largest in ERP modelling. However, the 
ERP acceleration has the smallest contribution to the total RP acceleration in the x- and y-components of the 
radiation pressure acceleration vector and, therefore, is not relevant for the density and crosswind 
processing. Finally, the differences shortly before the eclipse entry and after the eclipse exit could be related 
to self-shadowing due to the solar array apron, in particular for GRACE, which is only considered by DUT 
based on the high-fidelity satellite model. Finally, we suspect an error in the y-component of the radiation 
pressure acceleration, which is significant and needs further investigation. Given that the two independent 
implementations by UB and DUT show an agreement of only 5 nm/s2, we believe that the error is in the 
information provided in the GRACE handbook. 
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4 Density	and	wind	data	validation	

The GRACE, GRACE-FO and CHAMP densities are validated by CNES and DLR by means of comparisons with 
several empirical and first principles thermosphere models, respectively. Models are not considered ground 
truth of course, but they can help detect significant errors and outliers in the density data, help determine 
the coherency of the dataset, as well as benchmark relative precision due to noise reduction in the density 
dataset. The densities are also compared with previous releases (CHAMP) or different products (GRACE). The 
derived winds have only been compared with the first principles predictions, because the climatological 
model HWM is too coarse and because there are too few other observations for comparison. 

Three versions of the CHAMP, GRACE, and GRACE-FO density and crosswind observation were produced in 
the TOLEOS project and project-internally labelled “version 01”, “version 02”, and “version 03”. The 
differences between the versions encompassed the following improvements: 

• Bug fixes where two years of the version 01 GRACE data were affected by a mistake in the calibration, 
where an incorrect thermistor was selected for correcting the thermally induced bias variations. 

• Flagging of invalid data, which was iterated several times based on manual inspection of the datasets. 
• Optimization of the coefficients describing the thermo-optical surface properties and thermal inertia 

of the outer panels. 
• Recalibration of the accelerometer y- and z-axes using the knowledge of the aerodynamic coefficient 

vector. 

Of the three versions, only version 01 and version 03 entered the validation process. Version 02 was an 
intermediate version that was only required for the implementation of further improvements. 

The next sections present the results of the comparisons of the validation of the version 01 and version 03 
datasets. 

4.1 Comparison	of	density	datasets	
Two versions of GRACE data were evaluated, version 1 and version 3 (version 2 was not released for testing). 
The TOLEOS GRACE densities are first compared with the CNES GRACE densities that were used in the 
construction of the DTM2020 models. Daily-mean densities of the entire mission (4/4/2002 - 31/10/2017) 
are shown in Figure 18. There are significantly more data in the TOLEOS dataset, and the CNES densities are 
on average smaller. Examples of the differences, which are mainly in the form of a scaling difference, over 
about 1.5 orbit are shown in Figure 19. The period around 23250-23550 in Figure 18 reveals large differences 
due to errors in the TOLEOS version 1 processing, which will be shown in the comparisons to version 3. 
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Figure 18: TOLEOS-v1 and CNES GRACE daily-mean densities 
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The GRACE v1 and v3 daily-mean densities are shown in Figure 20, and the difference is essentially for the 
period (about August 2013 - June 2014) for which also a large difference is seen when comparing with the 
CNES GRACE densities. Examples of the differences over one day can be gleaned from Figure 21, which shows 
densities just before (top frame) and in the period (bottom). Densities are twice too big in v1 for the day used 
in this example. 

Daily-mean densities were also compared with results from Piyush Mehta [RD-9]. Differences of 0-10% are 
observed, varying over the solar cycle (i.e. variations in He abundance), and these are due to the aerodynamic 
model of the satellite employed in the calculation of the densities. The relative variations seen in v3 and 
Mehta (and CNES) data is essentially the same. 

 

 

Figure 19: Examples of TOLEOS-v1 and CNES GRACE densities for 1-2 orbits. The top frames 
present no significant offsets, whereas in the bottom frames the CNES densities are 14% (left 
frame) and 18% (right frame) smaller, respectively. Latitude is plotted in green (right axis). 
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Figure 20: TOLEOS-v1 and v3 GRACE daily-mean densities. 
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Figure 21: TOLEOS-v1 and v3 GRACE densities for 20/07/2013 (top) and 27/09/2013 (bottom). 
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The CHAMP densities are compared to previous versions also computed by TU Delft, namely by Eelco 
Doornbos [RD-8] and Günther March [RD-11]. The CHAMP daily-mean densities are shown in Figure 22, and 
the differences are insignificant between TOLEOS and March, whereas the Doornbos densities are 
approximately 5% smaller. However, Doornbos densities start earlier in the mission, namely on 1/1/2001, 
while TOLEOS and March start on 4/5/2001 when the accelerometer calibration parameters were more 
stable. 

 

4.2 Comparison	to	empirical	models	
The TOLEOS GRACE(-A) v1 and v3 densities are compared to models in Figure 23, which presents the yearly-
mean density ratios (observation/model) calculated with the CIRA (COSPAR International Reference 
Atmospheres) models: NRLMSISE-00, JB2008, DTM2020_F107 (based on F10.7 as solar driver) and 
DTM2020_F30 (based on F30 as solar driver). Differences between v1 and v3 are negligible except for 2013 
and 2014, the years for which the v1 processing was erroneous. 

 

 

Figure 22: TOLEOS, Doornbos and March CHAMP daily-mean densities for the entire mission. 
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The yearly-mean standard deviations of the density ratios (StD), expressed as a percentage of the signal, are 
shown in Figure 24. Large improvements in v3 are seen for 2013 and 2014, as expected, but actually v3 is 
comparing better to models for most years. JB2008 and NRLMSISE-00 have been fitted to only a few years 
and no GRACE data, respectively, so it is due to more precise GRACE v3 density data. Two levels of precision 
are revealed, approximately from 2002-2011 and from 2012-2017. The highest precisions are reached, as 
expected, when the GRACE altitude is lower in combination with solar maximum, i.e. the second level, and 
the data are least precise during the deep solar cycle minimum years 2008-2009 (when drag is very low, and 
often actually smaller than the radiation forces). 

 

Figure 23: GRACE yearly-mean density ratios and the F10.7 mean solar radio flux (right axis). 
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The yearly-mean correlations are shown in Figure 25. Large improvements are seen again for 2013-2014, and 
also higher correlations with v3 than with v1 for most years. The same two levels as in StD are visible in the 
correlations. 

 

Figure 24: GRACE yearly-mean StD of the density ratios. 
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In order to roughly quantify the gain in quality with respect to the CNES GRACE density dataset, the TOLEOS 
v3 and CNES densities are compared with DTM2020_F107. The yearly-mean density ratios and StD are 
displayed in Figure 26. Most importantly, the density ratios with v3 are more stable over the entire mission, 
and in particular the first 7 years. The StD is also slightly lower. 

 

 

Figure 25: GRACE yearly-mean correlations. 
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The TOLEOS GRACE-C v1 and v3 densities are compared to models in Figure 27. This data has not been 
assimilated in any of these models. The top frame shows that there is no difference in mean density between 
v1 and v3. The models predict the GRACE-C density amplitudes from up to 40% too high (NRLMSISE-00) to 
30% too small (DTM2020_F30). All models display a similar evolution of the density ratios except for 
DTM2020_F30, which has a sharp drop from 2019 to 2020. The reason for this anomalous behaviour has 
been identified as being due to the F30 solar driver, which appears to be too variable during solar minimum. 
The StD is anomalously high and correlation low in 2020 for the same reason. The StDs are slightly smaller 
and correlations slightly higher with v3. As expected, the StD and correlations of JB2008 are much larger and 
smaller respectively than the other models’ due to its simpler algorithm that does not model composition 
but total density. Both StD and correlations improve for the models as solar activity increases from 2018 to 
2021, leading to stronger atmospheric drag and more favourable SNR. Comparing the StD of GRACE-C to that 
of GRACE shown in Figure 24 shows that the former is significantly larger. However, GRACE-C is orbiting at a 
higher altitude than GRACE during the solar minimums, and so the drag signal is weaker and more 
contaminated by errors in the radiation force model – leading to a higher StD. When comparing models to 
TOLEOS GRACE-C or to Swarm-C hybrid accelerometer-inferred densities for the solar minimum years 2018 
and 2019 the good quality of the former data can be shown. This is presented in Figure 28, which also clearly 
shows the increasing StD from solar maximum at the start in 2014 to solar minimum in 2019. 

 

Figure 26: Yearly-mean density ratios (left frame) and StD (right frame) using TOLEOS v3 or CNES 
GRACE data and the model DTM2020_F107. 
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Figure 27: GRACE-C yearly-mean density ratios (top), StD (middle), and correlations (bottom). 
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4.3 Verification	of	continuity	of	GRACE	densities	
The densities are evaluated at the day boundaries, where often (in other products) discontinuities in the form 
of (small) jumps occur due to the processing in daily batches. The relative variation in density from 23:59:50 
to 00:00:10 is computed to that purpose and it is displayed in Figure 29. The GRACE-A data contain a few 
large discontinuities from one day to the next, and the scatter is larger than for GRACE-C, especially during 
the solar cycle minimum (approximately from 21000-22000; 2007-2010). The larger values are not 
concentrated at high latitudes, i.e. due to the larger variability in the auroral zones. The relative variations 
are not large, most often within 6-7%. In order to verify that the relative variations at daybreaks are not the 
effect of processing but due to natural variability, they were also calculated in the middle of the day for 
GRACE-A. Figure 30 presents the relative variations at day boundaries and at 11:00 in the morning, and they 
are essentially the same. 

 

 

Figure 28: The Swarm-C yearly-mean StD of the density ratios, and for GRACE-C during solar 
minimum. 
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Figure 29: Relative variations at the day boundaries for GRACE-A and GRACE-C (left), and zoom 
(right frame) 

 

 

Figure 30: Relative variations at the day boundaries and at 11:00am for GRACE-A 
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4.4 Comparison	 of	 relative	 variations	 in	 case	 of	 Traveling	 Atmospheric	
Disturbances	(TAD)	

During geomagnetic storms, wave-like perturbations are generated at high latitudes, which then travel 
equatorward. These so-called TADs can be visualized in the density data after filtering in a band of about 600-
5000 km, splitting in day and nightside, and this was done in the past for GRACE. In this example, the 4 April 
2010 storm is compared to previous results obtained with the CNES GRACE densities. The year 2010 is 
selected on purpose because of the higher noise in the data during solar minimum. Figure 31 shows the 
results presented at AGU 2012 (Bruinsma and Fedrizzi) and the variations resulting from filtering TOLEOS 
GRACE v3 data. The impact on the scientific findings will not be discussed here (phase speeds, amplitudes), 
but the TOLEOS data are clearly cleaner than the older CNES densities before the storm starts. The relative 
variations are now more distinctly increasing when the geomagnetic activity is increasing, which is more in 
line with theory.  

This comparison demonstrated that the TOLEOS data are significantly less noisy during solar minimum, i.e. 
the least favourable period to derive densities, than the CNES data. 

 

 

 

Figure 31: GRACE relative density variations for 4 April 2010, dayside and nightside 
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4.5 Comparison	to	physics-based	models	
The objective of the study is to validate along the orbit GRACE-A/B and GRACE-C neutral density and winds 
by comparing the observations with results obtained using two different physics-based models: The 
Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIEGCM) and the Coupled 
Thermosphere Ionosphere Plasmasphere with electrodynamics (CTIPe) model. We also compare it with 
observations from other satellites like CHAMP and Swarm. Some of the missions’ characteristics are detailed 
in Table 2. 

Table 2: Mission characteristics. 

Satellite Launch End Life  Agency Alt (km) Inclination 
CHAMP 15-07-2000 19-09-2010 DLR 470 87 
GRACE-A/B 17-03-2002 27-10-2017 NASA/DLR 337 89 
GRACE-C 22-05-2018 > 2023 NASA/DLR 490 89 
Swarm-AC/B 15-11-2013 > 2021 ESA 460/530 87.35/87.75 

 

The TIE-GCM model will be used to validate the entire CHAMP, GRACE, and GRACE-FO datasets, whereas the 
CITPe model will validate three periods, in which at least two of the satellites are corotating were selected: 
December 2008 for CHAMP and GRACE, August 2015 for GRACE-A/B and Swarm, and May 2020 for GRACE-
C and Swarm. In Figure 32 presents the three periods of the study in blue along with the satellites that 
were/are active at that time. 

 

4.5.1 TIE-GCM	model	

4.5.1.1 Model	description	
The NCAR TIE-GCM is a first-principles, three-dimensional, non-linear representation of the coupled 
thermosphere and ionosphere system that includes a self-consistent solution of the low-latitude electric 

 

 

Figure 32: Periods selected for the validation (blue) for which at least two satellites are active 
nightside 
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field. The model solves the three-dimensional momentum, energy and continuity equations for neutral and 
ion species at each time step, using a semi-implicit, fourth-order, centred finite difference scheme, on each 
pressure surface in a staggered vertical grid. It has 33 constant-pressure levels in the vertical, extending from 
approximately 97 km to 1000 km in intervals of one-half scale high, and a 5° x 5° or 2.5° x 2.5° latitude-
longitude grid, in its base configuration. The website <www.hao.ucar.edu/modeling/tgcm> hosts the open-
source TIE-GCM code. 

This study uses TIE-GCM version 2.0 (released on 21 March 2016) with a horizontal resolution of 2.5°×2.5° in 
geographic latitude and longitude and a vertical resolution of 0.25 scale height. The solar irradiance input to 
the model is specified via the average of daily F10.7 solar flux and its 81-day centred mean F10.7. The high 
latitude mean energy, energy flux, and electric potential are described using the default ion convection model 
and auroral particle precipitation scheme. The tidal forcing from the lower atmosphere is specified via 
perturbations from the global scale wave model (GSWM) introduced at the lower boundary of TIE-GCM. 

In order to compare with the satellites, the model neutral mass densities are interpolated in log space to the 
satellite location, first horizontally and then vertically to the satellite altitude. To minimise errors due to 
extrapolation, model estimates are not provided where the satellite altitude is 20 km above the top of the 
model. 

4.5.1.2 Differences	between	new	density	observation	datasets	
Figure 33 shows the difference between the old DUT version 01 and the new TOLEOS version 03 of GRACE-A 
accelerometer-derived neutral mass density as a function of space weather indices Kp and F10.7. Here the 
difference refers to the percentage of the log ratio between the two data sets. The positive (negative) 
percentages indicate that the absolute neutral mass density of version 03 is larger (smaller) than version 01. 
The differences between the two versions are due to the differences in accelerometer calibration 
parameters, where version 01 contained a mistake, and the radiation pressure modelling. While the median 
difference is small (0.16%), Figure 33 highlights that positive differences above 1% occur at high solar activity 
levels (e.g., above 120 sfu). Interestingly, negative percentages are common at high geomagnetic activity 
levels. 
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Figure 34 (a) and (c) show the monthly median log-ratio between the TOLEOS version 03 of CHAMP (GRACE-
A) and physics-based TIE-GCM neutral mass densities. Figure 34 (b) and (d) show their corresponding 
standard deviations. Figure 2 provides statistics only for the months with 15 or more days of data. 

Figure 34 shows the overall good agreement between CHAMP and TIE-GCM (green-to-yellow bins with ratios 
in the range 0.75–1.25). The ratios above (below) 1 indicate that TIE-GCM underestimates (overestimates) 
relative to CHAMP. Figure 2 highlights that in general, TIE-GCM underestimates (overestimates) during 2002–
2005 (2007–2009), which is a time period of relatively high (low) solar activity. The calibration errors due to 
rapidly changing orbital height as the satellite neared end-of-life may have contributed to the high ratios in 
2010. 

Figure 34 (b) shows that in general, the standard deviation of the data-to-model log-ratio is also low (below 
15%). A few months with large standard deviations are also present but they do not appear to be systematic. 

Results for GRACE-B (not shown) are nearly identical to GRACE-A in Figure 34. The figure shows that TIE-GCM 
significantly overestimates relative to GRACE-A during the low solar activity years 2007–2009 (blue shaded 

 

 

Figure 33: The neutral mass density log-ratio as a percentage between the new TOLEOS version 03 
and the old DUT version 01 of (left) CHAMP, and (right) GRACE-A as a function of space weather 
indices Kp and F10.7. The log-ratio as a percentage is given by [exp(⟨ln(New/Old)⟩)−1]×100, where 
⟨⟩ represent the mean of each bin. The CHAMP (GRACE-A) data are for the time period 2001–2010 
(2002–2009). Some large differences in GRACE-A are mainly due to the improvements in radiation 
pressure modelling. The color-scales are different for CHAMP and GRACE-A. 
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bins). Figure 34 (c) helps to identify time periods where model-data agreement is generally strong or poor as 
well as time periods with significant data gaps (grey bins). 

Figure 34 (d) shows a high standard deviation in the data-to-model ratio during 2003–2011. Given the low 
variability in CHAMP/TIE-GCM in Figure 34 (b), the results in Figure 34 (d) may reveal characteristics of high 
variance in GRACE-A data. The combined effects of poor atmospheric drag signal relative to CHAMP at 
GRACE-A orbital height (around 500 km) during 2002–2011, and the low solar activity levels during 2007–
2009 may have contributed to this high standard deviation results in Figure 34 (d). The standard deviation 
significantly reduces in subsequent years as the satellite’s orbital height begins to sharply decrease. 
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Figure 35 and Figure 36 show two examples of epoch-wise data-model agreement along the satellite path 
for CHAMP and GRACE-A, respectively. The two figures also provide the data-to-model log ratio as a 
percentage. Figure 35 and Figure 36 highlight TIE-GCM’s capability to reproduce observed features in neutral 
mass density during these selected years when the data-model agreement is good (see Figure 34). 

 

 

Figure 34: (a) The monthly median log-ratio between the TOLEOS version 03 of CHAMP and TIE-
GCM neutral mass densities. (b) The standard deviation of the data-to-model log-ratio as a 
percentage. (c,d) Same as left column except for GRACE-A. Grey refers to months with less than 15 
days of data. 
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Figure 37 compares the accelerometer-derived neutral mass density from GRACE-C with TIE-GCM. The empty 
patches in TIE-GCM are where the satellite is more than 20 km above the upper bound of the model. In 
general, the model estimates are larger than GRACE-C data. Model results should be interpreted with caution 
as it is near the edge of the model. The figure helps to identify some latitude regions and time periods where 
the model seems to capture the density enhancements observed by GRACE-C (e.g., low latitudes in March–
April, high latitudes in early September) as well as where the data/model ratio is low. The sharp curvy lines 
present in Figure 37 (a), which is an artefact at the terminator (eclipse entry-exit), are more pronounced in 
GRACE-C compared to that of GRACE-A in Figure 36. 
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Figure 35: (top) CHAMP and (middle) TIE-GCM densities as a function of time and argument of 
latitude for the year 2007. (bottom) The data-to-model log-ratio as a percentage. 
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Figure 36: (top) GRACE A and (middle) TIE-GCM densities as a function of time and argument of 
latitude for the year 2010. (bottom) The data-to-model log-ratio as a percentage. 
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4.5.1.3 Validation	of	crosswind	observations	
The TIE-GCM provides the zonal (east-west) and meridional (north-south) components of the wind at the 
satellite location. In order to compare model winds with the crosswind speeds from CHAMP, GRACE-A, and -

B satellites, the model’s scalar horizontal winds (√𝑧𝑜𝑛𝑎𝑙, +𝑚𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙, are projected onto the observed 
crosswind direction. 

 

 

Figure 37: (top) GRACE C and (middle) TIE-GCM densities as a function of time and argument of 
latitude for the year 2019. (bottom) The data-to-model log-ratio as a percentage. 
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Figure 38 compares the monthly median crosswind speed from CHAMP with TIE-GCM and their standard 
deviations. During most months, the CHAMP wind speeds are slightly higher (approximately 20–40 m/s) than 
TIE-GCM winds (see Figure 40). The CHAMP winds have a relatively higher standard deviation mostly during 
2004–2008. The data-model difference in Figure 8a is also notably higher during this period except in 2008. 
Some effects of different local-time sampling due to satellite precession are present and are more 
pronounced in the model estimates (the alternating blue-green diagonal pattern). The low standard deviation 
in TIE-GCM suggests that the model’s ability to capture the short-term variability in observed winds may be 
poor. 
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The presentation in Figure 39 is similar to Figure 38 except for GRACE-A and -B. Figure 39 illustrates 
significantly large wind speeds and standard deviations for GRACE, in general, prior to 2011. While both 
GRACE-A and -B winds agree well with TIE-GCM during 2002–2003, the standard deviation of GRACE-A in 
May and August 2002 is relatively much larger than GRACE-B and TIE-GCM. The two figures indicate that the 
quality of GRACE-A and -B winds are questionable in the time period 2005–2011. Thus, data from only 

 

 

Figure 38: (a–b) The TOLEOS CHAMP monthly median crosswind speeds compared with TIE-GCM. 
(c–d) The standard deviation of the crosswind speed. Grey refers to months with less than 15 days 
of data. 
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October 2011 onwards are released to the public. In the time period following 2012, both GRACE-A and -B 
winds show excellent agreement with TIE-GCM. 

 

 

 

Figure 39: (a–b, left) The TOLEOS GRACE-A monthly median crosswind speeds compared with TIE-
GCM. (c–d, left) The standard deviation of the crosswind speed. (a–b, right) The TOLEOS GRACE-A 
monthly median crosswind speeds compared with TIE-GCM. (c–d, right) The standard deviation of 
the crosswind speed. Grey refers to months with less than 15 days of data. 
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Figure 41 and Figure 42 show two examples of epoch-wise data-model agreement along the satellite path 
for CHAMP and GRACE-A, respectively. Both satellite data and model estimates show large wind speeds at 
the polar latitudes. The large wind speeds near the poles appear to be more spread out to lower latitudes in 
the data than in the model estimates. The data artefacts at the terminator are more pronounced in GRACE-
A compared to CHAMP. 

 

 

Figure 40: The monthly median crosswind speed difference between TIE-GCM and (a) CHAMP, (b) 
GRACE-A, and (c) GRACE-B. The color-scale is artificially limited to a maximum difference of ±100 
m/s. 



	   

TOLEOS 

Validation Report 

SW-TN-DUT-GS-129_04 
Revision 0 

Page 51 of 70 
  

The use and/or disclosure, etc. of the contents of this document (or any part thereof) is subject to the restrictions referenced on the front page.  

 

 

 

 

Figure 41: An along orbit comparison of crosswind data from TOLEOS CHAMP with TIE-GCM during 
2002. 
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4.5.2 CTIPe	model	

4.5.2.1 Model	description	
CTIPe is the Coupled Thermosphere Ionosphere Plasmasphere Electrodynamic model physics-based model. 
It is composed of four modules: a global thermosphere model, a high-latitude ionosphere model, a mid and 
low-latitude ionosphere/plasmasphere model and an electrodynamical calculation of the global dynamo 
electric field. All four components run concurrently and are fully coupled with respect to energy, momentum 
and continuity. 

The thermospheric code simulates the time-dependent global structure of the wind vector, temperature, 
and density of the neutral thermosphere by numerical solving the non-linear equations of momentum, 
energy and continuity. The latitude resolution is 2°, the longitude resolution is 18° and the vertical direction 
is divided into 15 logarithmically spaced pressure levels from a lower boundary of 1 Pa at 80 km altitude to 

 

 

Figure 42: An along orbit comparison of crosswind data from TOLEOS GRACE-A with TIE-GCM during 
2002. 
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an upper level between 350 and 500 km depending on geomagnetic conditions. The lower boundary 
condition is defined using the Whole Atmosphere Model (WAM) climatological fields (monthly mean zonal, 
meridian and temperature). The ionosphere is computed self-consistently with the thermosphere and 
transport under the influence of magnetospheric electric fields is explicitly treated, assuming E×B drifts (E = 
electric field, B = magnetic field) and collisions with neutral particles. 

The continuity equation incorporates three major species: atomic oxygen, molecular nitrogen and molecular 
oxygen and includes chemistry, transport and the mutual diffusion between species.  

The satellites can fly either below or above the model’s thermosphere upper boundary since CTIPe constant 
pressure levels change in height depending on solar activity. In the first case, a linear interpolation of the 
logarithm of the neutral density is performed. However, if the satellite flies above, we extrapolate by 
assuming atmospheric hydrostatic equilibrium and thus an exponential decrease of neutral density with 
increasing height, and calculate the neutral density (𝜌) as: 

𝜌 = 𝜌-..'( ∗ exp	 9−
(ℎ − ℎ-..'()

𝐻
> 

 Where ℎ is the height of the satellite, 𝜌-..'(  is the neutral mass density at CTIPe upper boundary ℎ-..'(. 
The height scale H is defined as 𝐻 = 𝑅𝑇/𝑔𝑀, where R is the gas constant, T the average temperature, g the 
gravitational constant and M the mean molecular mass of the neutral atmosphere. 

To validate the density observations, we compare them with density from both models for the three periods 
of the study. 

4.5.2.2 December	2008	(CHAMP	and	GRACE-A/B)	
The altitude of CHAMP for this period was between 320 km and 350 km and for GRACE is 450 km and 525 
km. Neutral density is calculated inside of the CTIPe model range for CHAMP and extrapolated for GRACE. 
We present only GRACE-A results because the ones from GRACE-B are very similar. 

In Figure 43, along the orbit neutral mass density of CHAMP (top panel, red) and GRACE-A lower panel, red) 
are compared to CTIPe (blue) and TIE-GCM (green) results. The orbit average is also represented with a 
continuous line. Given that CHAMP has an offset (or constant bias) with respect to the CTIPe model, the 
figure also includes the orbit average model results (light blue) after removing a constant value equal to the 
difference between the average of CHAMP and the model neutral density, which is 9.6	10/01	𝑘𝑔 · 	𝑚/1 in 
this case. 

Bias = 	 〈𝜌2)3'+〉 − 〈𝜌4&5'++65'〉 

𝜌2)3'+	(Off) = 	𝜌2)3'+ − Bias 
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The results show a very good agreement between the CTIPe model and GRACE with respect to the orbit 
average. For CHAMP, the corrected orbit average without the constant bias follows also the general trend of 
the neutral density, with the exception of the last 7 days. For TIE-GCM we have a very good agreement with 
CHAMP but in this case, the bias correction has been applied with GRACE and it is also represented in the 
figure (light green). 

 

 

 

Figure 43: Neutral mass density comparison between along the orbit CHAMP (top), GRACE-A 
(lower) observations (red), CTIPe (blue), TIE-GCM (green) model results during December 2008. The 
orbit average (continuous line) is also represented for observations, models and bias corrected in 
the case of CHAMP CTIPe (light blue) and GRACE TIE-GCM (light green). 
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The distribution and the relationship of the observation–model values are represented in Figure 44. The first 
row is the distribution of the observations (red) with respect to model results CTIPE (blue) and TIE-GCM 
(green), for CHAMP (left column) and GRACE-A (right column). The second row shows the relationship 
between the model and observations for the same satellites with its corresponding linear regression in red 
for CTIPe and in black for TIE-GCM.  
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Figure 44: Neutral mass density distribution (first row) and relationship (second row) for CHAMP 
(left) and GRACE-A (right) observations (red), CTIPE (blue) and TIE-GCM (green). The linear 
regression of CTIPe (red) and TIE-GCM (black) is also represented. 
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We use the correlation coefficient (R) and the normalize root mean square error (NRMSE) to characterize the 
agreement between observations (𝑂) and models (𝑀) results. NRMSE has been calculated as: 

RMSE = W∑(𝑀6 − 𝑂6),

𝑁
	 

NRMSE(%) = 	
RMSE

𝑀2&8 −𝑀269
100 

Table 3 summarizes the correlation coefficient values and the NRMSE for both models. The results show a 
very good agreement between the models and the observations. 

 

Table 3: Correlation coefficient (R) and normalized root mean squared error (NRMSE) for the density 
observations of December 2008. 

 CTIPe TIEGCM 
 CHAMP GRACE-A CHAMP GRACE-A 
R 0.77 0.78 0.87 0.85 
NRMSE (%) 13 9 16 13 

 

4.5.2.3 August	2015	(GRACE-A/B	and	Swarm-A)	
A similar analysis of the neutral density has been performed for August 2015 comparing GRACE-A and Swarm-
A along the orbit observations with CTIPe and TIE-GCM results. 

The orbit altitude of GRACE-A for this period was between 380 and 420 km and for Swarm A is 450 and 480 
km. Neutral density is calculated inside of the CTIPe model range for most part of GRACE A and Swarm. The 
comparison between the along the orbit results (Figure 45) show a very good agreement of GRACE with both 
models. In this case the bias correction was not necessary. 

The distribution and relationship analysis (Figure 46) show a similar shape in the distribution of GRACE A and 
Swarm A with a two-lobe structure. The models don’t show that structure, however, the correlation 
coefficient and NRMSE (%) for this period are very good and without bias correction (Table 4). 
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Table 4: Correlation coefficient (R) and normalized root mean squared error (NRMSE) for the density 
observations of December 2008. 

 

 

 

 CTIPe TIEGCM 
 Swarm-A GRACE-A Swarm-A GRACE-A 
R 0.65 0.77 -- 0.87 
NRMSE (%) 10 12 -- 16 

 

 

Figure 45: Neutral mass density comparison between along the orbit Swarm-A (top), GRACE-A 
(lower panel) observations (red), CTIPe (blue) and TIE-GCM (green) model results, during August 
2015. Included are the orbit average (line) for both model and observations. 
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Figure 46: Neutral mass density distribution (first row) and relationship (second row) for Swarm-A 
(left) and GRACE-A (right) observations (red), CTIPe (blue) and TIE-GCM (green). The linear 
regression of CTIPe (red) and TIE-GCM (black) is also represented. 
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4.5.2.4 May	2020	(GRACE-C	and	Swarm-A)	
The orbit altitude of GRACE-C for this period was between 440 and 480 km and for Swarm-A is 440 and 470 
km. Neutral density is calculated inside of the CTIPe model range for most parts of Swarm-A and extrapolated 
for GRACE-C. Swarm-B has a more similar range in altitude to GRACE-C, however, it is excluded from the 
comparison because of the large amount of negative neutral density values. TIE-GCM results are not shown 
for this time period because the results look off compared to the observations and the other model results. 

In Figure 47 we have the along-the-orbit neutral density comparison of Swarm-A (upper panel) and GRACE-
C (lower panel). We include the offset corrected data for GRACE-C for CTIPe (light blue) calculated in the 
same way as for CHAMP (Dec 2008). CTIPe distribution and the relationship (Figure 48) show very good 
agreement with both satellites.  



	   

TOLEOS 

Validation Report 

SW-TN-DUT-GS-129_04 
Revision 0 

Page 61 of 70 
  

The use and/or disclosure, etc. of the contents of this document (or any part thereof) is subject to the restrictions referenced on the front page.  

 

 

 

 

Figure 47: Neutral mass density comparison between along the orbit Swarm-A (top), GRACE-C 
(lower panel) observations (red), CTIPe (blue), CTIPe bias corrected (light blue) during May 2020. 
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Figure 48: Neutral mass density distribution (first row) and relationship (second row) for Swarm-A 
(left) and GRACE-C (right) observations (red), CTIPe (blue) and CTIPe bias corrected (light blue). 
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Table 5: Correlation coefficient (R) and normalized root mean squared error (NRMSE) for the density 
observations of December 2008. 

 

 

 

 

4.5.2.5 Crosswind	validation	
Winds derived from CHAMP, GRACE-A and GRACE-C are compared with neutral winds from CTIPe and TIE-
GCM model results. The cross-track winds have been calculated using the procedure described in Section 
4.5.1. In the case of the CTIPe model, we extrapolate for satellite altitudes outside of the model range.  

4.5.2.6 December	2008	(CHAMP	and	GRACE-A)	
We compare the cross-track winds orbit average evolution in time (Figure 49), for CHAMP (top panel) with 
both model results, CTIPe (blue) and TIE-GCM (green). The average behaviour of the evolution is similar to 
the observations except for the peak during between the 14-17 of December. However, the correlation with 
the data is not very high with CHAMP (see table below).  On the other hand, the comparison with GRACE-A 
is completely in disagreement with both models, with differences up to 400 m/s (same results are found for 
GRACE-B that are not shown here). This is likely due to the very low aerodynamic signal in the 2008 solar 
minimum at the high altitude of the GRACE satellites. 

Table 6: Correlation coefficient (R) and normalized root mean squared error (NRMSE) for the crosswind 
observations of December 2008. 

 CTIPe TIEGCM 
 CHAMP GRACE-A CHAMP GRACE-A 
R 0.35 -- 0.32 -- 
NRMSE (%) 26 -- 30 -- 

 

Figure 50 represents the cross-track winds time vs argument of latitude comparison of observations (top), 
TIE-GCM (middle) and CTIPe (lower panel). The differences with the observations for both models are shown 
in Figure 51. The results for GRACE-A are clearly in disagreement with the models with very high differences. 

 CTIPe TIEGCM 
 Swarm-A GRACE-C Swarm-A GRACE-C 
R 0.81 0.70 -- -- 
NRMSE (%) 14 15 -- -- 
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Figure 49: Orbit average crosswinds for CHAMP (top) and GRACE-A (lower panel). Observations of 
both satellites (red) are compared with CTIPe (blue) and TIE-GCM (green) model results. 
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Figure 50: Cross-track orbit average winds of CHAMP (left) and GRACE-A (right) compared with TIE-
GCM (middle) and CTIPe (lower panel) results. 

 

 

Figure 51: Cross-track orbit average winds of CHAMP (left) and GRACE-A (right) compared with TIE-
GCM (middle) and CTIPe (lower panel) difference between model results and observations. 
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4.5.2.7 August	2015	(GRACE-A	and	GRACE-B)	
The results from the comparison of cross-track orbit average winds are represented in Figure 52 for GRACE-
A/B in comparison with both models, which shows a very good agreement with them. The correlation 
coefficient and the NRMSE have improved with respect to the previous time period analysis (December 
2008). 

Table 7: Correlation coefficient (R) and normalized root mean squared error (NRMSE) for the crosswind 
observations of December 2008. 

 CTIPe TIEGCM 
 GRACE-A GRACE-B GRACE-A GRACE-B 
R 0.63 0.63 0.80 0.80 
NRMSE (%) 6 8 7 8 

 

The analysis of the direct comparison of the values of time vs argument of latitude (Figure 53 and Figure 54) 
shows a better agreement with the models than for the previous date. In this context, we note that the 
altitude of the GRACE satellites was considerably lower in 2015 than in 2008. In addition, the solar activity 
was much higher, leading to a stronger aerodynamic signal. 
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Figure 52: Cross-track orbit average winds for GRACE-A (top) and GRACE-B (lower panel). 
Observations of both satellites (red) are compared with CTIPe (blue) and TIE-GCM (green) model 
results. 
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Figure 53: Cross-track orbit average winds of GRACE-A (left) and GRACE-B (right) compared with 
TIE-GCM (middle) and CTIPe (lower panel) results. 

 

 

Figure 54: Cross-track orbit average winds of GRACE-A (left) and GRACE-B (right) compared with 
TIE-GCM (middle) and CTIPe (lower panel) difference between model results and observations. 
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5 Conclusions	

5.1 Radiation	pressure	model	
The new radiation pressure modelling by DUT was successfully validated against the independent 
implementation of UB. The disagreement between the two implementations is only about 7% of the radiation 
pressure signal in both x- and y-components of the acceleration vector. Only the Earth shadow function 
showed a discrepancy, which has been resolved, i.e., the two implementations of the Earth shadow function 
show a good agreement at the time of writing these conclusions. The radiation pressure modelling for 
CHAMP appears to be usable as is. However, the analysis for GRACE revealed possible errors in the radiation 
pressure acceleration modelling in the y-component that cannot be explained by an incorrect 
implementation of the radiation pressure modelling by either UB or DUT. Therefore, more investigations are 
required to test the validity of the information provided in the GRACE handbook. At the time of writing, this 
has been accomplished. It was found that the reflection coefficients for the solar arrays and the nadir panel 
were not correct. This will be further studied, including the impact on density and crosswind observations. 
The results of the improved radiation pressure modelling, including recommendations for the reflection 
coefficients for GRACE, will published in a scientific journal. The revised radiation pressure modelling is 
judged to be usable in the processing of density and crosswind observations. 

5.2 Density	observations	
The version 3 GRACE-A (GRACE-B is basically identical – not shown) and GRACE-C densities are of excellent 
quality, and much improvement has been made thanks to the precise radiation force modeling. Density 
observations of GRACE-A/B and GRACE-C are in very good agreement with both TIE-GCM and CITPe models. 

The new CHAMP dataset version 01 was also assessed to be of very good quality. However, since a version 
03 will be produced very soon, it was agreed to not release the CHAMP version 01 data to avoid confusion 
amongst users, noting that the baseline and file version of the data products delivered to ESA differs from 
the project-internal versioning. 

5.3 Crosswind	observations	
The GRACE-A/B crosswind observations of August 2015 are in very good agreement with both the TIE-GCM 
and CITPe model, especially for the former with correlation coefficient of 0.8 and NRMSE of 9%. In contrast, 
the GRACE-A/B crosswind observations of December 2008 in complete disagreement with both models, with 
differences larger than 400 m/s. This is not surprising at all because the aerodynamic signal was extremely 
small as a result of the 2008/2009 solar minimum combined with the altitude of the GRACE satellites. The 
finding agrees with the long-term validation by the TIE-GCM model where we found that the standard 
deviation is very high in the solar minimum compared to the period from October 2011 to 2017 when the 
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solar activity was much higher and the GRACE A/B altitude lower than in 2008. We conclude that the 
crosswind observations from October 2011 onwards are of good quality and can be released to users. 

The GRACE A/B crosswind observations in 2002/2003 require a more detailed investigation, which will be 
carried out when preparing a scientific publication on the new TOLEOS datasets. 

As for the density observations, the release of the new CHAMP crosswind observations is slightly postponed 
until version 03 is available. 

 


