
1. Introduction
Even today, modeling the non-gravitational accelerations acting on low Earth orbiting (LEO) satellites with 
altitudes lower than 1,000 km is a great challenge. Among them, the aerodynamic drag mainly depending on the 
density of the thermosphere is the largest. For example, a mis-modeling in the density of 5% may lead to a posi-
tion error of more than 100 m after 7 days in the precise orbit determination (POD) of a spherical LEO satellite 
at a mean altitude of 680 km. Consequently, the knowledge of the thermospheric density is of crucial importance 
for POD, but also for re-entry prediction, maneuver planning, and satellite lifetime planning, as well as for many 
geo-scientific applications such as remote sensing, satellite gravity missions and satellite altimetry. In the latter 
case, for example, for sea level studies, the satellite orbits need to be known with an accuracy of a few millimeters, 
see for example, Rudenko et al. (2017).
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modeled density of NRLMSISE-00. To check the reliability of the SLR-derived scale factors, we compare the 
POD result of two different software packages, namely DOGS-OC from DGFI-TUM and GROOPS from IGG 
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Plain Language Summary Variations in the density of the thermosphere must be taken into 
account when modeling and predicting the motion of satellites in the near-Earth environment. Typically, 
thermospheric densities at the position of satellites are provided by models, but their accuracy is limited. Due 
to the sensitivity of satellites orbiting the Earth in the altitude range of the thermosphere, they can be used to 
derive information about the thermospheric density. In this study, we compare for the first time thermospheric 
density corrections in terms of scale factors for the NRLMSISE-00 model with a temporal resolution of 12 hr 
derived from two geodetic measurement techniques, namely satellite laser ranging (SLR) and accelerometry. 
Our results demonstrate that both measurement techniques can be used to derive comparable scale factors 
of the thermospheric density, which vary around the desired value one. This indicates to which extent the 
NRLMSISE-00 model differs from the observed thermospheric density. On average, during high solar activity, 
the model underestimates the thermospheric density and can be scaled up using the estimated scale factors. We 
additionally discuss our estimated scale factors with respect to an external data set. Furthermore, we validate 
the approach of deriving scale factors from SLR measurements by using two independent software packages.
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In the past, various thermosphere models have been developed. As output parameters they comprise amongst 
others the density and the temperature by taking into account the complex interactions between the atmosphere 
and the solar as well as the geomagnetic activity. In general, thermosphere models can be categorized into em-
pirical and physical ones. Examples of empirical models are the NRLMSISE-00 model (Picone et al., 2002), its 
follow-up, the NRLMSIS 2.0 model (Emmert, Drob, et al., 2021), the Jacchia-Bowman 2008 model (JB2008; 
Bowman et al., 2008), the Drag Temperature Model 2013 (DTM2013; Bruinsma, 2015), and the CH-Therm2018 
model (Xiong et al., 2018). For the second type of models, the consideration of the physical coupling processes 
between the neutral thermosphere and the charged ionosphere is fundamental. An example of such a model is 
the Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) developed by the Na-
tional Center of Atmospheric Research (NCAR). It provides a comprehensive, three-dimensional, non-linear 
representation of the coupled thermosphere and ionosphere system (Qian et al., 2014). All the aforementioned 
models are based on slightly different input data sets and thus, may lead to rather different results, in particular 
in case of strong space weather events. As input data sets, we want to mention globally defined solar and ge-
omagnetic indices, for example, the F10.7 solar index (Tapping, 2013), the 30-cm solar flux index (De Wit & 
Bruinsma, 2017), the Mg II core-to-wing solar index (Viereck & Puga, 1999), as well as the geomagnetic Kp and 
ap indices (Bartels et al., 1939; Matzka et al., 2021).

Due to the sensitivity of LEO satellites, an appropriate satellite on-board instrumentation (accelerometer, track-
ing equipment, reflectors, and so forth) can be used to derive information about the thermospheric density. There-
fore, the aforementioned thermosphere models can be improved by ingesting observations, for example, from 
geodetic measurement techniques. To account for possible inconsistencies in the modeled thermospheric density 
scale factors can be considered; see for example, Lean et al. (2006), Doornbos (2012), or Panzetta et al. (2018). In 
this study, we juxtapose scale factors derived from satellite laser ranging (SLR) and accelerometer measurements 
to investigate their comparability; that is, we assume to obtain the same corrections with respect to the modeled 
thermospheric density by applying two different measurement procedures to satellites of different shape orbit-
ing the Earth at different altitudes. In the last decade, accelerometers, for example, on CHAMP (CHAllenging 
Minisatellite Payload) and GRACE (Gravity Recovery And Climate Experiment), have become more and more 
important for providing thermosphere data with unprecedented accuracy and resolution (Mehta et al., 2017). In 
addition to the density, these measurements also enable the derivation of wind data sets, for example, Sutton 
et al. (2007) and Doornbos et al. (2010). Accelerometer measurements are in-situ observations of very high tem-
poral resolution, but only given along the satellite orbit.

Since satellites above 550 km are usually not equipped with accelerometers, SLR measurements to satellites 
flying at similar but also higher altitudes can act as a suitable complement to provide information on the ther-
mospheric density. The main advantage of the SLR technique is its use for the POD of a variety of satellites 
equipped with retro-reflectors orbiting the Earth at mean altitudes below 1,000  km, where the accuracy and 
temporal resolution is higher than, for example, for two-line element (TLE) derived data (Doornbos, 2012). The 
SLR observation technique is based on the precise measurement of the two-way travel time of laser pulses emitted 
from a ground station to a satellite equipped with retro-reflectors, typically achieving a normal point precision 
of 0.25–1.2 cm (Pearlman et al., 2019). Thus, SLR observations are very sensitive to any perturbing acceleration 
acting on a satellite.

The SLR tracking priority list includes a large number of satellites and is organized by the International Laser 
Ranging Service (ILRS; Pearlman et al., 2019). Since SLR is, unfortunately, restricted to a limited number of 
inhomogeneously distributed ground stations, it suffers from a rather sparse observation coverage.

Whereas accelerometer measurements provide in-situ information along the satellite orbit, SLR allows for the 
determination of information integrated along the satellite orbit over a given time interval of several hours. 
Consequently, in this study, we compare and discuss for the first time the results for the thermospheric density 
scale factors estimated from SLR and accelerometer measurements. For that purpose, we take into account both 
the completely different measurement principles and the estimation procedures. Since we possess two extensive 
POD software packages, we additionally compare the estimated scale factors from the two packages for selected 
spherical satellites. In this comparison, we take further advantage of the long mission lifetimes of the selected 
satellites, which allow us to study scale factor time series over more than 30 years (1989–2020), that is, almost 
three solar cycles.
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In the following Section 2, the theoretical background of thermospheric drag modeling is presented briefly. The 
procedures for the estimation of thermospheric density scale factors from SLR measurements—including the two 
independent SLR POD software packages—and accelerometer measurements are presented in Section 3. After 
comparing, analyzing and interpreting the results in Section 4, the conclusions and an outlook on future work are 
drawn in the final Section 5.

2. Theoretical Background
The equation of motion of a satellite, that is, its total acceleration or the second derivative of the satellite's posi-
tion vector rsat(t) with respect to time t,

𝑑𝑑2𝐫𝐫sat(𝑡𝑡)
𝑑𝑑𝑡𝑡2

= 𝐚𝐚sat = 𝐚𝐚G + 𝐚𝐚NG (1)

can be expressed as the sum of the gravitational acceleration aG–consisting of a direct and an indirect part—and 
the non-gravitational acceleration,

𝐚𝐚NG = 𝐚𝐚aero + 𝐚𝐚srp + 𝐚𝐚erp + 𝐚𝐚others, (2)

see Montenbruck and Gill (2000). More precisely, aNG consists of the aerodynamic acceleration aaero, the accel-
eration asrp due to solar radiation pressure (SRP), the acceleration aerp due to Earth albedo and Earth infrared 
radiation pressure (ERP), as well as other kinds of accelerations aothers, such as the radiation pressure of the Moon, 
see, for example, Doornbos (2012). The aerodynamic acceleration reads

𝐚𝐚aero = −1
2
𝐴𝐴ref

𝑚𝑚
𝐜𝐜aero 𝜌𝜌M 𝑣𝑣2rel, (3)

where caero is a dimensionless force coefficient vector depending on the geometry and orientation of the satellite, 
Aref is the effective cross-section of the satellite interacting with the atmosphere, m means the total satellite mass, 
ρM is the thermospheric density and vrel = |vrel| means the velocity of the satellite relative to the atmosphere (Door-
nbos, 2012). The relative velocity vector vrel is defined as the sum

𝐯𝐯rel = 𝐯𝐯r,i + 𝐯𝐯r,c + 𝐯𝐯r,w (4)

of the inertial velocity vector vr, i of the satellite along its orbit, the velocity vector vr, c caused by the rotation of the 
atmosphere and the velocity vector vr, w caused by winds in the atmosphere. Introducing the unit vector x = vr, i/|vr, i|  
pointing into the direction of vr, i, we obtain the along track component of the aerodynamic acceleration by the 
scalar product xTaaero.

As mentioned before, we estimate in our study scale factors for the thermospheric density from SLR and acceler-
ometer measurements. Consequently, we distinguish in the sequel between the

1.  Approach: Utilization of the POD of LEO satellites to estimate scale factors of the thermospheric density from 
SLR tracking measurements, and the

2.  Approach: Calculation of scale factors of the thermospheric density from evaluating the aerodynamic accel-
eration using satellite accelerometer measurements

The first approach is typically applied to spherical satellites, where the perpendicular component of the aero-
dynamic acceleration can be neglected, since it has much less influence on the orbit than the along-track ac-
celeration component xTaaero. Furthermore, the attitude of the satellite does not have to be modeled since the 
cross-sectional area Aref remains constant. Therefore, we assume in case of spherical LEO satellites aaero ≈ aD and 
obtain from Equation 3

𝐚𝐚D = −1
2
𝐴𝐴ref

𝑚𝑚
𝐶𝐶D 𝜌𝜌M 𝑣𝑣2rel 𝐱𝐱. (5)

The drag acceleration (5) is a velocity-dependent non-conservative perturbation, where CD means a dimension-
less aerodynamic drag coefficient describing the interaction of the atmosphere with the satellite surface; for more 
details concerning Equation 5 see, for example, Doornbos (2012) or Panzetta et al. (2018). In this study, we apply 



Journal of Geophysical Research: Space Physics

ZEITLER ET AL.

10.1029/2021JA029708

4 of 17

the first approach to the four spherical LEO satellites Starlette, WESTPAC, Stella and Larets orbiting the Earth 
at different altitudes; more details will be given in Section 3.1 and in Figure 2.

When calculating thermospheric densities according to the second approach from an accelerometer on-board 
nonspherical satellites, we have to deal with two challenges, namely (1) the geometry and attitude of the com-
plex-shaped satellite surface and (2) its interaction with the atmospheric particles. In opposite to the first ap-
proach based on spherical satellites, we have to consider here the perpendicular component of the aerodynamic 
acceleration, that is, the side and lift effects. In other words, the second approach requires the availability and 
the use of a high-quality macro model of the chosen satellite for the evaluation of Equation 3. Furthermore, the 
attitude realization is important since it significantly influences Aref. Here, a nominal or an observation-based 
attitude realization can be used; see for example, Bloßfeld et al. (2020). According to the direct processing algo-
rithm described by Doornbos (2012), the observed drag acceleration from accelerometer measurements can be 
determined. In this study, the utilization and evaluation of accelerometer data from the LEO satellite missions 
CHAMP and GRACE is discussed in detail in Section 3.2.

3. Estimation of Thermospheric Density Scale Factors
3.1. Satellite Laser Ranging (SLR)

SLR provides highly accurate (sub cm-level) travel time measurements of laser pulses reflected at retro-reflectors 
mounted on satellites, which have been emitted from globally distributed telescopes located at the Earth’s surface. 
This technique can also be used to determine various geodetic parameters such as the position and velocity vector 
of reference points at tracking stations, Earth rotation parameters, and Earth gravity field coefficients (Bloßfeld 
et al., 2018).

Following the first approach introduced in Section 2, we formulate the observation equation of the SLR one-way 
range measurement p and its error ep averaged from the two way travel time as

𝑝𝑝 + 𝑒𝑒p = ‖𝐫𝐫sat(𝑡𝑡M + Δ𝑡𝑡) − 𝐫𝐫sta(𝑡𝑡M + Δ𝑡𝑡)‖ + Δ𝑝𝑝𝑝 (6)

where we consider on the right-hand side, for simplification, only the geometrical distance 
𝐴𝐴 ‖𝐫𝐫sat(𝑡𝑡M + Δ𝑡𝑡) − 𝐫𝐫sta(𝑡𝑡M + Δ𝑡𝑡)‖ and a range bias Δp; a more detailed version of the observation equation is provid-

ed, for example, by Bloßfeld (2015) or Panzetta et al. (2018). In Equation 6, rsat means according to Equation 1 
the position vector of the satellite’s center of mass in the Geocentric Celestial Reference System (GCRS), tM is 
the time epoch of reflection of the laser pulse at the satellite, Δt is the time bias of the measurement, and rsta is 
the position vector of the station converted from the International Terrestrial Reference System (ITRS; Petit & 
Luzum, 2010) to the GCRS using Earth orientation parameters.

Since we want to estimate scale factors from SLR analyses, we extend the right-hand side of Equation 5 by the 
time-dependent scale factor fs,SLR = fs,SLR(t), such that the modified drag acceleration reads

𝐚𝐚D = −1
2
𝑓𝑓s,SLR

𝐴𝐴ref

𝑚𝑚
𝐶𝐶D 𝜌𝜌M 𝑣𝑣2rel 𝐱𝐱. (7)

For spherical satellites and assuming that the quantities Aref, m, CD and vrel in Equation 7 have been precisely de-
termined, the scale factor fs,SLR can be interpreted as a pure scaling of the thermospheric density ρM provided by 
a thermosphere model. In our numerical investigations, we apply in the sequel only the empirical thermosphere 
model NRLMSISE-00, which describes the neutral temperature and densities from the Earth surface to lower 
exosphere (0–1,000 km). The model possesses an extensive underlying database covering several decades, it is 
therefore driven by various data sets such as accelerometer and orbit-derived density data, inferred temperature 
from incoherent scatter radar, UV occultation measurements and the F10.7 index reflecting solar activity vari-
ations; for more details see Picone et al. (2002). As input, the model requires position and time as well as space 
weather data represented by the F10.7 and Kp index. NRLMSISE-00 takes statistical variability into account 
while interpolating, or extrapolating, the underlying data sets to estimate composition, temperature, and density 
for times, where geophysical conditions and locations are not covered by the database. Therefore, the NRLM-
SISE-00 model can be evaluated at any time and geographical position. An example output of thermospheric 
density as a function of altitude can be found in Figure 1.
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To estimate a scale factor from SLR measurements according to Equations 6 
and 7, a POD has to be performed. This way, a scale factor fs,SLR estimated 
with a time resolution of 24 up to 6 hr has to be interpreted as the mean value 
resulting from the integration along the orbit of the underlying time interval; 
see for example, Panzetta et al. (2018) and Rudenko et al. (2018). Within the 
scope of this study, the two software packages DOGS-OC and GROOPS are 
available to perform the POD. The results of these two packages are used 
to verify the reliability of the estimated scale factors (see Section 4.2). For 
such a validation, the same or at least a rather similar parameterization in 
both software packages is required; details on the software packages will be 
provided in the following two Sections 3.1.1 and 3.1.2. Satellite-specific in-
formation common to both software packages provided by the ILRS can be 
found at the ILRS webpage https://ilrs.cddis.eosdis.nasa.gov/missions/satel-
lite_missions/index.html.

3.1.1. DGFI Orbit and Geodetic Parameter Estimation Software-Orbit 
Computation

At DGFI-TUM, the DGFI Orbit and Geodetic Parameter Estimation 
Software—DOGS (Bloβfeld,  2015; Gerstl,  1997) is used to process space  
geodetic observations like SLR, DORIS (Doppler Orbitography and Ra-
diopositioning Integrated by Satellite), and VLBI (Very Long Baseline  
Interferometry) as well as their combination at various levels of the 
Gauss-Markov model. The orbit computation (OC) component of DOGS 
enables four modi, such as (1) orbit computation, (2) simulation of obser-
vations, (3) generation of normal equations, and (4) parameter correction. 
In this study, we use the last modus, where the numerical integration of a 
satellite orbit is performed together with adjusting a set of model parameters 
to the SLR observations applying an iterative least squares estimation. The 
analysis is based on commonly used geophysical background models (Petit & 

Luzum, 2010). The implemented integrator is based on a Gauss-Jackson predictor-corrector algorithm of seventh 
order with a typical step size between 5 and 60 s used for orbit integration (depending on the satellite altitude). 
For the comparison of the scale factors derived from the two SLR software packages, the same background mod-
els should be used in more or less the same way for the processing of Starlette, Stella, and Larets; see Table A1. In 
addition, the applied corrections to the observed SLR ranges are the tropospheric, relativistic, station-dependent, 
satellite-specific center of mass, and phase center corrections. The list of unknown parameters usually includes 
an initial state vector, SRP and ERP scale coefficients, thermospheric density scale factors, and empirical ac-
celerations in along-track and normal directions. Furthermore, Earth rotation parameters, station coordinates, or 
range biases can be added. For the empirical accelerations, it is ensured that only negligible correlations with all 
estimated model scale factors occur. A detailed list of the estimated parameters of this study is given in Table A2.

According to Panzetta et al.  (2018), the drag coefficient CD in Equation 7 is computed analytically, based on 
physical principles described in a gas-surface interaction (GSI) model which is, in this study, the Sentman model 
(Sentman, 1961), where the accuracy is limited but current studies focus on the development of new GSI models, 
see for example, Mehta et al. (2017) and March et al. (2019), which are not considered here. When determining 
the CD coefficient, the energy accommodation α is an important parameter that defines the momentum exchange 
of the gas molecules with the satellite surface. Based on the study of Pilinski (2011) and the assumption of a com-
pletely diffuse (cosine) reflection of the gas molecules, the energy accommodation coefficient α = 1 (complete 
accommodation) can be chosen. Assuming that all variables in Equation 7 can be determined accurately, a POD 
procedure can be used to estimate the scale factors. As a compromise, we have chosen a temporal resolution of 
12-hr for orbits of 7- and 15-day length. Up to the beginning of 1993, only 15-day orbits were computed for the 
Starlette satellite due to the small amount of observations during that time. For all other SLR satellite missions, 
7-day orbits were computed. To compare scale factors derived from SLR and accelerometer measurements, we 
chose a different parameterization setup than in the comparison of the two POD software packages to increase the 
accuracy of the scale factors from SLR. In the POD procedures, additional parameters have been estimated, which 
are listed in Table A2. Scale factors of the following SLR satellite missions were estimated: Starlette, WESTPAC, 

Figure 1. Exemplary sketch of the thermospheric density from the 
NRLMSISE-00 model as a function of altitude. For this, 72 altitude profiles 
were calculated along the equator. At a given time step, for solar maximum 
(January 01, 2003) and solar minimum (January 01, 2008), the minimum and 
maximum values at each altitude were determined. The black dashed lines 
show the mean altitudes of the used satellite missions.

https://ilrs.cddis.eosdis.nasa.gov/missions/satellite_missions/index.html
https://ilrs.cddis.eosdis.nasa.gov/missions/satellite_missions/index.html
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Stella and Larets. In addition to the thermosphere model NRLMSISE-00, the Horizontal Wind Model HWM14 
(Drob et al., 2015) is used in both cases, which provides information about zonal and meridional winds in the 
atmosphere, see Equation 4.

For time intervals without any SLR observation, the scale factors are set to 1, since an estimation is not possible. 
More information on the applied approach, the processing, and a test of different satellites and empirical thermo-
sphere models can be found in Panzetta et al. (2018) and Rudenko et al. (2018).

3.1.2. Gravity Recovery Object Oriented Programming System

The Gravity Recovery Object Oriented Programming System (GROOPS) was originally designed at the Universi-
ty of Bonn for gravity field recovery using data from the missions CHAMP and GRACE. While this area of work 
moved in 2010 to the Graz University of Technology, the further development of GROOPS in Bonn focused on 
satellite orbit determination from terrestrial tracking stations. The first mission evaluated by GROOPS was the 
lunar orbiter LRO, for which orbits with meter precision have been computed from radio and laser observations 
(Löcher & Kusche, 2018, 2019). Thereafter, the focus of research shifted to geodetic laser satellites. A recent out-
come of this activity is a series of time-variable gravity fields derived from measurements to five SLR satellites 
(Löcher & Kusche, 2021).

The GROOPS software is a toolbox consisting of a number of individual programs; it is written in C++ and 
controlled by a graphical user interface. The module used for SLR analysis performs, like DOGS-OC, an iterative 
adjustment of the orbit parameters to minimize the observation residuals. This procedure strongly relies on nu-
merical integration, which is carried out here by an Adams-Moulton integrator operated with a step size of 30 s. 
The stochastic modeling of the observations is based on the accuracies provided with the normal points from the 
ILRS. For data screening, a median-based procedure is applied. At a later stage, the data weighting is refined 
by variance component estimation following the approach of Förstner  (1979). For this, the normal points are 
grouped by stations to balance the different noise levels of the laser systems.

For this study, data of three selected satellites, Starlette, Stella and Larets, were processed in orbits of 3 days 
length. As in the DOGS-OC computations, the scale factors for the thermospheric density were set up for periods 
of 12 hr each. The parametrization was otherwise chosen rather conservatively, for example, by not considering 
empirical forces. The observed ranges are corrected for the tropospheric and relativistic delays and the center-
of-mass offsets of the satellites. Further station or satellite-dependent systematics are not considered but com-
pensated for range biases set up on a monthly basis. The range corrections and the models applied in the orbit 
integration were mostly the same as those used in the DOGS-OC processing; the most substantial differences are 
the choice of the ocean tide model and a more recent model of the Earth's gravity field. For the drag coefficient, 
the Sentman model is applied, too. The drag itself, however, is slightly differently computed because a wind 
model is not applied in GROOPS. Comprehensive summaries of the used models and the parameter setup are 
provided in Tables A1 and A2.

Figure 2. Mission lifetimes and mean altitudes of the satellite missions Starlette, WESTPAC, Stella, Larets, GRACE and 
CHAMP used in our study. An arrow indicates that the corresponding satellite is still in orbit and in use.
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3.2. Accelerometer

As mentioned before, space-borne accelerometry provides in situ thermospheric density data along the satellite 
orbit with a high temporal resolution of, for example, 10 s for GRACE. According to Equation 1, an accelerom-
eter measures the non-gravitational acceleration acting on a spacecraft. Since the largest non-gravitational ac-
celeration for LEO satellites is the atmospheric drag, there is a direct relation between the density at the position 
of the satellite and the measured acceleration. In this section, we briefly outline the processing of accelerometer 
measurements to derive thermospheric density values. The result will be used to obtain scale factors for the 
NRLMSISE-00 model in order to compare them to the SLR-derived scale factors in Section 4.1.

At first, accelerometer measurements have to be calibrated due to their measurement principle. Here, we apply 
the calibration parameters (daily biases and constant scale factors) as described in Vielberg et al. (2018), which 
were obtained within a POD. Gravitational background models used in the calibration are updated to the fol-
lowing versions: static gravity field GOCO06s (Kvas, Mayer-Gürr, et al., 2019), the time variable gravity field 
ITSG2018 (Kvas, Behzadpour, et al., 2019), the atmosphere and ocean de-aliasing product AOD1B RL06 (Dob-
slaw et al., 2017), and finally the ocean tide model FES 2014b (Carrère et al., 2015).

From the calibrated accelerometer measurements acal, we solve for the aerodynamic acceleration

𝐚𝐚aero = 𝐚𝐚cal − 𝐚𝐚srp − 𝐚𝐚erp. (8)

The two accelerations asrp and aerp, already introduced in Equation 2, are analytically modeled including the 
extensions suggested by Vielberg and Kusche (2020) accounting for thermal re-radiation at the satellite's surface 
and for the Earth's outgoing radiation from hourly CERES SYN1deg data (NASA/LARC/SD/ASDC, 2017) in 
combination with angular distribution models.

Finally, we derive thermospheric density values from the analytical relation in Equation 3 between the aerody-
namic acceleration aaero and the density ρM. After rearranging Equation 3 and solving for the density ρM = : ρACC 
we obtain under the consideration of Equation 8.

𝜌𝜌ACC∶=
−2𝑚𝑚 ⋅ 𝐱𝐱𝑇𝑇 𝐚𝐚aero

𝐴𝐴 ⋅ 𝐱𝐱𝑇𝑇 𝐜𝐜aero ⋅ 𝑣𝑣2rel

. (9)

As mentioned in the context of Equations 3 and 4, the scalar multiplication in Equation 9 with the unit vector x 
indicates the use of the along-track accelerations only. As in Vielberg et al. (2018), we apply the aerodynamic 
coefficient caero following Doornbos (2012) with an energy accommodation coefficient for GRACE of 0.93 and 
0.85 for CHAMP. For the processing of accelerometer-derived densities, we use the GRACE Level-1B acceler-
ometer data (ACC1B) together with reduced dynamic orbits (GNV1B; Case et al., 2010). For CHAMP, we apply 
Level 2 data as well as dynamic orbits (Prange, 2010; Prange et al., 2010). The resulting thermospheric density 
corresponds to the TND-IGG RL01 data set (Vielberg et al., 2021). Since this data set applies the NRLMSIS 2.0 
model within the aerodynamic modeling, we modified the data for this study with the NRLMSISE-00 model.

Finally, the density according to Equation 9 can be used to adjust the density ρM of the empirical model to obtain 
the scale factor fs,ACC similar to fs,SLR introduced in Equation 7

𝑓𝑓s,ACC =
𝜌𝜌ACC

𝜌𝜌M
. (10)

4. Analysis of the Results
In the following, we compare the scale factors fs,SLR and fs,ACC of the thermospheric density, obtained from SLR 
and accelerometer measurements for the six satellite missions shown in Figure 2.In a first comparison, we pres-
ent thermospheric density scale factors derived from SLR measurements using the DOGS-OC software and 
from accelerometer measurements. For the latter, the scale factors are computed from on-board accelerometer 
data of CHAMP and GRACE. Here, the temporal resolution of the scale factors is fixed to 12 hr to allow the 
comparison with the SLR-derived scale factors using the same temporal resolution. The spherical SLR missions 
processed with DOGS-OC are Larets, Stella, WESTPAC, and Starlette, which are orbiting the Earth at different 
mean altitudes between 681 and 957 km (see Figure 2). Additionally, we compare our scale factors with fitted 
thermospheric density ratios (FDR) from the latest Emmert, Dhadly, and Segerman (2021) publication. The ratio 
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values “fFDR” are comparable to our estimated scale factors, since both the ratios and scale factors are used to 
scale the modeled thermospheric density provided by the NRLMSISE-00 model. For the comparison, we used 
the orbit-derived density ratios over a time period from 1989 to 2019 at an averaged altitude of 575 km being 
the largest possible altitude of the FDR data set. The FDRs are derived from ∼7,700 objects in low Earth orbits, 
for more details see Emmert, Dhadly, and Segerman (2021). The underlying data set has a temporal resolution 
of typically 3–4 days. For better readability, we refer only to “scale factors” in the following. Second, within the 
POD of the spherical satellites Larets, Stella and Starlette, scale factors with a temporal resolution of 12 hr using 
the SLR software packages DOGS-OC and GROOPS are estimated to assess their reliability and quality.

4.1. Comparison of SLR and Accelerometer-Derived Scale Factors

Figure 3 shows the estimated scale factors fs,SLR, fs,ACC, and fFDR which were filtered by a 10-day moving average 
filter to remove noise. Only the GRACE time series suffers from a gap, namely between January and June 2007 
when no data were provided.

To establish a relation between a space weather index and the filtered scale factor time series, the latter are plotted 
in Figure 3 against the time series of the 10-day averaged F10.7 index. It is probably the most widely used solar 
index, reflecting the solar extreme ultraviolet (EUV) irradiance at a frequency of 2.8 GHz, corresponding to a 
wavelength of 10.7 cm (Tapping, 2013). It serves as an input for the NRLMSISE-00 model and is a useful indi-
cator of the solar activity because of its correlation with the number of sunspots. On time scales that are relevant 
for thermosphere studies, the solar EUV irradiance spectrum is generally dominated by the 27-day Sun rotation 
and the 11-year solar cycle. The latter can be clearly seen in Figure 3, where a solar maximum is reached approxi-
mately every 11–13 years (the last solar maximum have been identified at Nov. 1989, Nov. 2001, and April 2014), 
characterized by F10.7 values larger than 100 sfu (solar flux unit; 1 sfu 𝐴𝐴 = 10−22 W

m2⋅Hz
 ). A similar behavior is also 

shown by the scale factor time series. Thereby, high solar activity is manifested in larger variations of the scale 
factors, whereas low solar activity is characterized by smaller variations of the scale factors. It can also be seen 
that our scale factors derived from SLR and accelerometer data agree well with the FDR scale factors. Hereby, 
it can be noticed that the FDR scale factors show a smoother variability compared to our data set. This might be 
caused by the fact that Emmert, Dhadly, and Segerman (2021) use an average altitude of 575 km whereas our 
derived scale factors are obtained at distinct altitudes of the respective satellites (cf. Figure 2). In addition, a 

Figure 3. Time series of filtered scale factors fs,SLR of the thermospheric density from satellite laser ranging (using the DOGS-OC software), fs,ACC of the accelerometer 
measurements and of the fitted density ratios fFDR in an averaged altitude of 575 km by Emmert, Dhadly, and Segerman (2021) (bottom) compared to the F10.7 solar 
activity index (top). The scale factor time series are shifted against each other by +1 according to their mean altitude to make them more distinguishable.
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systematic linear decrease of the FDR scale factors after 2016 is visible in the time series. This decrease is less 
prominent in the Starlette-, Stella-, and Larets-derived time series. The reason for this systematic difference is 
not yet clear as unfortunately, other time series like that one derived from GRACE accelerometer measurements 
ends before this time period.

Furthermore, the analysis of the discrete Fourier transform (DFT) amplitude spectra of the scale factor time series 
shown in Figure 4 indicate that the annual period and its harmonics as well as the solar cycle period are present. 
The 27-day solar rotation period can be clearly identified in all time series. For time series longer than 20 years, 
the 11-year solar cycle is visible. Especially the SLR-derived time series show seasonal periods comprising an 
annual and semi-annual signal. An semi-annual signal can also be identified in the spectrum of the FDR scale 
factors. In addition, some periods appear which cannot be explained yet and require further investigations. More-
over, it was tested if the scale factors are influenced by atmospheric gravity waves. Since these depend on local 
time as well as solar and magnetic activity, distinct peaks in the spectra shown in Figure 4 might be caused. To 
test this assumption, we assumed a gravity wave with a period of 9 hr, resulting in an alias period of approximate-
ly 1.5 days. From Figure 4, we can state that neither the spectrum of GRACE nor the CHAMP spectrum shows 
such peaks. Furthermore, studies revealed that gravity waves usually propagate only up to an altitude of around 
500 km, so it is not likely to detect gravity waves in the spectra of the SLR satellites. For the WESTPAC satellite, 
Figure 4 shows a noisier spectrum compared to all other SLR satellites (many peaks between 30 and 180 days). 
This fact might be explained by the much shorter mission duration compared to the other SLR satellites. Taking 
a closer look to the magnitude of the scale factor variations, it is noticeable that they are smaller during low solar 
activity and vary of about 30% around the value 1, which is an indication that the thermosphere model NRLM-
SISE-00 reflects the thermospheric density sufficiently well. In contrast, during high solar activity, the scale 
factors are partly varying dramatically, for example, for Starlette they differ by up to 70% from the value 1 during 
solar maximum epochs. In general, the estimated scale factors indicate to which extent the thermospheric density 
calculated by the NRLMSISE-00 model must be adjusted to represent the density derived from the two measure-
ment techniques. Therefore, it can be concluded that during high solar activity the NRLMSISE-00 model does 
not accurately represent the thermospheric density. Since the model underestimates and overestimates the density, 
respectively, it can be scaled by the factors estimated from the two geodetic observation techniques used here 

Figure 4. Discrete Fourier transform (DFT) amplitude spectrum of the space weather index F10.7 (top) and the scale factor time series of the selected satellite missions 
and the fitted thermospheric density ratios (FDR) data set by Emmert, Dhadly, and Segerman (2021) (bottom). The most dominant periods are marked with a red cross 
and the corresponding time period values in days. The spectra of the scale factor time series are shifted by 0.15, in case of FDR and Starlette by 0.20, corresponding to 
their mean altitude to make them more distinguishable.
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in this study. To investigate this topic further, Table 1 lists the mean values and standard deviations for selected 
scale factor time series, first for low solar activity (January 01, 2006–September 03, 2010) and second for high 
solar activity (January 01, 2011–December 31, 2016). Considering the mean values of the estimated scale factors 
for the different satellites, it is noticeable that they are close to 1. When the solar activity is low, the scale factors 
increase in general with increasing satellite altitude, whereas during high solar activity, the scale factors decrease 
with increasing altitude. Hence, on average, the NRLMSISE-00 model overestimates the thermospheric density 
at low solar activity and must be downscaled using the estimated scale factors, while the model underestimates 
the thermospheric density at high solar activity and must be upscaled. We notice that the mean values of the FDR 
scale factors show smaller values compared to our estimated scale factor time series. An offset of about 0.2 for 
both solar activity periods discussed above might be caused by the combination of objects for fitting the density 
ratios to gridded global average values. Additionally, a different model-dependent ballistic coefficient calcula-
tion was used by Emmert, Dhadly, and Segerman (2021). Compared to (Emmert, 2009) the ballistic coefficient 
for the primary reference object (Starshine 1) is about 8% higher. This might result in an overall decrease of the 
thermospheric density scale factors of about 8%. We also find a linear decrease of the thermospheric density scale 
factors from satellite missions above 680 km of about −5% per decade due to climate change. This fits well to the 
results from Solomon et al. (2015).

Table 2 shows the correlation coefficients between the different satellite solutions and the external data set of 
Emmert, Dhadly, and Segerman (2021). These values are computed at overlapping time intervals for each pair of 
the scale factor time series. They vary from 0.70 to almost 1. Three correlation coefficients, highlighted in bold 
in Table 2, will be pointed out in more detail in the following as they show the highest correlation: (1) a pure SLR 
comparison between WESTPAC and Stella: 0.98, (2) a mixed SLR and accelerometer solution between Larets 
and GRACE: 0.81, and (3) an accelerometer only solution between GRACE and CHAMP: 0.89. All three corre-
lation coefficients show a value close to 1, indicating a high similarity of the time series. It is noticeable that the 
correlation coefficients become smaller with decreasing satellite altitude difference. The correlation coefficients 

Solar activity Statistics Starlette Stella Larets FDR GRACE CHAMP

Low Mean 1.01 0.96 0.99 0.74 0.95 0.89

STD 0.07 0.08 0.09 0.12 0.16 0.11

High Mean 1.10 1.12 1.12 0.96 1.20 -

STD 0.12 0.17 0.19 0.16 0.16 -

Note. In addition, the same quantities are given for the scale factors fFDR by Emmert, Dhadly, and Segerman (2021) at the 
average altitude of 575 km. All values refer to low (January 01 2006–September 03, 2010) and high (January 01, 2011–
December 31, 2016) solar activity conditions.

Table 1 
Mean Values and Standard Deviations (STD) of the Estimated Scale Factors fs,SLR and fs,ACC for Various Satellite Altitudes 
From Satellite Laser Ranging Measurements and From GRACE and CHAMP Accelerometer Measurements, Respectively

Starlette WESTPAC Stella Larets FDR GRACE CHAMP

Starlette 1 0.96 0.90 0.86 0.73 0.71 0.70

WESTPAC 0.96 1 0.98 - 0.83 - -

Stella 0.90 0.98 1 0.93 0.84 0.77 0.75

Larets 0.86 - 0.93 1 0.93 0.81 0.74

FDR 0.73 0.83 0.84 0.93 1 0.89 0.92

GRACE 0.71 - 0.77 0.81 0.89 1 0.89

CHAMP 0.70 - 0.75 0.74 0.92 0.89 1

Note. The highest pure SLR, pure accelerometer and mixed SLR-accelerometer correlation coefficients from the various 
comparisons are highlighted in bold.

Table 2 
Correlation Coefficients Between the Different Satellite Solutions and the External Data Set of Scale Factors by Emmert, 
Dhadly, and Segerman (2021)
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of the FDR scale factors confirm a high agreement with our derived scale factor time series. Again, the correla-
tion coefficients become smaller with decreasing altitude difference. The highest agreement is with the Larets 
scale factor time series with a value of 0.93 and the CHAMP time series with a value of 0.92.

An alternative analysis to identify the similarity of the time series is given by the corresponding scatter plots of 
the estimated scale factors for selected satellite missions as shown in Figure 5. The figure provides more insight 
into the different approaches for the estimation of the thermospheric density scale factors. For this purpose, we 
use the scale factor time series for the highest correlation coefficients highlighted in bold in Table 2. The scatter 
plots are created by plotting the corresponding time series against each other. The occurrence of the scale factors 
with time is counted and stored in bins. A bin was chosen with a size of 0.01 by 0.01. The scatter plots allow to 
quantify scale differences or offsets in the underlying scale factor time series. For a perfect match of the scale 
factors, the estimated scale factors of the different satellite solutions would be positioned on the dashed central 
diagonal. On the left side of Figure 5, a pure SLR comparison between the spherical satellites Stella and WEST-
PAC has been performed. The scale factors show a linear distribution, which indicates a high similarity of the 
two time series. This also confirms the previously determined high correlation coefficient between the Stella 
and the WESTPAC solution. In the mid panel of Figure 5, the derived scale factors from SLR and accelerometer 
observations are plotted with respect to each other. The scale factors reveal that for both methods scale factors of 
the thermospheric density are predominantly estimated close to 1. The distribution of the scale factors displays a 
noticeable scatter, a wider band around the dashed line, which is related to the smaller correlation coefficient of 
0.81. In general, most counts of the scale factors per bin are located below the dashed line, which suggests that on 
average higher scale factors are determined with GRACE than with the SLR solution of Larets. A possible expla-
nation could be that the thermospheric density provided by the NRLMSISE-00 model fits better to observations 
in the altitude range (681 km) of Larets than in the altitude range (500 km) of GRACE. On the right side, Figure 5 
illustrates the comparison of the accelerometer-only solutions. Again, there is a scatter of the scale factors around 
the dashed line, verifying that they have a high degree of similarity disturbed only by a few outliers.

4.2. Comparison of SLR-Derived Scale Factors

The focus of this comparison is based on the analysis of the estimated scale factor time series for the thermo-
spheric density derived from SLR measurements but using the two software packages DOGS-OC and GROOPS 
introduced in Sections 3.1.1 and 3.1.2. The parameterization for the PODs was selected as similar as possible 
(cf. Tables A1 and A2). Figure 6 shows the two estimated scale factor fs,SLR time series using DOGS-OC (blue) 
and GROOPS (orange), respectively, where again a 10-day moving average filter was applied to remove noise; 
statistical details are provided in Table 3. Again, considering the mean values of the estimated scale factors for 
the different satellites, it is noticeable that they are all close to 1. The least scaled time series are obtained using 
the measurements to Larets, where the mean values are 1.02 from DOGS-OC and 1.03 from GROOPS, see Ta-
ble 3. In fact, the estimated scale factors of both POD software packages agree very well. The calculation of the 

Figure 5. Scatter plots of the thermospheric density scale factors with the highest correlation coefficients highlighted in bold in Table 2. (left) Scale factors derived 
from satellite laser ranging (SLR) measurements only, (mid) scale factors from SLR and accelerometer, (right) scale factors from accelerometer measurements only.
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correlation coefficient reveals a value of 0.94 for Larets and a significantly smaller value of 0.76 for Starlette. It 
will be stated here and discussed at the end of this Section, that (see Figure 2), the correlation coefficient and, 
thus, the similarity of the time series decreases with increasing satellite altitude. In Figure 7, scatter plots are 
again used to evaluate the similarity of the scale factor time series from the two software packages for the select-
ed satellite missions. As before, the bin size was set to 0.01 by 0.01. The dashed line shows again the solution, 
where the scale factors of DOGS-OC and GROOPS perfectly match each other. The representation of the scale 
factors of Starlette shows a wide distribution compared to the other satellite solutions. The highest count of scale 
factors is located between 0.9 to 1.2, which also fits well with the determined mean values for DOGS-OC and 
GROOPS. However, the resulting scale factors for Stella are less scattered. The most counts per bin are in a range 
of 0.8–1.2. The best-fit is again obtained for the scale factors estimated from Larets measurements, where the 
most scale factors appear between 0.7 to 1.1. The analysis of the scatter plots discloses minor differences between 
scale factors of the various satellite solutions whereby the comparison between the software packages leads to 
rather similar results, which was expected, since similar background models were used. In tendency, DOGS-

OC provides smaller scale factors of the thermospheric density compared to 
GROOPS, which is recognizable by the slight offset of the elevated number 
of scale factors per bin (colored in orange to light yellow) from the solution 
where DOGS-OC and GROOPS would perfectly match each other. Consid-
ering the corresponding satellite altitudes, it is noticeable that both Starlette 
and Stella are flying at altitudes of around 950 and 800 km, where the influ-
ence of the thermospheric density decreases (Figure 1). Consequently, other 
accelerations such as asrp caused by SRP (cf. Equation 2) can become more 
important.

In contrast, Larets, which is orbiting the Earth at a mean altitude of around 
680 km, is significantly more affected by the atmospheric drag. This is also 
the reason why the correlation coefficients in the right column of Table 3 

Figure 6. Filtered thermospheric density scale factors fs,SLR for Starlette, Stella, and Larets estimated from DOGS-OC (blue) and from GROOPS (orange).

Satellite
Mean fs,SLR 
(DOGS-OC)

Mean fs,SLR 
(GROOPS)

STD 
(DOGS-

OC)
STD 

(GROOPS)
correlation 
coefficient

Starlette 1.11 1.12 0.18 0.18 0.76

Stella 1.07 1.11 0.18 0.18 0.89

Larets 1.02 1.03 0.18 0.18 0.94

Table 3 
Mean Value, Standard Deviation (STD) and Correlation Coefficient of the 
Estimated Scale Factors fs,SLR for Starlette, Stella, and Larets Computed With 
DOGS-OC and GROOPS
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increases with decreasing satellite altitude. The stronger the thermospheric drag aD as defined in Equation 7 ap-
pears in the SLR observation Equation 6, the more reliable the scale factor fs,SLR is estimable by means of the se-
lected parameter estimation procedure. Consequently, the two SLR software packages DOGS-OC and GROOPS 
are providing rather similar results for Larets, since the parameter estimation procedures and the software para-
metrizations are fitting well to each other. With 0.89 the correlation coefficient for Stella is still high, but less as 
for Larets with 0.94.

5. Discussion and Outlook
This study underlines the importance of estimating scale factors for thermospheric densities from empirical ther-
mosphere models, such as NRLMSISE-00, using geodetic observation techniques. When comparing the scale 
factors estimated from SLR and accelerometer measurements, we have demonstrated that they are rather similar 
and varying around the desired value 1, but showing deviations of up to 30% at low solar activity and up 70% at 
high solar activity. Thus, NRLMSISE-00 does not model the thermospheric density accurately enough during 
high solar activity, manifested in significant oscillations of the obtained scale factors. A comparison with scale 
factors from an external data set by Emmert, Dhadly, and Segerman (2021) show a general agreement with our 
SLR- and accelerometer-derived scale factor time series although the external scale factor time series seems to be 
smoother due to the use of an averaged altitude. This finding further supports the evaluation of the reliability of 
our derived SLR- and accelerometer-based thermospheric density scale factors.

To test the reliability of the scale factors determined from SLR measurements, the two independent POD software 
packages DOGS-OC from DGFI-TUM and GROOPS from IGG Bonn were used. We obtained the best agree-
ment with measurements according to Larets with a correlation coefficient of 0.94. Overall, it can be seen that 
the solutions have larger correlation coefficients with decreasing altitude, which is related to the influence of the 
thermosphere and its exponential decrease with altitude. In this context we could state, that the estimated scale 
factor time series derived from the two software packages show quite similar results, although slightly different 
setups were used for the respective PODs.

Regarding the title of the study, the mid panel of Figure 5 might include the most important conclusion, since 
it compares the estimated scale factor fs,ACC from GRACE accelerometer measurements with the corresponding 
scale factors fs,SLR from SLR measurements to Larets. Since we compare here in situ information along the 
GRACE orbits with results which needs to be interpreted as mean values derived from the integration along the 
Larets orbit over an time interval of 12 hr, we cannot expect a linear behavior in the scatter plot as shown, for 
example, in the left panel of Figure 5. Besides the two rather different measurement techniques accelerometry 
and SLR as well as the two evaluation principles, we also have to take into account that fs,ACC and fs,SLR are de-
termined from GRACE at a mean altitude of 500 km and Larets at a mean orbit height of 680 km. Consequently, 
and considering finally the right panel of Figure 5, our results are promising and allow not only a comparison of 
the scale factors from accelerometry and SLR, but also their combination. Such an application goes, however, 

Figure 7. Scatter plots of thermospheric density scale factors fs,SLR for the three spherical satellites Starlette (left), Stella (mid), and Larets (right) calculated by the 
software packages DOGS-OC and GROOPS. The dashed line indicates the solution where the scale factors of DOGS-OC perfectly match those of GROOPS.
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beyond the scope of this paper and will not be discussed here. Instead, we continue the interpretation of the mid 
panel of Figure 5. An offset of the highest count of scale factors below this solution is an evidence that larger scale 
factors are estimated with GRACE than with Larets, which can be, for example, by the fact that the thermospheric 
density provided by the NRLMSISE-00 model fits better in the altitude range of Larets than in the altitude range 
of GRACE as already stated before. It should also be mentioned that applying accelerometer-derived densities 
from other processing centers (Doornbos, 2012; Mehta et al., 2017) might lead to slightly different scale factors 
due to small biases between the density data sets, which are related to differences in the density processing, for 
example, macro-models, GSI models or radiation pressure force models.

To further our research, we will consider other SLR satellite missions, for example, GFZ-1, ANDE-C/P to get 
more information about the state of the thermosphere. It would also be interesting to study scale factors derived 
with respect to other empirical models and compare them with our results obtained in this study. Also, the scale 
factors can be improved by extending the GSI models. At present, the poor coverage of SLR tracking stations is 
improved by installing new SLR stations for example, in Ny-Ålesund (Norway) or Ponmundi (India) (Pearlman 
et al., 2019). Several simulation studies have been performed in the last time to extend the global SLR tracking 
network to achieve the objectives of the Global Geodetic Observing System (GGOS) and future terrestrial refer-
ence frames (Kehm et al., 2019). Thus, a significant improvement of SLR input data coverage for thermospheric 
density studies will be obtained.

Appendix A1: Additional Tables
Appendix A1.1: Background Models for the Processing of Spherical LEO Satellites

Table A1 shows different background models used in the two different POD software packages DOGS-OC and 
GROOPS are provided.

Forces Model used in DOGS-OC Model used in GROOPS

Earth gravity field EIGEN-6S model (Förste et al., 2011). Static part: up to degree/order 
120. Time variable part: up to degree/order 50.

EIGEN-6S4 (Förste et al., 2016). Static part: up to degree/
order 120. Time variable part: up to degree/order 60.

Lunar gravity field Up to degree/order 50 (Konopliv et al., 2001) -

Short-term mass variations - AOD1B RL 06 (Dobslaw et al., 2017)

Solid Earth tides International Earth Rotation and Reference Systems Service (IERS) 
Conventions 2010

IERS Conventions 2010

Ocean tides EOT11a model (Savcenko & Bosch, 2012) up to degree/order 
30 + 62 admittance waves (Petit & Luzum, 2010)

FES2014b (Carrère et al., 2016) up to degree/order 
180 + admittance waves

Atmospheric tides BB2003 (Biancale & Bode, 2006) AOD1B RL 06

Ocean pole tide (Desai, 2002) (Desai, 2002)

Solid Earth pole tide IERS Conventions 2010 IERS Conventions 2010

Permanent tides IERS Conventions 2010 IERS Conventions 2010

General relativistic correction Schwarzschild, de Sitter, Lense-Thirring (IERS Conventions 2010) Schwarzschild, de Sitter, Lense-Thirring (IERS 
Conventions 2010)

Third body effect (direct tides) DE-421: Sun, Moon, Mercury, Venus, Mars, Jupiter, Saturn (Folkner 
et al., 2008)

DE-421: Sun, Moon, Planets

Solar radiation pressure (SRP) Cannonball model, constant radiation with eclipse modeling Cannonball model

Earth radiation pressure (ERP) Albedo and infrared (Knocke et al., 1988) Albedo and infrared (Knocke et al., 1988)

Atmospheric drag NRLMSISE-00 NRLMSISE-00

Table A1 
The Following Models Have Been Used for the Processing of Spherical LEO Satellites With DOGS-OC and GROOPS
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Appendix A1.2: Detailed List of the Estimated Parameters During the POD Procedures

Table A2 shows the estimated unknown parameters for the different parameterization setups.

Data Availability Statement
The thermospheric density scale factor time series discussed in this study are openly available at Zenodo via 
https://doi.org/10.5281/zenodo.5341420 with the License Creative Commons Attribution 4.0 International.
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