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The thermosphere and 
exosphere

• Upper layers of the Earth’s atmosphere, starting at 
~90 km. 

• Strong coupling of thermosphere dynamics with 
ionosphere and magnetosphere. 

• Large thermospheric variability, driven by solar UV 
radiation, Joule heating and particle precipitation, 
taking place in the lower thermosphere.
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200 km
0.13 10-9 kg/m3

0.21 10-9 kg/m3

400 km
0.29 10-12 kg/m3

1.24 10-12 kg/m3

500 km
25.80 10-15 kg/m3

179.03 10-15 kg/m3

600 km
3.83 10-15 kg/m3

30.64 10-15 kg/m3

700 km
1.25 10-15 kg/m3

12.04 10-15 kg/m3

800 km
0.64 10-15 kg/m3

6.62 10-15 kg/m3

1000 km
0.25 10-15 kg/m3

2.23 10-15 kg/m3

Low activity (2006)

Latitude / local solar time density variation 
at low solar activity, according to the 
NRLMSISE-00 model.



Experience with CHAMP, GRACE, 
GOCE and Swarm data processing
• Goal: create an accurate long-term, high temporal 

resolution, multi-mission thermosphere data set. 

• Application areas: 

• Detailed study of climatology and weather in the 
thermosphere. 

• Validation of numerical thermosphere-ionosphere models. 

• Input to empirical models for use in space mission 
planning, operations, re-entry prediction, collision 
avoidance, etc.















GOCE orbital dynamics: 
Aerodynamic acceleration



GOCE orbital dynamics: 
Ion thruster acceleration



GOCE orbital dynamics: 
Radiation pressure acceleration











152 Density and wind determination processing
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Figure 8.2 Calibrated acceleration measurements for CHAMP in the body-fixed X- (left) and
Y-direction (right).

‘twangs’ of the satellite’s thermal isolation, and switches in the circuits of on-
board magnetic torquers and heaters [Flury et al., 2008]. The GRACE-A satellite
switched its orientation on December 11, 2005, which causes the accelerations in
the X- and Y-directions to be inverted after this date.

8.3.2 Radiation pressure model output: RADPRESS ANGARA and
RADPRESS PANELS

The RADPRESS data are computed using the equations for solar and terres-
trial radiation pressure described in Chapter 5, making use of the ORBIT and
QUAT INTERPOLATED data. The acceleration vectors ~̈rsrp, ~̈ralb and ~̈rIR for the
contributions by sunlight, Earth albedo and Earth infrared radiation, respectively,
are available separately in the spacecraft body-fixed frame.

1. Solar radiation pressure acceleration along the S/C X-axis (m/s2)
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Figure 8.4 Modelled solar radiation pressure accelerations for CHAMP using the panel model (left)
and the ANGARA model (right), for the X-direction (top) and Y-direction (bottom).

2. Solar radiation pressure acceleration along the S/C Y-axis (m/s2)

3. Solar radiation pressure acceleration along the S/C Z-axis (m/s2)

4. Earth albedo radiation pressure acceleration along the S/C X-axis (m/s2)

5. Earth albedo radiation pressure acceleration along the S/C Y-axis (m/s2)

6. Earth albedo radiation pressure acceleration along the S/C Z-axis (m/s2)

7. Earth infrared radiation pressure acceleration along the S/C X-axis (m/s2)

8. Earth infrared radiation pressure acceleration along the S/C Y-axis (m/s2)

9. Earth infrared radiation pressure acceleration along the S/C Z-axis (m/s2)

The modelled solar radiation pressure accelerations for CHAMP and GRACE
are shown in Figures 8.4, 8.5, respectively. Earth albedo and infrared radiation
pressure for GRACE only is shown in a similar manner in Figure 8.6. The distinc-
tive eclipse patterns are visible for the solar radiation pressure accelerations. The
albedo and infrared accelerations are only displayed for GRACE’s Z-direction, as
they can not be compared with real data for CHAMP, due to the malfunction of
that axis. The albedo and infrared radiation pressure accelerations in the space-
craft X- and Y-directions have a maximum magnitude below 1 nm/s2, so they
can safely be neglected for the purposes of this project. In the Z-direction, these
Earth radiation pressure accelerations show a seasonal dependence, based on the
monthly maps of ERBE data. The infrared radiation pressure has a mimimum in
June and July, when the satellite flies over Antarctica, at 270 degrees argument of
latitude.
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Figure 8.7 Calibrated acceleration measurements with radiation pressure model contributions
removed for CHAMP in the body-fixed X- and Y-directions.

precise orbit determination of a satellite for which an accelerometer is not avail-
able. The data fields are as follows:

1. Linear acceleration in S/C X-direction (m/s2)

2. Linear acceleration in S/C Y-direction (m/s2)

3. Linear acceleration in S/C Z-direction (m/s2)

Figure 8.9 shows the modelled aerodynamic accelerations for CHAMP, which can
be compared with the measured accelerations in Figures 8.2 and 8.7.

8.3.5 Modelled non-gravitational accelerations: ACCEL SIMULATED

Simulated accelerations are constructed by summing the RADPRESS and AERO
products. Read the descriptions of those products for more details. For CHAMP,
the Z-component of the ACCEL SIMULATED ANGARA DIRECT version of this
product is used in the accelerometer calibration, to replace the faulty output from
the broken accelerometer Z-axis. The data fields are again as follows:

1. Linear acceleration in S/C X-direction (m/s2)
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Global ionospheric and thermospheric response
to the 5 April 2010 geomagnetic storm:
An integrated data-model investigation
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Abstract We present a case study of the 5 April 2010 geomagnetic storm using observations and
numerical simulations. The event was driven by a fast-moving coronal mass ejection and despite being
a moderate storm with a minimum Dst near !50 nT, the event exhibited elevated thermospheric density
and surges of traveling atmospheric disturbances (TADs) more typically seen during major storms. The
Thermosphere-Ionosphere-Mesosphere-Electrodynamics General Circulation Model (TIMEGCM) was used
to assess how these features were generated and developed during the storm. The model simulations gave
rise to TADs that were highly nonuniform with strong latitude and longitude/local time dependence.
The TAD phase speeds ranged from 640m/s to 780m/s at 400 km and were ~5% lower at 300 km and
approximately 10–15% lower at 200 km. In the lower thermosphere around 100 km, the TAD signatures
were nearly unrecognizable due to much stronger influence of upward propagating atmospheric tides. The
thermosphere simulation results were compared to observations available from the Gravity Field and
Steady-State Ocean Circulation Explorer (GOCE), CHAllenging Minisatellite Payload (CHAMP) and Gravity
Recovery and Climate Experiment (GRACE) satellites. Comparison with GOCE data shows that the TIMEGCM
reproduced the cross-track winds over the polar region very well. The model-data comparison also
revealed some differences, specifically, the simulations underestimated neutral mass density in the upper
thermosphere above ~300 km and overestimated the storm recovery tome by 6 h. These discrepancies indicate
that some heating or circulation dynamics and potentially cooling processes are not fully represented in the
simulations, and also that updates to some parameterization schemes in the TIMEGCM are warranted.

1. Introduction

A coronal mass ejection (CME) was unleashed from the Sun on 3 April 2010 and arrived at the Earth 2 days later
[Möstl et al., 2010]. The fast-moving CME drove an interplanetary shock ahead of the ejecta. The interplanetary
shock interacted with the Earth’s magnetosphere and triggered the onset of a geomagnetic storm at 08:27 UT on
5 April 2010, which was followed by a series of magnetic intensifications over the period of 5–7 April as the
CME ejecta or interplanetary coronal mass ejection (ICME) passed across the Earth. It was the first notable
geomagnetic storm of solar cycle 24. Despite being a relatively weak storm as gauged by the Dst index (the
minimum Dst was about !50 nT on 5 April), it nevertheless had some devastating space weather impacts,
including the malfunction of the Galaxy 15 communication satellite [Allen, 2010] and widespread GPS
scintillations ranging from the Arctic to Antarctic [Prikryl et al., 2011; Kinrade et al., 2012; Sieradzki et al., 2013].
Galaxy 15 was in geostationary orbit at an altitude of 35,785 km. The satellite anomaly started at 09:48 UT on
5 April, about 80 min after the storm commencement, and the spacecraft did not regain normal operation until
3 years later in April 2013. While the exact nature of the satellite anomaly is still unclear, it has been suggested
that the significant increase in energetic particle fluxes in the premidnight sector at geosynchronous orbit might
have caused surface and internal charging of the satellite [Allen, 2010; Denig et al., 2010; Connors et al., 2011;
Clilverd et al., 2012]. The detrimental spaceweather effects on telecommunication and space assets beg for further
understanding of the physical processes responsible for producing storm-time disturbances in order to improve
our ability to specify, and eventually predict, the state of the near-Earth space environment.

During geomagnetic storms, strong electric fields and currents are transmitted between the magnetosphere
and the high-latitude ionosphere, producing enhanced Joule heating and auroral particle precipitation in the
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Figure 4. Maps of E×B drifts (left 
column) and neutral winds (right column) 
from the TIMEGCM at 250 km in the 
northern hemisphere plotted in 
geographic latitude versus local time. The 
marked UT in each panel corresponds to 
the time when the GOCE spacecraft was 
closest to the north pole. The GOCE 
cross-track winds are plotted in red 
arrows.!
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Northern Hemisphere. But in the polar region above 80°N, the winds exceed the E×B drifts owing to the
rather weak magnetospheric forcing under the prevailing weakly northward IMF condition. There is a factor
of 2 increase in the GOCE winds in the polar cap from 07:51 UT to 09:20 UT after IMF Bz turned from weakly
northward to southward. From 09:20 UT to 13:49 UT when IMF By and Bz underwent rapid changes due to the
passage of the solar wind sheath region and the CME ejecta, the E×B drifts exhibit very dynamic changes.

Compared to the ion E×B drifts, the response of the neutral winds is relatively subtle in the polar region. The
winds along the dawn-dusk meridional plane rotate gradually from antisunward to slightly duskward over
the polar region. More dramatic change takes place near dawn below about 65°N where the winds alter from
nearly null to sunward and then to antisunward. This simulated neutral wind response is corroborated by the
GOCE observations of the cross-track winds from 09:20 to 13:49 UT. During these active times the E×B drift
reaches ~1 km/s and the wind speed exceeds 500m/s in the polar region. A much clearer imitation of the
winds to the E×B drifts can be found at 22:48 UT when the magnetic field within the ICME slowly rotated
toward a steady value of Bz≈ By≈!5 nT. The ion drifts and winds both depict a similar two-cell pattern with
the foci located near 03 and 16 LT, respectively. The shift of the flow foci from the dawn-dusk meridian plane
is a consequence of the IMF By effect.

Thus, despite the rather dynamic IMF conditions and consequently rapid variations in the E×B drifts, we find
a good qualitative agreement between GOCE observations and TIMEGCM simulated cross-track winds. In
particular, the model does a good job in reproducing the reversal or reduction of the cross-track winds near
dusk and dawn. The good quantitative agreement with the GOCE data indicates that realistic E×B drifts such
as obtained from AMIE are critically important in specifying thermospheric neutral wind dynamics.

Impulsive storm-time energy dissipation from the magnetosphere perturbs local neutral mass density and
temperature in the auroral zone. The perturbed thermospheric structures propagate equatorward under the
influence of pressure gradients, forming so-called traveling atmospheric disturbances (TADs). Figure 5
presents the UT-latitude distributions of neutral mass density near the dawn and dusk meridional planes. The
top row shows the GOCE measurements of neutral density at ~270 km, and the middle row shows the

Figure 5. (top row) GOCE neutral mass density measured at (left column) dawn and (right column) dusk. (middle row)
Modeled neutral density extracted along the satellite track. (bottom row) Modeled neutral density at fixed local times
and a fixed altitude of 266 km. The vertical axis is in geographic latitude. The dashed lines in Figure 5 (bottom row) highlight
the main TADs on 5 April with the arrows indicating the TAD propagation directions. The apparent hemispheric difference
in Figure 5 (top and middle rows) is due to GOCE’s slightly elliptical orbit, which had an average altitude of 266 km in the
Northern Hemisphere and 274 km in the Southern Hemisphere.

Journal of Geophysical Research: Space Physics 10.1002/2014JA020555
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Planetary Visions





Ongoing activities
• Characterization of on-board temperature variations 

on accelerometer signal. 

• Elimination of uncertainties in satellite geometry 
and satellite aerodynamics parameters. 

• Use of angular acceleration measurements, 
analysis of aerodynamic torques using GOCE data. 

• Analysis of very low altitude GOCE data at end of 
life.



Outlook and requirements 
for MICROSCOPE
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for them to penetrate at least into the lower thermosphere
(Sassi and Liu, 2014), where they can affect thermospheric
density directly and indirectly via momentum and energy
deposition. Penetration into the thermosphere also depends
on their interaction with other waves, including gravity
waves (e.g., Meyer, 1999). Few studies of planetary waves
have considered upper thermospheric density or tempera-
ture. From an observational perspective the topic is chal-
lenging because the periods of the oscillations are similar
to those of typical solar forcing (see Section 5.2.1) and
because of the scarcity of synoptic measurements that
could resolve their spatial component. Upper atmospheric
observational studies of oscillations at planetary wave fre-
quencies have primarily analyzed ground- and space-based
lower thermospheric temperature (e.g., Chang et al., 2011;
Azeem et al., 2005), ionosphere (e.g., England et al., 2012;
Pancheva et al., 2002), and wind measurements (e.g.,
Kleinknecht et al., 2014; Luo et al., 2002). Two theoretical
studies of planetary wave effects on thermospheric density
are summarized below.

Using TIME-GCM, Yue and Wang (2014) estimated
that quasi 2-day wave dissipation should cause an O den-
sity depletion (and hence a mass density decrease) of
!3% at 330 km, under solar minimum, geomagnetically
quiet, January conditions.

Chang et al. (2010) used TIME-GCM to study how
ultra-fast Kelvin (UFK) waves (low latitude, eastward
propagating 3–5 day waves excited by tropospheric convec-
tive activity) penetrate into the thermosphere; they esti-
mated 8–12% density perturbations at 350 km as a result
of typical UFK forcing.

5.4.2. Stratospheric sudden warmings
Stratospheric sudden warmings (SSWs) are meteoro-

logical disruptions of the polar stratospheric zonal mean
flow that result in the excitation of planetary waves with
wave numbers 1 and 2 (Charlton and Polvani, 2007).
SSWs occur primarily in the Northern winter hemisphere
and globally alter the upward propagation of tides and
gravity waves into the thermosphere. Many studies have
focused on consequent changes in the global thermo-
spheric circulation, tides, dynamo electric fields, and
ionospheric electron density (e.g., Goncharenko and
Zhang, 2008; Akmaev, 2011; Pedatella et al., 2014).
Model simulations and data generally show enhance-
ments and phase shifts of the migrating diurnal and
semidiurnal tides (DW1 and SW2), although there is less
agreement among models with respect to SW2
(Goncharenko et al., 2013; Sassi et al., 2013; Pedatella
et al., 2014).

Few studies have directly addressed the response of ther-
mospheric density to SSWs, but the temperature response
has been considered. Above the stratospheric warming
itself, model simulations indicate cooling in the meso-
sphere, warming in the lower thermosphere (up to
!150 km), and cooling in the summer hemisphere upper
thermosphere (Liu and Roble, 2002; Liu et al., 2013a,
2014a), as illustrated in Fig. 24. There is some observa-
tional evidence supporting the predicted thermospheric
changes (Goncharenko and Zhang, 2008; Funke et al.,
2010; Kurihara et al., 2010). Liu et al. (2013a) reported a
global net cooling of 12 K in a GAIA simulation of the
2009 SSW.

Fig. 23. Latitudinal and UT variation during December 2008 of (a) He and (b) O number density at the GRACE altitude estimated from CHAMP and
GRACE satellite measurements. The (c) He and (d) O number densities at the GRACE altitude estimated from an F10.7-adjusted MSIS model. From Liu
et al. (2014c, Fig. 2).
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Characteristics of GOCE 
and Microscope
GOCE Microscope

Operations: 2009-2013 Launch: 2016

Sun-synchronous 230-270 km Sun-synchronous 707 km

Accelerometers: 10-12 m/s2 Accelerometers: 10-12 m/s2

Drag free in X (flight) direction using 
ion engine

Drag free in all directions using 
micro-thrusters



Requested data
• Accelerations in SI units, if possible uncalibrated & calibrated 

• From accelerometer 

• From AACS (thrust levels) 

• GPS tracking data, e.g. in RINEX format 

• For non-gravitational force modelling: 

• Variations of spacecraft mass over time due to fuel consumption 

• Detailed model of geometry of satellite outer surfaces 

• Description of optical properties of satellite outer surfaces



GRACE Product Specification Document  CSR-GR-03-02 

GRACE 327-720 (v 4.5 draft) February 20, 2007 Page 22 of 77 

 

I.5.3.5 GRACE Macro Model: Surface Properties 

 

The surface properties are summarized in the following table.  For each surface, the area, the components of its unit normal in the 

Satellite Frame, the material, as well as its emissivity and absorptivity/reflectivity coefficients are provided. 

 

Unit Normal Refl (Vis) 

 

Refl (IR) Panel Area 

(m2) 

X Y Z 

Material Emiss 

(IR) 

Absorp 

(Vis) 

Geom Diff Geom Diff 

Front 0.9551567 +1.0 0.0 0.0 SiOx/Kapton 0.62 0.34 0.40 0.26 0.23 0.15 

Rear 0.9551567 -1.0 0.0 0.0 SiOx/Kapton 0.62 0.34 0.40 0.26 0.23 0.15 

Starboard 

(outer) 

3.1554792 0.0 +0.766044 -0.642787 Si Glass 

Solar Array 

0.81 0.65/0.72 

(note 2) 

0.05 0.30 0.03 0.16 

Starboard 

(inner) 

0.2282913 0.0 -0.766044 +0.642787 SiOx/Kapton 0.62 0.34  0.40 0.26 0.23 0.15 

Port 

(outer) 

3.1554792 0.0 -0.766044 -0.642787 Si Glass 

Solar Array 

0.81 0.65/0.72 

(note 2) 

0.05 0.30 0.03 0.16 

Port 

(inner) 

0.2282913 0.0 +0.766044 +0.642787 SiOx/Kapton 0.62 0.34 0.40 0.26 0.23 0.15 

Nadir 6.0711120 0.0 0.0 +1.0 Teflon  

(note 1) 

0.75 0.12 0.68 0.20 0.19 0.06 

Zenith 2.1673620 0.0 0.0 -1.0 Si Glass 

Solar Array 

0.81 0.65/0.72 0.05 0.30 0.03 0.16 

Boom 0.0461901 

(note 4) 

-- -- -- SiOx/Kapton 

(note 3) 

0.62 0.34 0.40 0.26 0.23 0.15 

(1) fluoro ethylene propylene 

(2) 0.65 for operating solar array (i.e. power being drawn); 0.72 for non-operating array 

(3) S-Band antenna on the boom is protected by a carbon radome (emiss = 0.85; absorp = 0.95), neglected here. 

(4) Planar projection area of the cylindrical Boom, along any direction in the Satellite Frame (X-Y) plane. 

Excerpt from: Gravity Recovery and Climate Experiment Product Specification Document (Rev 4.5 -- February 20, 2007) 

78 Radiation pressure modelling

Figure 5.3 The CHAMP ANGARA model.

Figure 5.4 The GRACE ANGARA model.

The computation of (~CF A) as a function of its defining parameters is the main
subject of this Chapter and the next.

In the next section, the representation of the satellite surface forces within
the ANGARA and panel models will be discussed. The approaches of these two
types of model for the implementation in the processing software are quite differ-
ent, but in the end, they both provide values of (~CF A)s as a function of the same
input parameters.

5.2.2 ANGARA force models

The ANGARA software, developed by HTG under ESA/ESOC contract is exten-
sively described in Fritsche et al. [1998]. Only a brief summary will be provided
here. The software comprises of computational modules for aerodynamics and
radiation pressure, both with options for Monte Carlo Test Particle methods and
integral methods. Only the Monte Carlo Test Particle computation modules have
been used for the data processing in this study. The aerodynamics module com-
putations are described in more detail in Chapter 6. Both forces and moments
can be calculated using the software. Only the force computations are used in
this study.



Challenges of using MICROSCOPE 
data for thermosphere studies

• Relatively low aerodynamic acceleration signal. 

• Need to very accurately model radiation pressure. 

• Attitude not necessarily kept aligned with flight direction. 

• Need to have good calibration for all accelerometer 
axes. 

• Continuous microthruster operation. 

• Need to characterize the 



Benefits of Microscope for 
thermosphere studies

• Compact satellite shape, easier to model satellite 
aerodynamics. 

• Data at altitude close to the most critical altitude 
range for spacecraft conjunction assessment and 
collision avoidance 

• High-resolution data on the winter Helium bulge, 
and its response to the various drivers of the 
thermosphere.


