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ABSTRACT  |  Monitoring and understanding geophysical 

processes in the thermosphere is primordial for space physics, 

low Earth orbiters, and ground-based technologies. In the 

last half century, thermospheric variations, anomalies, and 

climatology have been investigated and reported, but were 

limited due to lack of observations and large uncertainty in 

the models. Today, Global Navigation Satellite Systems (GNSS) 

and accelerometers on small satellites can sense neutral-

density and wind variations with unprecedented accuracy, 

which contribute to understand thermospheric variations and 

improve the current empirical and physical models. In this 

paper, an overview of past and present developments and 

efforts in sensing and modeling thermospheric density and 

wind variations is presented, as well as the future challenges 

and perspectives for GNSS and accelerometers on small 

satellites.

KEYWORDS  |  Accelerometer; Global Navigation Satellite 

System (GNSS); small satellites; thermosphere
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I .   IN TRODUCTION

The top layer of the atmosphere is highly variable in space 
and time, and its physical processes are very complex. The 
thermosphere is the layer above 85-km height, where the 
photoabsorption, photoionization, and photodissociation 
of molecules through extreme ultraviolet radiation (EUV) 
create the ions of the ionosphere. Above 160 km, the neu-
tral density is too low for molecular interaction, and the 
regular dynamics are mainly driven by the day–night heat-
ing, the annual cycles, and transferring thermal energy 
from ions to neutrals. Variations in energy exchange 
produced by, e.g., solar flux variations, produce the 
expansion/contraction of the thermosphere, and the con-
sequent changes of density at a given altitude. In addition, 
the solar wind plasma, combined with a favorable align-
ment of the interplanetary magnetic field, produce ther-
mospheric Joule heating and particle precipitation along 
the Earth’s magnetic field lines. These processes create 
additional variations in the thermospheric mass density 
distribution. Coronal mass ejections (CMEs) and geo-
magnetic storms are generally abrupt short-term changes 
in comparison with diurnal and annual variations.

Previous studies have shown the existing coupling 
between the thermosphere and the ionosphere [1], and 
the repercussions on human activity. For instance, the 
practical importance of the ionosphere in radio propa-
gation [2]–[5], or the damaging effects of geomagnetic 
storms and CME on orbiting and ground-based tech-
nologies [6]–[9] are well known. Currently, half of the 
world’s active satellites operate in low Earth orbit (LEO), 
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ranging from altitudes of 160–2000 km. At low altitudes, 
atmospheric drag is the major cause of orbital decay and 
perturbations, limiting the lifetime of the satellite mis-
sions. The accurate prediction of precise orbital ephemeris 
(POE) in precise orbit determination (POD) is the result of 
an integrated knowledge of atmospheric density and space 
weather, where the force models provide the inputs for a 
mission lifetime [10]. Thus, it is clear that accurate air den-
sity models are essential for the upper-atmosphere research 
and applications. However, in view of the highly expected 
accuracy from the present and future LEO POD products, 
the current thermospheric air density models are unable to 
predict the variability as accurately and efficiently required.

During the last half century, the use of accelerometers 
to derive termospheric density and wind estimates has been 
providing an unprecedented detail in sensing the global dis-
tribution, climatology, and variations [11]. The technique is 
based on removing accurate radiation pressure models from 
measured nongravitational accelerations, and then to use 
the drag-force formula to compute density and wind esti-
mates [12]–[13]. In addition, several studies have recently 
shown that nongravitational accelerations can be estimated 
through GPS-based POD of LEO [14]–[17]. Undoubtedly, 
GPS-based POD of LEO for thermospheric density and wind 
estimation is a promising source of observables. With the 
increasing number of small satellites being equipped with a 
high-precision Global Navigation Satellite System (GNSS) 
receivers, accelerometers, and more enhanced data pro-
cessing and orbit determination strategies, drag-derived 
density and wind products promise potentially good appli-
cations for the thermospheric research community, e.g., 
coming Constellation Observing System for Meteorology, 
Ionosphere, and Climate (COSMIC)-2 with 12 satellites.

The aim of this paper is to review the past and present 
status on thermospheric mass density and wind variations. 
Recent developments and results on thermospheric mass 
density and wind variations from GNSS and accelerometer 
measurements are presented. Finally, future challenges and 
perspective on small satellites are given and discussed.

II .   THER MOSPHER E MODELS

The first thermosphere density models were based on orbital 
decay of satellites, and started in the 1960s by Harris and 
Priester [18] and Jacchia [19]. Along time, Jacchia models have 
been improved with the use of new algorithms and proxies 
[20]. Afterwards, the first series of the drag temperature model 
(DTM) were based on observations of satellite drag and neu-
tral atmospheric temperatures [21]. Currently, DTM incor-
porates accelerometer, mass spectrometer, incoherent scat-
ter radar, and optical airglow measurements [22]. The mass 
spectrometer and incoherent scatter (MSIS) radar series of 
models were originally based on mass spectrometer and inco-
herent scatter radar observations [23]. While the mathemati-
cal formulations of MSIS and DTM use the exponential Bates 
profile [24], the Jacchia series use the arctangent function to 

represent an asymptotic behavior for the upper thermosphere. 
Today, MSIS is the standard for international space research, 
and the current release (NRLMSISE-00) has been updated 
with satellite drag data and solar ultraviolet (UV) occultation 
[25]. The parameters of temperature and density of MSIS 
depend on solar flux and geomagnetic indices, which are mod-
ulated in longitude, latitude, and local solar time (LST) varia-
tions. Fig. 1 pictures the histograms of the Gravity Recovery 
and Climate Experiment (GRACE) and the Challenging 
Minisatellite Payload (CHAMP) data versus MSIS, Jacchia, 
and the high-accuracy satellite drag model (HASDM). In this 
figure, the best match is pictured by HASDM, showing its data 
cloud better distributed along the diagonal.

Additional thermospheric models have been developed 
with the finality to accurately represent the climatologi-
cally thermospheric density variations, e.g., the accelerom-
eter density model (ADM) of Marcos et al. [26], the global 
average mass density model (GAMDM) of Emmert [27], 
CHAMP-based model of Liu et al. [28], or the parameterized 
principal component analysis (PCA) of GRACE densities in 
[29]. Due to the lack of in situ and remote sensing observa-
tions in between 120- and 400-km altitude, Oberheide et al. 
[30] developed the climatological tidal model of the ther-
mosphere (CTMT) based on temperature and wind obser-
vations. They used the Hough mode extension to extrapo-
late the model of mesosphere/lower thermosphere into the 
thermosphere. Unfortunately, poor agreements were found 
with CHAMP observations.

The HWM07 horizontal wind model [31] is a statis-
tical representation from the ground to the exosphere, 
based on gradient winds from the Committee on Space 
Research International Reference Atmosphere (CIRA-86) 
plus rocket soundings, incoherent scatter radar, medium-
frequency radar, and meteor radar data. His predecessors 
were HWM93, HWM90, and HWM87 [32]. HWM07 can 
represent both quiet and disturbed geomagnetic conditions, 

Fig. 1. The distribution of CHAMP and GRACE-A densities, with their 
equivalent model densities for MSIS (NRLMSISE-00), Jacchia  
(JB-2008), and HASDM. The line graphs at both axes show simple 
2-D histograms of their corresponding data set in black [13].
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and the parameterization of solar activity is planned to be 
included in future versions. A recent update (HWM14) pro-
vides an improved time-dependent, observationally based, 
global empirical specification of the upper atmospheric gen-
eral circulation patterns and migrating tides [33]. Physical 
models generally use empirical parameterizations and bound-
ary conditions to solve fluid equations. Detailed descriptions 
for physical models are given in the review of Emmert [27] 
and Akmaev [34]. Compared to empirical models, physical 
models require more expert knowledge and, therefore, are 
more suitable for scientific investigations than for routine 
applications, e.g., orbit determination.

The thermosphere–ionosphere–electrodynamics gen-
eral circulation model (TIE-GCM) [35]–[36] solves 3-D 
fluid equations for the mutual diffusion of N2, O2, and O. 
Including a coupled ionosphere, reactions in TIE-GCM 
involve ion species and energy budget, as well as self-consist-
ent generation of middle and low latitude electric fields by 
neutral winds. Kim et al. [37] incorporated NRLMSISE-00 
partial pressures of He into TIE-GCM, contributing to vari-
ations in mass density, specific heat, viscosity, and thermal 
conductivity. Hagan et al. [38] attempted to extend the 
global-scale wave model (GSWM) with migrating solar tides, 
using the TIE-GCM to calculate the neutral gas heating that 
dominates the forces from solar activities. The main idea 
was to confirm whether the model fitted the seasonal char-
acteristics and the solar cycle variability. Diurnal tempera-
ture amplitude did vary with solar activity while there was 
no corresponding wind caused by solar cycle variability. The 
new GSWM showed a good consistency with the TIE-GCM 
results. Häusler et al. [39] proposed a new boundary scheme 
in TIE-GCM based on NASA Modern Era Retrospective-
Analysis for Research and Applications (MERRA) tempera-
ture, in which self-consistently could explain the day-to-day 
tidal and planetary wave variability. The model showed 
a more variable and complicated pattern especially of the 
neutral temperature. The nonmigrating tide in the lower 
boundary scheme TIE-GCM/MERRA was larger than that 
in TIE-GCM/GSWM, causing stronger vertical atmospheric 
transport. The authors pointed out that stronger vertical 
transport leads to a smaller density due to the compositional 
mixing effect dominated by the atomic oxygen. Aside from 
these two models based on the TIE-GCM framework, ther-
mosphere, ionosphere, mesosphere energetics, and dynam-
ics (TIMED) also can explain temperature variations.

III .   THER MOSPHER IC DENSIT Y A ND 
W IND ESTIM ATION

A. Theory and Methods

Besides pressure gauge [40] and neutral mass spectrom-
etry [41]–[42], the analysis of satellite orbital decay through 
the Gauss’s form of Lagrange’s planetary equations (pertur-
bation equations) has been the basis to derive thermospheric 
mass densities since 1958 [43]. By determining the time 

derivatives of the energy and the angular momentum of an 
orbiting object over time [44], the equations of King-Hele 
[45] showed that the primary effect of drag acceleration is 
to monotonically reduce the orbital semimajor axis. Thus, 
by only measuring discrete changes in the magnitude of the 
semimajor axis, the corresponding density averages along 
the trajectory of a LEO object can be derived with temporal 
resolution from hours to days [46]–[48].

In the POD process, the position and velocity of an orbit-
ing object is statistically estimated by a set of equations of 
motion and a set of discrete observations [49]. Currently, the 
most precise techniques for orbital tracking include satellite-
to-satellite GNSS, satellite laser ranging (SLR), and Doppler 
orbitography and radiopositioning integrated by satellite 
(DORIS). The tree main approaches currently used in POD 
are the dynamic, kinematic, and reduced-dynamic schemes. 
In the dynamic approach, the measurements determine the 
state of the satellite (position and velocity) at some initial 
epoch, and then the solution is mapped forward in time 
using the dynamical models. In the kinematic approach, 
the state of the satellite is determined sequentially at each 
observational measurement, and without dependence on 
the dynamical models. The last is the reduced-dynamic 
approach, where the parameters to solve for the dynamic 
models are fixed when a solution is obtained, and with addi-
tional accelerations estimated from the observational meas-
urements [50]. The reduced-dynamic approach is the most 
complete and accurate strategy because the combination of 
high-precision GNSS observables with the dynamical mod-
els (e.g., time-variable gravity-field, nongravitational force 
models) counterbalance both the disadvantages of the GNSS 
measurement noises and the uncertainties in the models.

The main external forces to account in a POD strategy 
include gravitational forces, atmospheric drag, and irradia-
tive pressure (Fig. 2). Basically, the three main sources of 

Fig. 2. Accelerations acting on a satellite. Gravitational 
accelerations are pictured in blue, and nongravitational in red. 
Nongravitational accelerations are derived from POE in the 
POD process. The acceleration we finally need to derive the 
thermospheric density is the ªair dragº acceleration.
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irradiative accelerations are the direct solar radiation pres-
sure, the reflected solar radiation pressure (albedo), and the 
terrestrial infrared radiation. While the terrestrial infrared 
radiation is almost independent from illumination condi-
tions, the direct and the reflected solar radiations must be 
multiplied by a ratio to account for planetary eclipses [51]. 
Fig. 3 depicts the eclipse geometry for an accurate computa-
tion, where the International Terrestrial Reference System 
(ITRS) coordinates of the Sun (Sun) and the spacecraft 
(sat) are calculated with respect to the occulting body B (for 
each case, B ​=​ moon, Earth). Note that for Earth, ​​r​Earth​​ = 0​.  
Then, the fundamental plane (plane perpendicular to the 
shadow axis and passes through the satellite) intersects the 
shadow axis at a distance ​​s​0​​  =  ( − ​s​ B​ sat​ × ​s​ B​ Sun​ ) / ​s​ B​ Sun​​, and 
the distances needed to compute the shadow algorithm are 
obtained [51].

When the spacecraft is in penumbra, a fractional area of 
the solar disc that is blocked by the occulting body can be 
applied to the incoming solar flux (​sh =  fg​). Using the cir-
cumflex mark as for denoting unit vectors, the closest point 
to the Earth on the Sun–satellite vector ​​s​ Sun​ sat  ​​ is

	​ ​r​p​​ = ​r​sat​​ − ​(​​ s ̂ ​​ Sun​ sat  ​ ⋅ ​r​sat​​)​ ​​ s ̂ ​​ Sun​ sat  ​. ​� (1)

The apparent radius of the solar disc projected on a plane 
through this point, perpendicular to the satellite–Sun  
vector is

	​ ​R​ Sun​ ′  ​ = ​ 
​‖​(​​ s ̂ ​​ Sun​ sat  ​ ⋅ ​r​sat​​)​ ​​ s ̂ ​​ Sun​ sat  ​‖​

  ______________ 
​s​ Sun​ sat  ​

  ​​​​  R​ Sun​ ′  ​​�

	​ η = ​ 
​r​p​​ − ​R​Earth​​

 _______ 
​​R ′ ​​Sun​​

 ​ ​ δ​ sh,penumbra​​​�

	​​ f​g​​ = 1 − ​ 1 __ π ​ arccos​(η)​ + ​√ 
_____

 1 − ​η​​ 2​ ​​� (2)

where ​​δ​ j,k​​​ is the Kronecker’s delta. On the plates of the user’s 
satellite, one part of the incoming radiation is absorbed and 
the other is reflected diffusely and specularly. The equa-
tion to determine the entire resultant force on the satel-
lite due to solar radiation accounts for the plate areas and 

their orientation, their coefficients of diffusive and specular 
reflectivity, and the mass of the satellite [52]

	​ ​a​sr​​ = ​ ∑ 
i=1

​ 
​n​p​​

 ​−​ ​ 
​E​sr​​ ​A​i​​ ​​n ̂ ​​i​​ ⋅ ​​ s ̂ ​​ Sun​ sat  ​

 __________ mc  ​​�

	​ ×​​​[2​(​ 
​c​rd,i​​ ___ 3 ​  + ​c​rs,i​​ ​​n ̂ ​​i​​ × ​​ s ̂ ​​ Sun​ sat ​ )​ ​​n ̂ ​​i​​ + ​(1​−​​c​rs,i​​)​ ​​ s ̂ ​​ Sun​ sat ​ ]​​� (3)

where ​​n​p​​​ is the number of plates, ​​A​i​​​ is the plate area, ​c​ is 
the speed of light, ​​c​rd,i​​​ is the coefficient of diffusive reflec-
tivity, ​​c​rs,i​​​ is the coefficient of specular reflectivity, ​m​ is the 
satellite mass, ​​​n ̂ ​​i​​​ is the unit plate normal, ​​​ s ̂ ​​ Sun​ sat  ​​ is the unit 
Sun–satellite vector, and ​​E​sr​​ = sh ⋅ 1366 ​(1AU / ​s​ Sun​ sat  ​ )​​ 2​​ is the 
flux on the Earth’s atmosphere (1366 W/m​​​​​ 2​​), corrected 
from the yearly period of the Earth’s orbit eccentricity and 
from the planetary eclipse ratio ​sh​. Fig. 4 shows the result-
ing solar radiation acceleration for GRACE in the satel-
lite body system (SBS) on April 1, 2005. Note in SBS, the  
​​X​SBS​​​-axis is the long axis of symmetry of the satellite, point-
ing in the direction of the K-band ranging (KBR) phase 
center, the ​​Y​SBS​​​-axis is the vertical axis of symmetry, and 
the ​​Z​SBS​​​-axis completes the right-handed coordinate system.

In a similar way, the Earth albedo must be computed 
accounting for the reflected solar radiation and the terres-
trial infrared radiation

	​ ​a​ea​​ = ​ ∑ 
i=1

​ 
​n​p​​

 ​​ ∑ 
j=1

​ 
grid

​−​​ ​ 
​E​ea,j​​ ​A​i​​ ​​n ̂ ​​i​​ ⋅ ​​ s ̂ ​​ j​ sat​

 __________ mc  ​​�

	​ ×​​​[2​(​ 
​c​rd,i​​ ___ 3 ​  + ​c​rs,i​​ ​​n ̂ ​​i​​ × ​​ s ̂ ​​ j​ 

sat​)​ ​​n ̂ ​​i​​ + ​(1​−​​c​rs,i​​)​ ​​ s ̂ ​​ j​ 
sat​]​​� (4)

where the parameter ​​E​ea,j​​ = ​E​ ea​ R ​ + ​E​ ea​ IR​​ is composed of short-
wave ​​E​ ea​ R ​​ and long-wave ​​E​ ea​ IR​​ radiation.

For the terrestrial infrared radiation, Knocke and Ries 
[53] modeled the seasonal and latitudinal variations of 
a black body with a surface temperature of 288 °K. The 
reflected radiant flux is a fraction of the incoming flux, 
and can be computed from the reflectivity index, which is 
measured, e.g., by the Total Ozone Mapping Spectrometer 
(TOMS) mission. Detailed algorithms to remove irra-
diative accelerations can be found, e.g., in [13] and [54]. 
Fig. 5 shows the resulting terrestrial infrared radiation 
acceleration and Earth albedo acceleration for GRACE in 
the SBS on April 1, 2005.

Finally, radiative accelerations are removed from non-
gravitational accelerations, and the resulting force is the 

Fig. 3. Eclipse computation geometry: if ​​l​sat​​​ is bigger than ​​l​2​​​ 
and smaller than ​​l​1​​​, and ​​s​0​​​ is bigger than ​​s​1​​​, the spacecraft is in 
penumbra (​sh = fg​). Otherwise, if ​​s​0​​​ is bigger than ​​s​2​​​ and ​​l​sat​​​ is 
smaller than ​​l​2​​​, the spacecraft is umbra (​sh = 0​). For the rest of 
cases, the spacecraft is in sunlight (​sh = 1​).
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Fig. 4. Induced direct solar radiation acceleration for GRACE-A in 
the SBS on April 1, 2005.
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combined effect of atmospheric drag and wind (aerody-
namic), and can be expressed as a dynamic pressure applied 
on a reference area

	​ ​F​a​​  =  ​ 1 __ 2 ​ CAρ ​v​ r​ 
2​​� (5)

where ​ρ​ is the atmospheric mass density, ​C​ is the drag coef-
ficient vector, and ​A​ is the cross-sectional area perpendicu-
lar to the relative velocity of the atmosphere with respect 
to the spacecraft (​​v​r​​​). In this equation, the dimensionless 
drag coefficient ​C​ is required to represent the interaction 
between the satellite and the flow. Most of satellites flow 
in the regime of high vacuum (flow can be considered to 
be individual particles moving in straight lines), and several 
analytical methods have been developed to represent the 
free molecular flow [55], [56]. Simplified assumptions to 
Schamberg’s formulas, where the drag coefficient vector ​C​ 
is decomposed in drag ​​C​D​​​ and lift ​​C​L​​​ for each plate ​i​ are given 
by Cook [57]

	​ ​C​Li​​ = ​ 4 __ 3 ​ ​√ 

____________

  1 + ​α​ i​​​(​ 
​T​w,i​​ ___ ​T​a​​ ​ − 1)​ ​ sin ​θ​ i​​​�

	​​ C​Di​​ = 2 + ​ 4 __ 3 ​ ​√ 

____________

  1 + ​α​ i​​​(​ 
​T​w,i​​ ___ ​T​a​​ ​ − 1)​ ​ cos ​θ​ i​​​� (6)

where ​​T​a​​​ is the temperature of the atmosphere (e.g., from 
a thermospheric model), ​​T​w,i​​​ is the surface temperature of 
plate ​i​, ​​Θ​i​​​ is the angle of incident gas flow with respect to 
the plate, and ​​α​ i​​​ is the high-speed substrate material accom-
modation coefficient [58]

	​ ​α​ i​​ = ​ 
3 . 6  ​μ​ i​​ ______ 

​​(1 + ​μ​ i​​)​​​ 2​
 ​ .​� (7)

The molecular mass ratio ​μ​ can be obtained from the mean 
molecular density of the atmosphere divided by the molec-
ular density of each plate. The mean molecular density  
(g/mol) of the atmosphere can be obtained from the sum of 
partial number densities (​​m​​ −3​​), multiplied by their atomic 

mass, and divided by the total volume. Values from an 
atmospheric model can be employed for calculations.

Unfortunately, the free molecular closed-form solutions 
cannot accurately account for multiple reflections, and new 
computational methods are being developed to compute 
physical drag coefficients [59]. These methods can include, 
e.g., direct simulation Monte Carlo (DSMC) simulations or 
the test particle modeling. For instance, physical drag coef-
ficients computed using different gas–surface interaction 
models are compared in [60].

Several approaches and simplifications for density esti-
mation [see (7)] can be found in [13], including the projec-
tion of the aerodynamic acceleration on the relative velocity 
(drag), and the projection of drag on the inertial velocity. 
These approximations allow assuming that the drag accel-
eration vector is coplanar with the orbital plane, and the 
in-plane perturbation equations from celestial mechanics 
can therefore be applied. Finally, after solving the drag-
force equation for the densities at each satellite position, the 
derived values can be normalized to a common height (​h​) 
following the indications of Rentz and Lühr [61]

	​ ρ(475 km ) = ​ρ​ obs​​ (h ) ​ 
​ρ​ model​​ (475 km )

  ___________ 
​ρ​ model​​ (h )

  ​ .​ � (8)

In LEO, the errors caused by the normalization of 
changes in altitude of ​~​100 km are expected to be small 
enough (within 5%), as discussed in [62].

B. Thermospheric Estimation From Accelerometers

During this current era of LEO and space/planetary 
exploration, geodetic small satellites are continuously 
evolving, and several scientific missions are providing a 
wide range of measurement types. Besides the onboard 
GNSS receivers and satellite laser ranging (SLR) reflectors, 
other several instruments can be employed to improve the 
accuracy of the POD and related products [63]–[64]. For 
instance, accelerometers on LEO satellites are being used 
to measure the nongravitational accelerations needed in 
the POD process. In addition, equaling the drag-force for-
mula to accelerometer-derived aerodynamic accelerations is 
currently providing an unprecedented detail and accuracy 
in thermospheric neutral densities and cross-track winds 
retrieval [12], [13], [15]. The principle of a satellite accel-
erometer is based on measuring the force needed to keep a 
proof mass exactly at the spacecraft’s center of mass, where 
the gravity is exactly compensated by the centrifugal force. 
Plus and minus drive voltages are applied to electrodes with 
respect to opposite sides of the proof mass, whose electri-
cal potential is maintained at a direct current (dc) biasing 
voltage.

The first satellite accelerometers were flown in 1968 
with thermospheric-modeling purposes, e.g., Miniature 
Electrostatic Single-axis Accelerometer (MESA), Satellite 
Electrostatic Triaxial Accelerometer (SETA), and CACTUS 

Fig. 5. (a) Induced terrestrial infrared radiation acceleration  
and (b) Earth albedo acceleration for GRACE-A in the SBS on  
April 1, 2005.
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(French acronym meaning ultrasensitive, three-axis, capaci-
tive accelerometric transducer). Unfortunately, the sparse 
spatiotemporal distribution of measurements limited the 
resulting scientific research, products, and models. Today, 
the CHAMP, GRACE, and Gravity Field and Steady-State 
Ocean Circulation Explorer (GOCE) missions have provided 
continuous and accurate accelerometer observations for the 
periods 2000–2010, 2002–2015, and 2009–2013, respec-
tively. In addition, the accelerometers onboard each of the 
three Swarm satellites have been taking nongravitational 
measurements since November 2013. The higher spatial 
and temporal resolution provided by LEO accelerometers 
has revealed numerous intriguing features in the global dis-
tribution of thermospheric density, including the equato-
rial mass anomaly (EMA), the midnight density maximum 
(MDM), the geomagnetic cusp enhancements (GCEs), and 
traveling atmospheric disturbances [65].

Information from the acceleration in cross-track and 
radial directions can be used to derive measurements 
of thermospheric wind speed. First derivations of ther-
mospheric winds can be found in [66], where the triaxial 
accelerometer measurements from the SETA instru-
ment are analyzed. Sutton et al. [67] described two dif-
ferent approaches for density and wind derivation, and 
an improved iterative algorithm was developed in [68]. 
Recent publications on thermospheric wind variations can 
be found in, e.g., [69] and [70]. In principle, wind determi-
nation could be derived for the radial direction, but accu-
rate instrument calibration, and radiation-pressure and 
lift-force-models are required.

C. Thermospheric Estimation From GNSS 
Measurements

In the recent years, several studies have shown that non-
gravitational accelerations, and derived neutral densities, 
can be estimated through GPS-based POD of LEO. First 
attempts were made in [71] and [72], where the authors 
estimated the nongravitational accelerations from CHAMP 
accelerometers by omitting the nongravitational force mod-
els in a highly reduced dynamic POD process. In this scheme, 
the GEODYN software was employed for all POD computa-
tions. GEODYN is based on a standard Bayesian weighted 
batch least squares estimator, where the piecewise linear 
functions are used to be computed at 10–15-min resolution 
for best results. In order to avoid a possible degraded quality 
at the edges, the orbits were processed in 30-h batches, with 
3–6-h overlaps between subsequent orbits. Recent results of 
POD-based estimates from SWARM, GOCE, GRACE, and 
CHAMP have shown good agreement with the correspond-
ing nongravitational accelerations [15], [73]–[75].

In the POD process, atmospheric densities can also 
be obtained as a correction to an atmospheric model. For 
instance, McLaughlin et al. [76] used a set of POE in a sequen-
tial orbit determination scheme to estimate thermospheric 

densities from GRACE, CHAMP, and TerraSAR-X. The Orbit 
Determination Tool Kit (ODTK) was employed for density 
estimation, where the authors input the POE in a sequential 
processing, filtering, and smoothing scheme to obtain time-
variable densities and ballistic coefficients. Fig. 6 shows 
the measured, modeled, and POE-derived neutral densities 
from CHAMP and GRACE accelerometer and TerraSAR-X 
GNSS measurements on September 26–27, 2007 [76]. 
Results showed that POE-based densities were more accu-
rate than the densities estimated from commonly used 
empirical models.

By applying all best available force models in multiple 
LEO, Kuang et al. [16] computed nongravitational accel-
erations and inferred thermospheric mass densities by 
estimating the stochastic accelerations that compensate 
for the dynamic model errors in the reduced-dynamic 
POD approach. Daily solutions were generated using 
orbit arcs of 30 h, with stochastic accelerations estimated 
from GPS ionosphere-free carrier phase and carrier-
smoothed pseudorange measurements. Contrasting with 
the method of Ijssel  et al. [71], both accuracy and reso-
lution were improved because estimating accelerations 
to compensate for the model errors allows stronger sto-
chastic constraints in the reduced-dynamic filtering. The 
authors identified useful data from CHAMP, GRACE-
A/B, TerraSAR-X, and SAC-C.

The use of POD least squares estimators to derive den-
sity measurements can become a complex task, and recent 
studies [77], [17] have shown that nongravitational accelera-
tions can also be derived from numerical differentiation of 
POE. Besides an unknown periodic systematic error iden-
tified in the POE solution, Calabia et al. [77] showed that 
the numerical differentiation requires an increment of time 
which minimizes the arc-to-chord error at a given thresh-
old. Then, thermospheric mass densities inferred through 
numerical differentiation of POE have recently been inves-
tigated in [78]. In Fig. 7, the global averaged densities 

Fig. 6. Measured, modeled, and POE-derived neutral densities from 
CHAMP, GRACE, and TerraSAR-X on September 26±27, 2007. ODTK 
software is used for POD [76].
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along descending and ascending orbits are plotted for both 
accelerometer- and POE-based techniques. The days when 
accelerometers were powered off are pictured in the bot-
tom timeline graph. Taking accelerometer measurements as 
accurate reference, the relative errors for the GPS POE esti-
mates are shown for both ascending and descending orbits. 
It can be seen that the maxima amplitude of the differences 
reaches up to 10%, mostly during low-density periods, and 
during low-density periods, the differences stay below 5% of 
the background density.

I V.   THER MOSPHER IC VA R I ATIONS

A. Secular Thermospheric Density Variations

Thermospheric tides are mainly caused by the solar 
irradiations. LST is the largest secular variation, produc-
ing a clear density enhancement in the sunlit side of Earth. 
Geographically, two clear different structures can be recog-
nized on the day and night sides. These include the EMA, 
which is a density minimum on the dayside, clearly aligned 
to the geomagnetic equator, and with two maxima at ​±​20° 
geomagnetic latitude [79], and the MDM, which is a mid-
night density maximum (instead of a minimum), around 
the equator, and with lower values (instead higher values) 
at middle latitudes [80]. The recent study by Calabia and 
Jin [81] has presented a clear understanding of global ther-
mospheric mass density variations. For instance, Fig. 8 
shows the thermospheric density variations derived from 
GRACE accelerometers and MSIS (fixed at Greenwich 
meridian and solar-flux conditions ​F10 . 7 =​ 80 sfu), in func-
tion of doy and latitude, for the scenarios of March equi-
nox (ME), June solstice (JS), September equinox (SE), and 

December solstice (DS), in function of DOY and latitude, for 
scenarios at 5, 11, 17, and 23 h LST. The latitudinal annual 
fluctuation following the subsolar point has shown two 
maxima peaks in June, and only one in December. In addi-
tion, a middle-latitude four-wave pattern has been found to 
have two maxima at 12 and 21 h LST and two minima at 1 
and 17 h LST. In addition, Calabia and Jin [81] found strong 
contributions at the frequencies of the T, P, R, S, and K con-
stituents of the theory of tides (radiational constituents), 
and additional periods at 83, 93, 152, and 431 day, which 
could be attributed to a long-term solar secular activity, and 
a possible free-core nutation coupling.

Besides solar irradiative tides, the effects of the Moon 
on Earth generate a secular variation in the thermosphere. 
First insights of the lunar atmospheric tide were made by 
Newton and studied by Laplace. Since then, many obser-
vational studies on solar and lunar atmospheric tides have 
been carried out. Comprehensive reviews can be found in 
[82] and [83]. Recently, Zhang et al. [84] suggested that at 
the altitude of CHAMP and GRACE, other factors are negli-
gible compared with lunar atmospheric tide.

Finally, an important secular variation is produced by 
the variable surface of the Sun. Different sunspots provide 
different speeds and densities of solar wind which can form 
a spiral with outward fast-moving and slow-moving streams. 
Fast moving streams tend to overtake slower streams form-
ing turbulent corotating interaction regions. Recurrent geo-
magnetic forcing related to CIR can produce density varia-
tions with a periodicity at subharmonics of the solar rotation 
period (​~​9 day, ​~​7 day, ​~​ 5 day). In addition, the rotational 

Fig. 7. Global daily averaged densities and differences of relative 
errors between the POE-based and the accelerometer-based 
densities (2011±2016), i.e.. (POE-ACC)/ACC, separated in ascending 
orbits (top panels) and descending orbits (bottom panels). 
Accelerometer-based densities are plotted in black and GRACE 
GPS-POE estimates are plotted in green. The bottom timeline shows 
the days when accelerometer measurements were turned off due to 
power requirements [78].
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GRACE orbits (raster plots), and direct calculations (contour plots) 
from [81].
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variation of the Sun (​~​27 day) can produce secular appear-
ances of bright regions (identified as solar plages), which are 
usually associated with sunspots.

Thermospheric variations during storms and CMEs are 
ejections of clouds of electrons, ions, and atoms through the 
corona of the Sun into space. In the thermosphere, CMEs 
increase the X-ray and EUV irradiance, causing immedi-
ate energy-absorption, ionization, and dissociation of mol-
ecules. CMEs are fast-moving bursts of plasma caused by 
release of magnetic energy at the Sun. CMEs and geomag-
netic storms associated with CMEs can produce rapid ther-
mospheric Joule heating and particle precipitation along 
Earth’s magnetic field lines. This is a high latitude phenom-
enon which is mainly located in the auroral region. Shortly 
afterwards to these density enhancements in the auroral 
regions, the whole-globe thermosphere can respond with 
southward traveling gravity waves and a global increase of 
neutral mass density from several hours to several days.

For example, on March 17, 2013, the halo CME arrived 
at Earth and produced a moderate G2-level geomagnetic 
storm. Consequently, the energetic solar wind plasma with 
the favorable disposition of the interplanetary magnetic 
field produced thermospheric Joule heating and particle 
precipitation along Earth’s magnetic field lines. During this 
period, the GRACE satellites were approximately located 
at 0 h LST and the corresponding +12 h for their comple-
mentary descending orbital leg. Fig. 9 shows the short-term 

thermospheric density variations (free from local time and 
annual variations) inferred from GRACE GPS-POE during 
the moderate G2-level geomagnetic storm of March 16–17, 
2013. In this figure, time evolution is defined from right to 
left (Earth rotation with respect to GRACE’s orbital plane), 
and from bottom to top (satellite’s along-track direction). 
Profiles at equator (dEq) and poles (dN, dS) are plotted 
together with the Em, AE, ap, an, and as space-weather and 
geomagnetic indices.

A clear example is the huge geomagnetic storm that 
occurred in March 2015 at equinox period, and under mod-
erated solar-flux circumstances (​F10 . 7  ≈​ 120 sfu). In that 
moment, the GRACE satellites were located at 6:25 h LST 
and the corresponding +12 h for the complementary orbital 
leg. Calabia and Jin [81] compared density estimates to the 
quiet-time surrounding period, and found that enhance-
ments peaked at the cusp regions with absolute maxima 
deviation and maximum of mean latitudinal deviation above 
500% and 180%, respectively. Figs. 10 and 11 show the MSIS 
model underestimates up to about 70% the mean magnitude 
and about 50% the diurnal amplitude. Later, the empirical 
model overestimates the mean value for a period of 48 h, up 
to about 170% of the accelerometer measurements [81]. It 
is clear that the NRLMSISE-00 empirical model is unable 
to reproduce most of the observed features, with smaller 
amplitudes and mean deviated values. In Fig. 11, mean-per-
orbit GRACE values have been parameterized in terms of 
solar flux (​F10 . 7​), solar wind merging electric field (Em), 
and the geomagnetic Ap index. In this case, both Em and Ap 

Fig. 9. Short-term thermospheric density variations inferred from 
GRACE GPS-POE and its profiles at equator (dEq) and poles (dN, dS), 
plotted together with Em, AE, ap, an, and as, for the moderate  
G2-level geomagnetic storm of March 16±17, 2013 (from right to 
left and from bottom to top: March 16, 2013 12 h 36 m to March 18, 
2013 11 h 35 m). GRACE's angle ​​β​​ ′​​ during this period is 173� (Sun to 
ascending leg). Accelerometer-based densities are not available due 
to instrument power-off during this month. The vertical magnetic 
field component (Z) is plotted in dashed±dotted lines [78].
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parameterizations from GRACE represent storm-time den-
sity variations better than NRLMSISE-00.

V.  CH A LLENGES A ND PER SPECTI V E

In this review, we summarize past and present developments 
and efforts in sensing and modeling thermospheric density 
and wind variations as well as the scientific contribution of 
accelerometers and GNSS receivers on small LEO satellites. 
This is a valuable source of information for the thermosphere 
research community. Although the current Swarm and 
planned GRACE follow-on missions provide available accel-
erometer measurements throughout the next decade, the 
works presented in this review show that nongravitational 
accelerations and the thermospheric neutral densities can be 
also estimated through GNSS-based POD of LEO.

An important topic is the modeling of simultaneous satellite 
measurements in a combined solution of winds and densities. 
A clear example is given in Fig. 12, showing two simultaneous 
time series of density and cross winds of CHAMP and GOCE 
on April 5, 2010. Note that the intersection of different planes 
can reconstruct the 2-D horizontal wind vector 1-D crosswind 
measurements. The monitoring with multiple orbital planes 
can make possible a more complete study of density and wind 
variations as a function of LST and altitude.

It is clear that the recent advances in retrieving non-
gravitational accelerations and retrieving neutral density 
and winds through POD estimators require high technical 
knowledge and dedicated POD software (e.g., GEODYN, 
ODTK). However, with the increasing number of LEO sat-
ellites being equipped with high-precision GNSS receivers, 
and more enhanced data processing and orbit determina-
tion strategies, the feasible technique of determining ther-
mospheric mass density variations through numerical dif-
ferentiation of POE promises potentially good application. 
In addition, although previous studies have shown the abil-
ity to derive cross-track nongravitational accelerations from 
GNSS, the use of numerically differentiated accelerations to 
derive thermospheric winds is still a challenge.

The current force models could help to improve real-
time maneuvers. For instance, it has been demonstrated 
[85] that the use of accurate solar radiation pressure and 
density and wind models could be employed to help atti-
tude control and real-time maneuvers. This is a valuable 
contribution that would increase the lifetime of a LEO 
satellite. Since geomagnetic storms are considered a key 
in the ionosphere–thermosphere–magnetosphere system, 
the automatic detection of sudden commencements is also 
currently being investigated. Seen from the point of view of 
early control maneuvers and mission lifetime predictions, it 
is clear that the combination of sudden commencements of 
geomagnetic storms, with the real-time orbit determination 
of LEO [86] is a clear advance in LEO strategies.

The main source of ions for the ionosphere is originated 
by the photoabsorption, photoionization, and photodis-
sociation of molecules through EUV solar radiation in the 
thermosphere, and energy transfer varies with LST, annual, 
and solar cycles. Variations in energy exchange from ions 
to neutrals produce the expansion/contraction of the ther-
mosphere, and the consequent changes of neutrals density. 
Existing plasma is also transported vertically with the neu-
tral medium, and horizontal neutral winds can move plasma 
along the magnetic field. The lower atmosphere transfers 
energy and the magnetosphere produces currents, joule 
heating, and electric fields. The present MIT models are 
unable to predict the variability as accurately and efficiently 
required, and the resulting processes from geomagnetic 
storms, CMEs, and solar wind (CMEs, shocks, high speed 
streams, high-intensity long-duration auroral activity) are 
still not well understood. Currently, the global nature of 
the observations can increase the understanding of the MIT 
system and, combining empirical with physical models, the 
understanding of all involved parameters and processes in 
the thermosphere is one of the challenges for the future.

With recent advances of new technologies and instru-
ments, it can be employed to validate satellite-based den-
sity and wind measurements. For instance, through using 
the data set observed by Fabry–Perot interferometer, 
Liu et al. [87] have recently showed that thermospheric 
nighttime wind oscillations were different from that of 
thermospheric density, with meridional winds better cor-
relating with both geomagnetic and solar-wind proxies than 
with solar-flux radiation. Zhang et al. [88] recently investi-
gated the physical mechanism of the observed dayside high-
latitude upper thermospheric from TIEGCM numerical 
simulations, validated their simulations with observations 
of the High altitude Interferometer WIND (HIWIND) bal-
loon, and demonstrated that the model was capable to repro-
duce the unexpected afternoon equatorward thermospheric 
winds. Ion drag derived from the magnetospheric lobe cell 
convection is a probable reason for the unexpected wind 
change. Longitudinal structure is also influenced by several 
factors, including the chemical composition and the meridi-
onal winds at the altitude of the F region. England et al. [89] 

Fig. 12. Density (color scale) and wind (arrows) data from both 
GOCE and CHAMP accelerometers, on April 5, 2010. Densities 
normalized to 300-km altitude. The background wind field is from 
the HWM07 model [69].
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used a new model of ionosphere (Sami2) to test the electro-
dynamic and chemical–dynamical coupling mechanisms. 
Siskind et al. [90] proposed that the decrease of O/N2 ratio 
leads to a decrease in ionospheric electron density. He found 
an underestimation of peak electron density of the iono-
spheric F2 layer that was probably resulted from TIE-GCM 
uncertainties in the bottom boundary for atomic oxygen.

With the continuous technological advancement and 
the increasing knowledge on thermospheric processes, LEO 
satellites are constantly decreasing in altitude, size, and 
budget [91], and more experiments and new miniaturized 
instruments can be tested, e.g., the Broglio Drag Balance 

Instrument [92], or the miniaturized pressure gauge 
devices. Several other techniques could be included and 
integrated in thermosphere research and modeling in the 
future, including ultraviolet remote sensing, the incoherent 
scatter radar, and atmospheric occultation [93].� 
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