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Abstract Monitoring and understanding the upper atmosphere processes is important for orbital decay
and space physics. Nowadays, Low Earth Orbit (LEO) accelerometers provide a unique opportunity to
study thermospheric density variations with unprecedented details. In this paper, thermospheric mass
densities variations from Gravity Recovery and Climate Experiment (GRACE) accelerometers are investigated
for the period 2003–2016 using the principal component analysis (PCA). The resulting modes are analyzed
and parameterized in terms of solar andmagnetospheric forcing, local solar time (LST), and annual variations.
A better understanding of global thermospheric air density variations is presented, which validates the
suitability of our technique and model. The parameterization of the subsolar-point annual variation shows
two maxima around June and only one in December. The LST parameterization shows a new fluctuation
controlling a middle latitude four-wave pattern, with two maxima at 12 h and 21 h LST and two minima at 1 h
and 17 h LST. Our parameterizations are suitable to represent small-scale variations including, e.g., the
equatorial mass density anomaly (EMA) and the midnight density maximum (MDM). Finally, the residuals are
analyzed in the spectral domain, and additional contributions are found at the frequencies of the radiational
tides and at the periods of 83, 93, 152, and 431 days.

1. Introduction

The thermosphere is highly variable in space and time, and its physical processes are still not well understood
[e.g., Jin et al., 2008, 2013]. On the one hand, the extreme ultraviolet irradiance is absorbed at the thermo-
sphere and ionizes, dissociates, and excites the neutral species. On the other hand, the solar wind plasma,
combined with a favorable alignment of the interplanetary magnetic field, produces thermospheric Joule
heating and particle precipitation along the Earth’s magnetic field lines. Subsequently, since the density at
this altitude is too low for molecular interaction, the dynamics act through the collisions between the iono-
spheric plasma and the neutrals, creating variations in the thermospheric mass density distribution.

Accurate knowledge of thermospheric density variations is essential for Precise Orbit Determination (POD) in
a Low Earth Orbit (LEO). Currently, half of the world’s active satellites operate in LEO (http://www.ucsusa.org/
nuclear-weapons/space-weapons/satellite-database#.V3jtOPl95QI), and more than 20,000 inactive objects
are tracked for collision avoidance (http://www.orbitaldebris.jsc.nasa.gov/index.html). In a LEO environment,
atmospheric drag is a major cause of orbital decay and perturbations, limiting the mission life span with a
destructive reentry. Therefore, it is clear that an accurate air density model is essential for the upper atmo-
sphere research and applications. However, in view of the high expected accuracy from present and future
LEO-POD products, the current thermospheric air density models are unable to predict the variability as accu-
rately and efficiently required.

During the last decade, the technique of equaling the drag-force formula to aerodynamic accelerations has
been providing an unprecedented detail when satellite-accelerometer measurements are employed [e.g.,
Bruinsma et al., 2004; Doornbos, 2011]. Consequently, the technical advance in this area has enlarged the
research efforts on thermospheric mass density distribution and variations. For instance, Liu et al. [2005]
derived a global distribution of the thermospheric total mass density from 1 year (2002) of Challenging
Minisatellite Payload (CHAMP) accelerometer measurements. Several features were shown to be related to
the equatorial ionization anomaly and to the midnight temperature maximum. However, only a general char-
acterization in local solar time (LST) coordinates was provided, and no temporal variations were analyzed due
to limited data. Then the concept of equatorial thermospheric mass density anomaly (EMA) was introduced in
Liu et al. [2007], where the variations with season, geomagnetic activity, and solar flux levels were
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investigated using 4 years of CHAMPmeasurements (2002–2005). The EMAwas defined as a minimum on the
dayside, clearly aligned to the geomagnetic equator, and with two maxima at ±20° geomagnetic latitude.
However, only the geographical distribution of the dayside mass density was depicted, and no variations
at high latitude (above 60°) were studied. Later, Lei et al. [2012b] showed that the equatorial thermosphere
anomaly (ETA) can be attributed to energy transfer from thermal plasma to the neutrals through collisions,
due to their temperature differences. Recently, an anomalous behavior of the equatorial anomaly has been
investigated in the nightside mass density distribution [e.g., Ma et al., 2010; Akmaev et al., 2010; Ruan et al.,
2014, 2015], i.e., the midnight density maximum (MDM). It seems that the MDM has a maximum, instead
of minimum around the equator, and lower values instead of higher values, at middle latitudes. More
complete studies on changes with geophysical conditions have been presented, e.g., in Müller et al. [2009],
Guo et al. [2007], and Lathuillère et al. [2008]. For instance, Müller et al. [2009] studied the solar and magneto-
spheric forcing of the low-latitude thermospheric mass density as observed by CHAMP accelerometers,
and provided a detailed study on the day-to-night mass density ratio and the seasonal variations.
Unfortunately, their day-to-night study was insufficient to properly describe local time variations, but the sea-
sonal dependence was better characterized than that of previous studies [e.g., Bowman et al., 2008a;
Guo et al., 2008]. The improvement was achieved by removing the local time, solar flux, and magnetic activity
effects before the analysis. In recent years, several other studies have investigated the seasonal variation of
thermospheric neutrals using different and innovative techniques. For instance, Guo et al. [2008] deduced
the seasonal variations from CHAMP accelerometer measurements (2002–2005), using daily averages com-
pared to the JB2006 model [Bowman et al., 2008b], in which the seasonal dependence was deactivated.
Unfortunately, their results showed strong dependence on the performance of the empirical model
JB2006. Several studies have detected that the amplitude of seasonal variations increases with solar activity
[e.g., Emmert and Picone, 2010;Matsuo and Forbes, 2010], and a further study of on the latitudinal dependence
of seasonal variations was performed in Lei et al. [2012a]. Concerning longitudinal variations, Xu et al. [2013]
revealed from CHAMP and GRACE accelerometers a hemispherically asymmetric distribution, positive always
near the magnetic poles and with strong seasonal variations.

From the above studies, it is clear that more comprehensive studies are required to understand all involved
parameters and the interconnections between the functional dependences. In addition, the mechanisms
related to equatorial anomalies are still not well defined [e.g., Ruan et al., 2014, 2015; Akmaev et al., 2010;
Ma et al., 2010; Liu et al., 2007]. It is clear that the above research has been addressed to different aspects
of thermospheric density variations, but the scientific community still needs more complete studies to
characterize and predict the thermospheric density variability in an accurate and efficient manner.

In the spatiotemporal data analysis of satellite measurements, the orbital precession represents a major lim-
itation. For that reason, the studies of Matsuo and Forbes [2010] and Lei et al. [2012a] have provided the first
attempts to characterize the dominant modes of global thermosphere density variability, with the use of the
principal component analysis (PCA) technique. In their work, the principal components were estimated with a
sequential nonlinear regression analysis of one-dimensional measurements along satellite tracks, using a
time-invariant orthogonal basis at every orbit time. Providing similar results, Calabia and Jin [2016] have
recently introduced a more feasible technique for the PCA of sparse measurements along satellite tracks.
The method is based on the eigenvalue solution of the covariance matrix of static grids, which are obtained
by interpolation of consecutive arcs of orbits. In this scheme, the spatiotemporal behavior of thermospheric
air density variations with solar and magnetospheric forcing, as well as LST and annual fluctuations, can be
investigated together with all driver-response relationships.

In this study, thermospheric neutral density variations from Gravity Recovery and Climate Experiment
(GRACE) accelerometry are investigated for the period 2003–2016 using the PCA. The structure of this paper
is presented as follows. In section 2, a brief overview of neutral density retrieval from GRACE measurements
is given; the detailed technique for the analysis is presented in section 3; the results are analyzed and dis-
cussed in section 4; and finally, conclusions are summarized in section 5.

2. Observations and Data Processing
2.1. Observations and Models

GRACE (Gravity Recovery and Climate Experiment) is a joint mission between the National Aeronautics
and Space Administration (NASA) and the Deutsches Zentrum Für Luft und Raumfahrt (DLR). GRACE’s
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Level 1B format record files can be downloaded from the Information System and Data Center (ISDC)
GeoForschungsZentrum (GFZ) website (http://isdc.gfz-potsdam.de/) in binary big-endian byte-ordering
format. The twin satellites of the GRACE mission are equipped with three-axis capacitive Super-STAR acceler-
ometers to measure the nongravitational acceleration acting on the satellites. Plus and minus drive voltages
are applied to electrodes with respect to opposite sides of a proof mass, whose electrical potential is main-
tained at a dc biasing voltage. Unfortunately, this dc level is the source of bias and bias fluctuations which
must be corrected, e.g., using the parameterizations of Calabia et al. [2015]. The star cameras mounted on
GRACE satellites provide the precise attitude references to determine the satellite’s absolute orientation with
respect to the International Celestial Reference System. Precise orbit ephemeris (position and velocity) are
generated by processing 5min GPS tracking data, through reduced-dynamic POD with stochastic accelera-
tion estimated every 5min [Bertiger et al., 2002]. Precise orbit ephemeris, thruster activation times, and
satellite mass records are also included within the record files.

NRLMSISE-00 is an empirical, global model of the Earth’s atmosphere, from ground to space, and is the
standard for international space research. A primary use is to aid predictions of satellite orbital decay due
to atmospheric drag. The earlier models MSIS-86 and MSISE-90 are based on Mass Spectrometer and
Incoherent Scatter Radar measurements, and the current model has been updated with satellite drag data
[Picone et al., 2002].

2.2. Thermospheric Air Mass Density Estimation

In this study, thermospheric mass densities are derived from accelerometer measurements of GRACE (GFZ
database) using the drag-force formula:

FD ¼ 1
2
CAρv2r (1)

where C is the drag coefficient vector, A is the cross-sectional area perpendicular to vr, ρ is the atmospheric
mass density, and vr is the relative velocity of the atmosphere with respect to the spacecraft, including
corotating atmosphere and horizontal winds [Doornbos, 2011]. Horizontal wind velocities have been com-
puted from the HWM07model [Drob et al., 2008] in the local ENU (East, North, Up) reference frame, and trans-
formed to the terrestrial reference frame (International Terrestrial Reference System) to be combined with
satellite’s velocities. The velocity of the corotating atmosphere has been computed as the vector product
between the Earth’s angular rotation and the satellite’s position vector.

The forces measured by satellite accelerometers mainly include atmospheric drag (FD), acceleration due to
radiation pressure, and thruster firings. While thruster firings have been easily removed by computing the
activation times, irradiative accelerations comprise a more elaborated modeling. Basically, the three main
sources of irradiative accelerations are direct solar radiation pressure, reflected solar radiation pressure,
and terrestrial infrared radiation. While terrestrial infrared radiation is almost independent from illumination
conditions, direct and reflected solar radiations have to be multiplied by a ratio to account for planetary
eclipses [Montenbruck and Gill, 2013]. 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 equation to determine the entire resultant
force on the satellite due to solar radiation [Luthcke et al., 1997] accounts for the plate areas and their orienta-
tion, their coefficients of diffusive and specular reflectivity, and the mass of the satellite. GRACE’s panel model
properties [Bettadpur, 2007] provide the coefficients of reflectivity for both the visible (VIS) and the infrared
(IR) part of the electromagnetic spectrum. We have combined these values by weighting them in function
of the amount of solar flux given in each spectral window (43% for VIS and 53% for IR). In a similar way,
Earth albedo has been computed accounting for the reflected solar radiation and the terrestrial infrared
radiation. For the terrestrial infrared radiation, Knocke and Ries [1987] modeled seasonal and latitudinal
variations of a blackbody with a surface temperature of 288°K. The reflected radiant flux is a fraction of
the incoming flux, and it has been computed from the reflectivity index available from the Total Ozone
Mapping Spectrometer. GRACE’s drag coefficient vector C has been computed from the energy accommo-
dation coefficient model generated by Mehta et al. [2013]. For the molecular mass ratio between the mean
atmosphere and each plate, note that the surface of GRACE is covered with Kapton (382 g/mol), solar array
glass (144 g/mol), and Teflon (100 g/mol). For the mean molecular density (g/mol) of the atmosphere, we
employ the sum of partial number densities (m�3) from the MSIS model, multiplied by each corresponding
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atomic mass (g/mol), and finally divided by the total volume. Detailed study on using different energy
accommodation coefficients and the repercussions on GRACE’s density estimation can be found in
Mehta et al. [2013]. After solving the drag-force equation for neutral densities at each satellite position,
the derived values have been normalized to a common height of 475 km with the MSIS model, following
the indications of Rentz and Lühr [2008]. Since the GRACE orbit altitude varies from 500 km in 2003 to
400 km in 2015 (scale height of 100 km), the errors caused by the normalization are expected to be small
enough (within 5%), as discussed in Bruinsma et al. [2006]. Altitude information for the GRACE mission can
be found at the website of the University of Texas, Center for Space Research (http://www.csr.utexas.edu/
grace/operations/configuration.html).

3. Analysis Methods
3.1. Spatiotemporal Analysis

In order to derive a complete grid of densities, the orbital trajectory has been divided in ascending and des-
cending legs. For the development in longitude, the values have been biased 360° after a grid is completed.
Then the interpolation and clipping of each grid has been conducted. Taking into account time processing
and required physical memory for the PCA analysis, we achieved an optimal resolution of 3° (120 × 60).
Detailed procedure for the computation can be found in Calabia and Jin [2016]. Following to this approach,
the variability of each grid is synthesized in two temporal dimensions: the latitudinal variation, defined by the
half orbital period (3.99min per westward degree), and the longitudinal variation, defined by the equatorial
orbit shift (31.37 s per latitudinal degree).

The spatial patterns of variability, their time variation, and the measure of their importance are conducted via
the PCA. The aim of this technique is to determine a new set of variables that capture most of the observed
variance through a linear combination of the original variables, based on eigen decomposition. The analysis is
presented as a series of modes which can be reconstructed multiplying the spatial patterns of variability with
their corresponding temporal components. Detailed analyses and the selection of retained modes for static
grids can be found in Preisendorfer [1988] and Wilks [1995], and a readily computable algorithm in Bjornsson
and Venegas [1997]. The method requires the use of a two-dimensional matrix where each row represents a
given instant of time, and each column a time series for a given location. In this study, each grid has been
expanded into one-dimensional array (120 × 60= 7200), and a matrix of 7200 × 4762 values has been created
from the 4762 grids to analyze (grids from 2003 to 2016). Note that each grid corresponds to 23 h 56min, so
we obtain 2 × 17 grids extra in the period 2003–2016. In addition, ascending and descending orbits have
been concatenated to obtain a singular solution, so the final matrix becomes 7200× 9524. Then the covar-
iance matrix has been computed for the eigenvalue problem [Bjornsson and Venegas, 1997]. The solution is
a diagonal matrix containing the eigenvalues of the covariance matrix and a matrix of the corresponding
eigenvectors. Each eigenvectors is regarded as a map, and its contribution to the total variability is given
by the corresponding eigenvalue. For the purpose of this research, subdaily variations are not investigated,
and since all-derived grids are equally affected by longitudinal and latitudinal variations, the resulting PCA
components will follow the same pattern. Additional details about the features of this method can be found
in Calabia and Jin [2016].

3.2. Radiational Constituents

InMunk and Cartwright [1966, Figure 8], the authors introduced the concept of “radiational tides” to associate
their residuals with the tidal phenomena derived from solar heating. Therefore, since the driving force of
radiational variations in the thermosphere should contain the same spectral structure as the main radiation
tides, it seems to be meaningful to look into the thermospheric air mass density time series for peaks at
frequencies, which are marked in the tidal spectrum by the most energetic radiational constituents
(Table 1). From the perspective of the GRACE satellites (subscript sat), the wave frequencies associated to
each radiational constituent vary depending on the satellite’s equatorial orbit shift, i.e., GRACE’s precession

rate σSunsat ¼�1=322 cycle=dayð Þ . From the perspective of a ground-based station (subscript Earth), the

Earth’s self-rotation frequency with respect to the Sun is σSunEarth ¼ 1 cycle=dayð Þ and with respect to, e.g.,

the P1 radiational constituent is σP1Earth ¼ σSunEarth � 1=365:2434, so 1=σP1Earth ¼ 1:002745 or 24.06589 h, which
is confirmed as the solar diurnal P1 period [Petit and Luzum, 2010]. Since the phase speed of the radiational

Journal of Geophysical Research: Space Physics 10.1002/2016JA022594

CALABIA AND JIN THERMOSPHERIC MASS DENSITY VARIATIONS 11,194

http://www.csr.utexas.edu/grace/operations/configuration.html
http://www.csr.utexas.edu/grace/operations/configuration.html


constituent (e.g., in the P1 case
CP1 = 1/365.2434) is constant for each
sinusoidal mode [Forbes et al., 2013],
by subtracting the equations derived
from both perspectives ref= {sat,

Earth}, i.e., σP1ref ¼ σSunref � CP1 , we
can isolate the satellite-associated
wave frequencies, e.g., equation (2).

Note that equation (2) is given as example to calculate the wave frequency associated to the P1 radiational
constituent. In the case of GRACE, the precession rate has a negative value, reflecting the opposite precession
of the satellite than that given by the Earth, both with respect to the Sun.

σP1sat ¼ σSunsat þ σP1Earth � σSunEarth ¼ �0:005843 ¼ � 1
171:1306

(2)

The corresponding periods for the radiational constituents are extracted from Petit and Luzum [2010] and
listed in Table 1, where we also include the corresponding alias period for GRACE.

4. Results and Discussion
4.1. Thermospheric Air Mass Density Estimation

Since we have generated a new density data set, we provide a brief statistical comparison with respect to a
previous density derivation [Sutton, 2011], as well as the differences to NRLMSISE-00. We employ density esti-
mations derived from Sutton [2011], which have been downloaded from the University of Colorado at
Boulder website (http://sisko.colorado.edu/sutton/data/ver2.2/) and have been normalized to 475 km with
the MSIS model, following the indications of Rentz and Lühr [2008]. The estimates of Sutton [2011] are the
solution of Sentman’s [1961] drag coefficient formulas, which include the thermal drag effect (phenomenon
that increases the coefficient of drag for long satellites). The resulting statistical comparisons are presented in
Figure 1, with correlation coefficients, relative error (with respect to the background density), and relative
standard deviation (SD) every 15 day from 2003 to 2009. Note these relative statistics are strongly dependent
on the satellite’s LST, as well as solar flux conditions (i.e., satellite positions at around 6 or 18 h LST or low
values in the background density will influence negatively in the relative statistics). With a mean correlation
of 94%, the densities of Sutton [2011] have 10% better correlation to our estimates than the MSIS model. In
Figure 1c, while the mean difference with respect to Sutton [2011] is centered at zero, the MSIS estimates are
positively deviated in 25% (with respect to the background density). Concerning the relative SD (Figure 1d),

with a mean value of 16% with
respect to the background density,
the differences with respect to
Sutton [2011] are 11% smaller than
the differences to MSIS.

Plotted in geographical coordinates,
Figure 2 shows the relative differ-
ences between the GRACE measure-
ments and the MSIS model during
the period 2003–2016. In Figure 2a,
the median average of relative differ-
ences, i.e., (MSIS-GRACE/GRACE),
shows a mean global overestimation
of about 0.15, being less pronounced
at the northern polar cap and at the
Cape Horn region, but more promi-
nent at the equator (~0.3). The SD of
relative differences (Figure 2b) shows
a mean value of 0.35, showing
marked values at the southern polar

Table 1. GRACE Alias Periods for the Main Radiation Waves

Darwin Symbol Period (day) Alias Period (day)

P1 1.0027454 171.13
S1 (LST) 1.000000000 322.00
K1 0.9972696 2719.68
K+ 0.9971964 3399.74
T2 0.5006854 111.74
R2 0.4993165 287.89

Figure 1. Statistical comparison with respect the estimates of Sutton [2011]
in black and with respect the NRLMSISE00 empirical model in green.
(a) Background density, (b) correlation coefficients, (c) relative error, and
(d) relative SD.
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region and along the equator (~0.4),
and lower values at the northern
polar region (~0.3).

4.2. Spatiotemporal Analysis of
Thermospheric Densities From PCA

The spatial patterns of density varia-
bility, their time variation, and the
measure of their importance have
been conducted via the PCA. The
eight main eigenvectors together
account for 98.6% of the total var-
iance and, individually, explain the
90.3%, 3.5%, 2.9%, 1.2%, 0.3%, and
0.1% for each of the last three ones.
The fourth, fifth and sixth modes
have been recognized as the gradi-
ent of density variations driven by
energetic geomagnetic contributions
and therefore excluded from our
analysis (no clear periodicities to
investigate were detected). We
decided to study these nonperiodic
components in future research.
Figure 3 show the five selected
modes of thermospheric density
variability in geographic coordinates
(i.e., to represent a specific contribu-
tion, e.g., local time or day of the year,
each map must be multiplied by the
queried value, which is given by the

corresponding time expansion coefficient). The first PCA component (Figure 3a) shows higher values in
the Southern Hemisphere, a trough that follows the geomagnetic equator, and two peaks located at the
cusps. Maxima values are located at the southern cusp and minima at the northern cusp. We
might induce that the distribution is coupled with the orientation of the dip angle, producing positive den-
sity contributions in the southern cusp and negative in the northern cusp, both with respect to the variable
global mean value. Similar results have been pictured in Xu et al. [2013], with a hemispherically asymmetric
distribution, showing higher values near the magnetic poles. Previous studies using PCA techniques
[Matsuo and Forbes, 2010; Lei et al., 2012a] provided no clear descriptions for these features. In comparison
with Liu et al. [2005, 2007, 2009], our PCA1 shows an improved characterization of the EMA, which shows
the clear relation with the ETA [Lei et al., 2012b]. Since the PCA technique separates in a different compo-
nent the variations due to the movement of the subsolar point, the EMA structure, and its fluctuations in
time can be better analyzed. For instance, Figure 3a shows more pronounced and symmetric crests where
the geomagnetic equator is close to the geographical equator (i.e., 90° to 180°W); while in the other side
(i.e., 0° to 180°E) the northern crest becomes less prominent. The second and third components
(Figures 3b and 3c) show a clear relation to latitudinal variations following the subsolar point, plus changes
in latitudinal curvature due to LST variations. Figures 3d and 3e show more detailed variations in latitude,
and a clear four-peak longitudinal pattern, which has previously reported in Liu et al. [2009]. A detailed
analysis of the frequency spectrum of time domain signals (right column in Figure 3) is given in the follow-
ings sections.

4.3. Parameterization of PCA Time Expansion Coefficients

Since the strongest contribution on thermospheric density variations is the solar and magnetospheric for-
cing, the main time expansion coefficient (PCA1, Figure 3a) has been simultaneously modeled in a

Figure 2. (a) Median average and (b) SD of relative differences between the
NRLMSISE00 and the GRACE density estimates, i.e., (NRLMSISE00�GRACE/
GRACE). Dip isoclinic lines are plotted in dash-dotted gray lines to show
the alignments. Values are dimensionless.
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Figure 3. Main PCA components of thermospheric air mass density variability from GRACE measurements (475 km altitude) (a–e) Each component individually
explains the 90.3%, 3.5%, 2.9%, 0.1, and 0.1% of the total variance. Dip isoclinic lines are plotted in dash-dotted gray lines to show the alignments. Values
are dimensionless.
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two-dimensional degree-2 polyno-
mial fitting (Figure 4). Instead the
lineal response given by previous
studies [e.g., Müller et al., 2009,
Figure 3; Ruan et al., 2014 Figure 2],
Figure 4 depicts a clear quadratic
response. The fitting is based on
applying a robust least squares
regression analysis, where the
robust linear fitting M-estimator
method Tukey’s biweight (also
known as bisquare) is employed
to avoid possible outliers. The
polynomial fitting uses the coeffi-
cients given in Table 2 in the
following form:

F Am; P10:7ð Þ ¼ p00þ p10 � Amþ p01 � P10:7 þ p20 � Am2 þ p11 � Am � P10:7 þ p02 � P10:72 (3)

where Am is the k-derived planetary geomagnetic index (http://isgi.unistra.fr/data_download.php), and P10.7
is the composite index P10.7 = 0.5 (F10.7 + (F10.7

81 days)) from the previous day, which is derived from the F10.7
solar radio flux at 10.7 cm (http://omniweb.gsfc.nasa.gov/form/dx1.html). Previous authors have shown that
the P10.7 (previous day) and the Am indices better correlate with the thermospheric density variations [e.g.,
Müller et al., 2009; Guo et al., 2007].

After removing solar and magnetospheric contributions from the first time expansion PCA coefficient, the
residuals have shown variations at LST and at annual periods, which are modulated in amplitude by a factor
strongly correlated to the solar flux. These variations have been extracted from the signals, and parameter-
ized in terms of LST and DOY (day of year), in sinusoidal functions modulated by the P10.7 index. Note
throughout this manuscript that each function has an additive contribution to the total variance, and the
linear combination of all the functions associated to a specific contribution, e.g., LST, represents the com-
plete spectrum of that contribution. In order to reduce the number of variables in the fitting process, an
iterative two-step process has been conducted as follows: First, data normalization to common flux has been
implemented following the indications in Müller et al. [2009], then a sinusoidal fitting based on Fourier
functions has been conducted as done in Jin et al. [2007], and finally, a polynomial fitting modulates the
flux-dependent amplitude of the functions computed in the previous step. Note that all cases employ the
bisquare least squares fitting (same as for equation (3)). The resulting functions for the main secular varia-
tions are shown in Figures 5, 6, and 8 to 11. For these variations, the coefficients given in Table 3 are to
be used in the following form:

G χ; P10:7ð Þ ¼ 10�15 � 10a � P10:7b � a0þ
Xn
i¼1

an � cos n � χð Þ þ bn � sin n � χð Þ½ �
 !

(4)

where a, b, a0, an, and bn are the con-
stant and amplitudes, and χ takes dif-
ferent values for each periodic case:
For the annual variations, χ is
DOY · 2π/365; for the radiational varia-
tions (e.g., LST), χ is the argument
defined by the vector product
between the six vectors of Doodson’s
fundamental arguments and their cor-
responding six vectors of multipliers
[Petit and Luzum, 2010]; for the other
periodic cases, χ is the product

Figure 4. Fitting of the first PCA time expansion coefficient (Figure 3a) in
terms of P10.7 and Am indices. Parameterization is given in Table 2.
Corresponding spatial pattern is shown in Figure 3a and given in Table 4.
Y axis values are dimensionless.

Table 2. Coefficients for Solar and Magnetospheric Variations Used in
Equation (3)

PCA 1

P10.7 and Am

p00 �1.98E� 14
p10 �5.55E� 16
p01 1.62E� 17
p20 �6.09E� 18
p11 1.45E� 17
p02 7.10E� 18
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between the corresponding angular frequency (=2π/period) and the days since J2000.0 (days since 51544.5 in
modified Julian date format). Note that Doodson’s fundamental arguments are computed at the times when
the satellite crosses the Greenwich meridian. Fitted parameters and correlation coefficients between the time
expansion PCA series and the parameterized ones are given in Table 3. The parameterizations achieve 96%,
92%, 91%, 75%, and 75% correlation with respect to the 1 to 5 PCA components, respectively.

Figure 5. Fitting of PCA time expansion coefficients, as seen from periodic variations of the S1 constituent (represented in
LST). Data normalized to P10.7 = 110 common flux. Parameterizations are given in Table 3, including the modulation in
amplitude. Corresponding spatial patterns are shown in Figure 3 and given in Table 4. Y axis values are dimensionless.
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Table 3. Coefficients for Periodic Variations Used in Equation (4), Including Percent Correlation Coefficients for Each Parameterization (93 Day Period Might Not be
Used for Modeling)

S1 Annual K1 P1 R2 T2 93 Day

PCA 1 (96%) a 8.224 8.166 - 10.2 - - -
b 3.341 3.383 - 2.37 - - -
a0 1.64E� 15 1.76E� 15 - 1.10E� 16 - - -
a1 �2.25E� 14 1.08E� 14 - 1.01E� 15 - - -
b1 2.01E� 14 2.60E� 15 - �3.18E� 15 - - -
a2 �9.48E� 16 �9.41E� 15 - - - - -
b2 �6.35E� 15 �4.75E� 15 - - - - -
a3 �2.17E� 16 �1.51E� 15 - - - - -
b3 1.04E� 15 �2.14E� 15 - - - - -

PCA 2 (92%) a 8.2 8.209 8.166 7.958 - 8.142 9.886
b 3.36 3.35 3.362 3.476 - 3.391 2.487
a0 3.40E� 14 �1.06E� 13 4.99E� 15 2.98E� 14 - 6.97E� 17 �3.40E� 15
a1 �5.69E� 14 �1.10E� 13 2.69E� 15 �6.23E� 15 - 1.65E� 16 �1.73E� 14
b1 5.53E� 14 2.23E� 14 �2.24E� 14 8.52E� 15 - 9.04E� 15 �7.35E� 16
a2 �1.90E� 15 �2.35E� 14 3.44E� 15 - - - -
b2 �3.19E� 14 7.88E� 15 1.80E� 15 - - - -
a3 �2.25E� 15 1.18E� 14 - - - - -
b3 4.08E� 15 7.96E� 15 - - - - -
a4 �1.60E� 15 �2.42E� 15 - - - - -
b4 �1.77E� 15 1.38E� 14 - - - - -
a5 - �2.44E� 17 - - - - -
b5 - �3.49E� 16 - - - - -

PCA 3 (91%) a 8.192 8.167 7.264 8.29 - - 13.73
b 3.356 3.358 3.757 3.26 - - 0.5774
a0 6.67E� 14 �7.89E� 15 �2.20E� 14 1.09E� 14 - - 4.27E� 14
a1 5.55E� 14 �7.14E� 14 1.01E� 14 �8.71E� 15 - - �1.53E� 14
b1 �3.70E� 14 2.44E� 14 �1.89E� 14 2.32E� 14 - - �1.93E� 15
a2 �1.18E� 14 �1.22E� 14 �1.59E� 15 - - - -
b2 2.83E� 14 �4.07E� 15 �6.50E� 15 - - - -
a3 6.58E� 15 4.86E� 15 - - - - -
b3 �5.40E� 15 �1.04E� 15 - - - - -
a4 �2.60E� 16 �6.09E� 15 - - - - -
b4 1.06E� 15 4.14E� 15 - - - - -
a5 7.82E� 16 9.08E� 16 - - - - -
b5 1.55E� 15 �2.91E� 16 - - - - -

PCA 4 (75%) a 10.85 - 8.151 8.175 8.185 8.174 -
b 2.062 - 3.331 3.366 3.373 3.362 -
a0 �2.03E� 14 - 1.18E� 14 �3.40E� 16 �2.26E� 15 �2.22E� 15 -
a1 3.02E� 15 - 9.33E� 15 �8.84E� 15 5.76E� 15 6.02E� 15 -
b1 8.71E� 15 - �1.26E� 14 1.25E� 14 4.17E� 15 8.75E� 15 -
a2 �7.80E� 15 - �1.28E� 15 - - - -
b2 5.26E� 15 - �4.38E� 15 - - - -
a3 1.45E� 15 - - - - - -
b3 �2.08E� 15 - - - - - -
a4 4.90E� 16 - - - - - -
b4 �4.50E� 16 - - - - - -

PCA 5 (75%) a 9.571 - - - - - -
b 2.658 - - - - - -
a0 �3.69E� 15 - - - - - -
a1 1.31E� 15 - - - - - -
b1 7.28E� 15 - - - - - -
a2 �1.27E� 14 - - - - - -
b2 1.86E� 14 - - - - - -
a3 1.43E� 14 - - - - - -
b3 �1.14E� 14 - - - - - -
a4 �4.71E� 15 - - - - - -
b4 3.26E� 16 - - - - - -
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4.4. Local Solar Time and Annual Variations

Figure 12 shows the thermospheric density variations derived from GRACE accelerometers and MSIS, in func-
tion of LST and latitude (fixed at Greenwich meridian), for the scenarios of March equinox (ME), June solstice
(JS), September equinox (SE), and December solstice (DS), and for solar flux conditions of P10.7 = 80 and
120 sfu (1 sfu = 10�22Wm�2 Hz�1; eight scenarios in total). In each scenario, accelerometer-based and
MSIS-based densities along GRACE orbits (raster plots) and the direct calculations from our parameterization
and from the MSIS (contour plots) are plotted from left to right. In each scenario, the values of density along
GRACE orbit have been averaged in between ±15 sfu and ±30 day, and the corresponding occurrences are
summarized in the bar graph on the left. Due to the disperse nature of the resulting averages, we employ
the raster format for a better representation (pair of plots on the left). On the right side (pair of contour plots

Table 4. Spherical Harmonics Parameterization of PCA Spatial Patterns, Including Percent Contribution to the Total Variance

PCA 1 (90.3%) PCA 2 (3.5%) PCA 3 (2.9%) PCA 4 (0.1%) PCA 5 (0.1%)

l m A B A B A B A B A B

0 0 5.68E + 00 0 1.76E� 01 0 �1.82E� 01 0 1.02E� 02 0 �7.58E� 03 0
1 0 2.68E� 01 0 �3.47E� 01 0 �2.69E� 01 0 �2.14E� 01 0 �3.36E� 03 0
2 0 �2.48E� 01 0 �2.29E� 01 0 3.25E� 01 0 �1.20E� 02 0 2.79E� 01 0
3 0 5.57E� 02 0 �5.39E� 02 0 �1.91E� 02 0 2.79E� 01 0 4.37E� 02 0
4 0 �7.36E� 02 0 �5.31E� 02 0 8.07E� 02 0 2.00E� 02 0 �3.05E� 01 0
5 0 �1.91E� 02 0 1.98E� 02 0 1.87E� 02 0 3.00E� 02 0 �2.38E� 02 0
6 0 1.83E� 02 0 �1.04E� 02 0 6.09E� 03 0 �2.70E� 02 0 �2.46E� 02 0
7 0 �8.19E� 03 0 �3.31E� 03 0 �3.55E� 03 0 9.31E� 03 0 �3.57E� 02 0
8 0 �3.99E� 02 0 �1.11E� 02 0 1.74E� 02 0 7.64E� 03 0 �2.28E� 02 0
1 1 2.67E� 02 2.22E� 02 �4.93E� 04 �6.79E� 02 �3.03E� 02 �2.99E� 02 �1.86E� 02 8.52E� 03 9.57E� 02 �3.46E� 02
2 1 1.72E� 02 �7.52E� 02 �2.13E� 03 1.86E� 03 2.13E� 02 �1.76E� 02 4.02E� 02 3.93E� 02 1.82E� 02 �4.10E� 02
3 1 9.91E� 03 �1.51E� 02 3.03E� 03 �2.07E� 02 1.61E� 02 5.74E� 03 �3.37E� 02 3.72E� 02 �4.55E� 02 1.44E� 03
4 1 2.47E� 02 �1.39E� 02 �4.23E� 03 �4.34E� 03 1.18E� 02 �1.52E� 03 1.96E� 03 3.24E� 02 2.00E� 02 �2.17E� 02
5 1 3.63E� 03 �1.76E� 03 �1.26E� 03 �1.53E� 02 5.22E� 03 �2.58E� 03 �3.12E� 02 4.98E� 03 �7.03E� 03 �1.24E� 02
6 1 �2.01E� 04 �4.11E� 02 �4.53E� 04 �1.01E� 02 4.65E� 03 1.16E� 02 1.14E� 02 3.07E� 02 2.42E� 02 �1.81E� 02
7 1 �3.41E� 03 �3.83E� 04 7.42E� 04 �2.35E� 03 2.82E� 03 4.13E� 03 �5.43E� 03 1.57E� 02 �2.50E� 03 �5.94E� 03
8 1 �7.58E� 03 2.64E� 02 �2.59E� 03 4.38E� 03 3.22E� 03 �5.61E� 03 4.65E� 03 1.36E� 02 1.03E� 02 7.77E� 03
2 2 �2.68E� 02 1.02E� 02 4.34E� 03 �1.77E� 02 3.77E� 03 �7.94E� 03 �2.83E� 02 �4.85E� 02 2.19E� 02 4.10E� 02
3 2 3.12E� 02 �1.59E� 03 �1.37E� 03 1.63E� 03 �7.36E� 03 �5.52E� 03 8.88E� 04 1.60E� 03 �1.84E� 03 �3.05E� 02
4 2 �1.89E� 03 �8.16E� 03 �2.01E� 03 �1.20E� 03 �7.18E� 03 �3.80E� 03 6.79E� 04 �3.32E� 02 �1.38E� 02 �2.19E� 02
5 2 �6.89E� 03 4.96E� 04 �4.76E� 03 �5.93E� 04 9.97E� 04 1.59E� 04 4.87E� 03 4.87E� 04 �5.78E� 03 �5.03E� 03
6 2 �8.78E� 03 �3.53E� 03 1.15E� 03 �2.32E� 03 2.21E� 03 �2.97E� 03 8.53E� 03 �2.42E� 02 �4.30E� 03 �1.43E� 02
7 2 7.77E� 03 �2.82E� 03 �7.57E� 04 �9.87E� 04 �3.81E� 04 �5.21E� 04 �6.61E� 04 6.20E� 04 1.06E� 02 �2.68E� 03
8 2 7.59E� 03 1.18E� 02 �9.27E� 04 9.40E� 04 �3.08E� 03 �3.07E� 03 6.17E� 03 �1.19E� 02 �3.01E� 03 �5.59E� 03
3 3 �1.05E� 02 �1.11E� 02 1.56E� 04 �4.93E� 03 �2.50E� 03 1.27E� 02 �1.43E� 02 �3.06E� 02 �8.76E� 03 �2.48E� 02
4 3 �7.02E� 03 3.60E� 03 �1.47E� 04 4.46E� 04 7.79E� 04 1.03E� 03 5.79E� 05 �8.00E� 03 �7.97E� 03 8.26E� 03
5 3 �3.15E� 03 2.78E�03 �1.45E� 03 �2.78E� 03 2.15E� 03 �1.03E� 03 �3.08E� 03 �1.05E� 02 8.32E� 03 2.10E� 02
6 3 6.91E� 03 �3.98E� 03 2.73E� 04 �7.09E� 04 �4.26E� 03 �7.07E� 04 �1.08E� 02 1.93E� 03 �1.12E� 02 5.67E� 04
7 3 3.27E� 03 �4.91E� 03 �4.20E� 04 �1.71E� 03 �1.59E� 03 1.83E� 03 2.43E� 03 �1.72E� 03 9.50E� 03 1.34E� 02
8 3 �1.63E� 03 2.52E� 03 1.53E� 04 1.80E� 03 �2.45E� 04 �1.15E� 03 1.20E� 03 �3.74E� 03 �4.86E� 03 �5.02E� 03
1 4 4.09E� 03 �3.25E� 03 �2.64E� 03 �8.95E� 03 �3.10E� 04 1.99E� 03 1.30E� 03 �1.42E� 02 1.25E� 02 1.18E� 02
2 4 9.54E� 04 �4.70E� 03 �2.29E� 03 3.48E� 03 2.80E� 03 �4.57E� 03 1.74E� 02 1.20E� 03 3.06E� 02 �2.46E� 02
3 4 1.24E� 03 1.28E� 03 9.02E� 04 �1.81E� 03 �1.16E� 03 9.63E� 04 �3.85E� 03 �1.54E� 02 �2.50E� 03 �7.70E� 03
4 4 �3.48E� 03 �8.19E� 04 �3.21E� 04 1.65E� 03 7.48E� 04 �2.86E� 03 1.12E� 02 �9.43E� 03 1.04E� 02 �1.42E� 02
5 4 4.42E� 04 �7.71E� 04 7.41E� 04 �2.17E� 03 �1.14E� 03 1.51E� 03 �5.28E� 03 �9.98E� 03 �4.76E� 03 3.11E� 03
6 5 1.12E� 03 �3.64E� 04 9.01E� 04 �3.87E� 03 �5.91E� 04 3.04E� 03 �4.54E� 03 �1.19E� 02 �1.22E� 02 2.81E� 03
7 5 �6.51E� 04 3.22E�04 �3.04E� 04 9.44E� 04 �2.31E� 05 �2.45E� 03 �1.75E� 04 1.82E� 03 6.31E� 03 �1.20E� 02
8 5 2.75E� 03 �1.62E� 03 �1.22E� 04 �1.08E� 03 �2.18E� 04 4.78E� 04 1.78E� 03 �5.53E� 03 �6.09E� 03 3.30E� 03
2 5 1.38E� 03 1.25E� 03 �4.32E� 04 9.71E� 04 �2.58E� 04 �2.45E� 04 1.51E� 03 �1.36E� 03 6.23E� 04 �4.96E� 03
3 6 3.97E� 03 9.13E� 05 2.66E� 04 �1.71E� 03 �1.45E� 03 6.11E� 04 �1.23E� 03 �8.06E� 03 �3.23E� 04 �4.58E� 03
4 6 �1.75E� 04 3.30E� 04 �5.72E� 04 1.47E� 04 2.45E� 04 �5.15E� 04 3.07E� 03 �1.39E� 03 4.09E� 03 8.14E� 04
5 6 4.38E� 04 7.94E� 04 �1.68E� 04 �1.49E� 03 �1.41E� 04 8.05E� 04 1.96E� 03 �6.70E� 03 �4.53E� 03 �3.57E� 04
6 7 3.15E� 03 1.60E� 03 �3.30E� 04 �1.56E� 03 �2.34E� 04 2.21E� 04 7.34E� 04 �8.58E� 03 2.95E� 03 �1.60E� 03
7 7 2.60E� 04 3.42E� 05 8.19E� 05 �5.40E� 05 �4.51E� 04 �6.72E� 05 9.96E� 04 �1.06E� 03 �3.18E� 03 �1.60E� 03
8 8 2.53E� 03 2.56E� 04 �8.65E� 05 �1.41E� 03 4.21E� 05 6.95E� 04 �6.36E� 04 �5.73E� 03 1.29E� 03 �1.27E� 04
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in each scenario), the models are directly computed (i.e., no averaged solution) with DOY, flux, and LST inputs
corresponding to each scenario. Figure 13 shows a similar analysis to Figure 12, but in function of DOY and
latitude for scenarios at 5, 11, 17, and 23 h LST. In this figure, the averaged densities (raster plots) are restricted
in between ±15 sfu and ±3h LST. Since it is unnecessary that each of the PCA components corresponds to a
physical process, in the following paragraphs we intend to identify and discuss the main LST and annual
variations, by comparing our PCA parameterizations with Figures 12 and 13.

Figure 5 shows the LST variations for each time expansionPCA component. For thefirst component (Figure 5a),
the results given by previous authors [e.g., Liu et al., 2005; Matsuo and Forbes, 2010; Lei et al., 2012a] are in
agreement with the equator diurnal maximum at 14:30 h LST and the minimum at 4 h LST. From Figures 12
and 13, we can also observe that the highest values of density (~15 · 10�13 kg/m3) are pictured at ~14 h LST
in DS and ME, and the lowest values (<0.5 · 10�13 kg/m3) at ~4 h LST in JS. It can be seen that the combina-
tion of PCA1 with the LST variations of PCA2 and PCA3 (Figures 5b and 5c) produces a fluctuation in the lati-
tudinal curvature of the global density distribution. A maximum value for the positive curvature is located at
15 h LST. From that point, the curvature is reduced to a minimum at midnight. The minimum remains stable
until 6 h LST and then arises to maxima at 15 h LST. Note that a positive curvature is here defined as low-
latitude increment and high-latitude reduction (and the reciprocal negative). The results from PCA4 and
PCA5 show an interesting response to LST variations. The PCA4 (Figures 3d) shows an asymmetrically hemi-
spherical modulation with opposite behavior in the poles. Moderated contributions have been found in the
LST frequency of PC4 (Figure 5d), with higher values in Northern Hemisphere during whole day, which are
canceled at 11 h LST (note the opposite values at the poles). Additional periodic residuals are investigated in
the followings sections. PCA5 (Figure 3e) shows density enhancement at midlatitude and reduction at

Figure 6. Fitting of PCA time expansion coefficients, as seen from periodic annual variations. Data normalized to
P10.7 = 110 common flux. Parameterizations are given in Table 3, including the modulation in amplitude. Corresponding
spatial patterns are shown in Figure 3 and given in Table 4. Y axis values are dimensionless.
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equator and cusps (and the reciprocal negative). In Figure 5e, the LST variations of PCA5 show two maxima.
First, we can notice an increment up to a maximum at 12 h LST, which decreases to a minimum at 17 h LST.
Interestingly, a null-valued inflection point at 14:30 h LST coincides with the PCA 1, 2, and 3 diurnal maxima
peaks. PCA5 increases (decreases) middle latitude densities previously (after) to reach the PCA1 diurnal max-
imum at 14:30 h LST. It seems that the PCA5 contribution behaves as a dumped response to the solar for-
cing, which modulates the dissipation of density to (from) middle latitudes. After the minimum at 17 h
LST, the LST variations of PCA5 increases up to a second maximum at 21 h LST to later decrease to the sec-
ondary minimum at 1 h LST. Within this period, a null-valued inflection point at 23 h LST coincides with the
secondary density maximum at the nightside equator of Liu et al. [2005].

As for the main seasonal variations, the combination of the annual parameterizations of PCA2 and PCA3
(Figures 6b and 6c, respectively) represents the latitudinal fluctuation following the subsolar point. This fea-
ture is clearly present in Figures 12 and 13. The division of the annual wave in two different modes (PCA2 and
PCA3) is the result of a combined solution of LST and annual variations (i.e., PCA2 and PCA3 can represent
both the variation in the latitudinal curvature and the latitudinal variation following the subsolar point).
Having similar shape of both PCA2 and PCA3 annual variations (Figures 6b and 6c), two maxima peaks are
depicted in June and only one in December. The two maxima peaks around June are separated by a relative
minimum at JS point (171 DOY). The first maximum at early May (122 DOY) shows a bigger amplitude than
the secondary at end of July (213 DOY). The peak in December is located 10 day before to the DS point
(344 DOY). These two peaks around June are clearly pictured in most panels of Figure 13. At equinox periods,
the annual variation seems to have two asymmetrical decelerated intervals (i.e., periods where the velocity of
change is slowed down) as it passes from solstice to solstice. The annual asymmetry of these decelerated
intervals is pictured 1moth previously to ME and half month ahead from SE. These two decelerated intervals
are also recognized in Figure 13, scenarios 11 and 17 h LST. Finally, we describe the PCA1 annual variation
shown in Figure 6a, which has been previously reported and investigated by numerous authors [e.g., Lei et al.,
2012a; Emmert and Picone, 2010; Müller et al., 2009; Guo et al., 2008; Bowman et al., 2008a; Liu et al., 2007]. In
agreement with these previous studies, the PCA1 annual variation shows to increase with solar andmagneto-
spheric activity, and during equinox seasons, with higher values in December than in June (Figure 3a).
However, no clear asymmetry is depicted between March and September. The maxima peaks in equinox
show to be 10 days delayed from ME (90 DOY) and about 1month from SE (300 DOY). The minima peaks
in solstice show to be delayed 20 days from JS (191 DOY) and about 1month from DS (15 DOY).

The equatorial anomaly is a very interesting and important feature of the thermosphere, which is recently being
investigated by many researchers. Previous studies have shown a minimum on the dayside, clearly aligned to
the geomagnetic equator, and with two maxima at ±20° geomagnetic latitude [e.g., Liu et al., 2007; Ma et al.,
2010]. This feature is pictured in the PCA1 (Figures 3a and 5a), and also in Figure 12, scenarios of ME and SE
at ~14h LST. The corresponding time expansion coefficient is mainly related to the solar flux (P10.7) andmagne-
tospheric forcing (Am index) andmodulated by the local time variation (Figures 4 and 5a). On the nightside, sev-
eral authors [e.g.,Ma et al., 2010; Ruan et al., 2014] have pictured amaximum aligned to the geographic equator,
with twominima at ±40° geographic latitude. This feature is pictured in the PCA5 (Figures 3e and 5e), and also in
Figure 12, scenario DS at ~4h LST. The LST parameterization of PCA5 (Figure 5e) shows a null-valued inflection
point at 14:30h LST, which might represent the change of concavity in response to the solar forcing of diurnal
maximum (Figure 5a, 14.30h LST). This singularity seems to be related to changes concerning the latitudinal dis-
sipation of density. A secondmaximum is pictured at 21h LST and a secondminimum at 1h LST (Figure 5e). As a
result, the PCA5 contributions at midnight (negative at midlatitude and positive at equator, Figure 3e) show
reduced enhancements with increasing PCA1, during high solar activity (Figure 4). Reciprocally, midnight
PCA5 shows stronger negative contributions during solar minimum. These features are in agreement with the
above mentioned studies on EMA and MDM. Concerning the seasonal variations of EMA, Figure 6a shows max-
ima values during equinoxes, andminima during solstices, being theminima in June stronger than in December.
In reference to Figures 12 and 13, the EMA is clearly pictured onME and SE at ~14h LST. This seasonal asymme-
try has been previously reported in the low-latitude studies of Liu et al. [2007, Figure 4] and Müller et al. [2009,
Figure 8], and in the PCA’s ofMatsuo and Forbes [2010, Figure 2, left panel] and Lei et al. [2012a, Figure 2]. In addi-
tion, under weak solar andmagnetospheric forcing (Figure 4), the EMA is reduced by the negative values of the
nighttime (Figure 5a) and the JS minima (Figure 6a). This feature is clearly recognized in Figure 12, being the
EMA stronger in DS than in JS. On the nightside, midnight midlatitude PCA5 enhancements (Figure 3e) are
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Figure 7. In magenta the periodograms of PCA time expansion coefficients. In black solid line the periodograms of the residuals from modeling annual (A) and LST
(S) variations (data reduced to P10.7 = 110). Gray dash-dotted line represents the 95% confidence bounds. The significant periodicities are marked in vertical lines.
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stronger due to the reduction of PCA1 during solstice periods (Figure 5a). Reciprocally, the increasing of PCA1 at
equinox reduces the midnight midlatitude PCA5 enhancements. These features agree with Ma et al. [2010],
where the authors showed a MDM stronger during solstices. In reference to Figures 11 and 12, the MDM is
recognized as two minima at ±45°, on DS at JS at 4 h LST.

In general, the MSIS empirical model agrees well with LST, season, and solar flux variations derived from the
GRACE accelerometers, but clear differences are detected when comparing in detail. For instance, a clear
overestimation of density is pictured in all scenarios, and neither EMA nor two peaks around June can be
recognized. In addition, a delay of about 1–2 h LST (Figure 12) and an advance of about 1–2months
(Figure 13) are pictured when comparing our parameterizations with the MSIS model.

4.5. Density Variations at the Radiational Tides Frequency

In this section, the residuals from subtracting the modeled time expansion PCA coefficients are analyzed in
the spectral domain. Figure 7 shows the power spectral density estimate (from 75 to 500 day/cycle) for the
residuals of each PCA time expansion coefficient. The long-wave periods are not represented due to the lim-
ited time series (13 years). In order to confirm that no significant oscillations are derived from the process of
removing solar, magnetospheric, annual, and LST variations, the periodogram of each original time expan-
sion coefficient is plotted together with their corresponding residuals. In addition, we include the 95% con-
fidence bounds to locate the significant peaks (i.e., when the value exceeds the upper confidence bound for
surrounding power spectral density estimates). In Figure 7, the significant peaks are highlighted with vertical
lines: Strong signatures at the period of 83 days can be seen in the PCA4 and PCA5; the period of 93 days is
clearly noticed in PCA1, PCA2, and PCA3; the presence of 112 day period (T) is clear in PCA4; strong signatures

Figure 8. Fitting of PCA time expansion coefficients, as seen from periodic 171 day variations (P1 wave). Data normalized to
P10.7 = 110 common flux. Parameterizations are given in Table 3, including the modulation in amplitude. Corresponding
spatial patterns are shown in Figure 3 and given in Table 4. Y axis values are dimensionless.
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of 152 day period can be seen in PCA1 and PCA4; the presence of 171 day period (P) is clear in all the PCA
components; the period of 290 days (R) is clear in the PCA4; a 431 day periodicity can be seen in PCA1; and
additional periodicities are found at 1700 (K+) and 2719 days (K).

In order to explain the peaks of periodicities in a scientific manner, we studied if a possible geophysical expla-
nation could be given with the constituents of the theory of tides. The suppositions are based on driving
forces of radiational origin, which should contain the same spectral signature as the main radiation tides.
In Munk and Cartwright [1966, Figure 8], the most energetic radiation was depicted by the T, P, R, S, and K
constituents. From the perspective of GRACE, the wave periods associated to these radiational constituents
are 112, 171, 288, 322, and 2720 days, respectively (shown in Table 1). Validating this hypothesis with our

Figure 9. Fitting of PCA time expansion coefficients, as seen from periodic 2731 day variations (K wave). Data are normal-
ized to P10.7 = 110 common flux. Parameterizations are given in Table 3, including the modulation in amplitude.
Corresponding spatial patterns are shown in Figure 3 and given in Table 4. Y axis values are dimensionless.

Figure 10. Fitting of PCA time expansion coefficients, as seen from periodic 283 day variations (R2 wave). Data are normal-
ized to P10.7 = 110 common flux. Parameterizations are given in Table 3, including the modulation in amplitude.
Corresponding spatial patterns are shown in Figure 3 and given in Table 4. Y axis values are dimensionless.
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results, the 322 day period (S) has been already removed by LST variations in previous section, and the others
are clearly present in the residuals (Figure 7). The resulting sinusoidal functions for the P1, K, R2, and T2
variations are plotted in Figures 8 to 11, respectively. Note that the number next to each period (e.g., R2)
indicates diurnal (1) or semidiurnal (2) species. Concerning the period of 93 days, this contribution could
be originated by the GRACE’s drift of perigee (having the same period). We note that unlike for the radiational
periods, NRLMSISE-00 did not include any periodicity at 93 days. Wemight induce that scaling the densities at
475 km has not completely removed the variations produced by orbiting at different altitudes (see last para-
graph in section 2.2). The period of 431 days could be related with the free-core nutation theory. We suspect
that the core-mantle electromagnetic dynamo (interaction of the mantle and the fluid, ellipsoidal core as it
rotates) produces changes in the magnetic field and therefore induces variations through the magneto-
sphere-ionosphere-thermosphere (MIT) coupling (the collisions between the ionospheric plasma and the
neutrals fluctuate in accordance to the 431 day induced magnetic field). Concerning the 83 and 152 day per-
iods, several studies have reported similar periodicities in solar activity [e.g., Cane et al., 1998; Joshi and Joshi,
2005], which could be the precursors of thermospheric density variations at these periods.

4.6. Parameterized Results

Parameterizations for the main variations are given in Tables 2 and 3, to be used with equations (3) and (4), as
time-varying coefficients for the main spatial patterns given in Table 4. A feasible MATLAB computation to
obtain the grids of these spatial patterns is given in Appendix A. Figure 14 shows the global averaged relative
residuals (i.e., residual/density) for both the MSIS model and our PCA parameterizations. The relative residuals
for the PCA parameterizations are ~60% smaller than those of NRLMSISE-00 and show values below
the ~20%.

5. Summary

In this paper, a 13 year time series of thermospheric mass densities inferred from the GRACE accelerometry is
investigated via PCA. Our results are in agreement with that given by previous studies and show a better
characterization of the global thermospheric air mass density distribution and variations than that repre-
sented by the NRLMSISE00 empirical model. Overall, the differences between the analyzed densities and
the MSIS model are significant in both structure and magnitude. All selected PCAs have shown to be strongly
controlled by solar flux and geomagnetic activity, and modulated by radiation waves, and annual fluctua-
tions. At first, the selected PCA time expansion coefficients have been parameterized in terms of LST, DOY,
and solar P10.7 flux and geomagnetic Am indices. The modeling of all periodic variations is the modulation
in amplitude of sinusoidal functions, which have been previously fitted into a common flux normalized data.
The parameterization of the subsolar-point annual variation shows two maxima around June (one at early
May and a reduced at the end of July) and only one in December. We found a middle latitude LST fluctuation

Figure 11. Fitting of PCA time expansion coefficients, as seen from periodic 112 day variations (T2 wave). Data are normal-
ized to P10.7 = 110 common flux. Parameterizations are given in Table 3, including the modulation in amplitude.
Corresponding spatial patterns are shown in Figure 3 and given in Table 4. Y axis values are dimensionless.
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Figure 12. Thermospheric density variations at 475 km altitude, in function of LST and latitude (fixed at Greenwich meridian), and for different season and solar flux
conditions. (a) P10.7 = 80 sfu and (b) P10.7 = 120 sfu. From top to bottom, it plots at ME, JS, SE, and DS. In each scenario (eight cases), from left to right, averaged
accelerometer and MSIS-based densities along GRACE orbits (raster plots) and direct calculations (contour plots) from our parameterization and from MSIS. Each bar
graph corresponds to the occurrences between ±15 sfu and ±3 h LST with respect to each scenario (for raster plots only). The direct calculations using the models
have been computed with the representative parameters of each scenario.
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Figure 13. Thermospheric density variations at 475 km altitude, in function of DOY and latitude (fixed at Greenwich meridian), and for different LST and solar flux
conditions. (a) P10.7 = 80 sfu and (b) P10.7 = 120 sfu. From top to bottom, plots at 5, 11, 17, and 23 h LST, In each scenario (eight cases), from left to right, averaged
accelerometer and MSIS-based densities along GRACE orbits (raster plots) and direct calculations (contour plots) from our parameterization and from MSIS. Each
bar graph corresponds to the occurrences between ±15 sfu and ±3 h LST with respect to each scenario (for raster plots only). The direct calculations using themodels
have been computed with the representative parameters of each scenario.
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with twomaxima at 12 h and 21 h LST, and twominima at 1 h and 17 h LST. Our model is suitable to represent
small-scale variations including, e.g., EMA and MDM, and can be used to improve the current MIT modeling.
Finally, the residuals have been analyzed in the spectral domain, and additional periodic contributions have
been found at the frequencies of the radiational tides. In addition, periodic contributions are found at the per-
iods of 83, 93, 152, and 431 days. The 93 day period could be caused by the satellite’s drift of perigee, and the
83 and 152 day periods might be attributed to solar activity. Variations at the free-core nutation frequency
(431 days) suggest a possible core-magnetosphere-ionosphere-thermosphere (CMIT) coupling.

Appendix A: MATLABComputation toObtain Grids FromCoefficientsGiven in Table 4

function [DATA] = Stokes2grid(Alm,Blm)
degree = 8;
phi = 90:-1:-90;
phi = phi’*pi./180;
[plm ~] = legnorm(phi,degree);
rho = 180/pi;
for lon = 0:359
DATA(:,lon + 1) = zeros(181,1);
for n = 0:degree

form=0:n
Pl(:,:) = plm(n + 1,m+1,:);

aux = Pl.*cos(m*lon/rho)*Alm(n + 1,m+ 1) + Pl.*sin(m*lon/rho)*Blm(n + 1,m+ 1);
DATA(:,lon + 1) =DATA(:,lon + 1) + aux;

end
end
end
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