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1. Introduction
1.1. Backgrounds

Gravity waves (GWs) represent traveling atmospheric oscillations generated by initial perturbation in the pres-
ence of restoring force by the Earth's gravity. The GWs are driven by various mechanisms, such as tropospheric 
convection (e.g., Ern et al., 2011), orography (e.g., Hoffmann et al., 2013 ), frontal systems (e.g., Moffat-Griffin 
et al., 2020, and references therein), and jet streams (e.g., Song et al., 2021). In the stratosphere, the GW clima-
tology generally exhibits the following features. Near the equator (especially in the summer hemisphere), 
GWs are stronger in the continental regions than above the oceans, which is usually attributed to strong tropo-
spheric convection in the former area (e.g., Geller et al., 2015, Figures 1 and 2; Hocke et al., 2016, Figure 6). At 
mid-latitudes, GW intensity is higher in the winter hemisphere than in the summer, for which stratospheric jets 
blocked by high mountains (e.g., the Andes) play an important role (e.g., Hoffmann et al., 2013, Figures 6 and 7; 
Hocke et al., 2016, Figure 6). The stratospheric GW activity exhibits anti-correlation with solar activity proxies, 
such as the F10.7 index (e.g., Ern et al., 2011; X. Liu, Yue, et al., 2017) although quantitative difference among 
different studies may exist due to the limitation of each data set (e.g., covering less than or only slightly more 
than one solar cycle), the presence of other long-term oscillations in the Earth system, or the different instruments 
and methods used.

In the last decades, the GW signatures were reported also in the upper-thermosphere (above 150 km altitudes; 
see Qian et al., 2018) in quiet-time low-/mid-latitude regions. Using the Gravity field and steady-state Ocean 
Circulation Explorer (GOCE) data, Forbes et al. (2016), Garcia et al. (2016), H. Liu, Pedatella, and Hocke (2017), 
and Xu et al. (2021) reported GW signatures at ∼250 km altitudes. With the Challenging Minisatellite Payload 
(CHAMP) observations at ∼400 km between 2001 and 2010, Park et al. (2014) demonstrated that the climatology 
of upper-thermospheric density fluctuations closely follows that of stratospheric GWs. Until now, the highest 
altitude for which thermospheric GW climatology was investigated was the CHAMP height (mainly <450 km): 
for example, Trinh et al. (2018) and Xu et al. (2021).

Abstract We statistically investigate fluctuation amplitudes (normalized to the background values) of 
dayside low-/mid-latitude upper-thermospheric mass density as observed by the Gravity Recovery and Climate 
Experiment (GRACE) and GRACE-Follow-On (GRACE-FO) spacecraft at ∼500 km altitude between 2002 and 
2022. There are three new findings in our results. First, the climatology closely replicates previous studies on 
stratospheric and upper-thermospheric gravity waves (GWs) below the GRACE(-FO) altitudes. For example, 
in low-latitude regions, the fluctuations are stronger above continents than in the oceanic area. Mid-latitude 
fluctuations prefer the local winter hemisphere to the summer, and the South American/Atlantic region in June 
solstice hosts stronger fluctuations than in any other low-/mid-latitude locations or seasons. Fluctuations are 
more intense under lower solar activity. The above-mentioned consistency of the GRACE(-FO) results with 
previous lower-altitude GW studies confirms that GWs can penetrate up to 500 km. Second, the anti-correlation 
of upper-thermospheric GW with solar activity, which has been earlier reported for multi-year time scales, 
can also be identified on the scale of the solar rotation period (∼27 days). Third, we demonstrate asymmetry 
between pre-noon and post-noon GWs. The former exhibits stronger GW activity, which may result from the 
colder thermosphere being more favorable for intense mass density fluctuations via secondary/tertiary GW 
generation.
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1.2. Room for Further Improvements Over Previous Studies on Upper-Thermospheric Gravity Waves

Though GWs in the upper thermosphere (>150 km) have been investigated during the last 10 years, there is 
still room for improving our knowledge about the phenomena. The highest altitude for which thermospheric 
GW statistics were constructed was that of CHAMP (below ∼450  km). There are not yet reports in litera-
ture which demonstrate that GW signatures are identifiable at higher altitudes, such as at ∼500 km. CHAMP 
was ∼50 km below the above-mentioned 500 km at the beginning of the mission (during the solar maximum 
years around 2002) and more than 100 km below in the second half of the mission (near the solar minimum in 
2009): GW activity was stronger for the latter than for the former (e.g., Park et al., 2014). The altitude differ-
ence between the 500 km and that of CHAMP (i.e., an approximate difference of 50∼150 km) is not negligibly 
small. Upper-thermospheric GWs can lose half of their momentum flux when they propagate upward by several 
tens of kilometers (≈atmospheric scale height): for example, by 30 km under low solar activity (Vadas, 2007, 
Section 4). The CHAMP altitude under low solar activity (2006–2010) was ∼350 km (Xu et al., 2021, Figure 
1b; Stolle, Olsen, et al., 2021; Stolle, Michaelis, et al., 2021, Figure 1), which is roughly 5 scale heights below 
500 km (500–350 km = 150 km = 5 × 30 km). Then, the momentum flux of GWs at 500 km would be only 
2 −5 ≈ 1/32 ≈ 3% of that at CHAMP heights (i.e., attenuation by ∼97%) under low solar activity. Hence, the 
observability of GWs at 500 km, especially under low solar activity, cannot be trivially deduced from CHAMP 
measurements, but should be verified with an independent data set.

Second, while the anti-correlation of upper-thermospheric GWs with solar activity has been reported in the past, 
existing studies generally tackled the topic by classifying multi-year observation data into 2 ∼ 3 coarsely gridded 
solar activity bins (e.g., Garcia et al., 2016; Park et al., 2014). To the best of the authors' knowledge, it is yet to be 
answered whether the anti-correlation reported earlier remains valid even on the time scale of the ∼27-day solar 
rotations: that is, whether the response of upper-thermospheric GWs to solar activity is agile enough to track the 
∼27-day periodicity.

Third, the local time dependence of upper-thermospheric GWs needs to be studied because this topic was not thor-
oughly investigated before. For example, GOCE was fixed to the dawn-dusk meridian due to its Sun-synchronous 
orbit. Illés-Almár et al. (2001, Figure 2) showed local time dependence of thermospheric wave-like structures. 
However, except that the nighttime fluctuations are stronger than dayside ones, no detailed discussion was given. 
The latitudinal coverage of their data set was also limited to the near-equatorial regions (at most 5° in geographic 
latitudes).  Though CHAMP could cover a wide latitude range and all the local time sectors during its orbit 
precession, detailed dependence of upper-thermospheric GWs on local time was not reported in previous papers.

In addition, the longest data set used in existing studies of upper-thermospheric GWs was that of CHAMP (span-
ning slightly less than one decade; 2001–2010). Extending the data set to a longer period, for example, 2 decades, 
will allow us to exhaustively validate the current knowledge on upper-thermospheric GWs.

In the following sections, we will address the above-mentioned missing pieces of the puzzle about the 
upper-thermospheric GWs: (a) their climatology near 500  km, (b) the solar activity dependence of GWs on 
∼27-day time scales, and (c) the GW activity changes with local time. Section 2 describes the spacecraft and 
instruments that will be used, as well as strategies for data processing. Statistical results of upper-thermospheric 
GWs are given in Section 3, which will be discussed in the context of previous papers in Section 4. Finally, 
Section 5 briefly recapitulates the main findings and draws conclusions.

2. Spacecraft, Instruments, and Data Processing
2.1. Spacecraft and Instruments: GRACE and GRACE-FO

The Gravity Recovery and Climate Experiment (GRACE) mission is composed of twin spacecraft (GRACE-A 
and GRACE-B) that were launched on 17 March 2002 into a polar (inclination angle ∼89°) circular (initial alti-
tude ∼500 km) orbit. As mentioned before, the observation altitude is higher than previously explored altitude 
ranges for GW climatology. Besides, due to the higher initial altitude, the descent due to atmospheric drag is 
slower for the GRACE mission than for lower-altitude spacecraft, such as CHAMP. These features are concisely 
summarized in Figure 1, where altitude evolutions of GRACE and other missions are given with different colors 
(Figure 1a) as well as F10.7 index during the period of interest (Figure 1b). Each of the GRACE satellites carried 
a three-axis accelerometer that can precisely measure the spacecraft's acceleration. From the non-gravitational 
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component of the acceleration, in combination with precise orbit information based on the Global Navigation 
Satellite System, one can estimate thermospheric mass density and cross-track wind in situ (e.g., Doornbos, 2012; 
Doornbos et al., 2010; Van den IJssel, 2014). The GRACE mission came to a successful end in March 2018. Almost 
immediately afterward, in May 2018, another pair of spacecraft named the GRACE Follow-On (GRACE-FO; 
GRACE-C and GRACE-D) was launched to inherit the duty of GRACE. The GRACE-FO altitudes are similar to 
those of GRACE (∼500 km) at the launch as shown in Figure 1a: see also Landerer et al. (2020), Stolle, Olsen, 
et al. (2021), and Stolle, Michaelis, et al. (2021). GRACE and GRACE-FO spacecraft carry similar accelerome-
ters manufactured by the same institute (Christophe et al., 2015).

Recently, the Thermosphere Observations from Low-Earth Orbiting Satellites (TOLEOS) project sponsored by 
the Swarm Data, Innovation, and Science Cluster (DISC) via the European Space Agency (ESA) has retrieved 
the density and wind data from both GRACE and GRACE-FO measurements, which are open to the public at  the 
ESA's Swarm repository (https://swarm-diss.eo.esa.int/#swarm%2FMultimission) and the Delft University of 
Technology's thermosphere database (http://thermosphere.tudelft.nl). The data rate is 0.1 Hz, that is, with one 
data point every 10 s. Detailed descriptions of the product are available in Siemes and the TOLEOS team (2022). 
In the current study, we focus on the thermospheric mass density data of the GRACE-A and GRACE-C space-
craft. Together, the GRACE-A and GRACE-C measurements cover the period between April 2002 and April 
2022 (as of August 2022) nearly seamlessly, as shown in Figure 1a.

We note that GRACE-B was nearly co-located with GRACE-A with the inter-satellite horizontal distance of only 
about 220 km (i.e., the two data sets are largely redundant for the purpose of thermosphere density monitoring) 
and ended earlier than GRACE-A. GRACE-D density data are unavailable due to accelerometer issues (e.g., 
Behzadpour et al., 2021; Landerer et al., 2020), which make the use of these data unsuitable for gravity field 
recovery, as well as for density retrieval. These are the rationale for using only GRACE-A and GRACE-C obser-
vations in this study. As for cross-track wind measurements, just a limited amount of thermospheric wind data 
are currently available at the TOLEOS project repository: data in 2011–2017 for GRACE and no data at all for 
GRACE-FO. It is because meaningful wind data can be obtained only when aerodynamic acceleration is strong 
enough (see also Section 4.2.4 in Doornbos, 2012). For GRACE, this is the case only for the second half of the 
mission (around 2011–2017), when the spacecraft was at low altitudes under high solar activity. For GRACE-FO, 
the current observations are not suited for wind retrieval. It is expected that in the near future the GRACE-FO will 

Figure 1. (a) Altitude evolution of Gravity Recovery and Climate Experiment (GRACE-A and GRACE-B; orange) and 
GRACE-FO (GRACE-C; red) in the context of other missions that were used in previous studies of upper-thermospheric 
gravity waves, such as Challenging Minisatellite Payload (purple) and GOCE (green). The colored shades represent the actual 
altitudes reflecting the apogees and perigees while the colored solid curves correspond to the representative altitudes. The 
gray parts of the altitude evolution indicate periods where no data of upper-thermospheric mass density exist at the Delft 
University of Technology's thermosphere database (http://thermosphere.tudelft.nl). (b) Evolution of solar activity (F10.7 
index). The gray lines are actual daily indices while the 81-day moving averages are shown with the black curve.
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experience larger aerodynamic signals due to the decreasing altitude and the increasing solar activity, which will 
allow the retrieval of wind data from the accelerometer observations.

2.2. Data Processing Strategies

To extract background thermospheric density (ρavr), we apply a Savitzky-Golay filter (order  =  3, window 
size = 17 data points = 170 s ∼1,275 km) to the GRACE(-FO) readings. This value was chosen as a trade-off 
between minimizing spectral loss of low-frequency components and avoiding possible contamination from termi-
nator waves (wavelength ∼3,000 km; Forbes et al., 2008). In Figure 2a, the black curve with symbols represents 
the original readings (ρ) from GRACE data files, while the magenta dashed one corresponds to the filtered data 
(ρavr). Then, the absolute values of the residual between the original and filtered data (=|δρ| = |ρ–ρavr|; hereafter, 
“absolute fluctuation amplitude”) are calculated and normalized by the ambient density (ρavr): the result (|δρ/ρavr 
|) is shown in Figure 2b. We deem the |δρ/ρavr| (hereafter, “relative fluctuation amplitude”) as representing undu-
lation levels of upper-thermospheric mass density. Locations of the GRACE observations are shown in Figure 2c 
in blue color: crosses are shown every minute, and triangles are every 10 min. The background of Figure 2c is 
the world map rotated clockwise by 90°, as well as the dip equator (dot-dashed line) and subsolar point (dashed 
orange ovals). In the statistics that will be presented in the following sections, we show bin averages of the relative 
fluctuation amplitude at different locations and under different geophysical conditions (e.g., different local times, 
seasons, and solar activities).

Figure 2. An example demonstrating how to extract fluctuating components from the thermospheric mass density observed 
by Gravity Recovery and Climate Experiment (GRACE). In panel a, the black curve with symbols is the original reading from 
GRACE data files while the magenta dashed line is the ambient density extracted by applying a Savitzky-Golay smoothing 
filter. Panel b presents the amplitude of the density residual between the two curves in panel a, which is normalized by the 
ambient density: that is, the residual amplitude is represented as a fraction of the ambient value. Panel c is a world map 
rotated clockwise by 90°, with the GRACE trajectory shown in blue. The crosses on the orbit are given every minute while 
the triangles are every 10 min. For context, the dip equator is marked with the thick dot-dashed line, and the dashed orange 
ovals denote the sub-solar point (solar zenith angle = 0°).
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Throughout this paper, we use three Lloyd seasons (e.g., Matzka et al., 2021) that are defined as follows. The June 
solstice consists of the month from May to August. Periods from November to February next year constitute the 
December solstice. The remaining months belong to the combined equinoxes. As for local time, we use magnetic 
local time (MLT) following Liu et al. (2005) and calculate it in the quasi-dipole coordinate system (Laundal & 
Richmond, 2017). In this paper, we define that high and low solar activity periods have F10.7 indices above and 
below 90, respectively. To focus on the quiet-time climatology of GWs, we neglect daily GRACE(-FO) data files 
whenever the maximum Kp index on that day is larger than 4.0. However, the high-Kp data are used for the daily 
average plots of Figures 5 and 6 (otherwise, unwanted data gaps appear), which will be presented later in this 
paper. Also, daily files containing no more data points than the Savitzky-Golay filter size (17 data points) are 
omitted from the statistics. For data quality control, non-positive mass density or values at and above 10 −10 kg/m 3 
are considered unreasonable and, therefore, are neglected before we apply the filter. To avoid possible contamina-
tion by data jumps or time gaps, we first group neighboring data points of high fluctuations (|δρ/ρavr| > 2%) unless 
they are separated by >10 data points of low fluctuations (|δρ/ρavr| ≤ 2%). If a high-fluctuation group contains 
either a time gap or suspicious data points whose relative fluctuation amplitudes are >100%, the whole group 
is deemed contaminated and put aside from the statistics. A group is also neglected if it is too short (<10 data 
points): those groups may have been affected by a few outliers. Through the procedure of data length and quality 
control, about 3.3% (∼2 million) of the data points (∼56 million in total) are discarded. The discarded data points 
are categorized as follows: (a) 0.88% of the 56 million is unreasonably high raw data (larger than 10 −10 kg/m 3), 
(b) 0.05 % is non-positive (zero or negative), (c) 0.56% is high-fluctuation groups containing data gaps, (d) 1.8% 
is high-fluctuation groups that are too short (<10 data points), and (e) 0.03% is high-fluctuation groups including 
unreasonable amplitude (>100% of ρavr).

There are two points worth noting before getting into the statistical results. First, only daytime (i.e., mainly 07–17 
MLT) GRACE(-FO) measurements are used in this study. We want to focus on GWs coming from the lower 
atmosphere while nighttime thermospheric density can be disturbed by ionospheric irregularities generated in the 
F-region (e.g., Illés-Almár et al., 1998; Park et al., 2010) or very strong terminator waves (e.g., Forbes et al., 2008, 
Figure 2). Second, we concentrate on low-/mid-latitude data (generally equatorward of ±60° in geographic lati-
tudes). The high-latitude thermosphere may be affected not only by GWs coming from below, but also by energy 
deposition from outer space (e.g., Bruinsma & Forbes, 2008; Lühr et al., 2004). In summary, the statistics in the 
following Sections are relevant to the dayside low-/mid-latitude thermosphere around 500 km height.

3. Results
3.1. Seasonal/Longitudinal Variation of GWs

Figure  3 presents the relative fluctuation amplitude of thermospheric mass density as observed by GRACE 
and GRACE-FO during 2002–2022. The thick white line represents the dip equator. Each pixel spans 2° in 
geographic latitude (GLAT) and 2° in geographic longitude (GLON). Figure 3 is obtained by applying a 5-by-5 
median filter to the raw pixel maps of the relative fluctuation amplitude, for the sake of visual clarity. As can be 
seen in the color bar on the right-hand side, the amplitudes are given in a logarithmic scale to facilitate display of 
a wide dynamic range. The lowest (dark blue) and highest (dark red) color levels span a range slightly wider than 
one order of magnitude, that is, the difference between the two extreme colors is a little larger than “+1” in the 
base-10 logarithm. Each panel in Figure 3 corresponds to one season: (a) combined equinoxes, (b) June solstice, 
and (c) December solstice. As mentioned in the previous section, only daytime data between 07 and 17 MLT are 
used, as annotated inside each panel.

Figure 3, which is relevant to the altitude of ∼500 km, replicates well the upper-thermospheric GW climatology 
as reported in previous studies based on CHAMP (∼400 km altitude) and GOCE (∼250 km altitude) data, while 
quantitative differences may exist due to different data processing methods (e.g., filter sizes) and/or instrument 
calibration (e.g., gas-surface interaction models), as we will discuss later in Section 4. First, we observe that 
low-latitude (e.g., |GLAT| < 10°) GWs are stronger above the continents than above the oceans. The continent/
ocean asymmetry is conspicuous in Figure 3a (combined equinoxes) and 3c (December solstice) while that in 
Figure 3b (June solstice) is slightly blurred, with a global enhancement of fluctuations during that season. Still, 
a noticeable local minimum of fluctuations is seen above the Eastern Pacific region (i.e., to the west of Amer-
ica) for all three seasons. Second, mid-latitude (e.g., |GLAT|>20°) GWs are stronger in the local winter hemi-
sphere, that is, in the Northern Hemisphere (NH) during December solstice (Figure 3c) and in the Southern 
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Hemisphere (SH) during June solstice (Figure 3b). Especially, the South American/Atlantic area during June 
solstice (Figure 3b) hosts stronger GWs than in any other low-/mid-latitude locations or seasons. Considering 
the consistency between Figure 3 and previous GW studies, hereafter we deem the relative fluctuation amplitude 
of GRACE(-FO) thermospheric mass density as GW activity or GW intensity. While the Canadian Arctic and 
Australian Antarctic regions at high latitudes exhibit strong fluctuations (dark red color), they cannot be solely 
attributed to GWs originating from below the thermosphere. As mentioned in Section 2, strong in situ drivers of 
thermospheric perturbation are known to reside at high latitudes (e.g., Lühr et al., 2004), which are different from 
the main topic of this study.

3.2. Solar Activity Dependence of GWs

Figure 4 is similar to Figure 3, but with each column corresponding to a different level of solar activity (F10.7 
index). The left column represents high solar activity (F10.7 ≥ 90) while the right one belongs to low solar activity 
(F10.7 < 90). The respective columns generally replicate the three main features of GW climatology that were 
already shown in Figure 3. Despite the qualitative resemblance, the GW activity is much stronger in the low 
solar activity (right column) than during the high solar activity (left column). Visual inspection indicates that 
the difference between the two columns is less than one order of magnitude (i.e., less than the span of the whole 
color bar). In other words, GW activity under low solar activity conditions is several times stronger than under 
high solar activity.

Figure  5 presents the solar cycle dependence of the GWs more quantitatively. In Figure  5a, each small dot 
corresponds to a daily average of low-latitude (|GLAT| < 10°) GW activity between 07 and 17 MLT. The thick 
curve is the moving median of the dots: the window size is 160 days, which is the approximate time needed for 
GRACE(-FO) to cover all MLT sectors (e.g., Lühr & Xiong, 2010). We take the moving median to damp down 
MLT-dependent (or precession-induced) apparent variations of GW intensity (i.e., the 160-day oscillations of 
the small dots) to focus on the true solar cycle dependence of GWs. Figure 5b is similar to Figure 5a, but for 
mid-latitude (|GLAT| = 20° ∼ 45°) regions. We have chosen the lower boundary of the mid-latitude range (i.e., 
|GLAT| = 20°) to conservatively avoid overlap between the low- (Figure 5a) and mid-latitude (Figure 5b) regions. 
Figures 5c and 5d are similar to Figures 5a and 5b, but with daily averaged ρ instead of |δρ/ρavr|. The apparent 
discontinuity in Figures 5c and 5d in 2018 is due to the gap between the GRACE end of science operations in 

Figure 3. Statistical maps of the relative fluctuation amplitude of thermospheric mass density measured by GRACE(-FO): 
(a) combined equinoxes, (b) June solstice, and (c) December solstice. The thick white curve represents the dip equator.
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October 2017 and the GRACE-FO launch in May 2018, which were at different altitudes from each other at that 
time (see Figure 1). Dots in Figure 5e present daily F10.7 indices, while the thick curve is obtained with the same 
moving-average filter as was applied to the other panels. For both low- and mid-latitude regions (Figures 5a 
and 5b), we can see that GW activities are strongly anti-correlated with F10.7. The correlation coefficient (R) 
between the thick curves between Figure 5a (low-latitude GW) and 5e (F10.7) is −0.74, as is annotated inside 
Figure 5a. Similarly high anti-correlation is found for Figure 5b (mid-latitude GW; R = −0.71). On the contrary, 
the ρ climatology in Figures 5c and 5d does not exhibit as good correlation with F10.7. The |R| is below 0.4, which 
is largely attributable to the strong altitude decay of GRACE after 2012 and the change between GRACE and 
GRACE-FO (at different altitudes) in 2018. In Figures 5a and 5b, average GW activity during solar maxima 
generally stays at a level of ∼0.002, while that of solar minima approximately varies between 0.007 and 0.01, 
depending on GLAT ranges (low- or mid-latitudes) and solar cycles (i.e., 2008–2009 or 2019–2020). Therefore, 
GW activity during solar minima is roughly 3–5 times stronger than during solar maxima.

The F10.7 dependence of GW activity can also be seen on the ∼27-day time scale of solar rotation. Note that the 
∼27-day scale is much shorter than the 160 days needed for GRACE to cover all the MLT sectors as mentioned 
above: the two signals can be disentangled by visual inspection. The left and right columns of Figure 6 present 
GRACE data during two different periods: (left) 2002–2003 and (right) 2005. The top four panels present (a 
and b) the representative MLT of the GRACE data used, (c and d) Kp, (e and f) Dst, and (g and h) F10.7 indi-
ces, respectively. In Figures  6g and  6h, the oscillating F10.7 index represents solar rotation with a period of 
∼27 days. As can be seen in the MLT coverage in the top row, each column in Figure 6 only spans a limited time 
(∼140 days), which is shorter than the 160 days needed for GRACE half-precession. The fifth and seventh rows 
show upper-thermospheric mass density measured by GRACE (ρ) and the relative fluctuation amplitude (|δρ/
ρavr|), respectively, as a function of GLAT (vertical axis) and date (horizontal axis). The sixth and eighth rows 
correspond to the latitudinal average of the fifth and seventh rows, respectively. Annotating rectangles are added 
to guide the readers' eyes. In the bottom two rows (Figures 6m–6p) we can see that the GW activity exhibits 
anti-phase variations with F10.7 (Figures 6g and 6h) on the time scale of ∼27 days. The GW intensity decreases 
(i.e., becoming deeper blue in Figures 6m and 6n) whenever the F10.7 index peaks. This is the first time that the 
relationship between upper-thermospheric GW activity and F10.7 has been reported on such a short time scale.

Figure 4. Similar to Figure 3, but for different solar activities on different columns. The left and right columns represent the 
high and low solar activity that correspond to F10.7 indices above and below 90, respectively.
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3.3. Local Time Dependence of GWs

In this subsection, we investigate the dependence of GW activity on MLT. Figure 7 is similar to Figure 4, but 
with each column corresponding to an MLT sector. The left column is for pre-noon hours (07–12 MLT) while the 
right one is for post-noon (12–17 MLT). Each of the two columns agrees well with the full GW climatology that 
was shown in Figure 3: for example, low-latitude GWs staying largely above the continents, mid-latitude GWs 
preferring the winter hemisphere, and the conspicuous hotspot in the South American/Atlantic region during June 
solstice. Besides the morphological similarity, we can see that the GW activity is much stronger before noon (left 
column) than afterward (right column).

Figure 8 gives a slightly different perspective on the MLT dependence of GW activity. It is similar to Figure 4 
(i.e., with the left and right columns corresponding to different solar activity), but the horizontal axis is now 
changed from GLON (Figure 4) to MLT (Figure 8). Within each panel, the left and right halves correspond to the 

Figure 5. In panels a and b, the small dots represent daily-averaged relative fluctuation amplitude of dayside (07–17 
Magnetic Local Time) thermospheric density: (a) low-latitude region (|GLAT| < 10°), and (b) mid-latitude region 
(|GLAT| = 20° ∼ 45°). Panels c and d are similar to panels a and b, but with the relative fluctuation amplitude replaced by 
daily averaged ρ. Dots in panel e correspond to the daily F10.7 index. The thick curve in each panel is the 160-day (i.e., the 
time needed for Gravity Recovery and Climate Experiment and GRACE-FO to cover all the local times) moving median of 
the dots.
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pre-noon and post-noon hours, respectively: see the arrowed annotations on the top right of Figure 8. The vertical 
dotted white lines represent 07, 12, and 17 MLT, which respectively correspond to the nominal start, center, and 
end of the dayside local time range that was used for Figures 3, 4, and 7. The horizontal dashed white line marks 
the geographic equator. Figure 8 is fully consistent with previous figures. Mid-latitude GW activity is stronger 
in the local winter hemisphere (Figures 8c–8f). The years with low solar activity (right column) accommodate 
more intense GWs than the years with high solar activity (left column). Furthermore, within each panel GWs are 
generally stronger before noon than afterward, which agrees with Figure 7. To the best of the authors' knowledge, 
such pre-noon/post-noon asymmetry of upper-thermospheric GWs was not yet reported in previous papers: it is 
a new finding of this study. In Figure 8, daytime minima of GW activity (bluish colors) are roughly located near 
15 MLT and biased toward the local summer hemisphere (e.g., Figures 8d and 8f).

Figure 6. Examples of 27-day variations of upper-thermospheric gravity wave activity. The left and right columns correspond 
to different periods of observations: (left) 2002–2003 and (right) 2005. The top four rows respectively show the representative 
Magnetic Local Time of the used Gravity Recovery and Climate Experiment data, Kp, Dst, and F10.7 indices. The fifth row 
presents upper-thermospheric mass density as a function of geographic latitude (vertical axis) and date (horizontal axis). The 
sixth row shows the latitudinal average of the fifth row. The seventh and eighth rows are similar to the fifth and sixth, but with 
relative fluctuation amplitude instead of the mass density. Rectangles are placed to guide readers' eyes.
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Figure 7. Similar to Figure 3, but for different MLTs on different columns. The left column represents pre-noon hours 
(07–12 magnetic local time (MLT)), and the right column denotes the post-noon period (12–17 MLT).

Figure 8. Similar to Figure 4, but with the horizontal axis being magnetic local time (MLT) instead of geographic 
longitude. The horizontal white dashed line points to the geographic equator, and the vertical dotted lines mark 07 MLT (the 
earliest MLT used for our dayside statistics shown in Figures 3, 4, and 7), local noon, and 17 MLT (the last MLT used for 
Figures 3, 4, and 7).
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4. Discussion
4.1. Comparison With Previous Studies

In this section, we discuss the GRACE(-FO) observation results in Section 3 in the context of previous studies on 
upper-thermospheric GWs. First of all, the anti-correlation between upper-thermospheric GW and F10.7 (Figures 4 
and 5) agrees with previous studies, such as Garcia et al. (2016, Figure 11) and Park et al. (2014). While the two 
papers coarsely sub-categorize their data into 2–3 solar activity levels, our Figure 5 more quantitatively shows 
the tight correlation between solar activity and upper-thermospheric GW activity. The correlation coefficients of 
F10.7 with both low- and mid-latitude GWs are stronger (i.e., more negative) than −0.7.

As mentioned previously in Section 3, the GW activity during solar-minimum years (e.g., 2008 and 2019) is 
approximately 3–5 times stronger than during solar-maximum years (e.g., 2002 and 2014). This range (a factor of 
3–5) is largely consistent with the “factor of two” changes reported by Park et al. (2014). Note that the result of 
Park et al. (2014) was obtained from the ratio between multi-year averages (i.e., 2001–2005 vs. 2006–2010). On 
the contrary, the factor of 3–5 in our Figure 5 was estimated from single years near the solar maxima and minima.

Now we discuss the origin of the solar activity dependence of upper-thermospheric GWs. As for stratospheric 
GWs, Ern et al. (2011) reported an increase in GW activity of less than 20% from a solar maximum to a mini-
mum. Therefore, the large changes of upper-thermospheric GWs in Figure  5 (i.e., a factor of 3–5) point to 
F10.7-dependent propagation efficiency of GWs to the upper thermosphere (other than the F10.7-dependent strato-
spheric source intensity). According to Vadas et al. (2019, Section 7), low solar activity leads to a rapid increase 
of the kinematic viscosity with height, which is favorable for generating localized and strong body force. Second-
ary/tertiary GWs are created by the strong body force and can propagate to the upper thermosphere, which can 
be finally recorded by GRACE(-FO) instrument. This mechanism may explain the strong dependence of GW 
intensity at GRACE(-FO) altitudes on solar activity.

Interestingly, the two solar minima (2008–2009 vs. 2019–2020) in Figure  5 exhibit different levels of 
upper-thermospheric GW activity (approximately by a factor of two). According to Figure 5e, the F10.7 indi-
ces during the two solar-minimum periods are comparable to each other, but GW activity in the former period 
(2008–2009) is stronger than in the latter (2019–2020) in Figures  5a and  5b. Based on solar radiation data 
from the Solar Radiation and Climate Experiment mission, Woods et al.  (2022) reported that the solar mini-
mum in 2008–2009 and that in 2019–2020 had minimal difference from each other. Therefore, the GW activity 
difference between the two solar minima (Figure 5) cannot be attributed to different solar radiation or concomi-
tantly different thermospheric heating. A plausible explanation of the GW activity difference may be the actual 
observation altitudes of GRACE and GRACE-FO, which were different during the two solar minimum periods. 
In 2008–2009, GRACE observed thermospheric mass density at ∼470  km while in 2019–2020 GRACE-FO 
collected data near 500  km (Figure  1a). As lower altitudes would be more favorable for encountering GWs 
coming from below, the altitude difference between GRACE (2008–2009) and GRACE-FO (2019–2020) may 
explain the GW activity difference of a factor of two, at least in part. According to Vadas (2007, Figure 11), GW 
momentum flux can halve when the observation height increases by only 0.5 ∼ 1 scale height. The scale height 
under low solar activity was approximately 30 km in that study, which is comparable to the altitude difference 
between GRACE in 2008–2009 (∼470 km) and GRACE-FO in 2019–2020 (∼500 km). Further works including 
first-principle simulations are warranted to verify this estimation quantitatively.

The local time dependence of GW activity (Figures 7 and 8) can be interpreted in a similar context to that of 
the solar activity effect. The upper-thermospheric density is higher in the afternoon (e.g., 12–17 MLT) than in 
the morning (e.g., 07–12 MLT): see, for example, Liu et al. (2005, Figure 2). That is, the thermosphere is cooler 
in the morning than in the afternoon, like it is cooler during solar minima than in solar maxima (see also Ruan 
et al., 2018, Figure 1). Therefore, a similar mechanism to Vadas et al. (2019) may explain our Figures 7 and 8: 
that is, a colder thermosphere can promote the generation of secondary/tertiary GWs and their propagation to the 
upper thermosphere.

The GW activity minima being latitudinally biased toward the summer hemisphere (e.g., Figures 8d and 8f) can 
also be attributed to ambient upper-thermospheric density/temperature being higher in the summer hemisphere 
than in the winter (e.g., Thayer et al.,2012, Figures 7 and A2; Malhotra et al., 2020, Figure 5). As for the GW 
activity minima around 15 MLT in Figures 8d and 8f, Vadas and Azeem (2021, Section 4.4) showed that it takes 
about 1 hr from the thermospheric GW source (i.e., body force at ∼140 km) to propagate to ∼310 km. This 

 21699402, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030976 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [06/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Space Physics

PARK ET AL.

10.1029/2022JA030976

12 of 15

time delay may, when extrapolated to the GRACE(-FO) altitudes around 500 km, explain why the GW activity 
minima appear at ∼15 MLT in Figure 8, which is 1–2 hr later than the peak of background thermospheric density 
in previous studies: for example, 13–14 local time in Liu et al. (2005, Figure 2) and Weng et al. (2017, Figure 7).

To verify the robustness of the pre-noon/post-noon asymmetry, we demonstrate that the local time dependence 
of GWs as shown in Figure 8 can be replicated in the CHAMP data (∼400 km altitude). Figure 9 is similar to 
Figure 8, but based on the CHAMP observations between 2001 and 2010, which were used in Park et al. (2014). 
The detailed GLAT dependence looks slightly different between GRACE(-FO) and CHAMP (especially during 
the solar minimum), which can be attributed to their unlike orbit altitudes, precession periods, and mission years. 
Note also that CHAMP GW activity (Figure 9) generally appears lower than that of GRACE (Figure 8) possibly 
due to some remaining inconsistency in the density data between different missions related to uncertainties in 
the modeling of the gas-surface interactions (e.g., March et al., 2021). Below, we do not quantitatively compare 
the CHAMP observations (Figure 9) with those of GRACE(-FO) (Figure 8), but only check their morphological 
consistency. In Figure 9, the pre-noon/post-noon asymmetry of CHAMP data (i.e., stronger GWs before noon 
than thereafter) is as conspicuous as for GRACE(-FO) observations (Figure 8). The good agreement between the 
CHAMP and GRACE(-FO) results supports the credibility of the conclusion that the pre-noon upper thermo-
sphere hosts stronger GWs than its post-noon counterpart. Furthermore, Leelavathi et al. (2020, Figure 6) and 
England et al. (2022, Figure 4) recently showed that Martian thermospheric irregularities also prefer pre-noon 
hours to post-noon. Hence, the pre-noon bias may be a common phenomenon in the thermospheres of the Earth 
and Mars.

As an additional remark, we note that mid-latitude (|GLAT| > 20°) GWs in the summer hemisphere of Figures 8 
and 9, albeit being weaker than its winter-hemisphere counterpart, exhibit a slight enhancement early in the morn-
ing (06–09 MLT). For example, a small red patch appears in the top-left corner of Figure 8c, which corresponds 
to mid-latitude regions of early morning MLT in the local summer. The feature is stronger for low solar activity. 
This minority population can be explained by Yamashita et al. (2013, Figure 6), where mid-latitude GWs below 
∼80 km altitude have a minor peak in the summer hemisphere, in addition to the major peak in the winter. The 
minority exists even for GWs having long vertical wavelengths (Yamashita et al., 2013, Figure 6), which are 
known to disturb the thermosphere more efficiently than shorter-wavelength GWs (Vadas & Fritts, 2005). Under 

Figure 9. Similar to Figure 8, but with Challenging Minisatellite Payload data between 2001 and 2010.
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favorable conditions of propagation, such as a cold thermosphere in the morning under low solar activity, the 
minority GWs (i.e., mid-latitude GWs in the summer hemisphere) below 80 km height may conspicuously disturb 
the upper-thermosphere at CHAMP and GRACE(-FO) altitudes. Theoretical confirmation of this conjecture 
would be an interesting topic, which is reserved for future research.

4.2. Comparison Between Relative and Absolute Fluctuation Amplitudes

Until now, we have demonstrated that GW activity, defined as |δρ/ρavr| (relative fluctuation amplitude), prefers 
cold background thermosphere (i.e., low solar activity and pre-noon MLT). Then, it may be natural to ask whether 
the conclusion remains valid even if we use |δρ| (absolute fluctuation amplitude) instead of |δρ/ρavr|. Figures S1 
and S2 in Supporting Information S1 are the same as Figure 4 (solar activity dependence) and Figure 7 (local 
time dependence), respectively, but with |δρ/ρavr| replaced by |δρ|. The figures demonstrate that GW activity 
represented by |δρ| (absolute fluctuation amplitude), generally prefers a hot background thermosphere (i.e., high 
solar activity and post-noon MLT) although the seasonal/longitudinal distributions resemble those of |δρ/ρavr|: for 
example, mid-latitude GWs generally preferring the winter hemisphere and the hotspot near the Andes appearing 
in June solstice. Therefore, higher |δρ/ρavr| in colder background thermosphere, as was shown in Section 3, does 
not necessarily mean that |δρ|, which better represents the practical impact of GWs on spacecraft acceleration/
deceleration, is also larger for the colder thermosphere.

Nevertheless, the use of |δρ/ρavr| in our study can be justified in the following respect. First, the GW momentum 
flux per unit mass (in unit of m 2/s 2), which is a widely used parameter for characterizing GWs (e.g., Cao & 
Liu, 2022; de Wit et al., 2017; Jia et al., 2018; Vadas, 2007; Vadas & Crowley, 2017) and whose divergence is 
important in estimating mean flow acceleration (in unit of m/s 2; e.g., Tian et al., 2020), is positively correlated 
with |δρ/ρavr| rather than with |δρ| alone (Swenson & Liu,  1998, Equations 1 and 5). Second, most previous 
studies on upper-thermospheric GWs observed in situ addressed |δρ/ρavr| rather than |δρ| (e.g., Bruinsma and 
Forbes, 2008; Park et al., 2014; Garcia et al., 2016; Forbes et al., 2016; Liu, Pedatella, & Hocke, 2017; Liu, Yue, 
et al., 2017; Trinh et al., 2018; Vadas et al., 2019). Therefore, using |δρ/ρavr| (instead of |δρ|) as the prime param-
eter helps us put our results in the context of the previous studies. Third, the total thermospheric mass density in 
Figures 5c and 5d is not as well correlated with F10.7 (|R| < 0.4) as |δρ/ρavr| is (|R| > 0.7). The relative magnitudes 
of the correlation coefficients indicate that the |δρ/ρavr| climatology in our study does not simply reflect ρavr vari-
ability: it further justifies the use of |δρ/ρavr| for GW statistics.

5. Summary and Conclusions
Using thermospheric mass density measured by GRACE and GRACE-FO at altitudes mostly close to 500 km 
(i.e., previously unexplored heights) between 2002 and 2022 (i.e., with the longest ever data sets), we have 
statistically investigated relative fluctuation amplitudes of dayside low-/mid-latitude upper-thermospheric mass 
density, which we deem GW signatures coming from below. The main findings can be summarized as follows.

First, GRACE(-FO) demonstrates that GWs from below can disturb the thermosphere at least up to ∼500 km. The 
seasonal/longitudinal distributions of thermospheric fluctuations in GRACE(-FO) data agree well with previous 
reports on GWs at CHAMP (∼400 km) and GOCE (∼250 km) altitudes. Specifically, the following well-known 
properties of the GWs are reproduced by the GRACE(-FO) data:

1.  In low-latitude (e.g., |GLAT| < 10°) regions, the GWs are stronger in continental regions than above oceans.
2.  At mid-latitudes (e.g., |GLAT| > 20°), the GWs are stronger in the winter hemisphere than in the summer 

hemisphere, with the hot spot near the South Atlantic/American region in June solstice.
3.  The GW intensity exhibits anti-correlation with solar activity on multi-year time scales.

Second, the anti-correlation between GW activity and solar activity can also be identified on the time scale of the 
solar rotation period (∼27 days).

Third, the GWs are stronger before noon than afterward, for both GRACE(-FO) and CHAMP. This feature can 
result from the thermospheric density being lower in the pre-noon sector than in the afternoon, which can promote 
the generation of secondary/tertiary GWs that penetrate upward (Vadas et al., 2019).
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The GRACE-FO mission is continuing its operations at the moment, and will hopefully keep producing 
high-quality thermospheric data sets for the coming decades. After accumulating more data, we may tackle 
upper-thermospheric GW climatology on a longer time scale, for example, secular trends of their activity that 
may be affected by greenhouse gases.

Data Availability Statement
The GRACE and GRACE-FO data used for this study are available at the ESA's Swarm repository (https://
swarm-diss.eo.esa.int/#swarm%2FMultimission) and the Delft University of Technology's thermosphere data-
base (http://thermosphere.tudelft.nl).
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