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Jaejin Lee1 , and Yu Yi5

1Space Science Division, Korea Astronomy and Space Science Institute (KASI), Daejeon, South Korea, 2Department of
Astronomy and Space Science, University of Science and Technology (UST), Daejeon, South Korea, 3Department of Space
Physics, Electronic Information School, Wuhan University, Wuhan, China, 4Faculty of Aerospace Engineering, Delft
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Abstract We investigate the climatology of Neutral Density Disturbances (NDDs) collocated with
Equatorial Plasma Irregularities (EPIs) at altitudes above 450 km by using 20 years of data from the Gravity
Recovery and Climate Experiment (GRACE) and GRACE‐FO satellites. Electron density data are used to
detect EPIs, and thermospheric neutral density measured onboard the same spacecraft serves to identify EPI‐
related NDDs. A detailed analysis focused on the morphological similarity between electron and neutral
densities. To examine the relationship between EPI and NDD, statistical dependences of EPIs and NDDs on
season/longitude (S/L), Magnetic Latitude (MLAT), Magnetic Local Time (MLT), and solar activity have
been checked. As a first step, we confirmed that the EPI climatology in GRACE satellite data is consistent
with previous reports. Then, it is found that the lower the neutral density in the background upper
thermosphere, the higher the probability that EPI can accompany NDDs. We suggest that the vertical plasma
advection surrounding EPI can result in neutral density disturbance, of which the efficiency depends on the
background neutral scale height or temperature. The colder the thermosphere, the shorter its vertical scale
height (or the lower the background neutral density), which can make the plasma advection leave measurable
imprints on the neutral density.

Plain Language Summary In this paper, we analyze the association between Equatorial Plasma
Irregularities (EPIs) and Neutral Density Disturbances (NDDs) at altitudes above 450 km, which has been
seldom investigated before. EPIs are electron density irregularities in the nightside equatorial and low‐latitude
ionosphere, and they are known to disturb the surrounding thermospheric neutral density, causing the NDD. The
relationship between EPI and NDD has been analyzed previously, but very few investigations were based on
simultaneous measurements of electron and neutral densities. In this study, with GRACE/GRACE‐FO satellites
measuring electron and neutral density from the same platform, we investigate the relationship between the two
phenomena more quantitatively. The statistical dependences of EPIs and NDDs on season/longitude (S/L),
Magnetic Latitude (MLAT), Magnetic Local Time (MLT), and solar activity are studied. One interesting
finding is that the lower the background neutral density in the upper thermosphere, the higher the probability of
EPI accompanying measurable NDDs.

1. Introduction
Equatorial plasma Irregularities (EPIs) signifies electron density irregularities in the nightside equatorial and low‐
latitude ionospheric F‐region (Aa et al., 2020; Burke et al., 2004; F. Huang et al., 2021; Kil, 2015; Kuai
et al., 2022; Park et al., 2008; Park, Mende, et al., 2022; Xiong et al., 2010). The EPI can originate from the bottom
side of the F‐layer where the background plasma density increases with height, which can become unstable due to
Rayleigh‐Taylor instability after sunset (Kelley, 2009; Kil, 2022; Wu et al., 2020). It is known that the evening
pre‐reversal enhancement of the upward plasma drift can expedite the instability process (Fejer et al., 1999; Park
et al., 2008; Whalen, 2003; Xiong et al., 2016). EPIs are frequently encountered and have a relatively higher
occurrence rate at American‐Atlantic‐African longitudes, and their occurrence increases as solar activity goes up
(C. S. Huang et al., 2014; C. Y. Huang et al., 2002; Stolle et al., 2006; Xiong et al., 2010).
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Neutral density disturbances (NDDs), phenomenon in which thermospheric mass density is locally disturbed in
low magnetic latitudes, were first observed in 1998 through the San Marco V satellite data, and it was suggested
that the NDDs might be created by EPIs (Illés‐Almár et al., 1998; Park et al., 2010). However, the San Marco V
satellite did not cover the entire globe, focusing only on the equatorial region due to its 3° inclination (Bencze
et al., 2000). In addition, the mission lifetime was very short, only from April to December of 1988, so the data are
not appropriate for studying seasonal variation and solar cycle effects of NDDs. Also, the NDD climatology using
San Marco V mainly focused on altitudes lower than 350 km (Park et al., 2010). So, Park et al. (2010) studied the
relationship between EPI and NDD using the Challenging Minisatellite Payload (CHAMP) satellite to overcome
these limitations. Launched on 15 July 2000, the CHAMP satellite operated in a circular near‐polar orbit at an
initial altitude of∼450 km, and with an inclination of 87°. The operation was terminated at an altitude of∼300 km
on 19 September 2010. For this reason, the CHAMP satellite allows NDD research to be conducted at a wider
latitude range, longer data periods, and higher altitudes than the San Marco V satellite.

However, there is still room for improvement in studying the details between EPIs and NDDs. First, NDD sta-
tistics at a higher altitude than CHAMP are warranted. The most extensive statistics until now were reported for
2002–2005 by Park et al. (2010), which used CHAMP satellite data below ∼420 km. As for the NDDs above
∼420 km, only the existence (e.g., Illés‐Almár et al., 1998) and rarity (e.g., Bencze et al., 2000; Figure 8) were
reported until now; furthermore, both of the above‐mentioned papers used SanMarco V satellite observations and
are therefore only relevant to near‐equatorial regions. No dedicated global (i.e., including off‐equatorial)
climatology is known above 450 km altitude. Fortunately, Gravity Recovery and Climate Experiment (GRACE)
and GRACE Follow‐On (GRACE‐FO) have collected both the neutral and electron density data around 500 km.

Second, electron density data at a faster sampling rate than for CHAMP are needed for robust identification of
“EPI‐related” NDDs. Bencze et al. (2000) seems to make no use of plasma density data for solidifying NDD
identification. Park et al. (2010) only used magnetic field data with a 1 Hz sampling rate to confirm that the neutral
density perturbations (0.1 Hz) are due to plasma irregularities, that is, the existence of EPI around NDD was not
directly confirmed by plasma density data due to its low sampling rate (1/15 Hz), but only indirectly inferred from
magnetic field changes (Stolle et al., 2006). Because here we identify NDDs based on the morphological simi-
larity between electron and neutral density profiles, the event list can be robust against (a) possible noise in the
accelerometer data or (b) neutral density fluctuations coming from other sources (e.g., gravity waves). The good
news is that electron density measurements by GRACE and GRACE‐FO have a better temporal resolution: that is,
three times finer than CHAMP data (5 vs. 15s) and two times finer than the neutral density data (5 vs. 10s). The
higher resolution allows us to directly compare ion and neutral density profiles. Based on their morphological
similarity (i.e., correlation coefficients), more rigorous and conservative identification of “EPI‐related” NDDs is
possible with GRACE and GRACE‐FO, which has not been endeavored in previous studies.

Third, data covering nearly two solar cycles are valuable to evaluate the solar activity dependence of NDD, as
neither San Marco V nor CHAMP data could cover such a long period. To deal with these issues, we will use the
GRACE and GRACE‐FO satellites, which together cover a much longer period (2002–2022). With a large
amount of data, the resultant statistics can be more consolidated and reliable than could be attained previously.

Based on the three rationales mentioned above, we investigate the climatology of EPIs and NDDs at altitudes
between 450 and 500 km. Section 2 is dedicated to descriptions of the spacecraft, scientific payloads, and data
processing methods. Section 3 presents statistical distributions of EPIs and NDDs, which are discussed in Sec-
tion 4. Finally, Section 5 summarizes the main findings and draws conclusions.

2. Satellites and Data Processing Methods
2.1. GRACE and GRACE‐FO Satellite and Instrument

The GRACE satellites were launched on 17 March 2002 as a fleet of two satellites, GRACE‐A and GRACE‐B
(Tapley et al., 2004). They were in a polar orbit with an inclination angle of 89° and can cover all Local Times
(LTs) within 160.5 days (Xiong et al., 2010). The initial altitude of the GRACE satellites is ∼500 km, which was
poorly explored by previous NDD studies (Park et al., 2010; C Xiong et al., 2010). After the GRACE mission
successfully ended in October 2017, the GRACE‐FO satellites, consisting of GRACE‐C and GRACE‐D were
launched as a follow‐up mission on 22March 2018. GRACE‐FO is also in a polar orbit at an inclination of 89° and
an altitude of ∼500 km (Landerer et al., 2020; Park et al., 2020; Schreiter et al., 2023).
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GRACE and GRACE‐FO are equipped with a K‐Band Ranging (KBR) system developed by the Jet Propulsion
Laboratory to accurately measure the inter‐satellite distance (Kim & Lee, 2009). The two GRACE (or GRACE‐
FO) satellites are following each other on the same orbit (Xiong et al., 2021), and their inter‐spacecraft range
observations can be used to derive the average plasma density between the two GRACE spacecraft (Xiong
et al., 2010). The KBR measures the Total Electron Content using the carrier phase in the K (26 GHz) and Ka
(32 GHz) bands (Schreiter et al., 2023; Yan et al., 2021), which is divided by the inter‐spacecraft distance to yield
average Ne (Xiong et al., 2015). While the CHAMP satellite was equipped with a Planar Langmuir Probe that
produces electron density data every 15 s, the KBR of GRACE generates similar data every 5 s, providing better
time resolution (C Xiong et al., 2010). Both CHAMP and GRACE (and GRACE‐FO) satellites have 3‐axis
accelerometers to measure the total non‐gravitational accelerations acting on the satellites, due to for example,
atmospheric drag (Behzadpour et al., 2021; Christophe et al., 2015; Klinger & Mayer‐Gürr, 2016). These ob-
servations have been used to derive in situ neutral mass density (ρ) and crosswind observations (Park et al., 2023;
Siemes et al., 2023). In this study, we use the neutral mass density of GRACE‐A and GRACE‐C, which are
available with a 10‐s sampling. The neutral mass density data of GRACE‐B is largely redundant for statistical
studies with GRACE‐A due to the small inter‐satellite distance, and no neutral mass density is available for
GRACE‐D due to accelerometer issues (Behzadpour et al., 2021).

2.2. Data Processing Methods

The coverage of GRACE/GRACE‐FO satellite plasma and neutral mass density data used in this paper is from 4
April 2002 to 29 April 2022, which corresponds to approximately 20 years of data. Only the GRACE/GRACE‐FO
data at altitudes above 450 km were used during this period, to distinguish our results from those of CHAMP. In
addition, we focus on geomagnetically quiet‐time climatology and only use data with a Kp index of less than 3
(Matzka et al., 2021; Xiong et al., 2010). First, for all Ne and ρ data, the Magnetic Latitude (MLAT) andMagnetic
Local Time (MLT) are calculated using the Apexpy software package (Emmert et al., 2010; van der Meeren
et al., 2023). We focus on the data whose absolute value of the MLAT (called |MLAT|) is less than 25°, and whose
MLT is at nighttime between 18:00 and 04:00. Note that EPIs sometimes can extend beyond 25 degrees of
MLAT, but that kind of events do not often occur (e.g., Stolle et al., 2006). This procedure leads to a discrete time‐
series of data points, each of which spans − 25° MLAT and +25° MLAT at night. We further cut each of those
time‐series at the magnetic equator, and the result (i.e., northern or southern half) is used as a basic unit of the
following climatology and called “segment.” For example, for one complete orbit of GRACE, usually 2 nightside
segments are obtained: one in the Northern Hemisphere (NH) and the other in the Southern Hemisphere (SH).

We note that GRACE(‐FO) Ne and ρ data are produced by different payloads. The sampling rate is 5 s for Ne and
10 s for ρ data, and the two data sets are asynchronous. Therefore, the data should be intentionally synchronized at
a cadence of 10.0 s through interpolation. Then, a Savitzky‐Golay filter (window length is 7 data points or 70 s,
and polynomial order is 2) is applied to each segment of Ne and ρ data, which is equivalent to a low‐pass filtering.
The difference between raw data and low‐pass filter results is considered as residuals (ΔNe and Δρ), which
represent spatial inhomogeneity of electron and neutral density and are the focus of this paper. We further
calculate the correlation coefficient between ΔNe and Δρ for robust identification of EPI‐related NDDs. Spe-
cifically, the peak with the highest |ΔNe| (i.e., the strongest plasma irregularity) within a “segment” is detected,
±70 s of the surrounding region is selected, and the correlation coefficient between ΔNe and Δρ is obtained in this
selected region.

Figure 1 shows an example of GRACE data around 00:41 coordinated universal time (UTC) on 24 September
2002, which consists of two “segments” of electron and neutral density: one in the SH (left‐hand side) and the
other in the NH (right‐hand side). The x‐axis is Geographic Latitude (GLAT) and also includes the MLAT scale
below. A black dotted line in the middle of all the panels signifies the magnetic equator. In panel (a), the black
dots are electron densities measured by GRACE/KBR, and the background trend obtained by the Savitzky‐Golay
filter is a red dotted line. Panel (b) shows the residual (ΔNe) between the raw electron density of panel (a) and the
Savitzky‐Golay fitting. The standard deviation of the absolute value of ΔNe for each “segment” (or for each
hemisphere) is written at the bottom of the panel (b). The ±70 s intervals used for correlation analysis are
highlighted with a solid blue line in panel (b), which represents regions around the maximum |ΔNe| position.
Panels (c) and (d) are similar to panels (a) and (b), but show neutral densities and their residuals (ρ and Δρ). The
correlation coefficient (R) is written on the upper end of panel (d): the high correlation coefficients indicate a
close resemblance between the blue solid lines (i.e., residuals or inhomogeneities) of panels (b) and (d). In panel
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(e), the y‐axis is Geographic Longitude (GLON), and the global map rotated clockwise by 90° is drawn with a
solid black line. The spacecraft locations are marked with green dots. The red triangles tell us the representative
spacecraft positions every 5 min.

The above‐mentioned methodology is applied to each “segment,” and the resultant residual magnitudes and
correlation coefficients are used for detecting EPI and NDD events. The conditions used in the study are

Figure 1. An example of electron and neutral density disturbances in Gravity Recovery and Climate Experiment (GRACE)
satellite data obtained around 00:41 UT on 24 Sep 2002. The x‐axis represents the geographic latitude and the magnetic
latitude, and the y‐axis is (a) electron density, (b) electron density residual, (c) neutral density, (d) neutral density residual,
and (e) longitude of the ground track of the spacecraft. The magnetic equator on the GRACE pass is drawn with a vertical
black dotted line in all the panels. The segment‐wise standard deviation of |Δ Ne| is displayed in panel (b), and R (correlation
coefficient) between panels (b, d) is shown in panel (d). The last panel (e) displays a world map rotated 90° clockwise, with
solid black lines.
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summarized in Table 1. Given a data “segment,” if (a) a segment‐wise
standard deviation (hereafter, std) of |ΔNe| is greater than 2 × 109 cm− 3

(see the annotations in Figure 1b) and (b) the maximum value of |ΔNe| is
greater than 5 × 109 cm− 3, the segment is judged to contain EPIs and tagged
as an EPI segment. Similar event thresholds were used by Xiong et al. (2010).
Further, if an EPI segment satisfies the third criterion, such that (c) the cor-
relation coefficient between ΔNe and Δρ (hereafter, R) exceeds 0.45, that
“segment” is deemed to contain both EPIs and NDDs: they are hereafter
called NDD segments. The threshold of 0.45 is chosen because each corre-
lation window within a segment usually consists of 15 data points (or 150 s
composed of±70s and the center point) and the correlation coefficient of 0.45
therein is significant at the p < 0.1 level. In summary, conditions for an EPI

segment are (a) std(|ΔNe|) > 2 × 109 cm− 3, and (b) max(|ΔNe|) > 5 × 109 cm− 3, while an NDD segment fulfills
both EPI conditions and also (c) R > 0.45. As a result, the NDD segments are a subset of EPI segments in our
analysis: that is, all NDD segments already contain EPIs.

3. Result
Figure 2 shows the S/L distribution of EPI and NDD events, in a format similar to those used by Stolle
et al. (2006) and Xiong et al. (2010), both of which addressed EPI climatology. In all panels, the x‐axis represents
Geographic Longitude (GLON), and the y‐axis represents months (or equivalently, seasons). The color palette is
the occurrence rate of EPIs (panel a) or NDDs (panel b) in each bin, multiplied by 100 to express the ratio as a
percentage. The rate means the ratio of the number of EPI segments (panel a) or NDD segments (panel b) to the
total number of GRACE segments per bin. The bin sizes are 10° in GLON and 10 days in Day‐Of‐Year (DOY).
Figure 2a shows the S/L distribution of EPIs, and it is evident that these results are consistent with past research
(Stolle et al., 2006; Xiong et al., 2010). Figure 2b gives the occurrence rate of NDDs in the same format, and the
distribution largely follows that of Figure 2a: the EPI‐NDD similarity is in general agreement with Park
et al. (2010). Figure 2c shows the ratio between Figures 2a and 2b, and hereafter, “EPI‐to‐NDD efficiency” means
the efficiency with which an EPI co‐exists with observable NDD. In Figure 2a, a contour line representing ≥15
EPIs per bin is marked with a black solid line, and this same contour is repeated in Figure 2c. This criterion of 15
EPIs corresponds to ∼21% when converted into the EPI occurrence rate. We focus only on the region inside the
contour in Figure 2c (i.e., regions of meaningful EPI occurrence) while addressing the efficiency of an EPI in
accompanying NDDs. Outside the contour, EPIs are inherently rare, making the statistical analysis of the effi-
ciency of EPIs accompanying NDDs potentially misleading or unreliable. Inside the contour in Figure 2c, EPIs
can be seen to go with NDDs observable by GRACE; see the color palette of Figure 2c. This contour will be
referenced again later in the Discussion Section and Figure 7.

Figures 3a and 3b show the occurrence rate of EPI and NDD, respectively, as a function of MLT. In Figures 3a
and 3b, all the “segments” used for Figures 2a and 2b are sorted into different MLT bins. Figure 3c presents a
simple bin‐by‐bin division of Figures 3b by 3a: that is, the EPI‐to‐NDD efficiency. The error bars are calculated as
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
p(1 − p)/n

√
. (As for Figures 3a and 3b, the p is the occurrence rate of EPI and NDD, while the n is the number of

“segments” in each bin. In Figure 3c, the p represents the EPI‐to‐NDD efficiency, and the n represents the number
of “EPI segments” per bin.) Note that the MLT 18:00 bin corresponds to the MLT range between 18:00 and 19:00
LT. For 20 years of data from 2002 to 2022, the EPI occurrence rate (Figure 3a) rapidly decays after 22:00 LT at
GRACE altitude (Xiong et al., 2010). Data after 04:00 LT are excluded, following previous studies (Stolle
et al., 2006; Xiong et al., 2010). In Figure 3b, the NDD occurrence rate peaks around 22:00 MLT, which is in
broad agreement with Park et al. (2010; Figure 2). In Figure 3c, the time at which NDD is frequently collocated
with EPIs is about 20:30‐02:30 LT. In other words, although a small dip (by ∼5%) exists around 23:00 LT, the
EPI‐to‐NDD efficiency is overall high around midnight and generally decreases toward the dawn and dusk
sectors.

Figure 4 shows the connection between EPIs and NDDs by solar activity. Similar to Figures 2 and 3, panel (a) of
Figure 4 presents the EPI occurrence rate, panel (b) presents the NDD occurrence rate, and panel (c) shows the
simple bin‐by‐bin ratio between panels (b) and (a). The bin averages are shown as black dots plotted against the
solar F10.7 index (Tapping, 2013). For context, the total number of segments per bin is plotted in blue, with its

Table 1
Conditions for Equatorial Plasma Irregularitie and Neutral Density
Disturbance Detection

Condition P (EPI) P (EPI + NDD)

std (|ΔNe|) >2 × 109 cm− 3 >2 × 109 cm− 3

max (|ΔNe|) >5 × 109 cm− 3 >5 × 109 cm− 3

R >0.45

Note. The standard deviation and maximum value of |ΔNe| are constrained to
detect the EPI. A correlation coefficient (R) condition is further added to
identify EPI‐related NDD.
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axis shown to the right of each panel. For bins containing more than 3,000 segments, red halos are added to the
black dots, which are used for a linear fit that is displayed as a red dashed line. Note that a slightly lower threshold
(2,000 segments) was used by Stolle et al. (2006), and our threshold is slightly more conservative. The linear fit
result (“trend line”) is indicated in the title of each panel. The dependence of EPI occurrence on solar activity, as
shown in Figure 4a, is consistent with past research (Stolle et al., 2006; Xiong et al., 2010), confirming that our
approach to EPI detection is valid. The increase in NDD occurrence rate with solar activity, shown in Figure 4b, is
also in agreement with Park et al. (2010; Figure 3). On the contrary, Figure 4c shows that the EPI‐to‐NDD ef-
ficiency unexpectedly decreases as solar activity increases, albeit with fluctuations.

Figure 2. The seasonal/longitudinal (S/L) distribution of equatorial plasma irregularitie (EPI) and Neutral density disturbance
(NDD) occurrence rate fromGravity Recovery and Climate Experiment/GRACE‐FO data. Panel (a) is a distribution of EPIs,
and panel (b) is for NDDs. Panel (c) shows the ratio between panels (a, b) (i.e., the efficiency for an EPI to go with NDDs).
The x‐axis represents GLON, and the y‐axis represents the months. The color palette indicates the occurrence rate, which is
multiplied by 100 to express the ratio as a percentage. The contour drawn with a solid black line represents ≥15 EPIs per bin.
This criterion corresponds to ∼21% when converted into the probability of EPI occurrence.
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To better understand the relationship between EPI and NDD, we investigate whether EPIs that accompany
NDDs have distinct MLAT distributions compared to overall EPIs. For each “segment,” we calculate the
median MLAT among the data points with a threshold in electron density (i.e., median MLAT of data satisfying
|ΔNe| > 2 × 109 cm− 3 condition). The segment‐wise median MLAT is considered the representative MLAT of
plasma density irregularities, and their histograms are shown as blue dash‐dot lines in Figure 5a (for EPI
segments) and Figure 5b (for NDD segments, i.e., a subset of EPI segments that accompany NDD). The x‐axis
has a bin size of 1° in MLAT, and the y‐axis represents the number of segments. The red dash‐plus lines
represent the Gaussian fitting curves. The parameters for the red Gaussian fit curve (A e− (x− x0)2/2σ2 ) in each
panel are described in the panel titles. According to Figure 5 and the Gaussian fit equations in the panel titles,
there is no significant difference between Figures 5a and 5b. In other words, EPIs that accompany NDDs do not
have MLAT distributions that differ significantly from those of overall EPIs.

In this paragraph,wediscusswhether strongNDDsare accompaniedby strongEPIs. Figure 6 shows the relationship
betweenmax(|ΔNe|) andmax(|Δρ|) for each “segment.” Figure 6 includes only the NDD segments: that is, only the
“segments” exhibiting a significant correlation between ΔNe and Δρ profiles. The main graph is a 2‐dimensional

Figure 3. Histogram of occurrence rates of equatorial plasma irregularitie (EPI) and Neutral density disturbance (NDD) as a
function of Magnetic Local Time (MLT). Panel (a) presents an EPI occurrence rate, panel (b) that of NDDs, and panel (c) the
ratio of (b) to (a), which is the EPI‐to‐NDD efficiency. The error bars are marked with red solid lines for each bin.
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histogramwithmax(|Δρ|) on the x‐axis andmax(|ΔNe|) on the y‐axis, and the color bar represents the bin population
(i.e., number of “segments”) in log scale. The 1‐dimensional histogram at the top shares the x‐axis scale with the 2‐
dimensional histogram, and the histogram at the right shares the y‐axis scale with the scatter plot. Figure 6 dem-
onstrates that the correlation between max(|ΔNe|) and max(|Δρ|) is weak, especially in the yellow regions (i.e.,
regions with high bin populations). This poor correlation is generally consistent with a previous study using
CHAMP satellite data (Park et al., 2010). In summary, strong NDDs are not necessarily attributed to strong EPIs.

4. Discussion
In this section, we investigate whether the EPI‐to‐NDD efficiency (as shown in Figure 2c) is higher under a dense
(high‐density) or tenuous (low‐density) thermosphere. Specifically, we record the median of the measured
(unfiltered) neutral mass density of each EPI segment and investigate the specific neutral density conditions under
which an EPI segment is likely to be co‐located with NDD. Note that the median neutral density mentioned in the
preceding sentence is not the residual that has been discussed so far (i.e., Δρ), but represents a large‐scale back-
ground property (ρmedian). All four panels in Figure 7 present the distribution of themedian neutral density (ρmedian)

Figure 4. Occurrence rate of equatorial plasma irregularitie (a), Neutral density disturbance (b), and the ratio of the latter to
the former (c) as a function of solar activity. Bin averages are shown as black dots. The second blue y‐axis on the right side of
each panel is the total number of segments. Black dots with more than 3,000 segments have red halo. Trend lines are fit only
to the data points with a red halo.
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in formats similar to the preceding figures. Figure 7a is similar to Figure 2c (i.e., S/L distribution), but presents the
median neutral density (ρmedian) instead of the EPI‐to‐NDD efficiency. The black solid contour remains the same
fromFigure 2c, indicating≥15 EPIs per bin. Figure 7b is similar to Figure 3c (i.e.,MLT dependence), but again for
the median neutral density (ρmedian). Figure 7b bears a general resemblance to the thermosphere climatology re-
ported byLiu et al. (2005; Figures 2 and 8), but is slightly different from it.We note that Figure 7 represents only the
neutral mass density (ρmedian) of the “EPI segments” while Liu et al. (2005) were free from such a constraint. By
comparing Figure 3c (EPI‐to‐NDDefficiency of EPI segments vs.MLT) andFigure 7b (ρmedian of EPI segments vs.
MLT), we can find that the EPI‐to‐NDD efficiency generally increases when ρmedian is low (e.g., aroundmidnight).
This trend is identifiable even in the S/L distribution: Figure 7c, which is the correlation diagram between the EPI‐
to‐NDD efficiency (from inside the black contour of Figure 2c) and ρmedian (from inside the black contour of
Figure 7a) in the S/L distribution, clearly exhibits a negative correlation between the former and the latter. To
corroborate the negative correlation in Figure 7c, we replaced the ≥15‐event threshold (see Figure 7a) with other
values, such as 10 and 20 EPIs per bin, and the negative correlation persists: − 0.316 for the 10‐event threshold and

Figure 5. The x‐axis isMLAT, and the y‐axis is the histogram of (a) equatorial plasma irregularitie “segments” and (b) Neutral
density disturbance “segments” (blue color). Each “segment” is assigned to the MLAT bin that corresponds to the median
MLAT among the data points with a threshold of electron density (i.e., median MLAT of data satisfying
|ΔNe| > 2× 109 cm− 3 condition). The equations for Gaussian fitting curves (red color) are annotated in the titles of the panels.
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− 0.581 for the 20‐event threshold. This evidence shows that EPI‐to‐NDD efficiency is higher when background
thermospheric density (ρmedian) is low: that is, cold thermosphere (see Park, Evans, et al., 2022; Figure 6). Figure 7d
is similar to Figure 4, but presents ρmedian as a function of solar activity. The ρmedian trend in this figure is in the
opposite direction of the EPI‐to‐NDD efficiency trend with solar activity shown in Figure 4c, again indicating a
negative correlation between the EPI‐to‐NDD efficiency and ρmedian.

The negative correlation between EPI‐to‐NDD efficiency and ρmedian can be interpreted as an effect of neutral
fluid advection in the presence of a vertical density gradient (Newton & Pelz, 1973). Around the altitude of the
peak density of electrons in the ionosphere, though the plasma density is only about 0.1% of the neutral density, it
can significantly influence the neutral atmosphere (Hussien et al., 2020; Jee, 2023). Figure 8 shows a conceptual
sketch explaining the difference in the updraft of neutral species inside and outside of an EPI. As the ion‐neutral
collision frequency differs inside and outside EPIs, the updraft of neutral species affected by ionospheric plasma
should also differ, which is expected to be the source of NDDs (Hanson & Bamgboye, 1984; Ieda, 2020). The
inhomogeneous updraft of neutral species should leave imprints in the neutral density profile at a fixed altitude,
such as in the GRACE(‐FO) data, due to the advection effect. The advection effect is expressed in Equation 1:

∂ρ
∂t
+ ∇ · (ρu) =

∂ρ
∂t
+ u · ∇ρ + ρ∇ · u = 0 (1)

where ρ is neutral density and u is the velocity field of neutral species. Assuming incompressible neutral fluid for
simplicity (∇ · u = 0), the change in neutral density (∂ρ

∂t ) is proportional to the dot product of velocity (u) and

Figure 6. The biggest graph is a 2‐dimensional histogram between max(|ΔNe|) and max(|Δρ|) of Neutral density disturbance
segments. The x‐axis represents max(|Δ ρ|), the y‐axis represents max(|ΔNe|), and the color bar displays the bin population on
a log scale. There are 2 smaller panels on the top and right of the main graph, which correspond to the 1‐dimensional
histogram of the same data set.
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gradient of the neutral species (∇ρ). Therefore, given an upward velocity uz, the concomitant density change is
expected to increase when the vertical gradient of ρ (=|∇ρ|z) is large (equivalently, when the scale height of the
neutral density is small).

A smaller scale height of neutral species generally indicates lower background neutral density (e.g., lower ρmedian

in Figure 7), because the neutral species in the terrestrial thermosphere can be approximated by an exponential
function with a scale height (H):

ρ = ρ0e− z/H (2)

where z is the height with respect to a reference height, and ρ0 is the neutral density at that reference height.
Therefore, if an EPI induces an inhomogeneous updraft of ambient thermospheric neutral species, the resultant
density changes of neutrals would be greater when the neutral scale height is small, or equivalently, when the
thermospheric density is low, such as during solar minima (Thayer et al., 2012; Xiong et al., 2018; Yang
et al., 2022). In Figure 9, we compare the scale height during solar maximum (blue circles) and solar minimum
(red crosses) using the Mass Spectrometer and Incoherent Scatter model (MSIS) model of version 2.0 (Emmert
et al., 2021). The black horizontal dotted line indicates the nominal altitude of the GRACE satellite at 500 km. The
scale height is greater during the solar maximum than in the solar minimum. This advection effect driven by EPIs,
in combination with background neutral scale heights, which depends on S/L, MLT, and solar activity, may
explain the anti‐correlation between EPI‐to‐NDD efficiency and background neutral density (ρmedian), as shown
in Figure 7c. Additionally, the scale height effect may also explain the poor correlation between max(|ΔNe|) and
max(|Δρ|) in Figure 6, as Δρ is not only affected by the |ΔNe| (i.e., spatially inhomogeneous ion‐to‐neutral
momentum transfer) but is also controlled by the neutral density scale height (see Equation 1).

As a final remark,we note that though the ionospheric plasmamakes up only a small part of the thermosphericmass
density, it might be able to drive observable thermospheric depletion. At least two previous simulation studies

Figure 7. Distribution of segment‐wise median of neutral density (ρmedian) of all the equatorial plasma irregularitie (EPI) segments. Panel (a) is a picture similar to
Figure 2c: the x‐axis is longitude, and the y‐axis is months, while the color bar is ρmedian. Panel (b) is a histogram for MLT, which is similar to Figure 3c, but the y‐axis is
again ρmedian. Panel (c) shows the correlation diagram between Figure 2c (EPI‐to‐NDD efficiency) and (a) (ρmedian), for each bin within the black solid contour in
Figure 2c. Panel (d) is a similar graph to Figure 4c, but the y‐axis is ρmedian. The black solid contours represent ≥15 EPIs per bin, which is the same as in Figure 2c.
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successfully demonstrated that EPI can cause NDD. Bencze et al. (2000) argued, based on their modeling result
(e.g., Figure 11), that the origin of NDD is EPI. Schunk and Demars (2003) also stated that their simulation results
support the hypothesis that EPI causesNDD, andwe could not find any other publications that refute this argument.

However, neither the simulations of Bencze et al. (2000) nor those of Schunk
and Demars (2003) can provide a fully quantitative explanation for the
GRACE(‐FO) results presented in this paper. This is because the EPIs assumed
in those numerical studies had an extreme depth of about 99%, while the
resultant NDDs strengths were only a few percent. Therefore, the two simu-
lation studies can only be considered as references rather than quantitative
evidence. Ultimately, further studies should be conducted to provide a detailed
analysis of EPIs and NDDs, aiming to uncover the origin of their locations.

5. Conclusions
In this study, we analyzed the association between EPI and NDD at altitudes
between 450 and ∼500 km using electron and neutral density simultaneously
measured by the GRACE/GRACE‐FO satellites over nearly two decades. The
dependences of EPI and NDD on season/longitude (S/L), MLT, and the solar
cycle were addressed, and the main findings of this study can be summarized
as follows:

1. EPI‐related NDD climatology is reported at altitudes above 450 km for the
first time. The S/L distribution and the dependences on MLT and solar
activity are generally consistent with previous NDD studies at lower
altitudes.

2. In this study, NDDs are identified through the correlation analysis between
electron and neutral density profiles obtained quasi‐simultaneously at the

Figure 8. Differences in the updraft of neutral species inside and outside an equatorial plasma irregularitie (EPI). The middle
green region represents the interior of the EPI, while the orange regions on its left and right correspond to the exterior of the
EPI. The yellow box represents an imaginary volume to show the divergence‐free nature of the neutral flow, with the x and y
coordinates indicating the zonal and vertical directions, respectively. The blue arrows signify updrafting neutral species: the
stronger the vertical flow, the larger the arrow.

Figure 9. Altitude profile for neutral density scale height. The x‐axis
represents the scale height, and the y‐axis is the height. The horizontal black
dotted line indicates the altitude of 500 km, which is the nominal altitude of
GRACE(‐FO) satellites. The blue circles represent the neutral density scale
height of the solar maximum (2012), and the red crosses represent that of the
solar minimum (2007). The date is based on the spring equinox (March 21),
local time of 20:00, and MLAT of 10°.
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same satellite. This method is robust against possible contaminations of (a) noise and (b) NDDs unrelated to
EPIs (e.g., gravity waves originating from the lower atmosphere).

3. We find an anti‐correlation between EPI‐to‐NDD efficiency and background neutral density (ρmedian). This
trend indicates that the probability of EPIs co‐existing with observable NDDs increases as background neutral
density decreases. We suggest that these observations can be explained by inhomogeneous neutral species
advection induced by EPIs, which would cause inhomogeneous neutral density at a fixed altitude, especially
when the background neutral density exhibits a steep vertical gradient (i.e., when the background neutral
density is low).

Data Availability Statement
The electron density (Ne) and neutral density (ρ) data of GRACE/GRACE‐FO satellites can be accessed from the
official website of ESA (https://swarm‐diss.eo.esa.int). The Ne data directory is “Home/Multimission/GRACE/
NE/Dual_Sat” for GRACE, and “Home/Multimission/GRACE‐FO/NE/Dual_Sat” for GRACE‐FO. The ρ data
directory is “Home/Multimission/GRACE/DNS/Sat_1” for GRACE, and “Home/Multimission/GRACE‐FO/
DNS/Sat_1” for GRACE‐FO.
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