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Abstract FORMOSAT-7/COSMIC-2 is the largest equatorial multi-satellite constellation of six full-

size satellites to study the equatorial ionosphere. Each satellite is equipped by an ion velocity meter IVM)
instrument to provide high rate in situ plasma density observations along the low-inclined satellite orbits

at ~530-550 km altitude. Six satellites provide an unprecedented dense coverage of the entire equatorial
region around the globe and allow reliable detection of equatorial plasma bubbles (EPBs) and plasma density
irregularities at different local times/longitudinal sectors simultaneously. We present a method for detection of
EPBs in FORMOSAT-7/COSMIC-2 in situ plasma density data and construction of the global maps of EPB
geolocations. The results in the form of time series and IVM-based global Bubble Maps have a great potential
for both near real-time monitoring of space weather conditions and long-term statistical analysis of EPB
occurrence in regional or global scales. We present first FORMOSAT-7/COSMIC-2 derived climatological
characteristics of the post-sunset and post-midnight EPBs occurrence probability and their apex altitudes during
a period of low solar activity. Also, we demonstrate the good performance of the FORMOSAT-7/COSMIC-2
IVM-based Bubble Maps when compared to optical images and ground-based ionosonde observations.

Plain Language Summary Recently lunched satellite mission FORMOSAT-7/COSMIC-2
represents the largest equatorial mission of six spacecrafts that fly near the equator at 550 km altitude

and measures various characteristics of the Earth's ionospheric plasma. Each satellite is equipped with an
instrument for contact measurements of ionospheric plasma density and plasma motions—an ion velocity
meter. Six satellites operate together around the globe, and they can probe the ionosphere at different longitudes
and local times simultaneously. We use FORMOSAT-7/COSMIC-2 observations for detection of equatorial
plasma bubbles (EPBs)-huge plasma depletions developed after sunset over the equator. Detection of such
structures is very important because of their impact on radio signals propagation. In this paper, we describe
methodology on how we can detect EPBs and how to create global maps of their geolocation. The obtained
results with time series of identified bubbles and global bubble maps can be used for near real-time monitoring
of ionospheric depletions and for statistical analysis of their occurrence around the globe.

1. Introduction

Equatorial plasma bubbles (EPBs) represent a typical post-sunset phenomenon in the form of plasma density
depletions that are observed in the equatorial ionosphere within a band of +15-20° magnetic latitude (MLAT)
(Kelley, 1985; Woodman & La Hoz, 1976). Post-sunset ionospheric irregularities were first observed in the 1930s
(Booker & Wells, 1938) using ionosondes as the spreading in range and frequency on ionograms recording the
equatorial F region echoes. This phenomenon has become known as equatorial spread F (ESF) as an EPB signa-
ture seen in ionosonde measurements. At present, EPBs are considered as quite narrow structures of depleted
plasma with zonal (east—west) dimensions of ~50-250 km, but they are significantly elongated in the magnetic
meridional (north—south) direction with extension over 1,000 km from the magnetic equator (Hysell, 2000;
Ossakow, 1981). In altitudinal domain, EPBs cover a broad range of altitudes from the bottomside ionosphere up
to above 1,000 km; the highest altitude of the depleted magnetic flux tubes above the magnetic equator is also
called apex altitude of the bubble. Under quiet night-time conditions, EPBs typically drift eastward at speeds
mainly within the range of 100-200 m/s (Kintner et al., 2004; Tsunoda et al., 1982).

Understanding of EPB phenomenon is highly important due to its direct effects on radio wave propagation.
Tonospheric irregularities with scale sizes of meters to kilometers developing within EPB structures can severely
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disrupt the radio wave propagation channel by affecting both amplitude and phase of the radio signal—these
disruptions are called scintillations. Scintillations occur at a broad range of frequencies. L-Band scintillation
adversely impacts the trans-ionospheric communications and continuous tracking of Global Navigation Satellite
System (GNSS) signals used for position, navigation, and timing services. EPBs that develop after local sunset
can persist for many hours afterward and can cover a broad longitudinal range, and this space weather phenome-
non is considered to be a significant threat to communication and navigation systems that operate in either space
or ground environments and that rely on trans-ionospheric radio signals propagation. To understand and forecast
EPB occurrence, numerous investigations were performed in the last several decades to reveal key characteristics
of EPB morphology and climatology using various ground-based and satellite observations (e.g., Aarons, 1993;
Abdu et al., 1983; Basu et al., 1980, 1996; Fejer & Kelley, 1980; Fejer et al., 1999; Hysell & Burcham, 2002;
Kil, 2015; Makela et al., 2010; Maruyama & Matuura, 1984; Nishioka et al., 2011; Tsunoda, 1983; Valladares
et al., 1996).

Considering the limited field-of-view of ground-based instruments (like ionosondes, coherent radars, all-sky
cameras, GNSS receivers etc.), and the fact that the majority of the Earth's equatorial region is covered by oceans,
the equatorial ionosphere has sparse global coverage from ground-based detectors. Satellites have the potential
to provide continuous observations suitable for EPB detection and monitoring around the globe. Previously,
continuous and long-term in situ plasma density observations have been successfully used to derive statistical
characteristics of EPB occurrence on a global scale in the form of a typical seasonal/longitudinal (S/L) distribu-
tion of EPBs as detected in the datasets of the DMSP satellites (Burke et al., 2004; Gentile et al., 2006; Huang
et al., 2001), the ROCSAT-1 satellite (Su et al., 2006; Kil et al., 2009), the C/NOFS satellite (Huang et al., 2014),
the CHAMP satellite (Xiong et al., 2010) and of the Swarm satellites (Zakharenkova et al., 2016). Each new
satellite mission equipped with in situ plasma probes can provide new insights and discoveries to support EPB
research. For instance, prior to the launch of the C/NOFS satellite, EPBs were mainly considered as post-sunset
phenomena. It was found out that under solar minimum conditions, EPBs regularly appear at post-midnight to
dawn local times (Burke et al., 2009; de La Beaujardicere et al., 2009; Gentile et al., 2011).

In April 2006, the first constellation of six small satellites—Formosa Satellite 3/Constellation Observing
System for Meteorology, lonosphere, and Climate (FormoSat-3/COSMIC-1, hereafter F3/C1)—was successfully
launched into the orbit of ~700-800 km altitude and 72° inclination. When fully operational, F3/C1 produced
1,500-2,500 Radio Occultation (RO) soundings of the ionosphere per day, thus providing the unprecedentedly
dense coverage on a global scale. The F3/C1 RO observations were also used to study the climatology of iono-
spheric irregularities associated with EPB development. Carter et al. (2013) investigated occurrence of equatorial
F layer irregularities on the base F3/C1 S4 scintillation product for 2007-2011 years and reported EPB occurrence
dependence on season/longitude, as well as impact of solar activity level for plasma irregularities probability in
different longitudinal sectors and seasons. The same F3/C1 S4 scintillation product was broadly used to study
altitudinal distribution of the amplitude scintillations in the ionospheric E and F regions under various conditions
(e.g., Brahmanandam et al., 2012; Dymond, 2012; Liu et al., 2016). To investigate climatology of medium-scale
F region ionospheric plasma irregularities, Watson and Pedatella (2018) used F3/C1 RO detrended total electron
content (TEC) measurements. They analyzed periods of the solar minimum and ascending phase of the 24th solar
cycle and reported seasonal occurrence patterns when high rate of ionospheric irregularities occurrence predomi-
nated in regions near to the solar terminator and altitudes ~300 km. Chou et al. (2020) used the similar approach
(F3/C1 absolute TEC product with filtered background TEC variations) to analyze EPB climatology during the
24th solar cycle. The authors also reported strong solar dependence and correlation of longitudinal and seasonal
EPB distribution patterns with the angle between solar terminator and geomagnetic field lines over the magnetic
equator. Cherniak et al. (2019) used the combination of F3/C1 RO electron density profiles and S4 scintillation
product together with in situ plasma probe observations from C/NOFS, Swarm, and DMSP satellites to character-
ize development of the storm-induced EPBs; the authors also demonstrated the first successful application of the
backpropagation geolocation technique (Sokolovskiy et al., 2002) to F3/C1 GPS data. Apart from the climatolog-
ical studies of EPB occurrence, F3/C1 RO observations were used to investigate effects of plasma irregularities
phenomenon on GPS RO signals and transient loss of lock probability (e.g., Yue et al., 2016).

In the present study, we propose to take full advantage of in situ plasma density observations provided by the
new satellite mission FORMOSAT-7/COSMIC-2 (thereafter, F7/C2) that was launched on 25 June 2019 into a
low-inclination orbit (24°). To date, the F7/C2 equatorial constellation represents largest satellite-based observa-
tional system to study the equatorial ionosphere. This six satellite constellation operates at ~530-550 km orbital
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altitude, separated by ~60° in longitude to provide a global and uniform observations coverage that samples the
equatorial ionosphere region with multiple types of ionospheric observations. This includes limb and overhead
TEC, RO electron density profiles, amplitude/phase scintillations, and in situ ion plasma densities. From the
mission objectives, it is expected that the F7/C2 multi-instrumental observations will substantially contribute to
a better understanding of the equatorial ionosphere morphology and future forecasting of ionospheric irregulari-
ties and radio wave scintillations that harmfully affect satellite-to-Earth communication and navigation systems.

Detection of EPB signatures in the in situ plasma density observations is strongly dependent on satellite orbit
inclination. For highly inclined or polar orbiting LEO (Low Earth Orbit) satellites, each successive orbit will
cross the equator approximately ~15° west in longitude, and thereby never re-sampling the same geographical
area during the same day (and LT). This restricts the ability of a single, polar orbiting, satellite to provide infor-
mation how EPBs evolved in time over a unique longitudinal sector. Only satellites with a low inclination orbit are
capable of sampling equatorial and low latitude regions multiple times per day and can potentially encounter the
same plasma depletion structure again. For example, Huang et al. (2011) reported that if a particular EPB existed
for longer than 100 min (orbit period), the bubble can be detected by several successive passages of C/NOFS
satellite, which had ~13° orbit inclination—that provided a possibility to analyze the generation and spatial
evolution of EPBs in time, in particular formation of broad plasma depletions using C/NOFS in situ data. For
the F7/C2 mission, the configuration of six satellites with identical observational capabilities that are distributed
evenly around the globe in a ~24° inclined orbit provides an opportunity to encounter plasma depletion struc-
tures with a sampling rate that is much faster than any single satellite could provide. Figure 1a shows an example
of 1 day orbit coverage by six F7/C2 satellites—having each satellite with ~14 orbits per day, F7/C2 provides
sampling of low latitude region with unprecedented daily coverage. Figure 1b shows an example of orbit track
location during 1 hour (00-01 UT on 5 January 2022); one can see that with all six satellites, each longitudinal
sector is crossed by at least 2—3 satellites during a one-hour period, of course, with different distance from the
magnetic equator. Figure 1c illustrates in situ ion density measurements provided by the ion velocity meter (IVM)
instrument along corresponding orbit tracks for different F7/C2 satellites shown in Figure 1b. Here, in the local
post-sunset period over western South America, two F7/C2 satellites, C2E3 and C2E4 (shown by red and blue
color, respectively), encountered near simultaneously deep plasma density depletions over that area. The C2E4
satellite's orbit projection in the American-Atlantic sector (§80°W—15°E) was closely aligned with the magnetic
equator, making it possible to identify multiple EPBs over South America that had already reached the satellite
orbit altitude (~550 km) and stretched out for more than 40° in the longitudinal range. Examination of the obser-
vations from the satellites, whose overpasses located at some distance from the magnetic equator, can help us to
determine the latitudinal extension of EPBs from the magnetic equator into different hemispheres. Analysis of
the observations in the magnetic coordinates can provide some clue if some simultaneously identified depletions
correspond to possibly the same EPB structure that elongated near the same magnetic meridian and was crossed
by two different satellites in a short period of time. This example clearly demonstrates enormous advantages of
utilizing the F7/C2 in situ observations for EPB investigations. The objective of the present paper is to present
fundamentals of the developed algorithm for EPB detection in F7/C2 in situ plasma density data and construction
of the global maps of EPB geolocations, as well as their performance evaluation.

2. Data Set and Methodology of the IVM-Based Bubble Map

The processing chain of the F7/C2 IVM-based Bubble Map Algorithm consists of multiple steps (Figure 2): (a)
analysis of raw ion density data; (b) establishing indices which can identify the occurrence of plasma density
irregularities in the in situ density measurements; (c) setting thresholds; (d) two-dimensional mapping tech-
niques. Each step will be discussed in detail below.

2.1. F7/C2 IVM Ion Density Measurements

To date, the F7/C2 is the largest equatorial multi-satellite constellation of six full-size satellites to study the
equatorial ionosphere. The F7/C2 payload includes an IVM instrument to provide measurements of the ion
drift, density, and major ion composition along the satellite orbit altitude at ~530-550 km. The IVM instrument
consists of two planar sensors—a Retarding Potential Analyzer and an Ion Drift Meter. Both sensors are utilized
to derive currents and voltages for calculating the total ion density, composition, temperature, and drift through
a least-square fitting procedure (Heelis et al., 2017). The F7/C2 IVM ion density can be obtained in the level 2
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Figure 1. Example of F7/C2 orbit coverage by six satellites for the equatorial region during (a) 24 hr and (b) 1 hour; (c) ion
velocity meter in situ ion density along corresponding 1-hr tracks for different F7/C2 satellites (indicated by color).

product “ivmLv2” file in the COSMIC Data Analysis and Archive Center (CDAAC, http://cdaac-www.cosmic.
ucar.edu) database. In this study, we used total ion density (Ni) provided with 1 Hz from six F7/C2 satellites and
calibrated using F7/C2 TGRS observations (Wu et al., 2022) to analyze the occurrence of EPBs on a global scale.

2.2. Bubble Index

To identify the occurrence of plasma density irregularities in the in situ density measurements, we used a “Bubble
Index” parameter, o, that represents relative standard deviation of ion density (Ni) variation in logarithmic scale
divided by the mean of ion density in logarithmic scale (Equations 1 and 2). A similar approach was success-
fully utilized for in situ plasma density measurements onboard AE-E (Kil & Heelis, 1998), ROCSAT-1 (Su
et al., 2006), and C/NOFS (Huang et al., 2014) satellites to retrieve climatological features of EPBs occurrence.
The only difference is that in these earlier studies the running mean had a 10-s window, here we used a 15-s
window. Considering that satellites move with ~7 km/s, the 15-s window corresponds to ~100 km or ~1° cover-
age in the longitudinal range to calculate that mean.
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2.3. Depth Index

We should note that the Bubble Index, described above, represents the relative standard deviation of ion density
(Ni) variations, and it is very sensitive to different types of plasma density fluctuations and gradients that are
frequently present in the in situ plasma density measurements in the equatorial region. That is why its solo appli-
cation can be not enough and it is typically used together with other parameters, constrains or together with a
low-pass filtration (e.g., over 200—400 s). For our investigation, we propose to use an additional parameter “Depth
Index” to determine whether the plasma density irregularity defined by the Bubble Index o is indeed plasma
density depletion and how deep this depletion should be to satisfy our criterion of the reliable plasma bubble.
For that purpose, we need to determine appropriately the trend in the data curve that excludes most signatures of
plasma density depletion—a sort of upper envelope curve for the Ni data variation. Results of simple application
of polynomial fit or moving average as detrending/smoothing techniques are typically affected by the presence
of strong plasma density depletions, especially if they are not isolated ones but occur over a broader longitudinal
area like trains of consecutive depletions. We use the advanced data detrending algorithm “Rolling Barrel Tech-
nique” proposed by Pradipta et al. (2015). This algorithm is a mechanical analogy of rolling a cylindrical barrel
on a rough uneven surface—with a sufficiently large radius, and this imaginary barrel will roll over the depletions
and will not fall down into the valley/depletion areas such allow to trace the upper envelope of the overall data
variation in a more precise way.

If the IVM Ni data is considered as time series (x, y) where x is time (in seconds), and y is Ni value in logarithmic
scale, then the barrel rolls forward from one contact point to the next contact point that would be the one with the
smallest angular distance § with respect to the leading edge of the barrel. So, the idea is to find if the next point
exists within [xy; x, + 2R,] interval, which is the 2R, circle where R, is the barrel radius, where angular distance

[ V@' +@p* ! [Ay]

2Ry

6 (Equation 3) is minimal:

6 =sin”

3
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6 The resulting curve traced by all the contact points is called the “barrel-roll
= curve”; this curve should exclude depletions with length scale less than 2R,
;é 54 i in the time series. Figure 3 shows examples of the Rolling Barrel Technique
S 4] E application to F7/C2 IVM ion density data, and illustrates how the upper
. envelope excludes the majority of the registered plasma density depletions.
21.3 21.4 21.5 21.6 This upper envelope allows for a more straightforward method to infer an
6 accurate overall trend in ion density. To close the gaps, we apply a linear
g 5 W interpolation between selected points of the barrel-roll curve to retrieve curve
§ with 1-s resolution, and then we use a running mean for all points within
S 43 3 a window of +100 s to safely smooth this curve to get an accurate trend.
o1 3 213 o1 4 215 Further, the Depth Index is calculated to represent “detrended” Ni values as
uT (hr) deviation of the original ion density in a logarithmic scale from the inferred
trend. Threshold set for the Depth Index allows us to tune on how deep the
Figure 3. Two examples of Rolling Barrel Technique application to F7/C2 plasma density depletion should be to qualify for our selection. One impor-
ion velocity meter (IVM) Ni data from C2E1 satellite in 30 March 2021 (top tant advantage of using such Depth Index is that in cases of rapid density
panel) and from C2E3 satellite in 12 March 2021 (bottom panel). Red curve—  jpcreases, which can lead to large values of the Bubble Index, the Depth

IVM Ni data in a logarithmic scale, blue dots - “barrel-roll curve,” points
selected after Rolling Barrel Technique application.

Index will be positive, thus providing no signatures of plasma density deple-
tion (i.e., negative deviation) and such cases will be effectively eliminated as
“false” detection.

Thus, our second metrics Depth Index is based on the advanced data detrending algorithm and allows a better
estimation of the plasma depletion depth in the Ni data.

2.4. Thresholds

These two configurable parameters, Bubble Index and Depth Index, allow us to tune the sensitivity of the proposed
algorithm using separate metrics (thresholds) for the strength of an irregularity (Bubble Index) and overall plasma
depletion (Depth Index) to determine how sensitive the algorithm should be for irregularities detection in [IVM
data and how deep the plasma depletions should be to be selected and which plasma density structures we can
tolerate to be missed out. Here, we should also mention that there is no generally accepted definition of how large
the particular index must be for the reliable detection of plasma density irregularities occurrence. For example,
Huang et al. (2014) used o > 1% to identify the occurrence probability of ionospheric irregularities from C/NOFS
in situ data; Kil and Heelis (1998) used the threshold value ¢ > 1%, and Joshi et al. (2022) chose ¢ > 1.2%. In our
analysis, we also set a minimal standard threshold for o of 1% for the Bubble Index. For the Depth Index, we set
a threshold of —0.25 (1/4 of the order of magnitude in logarithmic scale) as a minimal excursion of the plasma
density drop to be considered significant enough. The proper plasma depletion is potentially detected if both indi-
ces exceed their thresholds simultaneously (6 > 1%; depth <—0.25). From our analysis of long-term F7/C2 IVM
ion density data set, we also found rather frequent occurrence of the particular noisiness (rapid fluctuations) in
density observations in the pre-dawn hours. To exclude such cases, we adjust the thresholds of both Bubble Index
and Depth Index by two times (o > 2%; depth <—0.5) for time intervals 03—07 MLT.

2.5. Mapping Techniques

After both indices are determined for each datapoint of the IVM Ni time series, we use a two-dimensional
mapping technique where plasma density depletions or their absence in IVM data are determined as a function of
geographic latitude and longitude. The first step is to construct a map based on EPBs detection along orbit tracks
of all available F7/C2 satellites. For this aim, we binned all obtained data within the considered time interval
into the map grid of 1.0° X 1.0° in geographic latitude and longitude; at least 5 data points should be within a
cell to be considered a non-empty one. Next, we determine grid cells with large enough number of data points
exceeding both specified thresholds, representing a plausible detection of EPB. For each grid cell, the number
of data points that exceeded both thresholds is counted as a percentage from the total number of points within a
given cell. If this percentage is within a range of 0%—25%, then it is considered as a very low probability to detect
EPB within this cell (z = 0, cell is color-coded as blue, indicating absence of EPBs). If the number of points
exceeding both thresholds reaches 25%—50%, then it is considered as an elevated probability to detect EPB within
this cell (z = 1, cell is color-coded as yellow, indicating an intermediate level of intensity). And if this percentage
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Figure 4. Examples of the IVM-based Bubble Map results in the American-Atlantic region superimposed on the GOLD UV images for 22:00-22:30 UT on (a) 13
March 2021 (DOY 072) and (b) 28 March 2021 (DOY 087).

exceeds the level of 50% for a given cell, it is considered as a high probability that detected ionospheric density
irregularities within this cell correspond to EPB/depletion detection (z = 2, cell is color-coded as red indicating
high intensity). In such a way, all grid cells, which have a sufficient amount of data in (that obviously corresponds
to position of the satellite orbit projection into map), will be color-coded and contain an estimated probability to
observe a plausible detection of EPB within a particular grid cell.

At the next step, we can estimate which latitudinal area can be potentially occupied by this particular EPB
(detected plasma density depletion) and plot its position as an extension of the observed position in the magnetic
north-south direction (along the magnetic field line). We should note that it is challenging to identify the actual
extent of each EPB when we use only IVM in situ observations (single cross-section). That is why some assump-
tions about the prospective span of EPBs must be made. One way is to use a predetermined, fixed range of esti-
mated extension for all EPBs, for instance +10° or +15° MLAT, as an average number from the standard EPB
definition. In the present paper, two types of EPB extensions within the equatorial region were proposed to apply
in the IVM-based Bubble Map algorithm—within and outside the EPBs climatological range. First, we use the
following simplified empirical estimation of the climatological range of EPB apex heights determined as a func-
tion of the F10.7 solar flux index (K. Groves, private communication, 2021):

ApeXcim = 5 - Fio7 + 325 )

This empirical formula was determined on the base of in situ electron density observations onboard the C/NOFS
satellite during 2008-2014, which covered both low and high solar activity periods (Joshi et al., 2022; average
of two line-fits for low and high solar activity periods in Figure 4). For example, for March 2021 conditions, the
monthly averaged value of the F10.7 index was ~73 SFU (SFU is Solar Flux Unit = 1072 W m~2 Hz™"), the
estimated value of the EPBs apex height is ~690 km that corresponds to a latitudinal extent of EPB within +8.5°
MLAT. Knowing that climatological latitudinal extent of EPBs, we can determine whether the grid cell with a
plausible detection of EPB locates inside or outside of that range. If this cell locates within the climatological
range of EPB, then the maximal extension (new grid cells mapped as a colored stripe along the magnetic field
line) will be determined within this range. If this cell actually locates outside the climatological range, then
we find the conjugate geomagnetic point and the mapped extension (colored stripe) will connect two conju-
gated points in both hemispheres. The apex altitude and conjugate geomagnetic points were determined using
a Modified Magnetic Apex coordinate system (Richmond, 1995). Thus, this version of the Bubble Map can
contain extension regions both within climatological range and outside it, depending on localization of actual
IVM density observations. Two maps found in Figure 2 provide an illustration of the [IVM-based Bubble Maps as
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(a) constructed along F7/C2 satellite orbit with a single detection of EPB (isolated red and yellow cells along the
satellite orbit) and (b) the same map showing the “artificial” stretching of this EPB (red stripe) in a north-south
direction to reconstruct its anticipated climatological extent (in this case, +8.5° MLAT).

We should make it clear that the proposed approach of reconstructing the estimated span of EPBs is not seen as
a definite, flawless way of visualizing EPBs. It is evident that the used climatological formula has certain limi-
tations, and EPBs can actually be much larger than what was calculated. We view this as a proof of concept that
the F7/C2 plasma probe data can be successfully used to detect and geolocate EPBs on a global scale, and the
resulted maps can be presented in a more efficient, user-friendly way to portray bubbles as elongated structures,
with the size being dependent on solar activity level. In this approach, the climatological formulation of the EPB
extent can be further transformed or substituted by more advanced formulas or models.

3. Results and Discussion

The COSMIC scientific team has developed a new algorithm to determine the location of EPBs (plasma density
depletions) in the F7/C2 IVM density data and to construct global maps of the identified plasma bubbles geolo-
cations. Depending on tasks and requirements, the refreshment rate of the Bubble Map can be selected within the
30-60 min range. The results in the form of indices time series and Bubble Maps have a great potential for both
near real-time monitoring of space weather conditions and long-term statistical analysis of EPB occurrence in
regional or global scales.

It is important to emphasize that in situ ion density from the IVM Ni observations represents a one-dimensional
transect of the ionospheric plasma at the satellite orbit altitude, so EPB signatures in the form of plasma
density depletions can be detected only in cases when EPBs have already reached spacecraft altitudes (here,
~530-550 km). Under solar minimum conditions, not all EPBs extend to these altitudes and would therefore
not be observed by the in situ plasma density sensors. With an increase of solar activity level, when EPBs rise
to much higher altitudes, this technique is expected to identify more frequent detection of EPBs, in particular by
satellites flying at ~530-550 km altitude.

Figure 4 presents two examples of the [VM-based Bubble Map results for the American-Atlantic region created in
the form suitable for comparison with optical images from the Global-Scale Observations of the Limb and Disk
(GOLD) mission. Launched in 2018, the NASA GOLD imager is hosted onboard a geostationary satellite over
the American sector (47.5°W longitude), and it measures the Earth's far ultraviolet (UV) airglow from ~120°W
to ~20°E longitude (Eastes et al., 2017). GOLD provides night-time images of atomic oxygen (O) 135.6-nm
emissions; since the emission is proportional to the square of the ionospheric plasma density, the brightness is
indicative of the ionospheric peak plasma density. There are two channels, A and B, that provide spectral infor-
mation for either the Northern Hemisphere or the Southern Hemisphere scanning with a 15-min cadence. As of
conditions in 2021, only channel B was set in night mode during 20:10-23:10 UT, imaging alternates between
the Northern and Southern Hemispheres—thus, two scans from channel B are needed to construct a combined,
full image of both hemispheres. When both channels were in night mode (e.g., during 23:10-00:10 UT), channel
A scans the Northern Hemisphere, while channel B scans the Southern Hemisphere. GOLD observations provide
an unprecedented view of the night-time ionosphere in the American-African longitudinal sector with frequent
observations of EPB signatures in form of elongated plasma density depletions (Eastes et al., 2019). Thus, for
that particular region, a combination of observations from two recent missions GOLD and F7/C2 can offer major
benefits to the EPB research area.

Each panel of Figure 4 consists of several plots showing raw in situ Ni observations along several F7/C2 satel-
lites available in that region and corresponding calculated results for the Bubble Index and Depth Index, and two
examples of the [IVM-based Bubble Maps, one with detection results along the satellites orbits and the second
one with bubbles extension along the meridional plane; the IVM-based maps are overplotted above the GOLD
UV images for that period of time (clear image of two north and south scans combined with details on the input
file info are plotted in the bottom right corner). The two examples provided in this figure correspond to the same
time interval (22:00-22:30 UT) but for two different days in March 2021. For 13 March 2021 (Figure 4a), the
GOLD scans clearly reveal several regions with plasma density depletions (seen on images as an absence of emis-
sion in the form of dark narrow stripes between two brighter bands of the north/south crests of the equatorial ioni-
zation anomaly). Three distinct regions can be identified having well defined inter-bubble distance. The F7/C2
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satellite C2E4, transected this region during this period, and the corresponding in situ observations revealed
three well-isolated depletions where both indices exceeded the established thresholds (blue curve in Figure 4a,
top right). The IVM-based Bubble Map with results plotted along the satellites orbits presents the detection
of these plasma density depletions (red and yellow cells) exactly over the GOLD-detected bubbles (Figure 4a,
top left). The extended IVM-based Bubble Map demonstrates more explicit localization of these three plasma
density depletions (Figure 4a, bottom left); two of them were extended within the climatological range and the
third, most eastern one, was extended farther since observations located outside the climatological range. For the
second case of 28 March 2021 (Figure 4b), the GOLD images reveal the presence of several plasma depletions
with much closer longitudinal spacing than the depletions presented in Figure 4a. The example in Figure 4b
shows satellite C2E3 that transected the depletion region with a similar trajectory as it was in the first case; the
IVM in situ observations revealed four closely located depletions for which both indices exceeded the established
thresholds (green curve in Figure 4b, top right). The extended [IVM-based Bubble Map demonstrates localization
of the IVM-detected plasma density depletions that coincided well with several GOLD-detected depletions on the
images underneath (Figure 4b, bottom left).

Thus, geolocation of EPBs derived from the F7/C2 IVM in situ observations are found to be in a good agreement
with independent GOLD UV images. We should mention that since the GOLD images represent “topside” snap-
shots of the ionospheric peak density as an integrated column brightness, there can be situations where GOLD
can see plasma bubbles and IVM does not, meaning that EPBs do not reach the F7/C2 altitude (~530-550 km)
to be registered by in situ plasma density instrument. The opposite situations can also occur when the IVM
instrument detected depletions and GOLD images did not, for example, when GOLD UV emission was not quite
strong and did not have enough contrast to identify the bubble depletions. But most of the time, both missions
can offer complimentary observations of EPBs within the American sector. GOLD offers an excellent imaging
tool for snapshots of EPBs to investigate day-to-day changes in their occurrence, EPB latitudinal extents and EPB
closeness/density, but unfortunately, these GOLD night-time observations are limited by a specific time interval
(20:00-00:30 UT) and for the American-African sector only.

Figure 5 presents an overview of the [VM-based Bubble Map results constructed as a global map with a 1-hr
time resolution during a single day of 5 January 2022. This type of the Bubble Map representation can be used
to evaluate the frequency and strength of EPBs as derived from the F7/C2 IVM in situ observations across the
globe. For convenience, the maps also show the position of solar terminator and night-time conditions. Colored
stripes with EPB detection had yellow and red colors corresponding to intermediate and high level of intensity of
EPBs detected in [IVM in situ data, respectively. First map corresponding to 0001 UT on 5 January 2021 shows
the presence of a train of detected depletions from the mid-part of South America till the west coast of Africa.
The next map for 01-02 UT shows more numerous and dense localization of the IVM-detected EPBs concen-
trated over South America, as well as a single isolated depletion detected over the west coast of South America
(~75°W) and several depletions still detectable in the Atlantic Ocean (~30°W). For the next several hours, one
can see an intensification of plasma bubbles occurrence with multiple, back-to-back detections registered from
the west coast till mid part of South America. Later on, trains of [IVM-detected EPBs progressively shifted toward
the Pacific Ocean; for example, at 09—-10 UT, the very dense concentration of EPBs covered a broad longitudi-
nal range from ~130°W in the Pacific Ocean till the west coast of South America (~75°W). During 10-13 UT,
only several isolated depletions persisted until pre-dawn hours within that sector to be detected by satellites with
trajectories close enough to the magnetic equator. For that particular day, the IVM observations did not detect an
occurrence of intense plasma density depletions in the night-time conditions in other longitudinal sectors. At the
last map of the day for 23-24 UT, two well-isolated geolocations with plasma depletions were detected over the
east coast of South America.

Figure 6 shows a sequence of ionograms recorded during 00—11 UT on 5 January 2022 by two digisondes SaoLuis
and Jicamarca that locate close to the magnetic equator at the east and west coasts of South America, respec-
tively. As mentioned in introduction, the ionosondes observations have been used for decades for the detection
of equatorial spread-F (ESF) associated with EPB occurrence overhead the ionosonde location. The digisondes
provide digital ionogram records, which show variations of the virtual height (h’) of reflection from the iono-
spheric layers as a function of the radio frequency in MHz (Huang & Reinisch, 1996). For the SaoLuis digisonde
located in Brazil at eastern South America (Figure 6a), the first ionogram at 00:00 UT (~21 LT) on 5 January
2022 shows the presence of spread-F echoes at altitudes of the F2 layer peak, as well as above 500 km. Actually,
the intense spread-F conditions were registered at SaoLuis starting from ~22 UT (~19 LT) on 4 January 2022
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Figure 5. Example of the F7/C2 IVM-based Bubble Maps constructed with 1-hr temporal resolution for 5 January 2022. Gray shading shows night-time and position
of solar terminator, thick black line shows the magnetic equator. Blue sectors show satellite locations with absence of EPBs; yellow color depicts an intermediate level
of equatorial plasma bubble (EPB) activity and red color corresponds to high intensity of EPBs as detected in ion velocity meter Ni data.

(these ionograms not shown here). Near 01 UT, there was a short period when spread-F echoes slightly decreased
and the ionograms become clear enough to identify ordinary (O—mode polarization) and extraordinary (X—mode)
traces of the F2 layer. Then spread-F increased, and all ionograms were affected until ~05 UT on 5 January
2022. The occurrence of the bubble depletions as derived from the IVM in situ observations over that region of
eastern South America (Figure 5) was quite in a good agreement with those observations of spread-F from the
ground-based ionosonde—bubbles were detected in that region in IVM bubble maps from 00 UT in Figure 5 and
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Figure 6. Vertical ionograms recorded by (a) SaoLuis (2.6°S; 44.2°W; 5.6°N magnetic latitude (MLAT)) digisonde in Brazil and (b) Jicamarca (12.0°S; 76.8°W;
2.6°S MLAT) digisonde in Peru during 00-11 UT on 5 January 2022. The O-mode polarization is shown by red trace, the X-mode—by green trace, and diffuse echoes

correspond to spread-F conditions.

they have some spacing between them, the last map where depletions were detected here corresponds to 04-05
UT, similar to latest registration in the ionograms the spread-F echoes at altitudes above 500 km (to be seen by
overpassing satellite too). For the Jicamarca digisonde (76.8°W in longitude) located at western South America,
spread-F echoes were registered starting from ~01 UT until ~10 UT on 5 January 2022 (Figure 6b)—that is in
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Figure 7. The longitude-month distribution of occurrence probability of (a) post-sunset and (b) post-midnight equatorial
plasma bubbles detected in F7/C2 ion velocity meter measurements during the year 2021. Bins are per month and 10°
longitude.

a total agreement with the time period when EPBs were detected over western South America in the IVM-based
Bubble Map results, first registration corresponded to the map for 01-02 UT and the latest one was for 09-10
UT (Figure 5). Thus, spread-F observations from two distant equatorial ionosondes appear to confirm that times
and specific locations of EPBs detected with F7/C2 IVM in situ observations are consistent with independent
ground-based observations.

We should emphasize that with such an excellent orbit coverage (~14 orbits per satellite per day) of the entire
equatorial region, F7/C2 in situ plasma density observations provide us a great opportunity to study different
features of EPB occurrence from a statistical point of view. We used the obtained data set of EPBs detected in
F7/C2 IVM data to demonstrate climatological distribution of EPBs in the form of season-versus-longitude maps
of EPB occurrence rates. To calculate EPB occurrence probability, we used the same approach as described in
Huang et al. (2014). For that, only data within an equatorial latitudinal band of +10° MLAT was utilized; the data
for the entire year 2021 were binned by 10° in longitude and 1-month period, and split as well into post-sunset
(19-00 MLT) and post-midnight (00-05 MLT) sectors. We calculated the total number of satellite orbits appeared
over each longitudinal bin for each month and then the number of orbits that contain detection of EPBs (cases
where both indices exceeded thresholds). The occurrence probability is then calculated as the percentage of satel-
lite orbits with EPB detection over the total number of available orbits in each respective bin.

Figure 7 presents the longitude-month distribution of the occurrence probability for post-sunset and post-midnight
EPBs in 2021. One can see that the occurrence pattern varies significantly for those two LT sectors. For the
post-sunset EPB occurrence (Figure 7a), the highest occurrence rates were observed in the American-African
longitudinal sector (80°W-30°E) during January-March and September-December periods. And this region
showed the most prominent peaks in the occurrence rates when compared with any other longitudinal sectors
around the globe. In this sector during May-August, the occurrence rate was very small (less than 5%) correspond-
ing to the so called “low bubble season” in the American-Atlantic sector. The obtained features for the post-sunset
EPB occurrence are in an excellent agreement with known climatological characteristics obtained from DMSP
(Burke et al., 2004; Gentile et al., 2006), C/NOFS (Huang et al., 2014), and, particularly, with GRACE results
for low solar activity period for a satellite that had a close to F7/C2 orbit altitude (Xiong et al., 2010). Consid-
ering two distinct maxima in Figure 7a, one can note that for fall season the EPB occurrence rates were larger
(not symmetrical) to ones observed during the spring equinox period—that can be potentially explained with an
increase of solar activity level from F10.7 ~73 SFU in March 2021 (level near 70 SFU was maintained since
2018 through the solar minimum period) to ~90 SFU in September 2021 and ~103 SFU in December 2021. As
solar activity strengthens, occurrence and intensity of ionospheric irregularities increase. The occurrence rate
pattern derived for the post-midnight EPBs (Figure 7b) differs substantially from one for the post-sunset period.
First, a clear maximum occurs in the Atlantic-African longitudinal sector (30°W—-70°E) during the May-August
period with a peak near the June solstice, as well as some intensifications in the Asian-Pacific sectors. This
feature with low rates or absence of EPBs in the post-sunset period and high occurrence rates in post-midnight is
typically discussed in terms of non-dependency of these two types of EPBs—during June season under low solar
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Figure 8. Statistical distribution of the apex altitude for the [IVM-detected equatorial plasma bubbles as a function of magnetic local time (MLT) for (a—d) different

seasons of the year 2021.

activity, the fresh EPBs are frequently generated during night in the African longitudinal sector (e.g., Yizengaw
et al., 2013). Second, there is also a detected increase in the EPB occurrence rates for Pacific Ocean longitudes
during January—February period. All these features are in a good agreement with results derived earlier using
C/NOFS in situ observations taken during the 2008-2010 solar minimum (cf. Figure 4 in Huang et al., 2014).

Further, we investigated statistical distribution of the apex altitude of plasma density depletions as detected
along the F7/C2 satellite orbits in the IVM in situ data. Figure 8 presents statistical distribution of the apex alti-
tudes for EPBs detected in F7/C2 IVM data for different seasons centered on the solar equinoxes and solstices
periods in 2021. All EPB detection data (without any restrictions on MLAT) were binned into 20 km X 15 min
altitude/MLT bins that cover a various range of altitudes (500-1,400 km) and time (18-06 MLT), to describe
signatures of post-sunset and post-midnight EPB occurrence. Color of each bin represents the total number
of EPBs registered in that bin during the particular season (3 months period). We should emphasize that the
presented results refer to the apex altitudes of the flux tubes intersected by the F7/C2 satellites, not the real
apex height of EPBs. For instance, if a satellite encountered depletions in IVM density near 3°MLAT, the
apex altitude will be calculated for a flux tube that has a footprint at that spot (3°MLAT), though the real
bubble size could be much bigger, but not able to be determined solely from IVM observations. During the
March equinox season (Figure 8a), the EPBs detected by the F7/C2 IVM in situ observations were mostly
concentrated near the altitude of the satellite's orbit, as these detections were mainly located very close to the
geomagnetic equator. The average apex altitude was estimated as ~616 + 106 km and ~650 + 145 km for
post-sunset and post-midnight EPBs, respectively. At the second part of the year 2021 (Figures 8c and 8d),
one can see some increase in the number of detected EPBs per bins at altitudes of 500-600 km, which can be
probably attributed to the mentioned increase in the solar activity level during this year. For the September
equinox season (Figure 8c), the average apex altitude was estimated as ~645 + 140 km and ~660 + 150 km
for post-sunset and post-midnight EPBs, respectively. For the June solstice season (Figure 8b), we found that
EPBs occurred predominantly in the post-midnight period and in general with much higher apex altitudes
compared with ones in the pre-midnight sector for this season and other seasons as well. Most of post-midnight
EPBs (~85%) occurred between 00 and 03 MLT. The average apex altitude for detected post-midnight EPBs
was ~706 + 197 km. These features with intensification of EPB occurrence in the post-midnight sector during
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the June solstice season corresponded to the signatures found in the seasonal/longitudinal plot of the occur-
rence probability pattern (Figure 7b). The physical mechanisms for post-midnight EPBs are still the open ques-
tions. They are considered to be separated from the typical post-sunset phenomenon, so these EPBs are freshly
generated later in the night. One of the discussed physical mechanisms is gravity wave seeding (e.g., Tsunoda
et al., 2010) or an increase of the RT instability growth rate due to upward drift of the plasma with potential
connection to the increased sporadic E occurrence (as a source of increased eastward electric fields) in June
season (Yizengaw et al., 2013). The observed differences in altitudes between post-sunset and post-midnight
EPBs can be related to the local time variation of the ambient plasma density (Huang et al., 2014). The ambient
plasma density is high in the evening sector and decreases with local time at night. The density perturbations are
small in the regions with high ambient density, but become large in the regions with low ambient density—so
freshly developed post-midnight EPBs can rise to higher altitudes under conditions of low ambient density in
the night-time equatorial ionosphere.

4. Summary
The results can be summarized as follows:

1. We presented a new approach for detection, geolocation, and mapping of plasma density depletions associated
with EPB development i.e., based on the F7/C2 IVM in situ plasma density observations.

2. The IVM-based Bubble Maps performance was assessed by comparison with the GOLD optical images over
night-time ionosphere in the American-African longitudinal sector. Our results show that the EPB detections
derived from the F7/C2 IVM in situ observations agree well with the depletion signatures seen in the GOLD
UV observations.

3. Intense ionospheric irregularities were confirmed to be in the same places as the IVM-based EPB detections
by the equatorial ionosondes from two far away locations. These ionosondes recorded spread-F echoes at the
same times and specific locations with the EPBs detected by the overflying F7/C2 satellites with the IVM
observations.

4. The long-term series of the F7/C2 IVM-based EPB detections can be used to study statistical characteristics
of EPB occurrence around the world. We demonstrated that for a time of low solar activity the climatological
distribution of EPBs in the form of seasonal/longitudinal maps of EPB occurrence rates based on F7/C2 IVM
data reproduce well the climatological features of EPB occurrence probability, which were reported in studies
based on previous satellite missions.

5. The obtained information on plasma density depletions detected along the F7/C2 satellite orbits in the IVM
in situ data can be also used to study the EPB apex altitude characteristics on how far in altitudes above the
magnetic equator the EPBs typically rise at different levels of solar activity. We found that for a period of
low solar activity (2021), most of the [IVM-detected bubbles were registered at ~500-700 km altitudes, rather
close to the climatological range. With the upcoming solar maximum, solar activity will increase, pushing
EPBs up to higher altitudes in the topside ionosphere. This will enable the six F7/C2 satellites to detect EPBs
even more frequently, giving us the chance to study the global EPB occurrence and climatology with a much
higher resolution and detail.

We conclude that the F7/C2 IVM-based EPB observations in the form of both time series and global IVM Bubble
Maps have a great potential for both near real-time monitoring of space weather conditions and for long-term
statistical analysis of EPB occurrence at a regional or global scale. It provides a novel opportunity to investigate
EPB occurrence, development, and its effects on radio wave propagation and GNSS navigation performance in
a whole new way.

Data Availability Statement

F7/C2 IVM density data used in this study are available at COSMIC CDAAC (UCAR COSMIC Program, 2019)
and GOLD UV data are available at the GOLD Science Data Center (GOLD, 2023). Raw ionograms from
DIDBase digisonde network are available through the Lowell Global Ionosphere Radio Observatory Data Center
(GIRO, 2023). Software Availability Statement: Figures were made with the Generic Mapping Tool software
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