
1. Introduction
In the low-/mid-latitude ionospheric community, “plasma blob” generally signifies localized regions of plasma 
density enhancement in the tropical ionospheric F-region. Since they were first reported by Oya et al. (1986) 
and Watanabe and Oya (1986), there have been many observational studies: using in situ plasma density (e.g., 
Choi et  al.,  2012; Haaser et  al.,  2012; Le et  al.,  2003), ground-based radio images (Yokoyama et  al.,  2007), 
all-sky camera (e.g., Martinis et al., 2009), single Global Positioning System receiver (Chen et al., 2008; Wang 
et  al.,  2015), and in situ magnetic field observations (e.g., Park et  al.,  2015). However, theoretical analyses 
(e.g., Krall et al., 2010, 2009) based on rigorous computer simulations have been relatively rare. V. P. Kim and 
Hegai (2016) recently reviewed such events.

To date, two blob generation mechanisms have been examined. One mechanism suggests that blobs are related to 
the dynamics of equatorial plasma bubbles (EPBs), which can again sub-categorized into two cases. According 
to Le et al. (2003), the locally enhanced polarization E-field inside EPBs is mapped poleward along geomagnetic 
field lines down to the crests of the equatorial ionization anomaly (EIA). Even if EPBs have a finite latitudinal 
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extent, the E-field therein does not, which can locally uplift high-density plasma of the EIA peaks to form blobs. 
On the other hand, simulations of Krall et al. (2010, 2009) showed that meridional wind can change the distribu-
tion of plasma density within an EPB flux tube and result in the formation of plasma density enhancement (blob) 
at one end of the flux tube.

Huang et al. (2014, Figure 8) similarly suggested that updraft of EPBs can deform iso-density contours upwards 
and later push the high-density region polewards/downwards along magnetic field lines, which leads to blobs. 
Such deformation of iso-density contours above EPBs can also be seen in EPB simulations in Yokoyama 
et al. (2015, Figures 2 and 3) although those authors did not explicitly discuss it.

Another mechanism suggests that EPBs need not be associated with blob generation. Choi et al. (2012), Haaser 
et al. (2012), and Kil et al. (2011) demonstrated that plasma blobs may be encountered in the absence of EPBs. 
Kil et al. (2019) also presented several examples of topside blobs collocated with medium-scale traveling iono-
spheric disturbances (MSTIDs) at mid-latitudes, and suggested a close connection between the two phenomena.

Most previous studies of plasma blobs are based on in situ plasma data from low-Earth-orbit (LEO) satellites 
(e.g., Choi et al., 2012; Huang et al., 2014; Le et al., 2003), and revealed little about the two- or three-dimensional 
configuration of the structures or their temporal evolution. Thus, the mechanisms responsible for blob formation 
remain uncertain.

Only a few articles have addressed the two-dimensional structures of blobs and their temporal evolution, but each 
study had its own limitations. Ground-based 630.0 nm imaging (e.g., Martinis et al., 2009; Pimenta et al., 2004) 
has a limited field-of-view (FOV) radius of about 1,000 km: in contrast, EPBs can extend to ±20° in latitude 
(e.g., Kil et al., 2004). Also, the 630.0 nm images cannot be free from the ambiguity between the neutral and 
plasma density (e.g., Makela & Kelley, 2003, Equation 1). Hence, it is not yet decisive whether the localized 
enhancements in 630.0 nm images reflect actual plasma blobs or just a swell of neutral density. Kil et al. (2019) 
presented total electron content (TEC) maps of a few blob events and suggested that the blobs originated from 
MSTIDs. The images were confined to a small region at mid-latitudes (i.e., only above Japan). Until now, no such 
two-dimensional TEC maps have been reported for low-latitude (e.g., <20° in magnetic latitudes) blobs.

It is clear that more insight into blob formation mechanisms will be aided by examination of the temporal evolu-
tion and the two-dimensional context using a time series of images (a) with continental scales (>2,000 km), (b) at 
low-to-middle latitudes, and (c) with multicolor nightglow or TEC data. This is the motivation of this case study, 
where we report on a low-latitude plasma blob simultaneously observed by multiple space-based and ground-
based instruments. Combining LEO satellite data with continental-scale maps of TEC and 135.6 nm Far-Ul-
tra-Violet (FUV) emissions, we investigate ionospheric contexts around the blob and their temporal evolution to 
deduce possible generation mechanisms. In the following, Section 2 will give a brief overview of the instruments 
and data sets used. Section 3 presents observation data, which will be discussed in detail and compared with 
previous studies in Section 4. Finally, main conclusions will be drawn in Section 5.

2. Instruments and Data Set
The Ionospheric Connection Explorer (ICON; see Immel et al., 2018) is an LEO satellite launched in October 
2019. The orbit has an altitude of about 600 km and inclination angle of 27°. The spacecraft carries a suite 
of ionospheric/thermospheric remote sensing instruments, including a Michelson Interferometer for Global 
High-Resolution Thermospheric Imaging, Extreme Ultra-Violet instrument, and FUV instrument, all of which 
provide key ionospheric and thermospheric parameters in the northern limb. An Ion Velocity Meter (IVM) meas-
ures the ionospheric plasma properties at the spacecraft location. The ICON/IVM measures ion density, velocity, 
composition, and temperature at a data rate of 1 Hz (Heelis et al., 2017). The total plasma density will be used in 
this study as a prime detector of blobs. All the ICON data are available at the public repository (ftp://icon-science.
ssl.berkeley.edu/pub/LEVEL.2/).

The Global-scale Observations of the Limb and Disk (GOLD) mission has an FUV imager onboard a communi-
cation satellite at a geosynchronous (GEO) orbit, SES-14. It was launched in January 2018 into the geographic 
longitude (GLON) of 47.5°W and has been observing the ionosphere and thermosphere in the American and 
Atlantic region in the wavelength range between 134 and 162 nm (Eastes et al., 2020). There are 4 primary oper-
ation modes, which take turns mainly depending on the local time (LT): dayside disk, limb, stellar occultation, 
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and nightside disk. In this study, we use the nightside disk data (product identifier “NI1”), which can provide 
time series of two-dimensional images of 135.6 nm nightglow that represents oxygen ion content (approximately 
equal to ionospheric density): for example, see Rajesh et al. (2011). The nightside disk images are given every 
15 min from 20:10 in Universal Time (UT) until 00:25 UT next day when the mode stops to avoid direct sunlight 
incidence. As the GOLD FOV changes positions with UT (e.g., in Africa at 20:10 UT and in South America at 
00:25 UT), only the part of the time series relevant to the American-Atlantic region will be used in this study.

The Coupling, Energetics, and Dynamics of Atmospheric Regions (CEDAR) Madrigal database provide global 
TEC maps with a spatial resolution of 1°×1° in geographic latitude (GLAT) and GLON every 5 min. The data are 
obtained by the ground-based observations of the Global Navigation Satellite System (GNSS) signals and freely 
available at http://cedar.openmadrigal.org/. Detailed processing methods are given in Rideout and Coster (2006) 
and Vierinen et al. (2016). As most of the TEC data sources are located above landmasses, the CEDAR Madrigal 
TEC maps generally have large data gaps above oceans. Also, even the data above landmasses can contain gaps 
depending on the visibility of GNSS satellites. In this study, we combine two consecutive 5 min TEC maps into 
one 10 min image to alleviate the data gaps.

The magnetic latitude (MLAT) and longitude (MLON) can be useful in addressing conjugacy between different 
phenomena at different locations. Throughout this study, we use the quasi-dipole coordinate system as defined 
by Laundal and Richmond (2017) at the common reference height of 6,721.2 km from the center of the Earth 
(∼350 km above ground; around the nomial F-region peak height) unless otherwise stated.

3. Results
The blob event of interest occurred near the northeastern coast of South America around 23:40 UT on 21 Janu-
ary 2021. The date was extremely quiet with the daily minimum Dst index of −5 nT. Figure 1 shows line plots 
of in situ plasma parameters sampled along the ICON trajectory. The top two panels present plasma density (a) 
in its original reading, and (b) after high-pass filtering (by removing a background defined by a Savitzky-Go-
lay filter of order 2 having a window size of 31 s) and rectification (i.e., taking absolute values of the remnant 
bipolar fluctuations). The filtered/rectified signals represent small-scale irregularities (e.g., Stolle et al., 2006; 
Xiong et al., 2010), such as EPBs and blobs that will be the focus of this study. In Figure 1b, the black horizontal 
dashed line represents an event threshold for plasma irregularity identification, and the small black rectangles 
at the level of 0.05 denote positive detection of an event by the method of Park et al. (2021). Figure 1c presents 
the fraction of oxygen ions to the total ion density. In Figure 1d, the green solid line is the ground track of ICON 
in the GLAT-GLON space. The blue dashed slant line marks the location of the dip equator at 600 km altitude, 
and the gray contours with numbers represent the solar zenith angle (SZA), calculated by the information at 
https://en.wikipedia.org/wiki/Solar_zenith_angle. Figures 1e–1g provide the three components of ion velocity: 
(e) outward velocity toward outer L-shells and perpendicular to B-field (i.e., upward at the dip equator), (f) east-
ward velocity in the direction perpendicular to B-field, and (g) parallel velocity completing the triads and along 
the B-field (positive northward). The bottom panel shows ion temperature measured by the ICON/IVM. The 
region of interest is shaded yellow.

The event in Figure 1 is a typical low-latitude blob exhibiting nearly all the relevant properties reported before. 
The scale size (Figure 1a) is about 500 km (∼5° in GLON), which is similar to that of Kil et al. (2019, Figure 2) 
and Wang et al. (2019, Figure 1b). The blob contains fine substructures (Figure 1b) so as to be detected by the 
automatic identification method of Park et al. (2021) that can detect irregularities of scale sizes between ∼15 and 
∼230 km. That is, though the blob in Figure 1a appears wider than 230 km (∼2° in GLON), it contains small-
scale fluctuations (Figure 1b) whose scale sizes are smaller than the 230 km. Existence of these substructures 
allows the method of Park et al.  (2021) to identify the blob automatically (small black squares in Figure 1b). 
The high-pass-filtered/rectified plasma density clearly shows that only the blob region exhibits enhanced fluc-
tuations. In Figure 1c, the oxygen ion fraction of the blob is higher than in the ambient plasma, which conforms 
to Kil et al. (2011). Figures 1e and 1f show that the E × B drift velocity inside the blob is more outward and 
eastward than the ambient values while the drift peak locations are zonally (westward) offset from that of the 
ion density peak. This feature is in good agreement with Klenzing et al. (2011). Field-aligned flow velocity in 
Figure 1g is similar to the ambient values; it is only weakly depressed from the background. Note that Klenzing 
et al. (2011, Figure 3) reported that either poleward or equatorward ion flow deflection can accompany blobs. The 
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Figure 1. ICON/IVM data on 21 January 2021: (a) in situ plasma density, (b) high-pass-filtered and rectified plasma density 
for automatic irregularity identification, (c) oxygen ion fraction, (d) spacecraft ground track in the geographic coordinates, (e) 
ion velocity toward higher L-shells, (f) ion velocity toward magnetic east, (g) ion velocity parallel to B-field lines, and (h) ion 
temperature. In panel (b), the horizontal black dashed line represents event detection threshold while the small black squares 
signal an event identified automatically. In panel (d), the slant blue dashed line corresponds to the dip equator while the gray 
contours with numbers correspond to solar zenith angle.
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field-aligned velocity variations are not zonally offset from the plasma density variations, which is also consistent 
with Klenzing et al. (2011). The blob ion temperature in Figure 1h does not exhibit a clear trend around the blob. 
This feature may be different from the examples in Park et al. (2003). However, many of the previous articles 
about blobs did not consider the temperature variations as a key ingredient of blob identification (e.g., Choi 
et al., 2012). Hence, the event in Figure 1 can be deemed a representative low-latitude blob.

Fortunately, the ICON event occurred within the GOLD FOV, which can put the former data into a wider two-di-
mensional context. In Figure 2a, the color palette represents the intensity of 135.6 nm FUV nightglow (integrated 
over 133 ∼ 137  nm), which reflects the ionospheric electron content. The GOLD data are mapped onto the 
regular Cartesian GLAT-GLON grids (0.15° × 0.15°) using the MATLAB function, “griddata.” The gray dashed 
curves correspond to grid lines of MLAT and MLON (at intervals of 10° each), and the thick gray solid curve 
represents the dip equator. The thickest black rope signifies SZA of 90°, that is, approximate location of the 
sunset terminator. The thick black solid line in the northern hemisphere is the ICON trajectory which is mapped 
along the magnetic field from the ICON height (i.e., geocentric distances of 6,371.2 km plus ICON altitude 
readings) to the standard GOLD reference altitude of 300 km (i.e., geocentric distances of 6,671.2 km). For the 
field-aligned mapping, the CHAOS magnetic field model is used (e.g., Finlay et al., 2016, 2020). Black hatches 
along the ICON trajectory represent relative variations of plasma density measured by ICON/IVM. In Figure 2a, 
we can see that the ICON blob event in Figure 1 is collocated with a region of enhanced 135.6 nm nightglow in 
the GOLD image. This coincidence is more conspicuous in Figure 2b, which directly compares the ICON/IVM 
plasma density (black) with the GOLD 135.6 nm intensity resampled along the mapped ICON trajectory (red) 
using the griddata function. The agreement between the two lines in Figure 2b confirms that ICON and GOLD 
observed the same phenomenon.

Figures 2c and 2d are similar to Figures 2a and 2b, but with a Madrigal TEC map instead of the GOLD 135.6 nm 
images. Note that the white areas do not represent low-TEC regions, but data gaps. The ICON trajectory (thick 
black curve) in Figure 2c is mapped along the field line down to 350 km, the standard reference height of the 
Madrigal TEC data, which is 50 km higher than that of the GOLD data. In Figure 2d, the agreement is good 
between ICON/IVM and TEC resampled along the mapped ICON trajectory, which supports the GOLD observa-
tions. Besides the enhancement in the ICON ion density, which corresponds to the GOLD 135.6 nm intensity and 
TEC increase at about −58° GLON, a second enhancement exists and peaks at about −48° GLON. This second, 
broader peak may also represent a blob and will be further discussed later.

Figure 2. (a) 135.6 nm nightglow intensity obtained from the Global-scale Observations of the Limb and Disk (GOLD) nightside disk data, (b) plasma density and 
135.6 nm nightglow intensity profiles resampled along the Ionospheric Connection Explorer (ICON) trajectory mapped along the field line down to 300 km, (c) global 
total electron content (TEC) map, and (d) plasma density and TEC profiles resampled along the mapped ICON trajectory down to 350 km. MLAT-MLON grid lines are 
given as gray dashed curves. The thickest black rope is the solar zenith angle of 90°. The thick black lines in panels (a and c) denote the mapped ICON trajectory while 
the hatched thin black curves represent relative variations of ICON/IVM plasma density.
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Figure 3. Time series of the Global-scale Observations of the Limb and Disk (GOLD) Channel-B 135.6 nm nightglow 
images. The image corresponding to the Ionospheric Connection Explorer (ICON) blob event (panel (c)) is highlighted with 
yellow shades. The red arrow in each panel points to the approximate location of the ICON blob.
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Figure 3 is a time series of the GOLD 135.6 nm images: panel c (shaded yellow) corresponds to the ICON blob in 
Figure 1. Red arrows point to approximate locations of the blob event shown in Figure 2. In Figure 3, we confirm 
that the ICON blob (see the red arrows) is located at the poleward edge of an EPB, has an inverted-V shape, and 
looks like the “latitudinal displacements of the equatorial ionization anomaly” reported by Eastes et al. (2019, 
Figure 4). From Figures 3a–3c, the 135.6 nm nightglow at the EPB poleward edge gradually intensifies. Later, 
the enhancement breaks down into substructures as can be seen from Figures 3d–3f. The local enhancement of 
135.6 nm nightglow lasted at least for 1 hr between 23:25 (Figure 3b) and 00:25 next day (Figure 3f). The blob 
structures (or intensified poleward edge of the EPB) cannot be seen in the N2 Lyman-Birge-Hopfield (LBH) 
bands in the GOLD data, as shown in Figure 4 (see also https://gold.cs.ucf.edu/data/search/). The absence of LBH 
emissions supports that the 135.6 nm nightglow enhancement is not related to energetic particle precipitations.

Figure 5 is similar to Figure 3, but with the GOLD 135.6 nm nightglow replaced by the Madrigal TEC between 
22:30 and 24:00 UT. The highlighted panel (Figure 5e) corresponds to the time of the ICON blob in Figure 1. 
The TEC maps generally support the GOLD images in that the ICON blob event corresponds to an enhanced TEC 
region which sits on the EPB poleward edge and gradually intensifies with time.

Besides the EPB and related blob discussed above, more EPBs and blobs can be identified in the ICON, GOLD, 
and TEC data. In Figure 1, another enhancement exists in the electron density (Figure 1a) and eastward drift 
velocity (Figure 1f) at about −48° GLON, which accompanies an increase, although weaker, in the oxygen ion 
fraction (Figure 1c) and outward drift (Figure 1e). In Figure 2, two enhancements in 135.6 nm nightglow along 
the ICON track occur at higher latitudes around −58° and −48° GLON (Figure 2a), and similar enhancements in 

Figure 4. Global-scale Observations of the Limb and Disk (GOLD) Channel-B Lyman-Birge-Hopfield (LBH) nightglow 
image corresponding to Figure 2a. No conspicuous blob signature can be identified in the figure.

https://gold.cs.ucf.edu/data/search/
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TEC occur at the same longitudes (Figure 2c). The two well separated enhancements can be seen more clearly in 
Figures 2b and 2d. The first peak around −58° GLON is the blob discussed above, and the second and wider peak 
near −48° GLON may represent another blob. Furthermore, each TEC enhancement sits at the poleward edge 
of a depleted TEC band (an EPB). The quasi-periodic distribution of the EPBs and corresponding ion density/
TEC enhancements (blobs) are also obvious in Figure 5. A third decrease in equatorial TEC starts to occur in 
Figure 5e, and the center of the TEC decrease is approximately located at −60° GLON over the magnetic equator. 
This TEC decrease deepens in Figure 5f and evolves into an EPB while an enhancement in TEC occurs at the 
poleward edge of this third EPB. The three EPBs and related blobs all move eastward.

Time series of the GOLD 135.6 nm (Movie S1) and TEC (Movie S2) images at the same 10 min cadence are 
available in Supporting Information S1. ICON orbits before and after the event in Figure 2 are also shown in the 
Movies. The ICON observations in the Movies exhibit good qualitative agreement with both TEC and GOLD 
data resampled along the ICON trajectory. Just, ICON-GOLD consistency (Movie S1) may be compromised near 
the border of GOLD images. So is ICON-TEC agreement (Movie S2) near large data gaps (e.g., above oceans). 
However, all these limitations of the movie images are not critical to our main conclusions. Note again that the 

Figure 5. Similar to Figure 3, but presenting total electron content (TEC) between 22:30 UT and 24:00 UT instead of the Global-scale Observations of the Limb and 
Disk (GOLD) 135.6 nm nightglow.
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ICON trajectories are mapped along the geomagnetic field lines down to the nominal TEC (350 km) or 135.6 nm 
(300 km) image heights. As a result, the orbits in the Movies appear to bifurcate latitudinally when they cross the 
equator, and the mapped orbits in opposite hemispheres may zonally overlap due to nonzero declination angles.

We construct a keogram around the blob location to focus on the temporal evolution of the blob. First, we set up 
2-dimensional grid points between +15° and +22° MLON and between −20° and +20° MLAT at 1° intervals: 
see the small black circles in Figure 6a. At those grid points, Madrigal TEC and GOLD 135.6 nm nightglow 
are resampled with the griddata function. For every 10 min and for every 1° MLAT interval, we estimate zonal 
median TEC values from all the eight grid points between +15° and +22° MLON. This procedure leads to a TEC 
keogram as shown in Figure 6b, which spans a time interval longer than shown in Figure 5. Contour lines are 
given to guide the readers' eyes. The region around the ICON blob at 23:40–23:50 UT is denoted with a capital 
letter, “Y.” The TEC depletions (blue color) equatorward of “Y” are deemed EPBs and marked with a small letter, 

Figure 6. Clockwise from the top-left, (a) grid points used for constructing a keogram, (b) the resultant total electron content (TEC) keogram as a function of magnetic 
latitude (MLAT) and Universal Time (UT), and (c) the Global-scale Observations of the Limb and Disk (GOLD) 135.6 nm keogram. Blob-like TEC or 135.6 nm 
nightglow enhancements are marked with capital letters (X, Y, and Z) in panels (b–d) while the corresponding TEC or 135.6 nm nightglow depletions at equatorial 
regions are annotated with small letters (x, y, and z). Approximate times of the local sunset and the Ionospheric Connection Explorer (ICON) blob are marked with 
rectangles. Panel (d) is similar to panel (b), but showing detrended TEC which can emphasize the localized enhancements.
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“y.” In Figure 6b, the following points are worth mentioning. First, the ICON 
blob at 23:45 UT (Y) coincides with the local maximum in poleward exten-
sion of the EPB (y), reminding us of the EPB-related EIA extension reported 
by Eastes et al. (2019, Figure 4). Second, the ICON blob (Y) is not a mono-
tonically decaying near-sunset EIA structure: the TEC enhancement in the 
keogram is isolated in UT (or equivalently, LT of the keogram region). This 
feature is also seen in the series of GOLD images (Figure 3), where the ICON 
blob region hosts stronger 135.6 nm nightglow than it was near the sunset. 
Third, the ICON blob (Y) does not exhibit MSTID-like equatorward motion 
(e.g., Shiokawa et al., 2003), as we can expect from the low MLAT (∼15°) 
of the event: MSTIDs generally belong to mid-latitudes. Fourth, the tempo-
ral variations of the blob as shown in the keogram do not strictly exhibit 
hemispheric (north-south) conjugacy, which is also different than the generic 
MSTID property of hemispheric symmetry in the nightglow images and their 
keograms (e.g., Otsuka et al., 2004; Shiokawa et al., 2005, Figure 7).

Figure 6c is a keogram made out of the GOLD 135.6 nm nightglow. Due to 
the normal operation sequence of GOLD, the temporal coverage of Figure 6c 
is much smaller than in Figure 6b: the dark blue areas correspond to data 
gaps. Also, it is natural that the agreement between TEC (Figure  6b) and 
135.6 nightglow data (Figure 6c) is imperfect because the former is a Line-

of-sight integral of electron density while the latter is that of the “squared” density (Kil et al., 2013). Mathemati-
cally, the latter is more representative of the F-region peak region than the former. Despite the limitations, at least 
around the region of the ICON blob (denoted as “Y”), the GOLD keogram in Figure 6c supports the four conclu-
sions drawn from Figure 6b. The “Y” region in the GOLD keogram features a local enhancement poleward of 
nightglow depletion (small “y”), and does not exhibit ordered equatorward movement or hemispheric conjugacy.

In Figure 6b, similar EPB-blob coincidence, albeit weaker, can be seen for the blob-like signatures before and 
after the ICON blob (Y-y); see the X-x and Z-z pairs in Figure 6. For the three pairs, deeper EPBs are not necessar-
ily conjugate to stronger blobs. This is partly due to the natural decay of background TEC with LT. Consequently, 
blobs at a later UT (and LT of the keogram region) are weaker than at an earlier UT in absolute TEC levels while 
EPBs at the later UT are deeper (i.e., stronger). As a result, deeper EPBs apparently seem to be conjugate to 
weaker blobs.

To alleviate the effects of natural ionospheric decay with MLT, to each column in Figure 6b (i.e., to each MLT 
column) we apply a third-order detrend function and extract the residuals, which are shown in Figure 6d. This 
procedure largely removes the MLT-dependent background from Figure 6b. In Figure 6d, the local enhancements 
of EIA crests (X, Y, and Z) are more clearly seen, as well as their overall correspondence with nearby EPB inten-
sity (x, y, and z: see the white arrows that mark TEC depletion contours expanding poleward), than in Figure 6b.

4. Discussion
4.1. Possible Generation Mechanisms for This Blob Event

The ICON blob event presented in Section 3, as may be expected from the low MLAT (∼15°), lacks the following 
properties that are commonly expected for MSTIDs: (a) clear equatorward movement of the structure (Shiokawa 
et  al.,  2003), (b) source signatures propagating from mid-latitude regions (Shiokawa et  al.,  2003), (c) multi-
ple wavefronts aligned in the northwest-southeast direction (Kil et  al.,  2019; Shiokawa et  al.,  2003), and (d) 
strict hemispheric symmetry in the temporal evolution of the plasma inhomogeneity (Kil et al., 2019; Otsuka 
et al., 2004; Shiokawa et al., 2005). We also checked other data sources to address possible existence of MSTIDs 
around the ICON blob event or its conjugate point. Detrended TEC maps provided by Nagoya University (https://
stdb2.isee.nagoya-u.ac.jp/GPS/GPS-TEC/GLOBAL/MAP/index.html) do not exhibit conspicuous MSTIDs in 
South America (figures not shown). Also, from 630.0  nm nightglow images obtained by Boston University 
at Arecibo and Mercedes, which are located near the ICON blob event and its conjugate regions (http://sirius.
bu.edu/dataview/), we could not find clear evidence of MSTIDs (figures not shown).

Figure 7. A pictorial summary of the blob event investigated in this article.

https://stdb2.isee.nagoya-u.ac.jp/GPS/GPS-TEC/GLOBAL/MAP/index.html
https://stdb2.isee.nagoya-u.ac.jp/GPS/GPS-TEC/GLOBAL/MAP/index.html
http://sirius.bu.edu/dataview/
http://sirius.bu.edu/dataview/
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Rather, it seems more natural to connect the ICON blob event to EPBs because of (a) the two phenomena forming 
a latitudinal continuum sharing similar MLONs (Figures 2 and 3), (b) similar temporal variations of the blob 
and EPB (i.e., blob intensification in phase with EPB expansion; Figure 6), and (c) morphological similarity 
(inverted-V) between the EPB poleward part and the blob (Figures 2 and 3). In Introduction, we mentioned that, 
besides blob generation by MSTIDs, two different mechanisms had been suggested for blob generation by EPBs: 
E-field mapping (e.g., Le et al., 2003) and localized super-fountain (e.g., Huang et al., 2014; Krall et al., 2010). 
As will be discussed below, the ICON blob conforms to both mechanisms, and we cannot decisively tell which 
EPB-related mechanism is more plausible.

First, the ICON blob can be explained by the E-field mapping mechanism of Le et al. (2003), who suggested that 
enhanced eastward E-field inside EPBs can be mapped along B-field lines to the EIA crest region to generate 
blobs. In Figure 1e, outward drift (or eastward E-field) inside the blob is stronger than in the ambient, which 
agrees with Le et al. (2003). The additional zonal offset between the outward drift peak and the plasma density 
maximum may be explained by the fact that the locally enhanced outward drift is accompanied with eastward 
drift peaks (Figures 1e and 1f). That is, when high-density plasma below ICON is transported upward, the parcel 
is also displaced eastward. According to the mechanism of Le et al. (2003), the field-aligned plasma flows need 
not be more poleward than the ambient, just as seen in Figure 1g.

The second mechanism invoking super-fountain inside EPBs (Krall et al., 2010), which transports plasma toward 
poleward edges of an EPB flux tube and generates blobs there, can also explain the ICON blob. One might ask 
whether this mechanism is at odds with Figure 1g, where poleward velocity inside the blob is no higher than in 
the ambient plasma. According to Krall et al. (2010, Figure 7), however, the blob crest is not necessarily co-lo-
cated with the parallel velocity peak, and parallel velocity near the poleward edge of the blob is no higher than in 
the ambient. These features agree with our ICON event, where the satellite skimmed the “poleward edge” of the 
GOLD blob (Figure 2). In addition, we might also argue that ion parallel flow around a mature blob is signifi-
cantly affected by its own pressure gradient: see Klenzing et al. (2011, Figure 8). This effect can force the parallel 
flow to depend on the satellite location with respect to the substructures within the blob. Hence, blob encounter 
by a satellite needs not always accompany local enhancement of poleward field-aligned velocity, which might be 
the case of the ICON observation in Figure 1.

4.2. Previous Studies Including Similar Results

Figure 7 gives a pictorial summary of the blob event investigated in this article. ICON encountered a typical 
low-latitude blob on the nightside, and it was conjugate to the locally intensified (in both plasma density and 
magnetic latitudes) EIA crests in TEC and GOLD 135.6 nm images. The intensified EIA crests are wrapped 
around EPBs located at similar magnetic longitudes, which implies physical connections between the two. The 
northern and southern crests are not always symmetric, possibly due to inter-hemispheric wind (e.g., Krall 
et  al.,  2009, Figure  4) that prevails during solstice seasons. Hence, some blobs may appear hemispherically 
conjugate while others may not.

We expect that not all EPBs lead to the configuration in Figure 7: it depends on latitudinal extents of EPBs with 
respect to the EIA crests. There can be three possible relationships between EPBs and EIA crests. First, the pole-
ward edges of an EPB may not reach the EIA crests, so that there is no obvious variation of the crests associated 
with the EPB. Second, when the poleward edges of an EPB reach the EIA crests, the outward E × B drifts and the 
fountain effects cause formation of plasma density enhancements at the crests. This is the situation we analyze 
in this study and depict in Figure 7. Third, EPBs can cross through the EIA crests and reach higher latitudes. In 
such cases, latitudinally continuous depletions are seen from the equator to poleward of the EIA crests. Then, the 
remnant EIA crests may look patchy, but would be zonally sandwiched between EPBs, which is different from 
our event.

In retrospect, structures similar to that in Figure 7 can be found in a number of previous studies. First of all, 
GOLD 135.6 nm nightglow images in Cai et al. (2021, Figures 2–4), Eastes et al. (2019, Figures 2–4), and Karan 
et al. (2020, Figures 1–2) presented such structures, that is, locally intensified EIA crests at the border of EPBs. 
As for 630.0 nm nightglow, Wu et  al.  (2018, Figures 2 and 3) reported “edge plasma enhancement” at EPB 
boundaries. Fine-scale computer simulations also presented plasma density enhancement surrounding EPBs, for 
example, Huba and Liu (2020, Figure 5), Yokoyama et al. (2015, Figures 2 and 3), and Yokoyama et al. (2019, 
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Figure 3). Just, none of the previous studies explicitly addressed the possibility that the local EIA intensification 
can appear as a blob when sampled by an LEO satellite. In Supporting Information S1, Movies S3–S6 are similar 
to Movies 1–2, but for the previous (Movies S3 and S4) and following days (Movies S5 and S6). The Movies also 
show local intensification of EIA crests at EPB boundaries, implying that such phenomena are quite common.

Therefore, if local intensification of EIA crests at EPB boundaries can make blob-like signatures in LEO plasma 
data under favorable observation geometry (as was shown in this article), common occurrence of the EIA inten-
sification (as was shown by previous articles mentioned above and by the Movies in Supporting Information S1) 
suggests that they can be a significant contributor to low-latitude blob generation. More event studies with differ-
ent satellites would be highly warranted in this respect.

5. Summary and Conclusion
On 21 January 2021, ICON encountered a typical low-latitude blob around the northeastern part of South Amer-
ica. The region was slightly poleward of the northern EIA peak and before local midnight. The geomagnetic 
activity was extremely low. With the help of two-dimensional images of 135.6 nm nightglow and TEC, which 
give a continental-scale (>2,000 km) context to the ICON blob event, we have found the following features of 
the blob.

1.  The ICON blob was colocated with the enhanced 135.6 nm nightglow and TEC at the poleward edge of an 
EPB. Existence of such spatial structures in GOLD images was previously reported by Eastes et al. (2019, 
Figure 4), but not explicitly related to blobs in that article

2.  A time series of GOLD images demonstrate that the ICON blob originated from enhanced plasma content 
on the EPB poleward edge, which gradually intensified with substructures. According to the GOLD image 
sequence, the blob lifetime was at least 1 hr

3.  The GOLD LBH band images do not exhibit the blob signature, which implies absence of energetic particle 
precipitations

4.  Unlike typical MSTIDs, the blob in the 135.6 nm and TEC images neither had a fixed wavefront direction 
(e.g., from northwest to southeast) nor moved southwestward. Also, the blob did not exhibit strict hemispheric 
symmetry. Rather, the ICON blob event can be explained by the two mechanisms related with EPBs in the 
presence of inter-hemispheric wind, as suggested by Krall et al. (2010)

This study has its significance in the following respects.

1.  This is the first definitive imaging of a low-latitude plasma blob. Temporally resolved FUV imaging is free 
from the plasma-neutral ambiguity of previous 630.0 nm imaging

2.  This is the first imaging of a plasma blob using a multi-wavelength FUV instrument. As expected, the blob 
has no emission in the LBH bands. Although the result is within the range of expectation, this article gives an 
observational confirmation for the first time

3.  This study gives the first seamless continental-scale (>2,000 km) images around plasma blobs, which put 
LEO in situ observations in a broader context

As there have been many reports on blob generation mechanisms, each with its own supporting evidence, it 
suggests that there exist two (or more) different kinds of blobs: ones related with EPBs (e.g., Huang et al., 2014; 
Le et  al.,  2003; Wang et  al.,  2019; Wu et  al.,  2018; Yokoyama et  al.,  2007) and those related with MSTIDs 
(e.g., Choi et al., 2012; Haaser et al., 2012; Kil et al., 2011, 2019). Our case study does not elucidate which 
mechanism is the dominant one in a statistical sense. For addressing the detailed evolution of various low-lati-
tude blobs, further studies are warranted; especially for the upcoming solar maximum during which both EPB 
activity and ground-based TEC map resolution would be higher than now. Those observations can also elucidate 
whether the dominant mechanisms of blob generation differ for different solar/geomagnetic activities. Statistics 
of ion/electron temperature variations inside blobs may give additional constraints on the blob generation mecha-
nisms. Deeper understanding of blobs can also benefit studies on natural electromagnetic waves in the ionosphere 
because blobs are known to affect the waves (H. Kim et al., 2020).
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Data Availability Statement
The ICON data are open to the public at: https://icon.ssl.berkeley.edu/Data. The GOLD data and QuickLook’s are 
available at: https://gold.cs.ucf.edu/data/search/. The Madrigal TEC data and overview plots can be downloaded 
from http://cedar.openmadrigal.org/. The CHAOS magnetic field model is provided at: https://www.space.dtu.dk/
english/research/scientific_data_and_models/magnetic_field_models.
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