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Fine structure of a daytime mid-latitude iy

sporadic-E revealed by GNSS TEC, InSAR,
and MAI

Tatsuya Fujimoto', Masato Furuya® ® and Kosuke Heki®

Abstract

Combining the total electron content (TEC) data from two nationwide Global Navigation Satellite System (GNSS)
networks in Japan with the [-band synthetic aperture radar (SAR) data, we reveal the fine spatial and temporal
structure of a daytime sporadic-£ (Es) episode in Shikoku, Japan. The snapshot of the Es is derived not only from
interferometric SAR (INSAR) but also from multiple aperture interferometry (MAI), the latter of which performs better
in isolating the fine spatial structure. The GNSS TEC maps indicate that the Es episode is accompanied by a primary
east-west elongated (up to~ 180 km) southward migrating TEC striation with a speed of ~90 m/s and ~ 10-20 km
widths in the north—south direction. As previously suggested by the GNSS TEC time series, the present INSAR and MAI
data independently confirm that electron density in the primary striation gradually increases from the frontal lead-
ing edge but abruptly drops in the trailing edge. MAl-based TEC map confirms multiple TEC striations as previously
suggested in GNSS TEC time-series, which are reminiscent of the quasi-periodic (QP) echoes in nighttime Es detected
by the middle and upper atmosphere (MU) radar, but the periodicity is not as clear as that observed by MU radar.
The Kelvin-Helmholtz (KH) instabilities around the wind shear of neutral winds could be responsible for the QP TEC
striations.
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1 Introduction

Sporadic-E (Es) layer is an anomalously high electron
density patch that appears at altitudes of~100 km in
the E region of the ionosphere, causing communica-
tion problems in the very high frequency (VHF) band
and has been studied for decades to understand its spa-
tial and temporal characteristics and generation mecha-
nisms (e.g., Whitehead 1989; Mathews 1998; Haldoupis
2011). Conventional pointwise measurements by iono-
sonde and ground-based radars, including the Middle
and Upper atmosphere (MU) radar (e.g., Yamamoto et al.
1991), have a generally good temporal resolution but are
sparsely distributed and thus the detailed spatial struc-
ture and temporal evolution of Es are uncertain. Over the
last decade, spatially dense Global Navigation Satellite
System (GNSS) receivers’ network allowed to reveal the
details of daytime Es events with the use of GNSS Total
Electron Content (TEC), the number of free electrons

integrated along the line of sight (LOS) from GNSS satel-
lites to receivers (e.g., Maeda and Heki 2014, 2015; Mua-
firy et al. 2018; Sun et al. 2021). Moreover, while only the
US Global Positioning System satellites were used in ear-
lier studies (e.g., Maeda and Heki 2014, 2015; Sun et al.
2021), multi-GNSS satellites, including Russian GLO-
NASS, European Union’s Galileo, Japanese Quasi-Zenith
Satellite System (QZSS), and Chinese Beidou system,
are now available and can improve the spatial resolution
and coverage (Muafiry et al. 2018). Furthermore, another
dense GNSS continuous observation network by Soft-
Bank Corporation, a private cell phone company, became
available in Japan with ~ 3300 receivers for real-time kin-
ematic GNSS service. Ohta and Ohzono (2022) demon-
strated that the data quality of the SoftBank network was
comparable to the Japanese GNSS Earth Observation
Network (GEONET) data for geodetic studies, indicat-
ing the capability to increase the GNSS receivers’ density
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further. With the combination of the GEONET and Soft-
Bank networks, the spatial separation of the ground
GNSS receivers can reach 1 km or better, depending on
the area.

Satellite-based L-band interferometric synthetic aper-
ture radar (InSAR) complements the coarse distribution
of GNSS receivers on the ground because of much higher
spatial resolution than 100 m with wide area coverage;
because one InSAR image is generated from two SAR
images called primary and secondary ones (e.g., Hanssen
2001; Simons and Rosen 2015), the temporal resolution
is limited by the recurrent period of the satellite on the
order of 10 days, depending on the design of orbit and the
availability of satellite. Although the chances to detect Es
by InSAR are further limited because the Es event must
take place during the instant of SAR imaging, Maeda
et al. (2016) first succeeded in imaging an Es event using
the L-band Advanced Land Observation Satellite (ALOS)
Phased Array-type Synthetic Aperture Radar (PALSAR).
Furuya et al. (2017) applied the range split-spectrum
method (SSM, Gomba et al. 2016) to the two Es episodes
in Japan to separate the ionospheric dispersive and trop-
ospheric non-dispersive phases. Successful detections of
Es simultaneously by both GNSS TEC and InSAR have
still been limited to those two case studies. Moreover,
a detailed comparison of GNSS TEC time-series with
InSAR data has been lacking and the fine structure of Es
remains uncertain.

Here, we report our detection of another daytime Es
episode on June 26, 2020, near Shikoku, Japan, using
L-band ALOS-2/PALSAR-2 InSAR data as well as GNSS
TEC from both GEONET and the SoftBank network; fol-
lowing Maeda and Heki (2014, 2015), we did not examine
nighttime Es to avoid confusion with the medium-scale
traveling ionospheric disturbances (MSTID) that often
co-occur. We also use multiple aperture interferometry
(MALI) to reveal the spatial gradient of TEC in the along-
track (azimuth) direction. Although the along-track gra-
dient of TEC generates apparent shift in azimuth and
degrades the coherence necessary for InSAR and SSM,
MALI is useful to examine the small-scale TEC distribu-
tion. We discuss the spatial and temporal characteristics
of the derived quasi-periodic (QP) TEC anomaly, com-
paring with the nighttime Es observed by MU radar. We
also compare the Es migration velocities inferred from
the GNSS TEC observations with theoretical Es simula-
tions by Andoh et al. (2020, 2021, 2023).

2 Data and methods

2.1 Multi-GNSS TEC

We used GNSS Receiver Independent Exchange (RINEX)
format data from the GEONET and SoftBank network.
The GEONET comprises~ 1300 points of continuous
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observation and is maintained by the Geospatial Infor-
mation Authority of Japan (GSI) (Takamatsu et al. 2023).
From SoftBank’s network, RINEX data are available
within the Consortium to utilize the SoftBank original
reference sites for Earth and Space Science (CSESS).
We resampled the original 1 Hz data into 30-s sampling
data to reduce the data amount. The Beidou (BDS) data
set is also available in SoftBank’s network. We thus used
16 GNSS satellites in total, namely, GPS (G01, G11, and
G22), GLONASS (R11 and R12), BDS (C01, C03, C04,
C07, and C10), Galileo (E13, E21, and E27), and QZSS
(Jo2, J03, and J07); of these, the C01, C03, C04, and JO7
are geostationary satellites and the C07, C10, J02, and J03
are inclined geosynchronous satellites.

The processing strategy to derive the GNSS TEC is
the same as described in Maeda and Heki (2014, 2015).
After removing a bias from the slant TEC (STEC) data,
we convert it to the vertical TEC (VTEC) using the inci-
dence angle of each STEC data and derive the VTEC
anomalies as residuals after fitting the VTEC time series
with a low-order polynomial function. We assume that
the VTEC anomalies originate at 100 km height within a
thin layer of ~1-2 km (Maeda and Heki 2014) due to the
Es and project the ionospheric penetration point (IPP) to
the sub-ionospheric point (SIP); VTEC anomalies over
the ocean are thus detectable. Despite the multiple GNSS
satellites in different azimuths and elevations, the coher-
ent structure in the VTEC anomalies will validate the
assumption of 100 km height of IPP within a thin layer
and allow us to associate with the Es.

2.2 L-band InSAR and MAI

We use the L-band ALOS-2/PALSAR-2 SM1 mode
(84 MHz bandwidth, 3 m resolution) data whose center
frequency is 1.258 GHz; the incidence angle in the pre-
sent study is 39.7 degrees. The recurrent period of the
ALOS-2 to the same orbit is 14 days and the local time at
the descending node is around noon; the flight azimuth
direction of descending orbit is 193 degree clockwise
from the north. We thus searched for an adequate SAR
image that could catch daytime Es events, focusing only
on the data acquired in the descending orbit; the ascend-
ing orbit passes local nighttime. We also referred to the
Rate-of-TEC-Index (ROTI) map derived routinely by the
National Institute of Communications and Technology
(NICT), based on the GEONET data (https://aer-nc-web.
nict.go.jp/GPS/GEONET/RMAP/). The assumption of
the 300 km altitude as the IPP in the NICT’s ROTI map
will generate apparent “double banded”ROTT signatures
in the case of Es, which actually originates from ~ 100 km
altitude; Maeda and Heki (2014) explain in their Fig. 3
how the wrong assumption in the altitude of TEC anom-
aly generates “double banded” signature. The primary


https://aer-nc-web.nict.go.jp/GPS/GEONET/RMAP/
https://aer-nc-web.nict.go.jp/GPS/GEONET/RMAP/

Fujimoto et al. Earth, Planets and Space (2024) 76:138

SAR image was acquired on June 26, 2020, 03:04 UT
(12:04 JST), at which we confirmed an Es episode from
the ROTI map; the foEs from the ionosonde at Kokubunji
and Yamagawa were 5.0 MHz and 13.1 MHz, respec-
tively. The secondary image was acquired on September
4, 2020, when no Es episode was found in both the ROTI
map and ionosonde at Kokubunji and Yamagawa. The
InSAR phase indicates relative range changes in radar
LOS between the two imaging epochs with respect to
the reference area where no anomalies can be assumed
(e.g., Hanssen 2001; Simons and Rosen 2015); InSAR data
thus do not tell the absolute radar LOS changes at sin-
gle specified epoch. If the surface displacements between
the epochs are negligible, the InNSAR phase can measure
the changes in the distributions of both TEC and trop-
ospheric water vapor at the two epochs (e.g., Hanssen
2001; Simons and Rosen 2015). Similar to ground sur-
face displacements, InSAR data do not tell the absolute
values of TEC and water vapor at single epoch, either.
Hence, although the electron density is generally higher
in the F-layer, the effects from the F-layer would be
largely canceled unless any localized anomalies in the
F-layer were present at either primary or secondary (and
possibly both) epochs. The localized anomalies from the
E-layer can be isolated in the daytime images, assuming
that the spatial scale of anomalies in the F-layer is much
greater than that in the E-layer.

We combined two continuous ALOS-2/PALSAR-2
images acquired on the path-frame pairs 21-2930 and
21-2940. The imaging areas on the ground and at the
height of 100 km are outlined in Fig. 1 with the solid and
dotted squares, respectively, and indicate that the spa-
tial scale along the flight (azimuth) direction is the same
at both ground level and 100 km height but the scale
along the look (range) direction at ionospheric height is
extended by a factor of 1.2 at ground level (Meyer et al.
2015; Sato et al. 2021). No shallow earthquakes occurred
between the two epochs in the imaged area, meaning
that there were no detectable surface displacements. The
InSAR processing strategy is the same as our previous
reports (Maeda et al. 2016; Furuya et al. 2017), using a
commercial software package by gamma remote sensing.

To separate dispersive ionospheric signals from non-
dispersive tropospheric signals due to water vapor (e.g.,
Kinoshita et al. 2013), we use the range SSM, allowing
us to perform dual-frequency measurement with the
PALSAR-2 data; we set the higher and lower central fre-
quency as 1.284 GHz and 1.231 GHz, respectively, with
the bandwidth of 26.5 MHz. Although the bandwidth
became one-third of the original one, the interferomet-
ric coherence was overall good enough to perform phase
unwrapping (Figure S3) robustly and to decompose into
dispersive ionospheric and non-dispersive phases using
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Fig. 1 Three snapshots of the VTEC at a 2:44UT, b 2:54UT, and ¢ 3:04
UT on June 26, 2020. The PALSAR-2 image on the ground outlined
with black square was acquired on the same instant as Fig. 1¢;
the dotted square is the imaged area at the height of 100 km. See
Figure S1 to confirm the impact of multi-GNSS and SoftBank's
network upon the dense spatial coverage. Also, see Figure S2,
a one-hour movie from 2:30 UT
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the standard formulation (Gomba et al. 2016; Furuya
et al. 2017); coherence is defined as the normalized cross-
correlation of the primary and secondary SAR images,
taking from the lowest value O to the highest value 1, and
needs to be high for successful phase unwrapping and
SSM. Coherence can be degraded not only from changes
in reflectivity but also errors in image matching, the lat-
ter of which is the case where the along-track TEC gradi-
ent is high. However, we can utilize the high along-track
TEC gradient in the MAI-based TEC mapping explained
below. We did not remove any long-wavelength phase
trends by fitting with a polynomial plane, either, because
they would appear in both dispersive and non-dispersive
phases.

In addition to InSAR, we perform MALI to extract the
changes in along-track TEC gradient (Meyer et al. 2006;
Jung et al. 2013; Chen and Zebker 2014) to independently
derive the ionospheric signals without relying on the
SSM. The MALI technique splits the entire synthetic aper-
ture time into forward- and backward-looking time and
forms forward- and backward-looking InSAR images.
Taking the difference between them, the MAI originally
allows us to derive the large (>~1 m) along-track (near
north—south) ground displacements (Bechor and Zeb-
ker 2006), whose detection had been difficult because of
lower sensitivity than to the up-down and east—west dis-
placements; see Eq. (1) for the relation between the MAI
phase data ¢4 and along-track (azimuth) displacement
dx (Jung et al. 2013). In the absence of real surface dis-
placements, the MALI is useful for detecting spatially het-
erogeneous ionospheric effect because the gradient of
TEC along the azimuth causes the apparent azimuth dis-
placements (or shifts) particularly in the low-frequency
SAR data (Meyer et al. 2006; Jung et al. 2013; Chen and
Zebker 2014),

o 27403 3(ATEC)
mar_ 2w, 27403
O E T W T T s M

where /, x and f indicate the antenna length (m), along-
track (azimuth) coordinate (m), and carrier frequency
(Hz), respectively. The ATEC in Eq. (1) is the changes of
TEC between the primary and secondary dates. While
the “system- and geometry-dependent” factor o (Meyer
et al. 2006) was numerically estimated in Jung et al
(2013), Yamashita et al. (2022) derived its analytical
expression on the basis of a thin-layer ionosphere model
in Kim (2013) as

_ _ i hsat
Ry Vpiercing Ry hion

1 v

2)

where Ry, Vgp and Vpe,ing are the zero Doppler range
(approximately equal to the closest range), the satellite
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velocity, and the velocity of the ionospheric piercing
point of LOS, respectively. When no ionospheric motion
can be assumed during the azimuth integration time
(Kim 2013), the ratio of the velocities is the same as that
of the satellite altitude /,, and the effective altitude of
the ionosphere 7, , as in Eq. (2). Here, the h, is 630 km,
and we may assume that /7, , is 100 km because the iono-
spheric signals are due to the Es. In the present case, we
should also take the significant migration velocity of TEC
anomaly into account. We set o as 5.9 times the inverse
of R, because the TEC migration velocity of~90 m/s
estimated from GNSS TEC was added to the Vp;eing Of
1.2 km/s and nearly in parallel to the satellite velocity of
7.6 km/s.

Although we can extract the TEC anomaly distribution
by integrating the apparent along-track displacements
(azimuth shifts) without using the SSM, there is one
practical issue. Because the initial values are uncertain
for the integration, there arise unrealistic jumps along
the range direction if we integrate with the same initial
values. Those jumps, however, do not significantly vary
along the azimuth and thus can be estimated by averag-
ing them at several locations in the azimuth direction.

To understand the origin of non-dispersive signals,
we also examined the radar echo intensity data by Japan
Meteorological Agency (JMA), whose weather radar
observation network delivers every 10 min over Japan
with a spatial resolution of~1 km (http://database.rish.
kyoto-u.ac.jp/arch/jmadata/data/jma-radar/synthetic/
original/).

3 Results

3.1 Spatial and temporal changes in multi-GNSS VTEC
Figure 1 shows a series of snapshots of the VTEC from
2:44 UT to 3:04 UT every 10 min on June 26, 2020 by
GEONET plus Softbank multi-GNSS. The PALSAR-2
image was acquired on 3:04 UT that was the same instant
of Fig. 1c; Figure S1 shows the impact of multi-GNSS
and SoftBank’s network upon the dense spatial cover-
age, making the average distance between each IPPs
from~10 km (Fig Sla) to~5 km (Fig S1b), and~1 km
(Fig Slc), and Figure S2 is a 1-h movie from 2:30 UT.
Considering the VTEC anomalies by~0.15 TECU as
significant, the east-west (EW) elongated pattern is
extended over ~ 180 km with the north—south (NS) width
of 10-20 km, which are consistent with the previous
studies (Maeda and Heki 2014, 2015).

Figure 2a, ¢ shows the time-series data of the VTEC at
the IPPs of GEONET sites from QZSS J07 (Fig. 2a) and
those at SoftBank sites from BDS CO04 (Fig. 2c), respec-
tively; both the QZSS J07 and the BDS C04 are geosta-
tionary satellites at 127°E and 160°E, respectively, which
are helpful to isolate the migration of TEC anomaly
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Fig. 2 aVTEC time-series data at GEONET sites from QZSS J07, geostationary satellite; the numbers, 0655, 0390, 0346, 1006, and 0425, indicate

the site number in GEONET. One vertical tick indicates 0.5 TECU. The red vertical line indicates the instance of PALSAR-2 imaging. The earlier portion
in time indicates the frontal side of the VTEC anomaly. b Locations of IPPs projected on the ground for each GEONET site. ¢ VTEC time-series data
at SoftBank sites from BDS C04, geostationary satellite; the numbers, 1, 2, 3, 4, 5, indicate the site number in Softbank network. The horizontal

and vertical scales and the red line have the same meanings as in (a). d Locations of IPPs projected on the ground for each Softbank network site

because the microwave is transmitted from the same
location in space. The maximum peak amplitude of the
Es signal is 0.22 TECU (1 TECU=10 electrons/m?) at
the GEONET 0346 (Fig. 2b) and 0.35 TECU at the Soft-
bank 5 (Fig. 2d). Judging from the migration distance
of ~100 km during the 20 min in Figs. 1 and 2a, c, we
infer that the migration speed of the VITEC anomaly
is~90 m/s to the south; the southward migration is also
evident from the movie (Figure S2). Figure 2a, c indicates
that the leading VTEC anomaly gradually increases from
the frontal side of the propagation direction and abruptly
decreases toward the lee side at rates of ~0.04 TECU/
min and~0.2 TECU/min, respectively; we annotated
with arrows for the site 0346 in Fig. 2a and the site 5 in

Fig. 2c. Moreover, at the GEONET 1006 and 0425 anno-
tated with arrows (Fig. 2a), we can spot a secondary peak
in the VTEC time-series that also propagates toward the
south direction. There are similar but smaller secondary
peak at the SoftBank 1, 2 and 3 (Fig. 2c) annotated again
with arrows.

The SAR imaging is essentially done at the instant of
the red line in Fig. 2a, c. Although the first VTEC peak
at the IPP of 0425 in Fig. 2a matches the instant, the IPP
is projected~80 km to the west and outside the SAR
image on the ground. No other first leading VTEC peaks
in Fig. 2a, ¢ match the instant of SAR imaging, and thus
unfortunately we cannot associate the first peaks in the
presented VTEC time-series with the anomalies in SAR
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image; this is also evident in the sparse IPPs inside the
dotted square in Fig. 1c. However, we discuss below the
possible correspondence of the peaks in the VTEC time-
series to the anomalies in SAR images.

3.2 lonospheric and non-ionospheric signals from InSAR
Figure 3a, b shows the ionospheric (dispersive) and non-
ionospheric (non-dispersive) phases derived from the
SSM; Fig. 3 shows the results right after the SSM, where
we have not applied any additional smoothing filter.
Comparing Fig. 3a, b with the original full-bandwidth
InSAR data (Figure S3a), we observe that the iono-
spheric (Fig. 3a) and non-ionospheric (Fig. 3b) signals
are distinctly separated with exceptions of the “sandy
storm” E-W elongated striation around the middle and
those indicated with black arrows in Fig. 3a, b. Those
exceptions are attributable to the lower coherence (Fig-
ure S3b). As there are no east—west trending structures
on the ground surface, the low-coherence streak around
the middle of Fig S3b is presumably due to the azimuth
shift §x in Eq. (1) by the along-track gradient of TEC and
resulting matching errors.

In the ionospheric signals (Fig. 3a), we observe at
least two EW-trending phase anomalies, one smaller to
the north and another larger one to the south indicated
with two white arrows to the west; another EW-trending
phase anomaly is buried in the low coherence area but
marginally observed, indicated with white arrow to the
east. To compare with the GNSS TEC, we converted the
phase data in Fig. 3a into the VTEC anomaly in Fig. 3c.
We simply mapped (slant) TEC into VTEC, consider-
ing the incidence angle. We also show the VTEC anom-
aly profile in Fig. 3d along the black line in Fig. 3c. The
VTEC anomaly to the south shows a gradual increase
from the frontal side of the propagation direction and
an abrupt decrease toward the lee side at rates of ~ 0.022
TECU/km and~0.13 TECU/km, respectively (Fig. 3d).
Using the increasing rate of~0.04 TECU/minutes in
Fig. 2, we can estimate the migration velocity of 109 m/s,
which is largely consistent with the estimated veloc-
ity from Figs. 1 and 2. Thus, although none of the GNSS
receivers in Fig. 2 detected the first leading TEC anomaly
at the instant of SAR imaging as noted before, the larger
EW-trending anomaly to the south in Fig. 3a, ¢ presum-
ably corresponds to the leading VTEC anomaly in the
time series of Fig. 2a, c. The smaller EW-striation to the
north in Figs. 3a and 3c is separated by 15-20 km from
the larger southern one, and its VTEC amplitude is less
than half of that. Assuming the same migration velocity
of ~90 m/s, the temporal separation would be ~3—4 min.
The second major EW-striation to the north in Fig. 3a,
¢ thus corresponds to the secondary peaks at SoftBank
2 and 3 in Fig. 2¢, and the one at Softbank 3 seems to
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match the instant of SAR imaging. While the second larg-
est blob at 1006 and 0425 in Fig. 2a are outside the SAR
image, it is separated from the first blob by ~50 km, and
the width seems to be much broader in view of Figure S2.

In contrast to the multiple LOS directions in Fig. 1, the
InSAR phase is derived only from a single LOS direction.
Nonetheless, the inferred gradual increase in the frontal
side and abrupt steepening in the backside in Fig. 2a, ¢
and 3d are consistent, supporting our assumption of a
thin Es layer. It should be noted that Fig. 3a, ¢ could also
include the effect of the F-layer, which may be responsi-
ble for the long-wavelength signals in Fig. 3a, c as well as
the negative amplitude in Fig. 3c.

The non-ionospheric signals in Fig. 3b indicate long-
wavelength phase changes and small-scale phase anoma-
lies around the northwest corner; no similar phases are
found in Fig. 3a. We confirmed that the weather radar
echo indicated local precipitation of ~20 mm/hour on
September 4, 2020 but no such anomalies on June 26,
2020 (Figure S4). The small-scale phase anomalies are
thus presumably due to the tropospheric water vapor sig-
nals associated with a heavy rain event on September 4,
2020 (e.g., Kinoshita et al. 2013).

3.3 MAl data

Figure 4a is the azimuth shift éx derived from the
unwrapped MAI phase. Given the absence of real sur-
face displacements during the imaging period, Fig. 4a
indicates the spatial pattern of the TEC gradient along
the flight direction; see Eq. (1). We can estimate the dis-
tribution of TEC by integrating the shift data in Fig. 4a
along the flight direction (Jung et al. 2013; Chen and
Zebker 2014; Yamashita et al. 2022). We can associ-
ate the multiple EW-trending anomalies indicated with
black and white arrows in Fig. 4b with the negative and
positive pairs in Fig. 4a. The negative and positive shifts
in Fig. 4a correspond to the increasing and decreasing
trend of TEC along the azimuth direction, respectively;
see Eq. (1). When the magnitude and the spatial extent
of both negative and positive shift are comparable along
the azimuth direction, the TEC distribution will be sym-
metric across a local peak of TEC in the azimuth direc-
tion. At the significant negative and positive pairs to
the south in Fig. 4a indicated with ovals, the magnitude
of the negative shift is greater than that of the positive
shift, and the spatial extent of the positive shift along the
azimuth is broader than that of the negative shift. Thus,
when viewed from the inverse direction to the flight (azi-
muth) direction, Fig. 4b indicates the gradual increase
of TEC from the frontal side and abrupt decrease of
TEC in the lee side, which is consistent with Figs. 2 and
3. The MAI-based VTEC in Fig. 4b is less noisy than the
SSM-based VTEC in Fig. 3¢, the latter of which is more
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phases near the middle eastern area with black arrows would be caused by lower coherence; see Fig. S3b. No shallow earthquakes occurred
during the period. Although we cannot specify the date and time of each phase only from InSAR data, we can interpret from ionosonde, GNSS TEC,
and weather radar data that the ionospheric phase in (a) and the tropospheric phase in (b) originate from June 26, 2020 and September 4, 2020,
respectively; see the texts for details. (c) VTEC anomaly map derived from Fig. 3a. The white pixels around the major TEC striation indicate missing
data; see the coherence map (Fig S3b). (d) The VTEC profile along the black line in Fig. 3¢
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strongly affected by the coherence (Figure S3b) and less
sensitive to changes in the NS direction. Figure 4b thus
reveals even minor TEC anomalies with amplitude ~ 0.05
TECU or below as indicated with white arrows, suggest-
ing that we may associate much smaller peaks in GNSS
TEC time series with Es-related signals. The coherence
loss due to the large azimuth shift becomes insignificant
in MAI because of the cancellation between the for-
ward- and backward-looking InSAR data. However, the
many NS-trending wavy lines around the east in Fig. 4b
are artifacts due to the residual low coherence phases in
Fig. 4a indicated with thin black arrows.

4 Discussion
4.1 Es migration velocities in numerical simulation
and TEC observations
Based on the wind shear theory of Es generation, Andoh
et al. (2020, 2021, and 2023) performed 3D numerical

-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30
VTEC (TECU)

Fig. 4 a Apparent azimuth displacements in meter derived from the unwrapped MAI phase, indicating the distribution of along-track TEC
gradient; see Eq. (1). Solid ovals indicate the typical TEC gradient zones for backside steepening of TEC. Two black arrows indicate low coherence
areas. b VTEC distribution is derived by integrating the TEC gradient along the along-track (azimuth) axis and mapping into the vertical direction.
We also need to consider the effective ionosphere piercing velocity; see Egs. (1) and (2) and the main text. Note the similar but more complete
distribution of TEC than Fig. 3¢

simulations of Es layers to examine their spatial and
temporal evolution and their relations to neutral winds
driven by atmospheric tides; the 3D neutral winds were
derived from the GAIA (Ground-to-topside model of
Atmosphere and Ionosphere for Aeronomy) model (Jin
et al. 2011). Their simulated migration velocities of Es are
on the order of 0.1-1.0 m/s and turn out to be an order-
of-magnitude or much slower than our inferred veloci-
ties in Figs. 2 and 3, which were southward migration
with ~90 m/s around the local noon; the migration veloc-
ities of TEC anomaly reported in Maeda and Heki (2015)
were of similar magnitude.

As a possible cause for the apparent discrepancy,
Andoh et al. (2023) suggested the large differences in the
spatial resolution of their simulating neutral wind and an
influence of atmospheric gravity wave. While the much
finer spatial resolution may help resolve the discrepancy,
we interpret that the migration (propagation) velocities
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in Andoh et al’s simulations are physically different from
what the GNSS TEC and the InSAR ionospheric phase
have revealed. Because we also consider the wind shear
as the primary generation mechanism of a thin metallic
ion layer, the horizontal velocities of the Es-generation
(metallic ion) layer would be those of the neutral winds
averaged around just above and below the Es-generation
altitude, which would be what Andoh et al. (2023) have
demonstrated. The velocities of the metallic ion layer will
then be inevitably close to null and slower than the veloc-
ities of neutral winds. On the other hand, no Es layers
will grow thicker over time, probably because both the
top and bottom sides of the Es layer generated by zonal
wind shear are known to be unstable due to the wind-
driven gradient drift mechanism (Kagan and Kelly 1998).
Thus, we speculate that any newly formed Es (metallic
ion) layers will be torn off and drift away. The horizon-
tal migration of TEC anomaly would be the advection of
such dispatched Es possibly by neutral winds, because the
observed Es migration velocities are on the same order
as the simulated meridional wind velocities (Andoh et al.
2023). The detailed mechanisms, however, remain uncer-
tain. The fine spatial TEC distribution during Es previ-
ously inferred from GNSS TEC time-series data (Maeda
and Heki 2015; Saito et al. 2021) could be confirmed as a
spatial snapshot by InSAR and MAI, meaning that what
GNSS TEC and L-band SAR detected in the ionosphere
are genuine and could become a future target of simula-
tion studies.

4.2 Quasi-periodic TEC signatures in daytime Es

Maeda and Heki (2015) pointed out quasi-periodic (QP)
TEC signatures from the time series of GNSS TEC data;
the QP signatures were unclear from the VIEC map
due to the lower spatial resolution. In the present study,
the secondary peak in the VTEC time series (Fig. 2) and
the multiple EW-trending TEC anomalies of ~5-10 km
width with ~10-20 km spacing in InSAR and MAI data
(Figs. 3a, c and 4) verify the presence of such structures.
In particular, the multiple positive and negative pairs in
the azimuth shift by MAI evidently demonstrate the fine
spatial distribution of TEC during the Es episode (Fig. 4).
The QP TEC signatures in this study belong to the type
oriented across-the-elongation direction, and the Es epi-
sode on May 25, 2016, reported by Furuya et al. (2017),
also showed the across-the-elongation structure. On the
other hand, the Es episodes on July 11, 2011 reported by
Maeda and Heki (2015) and on June 28, 2009, reported
by Maeda et al. (2016) and Furuya et al. (2017), shows the
QP TEC structure along the elongation direction; Maeda
(2015) also pointed out other episodes with the similar
structure. It is important to note that both types appear
quasi-periodically and are largely the same in terms of
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the spatial scales of width and separation of each TEC
anomaly. As discussed below, we speculate that the dis-
tribution of neutral winds causing the Kelvin—Helmholtz
(KH) instability (Larsen 2000) determines which type
appears.

We should comment on the differences between the
QP TEC signatures and the “QP echoes” detected by MU
radar (Yamamoto et al. 1991). The QP echoes by MU
radar are observed only during nighttime Es and no simi-
lar echoes were known in daytime Es (Yamamoto et al.
1991); Thampi et al. (2010) exceptionally detected the
QP echoes from daytime Es by MU radar during a par-
tial solar eclipse. Another essential structure of the QP
echoes is that they are vertically extended by as much as
30 km and aligned along the local geomagnetic field lines
(e.g., Maruyama et al. 2000; Ogawa et al. 2002; Saito et al.
2006). We cannot estimate the thickness of the Es from
either GNSS or InSAR because both of the TEC data are
the “integrated” electron content along the radar LOS.
No nearby ionosonde does not allow us to estimate the
thickness as in Maeda and Heki (2014), either. However,
despite their different LOS directions, the spatial distri-
butions of VTEC from both GNSS, InSAR and MAI are
generally consistent, supporting our assumption of thin
Es layer. Moreover, we note that the periodicity itself is
not as clear as that of nighttime QP echoes because the
peak TEC amplitude behind the leading striation is sig-
nificantly smaller and variable, and the NS width, EW
length and separation of each striation are also variable.
These characteristics are, however, consistent with what
were pointed out in Maeda and Heki (2015) and Maeda
(2015).

Why are there no significant vertical structures in day-
time Es? To account for both the QP echoes in the night-
time Es and the QP scintillation in the satellite VHF radio
signal, Maruyama et al. (2000) proposed a model that
forms a current closure sheet from a large polarization
electric field at the height of the Es layer to the upper nor-
mal E layer; their assumed EW-elongated plasma cloud is
the same as our observations have indicated in terms of
the orientation (Figs. 3 and 4). Based on this model, we
may attribute the lack of vertically extended structure in
daytime Es to the daytime higher production rate of ions
and electrons, significantly reducing the plasma density
gradient and making the integrated Pedersen conduc-
tivities in the upper E region much higher than those
in nighttime. Consequently, as Yokoyama et al. (2004)
simulated, the polarization electric field at higher alti-
tudes is shorted out and no field-aligned structure will be
developed.

Our observations show that daytime Es is accompa-
nied by multiple horizontal striations that appear quasi-
periodically. The wind shear in the Es layer can readily
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generate KH instability and subsequent eddies of the
neutral atmosphere will reveal periodic structure (Larsen
2000; Bernhardt 2002). Although the KH instability was
initially proposed to account for the QP echoes by MU
radar, and Maeda et al. (2016) discussed its role for the
generation of spatial structure, the backside steepening of
Es plasma blob confirmed in this study is also reminis-
cent of the fluctus clouds associated with KH instability.

4.3 Backside steepening of Es plasma blob

Based on the quasi-periodic scintillation observations
of the 136-MHz transmission from a geostationary sat-
ellite, Maruyama (1991) suggested an Es plasma blob
in the night whose density gradually increases from the
frontal leading edge but steeply drops in the backside;
see Fig. 6 in Maruyama (1991). Maeda and Heki (2015)
and Saito et al. (2021) also suggested such a shape from
the daytime GNSS TEC time-series data, and Fig. 2a, ¢
is consistent with these observations. Notably, the InSAR
and MALI data in Figs. 3 and 4 are independent confir-
mations of such asymmetric distributions of TEC in the
spatial dimension. However, at first glance, the backside
steepening is counter-intuitive because, when any frontal
structure passes by over undisturbed area, we will expect
an abrupt rise at the frontside but a long-lasting tail in the
backside for the initiated disturbance to be calmed down;
if one takes an analogy of southward migrating meteor
or comet, we will expect a longer tail in the northward.
Although Maruyama (1991) suggested the gradient drift
instability mechanism by polarization electric field, it is
uncertain if and how such a polarization electric field
could be maintained during daytime Es as argued by
Saito et al. (2021). We consider that the backside steepen-
ing of the plasma blob includes important but unclarified
physics of Es. Further new observations and theoretical
studies are necessary but deferred for future research.

5 Summary

Using the nationwide GNSS networks and the satellite
L-band SAR data, we have revealed the fine structure of a
mid-latitude daytime Es episode in Japan. The MAI tech-
nique was applied to an Es for the first time and helped
clarify the detailed TEC distribution without being seri-
ously affected by the low coherence problem of SSM. The
MAI-based VTEC map revealed multiple EW-trending
TEC striations, some of which were impossible to iden-
tify in both GNSS VTEC and InSAR SSM data. The peak
VTEC changes in each striation range from ~0.05 TECU
in the shorter and narrower striation to 0.25 TECU in
the leading longest striation. Although the precise length
in EW direction of each striation is uncertain in SAR
images, the width of each striation ranges from ~ 5 km for
the small and shorter one to~10-15 km for the large and
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longer one. Each striation is separated in NS direction
by 5-20 km. As previously suggested in GNSS TEC time
series, we confirmed the asymmetric electron density
distribution in the leading primary EW-elongated TEC
striation that gradually increases from the frontal lead-
ing edge but abruptly drops in the trailing edge, which
requires further understanding of the mechanisms.
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