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Key Points:

+ The simulation produces the horizontal structure of the ion convergence region (HSICR).
+ The shapes of HSICRs show a typical frontal structure elongated in northwest—southeast and/or northeast—southwest.

+ HSICR can reveal and explain the shapes of the large-scale Es layers.
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Abstract: At present, the main detection instruments for observing sporadic E (Es) layers are ground-based radars, dense networks of
ground-based global navigation satellite system (GNSS) receivers, and GNSS radio occultation, but they cannot capture the whole picture
of the horizontal structure of Es layers. This study employs the Whole Atmosphere Community Climate Model with thermosphere and
ionosphere eXtension model (WACCM-X 2.1) to derive the horizontal structure of the ion convergence region (HSICR) to explore the
shapes of the large-scale Es layers over East Asia for the period from June 1 to August 31, 2008. The simulation produced the various
shapes of the HSICRs elongated in the northwest—southeast, northeast—southwest, or composed of individual small patches. The close
connection between Es layer critical frequency (f,Es) and vertical ion convergence indicates that the HSICR is a good candidate for
revealing and explaining the horizontal structure of the large-scale Es layers.
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1. Introduction

Sporadic E (Es) layers are thin layers that occasionally form at alti-
tudes between 95 and 125 km (e.g., Whitehead, 1961; Arras et al.,
2008). They have a higher electron density than the E layer peak
or even the F layer peak, and thus can severely interfere with long-
distance radio communications and even cause the loss of radio
signals (Yue XN et al, 2016). The observations and theoretical
interpretations of Es layers have always been important for space
weather and navigation communication.

Since Es layers appear randomly, their occurrence characteristics
have been studied extensively over many years. A large number
of observations have confirmed that the occurrence rate of Es
layers has obvious seasonal and geographical dependence (e.g.,
Smith, 1978; Arras et al., 2008; Chu YH et al., 2014; Zhou C et al.,
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2017; Resende et al., 2018; Luo J et al,, 2021; Liu ZD et al., 2021; Niu
J, 2021; Sobhkhiz-Miandehi et al., 2022; Xu XH et al., 2022). Es
layers occur mainly in the mid-latitude regions of the summer
hemisphere. Moreover, Es layer activity exhibits regional prefer-
ence. For example, Es layers appear relatively frequently over
China and Japan, but rarely over North America and the South
Atlantic (Arras et al., 2008; Chu YH et al., 2014).

The physics of mid-latitude Es layer formation has been described
by the wind shear theory (Whitehead, 1961). The long-lived metallic
ions (Fe*, Mg*) (Plane et al,, 2015) are converged into a thin layer
in the ionospheric E region by vertical shears (Yamazaki et al.,
2023; Zhou BZ et al,, 2022) in the horizontal neutral winds. The
seasonal and geographic dependence of the occurrence of Es
layers, which can be attributed to the combined interaction of
global neutral wind shear and the geomagnetic field, has been
well explained by simulations (Chu YH et al, 2014; Shinagawa
etal., 2017; Yu BK et al.,, 2019; Qiu LH et al., 2019) and observations
(Liu Y et al., 2018; Yamazaki et al., 2022).

In addition to their occurrence and distribution characteristics, the
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horizontal structure of Es layers has drawn the attention of investi- sphere observations. In this work, to calculate the horizontal struc-
gators. Rice et al. (2011) mapped the large-scale structure of Es ture of ion convergence region (HSICR), we employ the Whole
layers scattered across the United States with a passive observing Atmosphere Community Climate Model with thermosphere and
network of Space Weather—Aware Receiver Elements (SWAREs). ionosphere eXtension model (WACCM-X) that can self-consistently
Their experiment detected geographic extension, drift, and decay simulate dynamic, physical, chemical, radiative, and atmospheric
of Es layers over regions of several hundred kilometers. E region processes (Liu HL et al., 2018). The wind shear convergence calcu-
irregularities covering more than 300 km longitudinally are lation methods are introduced in Section 2. Section 3 presents
detected by all-sky meteor radar in China (Wang Y et al., 2019; Sun examples and statistical features of HSICR. Sections 4 and 5
WJ et al, 2023). The 2D structure of the Es layer was further  contain our discussions and conclusions, respectively.

revealed by a dense network of Global Positioning System (GPS)

receivers (e.g., Maeda and Heki, 2014, 2015; Sun WJ et al., 2018; Fu 2. Data and Methods

WZ et al., 2021). Maeda and Heki (2014), for the first time, used a Based on the WACCM-X 2.1 model, we analyze the HSICR over
dense GPS array in Japan to capture a strong Es layer event with East Asia (60°E—150°E and 10°N—60°N) for the period from June 1
an Es layer critical frequency (foEs) of ~22 MHz. The slender Es {6 Aygust 31,2008. The WACCM-X is a numerical model developed
layer is ~150 km in east-west (E-W) and 30 km in north—south (N- 1,y the National Center for Atmospheric Research. It can self-
S). Maeda and Heki (2015) further analyzed 70 events and  congjstently resolve dynamic and physical processes from the
concluded that Es layers can be elongated in the E-W and ¢ face to ~700 km altitude (Liu HL et al., 2018). Its inputs include
northeast—southwest (NE-SW) directions. Moreover, large-scale Es the day of year, time of day, latitude, longitude, solar 10.7 cm
layers elongated 10003000 km in northwest—southeast (NW-SE) 1 i6 flux index, and geomagnetic index Kp. A detailed description
direction were observed by ground-based GNSS receivers in 54 yalidation of the WACCM-X model can be found in Liu HL et al.
China (Sun WJ et al.,, 2018). After statistical analysis, Sun WJ et al. (2018). This study employs the free-running WACCM-X model that
(2021) suggested that such large-scale strong Es layers appear  5¢ 5 grid of 2.5° longitude by 1.9° latitude horizontally. The axes
rTwainIy in summer and are elongated in the E-W and NW-SE direc- 56  (positive southward), y (positive eastward), and z (positive
tions. upward). The Es layer is composed mainly of long-lived metal ions,

It must be noted that, however, ground-based GNSS observation ~ such as Fe* and Mg*. The vertical ion (Fe*) velocity, V;,, is written
networks can reveal only part of the structure of strong Es layers  as (Whitehead, 1961)

(foEs > 14 MHz) (Sun WJ et al., 2018). GNSS total electron content Vcos/sinl+ (vi/w;)Ucos|

(TEC) data cannot reveal the structure of Es layers with relatively Ve = 1+ (vi/w)? ! (1)
low electron density. In fact, most Es layers have intensities below

10 MHz (Zhou C et al., 2017) and cannot even be detected by where v;/w; is the ratio of the ion—neutral collision frequency to
ground-based GNSS observation networks. Second, as mentioned the ion gyrofrequency, / is the magnetic inclination, and V and U
above, Es layers do not exhibit a single horizontal orientation are southward and eastward neutral winds, respectively.

(Maeda and Heki, 2015; Sun WJ et al.,, 2021). They can be elongated
in the NW-SE or the NE-SW directions.

The v;/w; as a function of altitude is given by Nygrén et al. (1984)
and Mathews (1998). Taking the v;/w; over Wuhan (114.4°E, 30.5°N)
Therefore, this paper aims to investigate whether or not the back- as an example, as shown in Figure 1a, its value is 1 at around
ground neutral winds can form a large-scale ion convergence 123 km where the convergence efficiency of the zonal wind shear
structure that supports the formation of an Es layer. We then and meridional wind shear is equivalent. At altitudes above

further study the horizontal structure characteristics of the ion 123 km, the meridional wind, which moves ions along geomag-
convergence regions. A primary difficulty in simulating their hori- netic lines, works more efficiently. At heights below 123 km, the
zontal structures is the lack of continuous and wide-area atmo- zonal wind shear mechanism becomes dominant (Haldoupis,
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Figure 1. An example of the input parameters used to simulate the horizontal structure of the ion convergence region at 00:00 UT on July 25,
2008, over Wuhan (114.4°E, 30.5°N). (a) The altitude profile of the ratio of the ion—neutral collision frequency to the ion gyrofrequency. (b) The
altitude profiles of zonal (U, red line) and meridional (V, blue line) winds. (c) The altitude profile of vertical ion convergence intensity (VIC). VIC > 0
represents ion convergence.
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2011). The magnetic field parameters are obtained from the Inter-
national Geomagnetic Reference Field (IGRF 11) model (Finlay
et al,, 2010). The neutral winds, V and U, in the altitude range from
90 to150 km, are derived from the WACCM-X model. Figure 1b
shows the zonal (U, red line) and meridional (V, blue line) winds at
00:00 UT on July 25, 2008, over Wuhan. Markers represent raw
data derived from the WACCM-X model. The zonal (meridional)
winds are eastward (southward) at low altitudes and westward
(northward) at high altitudes, suggesting that there is a negative
gradient in the vertical shear of neutral winds, which is favorable
for the formation of Es layer.

The vertical ion convergence (VIC) can be represented by the
gradient of ion vertical velocity (Shinagawa et al., 2017).

oV, Y, <0
_ 0z’ oz !
VIC = i o @)
, 2 20
aV;

where z is the altitude. —-——2 5 ¢ indicates that the wind shear

supports the formation of azn Es layer. In this study we use the
VICnax @s shown in Figure 1c¢, to represent the wind shear conver-
gence capability at a fixed location. The horizontal structure of the
ion convergence region can be revealed by calculating the VICyax
for each geographic location.

3. Results

3.1 Example of the HSICR

In this case, we have presented an example to give an intuitive
image of the HSICR. Figure 2 (left panels) shows the contour maps
of zonal winds at different altitudes over East Asia at 00:00 UT on
July 25, 2008. On the one hand, there are eastward and westward
winds exhibiting in different areas at a fixed altitude. On the other
hand, the magnitudes and directions of the zonal winds change
as the altitude increases from 106 km to 118 km. For example, the
eastward winds dominate at low altitudes, while westward winds
dominate at high altitudes. This suggests the existence of a
convergent wind shear region that supports the formation of an
Es layer. Similarly, Figure 2 (middle panels) also conforms to the
meridional wind shear mechanism. There is a negative wind gradi-
ent from low to high altitudes, which supports the formation of an
Es layer. Figure 2 (right panels) shows the VIC regions based on
Equations (1) and (2). The VIC regions exhibit large-scale features
characterized by frontal structures typically elongated in the NE-
SW direction. The simulated VIC regions can cover around 10—40
degrees in the longitudinal direction.

Figure 3 displays the HSICR over East Asia at 00:00 UT on July 25,
2008. The HSICR shows a large-scale structure spanning about 50
degrees in longitude and 30 degrees in latitude. The shape of the
HSICR is elongated in the NE-SW direction, as indicated by the
white dashed line.

We used four ionosondes and Constellation Observing System for
Meteorology, lonosphere, and Climate (COSMIC-1) satellites to
check for the presence of Es layers over East Asia. The geographical
locations of the four ionosondes are indicated by pentagrams in
Figure 3. The ground tracks of the tangent point locations of the

observation profiles recorded by COSMIC at the altitude of
70-150 km are denoted by black short lines (a—I). We use S4 > 0.3
(scintillation index) and f,Es > 3 MHz to check for the existence of
an Es layer (Qiu LH et al, 2021a, b). Figure 4 shows that all S4
observation profiles (a—I) display strong enhancement at 100-
110 km altitudes. Furthermore, all S4max given in Table 1 are
greater than 0.3, which means that the Es layers are likely to be
recorded in these occultation events. At the same time, the f,Es
recorded by the four ionosondes also exceeded 3 MHz. These
observations indicate that there may be an Es layer covering
90-150 degrees in longitude and 15-40 degrees in latitude. In
addition, the ion convergence region covers most of the observed
tracks, suggesting that the HSICR plays a key role in the layout of
an Es layer.

3.2 Statistical Results

First, using data from the two ionosonde instruments located in
Beijing and Wuhan, we examined the wind shear theory and
confirmed that there is a close connection between the Es layer
and vertical ion convergence. Second, we analyzed statistically
the shapes and horizontal orientations of HSICRs derived from the
WACCM-X model for the period from June 1 to August 31, 2008.

Figure 5 display the mean daily variation of f,Es and VICyax based
on these three months of data. The red and blue lines represent
the f,Es recorded by ionosondes and the VIC.x derived from
WACCM-X, respectively. Both the observed f,Es and the simulated
VICmax have daily two peaks over Wuhan (Figure 5a) and Beijing
(Figure 5b). One peak is around 2:00 UT and the other peak is
around 15:00 UT. The agreement between the f,Es and VICpax
suggests that the vertical neutral wind shear is a major factor in
the formation of Es layers.

The features of HSICRs at 2:00 and 15:00 UT were statistically
analyzed. Based on the characteristics of shape and horizontal
orientations, the results are classified into four categories: HSICR
elongated in NW-SE (A type), HSICR elongated in NE-SW (B type),
HSICR of indeterminate shape (C type), HSICR exhibiting no vertical
ion convergence (D type). Figure 6a shows the A-type HSICR
appearing in the range of 70°E-100°E and 10°N—35°N. Figure 6b
displays the B-type HSICR. Figure 6¢ displays the C-type HSICR,
which has multiple ion convergence regions with different hori-
zontal orientations. Figure 6d shows the D-type HSICR with very
low VIC, which does not support the formation of Es layers.

Figure 7 is a histogram showing the frequency of each of the four
categories of ion convergence region at the two daily peak times.
Red indicates HSICR type counts at 2:00. Blue indicates counts at
15:00 UT. First, 77% of these events exhibit high vertical ion
convergence, capable of supporting Es layer formation (A, B, C
types). 23% of them (D type) do not meet the required conditions.
Second, of those with high vertical ion convergence, the orienta-
tion of 63% is horizontal. Third, the events without ion convergence
(D type) are more frequent at 15:00 UT (night time; LT = UT + 8)
than that at 2:00 UT (day time). This is because the wind shear
intensity at 15:00 UT is weaker than that at 2:00 UT (Figure 5),
which agrees with previous results obtained from the HWM14
model (Qiu LH et al., 2021a).

Figure 8 displays the horizontal orientations of HSICRs (A and B

Qiu LH and Yu T et al.: Horizontal structure of convergent wind shear in the MLT region
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Figure 2. Contour maps of zonal (left panels) and meridional (middle panels) winds at different altitudes over East Asia at 00:00 UT on July 25,

2008. The eastward and southward are positive, respectively. (Right panels) Horizontal structures of vertical ion convergence regions.

types). The black lines represent the fronts of HSICRs. Figures 8a
and 8c display the A-type HSICRs superimposed on the map at
2:00 and at 15:00 UT, respectively. The HSICRs show frontal struc-
tures elongated in NW-SE direction, spanning around 90°E—120°E
and 10°N—40°N. Figures 8b and 8d show the B-type HSICRs at
2:00 and 15:00 UT, respectively. The HSICRs are characterized by
their frontal structures, appearing mainly around 90°E—130°E and
10°N—40°N, elongated in NE-SW direction.

geomagnetic fields, metallic ions, and electric fields (Whitehead,
1961; Nygrén et al., 1984; Arras et al., 2013; Andoh et al., 2022). Of
these, vertical wind shear and magnetic fields are the main factors
controlling the dynamic process of Es layer formation in the mid-
latitudes. The electric field is the main factor in equatorial Es layer
formation (Abdu et al., 2014; Moro et al., 2017). In this study, we
focus on the East Asia area (60°E—150°E and 10°N—60°N). The
vertical Fe* velocity,

4, Discussion

The formation of Es layers is related mainly to neutral winds,

Vi, =

@

Vi

_r (stin Ocos 0 + (5) U,cos 6),
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Figure 3. The horizontal structure of the ion convergence region (HSICR) over East Asia at 00:00 UT on July 25, 2008. The pentagrams represent

the four ionosondes located at Wuhan, Beijing, Yamagawa, and Kokubuniji, respectively. The black short lines (a—I) indicate the ground tracks of

the tangent point locations of the observation profiles recorded by Constellation Observing System for Meteorology, lonosphere, and Climate

(COSMIC-1). The white dashed line represents the orientation of the HSICR.
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Figure 4. The scintillation index (S4) profiles obtained from the
Constellation Observing System for Meteorology, lonosphere, and
Climate (COSMIC-1) satellites around 00:00 UT on July 25, 2008.

mainly depends on the neutral winds and magnetic fields.

The simulation results in this study show the various shapes of
HSICRs. The shapes of HSICRs can be elongated in the NW-SE
(Figure 6a), NE-SW (Figure 6b), or can occur in a broad area
composed of individual patches (Figure 6c). Besides, the
histogram of the angles between the north direction and the
HSICR fronts (black lines in Figure 8) is also shown in Figure 9a.
Clockwise is positive. It can further indicate that the dominant
orientations of HSICRs are NW-SE and NE-SW. Using the dense
GNSS observation networks over China, Sun WJ et al. (2021)
revealed that the most Es layers are elongated in NW-SE (Figure
9b), which mainly consistent with A-type HSICRs. Maeda and Heki

Table 1. Basic parameters of the ionosondes and radio occultation
profiles used in Figure 3.

Stations and tracks Longitude Latitude UT (h) foEs and S4max

Beijing ~116°E ~40°N  00:00 6.32 MHz
Wuhan ~114°E ~30°N  00:00 3.99 MHz
Yamagawa ~131°E ~31°N  00:00 4.88 MHz
Kokubunji ~140°E ~36°N  00:00 3.60 MHz

a ~89°E ~15°N  23:56 0.55

b ~90°E ~15°N  00:29 0.73

C ~107°E ~13°N 2344 0.37

d ~93°E ~26°N  00:14 0.76

e ~98°E ~27°N  00:08 0.50

f ~99°E ~31°N  00:13 0.34

g ~107°E ~29°N  00:02 0.90

h ~131°E ~29°N  00:08 0.56

i ~115°E ~40°N  00:24 1.59

~146°E ~58°N  23:29 0.98

k ~86°E ~56°N  00:05 0.49

| ~100°E ~59°N  00:53 0.79

(2015), using the dense GPS observation networks in Japan,
showed that the Es layers are elongated in NE-SW and E-W, which
are agree with the B-type HSICRs. Andoh et al. (2021) simulated
several events for the temporal evolution of 3-D structures of
metal ions layers, and their results also agree with our A, B, and C-
type HSICRs. However, due to the inconsistency of the previous
observation results, more observations and simulations (i.e.,

Qiu LH and Yu T et al.: Horizontal structure of convergent wind shear in the MLT region
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Figure 6. Four examples of horizontal structure of ion convergence regions (HSICRs). (a) HSICR elongated in the northwest—southeast (A type).
(b) HSICR elongated in the northeast—southwest (B type). (c) HSICR exhibiting multiple ion convergence regions with indeterminate horizontal
orientations (C type). (d) HSIR exhibiting no vertical ion convergence (D type).
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America sector, several years of data) need to be further carried
out to find out the horizontal structures of Es layers.

Although the Es layers recorded by the ground-based GNSS
observation networks are long strip-like shapes, they are very

35 T T T T

30 29 29

27 26
I 18
r I13
0

A type B type Ctype

Number of HSICRs
- - N N
o w o w

w

D type

Figure 7. Histogram of the four categories of ion convergence
region. Red and blue represent the numbers of each type of
horizontal structure of ion convergence region (HSICR) at 2:00 and
15:00 UT, respectively.
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narrow and look very slender (Maeda and Heki, 2015; Sun WJ et al.,
2021). The simulated HSICRs (Figure 3) are also elongated but
appear relatively wider than the Es layers recorded by the ground-
based GNSS observation networks. The reason is that ground-
based GNSS observation networks can detect only the stronger Es
layers (f,Es > 14 MHz) (Sun WJ et al.,, 2018) and thus cannot reveal
the edge structure of Es layers with relatively low electron density.
Essentially, ground-based GNSS observation networks show only
a small portion of Es layers. Deacon et al. (2022) demonstrated a
full-scale Es layer case based on amateur radio signal reports. The
Es layer extended along the NE-SW direction and was relatively
wide, which agrees well with the HSICR shown in Figure 3.

In addition to the HSICRs elongated in the NW-SE and NE-SW,
some HSICRs lack specific horizontal orientation (Figure 6¢). These
HSICRs may consist of multiple small-scale convergent regions.
This means that scattered Es layers can appear randomly in differ-
ent geographical areas, which may be one reason why Es layers
appear sporadically. Rice et al. (2011) detected Es layers using
oblique HF propagation from existing transmitters. The observing
network showed that an Es layer can rapidly appear or disappear
over an area of several hundred kilometers.

The HSICR is a good reference for revealing the horizontal structure
of an Es layer, especially when direct observation of the layer’s
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Figure 8. Orientations of the horizontal structures of ion convergence regions (HSICRs. A-type HSICR elongated in the northwest-southeast; B-
type HSICR elongated in the northeast-southwest. (a and c) A-type HSICRs at 2:00 and 15:00 UT, respectively. (b and d) B-type HSICRs at 2:00 and

15:00 UT, respectively.
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Figure 9. (a) Histogram of angles between the north direction and the HSICR (horizontal structure of ion convergence region) fronts. (b)
Histogram of angles between the north direction and the orientation of Es layers observed by the ground-based GNSS observation networks (Sun

Wl et al,, 2021). Clockwise is positive.

horizontal structure is lacking. The agreement between f,Es and
VIC (Figure 5) also indicates that vertical ion convergence is a
major factor in controlling the occurrence and disappearance of
Es layers. However, the neutral wind shear is not the only factor
driving formation of Es layers. The VIC has an obvious peak
around 15:00 UT, but the f,Es peak at that time is weak (Figure 5b).
Es layers can be modulated also by background metallic ion distri-
bution and gravity waves (Hocke and Tsuda, 2001; Didebulidze
et al,, 2020; Chen G et al., 2021; Wang J et al,, 2021) connected
with tropospheric convective activities. The impacts of metallic
ion distribution and gravity waves on the Es layer structure and
formation need to be studied in the future. In addition, day-to-day
variability of HSICRs needs to be further investigated by using the
WACCM-X model nudged by the MERRA-2 data reanalysis method
(Modern-Era Retrospective analysis for Research and Applications,
version 2, Bosilovich et al., 2015). Moreover, the roles played in the
formation of HSICRs by various tidal components and the interac-
tion of tides with other large-scale waves need to be distin-
guished.

5. Conclusion

This study investigated the HSICRs over East Asia by using the
WACCM-X model applied to the period from June 1 to August 31,
2008. The simulation produced HSICRs elongated in the NW-SE, in
the NE-SW, or composed of individual small patches. These elon-
gated HSICRs have large scales of 10-30 degrees in longitude,
which agrees with horizontal structures derived from Es layer data
from ground-based GNSS observation networks and amateur
radio signal reports. The good agreement between f,Es and
VICmax indicates that the large-scale shapes of Es layers can be
explained through the geographic distribution of HSICRs.

Data Availability statement

The WACCM-X model source code can be found at (https://www?2.
hao.ucar.edu/modeling/waccm-x). The F3/C data were provided
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