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Key Points:
e We investigated the E; layer by analyzing amateur radio data.

e The horizontal structure of the E; layer mainly elongates in an east—west direction.
e The E layer shows a northeast—southwest movement at speeds of 50—200 m/s.
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Abstract: The E; layer is a thin layer that concentrates metallic ions in the mesosphere and lower thermosphere (MLT) region. When it
occurs, it can affect the performance of the Global Navigation Satellite System and high/very high frequency (HF/VHF) radio
communications. Previous studies mainly focused on the one-dimensional structure of E; layer in the vertical direction. However, due to
the limitation of observations, the horizontal structure of E; layers is not yet fully understood. This study investigated the horizontal
structure of E layers using amateur radio data in the European sector during the summer of 2020. Statistical analysis shows that the
horizontal structure of E layer is mainly elongated in the east—west direction. In addition, we investigated the dynamics of the E; layers,
which primarily propagates in the northeast—southwest direction with a speed of 50-200 m/s. The results provide us a way for obtaining
the horizontal structure and dynamic features of E; layers, which can help improve our understanding of the formation and evolution of

E; layers.
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1. Introduction

Sporadic E (E;) layers are thin layers of high electron density in the
mesosphere—lower thermosphere (MLT) region (e.g., Smith, 1978;
Whitehead, 1989; Mathews et al., 1993; Johnson and Killeen, 1995;
Mathews, 1998; Haldoupis, 2011; Vincent, 2015). They appear
occasionally at altitudes of ~100 km (e.g., Smith, 1957; Smith and
Mechtly, 1972; Haldoupis et al., 2007; Haldoupis, 2011) and typically
have a horizontal extent of between 10 km and a few hundred km
(From and Whitehead, 1978; Maeda and Heki, 2014; Sun WJ et al.,
2021). Previous studies show that the E; layers can interfere with
high-frequency (HF) communication, radar and communication
systems at Ultra High Frequency (UHF), and satellite radio signal
scintillation (Miya et al., 1978; Miya, 1996; Smith and lIgarashi,
1997; Yeh et al., 2012; Yue XN et al., 2016; Sakai et al., 2020;
Hosokawa et al., 2021).

Traditionally, E; layers are mainly monitored through ionosondes,
rockets, incoherent scatter radar (ISR), GNSS satellite radio occul-
tation (RO), and GNSS receivers. ISR captures the detailed structure
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and evolution of E; layers (e.g., Smith, 1978; Christakis et al., 2009;
Haldoupis, 2011), but ISR observations are rare. Rockets can
provide in situ measurements of ion and electron concentration
(e.g., Smith and Mechtly, 1972; Kopp, 1997; Grebowsky and Bilitza,
2000), but their launches are restricted in time and location, and
also very expensive. lonosondes are cost-effective and can monitor
the evolution of E; layers continuously (e.g., Baggaley, 1985;
Haldoupis et al., 2006; Reinisch and Galkin, 2011; Sun WJ et al,,
2018; Qiu LH et al., 2021; Wang J et al,, 2021; Sun YY et al., 2025).
However, their distribution is limited primarily to the ocean and
desert areas. Radio occultation (RO) observations can be used to
study the global distribution and seasonal variations of E layers
(e. g, Arras et al.,, 2008; Yeh et al., 2012; Arras and Wickert, 2018;
Tsai et al, 2018; Qiu LH et al,, 2019; Yamazaki et al., 2022), but
could not obtain the time evolution or structure of E layers
continuously over a region.

At present, many investigators study the horizontal structure of E
layers over Asia by using the GNSS receiver network (e. g., Maeda
and Heki, 2014, 2015; Sun WJ et al., 2018, 2021; Saito et al., 2021).
Maeda and Heki (2014), for the first time, presented one E; layer
observed by GNSS over Japan. Maeda and Heki (2015) then
analyzed the statistical characteristics of the E; layer structure,
which mainly elongate in the NE-SW direction and move to SW
and NW at speeds of 30—100 m/s. By analyzing the GNSS TEC over
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China, Sun WJ et al. (2018) also showed that the E; layers elongate
in the NW-SE direction, along with SW and NE movement at
speeds of 50-200 m/s. The E; layer structure is very large, more
than 1000 km in width.

Recently, because of its wide geographical and temporal cover-
age, amateur ham radio data has provided a new approach to
exploring ionospheric phenomena (e. g., Rice et al,, 2011; Frissell
et al, 2014, 2018, 2019, 2022; Deacon et al., 2019, 2021, 2022). By
analyzing amateur ham radio data, Deacon et al. (2022) proposed
a new way of observing E; layers, and presented two instances of
E, layers over Europe for over an hour, subsequently merging and
then slowly dispersing.

In this study, using the method proposed by Deacon et al. (2022),
we investigated the horizontal structure of E; layers by amateur
radio data in 2020 over the Europa region. Furthermore, the
movement characteristics of E layers are also statistically analyzed
to show their dynamic evolution.

2. Data and Methodology
In this study, amateur radio data is observed by the Weak Signal
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Propagation Reporter Network (WSPRnet). By using the FT8 mode
communication, the WSPRnet website can monitor and log weak
signals across amateur radio bands. Each data point includes the
callsigns of the transmitting and receiving stations, as well as the
time, frequency, station locations, and so on.

Based on the approach proposed by Deacon et al. (2022), signals
transmitted by amateur radio stations within the 28-70 MHz
frequency range (specifically 28, 50, and 70 MHz bands) and
exhibiting communication distances between 750 km and
2500 km were identified as potential indicators of E; layer propa-
gation. The communication distance is selected to eliminate
possible influence from the ground wave, tropospheric scatter,
and multi-hop echoes. The selected signal of E layer could then
be mapped into the midpoint location of the transmitter and
receiver. Figure 1 shows the locations of transmitters (red penta-
grams) and receivers (blue circles) of the amateur ham radio
stations over Europe. The distribution covers the main part of
Europa region and shows that it is wide enough to study the E;
layer. The black triangle represents the ionosonde stations, the
name and locations of which are shown in Table 1.
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Figure 1. Amateur radio transmitting (red pentagrams) and receiving (blue circles) stations in Europe from 13:10 to 13:20 UT on June 6, 2020.
The purple dots show the midpoint of the transmitter and receiver, and the black triangle represents the ionosonde station.

To verify the reliability of the method, Figure 2 shows the MUF
(Maximum Usable Frequency) of the F layer and the E; layer
derived from ITU-R 1240 and ITU-R 533-8 (the f,E is replaced by
foEs), respectively. The critical frequency of the ionospheric F;
layer (foF2) is 7 MHz, the ratio of the maximum usable frequency at

Table 1. Names and exact locations of the five ionosondes.

NAME Longitude (°E) Latitude (°N)
JRO55 134 54.6
FFO51 -1.5 51.7
PQ052 14.6 50.0
RLO52 -0.6 515
DB049 4.6 50.1

a distance of 3000 km to the f,F, (M(3000)F,) is 3.6 MHz, the
height of the E; layer (h’Es) is 110 km and the critical frequency of
the E; layer (f,Es) is 3, 5, 6, 8 MHz, which is often observed by
ionosondes (RLO52, —0.6°E, 51.5°N). The results show that the
communication frequency through the F layer (black line) is lower
than 28 MHz (gray dash line). In other words, when the frequency
is higher than 28 MHz, it is impossible to communicate by the F
layer within 2500 km. When the fiEs is higher than 6 MHz, the
communication frequency from the E layer can be higher than
28 MHz at a distance greater than 1500 km (orange line). If f,Es is
8 MHz, a shorter distance can support the communication of
28 MHz. The results suggested that the E; layer signal can be iden-
tified by choosing the signal with a frequency higher than 28 MHz,
and a communication distance of 750—2500 km. To further verify
this method, we selected signals with a midpoint near the
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Figure 2. Maximum Usable Frequency (MUF) of F layer and E; layer. MUF of F layer with f,F, = 7 MHz is showed with black line and the MUF of E
layer are shown with red line (f,Es = 8 MHz), orange line (f,Es = 6 MHz), green line (f,Es = 5 MHz) and blue line (f,Es = 3 MHz).

ionosonde (DB049, 4.6°E, 50.1°N) and statistically analyzed them
in Table 2. The table shows the number of E; layers observed by
ionosonde with f,Es from 3 MHz to 9 MHz (foes_num), the amount
of communications supported by these E layers (Ham_num), and
their ratio (Ham_num/foes_num). It is noted that the ratio
becomes higher when the f,Es is larger, which suggests that the
dense E; layer can support more communication than the ordinary
E; layer. Any foEs lower than 3 MHz is ignored.

3. Results

Figure 3 shows the E; layer signal recorded by amateur radio and
ionosondes during the period from 10:40 to 10:50 UT on June 3,
2020. The purple dots indicate the midpoints of all amateur radio
frequencies, while the red dots indicate the identified E; layer
signal. The signals detected by amateur radio stations in the
28—70 MHz range (specifically 28/50/70 MHz bands) and exhibiting
communication distance within 750-2500 km. Black triangles
represent the ionosondes. The Figure 3 shows that the E; layer
signal occurred mainly around 55°N. It had a NE-SW elongation
and had a horizontal scale of ~2000 km. Note that a strong corre-
lation was observed between elevated f,Es values and the spatial
coincidence of intense E; layer events with ionosonde locations,
whereas stations outside these regions showed no significant

enhancement. The results show that the behavior of f,Es recorded
by the ionosondes agrees with the E; layer signal recorded by the
amateur radio network.

Figure 4 shows the E; layer indicated from the amateur radio data
and the f,Es recorded by ionosondes from 10:00 to 15:00 UT on
August 8, 2020. Initially, the E; layer signal occurred near 55°N. The
ionosonde was not covered by the E; layer signal and showed a
low f,Es value (about 4 MHz) that may not support the communi-
cation of amateur radio frequency of 28 MHz as shown in Figure 2.
The E; layer then moved southward, arriving near 50°N at 11:00
UT. During this period, the E layer signal reached the ionosonde
that showed a higher f,Es. Thereafter, the E; layer signal passed
over the ionosonde which had a large f,Es value with about 8MHz
at 12:00—-13:00 UT. The large f,Es can support the communication
of amateur radio at 28 MHz. As the E; layer continued to move
southwest slowly, the E; layer signal moved away from the
ionosonde that had a decreased f,Es. By 14:00 UT, the E layer
signal had moved beyond the region observed by the ionosonde.
In Figure 5, we also show the ionograms recorded during the
same period. The results show that the E; layer observed by the
ionosonde became larger when it was covered by the E; layer
signal observed by the Ham data, especially during 11:00 UT to
14:00 UT.

Table 2. The number of E; layers in 2020 observed by ionosonde (DB049) with f,Es from 3MHz to 9MHz (foes_num), the amount of
communications supported by these E; layers (Ham_num), and their ratio (Ham_num/foes_num) in 2020.

foEs (MHz) foes_num Ham_num Ham_num/foes_num
3 17159 16535 0.96
4 5936 21549 3.63
5 3053 28269 9.26
6 1326 21274 16.04
7 517 12949 25.05
8 337 10825 32.12
9 269 10279 38.21
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Figure 3. Elayer indicated by amateur radio (purple and red dots) and ionosondes at 10:40—10:50 UT on June 3, 2020. The purple dots show the
midpoints of all amateur radio frequencies. The red dots indicate the E; layer signal specifically. The triangles represent the ionosondes.
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Figure 4. The evolution of E layer signal as indicated by the amateur radio data and its comparison with the ionosondes at 10:00—15:00 UT on

August 8, 2020.
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Figure 5. The ionograms recorded during 10:00—15:00 UT on August 8, 2020 in FF051 station. The horizontal axis is the frequency, and the unit is

MHz. The vertical axis is the height and the unit is km.

Figure 6 presents another case study showing the behavior of E
layer signal and f,Es at 6:30—11:30 UT on July 19, 2020. The plot
shows that the E; layer was initially observed around 55°N, which
did not overlap with the ionosonde showing a low f,Es. At 8:30
UT, the E; layer signal reached 50°N, covering the ionosonde that
showed a higher f,Es value (about 5-6 MHz). As the E; layer
continued to move, the ionosonde became uncovered by the £
layer signal again and showed a decrease in f,Es behavior. At
11:30 UT, the E layer moved beyond the ionosonde region.

To identify the elongation and velocity of E layers, a statistical
analysis was performed, analyzing the 1546 cases recorded by
amateur radio over Europe in 2020. We translated the centers of
all E; events to the coordinate origin, superimposed these events,
and analyzed the statistical patterns of E; extension directions and
spatial distributions. We calculated the geographic centroid of all
observed E; layer occurrences within specific time intervals. By
tracking the movement of this centroid over time, we were able to
estimate the overall drift and velocity of the E layers.

The statistical results, as shown in Figure 7, illustrate that the E
layer mainly occurred in the daytime and the summer months.
The E; layer structures were elongated primarily in the east—west
direction, mainly moving southwestward at an average speed of
50-200 m/s.

4, Discussion
The statistical results show that E, layer structures comprise two

main types. In one case, the E; layer structure could be elongated
in a NE-SW direction, which mainly agrees with previous E; layer
behavior recorded by the GNSS observation network in Japan
(Maeda and Heki, 2015). On the other hand, the E; layer structures
could be elongated in a NW-SE direction, which agrees with the
observations of Sun WJ et al. (2021).

Note that the structure of the E; layer observed by amateur radio
as shown in the study is wider than that recorded by GNSS, which
is a rather narrow band layer. GNSS can mainly identify dense £
layer (f,Es > 14 MHz), whereas amateur radio’s ability to identify
the much weaker E; layer signal (f,Es >6 MHz) may contribute to
the difference.

The wind-shear theory proposed by Whitehead (1961) is the main
formation mechanism used to describe the mid-latitude E; layer
formation. The wind shear theory has been well confirmed by
observations and simulations (e.g., Yuan T et al., 2014; Cai X et al.,
2019; Qiu LH et al., 2019; Yu BK et al,, 2019; Yamazaki et al., 2022).
By analyzing the horizontal structure of the ion convergence
region (HSICR) from the Whole Atmosphere Community Climate
Model with thermosphere and ionosphere eXtension (WACCM-X
2.1), Qiu LH et al. (2023a) suggested that the E; layer structure
could have a NE-SW or NW-SE elongation. The HSICR is also wider
than the E; layer observed by the GNSS network, which agrees
with the E layer structure identified from the amateur radio data
in the present study. On the other hand, the E; layer behaving as a
NE-SW elongation shows a southwest movement at a speed of

Hao WY and Yu T et al.: Morphology and dynamics of sporadic E layers observed by amateur radio
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Figure 6. Same as Figure 4, but for the case at 6:30—11:30 UT on July 19, 2020.
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Figure 7. Statistical analysis of E layers over Europe in 2020 based on amateur radio data. The left panel shows the temporal distribution of £
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axis indicates the direction of movement. The color scale reflects the percentage of observations with particular movement characteristics.
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50-200 m/s (Figure 6). This also agrees with the results presented
by Sun WJ et al. (2021), which showed that the E; layer has a speed
of 30-210 m/s. However, Maeda and Heki (2015) suggested that
the drift direction of the E; layer is mainly SW and NW with a
speed of 30—100 m/s. As for the physics of the E; layer movement,
previous studies have confirmed that the vertical movement of
the E; layer is mainly controlled by the descent of wind shear node
controlled by atmospheric waves (Haldoupis, 2011; Qiu LH et al.,
2021, 2023b, 2023¢; Andoh et al,, 2022, 2023; Yu Y et al,, 2023). In
the horizontal direction, the movement of the E layer maybe also
controlled by the horizontal variations of the wind shear node,
which should be examined in the future.

5. Conclusion

In this study, we investigated the horizontal structure of E layer
by analyzing amateur radio data over Europe in 2020. Subsequent
statistical analysis of Es layer signal showed that the horizontal
structure of the E layer mainly elongates in an east—west direc-
tion. The E layer is not stationary, and shows a northeast—south-
west movement at speeds of 50—-200 m/s. The results captured
the horizontal structure and dynamics evolution of E; layer, which
also suggests that amateur radio data can serve as an effective
method for studying the E; layer morphology and behavior. The
studies of the dynamics of the E; layer may be helpful for early
warnings of ionospheric disturbances affecting HF/VHF radio
communications and radar operations..
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