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Abstract: The sporadic E (Es) layer is a thin layer of ion plasma enhancement in the E-region
ionosphere, typically at altitudes of 90-120 km with vertical and horizontal extent of several or
several tens of kilometers. As the transition region between the lower and upper atmosphere, this
layer is of critical importance for ionospheric studies. The most economical but effective method to
observe this layer is using ionosonde, which, however, is incapable of capturing the finer structure
or the internal inhomogeneity of the Es layer as the range resolution is on the order of kilometers.
To overcome this limitation, we employ the frequency domain interferometry (FDI) technique, a
technique that has been successfully applied to the analysis of some radar and sonar measurements.
Here, we use the Es layer measurements near Wuhan, China (114°22'E, 30°30’N) on 8 June 2021 as
examples to showcase the capability of this technique. Our results show that the spatial resolution of
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ionosonde imaging is remarkably increased: the complexity of the internal fine structure in the Es
layer can be well observed in the FDI-processed ionograms, whereas the intrinsic range resolution
is several kilometers. Moreover, by comparing the ionograms obtained with and without the FDI
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technique, it is found that the FDI-processed ionogram is particularly suitable for the observation
' ' of evolutional processes in the Es layer, as well as the identification of different types of Es layer.
the Sporadic E Layer Using the With this level of spatial resolution, ionosonde, in combination with the FDI technique, opens the
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possibility for more refined observations of the Es layer.
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1. Introduction

The sporadic E (Es) layer is a relatively thinner (compared to other layers of the
ionosphere) layer of enhanced ion plasma in the E-region ionosphere, typically at altitudes
of 90-120 km with a vertical extent of several kilometers and a horizontal extension of
several tens of kilometers [1].

The formation of the Es layer can be well explained by the wind shear theory and
the convergence of metal ions [2—4]. Other than these, shear instabilities, tidal, planetary,
or gravity waves, meteors, and thunderstorms could somewhat influence the electron
density distribution in the Es layer as well [5-7]. For example, the Kelvin—-Helmholtz
instability (KHI) can lead to a billow structure and a polarization electric field in the Es
layer [8,9]. Tidal and planetary waves can give rise to periodic vertical fluctuations in the
Es layer [10,11]. Gravity waves can modulate the Es layer and cause distortions along
both horizontal and vertical directions, which are ultimately recorded as quasiperiodic
backscatter echoes in the very-high-frequency (VHF) range [12,13]. The seasonality of the
Es layer is well related with the occurrence of meteors [14], and, as has been reported
numerously, the Es formation in the mid-latitudes is also closely related to the sporadic
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metal layer [15]. The correlation between the spread F-region ionosphere, thunderstorms,
and Es layer has implications for the coupling between the upper and lower layers of the
Earth’s atmosphere as well [16]. Considering these, as the transition region between the
lower and upper atmosphere, the morphological structure, composition, and temporal
evolution of the Es layer has been the main focus of various theoretical and observational
studies, and improving the spatial resolution of Es layer measurements is critical for better
understanding the formation and evolution mechanism of the Es layer, as well as the
above-mentioned atmospheric processes.

Up to now, although extensive observational efforts have been made, the vertical
structure of the Es layer still remains insufficiently investigated due to its transient nature
and limitations in observation techniques. By analyzing the in situ data measured during
the campaign of Sporadic E Experiment over Kyush (SEEK), Mori and Oyama found that the
Es layer can exhibit a complicated multiple layer structure at altitudes with the separation of
10-12 km [17-19]. This multilayer structure was later confirmed by Damtie et al. using the
radio sounding data collected by the European Incoherent Scatter (EISCAT) radar [20]. The
authors have specifically found that the electrons in the Es layer were distributed at multiple
fine layers with spatial intervals of 1-2 km, and during the downward drifting phase, these
fine layers were merged into a single layer. Using the EISCAT data, Turunen et al. have
further investigated the undulating movement of the Es layer along the vertical direction
and revealed that this layer could be compressed by plasma streams and degenerated
owing to the fluctuations in the neutral atmosphere [21].

Along the horizontal direction, the Es layer is also found to exhibit many variations,
and a “blanketing” or “patchy” structure is found in most cases [22]. The Es layer can
be reconstructed via ionosonde using the critical reflection frequency and the direction of
arriving waves, which can be utilized to image the embedded structure of field-aligned
irregularities (FAIs) in the Es layer [23,24]. The incoherent scatter radar (ISR) images
recorded by Hysell et al. have shown that the Es layer at middle latitudes could exhibit
both cloud-like and wave-like structures [25]. As for the Es layer at higher latitudes, for
example, in Alaska, Hysell et al. have revealed a two-dimensional “patchy” and “stripe”
structure [26]. In addition to radar imaging, the Es layer has been extensively studied using
measurements from space, for example, the Global Positioning System (GPS) [27], using
the total electron content (TEC) anomalies [28].

Compared to other types of Es layer measurements, for example, ISR and GPS,
ionosonde has the advantage of providing persistent observation at a relatively low cost.
In particular, compared with ISR, large antenna array and great transmission power are
not required, and unlike GPS, the bottom-up sounding of the ionosonde is not affected by
the F layer, and even weak Es layers can be observed. However, the inhomogeneity of the
fine structure of this layer cannot be well captured due to the poor range resolution of the
ionosonde, and its applicability in studies of Es layer formation and evolution is limited.
To overcome this limitation represents the main goal of this study and, for this purpose, we
utilize the frequency domain interferometry (FDI) technique. We show that this technique,
which was originally developed for the analysis of radar and sonar measurements [29],
is also applicable to ionosonde measurements. In the following, we explain how this
technique is utilized to process ionosonde data, and we use several examples of Es layer
measurement to showcase the resolution improvement obtained using this technique.

2. Experiment Setup and Methods
2.1. Instruments and Experimental Setup

The ionosonde used in this study is a miniature version of the Wuhan Ionospheric
Sounding System (WISS), as developed by the Ionospheric Laboratory of Wuhan Uni-
versity [30]. It specifically uses a 16-bit complementary coded sequence to modulate the
high-frequency (HF) signals with a peak power of 500 watts and performs vertical inci-
dence sounding. The transmission duration for any coded chip is 25.6 microseconds (is),
corresponding to an intrinsic range resolution of 3.84 km. In regular mode, each frequency-
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sweep sounding was performed for a total duration of ~3 min at frequencies from 2 to
20 megahertz (MHz) with steps of 0.05 MHz. The number of accumulations was set to
be 32. After a 12 min interruption, the typical sounding period of the frequency-sweep
detection was 15 min, which is sufficient for general ionospheric observation missions.
The WISS uses an inverted-V-shaped antenna for signal transmission and another 30 m
three-wire antenna for signal reception. Therefore, during conventional detection, ordinary
(O) and extraordinary (X) modes of ionogram echo traces can be distinguished using image
processing [31]. It is worth mentioning that WISS has been widely deployed in China and
provides reliable data for various ionosphere studies [32].

To ensure good coherence, i.e., reflection of adjacent frequencies at the same height,
the frequency step of the ionosonde was set to be 10 kilohertz (kHz) during this experiment.
The number of accumulations at each frequency point was 256 since this number provides
sufficient samples for the next-step FDI processing. The resident time of each frequency
point is about 4.19 s. We emphasize that the time consumption caused by smaller frequency
intervals would not significantly affect the Es detection since the Es layer at low and middle
latitudes, in general, can last for at least tens of minutes [14,26]. The sounding frequency
range in this experiment was set to be 2-4 MHz, as typically needed for good resolution
of the Es layer, also taking into account the acceptability of the time consumption. Thus,
the ionosonde sounding period was still approximately 15 min, which is consistent with
the conventional ionospheric vertical sounding period. Similarly, also in accordance with
the conventional ionospheric vertical measurements, short-term changes in the internal
structure of the Es layer during the detection period (15 min) are temporarily ignored.
Therefore, this paper is more inclined to reflect the relatively static inhomogeneity of the
fine structure of Es layer and the evolution process of a 15 min level. The experiments
reported in this study were performed near Wuhan, China (114°22'E, 30°30'N, geomagnetic
dip angle: 45°) on 8-9 June 2021. During this period, the Kp indexes are less than 2 [33],
which means a geomagnetically quiet day.

2.2. Es Layer Imaging Based on the FDI Technique

The FDI technique has been successfully applied to the analysis of atmospheric radar
measurements of ionospheric turbulence and FAls [34,35]. Good performance has been
obtained in general, although with the following drawback: while using a limited number
of frequency points to image a small vertical extent, the observation results can only reflect
the target response characteristics at a certain frequency band. To remedy this drawback,
different from previous radar studies, we first process the frequency-sweep-detected echoes
of the Es layer in a wide frequency range. The FDI technique of ionosonde data processing
is then applied in the following procedure.

The Es layer is assumed as a target with a slow movement and a narrow height
distribution; therefore, when a series of adjacent frequencies is used for sounding and the
changes in the Es characteristics in a short duration are ignored, the echo signal S,(t) of
frequency f is expressed as

Sp(t,r) = Aps(t —2r/c)-e 122/ tep )

where c represents the speed of light, A, represents the echo amplitude, s(-) expresses the
echo envelope, r is the radial distance, and ¢, is the initial phase. For a coherent radar
system such as the WISS, the initial phase of the transmission signal in a small frequency
band can be assumed to be the same; thus, for similar working frequencies, the echo phase
difference of the same target must meet the following condition:

ap =272 (af) @

where Af represents the frequency interval. The phase difference is only related to the
distance of the target and the frequency interval. The unambiguity range of the signal
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phase is 277, and subsequent processing is performed based on the order of the range gate;
thus, it is necessary to ensure that no phase ambiguity occurs within a range resolution
unit. The frequency step A fy during sounding should satisfy the following condition:

2
Ap =27 =L (Afo) S 27 = Afy < 5 3)
0

where 7 represents the initial range resolution of the ionosonde radial distance. This
resolution is 3.84 km for the WISS, indicating that A fop must be smaller than 39.0625 kHz.
The frequency step of 10 kHz selected in our experiment clearly meets the requirement.

The signal matrix for the echo signals of a certain frequency f, and the following k
adjacent frequencies f, ~ f, 1, (fp <4 MHz — k-Af) is constructed as follows:

S(67) = [yt Spea (1), Spntn)]| @)

where []T represents the matrix transpose. For each range gate, the echo data of each
frequency are extracted, and the covariance matrix Rg is calculated as Equation (5):

Rg =SSt /n ®)

where n = 256 is the accumulation number in our experiment, and []H represents the
conjugate transpose of the matrix. A range-dimensional steering vector is determined
based on the required resolution:

a(fp, 1) = [e—ﬂ”fp(zh/c), e 27 fpr1 (2V1/C), ..., o127 fpk(211 /C)]H
a(fp,r2) = [g*fZpr(%z/C), e 2mfps1(2r2/c) e*ﬂ”fﬁk(hz/c)]H
(6)

a(fp: T’m) = [e_ﬂ”fp(z”m/c), e*]‘ZTfpr (Zrm/c)l ., e*f27ffp+k(27rrr/c)]H

where 75 is defined as the expected resolution, and m = ry/rs represents the refined factor.
Therefore, based on the data of each range gate with the initial resolution, the spectrum
of the jth refined range unit can be estimated using the Capon method:

1
,':1,2,"',"’1 (7)
(1) Re Talfyr)?

The sounding range resolution can be increased by m times by scanning the range
spectrum. Essentially, it is a type of spectrum estimation method in the range dimension
that uses the coherence between the echo signals of the same target in the frequency domain.

In this study, we performed the frequency-sweep sounding of the Es layer using the
FDI technique in a frequency steeping mode. Considering the observational frequency
range of 2-4 MHz, the electromagnetic environments of each frequency were differed
slightly, possibly inducing severe interference during the spectral estimation. For enhanced
frequency scanning imaging, we normalized the spectral estimation results and used a
Gaussian window to perform range smoothing. Eleven adjacent frequencies were consid-
ered in one run of the spectral estimation (k = 11). The scanning step of the range spectrum
was set to 38.4 m (m = 100). Note that because the maximum frequency interval of the sig-
nals used in one imaging process was only 100 kHz, the difference in the phase-frequency
response of the system between the adjacent frequencies was not considered to induce
severe adverse effects to the range spectral estimation.

Inevitably, for a single-channel ionosonde, using a wide beam antenna, it is difficult to
have the capabilities of direction-estimating and beam-pointing. Naturally, it is impossible
to accurately locate the target position. In spite of this, it should be feasible to use this
method to monitor the inhomogeneity and complexity of the internal structure of the Es

b(fprrj) =
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layer. If the Es layer is dense and uniform, the imaging result should also be a narrow
thin line. This is because when the signal is not vertically incident, it will be reflected to
other directions and will not return to the ionosonde. On the contrary, if the Es layer is
inhomogeneous, due to the unsmooth lower boundary of the Es layer or the presence of
embedded irregularities, the diffuse range spectrum should be obtained.

3. Results
3.1. The Inhomogeneous Es Layer

Figure 1a shows the height—intensity ionogram of the Es layer measured near Wuhan,
China (114°22'E, 30°30'N) at 17:46 LT (UTC+8) on 8 June 2021. Figure 1b shows the
normalized energy at different altitudes and frequencies, while Figure 1c shows the FDI-
processed ionogram with a range resolution of 38.4 m. The FDI technique needs more than
one frequency point to ensure good coherence, and thus the frequency points close to the
upper boundary of present ionogram cannot be well imaged. As such, in this paper, only
the part of frequencies below 3.8 MHz were FDI-processed, which is shown in Figure 1b,c
for comparison.
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Figure 1. Height-intensity ionogram of the Es layer measured near Wuhan, China at 17:46 LT (UTC+8)
on 8 June 2021. (a) Conventional ionogram with an intrinsic range resolution of 3.84 km. (b) Ionogram
showing the normalized energy at different frequencies and altitudes. (c) Ionogram with a range
resolution of 38.4 m as obtained using the FDI technique.

According to International Reference Ionosphere (IRI) 2016 [36], at this time, the peak
height of E layer is 110 km and the critical frequency is 1.7 MHz; therefore, Figure 1 shows
a diffuse Es layer, for which imaging results do not focus on a certain range. The reflection
height corresponding to the strongest energy was approximately 107 km with the smaller
echoes distributed at altitudes of 103-123 km. It is clear from Figure 1a,b that, with the
intrinsic resolution of 3.84 km, it is almost impossible to recognize the fine structure and
diffusion features. In contrast, the echoes due to smaller-scale electron density irregularities
(as circled by the dotted blue line) are clearly shown in Figure 1c. The virtual height of
the sounding echoes dramatically changes at varying frequencies, as shown in Figure 1c.
A direct comparison between Figure 1a—c shows the improvement of spatial resolution of
the FDI technique. At the same time, it can also be observed from Figure 1c that this is a
highly inhomogeneous Es layer.

3.2. Quiet Es Layer

In addition to the diffuse Es layer shown in Figure 1, we have also examined the FDI
method during quiet Es conditions, as shown in Figure 2. Figure 2a shows an example
of quiet Es condition measured by WISS near Wuhan, China at 22:34 LT (UTC+8) on
8 June 2021. The echo trace of the Es layer is a clear and uniform straight line, indicating
that the Es layer is dense and stable at this time. In this sense, it can be regarded as quiet.
Figure 2a,b show the ionograms obtained without and with applying the FDI technique. The
corresponding range resolution is 3.84 km and 38.4 m, respectively. From the comparison
between these two panels, it is clear that the sounding echoes are almost flat at ~110 km
altitude as in the conventional ionogram (Figure 2a), while smaller-scale fluctuations are
resolved in the FDI-processed ionogram (Figure 2b).
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Figure 2. An example of quiet Es layer measured near Wuhan, China at 22:34 LT (UTC+8) on 8 June
2021. (a) Ionogram with an intrinsic range resolution of 3.84 km. (b) Ionogram with a range resolution
of 38.4 m as obtained using the FDI technique.

3.3. Short-Term Evolution of the Es Layer

Figure 3a shows the ionograms measured between 22:06 and 23:18 LT (UTC+8) on
8 June 2021. Figure 3b shows similar results, but obtained using the FDI technique with a
range resolution of 38.4 m. During this time interval, the echo trace was first compressed
and then expanded, implying that the Es layers are evolving from a thin layer to inhomoge-
neously distributed irregularities. This example somewhat resembles the event recorded
by Hysell et al. using ISR [29]. The evolutional process is hardly recognizable in the
conventional ionograms, whereas how it was compressed and expanded is clearly resolved
in Figure 3b.
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Figure 3. Drastic short-term evolution process of the Es layer within ~1 h. (a) Ionograms of the 3.84 km
range resolution at ~22:06-23:18 LT (UTC+8) on 8 June 2021, with an interval of 15 min. Although
obvious changes are observed in the Es layer, the details can hardly be observed. (b) Ionograms of
the 38.4 m range resolution. The evolution details are clearly observed. The compression process
of the Es layer proceeds at the same speed at each frequency; however, rediffusion starts at the

high-frequency band.
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3.4. Different Types of Es Layer

The proposed FDI technique is also particularly suitable for the identification of
different types of Es layer, especially in a relatively narrow frequency band.

Figure 4a shows the conventional ionogram measured at 19:56 LT on 8 June 2021.
Figure 4b shows the same event but obtained using the FDI technique. The echo trace at
frequencies of 2.4-2.7 MHz shown in Figure 4a is indicative of a multilayer structure, but
it is difficult to determine which type of Es layer was recorded. On the other hand, after
applying the FDI technique, it is found that the traces of the Es layers were connected and
the traces at 2.4-2.6 MHz exhibited a continuous “spike” shape; both features suggest a
c(cusp)-type Es layer according to the manual of ionogram scaling [37].
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Figure 4. Different types of the Es layer. Ionograms of a c-type Es layer measured near Wuhan,
China at ~19:56 LT (UTC+8) on 8 June 2021, with a range resolution of (a) 3.84 km and (b) 38.4 m.
The bottom two panels, (c) 3.84 km and (d) 38.4 m, show similar results, but for an h-type Es layer
measured at 01:12 LT (UTC+8) on 9 June 2021.

Another example is shown in the bottom two panels of Figure 4. These two panels
show the Es layer measured at 01:12 LT on 9 June 2021. Based on the conventional ionogram
(Figure 4c), the Es layer was likely 1 (low)-type. Nevertheless, after being processed using
the FDI method, this Es layer is actually found to be the h (high)-type (Figure 4d) with
no “symmetrical spikes”. The upper and lower traces are likely to represent the Xmode
and O-mode.

4. Discussion

In Figure 1c, at frequencies lower than 3.2 MHz, diffused range spectra of the echoes
were patchily distributed at altitudes of 100-115 km. This reflects the complexity of the
internal structure of the Es layer at this time, and the electron density distribution is
obviously inhomogeneous. As the spectral peaks are obvious and separated from each
other, there may be discontinuous and drastic changes in the spatial distribution of the
internal electron density. A reasonable explanation for this phenomenon is, as Whitehead
suggested [23], electron density irregularities that are embedded in the Es layer and can
considerably scatter the sounding signals. The spectral intensity of the scattered echoes
can even suppress the reflected signals at certain frequencies. The inconsistency in terms
of the scatterers’ position and scale could thus extend the intensity spectra in both range
and frequencies. The echo trace between 3.2 and 3.8 MHz is typical of the ionosonde
reflection mode and the signal echo height was divided into two layers, indicating an
internal multilayer structure with intervals of ~5 km which are likely semi-shielded by each
other. Note that the higher layer should not be suspected as caused by the interference
due to the reflected waves from nearby objects within the irradiation range of the antenna
beam. If this were the case, continuous multilayer echoes would show up in the low-
frequency band as well. This feature is more in line with the partial reflection theory
and hole structures of the Es layer along the horizontal direction [38,39]. However, this
hypothesis needs to be further examined by using a two-dimensional imaging technique or
measuring the incoming direction of the signals for positioning with an antenna array.

As for Figure 2b, these fluctuations are reflective of a weak inhomogeneity distribution
of electrons in the Es layer. Of special interest is the virtual heights at 2.6 and 3.5 MHz, which
are either higher or lower than the overall trend, and not captured by the conventional
ionogram (Figure 2a). In other studies, using the ISR data, such phenomena had also been
confirmed to exist in the Es layer [29]. This example also demonstrates that the spatial
resolution of the ionosonde is largely increased and the FDI technique can be well used
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to study the physical processes involved in the formation and evolution of the Es layer.
Note that this level of spatial resolution can also be achieved using ISR, but with the cost of
much higher power consumption and larger antenna array.

Based on Figure 3b, it is worth noting that the compression speed of the echo trace is
faster than that of rediffusion. It can be observed that the diffusion range of the spectral
virtual height was compressed from 20 km to a thread with slight jitters, continuous echo
traces in <15 min, probably indicting that the Es layer evolved from an uneven structure to
a dense and uniform layer. For the echoes of different frequencies, the compression process
on the imaging ionogram proceeded at basically the same speed. However, rediffusion
started from the high-frequency band. At 3.2-3.8 MHz, the traces first showed folds and
then extended to the low-frequency band. A reasonable explanation for this could be
that the uniform and dense Es layer first yielded small fragments due to the instability
or modulation of atmospheric gravity waves and then broke into patches and drifted.
This observation indicates an Es variation from “blanketing” to “patchy”, and vice versa,
which can be temporally dynamic and unstable. These findings obtained within ~1 h
indicated a relatively drastic short-term disturbance in the Es layer. Although it remains
unclear whether KHI caused by the strong shear of the background neutral wind led to the
formation of the unstable patchy Es and FAIs [8] or the wind field of the gravity waves [29]
or the internal instability caused by the polarization electric field [9,40—42] is the dominant
mechanism, the FDI technique based on ionosondes can provide a new, convenient, and
promising way of investigating this open question.

The effect of Figure 4 reveals that there may be some uncertainties in the ionosonde
measurements, as caused by the coarse resolution of conventional ionograms. The FDI
technique is thus more suitable for Es layer identification. Note also that the virtual heights
of the echo traces in Figure 4b at 2.2-2.4 MHz and in Figure 4d at 2.4-2.6 MHz are higher
than their corresponding positions in Figure 4a,c, respectively. This is because although the
energy of the echoes at the lower position is strong, they mainly originate from different
scatters, and the coherence between the signals at different frequencies is not prominent.
Alternatively, the higher echoes in Figure 4b,d are due to the reflected signals, suggesting
that good coherence leads to an enhanced-range spectral estimation.

5. Conclusions

In this study, we employ the FDI technique to improve the spatial resolution of
ionosonde measurements. Using the Es layer measurements near Wuhan as examples,
our results show that the spatial resolution of height-intensity ionograms is remarkably
increased: the complexity and inhomogeneity of the internal fine structures can be well
monitored in the FDI-processed ionograms, compared to the intrinsic range resolution
of several kilometers. Moreover, it is found that the detailed evolutional processes and
different types of Es layer can be better resolved due to this resolution improvement.
Given this level of spatial resolution, ionosonde, in combination with the FDI technique,
represents a promising means for more refined observation of the Es layer, as well as the
physical processes involved in the formation and evolution of this layer.

Based on the current results, two follow-up studies will be carried out. One is using
the antenna array to scan and observe the Es layer with a narrow beam and determine its
spatial structure. Another is reducing the sounding period and investigating the evolution
process of the Es layer at the second level.
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