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Abstract: By using ionosonde data recorded at Chiang Mai (18.8° N, 98.9° E, magnetic latitude is
9.1° N), Puer (22.7° N, 101.1° E, magnetic latitude is 12.9° N), and Leshan (29.6° N, 103.7° E, magnetic
latitude is 19.8° N), the statistical features of different types of spread F (SF) occurrence at low and
middle latitudes were analyzed in this study. The results showed that the SF occurrence had obvious
local time, latitude, and SF-type variations. The range spread F (RSF) occurrence in equinox months
decreased with the increase in latitude, while the frequency spread F’s (FSF) occurrence rate in the
summer months increased and the onset time of FSF became earlier when the latitude increased. The
generation of SF depends on the SF type. A plasma bubble excited by the generalized Rayleigh-Taylor
instability (GRT) at the equator is more likely to produce RSF, while nighttime medium-scale traveling
ionospheric disturbances (MSTIDs) induced by Perkins instability at middle latitudes is the main
reason for the generation of FSE.
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1. Introduction

The spread F (SF) phenomenon is generally attributed to the existence of the nighttime
ionospheric irregularity structure and was first reported by Booker and Wells [1]. According
to the trace features in ionograms, the SF can manifest as frequency SF (FSF), range spread
F (RSF), mix spread F (MSF), and strong range spread F (SSF) [2]. The morphological
features of RSF and FSF were extensively described in the former studies [3,4]; the MSF
can be viewed as the mixture of RSF and FSF, while SSF is a form of spread F, of which
the spread traces are observed not only around all the frequency segments of the F layer
main trace, but also the frequency over the critical frequency of the F layer [2]. The spatial
and temporal distribution of SF occurrence has been extensively studied over the past
decades by using ground-based and space-borne instruments. These efforts have shown
that SF occurrence varies with SF type, latitude, longitude, local time, season, and solar
and magnetic activities [5-9].

At the equator, the previous studies reported that the RSF is the dominant kind
of type that relates to EPBs, and a higher occurrence rate is observed at the equinox
and the June solstices [10,11]. Meanwhile, the SF occurrences’ characteristics of different
kinds are significantly influenced by solar activity; the RSF observed post-sunset at the
equinox shows a positive correlation with solar activity [12,13], but there is a maximum FSF
occurrence at the June solstice post-midnight in low solar activity years [14]. Dungey [15]
and Fejer et al. [16] proposed that the ionospheric uplift driven by the enhanced E xB force
after sunset may result in a larger electron density gradient at the bottom of the F layer
and create a favorable condition for the generation of SF through Rayleigh-Taylor (R-T)
instability. Corresponding observational evidences about the close relationship between
SF occurrence and R-T instability have been presented by Madhav Haridas et al. [17] and

Universe 2022, 8, 485. https:/ /doi.org/10.3390 / universe8090485

https:/ /www.mdpi.com/journal/universe


https://doi.org/10.3390/universe8090485
https://doi.org/10.3390/universe8090485
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/universe
https://www.mdpi.com
https://orcid.org/0000-0003-2834-1598
https://doi.org/10.3390/universe8090485
https://www.mdpi.com/journal/universe
https://www.mdpi.com/article/10.3390/universe8090485?type=check_update&version=1

Universe 2022, 8, 485

20f11

Bowman [3]. The effect of solar activity on the occurrence of post-sunset SF is significantly
controlled by the rise of the F layer due to the evening PRE since the PRE is known to
vary with solar activity. As for post-midnight SF, it might be due to the continuation of
the generation and dynamics of the post-sunset irregularities, or the irregularities locally
generated by local plasma instabilities [18-22].

The morphology of mid-latitude SF shows huge differences with the equatorial one;
meanwhile, there are also distinctive divergences between SF observed at lower mid-
latitudes and higher mid-latitudes [4,23]. Paul et al. [23] and Wang et al. [24] pointed out
the SF occurrence peaks during the June solstice and that there is an inverse relationship
between SF and solar activity at lower mid-latitudes; similar results were reported by
Singleton [25], while the SF observed at higher latitudes shows different characteristics
upon seasonal and solar activity variations, as reported by Hajkowicz [4]. At mid-latitudes,
the formation of SF is generally attributed to Perkins instability [26,27]. Huang et al. [28]
pointed out that the growth rate of Perkins instability is low, so some other mechanisms
play a major role in enhancing the growth rate of instability, such as GWs/TIDs or the
Es layer [29]. Candido et al. [30] proposed that SF is more likely to be excited through
Perkins instability. Jiang et al. [31,32] showed that medium-scale traveling ionospheric
disturbances (MSTIDs) could produce SF on ionograms using the ray tracing method.
Pimenta et al. [33] suggested that nighttime equatorial SF can be induced by MSTID
spreading from middle latitudes to low latitudes. Corresponding numerical models have
proved the above opinion [34]. Lan et al. [9] proposed that the formation of SF also depends
on the SF types. FSF is more likely to be excited by MSTID, while RSF is mainly induced by
plasma bubbles.

Lan et al. [9] investigated the low-latitude SF characteristics at Puer (PUR) and found
that the generation and evolution might be influenced by factors from the equator and mid-
latitudes. In this study, to extend the former study and further understand the SF occurrence
and the formation of different SF types at low and middle latitudes, we presented the
statistical results of different SF type occurrences at different latitudes during 2016. The
statistical features and possible physical generation mechanisms for each type of SF are
discussed in this work.

2. Instrument and Dataset

We analyzed ionograms recorded at intervals of five minutes from three ionosondes
located at equatorial ionization anomaly (EIA) crest around 100° E longitudinal sector in
2016 during the descending phase of the 24th solar cycle. The positions of three ionosondes
are Chiang Mai (CMU), Thailand (18.8° N, 98.9° E, magnetic latitude is 9.1° N), PUR,
China (22.7° N, 101.1° E, magnetic latitude is 12.9° N), and Leshan (LS), China (29.6° N,
103.7° E, magnetic latitude is 19.8° N), and are shown in Figure 1. The ionosondes at PUR
and LS stations are the advanced digital ionosonde named Wuhan Ionospheric Sounding
System [35]. The ionosonde at CMU station is Frequency Modulated Continuous Wave
(FMCW) ionosonde [36]. In this work, about 247,255 ionograms were manually examined to
study the statistical characteristics of SF occurrence. According to SF traces in the ionogram,
we classified SF into four types, such as range SF (RSF), mixed SF (MSF), frequency SF (FSF),
and strong range SF (SSF). A typical example of different types of SF is shown in Figure 2.
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Figure 1. The positions of three ionosondes at equatorial ionization anomaly (EIA) crest around
100° E longitudinal sector.
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Figure 2. A typical example of different types of SE. (a) RSF recorded at CMU station, (b) SSF recorded
at PUR station, (c) MSF recorded at LS station and (d) FSF recorded at LS station.
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3. Results

We investigated the spatial and temporal characteristics of the SFs of different
types at three different latitudes along 100° E in 2016 by using ionogram data obtained

by ionosondes.

In order to study the seasonal characteristics of each type of SF, the data in 2016 were
divided into three seasons: equinox (March, April, September, and October), summer
(May, June, July, and August) and winter (November, December, January, and February).
The occurrence rates were calculated during each time quantum. Figure 3 shows the
diurnal variation in the SF occurrence rate of each type during different seasons at the three
ionosonde sites in 2016. By comparing the statistical results of the three stations, it is found
that the highest occurrence of SF occurred during the June solstice at all stations, and FSF is
the dominant type of SF. For all stations and seasons, the maximum occurrences of RSF
with 11% and SSF (if occurred) with 3.4% appeared during the post-sunset hours (about
19 LT-23 LT); meanwhile, the maximum occurrences of FSF with 49.2% and MSF with 25%
were at around midnight (about 24 LT) or post-midnight (about 00 LT-06 LT). The RSF
and SSF occurrence decreased with increasing latitude, and they almost disappeared at the
latitude of the LS station; in contrast, FSF occurrence increased with increasing latitude and

maintained a high occurrence rate at the CMU station during the June solstice.
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Figure 3. The diurnal variation in occurrence rate of each type of SF during three seasons at (a—c)
CMU, (d—f) PUR, and (g-i) LS in 2016. The formula for calculating LT is LT = UT + 7 h for the
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Figure 4 presents the occurrence rate variations of each type of SF with the month and
local time. Figure 4 shows the variation trends of different types of SF with the latitudes
already mentioned above. The maximum occurrence of FSF with about 60% occurred at the
LS station during June, shown in Figure 4c, and RSF occurrence reached about 16% at the
CMU station during March, shown in Figure 4d. Moreover, it can be seen that the RSF at
the CMU station was clearly generated earlier, during the equinox, than the summer, and
SSF rarely occurred in the summer.
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Figure 4. The occurrence rate variations of each type of SF with month and local time (LT = UT + 7).
From top to bottom, the subfigures correspond to FSE, RSF, MSF and SSF, respectively. From left side
to right side, the columns correspond to CMU, PUR and LS stations, respectively. The color bars
indicate the occurrence rates of each type of SE.
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Lan et al. [9] proposed that different types of SF event can convert to each other during
the evolution process of SE, and analyzing the statistical characteristics of individual types
of SF could not provide enough information to investigate the generation mechanism of
SE. In order to investigate the possible linkage among the different types of SF, a series
of ionograms were taken in which SF phenomenon was continually observed with time
durations greater than half an hour being defined as one SF event. Because the SF type for
an individual ionogram in one SF event might change, the type of SF event is marked with
the SF type of the first ionogram in the SF event. Figure 5 shows the numbers of SF events
for different types marked by the initial type. From Figure 5, SF events were marked by FSF
as the dominant type, while only a few SSF events occurred at the CMU and PUR stations.
It should be noted that the number of SF events marked by MSF decreased significantly
compared with the statistical results in Figures 3 and 4. For PUR station, only 29 MSF
events were observed in Figure 3, which was comparable to the number of RSF events (33),
while the maximum occurrence rate of the MSF events was about 2.5 times higher than that
of RSE.

The numbers of SF event of different type

160 pr— T T T
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140 F N PUR|
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40

20
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Figure 5. The numbers of SF events for different types marked by the initial type.

Figure 6 shows the time of duration of SF events marked by FSF and RSF types with
day and local time. In Figure 6, it can be found that the FSF at the LS station in Figure 6¢
began around 19 LT and was progressively later at the lower latitude stations in Figure 6a,b.
The number of FSF events lasting more than 5 h was greater in the LS station than that in
the PUR and CMU stations. For RSF events, the occurrence was mostly focused on hours
before midnight and lasted until post-midnight hours.
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Figure 6. Comparison between annual diurnal variation in SF events marked by FSF and RSF
types over CMU, PUR and LS. (a—c) the annual diurnal variation of FSF events at CMU, PUR and
LS, correspondingly, and (d—f) the annual diurnal variation of RSF events at CMU, PUR and LS,
correspondingly. The black solid lines indicate the initial time of SF events and their duration time,
and the red dotted lines represent the midnight of local time (0 LT).

4. Discussion

In this study, we mainly analyzed the statistical features of the SF occurrence rate in the
LS, PUR, and CMU stations in 2016. The statistical results showed that the SF occurrence
rate varies significantly with the local time, season, latitude, and type. For RSF events, R-T
instability is believed to be the main generation mechanism [9]. In Figures 3 and 4, the
initial time of RSF was later in the summer than that in the equinoxes in the PUR and CMU
stations. The similar seasonal variation in the initial time of RSF has been observed at other
low latitudes, such as Sanya station. The reason is believed to be due to the enhancement of
the eastward electric field before its reversal to a westward direction at sunset that appears
later in the summer [16,37]. Moreover, by comparing the occurrence rate of RSF in the three
stations, it was found that the occurrence rate of RSF in CMU, which is located closest
to the equator, reached the maximum value, while the occurrence rate of RSF in LS at
middle latitudes was extremely low. And the RSF occurrence during the equinox was
lower than that in the summer in the PUR and LS stations, which was different from the
seasonal feature of RSF occurrence in the equatorial region [38-40], but the result agrees
with many former results observed at mid-latitude [4,23,24]. Wang et al. [24] reported the
statistical results of spread F observed at 10 mid-latitude stations in China and Japan, and
also found the occurrence of SF activity peaks during the local summer in the Northern
Hemisphere, and that RSF occurrences were far lower than FSF occurrences. At seven out
of ten stations as well as three stations located beyond 40° N latitude, RSF occurrences
peaked in the summer. The maxima of RSF occurrence are also found in the summer at
lower mid-latitudes (<50° N), as shown by Paul et al. [23]. This is coincident with our result.
Thus, the reason for the generation of RSF in the low and middle latitude regions may not
be limited to irregularities related to the equatorial source, but may also be induced by other
reasons, such as localized generation of F-region irregularities [18-21] or the transition from
other types of SE. Stoneback [41] pointed out that there is a potential causal relationship
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between the observed upward drifts near midnight and ESF during the June and December
solstice months of the deep solar minimum years. Sun et al. [20] proposed that electrical
coupling of the MSTID and the EPB could enhance RSF. Das et al. [21] also point out that
the irregularities at latitudes near the northern crest of the equatorial ionization anomaly
(EIA) may be caused by MSTID.

For SSF events, the occurrence rate of SSF was high only in the equinox and al-
most did not occur in summer in the PUR and CMU stations, shown in Figures 3 and 4.
Manju et al. [42] and Wang et al. [43] showed some observational examples to confirm
that plasma bubbles generated in the equatorial region can propagate to low latitudes
along magnetic field lines and produce SSF and scintillation phenomena. According to the
statistical results, there were six cases of SF events marked by SSF that appeared in the PUR
and CMU stations on the same day with the disappearance of SSF at LS, and the initiation
time of five cases was earlier in CMU than that in PUR. When the irregularities generated at
the equator are raised to a higher altitude, the irregularities can extend to higher latitudes
along the magnetic flux tubes. A higher altitude is needed for irregularities propagating
along the geomagnetic field line to higher latitudes. Compared with CMU and PUR, the
LS station is located at a higher latitude region away from the magnetic equator, so it is
more difficult for equatorial origin irregularities to propagate to a higher latitude away
from the equator, that is at the LS station. The above observed results demonstrated that
the irregularities manifested as SSF are more likely related to the plasma bubbles generated
by R-T instability in the equatorial region and propagate to higher low-latitude regions.

For FSF events, the maximum occurrence rate usually occurred after midnight in the
summer at all three stations in our study, as observed by Wang et al. [24]. According to the
former statistical studies of equatorial and midlatitude SF, there are some similar conclu-
sions that RSF is the dominant type of SF during high solar activity years, which peaks
pre-midnight in the equinox and that FSF is dominant in the June solstice months during
low solar activity years [44-46], while FSF is the most observed type at lower mid-latitudes
and the occurrence rate of FSF is maximized at midnight or post-midnight in the June
solstice months. Paul et al. [23] indicated that the FSF occurrence was maximized in the
summer at lower mid-latitudes (<50° N), but different types dominated during different
solar activity years and at different stations. They suggested that the types of spread F may
depend on the instabilities induced by the Es layer since the electric field in the Es layer
can couple to the bottom of the F layer and initiate F layer irregularities. However, in our
study, FSF is the dominant type in all three stations located at low latitude, and the Es layer
might not effectively couple to the F layer and affect the generation of SF at low latitudes.
Otherwise, MSTID and Perkins instability is generally accepted as one of the main mecha-
nisms for the generation of midlatitude SF. By comparing the features of the occurrences of
FSF observed at the three stations and the occurrence characteristics of nighttime MSTID
proposed by some former researches [47,48], we found that FSF and nighttime MSTID
occurrences had similar seasonal and local time variations, with the maximum occurrence
in the summer after midnight. We proposed that FSF events may be related to ionospheric
irregularity generated by plasma instability at middle latitudes. Many previous studies
have suggested that nighttime MSTID plays an important role in the generation of SF at
middle and even low latitudes [9,49,50]. Pimenta et al. [33] pointed out that nighttime
MSTID generated in the mid-latitude region could propagate to the low-latitude region and
produce SF phenomenon at night based on the observed results using an all-sky airglow
imager. The statistical features of nighttime MSTID have been shown in some studies. Their
results showed that nighttime MSTID at middle and low latitudes mainly occurred around
midnight in the summer [48,51,52]. Chen G. Y. et al. [53] also produced statistics on the
occurrence of MSTID in Hong Kong (22.2° N, 114.2° E, geomagnetic inclination 12.5° N),
and showed that night MSTID mainly occurred in the summer at 22:00-03:00 LT. As the
magnetic latitude of the PUR station and Hong Kong is similar, the statistical results of
MSTID can be applied to the PUR region. Kil et al. [54] investigated the nighttime MSTID in
middle latitudes by using electron density observations from Swarm satellites, and found
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the MSTID activity peaks during the June solstice in 2016 along 110° E in the Northern
Hemisphere. Hines [55] suggested an inverse correlation between GWs/TIDs and neutral
density, which could explain the high rate of TIDs in the June solstice. As the distance
between the LS and PUR stations is about 840 km, and the mean time delay of the initial
time of FSF was about 2 h in Figure 6, the calculation result shows that the velocity was
about 117 m/s, so the time delay of FSF is consistent with the velocities of nighttime MSTID.
Thus, the occurrence characteristics of nighttime MSTID were consistent with those of
FSF at low latitudes. Moreover, considering that the occurrence of RSF in the PUR and
LS stations was also the highest in the summer, it is believed that there may be a certain
correlation between RSF and MSTID in the summer. For MSF events, the occurrence in
Figures 3 and 4 was significantly higher than the number of SF events marked by MSF in
Figure 5. Thus, it can be speculated that RSF and FSF could further evolve into MSF events.

5. Conclusions

In this paper, we reported the statistical features of SF near 100° E longitude in three
different latitude regions including low- and lower mid-latitude sectors. The variations in
local time, season, and type for SF occurrence were shown and the possible mechanisms of
different types of SF were also discussed in this work. The conclusions are summarized
as follows:

1. Our statistical results show that SF mainly occurred at night, and the RSF occurrence
rate decreased with the increase in latitude at the equinox, while the FSF occurrence
rate was the opposite in summer. FSF was the most prevalent type at all three stations
with the maximum occurrence rate occurring after midnight, while the maximum
occurrence rate of RSF and SSF occurred mainly before midnight. FSF occurred earlier
at LS station and the mean time delay of the initial time of FSF among the three
stations was about 2 h.

2. The importance of plasma bubbles at the equator and nighttime MSTID at middle
latitudes on RSF and FSF generation has been recognized, respectively.

3.  The investigation of the statistical features of SF occurrence could have a significant
impact on the design and deployment of modern communication systems.
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