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Abstract 

Spread-F is known as the electron density inhomogeneous structures in F layer of ionosphere and can usually be clas-
sified as frequency spread-F (FSF) and range spread-F (RSF). Few studies have reported on the statistical characteristics 
of spread-F occurrences at midlatitudes in Eastern Asia, particularly the comparison of spread-F occurrences between 
China and Japan. In this paper, we used spread-F data recorded by ten ionosondes located between 25°N and 45°N 
from 1997 to 2016, to investigate the longitudinal differences in the statistical characteristics of spread-F occurrence 
and the probable mechanism for its occurrence at midlatitudes in Eastern Asia. Variations in the spread-F occurrences 
with the solar and geomagnetic activities, season and local time are presented. The main conclusions are as follows: 
(a) the occurrence percentage of FSF is higher than that of RSF, of which the former is anti-correlated with the solar or 
geomagnetic activities; (b) higher FSF occurrence percentages mostly appeared during summer, while RSF occurred 
more frequently in winter near 45°N latitude such as Urumqi, Changchun and Wakkanai; (c) the maximum of the FSF 
occurrence percentages mostly appeared between 01:00 and 02:00 LT approximately, whereas that of RSF appeared 
near 00:00 LT; (d) the spread-F occurrence percentages in the coastal or marine areas are higher than those in the 
inland region between 35°N and 45°N latitudes; however, this phenomenon is not obvious at lower latitudes; and (e) 
both the mean occurrences of FSF and RSF reach the minimum around 31°N latitude. These above results are helpful 
for understanding variations in spread-F occurrence at midlatitudes in Eastern Asia.
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Introduction
Spread-F has been widely studied since it was first defined 
on the ionogram in the early 1930s (Booker and Wells 
1938). Several observations since then revealed the main 
morphological features of spread-F occurrence, including 
its dependences on solar and magnetic activities, season, 
longitude, latitude, local time and the background iono-
sphere (Aarons et  al. 1980; Abdu et  al. 1981, 1983, 1998; 
Fukao et al. 2004; Li et al. 2013; Lynn et al. 2011; Wang et al. 
2007, 2018; Xu et  al. 2010). Previous studies have focused 
on low latitudes especially for the equatorial region. In 

order to understand the global characteristics of spread-F, 
the variations at midlatitudes have attracted great inter-
est of many researchers since 1980s. Bowman (1984) ana-
lyzed the data recorded at Brisbane (36.4°S, 226.6°E) in 
Australia and showed a reduction in spread-F occurrence 
following an increased geomagnetic activity. Furthermore, 
data from two midlatitude ionosonde stations (Lannion in 
France and Canberra in Australia) of similar geomagnetic 
latitudes showed the latent correlations between spread-
F occurrence and geomagnetic activity (Abdu et  al. 1983; 
Bowman 1994; Hoang et  al. 2010). Huang et  al. (2011) 
compared the spread-F occurrence percentages using the 
data of two Chinese ionosonde stations located at Chang-
chun (43.84°N, 125.28°E) and Urumqi (43.75°N, 87.64°E). 
The results showed that the spread-F occurrence at Chang-
chun was higher than that at Urumqi especially during the 

Open Access

*Correspondence:  wn_22s_cetc@163.com 
1 School of Physics and Optoelectronic Engineering, Xidian University, 
Xi’an 710071, Shaanxi, China
Full list of author information is available at the end of the article

http://orcid.org/0000-0001-9512-5014
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-019-1026-6&domain=pdf


Page 2 of 15Wang et al. Earth, Planets and Space           (2019) 71:47 

low solar activity years and anti-correlations between the 
spread-F occurrence and the solar 10.7 fluxes. Bhaneja et al. 
(2018) investigated the seasonal and solar cycle variations in 
midlatitude spread-F at five different North American sites 
spanning between Puerto Rico (18.5°N, 67.1°W) and Cali-
fornia (34.8°N, 120.5°W). They found that spread-F events 
occurred more frequently during solar minimum years for 
all five stations. The minimum spread-F occurrence per-
centages happened near spring equinox for all the sites 
except Vandenberg. Meanwhile, they found that the influ-
ence of geomagnetic on the spread-F occurrence was weak.

Most scholars did not classify spread-F when they dis-
cussed the statistical variations on the spread-F occur-
rence. In detailed studies, spread-F can be classified as 
the frequency spread-F (FSF) and range spread-F (RSF). 
The echo of FSF distributes spreading along the fre-
quency axis close to the critical frequencies of the ordi-
nary and extraordinary traces of the ionograms; hence, 
they are associated with irregularities nearby the F region 
peak; meanwhile, the echo of RSF distributes spreading 
along the vertical height axis. Some scholars have ana-
lyzed the differences between FSF and RSF occurrence. 
Chandra et  al. (2003) analyzed the spread-F occur-
rences at Ahmadabad (23°N, 72.4°E) in the Indian zone 
and Cachoeira Paulista (22.5°S, 45°W) in Brazil. The RSF 
occurrences at Cachoeira Paulista always showed a maxi-
mum in summer during low-sunspot years, and similar 
phenomenon had been found at Ahmadabad. Hajkowicz 
(2007) studied the ionosonde data obtained over a wide 
range of southern latitudes (in latitude range: 23°S–52°S). 
The spread-F at low midlatitude (23°S–36°S) and midlati-
tude regions (44°S–48°S) were characterized by a strong 
peak in RSF occurrence in winter, but an enhanced RSF 
activity was observed in local summer in Japan. Bhaneja 
et al. (2009) conducted a study using ionosonde data over 
a full solar cycle at Virginia (37.95°N, 284.53°E). They 
found that the spread-F events occurred more frequently 
during the late fall or early winter particularly during 
solar minimum. RSF was more prevalent during solar 
minimum, whereas FSF was prevalent in solar maximum 
conditions. Chen et  al. (2011) employed a digisonde at 
Wuhan (30.5°N, 114.4°E), China, to observe the spread-F. 
They found that the FSF events were highly active in sum-
mer; meanwhile, the RSF showed very low occurrence 
during the whole night. Paul et  al. (2018) investigated 
the occurrence rate of spread-F using the ionosonde data 
in the European longitude sectors (Nicosia, Athens and 
Pruhonice) during 2009, 2015 and 2016. He found that 
RSF in nighttime occurred more frequently in lower mid-
latitude regions during high solar activity, whereas FSF 
played the dominant role at higher midlatitudes.

The gravitational Rayleigh–Taylor instability (R–T) the-
ory was the primary mechanism to explain the formation 

of irregularities in the equatorial region. Spread-F occur-
rences at midlatitudes are affected by many factors 
(Booker 1979; Bowman 1990; Fukao et al. 2004; Perkins 
1973). One of them is the acoustic gravity wave (AGW). 
AGW was considered to be a seeding mechanism that 
creates density perturbations in the ionosphere, lead-
ing to spread-F at midlatitude regions. Since most of the 
AGWs in the ionosphere originate from the lower atmos-
phere, there should be some regional features of spread-
F occurrences due to the different local meteorological 
or ground conditions. Booker (1979) discussed the role 
of AGWs in the generation of spread-F and concluded 
that AGWs play a key role in the formation of spread-F. 
Bowman (1990) studied the data at Bribie Island (27.05°S, 
153.16°E) and Moggill (60 km south of the Bribie Island) 
in Australia. They found that the F2 region combined 
with the observation of TIDs (traveling ionospheric dis-
turbances) associated with the electron density deple-
tions was fully consistent with the involvement AGWs. 
Many scholars found that the behavior of the AGWs 
in the midlatitude F region is related to the spread-F 
occurrence in the nighttime ionosphere (Bowman 1994, 
1996, 1998; Bowman and Mortimer 2000, 2003; Chen 
et  al. 2011; Dyson et  al. 1995; Fukao et  al. 2004). Xiao 
et al. (2009) presented an observational evidence for the 
AGWs’ seeding of the ionospheric plasma instability by 
revealing the observational linkage between spread-F and 
AGWs based on the HF Doppler frequency shift meas-
urements at Peking University. These observational facts 
showed the close relation between AGWs and spread-F 
and were regarded as the evidence of the seeding role of 
the AGWs in the spread-F formation. Statistical results 
showed that the AGWs were not the only factor in trig-
gering spread-F. Nighttime spread-F structures have 
been found following the Perkins-type instability pro-
cesses (Perkins 1973). It is shown that such layers are 
linearly unstable at night, if the field-aligned integrated 
Hall conductivity exceeds the field line-integrated Ped-
ersen conductivity. The instability involves the growth of 
an altitude perturbation, shaped like a plane wave, which 
is accompanied by large polarization electric fields. In 
addition, the spread-F has also been correlated with geo-
magnetic storms through the excitation of TIDs and sub-
sequent F region uplifts. A series of complicated physical 
processes may lead to the generation of spread-F events. 
The Perkins instability theory is accepted as the most 
reasonable explanation of the spread-F phenomenon at 
midlatitudes.

The midlatitude region of Eastern Asia covers typical 
geomorphological features such as continents, oceans and 
land–sea junctions, the longitude span is large, and the 
longitude of geomagnetic field varies greatly. Therefore, 
a comparative statistical characteristic of the spread-F 
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at different longitude regions in Eastern Asia is of great 
scientific significance. Due to insufficient data, few stud-
ies have been carried out on the longitudinal and lati-
tudinal differences in spread-F occurrences at stations 
with similar geographical latitude in Eastern Asia. For a 
more detailed study, various types of spread-F occur-
rences should be examined separately. This paper aims to 
present the statistical comparison of FSF and RSF occur-
rence percentages using ionosonde data from six Chinese 
stations and four Japanese stations at midlatitudes. These 
stations are roughly distributed over four latitude chains. 
In particular, obvious differences among the 10 sites in 
terms of ground conditions, geographical environment 
and geomagnetic dip are observed where the sites are dis-
tributed within the mainland, on the coast and in island. 
The analysis focused on (1) the difference in FSF and RSF 
occurrence percentages at different sites located at nearly 
the same latitude, particularly on the variation in occur-
rence probability with solar and geomagnetic activities, 
season and local time; (2) the difference in FSF and RSF 
occurrence percentages between China and Japan from 
between 25°N and 45°N at midlatitudes; and (3) trying to 
find the possible mechanism for the difference in spread-
F occurrence percentages. In “Data set and method of 
analysis” section, the source of the data and the method of 
analysis of spread-F occurrence are described briefly. “Sta-
tistical results and discussion” section presents the statis-
tical results and discussion on the spread-F occurrences 
at the 10 stations. The probable mechanism of longitudi-
nal and latitudinal differences was discussed in “Probable 
mechanism of longitudinal and latitudinal differences in 
spread-F occurrences” section. We summarize the con-
clusions in “Summary and conclusions” section.

Data set and method of analysis
China Research Institute of Radio-wave Propagation 
(CRIRP) built a long-term network of ionospheric obser-
vation stations covering the mainland of China. In this 
study, we extracted data of simultaneous spread-F that 
occurred during 1997 and 2016 from six digital iono-
sondes located at Kunming (25.64°N, 103.72°E), Suzhou 
(31.34°N, 120.41°E), Lanzhou (36.06°N, 103.87°E), Qing-
dao (36.24°N, 120.42°E), Urumqi (43.75°N, 87.64°E) and 
Changchun (43.84°N, 125.28°E). The download linkage 
of the ionosonde data from the four stations in Okinawa 
(26.68°N, 128.15°E), Yamagawa (31.2°N, 130.62°N), 
Kokubunji (35.71°N, 139.49°E) and Wakkanai (45.16°N, 
141.75°E) is provided in the Web site: http://wdc.nict.
go.jp/. Details of the geographical coordinates and data 
set of the stations are presented in Fig.  1 and Table  1. 
The ionosonde data of Suzhou and Kunming used for 
this study were obtained in June 2009 and August 2007, 
respectively. For the convenience of comparison, the data 
used at Yamagawa and Okinawa stations in Japan were 
also obtained from 2009 to 2007.

The terrain or geographical location of the 10 stations 
is different. Urumqi is in the center of the Europe–
Asia continent, whereas Changchun and Lanzhou are 
inland cities. Kunming is located in the middle-to-low-
latitude transitional area. This region is in the west of 
the Yunnan–Guizhou Plateau, near the special terrain 
of the Tibetan plateau where the ionosphere exhibits 
complex characteristics. Qingdao and Suzhou are situ-
ated in a typical coastal area in the midlatitude region. 
Wakkanai, Kokubunji, Yamagawa and Okinawa in Japan 
are all located in coastal areas. In this study, we used 
the spread-F occurrence percentages to describe the 

Fig. 1 Details of the digital ionosonde sites used in the investigation; these stations are located roughly at latitudes of 25, 31, 35 and 45

http://wdc.nict.go.jp/
http://wdc.nict.go.jp/


Page 4 of 15Wang et al. Earth, Planets and Space           (2019) 71:47 

spread-F statistical characteristic, which is defined as 
follows:

where y, m and h represent the year, month and local 
time (LT), respectively; n is the number of FSF or RSF 
occurrences that appear at the same local time but on dif-
ferent days of a single month; and N is the total number 
of observations in local time for a given year. To exam-
ine their seasonal variations, the data were grouped into 
the following four seasons: summer (May, June, July and 
August), spring equinox (March and April), autumn equi-
nox (September and October) and winter (January, Feb-
ruary, November and December). Since the spread-F is 
mostly a nighttime phenomenon, only data between local 
time 6:00 PM and 6:00 AM were considered in this study.

Meanwhile, solar and geomagnetic activities are the 
two main factors that influence the ionosphere activities. 
The data set covered the entire Solar Cycle 23 and more 
than half of Solar Cycle 24. Solar Cycle 24 was abnormal 
and different from the preceding solar cycles (Chen et al. 
2011), and its maximum solar activity index was 50% 
lower than the former one. We used F10.7 and Ap index to 
identify the solar and geomagnetic activities, separately. In 
order to obtain the relationship between the spread-F and 
the geomagnetic and solar activities, the spread-F events 
are divided into three or two groups based on the F10.7 or 
Ap index to conduct statistical studies, respectively (Abdu 
et al. 2003). The classification is listed as follows:

(1)p
(

y,m, h
)

=
n
(

y,m, h
)

N
(

y,m, h
) × 100%

(2)







F10.7 ≤ 100 low solar activity levels
100 < F10.7 < 180 medium solar activity levels
F10.7 ≥ 180 high solar activity levels

and

�

Ap < 12 quite day
Ap ≥ 12 disturbed day

In order to analyze the correlation between the spread-
F occurrence rates and the F10.7 or Ap index, the nor-
malized probability was used. The normalized spread-F 
occurrence rate is defined as follows:

where p is the normalized FSF or RSF occurrence rate 
and  mi is the number of FSF or RSF event occurrences 
when F10.7 or Ap index is within a certain level.

Statistical results and discussion
Figure 2 shows the variation in daily F10.7, Ap index and 
monthly mean of FSF occurrence percentages with local 
time. Figure 3 shows how the daily F10.7, Ap index and 
total amount of FSF vary with local time. The following 
common features could be found: (1) the FSF occur-
rences frequently occurred after midnight; (2) when the 
solar 10.7 fluxes and Ap index increase, the FSF occur-
rences decrease at the 10 stations, meaning a negative 
correlation between the FSF occurrences and solar and 
geomagnetic activity; (3) FSF occurred mostly during 
the summer; (4) there is no significant difference in the 
total number of FSF between the 10 stations between 
2004 and 2009. However, the total number of FSF in LZ, 
QD, KOK, SU, YAM, KM and OKI are obviously larger 
than that in the other three stations between 2010 and 
2015. Most of the features are nearly in agreement with 
the results given by the other authors (such as Bowman 
1996; Huang et al. 2011; Igarashi and Kato 1993; Niran-
jan et al. 2003). But there is some difference in this result. 
A large difference was found in the FSF occurrence per-
centages among the stations at nearly the same latitude. 
The FSF occurrence percentages at OKI were higher than 
those of KM. The maximum FSF occurrence percentage 
was approximately 80% and occurred in June 2010 and 
in July 2016 at OKI. However, the FSF occurrences at 
YAM were remarkably lower than those at SZ, especially 
between 2015 and 2016 when the FSF occurrences at 
YAM were less than 15%. The FSF occurrences at LZ and 
QD were much larger than those at KOK, but the differ-
ences of FSF occurrences between UR, CC and WAK was 
not obvious. The peak occurrence percentages of FSF in 
these 10 stations can reach 88% approximately. Another 
noteworthy phenomenon is the higher FSF occurrence 
percentages in winter versus the increase in latitude. 

(3)pi =
mi

∑

i mi

∑

i

pi = 1

Table 1 Data set of 10 sites used in this study

Location Symbol used Data available Data not available

Kunming KM 2007–2016 2007.1–2007.7

Okinawa OKI 2007–2016

Suzhou SZ 2009–2016 2009.1–2009.5

Yamagawa YAM 2009–2016

Lanzhou LZ 1997–2016

Qingdao QD 1997–2016 1997.1–2000.8

Kokubunji KOK 1997–2016

Urumqi UR 1997–2016 1997.3–1997.12

Changchun CC 1997–2016

Wakkanai WAK 1997–2016 19 97.9–1997.11, 1998.1, 
3–4, 12, 1999.1, 4–5, 
7–12, 2000.3–4, 5–12
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Therefore, the results at UR, CC and WK showed a more 
complex situation. Figures 4 and 5 reveal that normalized 
FSF occurrence percentages varied with local time on 
all the three solar activities and two geomagnetic activi-
ties levels. It can be seen that when F10.7 is less than to 
100, the normalized FSF occurrence percentages are the 
largest. In sunrise or sunset periods at SZ, KM, KOK and 

OKI stations, the FSF occurrence percentages at medium 
solar activity level is sometimes even higher than those 
at low solar activity level. When the solar activity is high, 
there will be almost no FSF events at many stations. The 
normalized FSF occurrence percentages are much greater 
when Ap is less than 12. The results of Figs. 4 and 5 give 

Fig. 2 Variations in daily F10.7, Ap index and monthly mean of FSF occurrence percentages at the 10 stations; the x-axis is the year and the y-axis is 
the local time

Fig. 3 Variations in daily F10.7, Ap index and FSF total amount at the 10 stations; the x-axis is the year and the y-axis is the FSF total amount
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us a clearer understanding of the effect of solar or geo-
magnetic activity on the FSF occurrences.   

Figures 6 and 7 show that the daily F10.7, Ap index and 
monthly mean of RSF occurrence percentages and FSF 
total amount vary with local time for the 10 stations. The 
variation on RSF occurrences was different from FSF in 
the following ways: (1) the RSF occurrences in these 10 

stations are much lower than the FSF occurrences; (2) 
the RSF frequently occurs near midnight; (3) longitudi-
nal changes in total amount of RSF in China and Japan. 
It seems that the RSF has a negative correlation with the 
solar or geomagnetic activity at LZ and QD. Meanwhile, 
no remarkable difference is observed in the RSF occur-
rences between SZ and YAM. Figures 8 and 9 show that 

Fig. 4 Variations in normalized FSF occurrence percentages on different F10.7 index levels; magenta lines represent the high solar activity, blue 
lines represent the medium solar activity, and green lines represent the low solar activity

Fig. 5 Variations in normalized FSF occurrence percentages on different Ap index levels; magenta lines represent the low geomagnetic activity and 
blue lines represent the high geomagnetic activity
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the normalized RSF occurrence percentages vary with 
local time on all the three solar activities and two geo-
magnetic activities levels. The normalized RSF occur-
rence percentages are the largest on the low solar activity 
except KOK. Moreover, the RSF occurrence percentages 
on medium solar activity are higher than those on low 
solar activity at some time of some stations.

The seasonal variations in the FSF occurrence per-
centages observed at the 10 sites are shown in Fig. 10. 
The FSF occurrences were higher during summer than 
during other seasons at LZ, QD, KOK, SZ, YAM, KM 
and OKI. Nevertheless, FSF occurred mostly dur-
ing summer and winter at UR, CC and WAK. The FSF 
occurrence during winter is even higher than those 

Fig. 6 Variations in daily F10.7, Ap index and monthly mean of RSF occurrence percentages at the 10 stations; the x-axis is the year and the y-axis is 
the local time

Fig. 7 Variations in daily F10.7, Ap index and RSF total amount at the 10 stations; the x-axis is the year and the y-axis is the RSF total amount
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during summer at WAK. Another more obvious phe-
nomenon is that the difference of FSF occurrence per-
centages in four seasons at LZ, QD, KOK, SZ, YAM, 
KM and OKI is greater than that at UR, CC and WAK. 
FSF occurrence percentages were higher during the 
autumn equinox than during the spring one at UR, 
LZ and QD. However, the difference between these 

two seasons is not obvious at the other sites. Figure 11 
reveals the seasonal RSF occurrence percentage varia-
tions at the 10 sites. RSF occurred mostly in the win-
ter months at UR, CC and WAK which is different 
from FSF. The RSF occurrences were higher during 
summer at SZ, LZ, QD, KOK, KM and OKI. However, 
the RSF occurred mostly during the vernal equinox at 

Fig. 8 Variations in normalized RSF occurrence percentages on different F10.7 index levels; magenta lines represent the high solar activity, blue 
lines represent the medium solar activity, and green lines represent the low solar activity

Fig. 9 Variations in normalized RSF occurrence percentages on different Ap index levels; magenta lines represent the low geomagnetic activity and 
blue lines represent the high geomagnetic activity
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YAM. Figure 12 shows the local time variations in the 
monthly mean of FSF and RSF occurrence percent-
ages. Statistically speaking, FSF started at 21:00 LT and 
lasted approximately until 05:00 LT. Meanwhile, the 
peak value of FSF occurrence percentages appeared at 
about 02:00 LT at CC, LZ, QD. At the four other sites 
in Japan, the peak occurrences were observed at 01:00 

LT. As a contrast, the peak of RSF occurrence percent-
ages appeared at approximately 00:00 LT except YAM. 
The FSF occurrence percentages decrease with the 
increase in longitude from 31°N to 45°N latitude. How-
ever, the RSF occurrence percentages increase with the 
increase in longitude near 45°N latitude. This difference 
still indicates a very strong longitudinal effect for the 

Fig. 10 Seasonal variations in FSF mean occurrence percentages; green, red, blue and magenta lines represent winter, vernal equinox, autumn 
equinox and summer, respectively

Fig. 11 Seasonal variations in RSF mean occurrence percentages; green, red, blue and magenta lines represent winter, vernal equinox, autumn 
equinox and summer, respectively
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ten stations which located at almost the same latitudes. 
Some details will be discussed in the next section.

The main features of the spread-F occurrences from 
our statistics are in agreement with the midlatitude 
observations in the other sectors reported by other schol-
ars (such as Bowman 1984, 1994, 1996; Deminov et  al. 
2005, 2009; Hanumath Sastri 1977; Ossakow 1981;  Rao 
Rama et al. 2004). For example, the FSF occurrences have 
a negative correlation with the solar and geomagnetic 
activities, where the FSF occurrences reached maxima 
mostly during the summer months. The RSF occurred 
mostly during summer and winter at UR, CC and WAK, 
but only during summer at the other seven stations. 
The peak values of FSF occurrence appeared during the 
post-midnight period. This variation is the same as that 
pointed out by Igarashi and Kato (1993). By using the 
data of Far East stations, Igarashi and Kato (1993) have 
pointed out the same result where the spread-F occur-
rence peaks appeared from June to July in summer 
and from December to January in winter. Huang et  al. 
(2011) investigated the spread-F occurrences at UR and 
CC stations; they found that (1) spread-F occurrence 
showed a high value during low solar activity and (2) 
spread-F occurred mostly in winter and summer. These 
features are the same as our findings as the data used 
at the same stations. A comprehensive statistical study 
of midlatitude spread-F in the North American sec-
tor was presented using the ionosonde data observed at 
Puerto Rico (18.5°N, 67,1°W), Virginia (37.95°N, 75.5°W), 
Texas (32.4°N, 99.8°W), Colorado (40°N, 105.3°W) and 

California (34.8°N, 120.5°W) (Bhaneja et  al. 2018). Each 
station had a maximum spread-F occurrence during dif-
ferent seasons. The spread-F mostly occurred during win-
ter in Texas. The annual maxima of spread-F occurrence 
over the lower midlatitude region (< 50°N) are found near 
summer solstices and independent of solar activity (Paul 
et  al. 2018). And they also found that there was a clear 
inverse correlation between the spread-F occurrences 
with solar activity. These results are also consistent with 
our conclusions.

Abdu et  al. (2003) showed that the RSF events are 
associated with developed or developing plasma bubble 
events, and the FSF events are associated with narrow-
spectrum irregularities that occur near the peak of the F 
layer. The difference in the mechanism possibly results in 
the difference in FSF and RSF occurrence percentages. 
Although differences were observed in the statistics for 
the RSF and FSF in each station, both types showed pro-
nounced minima in occurrence percentages near solar 
maximum, and the RSF occurrences at these 10 stations 
in Eastern Asia were far lower than the FSF occurrences. 
Our conclusion agrees with the former results (Bhaneja 
et al. 2009; Hajkowicz 2007) where the maximum of the 
spread-F activity was present during the local summer 
in Japan. Our findings agree with the above statistical 
results, except the WAK station. Sinno and Kan (1980) 
and Huang et  al. (1994) reported similar variations in 
the spread-F occurrences in Eastern Asia (Japan and Tai-
wan). Chen et al. (2011) found that the FSF and RSF have 
a minor occurrence peak in winter at Wuhan (30.5°N, 

Fig. 12 Nocturnal variations in FSF and RSF mean occurrence percentages; the x-axis is the local time and the y-axis is the FSF or RSF mean 
occurrence
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114.4°E). The variations on the spread-F occurrence in 
Wuhan are similar to that in Suzhou since both sites are 
located at similar latitude.

Probable mechanism of longitudinal 
and latitudinal differences in spread‑F occurrences
The longitudinal and latitudinal effects of the spread-F 
occurrences at midlatitude have been discussed by many 
authors (Huang et  al. 2011; Kherani et  al. 2009; Wang 
et  al. 2018; Perkins 1973; Yakoyama et  al. 2008; Zhou 
et al. 2005). They argued that AGW and Perkins instabil-
ity may be the main mechanism for the occurrence and 
evolution of spread-F at midlatitude. In this case study, 
10 stations at exactly four longitudes from approximately 
25°N–45°N were selected to further investigate the FSF 
and RSF occurrences. These 10 stations are obviously dif-
ferent in geographical environment. Some stations are 
located in typical inland cities, other sites are in coastal 
areas and the rest are surrounded by oceans. The most 
striking fact is that both FSF and RSF occurrences at 
ocean or ocean–land junction regions are higher than 
those at inland regions at 35°N and 45°N latitude.

The possible impact of AGW on the spread‑F occurrence 
percentages
Earlier studies showed that the midlatitude spread-F 
occurrence was influenced by several factors such as elec-
tron density gradient, neutral wind, electric field, local 
geomagnetic field and AGW. Although the role of AGW 
in the spread-F evolution is still not proved yet, many dis-
cussions have been conducted on the role of the AGW 
in triggering spread-F both theoretically and observa-
tionally (Booker 1979; Bowman 1990, 1994, 1996, 1998, 
2001; Kherani et  al. 2009; Huang and Kelly 1997;  Xiao 
et  al. 2009). Direct measurements of the AGWs near 
the ground surface are difficult, considering that their 
amplitude is extremely small in lower atmosphere. How-
ever, AGWs are still considered one of the important 
driving mechanisms for midlatitude spread-F. It is well 
known that most of AGWs in the ionosphere originate 
from lower atmosphere and ground conditions are one 
of the determining factors in generating AGWs. Huang 
et al. (2011) found that the AGW play an important role 
among the factors of the spread-F occurrences due to the 
different ground conditions by using the ionosonde data 
of UR and CC in China. The two stations have remarkable 
discrepancies of ground meteorological conditions. CC 
station is located near the coast, whereas UR is located in 
the very center of the Europe–Asia continent. The results 
showed that the spread-F occurrences at CC was always 
much higher than those at UR. This result has aroused 
our great interest. In this study, QD and CC lies near the 
coast, whereas LZ and UR is located in the Europe–Asia 

continent. The FSF and RSF occurrences at QD and CC 
were higher than those at LZ and UR. This seems that the 
spread-F occurrence near the sea is greater than that in 
inland stations. But the spread-F occurrences at many 
other sites are not so. The RSF occurrences at WAK and 
YAM are greater than those at other sites at near the 
same latitude. Meanwhile, the FSF occurrence at OKI 
is greater than that at KM. This result indicates that the 
generation of spread-F is not only influenced by AGW, 
but also by other factors. It is certain that different loca-
tions provide different source conditions for AGW gen-
eration, which in turn present different influences on the 
spread-F occurrence. For the ten stations, although some 
of them have near the same geographical latitude, there is 
large disparity in their terrain topography. This is impor-
tant because they give different source conditions of 
AGW’s generation which gives different influences on the 
spread-F occurrence. Our result also verifies the correct-
ness of the conclusion obtained by Huang et  al. (2011). 
On the other hand, Huang et al. (2011) pointed that the 
spread-F occurrences at CC and UR tended to be higher 
in summer and winter seasons than in equinox. Our find-
ings also confirm this conclusion.

Kherani et al. (2009) examined the influences of AGWs 
on the evolutions of plasma bubbles deduced from the 
observations in Brazil. These findings clearly indicated 
the impact of AGWs seeding on the growth of plasma 
bubbles, thereby influencing the spread-F occurrence. 
Abdu et al. (2009) also discussed the role of AGW in the 
equatorial region and pointed out that the polarization 
electric field in an instability development can enhance 
under the action of AGWs. Observationally, the role of 
AGW as a seeding has been discussed by many authors 
(Nicolls and Kelley 2005; Xiao and Zhang 2001; Xiao 
et al. 2009; Pietralla et al. 2017; Kherani et al. 2009). Xiao 
et al. (2009) revealed a close relation between the AGWs 
and the midlatitude spread-F by analyzing 6-year HF 
Doppler records. Now our work provides observational 
facts on the large difference of spread-F occurrence per-
centages at ten stations that are approximately at similar 
geographical latitudes. However, for the stations in each 
group, there is a large disparity in their terrain topogra-
phy. Considering the seeding role of AGW in excitation 
of the spread-F events, it could be reasonably assumed 
that levels of AGW activities are different in the F regions 
over the ten stations. This may be very important because 
they give different source conditions of AGW’s gen-
eration which may lead to variations in differences in 
spread-F occurrences.

Wang et  al. (2018) used the ionosonde data of Haikou, 
Guangzhou, Beijing and Changchun to investigate spread-F 
occurrence percentages, the possible threshold of foF2 for 
FSF occurrence and the relationship between hʹF and RSF 
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occurrence. They pointed out that the difference in foF2 
and hʹF at different longitudes brought the variation in the 
spread-F occurrences. Additionally, we also checked the 
foF2 and hʹF data at the 10 sites in this paper, but the results 
showed that there were no obvious differences of foF2 and 
hʹF between the stations at nearly the same latitudes. Fur-
thermore, it is well known that the variation in foF2 is con-
nected with the heights of F2 region, so it may also affect 
spread-F occurrence percentages, but not the key factor in 
determining the difference of spread-F occurrences here. 
Meanwhile, even under favorable background conditions, 
certain triggering factors like AGW, electric field and so on 
are often needed for the spread-F occurrences. Therefore, 
our results indicated that the AGW was an important fac-
tor for spread-F event, but not the only one.

The possible impact of Perkins instability on the spread‑F 
occurrence percentages
In contrast to the rich observational history for low-lat-
itude spread-F, observations of spread-F at midlatitudes 
are relatively poor. Despite this brief history, a consistent 
understanding of climatological behavior of the spread-F 
in longitudinal occurrence has emerged from a variety of 
observational techniques. Perkins (1973) had proposed a 
system including three coupled nonlinear partial differen-
tial equations that could provide a basis for an instability 
process consistent with the spread-F event in the midlati-
tude ionosphere when appropriately solved. Hence, Perkins 
instability is now accepted as the most reasonable explana-
tion of the spread-F phenomenon at midlatitudes (Kelley 
and Fukao 1991; Miller 1997; Zhou et al. 2005). The night-
time ionosphere at midlatitudes is typically dynamically sta-
ble as the upward E × B drift due to eastward electric field 
and/or equatorward neutral wind supports the F region 
plasma against downward, gravity-driven diffusion (Perkins 
1973). This equilibrium can be written by using an effective 
electric field E∗

0 = E +U × B , where E is electric field, U is 
neutral wind and B is magnetic field (Kelley et al. 2003):

where θ is an angle between E∗
0 and geomagnetic east, D 

is the dip angle of the magnetic field, g is the magnitude 
of the gravitational acceleration at the F layer height and 
νin is the density-weighted collision frequency. The left 
and right sides are balanced in the steady state. The sim-
ple form of the linear growth rate for the Perkins instabil-
ity is given as (Perkins 1973):

(4)
∣

∣E∗
0

∣

∣ cos θ

B
cosD =

g

�νin�
sin2 D

(5)
γ =

E∗
0 cosD
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sin (θ − α) sin α

=
g sin2 D

�ν�0H

sin (θ − α) sin α

cos θ

where α is the angle between geomagnetic east and 
the wave vector, 〈ν〉0 is the background of 〈νin〉 , H is the 
neutral scale height and γ is proportional to the effec-
tive electric fields and sin (θ − α) sin α . Since U blows 
southeastward during the nighttime in the northern 
hemisphere due to a diurnal time, E∗

0 would typically 
be northeastward. The dip angle of the magnetic field 
over the 10 sites in this study is very different. The dip 
angle of the magnetic field decreases with the increase 
in longitude at the same latitude whenever under high 
or low solar activity. Therefore, the dip angle of the mag-
netic field at UR is the largest, and the dip angle of the 
magnetic field at OKI is the smallest. The largest dip 
angle is about 64°, and the smallest one is about 38°. 
This will probably cause the differences between E∗

0 and 
sin (θ − α) sin α at different sites and then cause the dif-
ference in growth rate of Perkins instability which may 
lead to the variation in spread-F occurrence percentages.

Considerable effort is currently being made to increase 
the understanding of the spread-F occurred at mid-
latitude and the suggested Perkins instability process. 
Yakoyama et  al. (2008) developed a three-dimensional 
numerical simulation in the nighttime midlatitude 
ionosphere and applied to the Perkins instability evolu-
tion in the F region. Nevertheless, they found that the 
growth rate of Perkins instability is too small to explain 
some observational results. So it is necessary to consider 
other mechanisms to intensify the instability in the F 
region. Furthermore, although the southeastward neutral 
wind in the post-sunset period is suitable for generating 
the irregularity structure through the Perkins instabil-
ity, the dynamo electric field induced by neutral wind is 
southwestward. The electric field can also modulate the 
F region and seed the Perkins instability. Therefore, the 
actual physical process is more complicated. In spite of 
this, the Perkins instability can still be invoked to partly 
explain the statistical results in this manuscript. The 
AGW or Perkins instability may be one of the causes of 
the spread-F events. To determine whether the spread-F 
variation is due to the lower atmosphere and ground con-
dition influences, further studies using weather obser-
vation data (including the weather satellite images or 
other meteorological data) should be conducted. There-
fore, further investigation about the mechanisms for the 
spread-F occurrences is still needed.

Summary and conclusions
In this study, we investigated the variations in the FSF 
and RSF occurrences, and the possible mechanisms for 
the longitudinal differences in the spread-F occurrence 
percentages at midlatitudes in Eastern Asia include the 
years of the data used in 23rd and 24th solar cycles. The 
major conclusions are summarized as follows:



Page 13 of 15Wang et al. Earth, Planets and Space           (2019) 71:47 

(1) The occurrence percentages of FSF in these ten 
stations are higher than RSF. The FSF occurrence 
percentages are higher during the low solar activ-
ity years at all sites. Moreover, the spread-F occur-
rences are anti-correlated with the geomagnetic 
activity. The spread-F events seldom occur at some 
sites when F10.7 ≥ 180 or Ap ≥ 12.

(2) The FSF occurred mainly during the summer 
except WAK, whereas the RSF occurred mostly in 
the winter at UR, CC and WAK. Post-midnight FSF 
was the most frequently observed type of spread-F 
events, whereas the peak value of the RSF occur-
rence appeared at approximately 00:00 LT.

(3) Spread-F occurred more often at coastal or marine 
areas than at inland area especially near 35°N–45°N 
latitudes due to different geographical locations. 
Nevertheless, the mean occurrence of FSF at SZ is 
higher than that at YAM. The mean occurrence of 
RSF at KM is higher than that at OKI. Another phe-
nomenon that needs more attention is that FSF and 
RSF mean occurrences at 31°N latitude are the low-
est for the four latitude chains.

(4) It is well known that the AGW and Perkins instabil-
ity both likely play important roles in the spread-F 
occurrences. Due to the limitation of data, the gen-
eration mechanism of spread-F should be further 
studied.

This study presented a preliminary variation in the 
spread-F occurrence percentages including some new 
results, which is helpful in understanding the ionospheric 
variation in Eastern Asia. The above data and statistical 
results presented in this paper can be used as a reference 
for future studies.
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