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Abstract: Spread F (SF) in the ionosphere can be observed frequently in mid-latitude regions. It
is suggested that atmospheric gravity waves play a significant role for the seeding of mid-latitude
SF. Previous research suggested that the source of travelling ionospheric disturbances (TIDs) over
China is in the southeastern and northeastern edge of the Qinghai-Tibet Plateau, however, until
now there have been no ground-based observations of the ionosphere in this region. Recently, an
advanced digital ionosonde was installed at Zhangye station (39.2°N, 100.54°E, Dip Lat 29.6°N) in
the northeastern edge of the Qinghai-Tibet Plateau. It is an opportunity to verify the effect of gravity
waves on the formation of mid-latitude SF by comparing it with observations in other regions of the
Chinese sector. In this study, statistical analysis of SF recorded at Zhangye station during 2017-2022
was carried out. Results show that diurnal, seasonal and solar cycle characteristics of the occurrence
rate of SF are similar with previous studies. At Zhangye station, the maximum occurrence rate of SF
is during the post-midnight period in summer and winter. The occurrence rate of SF events have a
negative relationship with solar activity. There is no obvious relationship between the occurrence rate
of SF and geomagnetic activity. Comparing observations of other stations in the mid-latitude region,
we found that the occurrence rates of SF (the annual maximum rates are from 33.83% to 53.29%) are
much higher at Zhangye station. Further studies show that ionospheric disturbances can be observed
frequently at Zhangye station, especially in autumn and winter. Gravity waves/TIDs in the northeast
of the Qinghai-Tibet Plateau are suggested to explain the abnormal higher occurrence rate of SF at
Zhangye station.
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1. Introduction

Spread F (SF) is a typical irregularity in the F layer of the ionosphere, which is man-
ifested as the diffuse or spread echoes on ionograms recorded by ionosondes. The scale
of SF irregularities ranges from several centimeters to several hundred kilometers [1]. SF
events usually occur during the nighttime and seldom occur after sunrise with obviously
diurnal variation. SF was first discovered by Booker and Wells [2] and has been extensively
studied for several decades. The formation mechanism of equatorial SF has been attributed
to Rayleigh—Taylor (RT) instability. As for mid-latitude SF, Perkins instability [3] usually
plays a significant role in the formation mechanism. Medium-scale travelling ionospheric
disturbances (TIDs) can be a seeding source of mid-latitude SF [4,5], which is originated
from gravity waves [6]. Kelley et al. [7] studied two cases associated with the coupling pro-
cess between E and F regions in the ionosphere, and concluded that there was a correlation
between sporadic E (Es) and mid-latitude SE. In addition, equatorial ionization anomaly [8]
and particle precipitation of polar regions [9] might influence mid-latitude ionosphere.
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There are many statistical studies about the characteristics of SF over the past decades.
Studies [10-13] show that SF events have diurnal, seasonal, solar cycle variations. It is
well known that SF events occurred frequently only in equatorial low- and high-latitude
regions, however, some studies found that the occurrence probability of SF is also high
in mid-latitude regions over recent decades [11,14]. Igarashi and Kato [15] had analyzed
the data of five ionosonde stations in mid-latitude regions. Results indicated that the
maximum occurrence rate of SF is in summer and winter, and the occurrence rate depends
on the latitudes. In addition, they found that the occurrence rate of SF has a negative
relationship with sunspot number. Paul et al. [16] found that the occurrence rate of mid-
latitude SF decreased with solar activity. Bhaneja et al. [17] used ionospheric observations
over Virginia (37.95°N, 284.53°E) during a full solar cycle to study mid-latitude SE. Results
show that mid-latitude SF occurred more frequently during a solar minimum period and
suggested that enhanced auroral activity might affect the occurrence rate of SF events.
Huang et al. [11] conducted a comparative analysis of mid-latitude SF over Changchun
(43.8°N, 125.3°E) and Urumgi (43.7°N, 87.6°E) with the results showing that there are some
obvious differences on diurnal and seasonal variations. They concluded that the differences
between the two stations are due to gravity waves.

Many studies have investigated the diurnal, seasonal, and solar cycle variations of mid-
latitude SF, however, the formation mechanism of mid-latitude SF still require studying.
This study carried out a statistical characteristic of mid-latitude SF recorded at Zhangye in
the northeastern edge of the Qinghai-Tibet Plateau. Furthermore, Wan et al. [18] suggested
that this region is the source of TIDs observed in the central China. It gives an opportunity
to study and verify the relationship between atmospheric gravity waves and mid-latitude
SF from observations at Zhangye station.

2. Data and Methodology

The ionospheric data used in this study are recorded by Wuhan Ionospheric Sounder
System (WISS) at Zhangye station (39.21°N, 100.54°E, Dip Lat 29.6°N), which was installed
jointly by the Ionospheric Laboratory of Wuhan University and the Space Center of Chinese
Academy of Sciences in 2016. Data resolution of the ionosonde is 5 min. The ionogram data
from 2017 to 2022 were selected, and a detailed distribution of the data is shown in Table 1.
A software tool, ionoScaler v2.0 [19], was used to manually scale ionograms. Moreover,
ionograms recorded by DPS-4D [20] at Beijing station (40.25°N, 116.25°E, Dip Lat 30.9°N)
in 2018 were used to compare with observations at Zhangye station in this study. Figure 1
shows the geographical location of Zhangye and Beijing stations, where Zhangye station is
at the edge of the Qinghai-Tibet Plateau. The data of solar 10.7 fluxes and Ap index used
in this study was downloaded from ftp:/ /ftp.gfzpotsdam.de/pub/home/obs/Kp_ap_A
P_SN_F107 (accessed on 21 March 2023).

Table 1. Distribution of ionogram data at Zhangye.

Year Number of Number of Missing  Specific Date of the Missing
Effective Days Days Data (Day/Month)
2017 335 30 5 June-6 July
1 February-7 February;
9 February;
12 February-14 February;

2018 343 2 18 March-20 March;

14 April-18 April;

28 April-30 April
2019 365 0
2020 343 23 22 November-14 December
2021 361 4 28 March-31 March

2022 360 5 11 June-15 June
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Figure 1. Locations of Zhangye (39.21°N, 100.54°E, Dip Lat 29.6°N) and Beijing (40.25°N, 116.25°E,
Dip Lat 30.9°N) stations.

To study the effects of different systems on SF observations, a comparison of the data
from WISS and DPS-4D at Wuhan station on several days in 2020 was carried out. There
are several differences between WISS and DPS-4D. The DPS-4D is equipped with a dual-
channel receiver, whereas WISS features a single-channel receiver which cannot separate
O-waves and X-waves. Data resolution of DPS-4D is 15 min, and the antennas of the two
ionosondes are also different. The elevation of antennas can affect returned echoes from
different positions in the ionosphere over the transmitter and then lead to some slightly
different echoes on ionograms. Therefore, to test the difference of observations from these
two ionosondes, Figure 2 shows ionograms recorded by WISS and DPS-4D at Wuhan.
We marked ionograms with SF according with the Handbook of lonogram Interpretation and
Reduction [21], with the red rectangles marking the trace of the F2 layer. For the operator,
Figure 2a,b was identified as SF, however, there are no SF for Figure 2¢,d. To further
study the differences between these two systems, Figure 3 shows the comparison of SF
observations on some days in September and December in 2020. The black bars indicate
the occurrences of SF events and grey parts indicate the data missed in Figure 3. The two
digital ionosondes have similar results for SF observation.

In this study, the occurrence rate of SF is calculated by Equation (1).

n(Y, M, LT)

POCMID) = 9y

x 100% (1)
where Y (Year) = 2017-2022, M (Month) = 1-12, LT (local Time) = 1-24, n is the number of
SF occurrences at LT-th time of the M-th month of Y-th year. N is the number of ionograms
recorded by the ionosonde in the corresponding time.
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Figure 2. Ionograms recorded by WISS and DPS-4D at Wuhan, ionograms with SF (a) (WISS,
22 September 04:15 UTC + 8) and (b) (DPS-4D, 21 September 20:15 UTC), without SF in (c) (WISS,
12 September 01:15 UTC + 8) and (d) (DPS-4D, 11 September 17:15 UTC).
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Figure 3. Comparison of SF occurrence over Wuhan between WISS and DPS-4D. Black bars indicate
occurrences of SF events and grey parts indicate missed data.
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3. Result
3.1. Diurnal and Seasonal Variations of Spread F

In this study, SF has not been categorized to establish different types, but instead to
distinguish whether it occurs or not. Figure 4 shows variations of SF as a function of local
time and day of year. The x-axis is the day of the year, and the y-axis represents the local
time of day. Similar to Figure 3, the grey parts in Figure 4 indicate the missed data and
the black bars indicate the occurrence of SF events. The green and blue lines in Figure 4
indicate the local time of sunrise and sunset, respectively. It can be seen from Figure 4
that SF events occurred almost every day. Results are similar with the occurrence of SF
in Moscow (55.5°N, 37.3°E) [12]. It can be found that the effect of solar terminator on
SF is more evident at the sunrise time than sunset time except summer, which is similar
as the results over Nicosia (35.19°N, 33.38°E) [12]. It can be seen from Figure 4 that SF
can be observed occasionally during daytime. However, in this study, we focused on the
characteristics of nighttime SF.
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Figure 4. Occurrence of SF as a function of local time and day of year in 2017 (a), 2018 (b), 2019 (c),
2020 (d), 2021 (e) and 2022 (f). Grey parts indicate missed data and black bars indicate occurrences of
SF events. Green and blue lines indicate local time of sunrise and sunset.

Figure 5 shows an average probability of the occurrence of SF at different local times
from 2017 to 2022. It can be seen from Figure 5 that the maximum of the occurrence
probability is around post-midnight. Moreover, for the effect of solar activity, the maximum
value of the occurrence is during the low solar activity years (2018-2020). The diurnal
variations of SF are similar to observations made by Huang et al. [11]. However, compared
with observations over other mid-latitude stations (maximum values were around 16%
at Changchun (43.8°N, 125.3°E) and around 9% at Urumgqi (43.7°N, 87.6°E) [11]), the
occurrence probabilities of SF in this study are much higher. They are 43.2% (2017, between
01 LT to 02 LT), 51.8% (2018, between 04 LT to 05 LT), 53.3% (2019, between 02 LT to 03 LT),
53.0% (2020, between 02 LT to 03 LT), 43.0% (2021, between 02 LT to 03 LT) and 33.8% (2022,
between 02 LT to 03 LT), respectively.
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The Occurrence Probability of SF at Zhangye
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Figure 5. Diurnal variations of SF at Zhangye in 2017 (pink), 2018 (black), 2019 (green), 2020 (red),
2021 (blue) and 2022 (cyan).

In this study, one year was divided into four seasons: spring (months 3—4), summer
(months 5-8), autumn (months 9-10) and winter (months 11-12 and 1-2) to study seasonal
characteristics of SF. Figure 6 shows seasonal variations of SE. It was found that the oc-
currence rate of SF in each year almost has similarly seasonal characteristics. In winter
and summer, SF has a higher occurrence rate, while the occurrence probability of SF is
relatively lower in spring and autumn. The greatest differences are in autumn and winter.
It can be found that the occurrence rate of SF in 2021 and 2022 are lower than other years in
autumn and winter (especially in early winter), while the occurrence probability in 2019
is much higher. The monthly occurrence probabilities of SF from 2017 to 2022 are in the
range of 2.98-21.63% (2017), 8.82-22.12% (2018), 2.54-31.54% (2019), 7.04-25.92% (2020) and
0.88-31.53% (2021) and 0.48-28.40% (2022), respectively. It is interesting that the maximal
values of monthly probabilities are in January in 2019 and 2021, which are not similar with
other years.

35 The Occurrence Probability of SF at Zhangye
T T T T T T T T

T
—A—2017
—A—2018

42019 |7
—A— 2020
—A—2021

Percentage of Occurrence(%)

Month

Figure 6. Monthly variations of SF at Zhangye in 2017 (pink), 2018 (black), 2019 (green), 2020 (red),
2021 (blue) and 2022 (cyan).

Figure 7 presents the occurrence probabilities of SF as a function of local time and
month from 2017 to 2022. In summer, the occurrence probabilities of SF can reach ap-
proximately 80% or higher. The occurrence probability of SF is higher during nighttime
in summer and winter but lower in spring and autumn. The occurrence rates of SF are
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Month

very low in March during 2021 and 2022. The maximum rates of each year are around
the midnight in summer and the secondary peak value appeared around the midnight
in winter, but opposite in 2019. Guo et al. [13] shows similar characteristics of SF over
Changchun and Urumgqi and the occurrence probabilities have a similar pattern but with a
lower level (less than 45%).

(a) SF observed at Zhangye in 2017

(c) SF observed at Zhangye in 2019

|

(b) SF observed at Zhangye in 2018
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Figure 7. Occurrence probabilities of SF at Zhangye as a function of local time and month from 2017
to 2022.

3.2. Dependence of Solar and Geomagnetic Activity

In order to study the correlation between SF and solar activity, Figure 8b,c show the
solar radio fluxes at 10.7 cm (F10.7) and daily probability of SF from 2017 to 2022 (the
probability curve has been smoothed). The Ap index is also drawn for a more compre-
hensive analysis (Figure 8a). In Figure 8c, the red dotted line indicates the average annual
probability of SE. It is found from Figure 8 that the occurrence probability value decreases
when the F10.7 increases.
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L Il
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Figure 8. Ap Index (a), solar 10.7 fluxes (b) and SF occurrence probabilities (c) from 2017 to 2022. The
black vertical dotted line indicates solar 10.7 fluxes increase apparently after that time.
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It can be seen in Figure 6 that the occurrence rates of SF are lower in spring and
autumn compared to other seasons. However, there are some slight differences. Therefore,
to further analyze the effect of solar activity on the SE, Figure 9 shows the diurnal variation
of SF in different seasons in 2019 and 2022. It can be seen from Figure 9 that the occurrence
probabilities of SF are both high in summer of these two years. However, the occurrence
probability of SF in 2019 is higher than 2022 in autumn and winter.
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Spring — A—-2022
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Local Time

Figure 9. Diurnal variations of SF in different seasons in 2019 (solid line) and 2022 (dotted line).

Recent studies show that during geomagnetic disturbed periods equatorial plasma
bubbles can reach mid-latitudes [8,22]. To study the effect of geomagnetic activity on
the occurrence of SF, Figure 10 shows the distribution of the occurrence rates of SF with
local time and geomagnetic activity in different seasons during 2017-2022. The color bars
indicate occurrence rates under geomagnetic quiet (blue), moderate (orange) and active
(yellow) conditions, and the pie chart (right panel) represents the corresponding number of
ionograms. The maximum value of Kp on the very day was used to represent geomagnetic
activity. In spring, it can be seen from Figure 10 that there is no positive relationship between
geomagnetic activity and the occurrence of SF during 00:00 LT to 06:00 LT. However,
there are some slightly positive relationships during 22:00 LT to 24:00 LT. In summer, the
occurrence rate of SF increased during the post-midnight period under geomagnetically
active condition. There are no positive effects on SF during the pre-midnight period. In
autumn, the occurrence rate of SF is slightly higher under the geomagnetic moderate and
active conditions than the quiet condition during 03:00 LT to 06:00 LT (21:00 LT to 22:00 LT).
In winter, there are no positive effects on SF at nighttime during geomagnetically active
condition. Previous studies [23-25] found that there is a negative relationship between
SF and geomagnetic activity. However, Su et al. [26] suggested that the occurrence of
mid-latitude irregularities is not affected by the magnetic condition. The present study
further suggests that the relationship between SF and geomagnetic condition might depend
on the season and local time.
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Figure 10. Distribution of occurrence probabilities of SF with local time and geomagnetic activity in
spring (a), summer (b), autumn (c) and winter (d). Pie charts show number of ionograms in different
seasons and geomagnetic conditions.

4. Discussion

Results in this study show that the diurnal, seasonal and solar activity characteristics of SF
at Zhangye stations are similar to previous statistical studies at mid-latitude regions [11,14,25].
Wang et al. [14] studies characteristics of SF at Beijing (39.6°N, 116.3°E) and Kezhou (39.7°N,
76.2°E) station in China. The latitudes of these two stations are close to Zhangye station.
Reasonably, diurnal variations are similar at these three stations. However, the maximum
probabilities of SF at Beijing and Kezhou (both around 22% in 2011) were lower than Zhangye
(around 33.83% in 2022) during the high solar activity.

In terms of seasonal variations, similar to previous studies at mid-latitude stations [11,13-15],
there are double peaks (in summer and winter) on the occurrence probabilities of SE. However, the
occurrence rate of SF at Zhangye station is much higher than other mid-latitude stations, especially
in winter. The maximum values are around 12% and 15% in winter and summer (Beijing and
Kezhou, 2011) while the corresponding peak values are around 19.4% and 28.4% at Zhangye
(2022). Although the year is different for observations at Beijing (Kezhou) and Zhangye, the level
of solar activity is comparable. During the minimum solar activity period (1995-1997), the peak
values of local time are 44.1% (38.7%) in winter and 30.1% (26.7%) in summer at Changchun
(Urumgi), however, the corresponding peak values at Zhangye during the minimum solar activity
period (2017-2019) are above 60% and 70% in winter and summer, respectively.

Figure 11 shows comparison of the occurrence probability between Zhangye and
Beijing stations in 2018. The solid and dotted lines represent the occurrence probability of
SF at Beijing and Zhangye stations. At Beijing station, the occurrence probability in 2011 [14]
is comparable with that of 2018. Figure 11a shows that the maximum occurrence probability
of SF at Beijing is approximately 30.3% and lower than that at Zhangye (approximately
51.8%). The maximum values are both located between 04:00 LT to 05:00 LT at Beijing and
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Zhangye stations. The occurrence probabilities at Zhangye are higher than which at Beijing
for all local times. In Figure 11b, the occurrence probability of SF at Beijing is in the range
of 2.2-22.3% and the trend of seasonal variation is similar with Zhangye. It also can be seen
from Figure 11b that the occurrence probabilities are comparable at Zhangye and Beijing
in spring and summer seasons. However, in autumn and winter, they are much higher at
Zhangye than Beijing.

Comparison of occurrence probability between Zhangye and Beijing in 2018

(a)l T T T T T T T T T T T T T T T T T T T T T

—A— Beijing
— A— - Zhangye

A A A A A A A A A A
12 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24

Local Time
—A— Beijing A
—-A—-Zhangye | 7 |

n
o

Percentage of Occurrence(%)
N
o

o

104

1 2 3 4 5 6 7 8 9 10 11 12
Month

Figure 11. Diurnal (a) and seasonal variations (b) of SF at Zhangye and Beijing stations in 2018.

In mid-latitude regions, there is an electrodynamical coupling process between E and
F regions in the ionosphere [7,27] which might affect the occurrence of SE. Zhou et al. [28]
analyzed the occurrences of Es layers and SF over Wuhan and found that there is a positive
relationship between diffused Es and SF during nighttime. Interestingly, Wang et al. [29]
studied the Es layer over Zhangye and Beijing stations in 2018. The statistical results show
the occurrence probabilities of Es at Zhangye are higher than that at Beijing, especially
in autumn and winter. However, the occurrence of Es in winter is much lower than that
in summer at Zhangye station. On the other hand, the different occurrence rates of Es
between Beijing and Zhangye stations is not as large as that for SF. Therefore, the E-F region
coupling cannot explain the high occurrence rate of SF at Zhangye station. Wang et al. [29]
concluded that gravity waves might play an important role on the formation of the Es layer.
At the same location, it is reasonable to consider that gravity waves might be a main driver
for the abnormal high probabilities of SF in autumn and winter.

Gravity waves can play an important role on the occurrence of SF at middle latitudes
over recent decades. The neutral particle density perturbations induced by gravity waves
are usually considered as a seeding source of SF. Kelley [30] proposed that gravity waves
created a finite structure firstly then were amplified by plasma instability, which cause
ionospheric irregularities. Bowman [31] suggested that seasonal variation of SF might
be associated with neutral particle density. Results show that there is a negative relation-
ship between the occurrence of SF and neutral particle density in the upper atmosphere.
Hines [32] found that the amplitude of gravity waves increased with a low neutral particle
density, therefore, gravity waves may play key roles on seasonal variation of SF. Further-
more, gravity waves mainly originate in the lower atmosphere and are greatly affected
by the topographic conditions. Compared with the plain region [33], gravity waves in the
plateau region can propagate up to a higher altitude.
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Wan et al. [18] statistically analyzed the traveling ionospheric disturbance above the
Qinghai-Tibet Plateau and suggested that TIDs might be related to the special topography.
According to the observational results by Wan et al. [18], TIDs observed in central China
mainly propagated in the northeastward and southeastward direction. The two sources of
TIDs were right in the southeastern and northeastern edges of the Qinghai-Tibet Plateau.
Because of the tropospheric westerlies, there are a lot of vortexes in lee side which might
excite gravity waves [34]. Coincidentally, Zhangye station is just located at the northeastern
edge of the Qinghai-Tibet Plateau. The effects of gravity waves are long-lasting because of
the unchanging topography. Therefore, the high occurrence probabilities of SF at Zhangye
may be attributed to the presence of strong gravity waves.

In terms of seasonal variations, there are some seasonal abnormalities of SF at Zhangye
station. During the autumn and winter periods from 2017 to 2020, the occurrence prob-
abilities of SF events at Zhangye are comparable to, if not higher than, the occurrences
in summer. Notably, the probabilities in winter are higher than that in summer for the
year of 2019 and 2021. Figure 3 in Wan et al. [18] studied seasonal characteristics of TID
sources and tropospheric vortexes and found that TID sources in the southeastern and
northeastern edge of the Qinghai-Tibet Plateau occurred mainly in autumn and winter. It is
well known that mid-latitude SF is mainly caused by TIDs [4,5]. Moreover, TIDs are the
manifestation of gravity waves in the ionosphere [1,35,36]. To further study the relationship
between SF and TIDs/gravity waves, Figure 12 shows variations of the virtual heights at
various frequencies on some typical days (15 January, 11 March and 12 October in 2017
and 18 January in 2019). The black lines in Figure 12 indicate the downward movement of
the phase velocity of TIDs in the ionosphere, and gray parts represent the duration of SF.
TIDs can occur frequently during the occurrence of SE. To show ionospheric disturbances in
different months, the virtual height histograms of monthly mean of ionograms have been
drawn by image projection technique [37-39] as Figure 13. For virtual height histograms
of ionograms, we sum up all pixels including noise for all frequencies at each height on
ionograms, and then we can get the height histogram of ionograms along the height. A
virtual height-time display is obtained by converting the height histogram into a single
vertical line and plotting this line obtained from each successive ionogram as a function of
time [39]. January, December, March and October were selected to represent winter, spring
and autumn, respectively. Compared with observations in other regions, the occurrence
rates of SF are mostly similar in summer. This study focused on the abnormal phenomena
of the occurrence rate in spring, autumn and winter. Therefore, the summer months were
not shown in Figure 13. The maximum values marked by black lines are close to the base
virtual height of ionograms. Virtual height increases are associated with wave-like struc-
tures in the ionosphere. It is well known that wave-like structures in the ionosphere are
associated with gravity waves [4]. Therefore, the disturbances of black curves can represent
ionospheric disturbances. In this study, ionospheric disturbances during the pre-midnight
period are considered (red rectangles in Figure 13). It can be seen from Figure 13 that
the black lines changed slightly in March (red rectangles) and dramatically in the other
three months, indicating the fact that ionospheric disturbances are stronger in autumn
and winter at Zhangye. In other words, gravity waves at Zhangye station are more active
in these two seasons. Therefore, more active gravity waves can cause higher occurrence
rate of SF in autumn and winter, which further lead to seasonal abnormalities of SF. The
results of Wang et al. [29] showed a small difference in the occurrence probabilities of Es
layer between Zhangye and Beijing in summer, however, the occurrence probabilities of
Es are higher (around 10%) at Zhangye station than Beijing in autumn and winter. In
Figure 11b, seasonal variation of the occurrence probability of SF has the similar trend with
the Es. The power spectrum of gravity waves in the Qinghai-Tibet Plateau are stronger in
midnight [40], which might result in a larger effect of gravity waves on SF than on Es. In
autumn and winter of 2021 and 2022, especially for 2022, the occurrence probabilities are
lower than other years, which might be because of solar activity. It is apparent that solar
activity become more active since the latter half of 2021 (Figure 8) in autumn and winter.
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Gravity waves might vary with solar activity. Vadas [41] suggested that gravity waves have
larger amplitudes at F region during the minimum solar activity but at higher altitudes
during the maximum solar activity. Liu et al. [42] found a significant negative response
between gravity waves and F10.7. As a result, the solar activity has a significant effect on
the occurrence of SF in autumn and winter. However, the occurrence probabilities of SF
in summer (and spring) are similar in this study and seem to not be influenced by solar
activity. Paul et al. [12] also showed that there is no negative dependence of solar activity
in summer and equinox period over Nicosia from 2009 to 2020, however, the physical
mechanism is still not clear. It is reasonable to think that gravity waves might not be active
in spring and summer. As a result, the effect of solar activity cannot be shown in the
occurrence of SF in summer and spring.
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5. Conclusions

In this study, we carried out statistical analysis of spread F recorded at Zhangye station
in the mid-latitude region of China. The data are recorded from 2017 to 2022, which cover
half of a solar cycle. In addition, comparisons of SF at Zhangye and Beijing stations were
conducted. The main results can be summarized as follows:

(1) Statistical results show that the diurnal, seasonal and solar activity variations are
consistent with previous studies. The maximum occurrence rates of SF are mostly
during post-midnight. As for seasonal variation, the occurrence probabilities of SF are
higher in summer and winter, and the highest value is in summer (except 2019). In
this study, there is a negative relationship between solar activity and SF. However, the
relationship between SF and geomagnetic condition might depend on the specified
season and local time.

(2) We found that there are several anomalies for the occurrence rate of SF in this study.
First, the occurrence probabilities of SF are higher than other mid-latitude stations (Bei-
jing station). Second, the occurrence probabilities of SF are abnormal higher in autumn
and winter from 2017 to 2020, but lower in 2021 and 2022 (except January 2021).

(3) The anomalies mentioned above might be attributed to gravity waves in the northeast
of the Qinghai-Tibet Plateau and the effect of solar activity. Gravity waves in the
Qinghai-Tibet Plateau are more active in autumn and winter which might cause the
higher occurrence probability of SF. The solar activity might have an influence on
gravity waves, which lead to the lower occurrence probabilities of SF in 2021 and 2022.
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