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Abstract: With the arrival of the maximum phase of 
Solar Cycle 25, ionospheric scintillation phenomena 
have become increasingly frequent, which severely 
impacts the capabilities of GNSS positioning, 
navigation, and timing services. This study collected 
30-second sampling rate data from 6 GNSS stations 
in low-latitude regions of Asia, Oceania, the Pacific, 
Africa, and South America spanning the period 
2014-2024. Using 𝑆𝑆4𝑐𝑐 as the criterion for identifying 
low-latitude amplitude ionospheric scintillation, the 
statistical characteristics of ionospheric scintillation 
in various regions were analyzed. The results 
demonstrated a significant positive correlation 
between the occurrence of ionospheric scintillation in 
various regions and solar activity. During solar 
maximum years, ionospheric scintillations at the 
KOUG station mainly occurred in winter, spring, and 
autumn, while those at the other stations are 
predominantly observed in spring and autumn 
annually. Scintillation at all stations predominantly 
takes place between 8:00 p.m. and 2:00 a.m. local 
time. In low solar activity years, both the frequency 
and duration of ionospheric scintillation at each 
station decrease significantly. With the exception of 
the KOUG station, where scintillation remained 
severe, the other stations show no obvious seasonal 
or local time patterns. The directional distribution of 
ionospheric scintillation exhibits a distinct 

relationship with the latitude of the stations. 
Furthermore, the study indicates that due to the 
distinct meridional distribution characteristics and 
latitude-dependent variations of equatorial plasma 
bubbles, the scintillation intensity at different 
locations during high solar activity years follows the 
order from strongest to weakest: South America (near 
the Atlantic Ocean), Africa, the Pacific region 
adjacent to South America, Asia, and Oceania.  

Keywords: low-latitude regions; ionospheric 
scintillation; spatiotemporal characteristics; solar 
activity 

1 Introduction 

The ionosphere, located at an altitude range of 
60 to 1000 km above the Earth's surface, constitutes a 
crucial component of the Earth's atmosphere. When 
radio signals pass through the ionosphere, rapid and 
random fluctuations occur in their phase and 
amplitude, a phenomenon known as ionospheric 
scintillation. Ionospheric scintillation can be 
categorized into amplitude scintillation and phase 
scintillation [1]. Ionospheric scintillation typically 
occurs in low-latitude and high-latitude regions: 
low-latitude areas are dominated by amplitude 
scintillation, whereas high-latitude regions are 
primarily characterized by phase scintillation. 
Low-latitude ionospheric scintillation is mainly 
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caused by irregularities in the equatorial F region, 
with equatorial plasma bubbles (EPBs) being the 
primary contributing factor [2-3]. Since EPBs originate 
from the generalized Rayleigh-Taylor instability at 
the bottom of the post-sunset F layer, low-latitude 
ionospheric scintillation frequently occurs after 
sunset [3-4]. In high-latitude regions, ionospheric 
scintillation is primarily associated with large-scale 
irregular patches, which result from gradient-drift 
instability and the precipitation of high-energy 
electrons that are accelerated along geomagnetic field 
lines [5]. 

As a type of radio signal, GNSS signals also 
experience ionospheric scintillation when passing 
through the ionosphere. Ionospheric scintillation 
affects the quality of GNSS positioning and is 
currently one of the important factors leading to the 
degradation of GNSS positioning accuracy [6]. When 
amplitude and phase scintillations occur in GNSS, 
they restrict the coherent integration capability for 
weak signals and impair the normal reception and 
processing of signals [7]. Amplitude scintillation can 
reduce the signal strength below the receiver's 
locking threshold, making stable signal reception 
difficult and, in severe cases, causing interruptions in 
positioning services. Phase scintillation-induced 
Doppler frequency shifts may lead to cycle slips in 
GNSS carrier phase data, especially continuous cycle 
slips caused by intense ionospheric scintillations, 
which can last for several minutes. Even with the 
application of robust cycle slip correction algorithms, 
it is challenging to correct all cycle slips, thereby 
affecting the results of positioning using carrier phase 
data [8-9]. Xu et al. [10] demonstrated that during severe 
ionospheric scintillation, i.e., when 𝑆𝑆4 ≥ 1 and 
𝜎𝜎∅ ≥ 1.0𝑟𝑟𝑟𝑟𝑟𝑟 , the errors in GNSS precise point 
positioning (PPP) increase significantly. With the 
rapid development of autonomous driving, smart 
agriculture, and other fields, the demand for 
high-precision and stable positioning services is 
growing increasingly. Therefore, research on 
ionospheric scintillation is necessary, as it can 
facilitate the development of effective 
countermeasures to mitigate the impact of 
ionospheric scintillation on GNSS precise positioning 

[11]. 
With the increasing depth of research on 

ionospheric scintillation, current studies have 
preliminarily revealed the spatiotemporal patterns 
and physical mechanisms of ionospheric scintillation, 
particularly in low-latitude regions, which are typical 
high-incidence areas of ionospheric scintillation. In 
terms of spatiotemporal distribution, ionospheric 
scintillation events in these regions exhibit significant 
seasonal and local time dependencies. In terms of 
seasonal distribution, for example, in the East Asian 
region, during the vernal and autumnal equinoxes, the 
change in the Sun's position makes the generation of 
EPBs in the ionosphere more likely, resulting in 
scintillations that are generally more intense, frequent, 
and longer-lasting in spring and autumn than in 
summer and winter [12]. In terms of local time 
distribution, low-latitude ionospheric scintillation is 
mainly concentrated in the period from after sunset to 
midnight. This pattern also stems from the diurnal 
evolution characteristics of F-region irregularities, 
which (such as EPBs) typically occur during this time 
period. In contrast, sporadic amplitude scintillations 
occurring during the daytime are mostly caused by E 
region irregularities (e.g., the sporadic E layer), 
which induce ionospheric irregularities with smaller 
scales, leading to weaker daytime amplitude 
scintillations [13-14]. 

Despite the numerous studies conducted on the 
patterns of ionospheric scintillation, existing research 
still has certain limitations. Most findings are based 
on single stations or longitudinal sectors, and 
low-latitude scintillation research lacks 
cross-regional comparisons. Additionally, most 
studies focus on data analysis from a single year or a 
few years, without investigating the dynamic 
response of ionospheric scintillation to the solar 
activity cycle over an entire solar cycle. These 
limitations result in an insufficient comprehensive 
understanding of the patterns of ionospheric 
scintillation. Therefore, how to systematically study 
the patterns of ionospheric scintillation within a 
framework of multiple regions and long time series 
remains a key issue in current research. 

This study aims to reveal the commonalities and 
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differences in scintillation patterns across various 
regions by analyzing ionospheric scintillation data 
from low-latitude areas such as Asia, Oceania, the 
Pacific, Africa, and South America. The research 
covers 11 years of data from 2014 to 2024, spanning 
the 24th and 25th solar activity cycles, thereby 
facilitating the study of long-term statistical 
characteristics of ionospheric scintillation. Through 
multi-dimensional graphical analysis, this study will 
explore the spatiotemporal distribution, intensity, and 
duration patterns of low-latitude ionospheric 
scintillation events, as well as their dependencies on 
seasons and local time. 

2 Data and Methods 

2.1 Construction of Scintillation Index and 
Definition Method of Scintillation Events 

Although the indexes 𝑆𝑆4 and 𝜎𝜎∅ are commonly 
used in the study of ionospheric scintillation, the 
former is employed to measure the magnitude of 
amplitude scintillation, while the latter is used to 
quantify the magnitude of phase scintillation [10]. 
However, both indices are derived directly from the 
output of specialized ionospheric scintillation 
monitoring receivers (ISMRs). The hardware of such 
specialized ionospheric scintillation monitors 
typically requires high-precision receivers, antennas, 
dedicated software systems, and large storage spaces, 
resulting in high costs. They are only installed in 
certain regions, with sparse global distribution, 
making them unsuitable for long-term comparative 
studies across different low-latitude regions in this 
research. 

To address this issue, numerous scholars have 
developed scintillation indices calculated using 
ordinary geodetic GNSS receivers, such as the 
indexes ROTI, AATR, and 𝑆𝑆4𝑐𝑐  [15-17]. Given that 
amplitude scintillation predominantly occurs in 
low-latitude regions, the index 𝑆𝑆4𝑐𝑐 , which reflects 
amplitude scintillation, is more appropriate for 
research and analysis. It is a scintillation index 
designed by scholars such as Luo as a substitute for 
the index 𝑆𝑆4, using the 𝐶𝐶 𝑁𝑁0⁄  records from ordinary 
receivers as the basic calculation parameter. It 

exhibits a very strong correlation with the index 𝑆𝑆4, 
with a correlation coefficient exceeding 0.9 [17]. Its 
calculation formula is as follows: 

𝑆𝑆4𝑐𝑐 = �
< 𝑆𝑆𝑆𝑆det2 > −< 𝑆𝑆𝑆𝑆det >2

< 𝑆𝑆𝑆𝑆det >2         (1)  

wherein 𝑆𝑆𝑆𝑆det denotes the detrended signal intensity, 
and the angle brackets ⟨⟩ represent the arithmetic 
mean calculated over all observations within a 
5-minute interval. 𝑆𝑆𝑆𝑆det is defined as the ratio of the 
signal intensity (𝑆𝑆𝑆𝑆) at the current epoch 𝑘𝑘 to the 
average signal intensity over a specific time window, 
with its mathematical expression given as follows: 

𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑 =
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wherein 𝑛𝑛 is the total number of data points within 
the sliding window. In this study, the sliding window 
duration is set to 5 minutes, so 𝑛𝑛  when using 
30-second data files. Assuming the noise level 
remains constant over a specific time period, the 
noise level 𝑁𝑁0 at the current epoch 𝑘𝑘 is equal to the 
average noise level during the aforementioned time 
window. By dividing the numerator of Equation (2) 

by 𝑁𝑁0(𝑘𝑘) and the denominator by �∑ 𝑁𝑁0(𝑘𝑘 + 𝑖𝑖)
1+𝑛𝑛2
−𝑛𝑛2

�, 

Equation (2) can be rewritten as follows: 

𝑆𝑆𝑆𝑆det =
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wherein 𝑆𝑆𝑆𝑆/𝑁𝑁0(𝑘𝑘) denotes the signal-to-noise ratio 
(SNR) at epoch 𝑘𝑘. It can be indirectly derived from 
the carrier-to-noise density ratio 𝐶𝐶/𝑁𝑁0 provided by 
GNSS RINEX format data, as expressed by 
𝑆𝑆/𝑁𝑁0 = 100.1(𝐶𝐶/𝑁𝑁0) . Finally, the ionospheric 
scintillation index 𝑆𝑆4𝑐𝑐  can be calculated using 
Equation (1). 

Due to differences in hardware design, signal 
tracking algorithms, and noise characteristics, GNSS 
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receivers of different brands (such as LEICA and 
TRIMBLE) exhibit significant variations in their 
output 𝑆𝑆4𝑐𝑐  values under the same ionospheric 
conditions. The traditional unified threshold (e.g., 0.2) 
fails to adapt to multiple receivers, leading to an 
increase in the false alarm rate or missed detection 
rate of scintillation event detection. Therefore, Luo et 
al. [18] calculated new thresholds for different brands 
using the weighted average (WA) method. This 
threshold is constructed by integrating the advantages 
of the 𝜇𝜇 + 3𝜎𝜎  statistical criterion and the 
complementary cumulative distribution function 
(CCDF). Studies have shown that the new WA 
threshold can effectively mitigate the systematic 
detection bias among different mainstream brand 
receivers. In this study, the receiver-specific 
thresholds calculated by Luo et al.  are adopted to 
identify ionospheric scintillation events. It is 
important to note that Luo et al. only derived 
thresholds for mainstream GNSS receiver brands 
currently available on the market. A small portion of 
the data used in this study was collected by the 
ASHTECH receivers. To address the threshold issue 
of the ASHTECH receiver, the receiver-specific 
threshold calculation method proposed by Luo et al. 
was adopted. Using all ASHTECH data from the 
GLPS station during 2014–2015, the threshold for 
this receiver was finally calculated as 0.143. 

Currently, the threshold-based detection method is 
widely adopted for identifying ionospheric 
scintillations using ground-based GNSS. Specifically, 
the observation data acquired by ground-based GNSS 
receivers are preprocessed to extract scintillation 
indices that characterize signal amplitude fluctuations, 
phase variations, or the rate of change of electron 
content. An ionospheric scintillation event is 
identified at a given observation epoch if the 
calculated value of the scintillation index exceeds the 
corresponding threshold [18]. However, this detection 
method is susceptible to the multipath effect, which 
may lead to misdetections. Satellites at low elevation 
angles are particularly prone to multipath interference; 
therefore, most studies only use data from satellites 
with elevation angles above 30° to mitigate the 
impact of multipath effects. To further reduce the 

influence of multipath effects and other confounding 
factors, Huang et al. [19], Ge et al. [20], and Cheng et al 
[9]. restricted their analyses to scintillation events 
where 𝑆𝑆4 continuously exceeded 0.2 for at least 10 
minutes or 5 minutes, respectively. 

Among all stations in this study, the KAT1 station 
is most severely affected by multipath effects. After 
replacing its receiver on December 21, 2016, the 
multipath interference at KAT1 became prominent, 
with an especially severe impact in 2019. Note that, 
on some days in 2019, scattered data points exceeded 
the corresponding receiver threshold throughout the 
entire day. As 2019 was a solar minimum year, the 
overall scintillation activity throughout the year was 
unexpectedly higher than that in 2024 and 2014. 
Therefore, the 2019 data of KAT1 are excluded from 
subsequent analyses and discussions. Following the 
receiver replacement on March 2, 2020, the multipath 
effects at KAT1 returned to normal. Taking the KAT1 
station's 2018 data as an example, the annual scatter 
plot shows that most 𝑆𝑆4𝑐𝑐  values are below the 
corresponding threshold, but a large number of 
high-value points suddenly "spike" periodically, 
which occur at the same time every day and originate 
from the same satellite. Manual inspection confirmed 
that almost no genuine scintillation events occurred 
in 2018; however, statistical analysis of 
"pseudo-scintillation events" (with durations 
exceeding 5 minutes) revealed 2140 such events 
throughout the year. Among these, 58.3% lasted less 
than 6 minutes, 87.7% lasted less than 10 minutes, 
and the remaining events were scattered across 
durations longer than 10 minutes. Therefore, in this 
study, considering that these pseudo-scintillation 
events are mainly induced by multipath effects of 
low-elevation satellites, we selected only GNSS 
satellite measurements with elevation angles 
exceeding 30° during data processing to effectively 
mitigate multipath interference and ensure the 
accurate identification of ionospheric scintillation 
events. An ionospheric scintillation event was defined 
as a period where the 𝑆𝑆4𝑐𝑐  index continuously 
exceeded the corresponding receiver threshold for 
more than 10 minutes. Two consecutive scintillation 
events separated by less than 10 minutes were 
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merged into a single event. For each identified event, 
the peak 𝑆𝑆4𝑐𝑐  value and its occurrence time were 
recorded as the representative intensity and timing of 
that event [19]. 

2.2 Research Data 

To comprehensively explore the statistical patterns 
of ionospheric scintillation in global low-latitude 
regions, this study selects 6 typical GNSS stations 
distributed across Asia, Oceania, the Pacific, Africa, 
and South America as research objects. The 
geographical coordinates and geomagnetic 
coordinates of these stations are presented in Table 1. 
These stations are KAT1, HKOH, KOUG, MAS1, 
DJIG, and GLPS. Among them, KAT1 is located in 
the low-latitude region of Oceania, with favorable 
observation coverage conditions, which can reflect 
the scintillation characteristics of the ionosphere in 

this area. HKOH is situated in southern Asia, in a 
region with frequent ionospheric anomaly activities, 
and is representative for analyzing ionospheric 
disturbance events in the Asian region. KOUG is 
located in the low-latitude region of South America, 
where the ionospheric structure is complex and 
disturbances are active, making it one of the key 
areas for global ionospheric research. GLPS is 
located in the Pacific region near South America. 
Both MAS1 and DJIG are situated in the low-latitude 
regions of Africa, and they can collaboratively reflect 
the typical dynamic characteristics of the ionosphere 
over the African continent. The aforementioned 
stations are widely distributed spatially, covering 
typical low-latitude geomagnetic environments, thus 
providing a solid foundation for multi-regional and 
multi-latitude comparative studies. 

Table 1 Location of Research Stations 

Station Latitude（°） Longitude（°） Magnetic Latitude（°） Magnetic Longitude（°） 

DJIG 11.53N 42.85E 7.36N 116.98E 
GLPS 0.74S 90.30W 8.04N 17.72W 
KAT1 14.38S 132.15E 22.60S 153.76W 
KOUG 5.10N 52.64W 13.70N 20.65E 
MAS1 27.76N 15.63W 32.30N 61.71E 
HKOH 22.25N 114.23E 12.97N 173.35W 

In this study, all available 30-second observation 
data publicly released by the aforementioned stations 
through the IGS Data Center and the Lands 
Department of Hong Kong from 2014 to 2024 were 
systematically collected and processed. The relevant 
data cover a complete solar activity cycle 
(approximately 11 years), providing sufficient data 
support for in-depth analysis of the response 
relationship between ionospheric scintillation 
activities and solar activities. The 30-second sampling 
rate data were selected primarily because most data 
publicly available on the IGS official website during 
2014–2024 are at this sampling rate, which ensures 
better data integrity. Zhao et al. [21-22] and Li et al. [23] 
have validated the applicability of 30-second sampling 
rate data for ionospheric scintillation detection. 
Furthermore, Li et al. [23] compared the 𝑆𝑆4𝑐𝑐  index 

constructed from 30-second 𝐶𝐶/𝑁𝑁0 data of BeiDou-3 
satellites with the standard 𝑆𝑆4 index, revealing a high 
correlation coefficient of 0.95. This further confirms 
the reliability of the 𝑆𝑆4𝑐𝑐  index calculated from 
30-second sampling rate data. Meanwhile, in the latest 
research, Liu et al. [24] systematically compared and 
analyzed the  𝑆𝑆4𝑐𝑐 index derived from data with 
sampling rates of 1 s, 5 s, 15 s, and 30 s against the 
𝑆𝑆4 index, ROTI (Rate of TEC Index), and GOLD 
(Global-scale Observations of the Limb and Disk) 
nightside images. The results demonstrated that the 
𝑆𝑆4𝑐𝑐  index calculated from data with different 
resolutions exhibits strong consistency with these 
scintillation metrics, particularly in capturing the 
variations of 𝑆𝑆4𝑐𝑐 during scintillation events. 

Figure 1 presents the available data of each station 
from 2014 to 2024, as well as the changes in the 
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receiver models adopted by each station during this 
period. During this period, various GNSS receiver 
devices were utilized at each station, including 
mainstream models such as TRIMBLE, 
SEPTENTRIO, LEICA, ASHTECH, and JAVAD. 
Additionally, the primary receiver types utilized in this 
study are SEPTENTRIO and LEICA, which are 
recognized for their high stability [18]. The other three 
receiver types are less frequently employed, having 

been used only at the DJIG and GLPS stations in 
selected years. It can be observed from the figure that 
due to factors such as data storage, the data 
downloaded from the IGS official website is 
incomplete. Therefore, in this study, if the data for a 
certain month is less than 20 days, the data of that 
month will be discarded and not included in 
subsequent research and discussions.

 
Fig. 1 Distribution of downloadable data and equipment across stations during 2014–2024. The upper 

subplot shows the annual downloadable data availability at each station from 2014 to 2024, with 
data-available periods marked by different colors (each color representing a distinct station). The 
lower subplot illustrates changes in receiver types at each station, where different colors 
correspond to different receiver models 

3 Results and Discussion 

3.1 Seasonal Variations of Ionospheric 
Scintillation 

Figure 2 shows the monthly average minutes of 
ionospheric scintillation at 6 stations from 2014 to 
2024, which is calculated by dividing the total 
scintillation duration occurring at the station in the 
month by the number of days with valid data in that 

month. Also included in this figure are the monthly 
average values of the sunspot number and F10.7 
index. Figure 3 presents the monthly average number 
of ionospheric scintillation events at 7 stations from 
2014 to 2024, calculated by dividing the total number 
of ionospheric scintillation events occurring at the 
station in the month by the number of days with data 
at the station in that month. In both figures, the red 
background indicates months with fewer than 20 days 
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of available data, which are excluded from the 
analysis and discussion. 

Against the backdrop of the solar activity cycle, 
2014 was in the peak phase of the 24th solar cycle, 
during which phenomena such as sunspot eruptions 
and flare activities were frequent, causing intense 
disturbances to the Earth's ionosphere. 2024 is 
projected to be the peak year of the 25th solar cycle, 
indicating the arrival of a new period of high solar 
activity. As a solar minimum, 2019 saw relatively 
calm solar surface conditions, with significantly 
reduced intensity of various activities. From 2014 to 
2019, the level of solar activity showed a continuous 
decline, while it kept increasing from 2019 to 2024. 
In-depth analysis of Figures 2 and 3 reveals that, 
except for individual anomalies, the average 
ionospheric scintillation minutes and scintillation 
occurrence frequency at the remaining stations 
exhibit a positive good correlation with solar 
maximum years. To quantify this relationship, this 
study calculated the Pearson correlation coefficients 
between the annual daily average scintillation 
minutes, annual daily average scintillation counts, 
and the annual F10.7 Index as well as sunspot 
number for each year during 2014–2024, with the 
results presented in Table 2. The correlation 
coefficients for all stations exceed 0.72, while all 
correlation combinations for the MAS1 and HKOH 
stations reach above 0.9, exhibiting a strong positive 
correlation. These results confirm that solar activity is 
one of the key external driving factors governing 
ionospheric scintillations. 

To compare the scintillation intensity across 
different stations, the annual daily-averaged 
scintillation minutes and annual daily-averaged 
scintillation occurrence frequency were calculated for 
each station. These metrics were derived by dividing 
the total annual scintillation minutes or occurrence 
frequency of each station by the number of valid days 
in the corresponding year, with the results plotted in 
Figure 4. The upper subplot presents the annual 
daily-averaged scintillation minutes for each station, 
while the lower subplot shows the annual 
daily-averaged scintillation occurrence frequency. 
Overall, during 2014–2016, the KOUG and MAS1 

stations exhibited comparable levels of annual 
daily-averaged scintillation minutes and occurrence 
frequency, which were higher than those of the other 
four stations (with the latter four stations showing 
similar intensities). From 2017 to 2019, the annual 
daily-averaged scintillation minutes and occurrence 
frequency were generally consistent across all six 
stations. For the period 2020–2024, the KOUG 
station showed significantly higher scintillation 
intensity than the others. The second tier included the 
MAS1, DJIG, and GLPS stations, while the third tier 
consisted of the HKOH and KAT1 stations. Notably, 
the GLPS station’s scintillation intensity in 2024 was 
lower than that of the MAS1 and DJIG stations, 
being comparable to the third-tier HKOH and KAT1 
stations. Based on geographical location comparisons, 
during high solar activity years, the overall 
scintillation intensity follows the order from strongest 
to weakest: South America (near the Atlantic Ocean), 
Africa, the Pacific region adjacent to South America, 
Asia, and Oceania. In contrast, the overall 
scintillation intensity shows no significant differences 
across these regions during low solar activity years. 

Generally, in the Northern Hemisphere, the period 
from February to April is defined as spring, May to 
July as summer, August to October as autumn, and 
November to January of the following year as winter, 
while the opposite applies to the Southern 
Hemisphere. After excluding abnormal cases, it can 
be observed from Figures 2 and 3 that the higher the 
solar activity intensity, the longer the scintillation 
duration and the greater the number of scintillation 
events at each station. With the exception of the 
KOUG station, scintillation at other stations mainly 
occurs in spring and autumn. However, different from 
other stations, the KOUG station exhibits the longest 
scintillation duration and the highest number of 
scintillation events in winter. 

The influence of solar activity on ionospheric 
scintillation is a complex physical process. Variations 
in solar activity can directly affect the heating process 
of the Earth's upper atmosphere, thereby altering the 
electron density distribution and dynamic 
characteristics of the ionosphere. Previous studies 
have demonstrated that the occurrence rate of EPBs 
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exhibits a systematic dependence on solar activity 
levels [25-26]. Huang et al. [25] utilized plasma density 
measurement data from multiple DMSP satellites at a 
local time of 19:30-21:30, in low magnetic latitude 
regions, and at an altitude of 840 km during 
1989-2001. They found that compared with the solar 
maximum, the number of EPB occurrences during 
the solar minimum decreased by more than an order 
of magnitude. Tsai et al.[27] used ionospheric radio 
occultation observation data from FS7/COSMIC2 
during 2019-2023 and found that as solar activity 
increased year by year from 2019 to 2023, the 
average occurrence rate of EPBs in low-latitude 
regions also increased annually. Ionospheric 
irregularities show an obvious pattern of variation 
with solar activity, which in turn leads to ionospheric 
scintillation exhibiting a pattern of variation with 
solar activity. 

Tsunoda[28] found that the seasonal variation of 
scintillation activity is closely related to the relative 
position between the solar terminator and 
geomagnetic flux tubes. When the solar terminator is 
almost aligned with the geomagnetic flux tubes, 
ionospheric irregularities are more likely to occur, 
thereby enhancing scintillation activity. Nishioka et 
al.[29] calculated the sunset time difference between 
geomagnetic conjugate points to characterize the 
geometric relationship between geomagnetic field 
lines and the solar terminator. When the sunset time 
difference is minimized, the sunsets at the 
geomagnetic conjugate points are considered 
synchronous, a condition defined as the magnetic 
equinox. Their study demonstrated that magnetic 
equinoxes are distributed near the peaks of EPBs 
occurrence rates. Consistent with Nishioka’s findings 
on the distribution of magnetic equinoxes across 
different longitude sectors, the seasonal patterns of 
scintillation distribution observed at each station in 
this study show good agreement: except for the 

Atlantic sector, where two magnetic equinoxes occur 
around January and November, respectively, those in 
other sectors are centered around March and 
September. Lu et al.[30] also hypothesized and 
validated using data from South America (2018–2024) 
and West Africa (2022–2024) that the alignment 
between the geomagnetic meridian and the sunset 
terminator promotes the development of ionospheric 
irregularities, leading to enhanced irregularity 
intensity and spatial extent. Consequently, the 
significant seasonal variation in ionospheric 
scintillations is attributed to the pronounced seasonal 
distribution of ionospheric irregularities. 

Ionospheric irregularities and scintillations 
exhibit a strong longitudinal dependence, i.e., uneven 
distribution across different longitudes. Previous 
studies have shown that the occurrence rates of 
ionospheric irregularities and scintillations are higher 
over the Atlantic Ocean and its adjacent coastal 
regions (South America and Africa) than those over 
the Pacific Ocean and its surrounding areas[31–33]. 
Current explanations for this longitudinal dependence 
primarily focus on the longitudinal differences in 
post-sunset vertical plasma drifts [34–35]. As a key 
factor governing the generation of ionospheric 
irregularities [36], the vertical drift velocity exhibits 
significant longitudinal variations[37–38]. Zhao et al. [37] 
and Yizengaw et al.[38] calculated and compared the 
vertical drift velocities between South America and 
Asia, as well as between South America and Africa. 
Their results indicated that the vertical drift velocity 
over South America is higher than that over Asia and 
Africa, which is consistent with the ionospheric 
scintillation intensity observed in this study. 
Therefore, it is inferred that longitude sectors with 
higher vertical drift velocities are more conducive to 
the generation of ionospheric irregularities, thereby 
leading to the longitudinal dependence of ionospheric 
irregularities and scintillation distribution.
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Fig. 2 Monthly daily-averaged ionospheric scintillation minutes, monthly mean sunspot number, and F10.7 index 

at various stations during 2014–2024. The pink-colored regions denote months with insufficient valid data 
(fewer than 20 observation days), which are excluded from the analysis due to inadequate data coverage. 
Notably, the 2019 data from the KAT1 station are excluded from the discussion 
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Fig.3 Monthly daily-averaged frequency of ionospheric scintillation events at various stations during 
2014–2024. The pink-colored regions denote months with insufficient valid data (fewer than 20 
observation days), which are excluded from the analysis due to inadequate data coverage. Notably, 
the 2019 data from the KAT1 station are excluded from the discussion 

Table 2 Table of Pearson Correlation Coefficients Between the Annual Daily Average Scintillation Minutes, 
Annual Daily Average Scintillation Counts (per Station) and the Annual Daily Average of index F10.7, 
Sunspot Number During 2014–2024 

Station Correlation between 
scintillation minutes 

and index F10.7 

Correlation between 
scintillation minutes 
and Sunspot Number 

Correlation between 
scintillation 

occurrence frequency 
and index F10.7 

Correlation between 
scintillation 

occurrence frequency 
and Sunspot Number 

MAS1 0.979  0.963  0.991  0.978  
KAT1 0.792  0.745  0.774  0.726  
DJIG 0.871  0.848  0.891  0.873  
KOUG 0.867  0.857  0.866  0.857  
GLPS 0.833  0.814  0.832  0.824  
HKOH 0.975  0.953  0.987  0.968  
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Fig. 4 Daily-averaged scintillation minutes and annual daily-averaged number of scintillation events at 
each station during 2014–2024. The upper subplot shows the annual daily-averaged scintillation 
minutes at each station, and the lower subplot presents the annual daily-averaged number of 
scintillation events 

3.2 Local Time Variation of Scintillation Events 

Figure 5 shows the 24-hour Global Positioning 
System Time (GPST) distribution of ionospheric 
scintillation events at each station from 2014 to 2024, 
while Figure 6 presents the monthly variation of 
24-hour daily average scintillation minutes at each 
station during 2014–2024. Studies on the diurnal 
pattern of ionospheric scintillation are typically 
conducted based on local time. Specifically, the local 
time at MAS1 is approximately 1 hour behind GPST; 
the local time at KAT1 is approximately 9 hours ahead 
of GPST; the local time at DJIG is approximately 3 
hours ahead of GPST; the local time at KOUG is 
approximately 4 hours behind GPST; the local time at 
GLPS is approximately 6 hours behind GPST; and the 
local time at HKOH is approximately 8 hours ahead of 
GPST. 

As can be seen from Figures 5 and 6, scintillations 
mainly occur between 8:00 p.m. and 2:00 a.m. local 
time at each station. Moreover, with the increase in 
solar activity and the intensification of ionospheric 
scintillation activities, the diurnal pattern of 
scintillations at these stations becomes more distinct. 
Specifically, scintillations at MAS1 mainly occur from 
after 8:00 p.m. to 2:00 a.m. local time; those at KAT1 
mainly occur between 7:00 p.m. and 2:00 a.m. local 
time; those at DJIG mainly occur between 7:00 p.m. 
and 2:00 a.m. local time; those at KOUG mainly occur 
between 7:00 p.m. and approximately 1:00 a.m. local 
time; those at GLPS mainly occur between 8:00 p.m. 
and 1:00 a.m. local time; and those at HKOH mainly 
occur between 8:00 p.m. and 2:00 a.m. local time. 

In low-latitude regions, after sunset, the plasma 
density in the E region decreases more rapidly than 
that in the F region due to rapid recombination, 



 

90 
Vol. 21, Issue 1, 2025                                                Journal of Global Positioning Systems 

resulting in a steep density gradient at the bottom of 
the equatorial F region. The eastward electric field at 
the height of the F region in the equatorial ionosphere 
increases rapidly, and combined with the horizontal 
geomagnetic field, this causes higher-density plasma 

to be located above lower-density plasma. This 
unstable state triggers the electrostatic 
Rayleigh-Taylor instability, which in turn leads to the 
occurrence of EPBs [27, 39-40], thereby typically causing 
ionospheric scintillations to occur at night. 

 

 

Fig. 5 Hourly number of scintillation events at each station (Global Positioning System Time, GPST) per 
year during 2014–2024. Each column of subplots represents a different station, and each row of 
subplots corresponds to a different year. Notably, the 2019 data from the KAT1 station are excluded 
from the discussion 
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 Fig. 6 Heatmaps of daily-averaged scintillation minutes over 24-hour GPST per month at each station 
during 2014–2024. Each subplot corresponds to a different station, with the horizontal axis 
representing the years 2014–2024, the vertical axis denoting GPST, and different colors 
indicating the magnitude of scintillation minutes during the corresponding time periods. Notably, 
the 2019 data from the KAT1 station are excluded from the discussion 

3.3 Variations in Ionospheric Scintillation 
Duration 

The duration of ionospheric scintillation events is a 
key parameter for evaluating the impact of 
ionospheric irregularities on global navigation satellite 
systems (GNSS) and also serves as an important basis 
for studying the scale, distribution, and evolution 
patterns of ionospheric irregularities [41]. The size and 
period of ionospheric irregularities directly determine 
the duration of scintillation events; thus, analyzing 
changes in scintillation duration can provide insights 
into the dynamic characteristics of ionospheric 
irregularities. In this study, a heatmap illustrating the 
distribution of ionospheric scintillation event duration 
across local time and interannual variations is 
presented in Figure 7. 

As shown in the figure, from 2014 to 2019, each 
station exhibited a consistent reduction in events with 
longer scintillation durations as solar activity 
decreased. From 2019 to 2024, events with longer 

scintillation durations increased continuously, and the 
maximum achievable duration of scintillation also 
gradually increased. The distribution pattern of 
long-duration scintillation events is highly similar to 
the diurnal pattern of scintillations, with such events 
primarily occurring around the local time window of 
8:00 p.m. to 2:00 a.m. During high solar activity years, 
sufficient energy input and favorable ionospheric 
dynamic conditions facilitate the formation of 
larger-scale, longer-lived ionospheric irregularities. 
These irregularities can continuously affect satellite 
signals, leading to long-duration ionospheric 
scintillation events. This variation pattern confirms the 
significant regulatory role of solar activity in shaping 
ionospheric scintillation characteristics: solar activity 
not only influences the occurrence frequency of 
ionospheric scintillations but also exerts a critical 
impact on the duration of scintillation events. 
Large-scale ionospheric irregularities typically occur 
at night, a phenomenon whose physical mechanism 
may be closely linked to the formation, development, 
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and dissipation processes of ionospheric irregularities. 
During specific nighttime periods, the physical 
conditions of the ionosphere are more conducive to 

the generation and maintenance of large and 
extra-large ionospheric irregularities, thereby causing 
long-duration ionospheric scintillation events.

  

Fig. 7 Heatmaps of the interannual variation distribution of ionospheric scintillation event duration 
versus local time. Subplots are arranged from top to bottom corresponding to each station, with 
the horizontal axis representing GPST from 2014 to 2024 (binned into 30-minute intervals) and 
the vertical axis denoting scintillation event duration ranges (divided into 10-minute intervals). 
Different colors indicate the number of scintillation events in each corresponding interval. 
Notably, the 2019 data from the KAT1 station are excluded from the discussion 

3.4 Azimuthal Patterns of Scintillation Events 

In ionospheric research, the ionospheric single-shell 
model is commonly adopted. In this study, the 
ionosphere is assumed to be a single-shell model at an 
altitude of 450 km. Meanwhile, the observation sky 
above the station is divided by elevation angles into 
intervals of 30°–40°, 40°–50°, 50°–60°, 60°–70°, and 
70°–90°. Additionally, the azimuth angles from 0° to 
360° are divided into 12 sectors at 30° intervals. 
Through this division, the sky above the GNSS station 
is partitioned into 60 sub-regions. We calculated the 
daily average minutes of ionospheric scintillation for 
each interval per year at each station from 2014 to 
2024, which is obtained by dividing the total 
scintillation minutes in the interval by the number of 
days with valid data in that year, as shown in Figure 8. 

In general, the zonal distribution of ionospheric 
scintillation is closely related to the longitude and 
latitude of the stations. For stations near the equator, 
the occurrence level of ionospheric scintillation is 
generally high in all surrounding areas; while for 
stations closer to the mid-latitudes, its occurrence 
level is mainly concentrated in a specific direction. In 
the Northern Hemisphere, the occurrence level is 
usually the highest in the southern area, and in the 
Southern Hemisphere, it is the highest in the northern 
area. As shown in the figure, the MAS1 station, 
located at latitude of 27°N and magnetic latitude of 
32°N, has scintillation mainly occurring in the 
southern region, followed by the central region, and 
finally the northern region. The same applies to the 
HKOH station, which is at latitude of 22°N and 
magnetic latitude of 12.97°N. The remaining four 
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stations, due to their lower latitudes, generally exhibit 
strong scintillation in all directions. Among them, the 
KAT1 station has little difference in scintillation 
intensity around it because scintillation occurs less 
frequently there. For the KOUG station, its 
scintillation is mainly concentrated in the northern and 
western regions; however, as the station with the 
highest scintillation intensity, intense scintillation 

occurs in all directions during high solar activity years. 
The DJIG station shows a significant disparity, with 
the intensity in the northern region being significantly 
greater than that in the southern region. The GLPS 
station, located near 0° geographic latitude and at a 
geomagnetic latitude of 8°N, has smaller differences 
in scintillation intensity across various zones 
compared to other stations.

  

Fig. 8 Directional distribution of annual daily-averaged ionospheric scintillation minutes across different 
azimuthal sectors at each station during 2014–2024. Each column of subplots corresponds to a 
different station, each row represents a different year, and different colors indicate the magnitude of 
annual daily-averaged ionospheric scintillation minutes in the corresponding sector. Notably, the 
2019 data from the KAT1 station are excluded from the discussion
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4 Conclusions 

This study systematically investigated the 
spatiotemporal variation patterns of ionospheric 
scintillation in low-latitude regions across multiple 
regions, over a long period, using data from 6 global 
low-latitude GNSS stations spanning 2014–2024. The 
main conclusions are as follows: 

(1) Regarding seasonal variations: Ionospheric 
scintillation is closely related to solar activity. During 
high solar activity years, most stations exhibit intense 
and frequent scintillation in spring and autumn, with 
weaker activity in summer and winter; during low 
solar activity years, the seasonal variation pattern of 
scintillation is less pronounced. The KOUG station, 
located in South America, exhibits the most intense 
scintillation, with the highest number of events and 
longest duration occurring in winter. These 
phenomena primarily stem from the influence of solar 
activity on the electron density distribution and 
dynamic characteristics of the ionosphere, which in 
turn alter the conditions for the generation of 
ionospheric irregularities. 

(2) In terms of diurnal variations: Scintillation is 
mainly concentrated between 8:00 p.m. and 2:00 a.m. 
local time. This is because the physical conditions of 
the ionosphere after sunset trigger the formation of 
irregularities that primarily cause scintillation. 
Variations in scintillation duration are regulated by 
solar activity; as solar activity intensifies, the number 
of long-duration scintillation events increases 
significantly, and the maximum achievable duration of 
scintillation lengthens progressively. This reflects the 
impact of solar activity on the scale and lifespan of 
ionospheric irregularities. 

(3) Regarding azimuthal distribution: Low-latitude 
ionospheric scintillation is correlated with the 
longitude and latitude of the stations. Stations closer 
to the equator exhibit high scintillation levels in all 
directions, while stations closer to mid-latitudes show 
scintillation concentrated in specific directions, 
highlighting the regional differences in the physical 
properties of the ionosphere. 

(4) In descending order, the regions are as follows: 
During high solar activity years, the scintillation 

intensity follows the order from strongest to weakest: 
South America (near the Atlantic Ocean), Africa, the 
Pacific region adjacent to South America, Asia, and 
Oceania. In contrast, no significant overall differences 
are observed across these regions during low solar 
activity years. This pattern is primarily consistent with 
the meridional distribution of ionospheric 
irregularities—during high solar activity years, 
scintillation is more severe over South America and 
Africa than over Asia and Oceania. 
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