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Abstract

Severe typhoons often result in substantial economic and human losses. Therefore, near-real-time monitoring and forecasting of sev-
ere typhoons have a significant importance. In this paper, characteristics of ionospheric disturbances during the 2021 Typhoon Chanthu
are estimated and investigated from GPS and GLONASS measurements. We calculate high-precision de-trended and filtered ionospheric
vertical total electron content (VTEC) data based on GPS and GLONASS data from intensive Global Navigation Satellite System
(GNSS) observations at 30-second intervals in Taiwan. Based on the VTEC values, we analyze the characteristics of ionospheric distur-
bances caused by Typhoon Chanthu, such as the time of appearance of ionospheric disturbances, changes in the magnitude of these dis-
turbances, alterations in two-dimensional disturbances, fluctuations in the speed of disturbance propagation, and shifts in the frequency
spectrum. The results reveal that both GPS-TEC and GLONASS-TEC exhibit noticeable disturbances during the specified timeframe.
These disturbances are accompanied by the occurrence of “N”-type anomalies in TEC. Notably, at the occurrence of the disturbance, the
elevation angle of GPS PRN32 and GLONASS PRNI satellites is approximately 50°-55°, and their respective distances from the
typhoon eye are roughly 350 km and 150 km. The propagation velocity and center frequency of the ionospheric disturbances are located
in the range of gravity waves. Specifically, the disturbances propagation speeds of GPS PRN32 and GLONASS PRNI1 are approximately
129.36 m/s and 128.33 m/s, respectively, while the center frequencies are about 1.17 mHz and 1.43 mHz. The ionospheric perturbations
observed by GPS and GLONASS exhibit certain similarities, which provide valuable insights into the relationship between typhoons and
ionospheric disturbances.
© 2024 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Typhoon is a tropical cyclone, a powerful and profound
tropical weather system. The transit of typhoons often
brings disastrous weather, such as strong winds, thunder-
storms, and floods, which severely impact transportation,
communications, electricity, etc., causing people’s lives
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and colossal property damage. A number of studies have
shown that typhoon and other severe meteorological activ-
ities also have significant effects on the morphology of
ionospheric disturbances (Rice et al., 2012; Isaev et al.,
2010). For example, characteristics of ionospheric distur-
bances caused by typhoons and the coupling mechanism
were reported (Shen, 1982). Bauer (1958) first discovered
the typhoon effect on ionospheric conditions and found
that the critical frequency of the F2 layer (foF2) increased,
and the surface pressure decreased as the typhoon
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approached the station. Hins (1960) proposed that meteo-
rological activities in the middle and lower atmospheres
affect the ionosphere through acoustic gravity waves. How-
ever, most traditional studies used ionosonde, Doppler
sounders, and other observation instruments to study the
coupling relationship between typhoons and the iono-
sphere (Huang et al., 1985; Xiao et al., 2007), these data
were still less or low resolution.

With the continuous development of Global Navigation
Satellite System (GNSS), GNSS TEC can study the rela-
tionship and coupling between typhoons and ionospheric
disturbances (Jin et al., 2014). Xu et al. (2018) used iono-
spheric TEC data extracted from GPS and GIM observa-
tion to study the ionospheric TEC disturbance
characteristics before and after typhoon landing, speculat-
ing that TEC anomalies were caused by the propagation of
acoustic gravity waves caused by typhoons to the iono-
spheric height. Positive anomalies were detected during
Typhoon Hagupit via ionospheric parameter extracted
from GPS (Wu et al., 2021). Chou et al. (2017) observed
concentric traveling ionospheric disturbances caused by
gravity waves generated by Typhoon Meranti through
GNSS networks. Based on TEC, Yuan et al. (2019) also
used the parameter of electron density data to analyze
the ionospheric changes during Typhoon Nepartak, prov-
ing that the negative anomalies of the ionosphere during
the typhoon were related to the atmosphere-ionosphere
coupling effect caused by Typhoon Nepartak from multiple
angles. Zhao et al. (2020) simulated Typhoon Meranti and
obtained the evolution of the ionospheric disturbance
caused by the typhoon, which corresponded well with
actual observations. Fu and Jin (2022) discussed the rela-
tionship and mechanism of typhoon-induced disturbances
during typhoons by using GPS-derived TEC data and
found that the higher the intensity of the typhoon is, the
greater the magnitude of the ionospheric disturbance is.

Although a large number of studies have shown that
typhoons can generate upward propagating acoustic grav-
ity waves and cause ionospheric disturbances, the coupling
relationship between typhoons and the ionosphere is very
complex. For example, it may be difficult to cause signifi-
cant changes in TEC when the typhoon intensity is weak
(Perevalova et al., 2014). TEC may not change significantly
when the distance between SIP and typhoon eye exceeded a
certain threshold range. The difference of atmospheric
physical environment when typhoon causes ionospheric
disturbances may lead to longer or shorter duration of
ionospheric disturbance, etc. Therefore, it is still necessary
to analyze possible patterns based on a large number of
statistical typhoon events (Wen and Jin, 2020). Further-
more, sometimes, GPS data are still limited during the
Typhoons, while GLONASS can increase more satellite
observations and help study ionospheric disturbances
caused by typhoons, which can capture ionospheric distur-
bance characteristics in a more detailed and comprehensive
way.
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In this paper, GPS and GLONASS TEC data are jointly
used to analyze the ionospheric disturbance changes, dis-
turbance velocity and spectrum changes during 10:00-
12:00 UT of Typhoon No. 2114 Chanthu on September
12, 2021 as well as the disturbance rules of the TEC, which
will help to characterize further the coupling relationship
between the typhoon and the ionosphere. Section 2
describes the data and methods, results and analysis are
presented in Section 3, some discussions are shown in
Section 4, and finally conclusions is given in Section 5.

2. Data and methods
2.1. Typhoon information

Typhoon Chanthu was the second tropical cyclone rated
as a super typhoon by the Joint Typhoon Warning Center
in 2021, and its passage brought significant wind and rain
to the northern Philippines, China, and Japan. The detailed
Typhoon information was shown at https://typhoon.nmc.
cn/web.html. As shown in Table 1, typhoon Chanthu
formed in the Northwest Pacific Ocean at 8:00 on Septem-
ber 7, 2021, and strengthened into a tropical storm at 17:00
on the same day. At 5:00 on September 8, 2021, typhoon
Chanthu intensified into a super typhoon, with a maximum
wind speed of level 17 (58 m/s) near the center. As the
typhoon continued to strengthen, the maximum wind
speed near the center reached 68 m/s at 17:00 on September
10, 2021, and then the typhoon Chanthu weakened slightly,
and the maximum wind speed near the center dropped to
level 16. On September 14, 2021, Chanthu weakened from
a moderate typhoon level to a typhoon level. On September
15, 2021, Chanthu continued to move slowly in the north-
ern part of the East China Sea. At around 19:00 local time
on September 17, 2021, typhoon Chanthu landed near
Fukutsu City, Fukuoka Prefecture, Japan. Then it gradu-
ally degenerated into an extratropical cyclone at 8:00 on
September 18, 2021 . Table 1 shows the occurrence and
development process of the typhoon, and Fig. | shows
the track map of the typhoon Chanthu from September 8
to 17, 2021 and the distribution of the GNSS stations.

2.2. Data

In this study, ionospheric TEC is extracted from GPS
and GLONASS observation data, which were used to ana-
lyze the characteristics of ionospheric disturbances caused
by typhoon Chanthu on September 8-17, 2021. The data
used were collected from dense and continuous multi-
system GNSS network stations in Taiwan with a sampling
interval of 30 s and 122 stations in total. The red plus sign
in Fig. 1 represents the GNSS stations in Taiwan used in
this research. The typhoon information came from the
Typhoon Network of the Central Meteorological Observa-
tory, and the selected typhoon Chanthu was the second
tropical cyclone given the super typhoon level by the Joint


https://typhoon.nmc.cn/web.html
https://typhoon.nmc.cn/web.html

M. Ma et al.

Table 1
The occurrence and development of Typhoon Chanthu.
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Time Typhoon Center Position ~ Typhoon Category Maximum Wind speed (m/s)  Central Pressure (hpa) Moving direction
2021-9-7 8:00 136.7°, 15.6° tropical storm 28 982 northwest
2021-9-8 5:00 133°, 16.1° super typhoon 58 925 west

2021-9-12 14:00 122.3°, 25.2° strong typhoon 50 935 north

2021-9-14 2:00 123.6°, 31.5° typhoon 38 965 northeast
2021-9-14 8:00 123.9°, 31.3° severe tropical storm 30 970 southeast
2021-9-17 8:00 127.5°, 32.9° tropical storm 23 995 northeast

Fig. 1. Track of typhoon Chanthu and GNSS stations distribution, where
the red plus sign represents GNSS stations distribution, the line connected
by colored dots represents the typhoon track, the red dots represent super
typhoon, the magenta dots represent strong typhoon, the blue dots
represent typhoon, the green dots represent severe tropical storm, and the
blue dots represent tropical storm.

Typhoon Warning Center in 2021. The passing of typhoon
Chanthu brought significant wind and rain to the northern
Philippines, China, and Japan. Since the ionosphere is
affected by solar radiation and geomagnetic disturbances,
when analyzing ionospheric anomalies during a typhoon,
it is necessary to comprehensively judge whether the space
weather is calm during this period. Therefore, F10.7, Dst,
and Kp indices are selected to analyze the solar and geo-
magnetic activity during typhoon Chanthu. The Kp index
and F10.7 index were obtained from https://www.gfz-pots-
dam.de/en/kp-index/, and the Dst index data was obtained
from https://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html.

2.3. Method

Changes in the ionospheric total electron content (TEC)
can broadly reflect ionospheric disturbance. Due to the
inherent vertical structure of the Earth’s atmosphere and
ionosphere, the free electrons are mainly located at the alti-
tude of 200 ~ 400 km. To simplify the ionosphere model,
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this study assumed that all the free electrons of the whole
ionospheric region are concentrated in a thin layer in the
F layer, a single-layer model representing all the electron
content in the entire ionospheric region. It can approxi-
mately represent the vertical TEC content, and the iono-
spheric height H of 350 km is chosen in this study.

This study uses the dual-frequency GNSS observation
data to obtain the ionospheric TEC value (Jin et al.,
2017a,b). The RINEX 2.11 was used in this study, and
the carrier phase measurements were provided in L1, L2.
The carrier phase frequency of the GPS is /|, = 1575.42
MHz, 1, = 1227.60 MHz, and the carrier phase frequency
of the GLONASS system is f, = 1602 + k*9/16 MHz,

f,=1246 + k*7/16 MHz, where k is 1 to 24, which is the

frequency number of each satellite. The same satellite
satisfies L;/L, = 9/7. Ionospheric TEC can be extracted
by the following formula using dual-frequency GNSS
observations combined with code phase measurements
(Demyanov et al., 2020; Jin et al., 2006 and 2017a,b):

f'ZfZ
STEC:440.3(fl%Z—f§) (Py—Py—(dy—dy) +¢) (1)
2 42
STEC:W(I‘I —L2+)u1(N1 +b1)
— )Q(Nz + bz) + 8) (2)

where /| and f, are the carrier phase frequencies of the sig-
nal, L is the carrier phase observation value, P is the
pseudo-range observation value, A is the signal wavelength,
N is the integer ambiguity resolution, b is the instrumental
deviation of the carrier phase, d is the instrument error of
the pseudo-range, and ¢ is the residual error.

The mapping function is used to convert the obtained
slant TEC into vertical TEC:

Rsin(z)
R+H
where R is the radius of the Earth, H is the height of the
ionospheric thin shell, and z is the elevation angle. In the
TEC calculation, the ambiguity, differential code biases,
and other noises are estimated to be constant, and the con-
stant terms can be eliminated by low-frequency filtering to
obtain more accurate TEC (Jin et al., 2017; Jin, 2018).
After obtaining the VTEC time series, in order to extract
prominent ionospheric disturbances, a fourth-order Butter-
worth filter is used to remove the effects of ionospheric

vTEC = STEC * cos [arcsin( (3)
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puncture point (SIP) motion and ionospheric background
changes (Jin, 2018), with a cutoff frequency of 1-3 mHz.
This filter is also called a maximum flat filter. The fre-
quency response curve in the pass band is flat to the max-
imum without ripples, while it gradually drops to zero in
the stop band. The higher the order is, the faster the ampli-
tude attenuation in the stop band is. The formula for the
Butterworth filter is expressed as follows:

2 _ 1 _ 1
|H(w)|” = @ —1+22(#)2n #

4)

where n represents the order of the Butterworth bandpass
filter, w, represents the edge frequency of the pass band,
o, represents the cutoff frequency, H%ez represents |H ()|’
in the pass band marginal value.

The interquartile range (IQR) has been widely used to
detected the characteristics of the ionospheric variations
during extreme space weather (Li et al., 2016; Tang et al.,
2022). In order to detect the disturbance of the VTEC
sequence more effectively, the IQR is used to determine
the upper and lower limits of VTEC disturbances when
analyzing the anomaly of the filtered VTEC time series.
This method does not have any requirements for data dis-
tribution and can be applied to various types of data sets.
The criteria for judging outliers are mainly based on quar-
tiles and interquartile ranges. Specifically, the VTEC values
of the period are arranged in ascending order, and the data
set is divided into four parts by three quartiles. These three
quartiles are, respectively, the upper quartile Q1, express-
ing in the VTEC values below this value, which account
for 25 % of the total; the median Q2, indicating that the
VTEC values below this value account for 50 % of the
total; and the lower quartile Q3, indicating that 75 % of
the total number of VTEC values are below this value,
and then there is:

IQR:Q3—Q1
UP =Q;+ 1.5%xI0R #
LOW = Q, — 1.5%IQR

(5)

where IOQR represents the interquartile range, 'UP’ and
'LOW’ represent the upper and lower limits of the value,
respectively. Consequently, an abnormal value is one that
is less than O, — 1.5 % IQR or greater than Q; + 1.5 * IOR.
The VTEC value greater than the upper limit is considered
a positive anomaly, while an observed value less than the
lower limit is classified as a negative anomaly.

3. Results and analysis
3.1. Solar-terrestrial environment during typhoons

Solar and geomagnetic activities are the primary factors
affecting the ionospheric TEC changes (Zhang et al., 2012).
Therefore, before analyzing and studying the ionospheric
disturbance caused by typhoon Chanthu, the geomagnetic
and solar activity levels during the impact of Chanthu
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should be analyzed. Fig. 2 shows the changes in the geo-
magnetic activity index Kp, Dst, and solar activity index
F10.7. From September 3, 2021 to September 23, 2021, it
can be seen from Fig. 2 that during the typhoon Chanthu,
the Kp index of geomagnetic activity was less than or equal
to 4 nT, and the Dst index was at a low level (-20 nT ~ 20
nT). F10.7 gradually decreased and tended to be stable
after the typhoon, and the solar activity index F10.7 was
below 100 sfu (Kong et al., 2022; Ke et al., 2019). There-
fore, during the Typhoon Chanthu period, the geomagnetic
activities were mainly quiet, and the solar activities were
low. During this period, geomagnetic and solar activities
cannot cause ionospheric disturbances, so the influence of
geomagnetic and solar activities can be ignored.

3.2. Air pressure changes

In order to study the relationship between changes in air
pressure and changes in the ionosphere, the air pressure
data obtained from Meteomanz.com every 3 h from
September 1 to September 31, 2021, were used to analyze
air pressure changes during this typhoon, as shown in
Fig. 3(b). Fig. 3(a) shows the location distribution of the
three selected stations, TAIBEI, TAIZHONG and
TAINAN. It can be seen that the selected stations are close
to the GNSS network stations. In Fig. 3(b), the black solid
line represents TAIBEI station, the red dotted line repre-
sents TAIZHONG station, and the blue dotted line repre-
sents TAINAN station. It can be seen from Fig. 3(b) that
since 12:00 UT on September 10, 2021, the air pressure
has dropped rapidly. At this time, Chanthu was in the
super typhoon stage, advancing from southeast to north-
west, and the typhoon track was close to Taiwan Province.
The air pressure reached the lowest value of about 995 Hpa
in the early morning of the 12th, and then the air pressure
rose rapidly and gradually stabilized on the 14th September
2021.

3.3. lonospheric disturbance from GPS-TEC

The typhoon track during the selected time of this study
is close to Taiwan Province, and the stations are densely
distributed. Fig. 4(a) is the SIP tracks of station LIU2 at
10:00-12:00 UT. The black five-pointed star represents
the typhoon eye position, the red triangle indicates the
position of the stations, and the blue curve indicates the
SIP trajectory of each satellite that station LIU2 observes
during this period. It can be seen from Fig. 4(a) that during
the period from 10:00 to 12:00 UT, there are a large num-
ber of visible satellites. Here PRN32 was taken as an exam-
ple to study the changes of GPS-TEC. The red dotted line
in Fig. 4(b) represents the SIP tracks of each station for
PRN32. It can be seen that the track of PRN32 moves
from northwest to southeast, and most of them are located
in the north of the typhoon eye and are relatively close to
the stations. The magenta asterisk indicates typhoon activ-
ity at that time.
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Fig. 2. The F10.7, Kp, and Dst indices from DOY 246 to DOY 266. The black dotted line indicates the time when typhoon arises and disappears, and the
red dotted line indicates the studied period in this study.

Fig. 3. Distribution of TAIBEI, TAIZHONG, and TAINAN stations (a), and time series of pressure changes at selected three stations (b). The black
dotted line indicates the time when typhoon arises and disappears, and the red dotted line indicates the studied period in this study.

Fig. 4. SIP tracks of each satellite at station LIU2 (a), SIP tracks of satellite PRN32 (b) and the location distribution of selected stations (c) during 10:00—
12:00 UT, 12 September 2021.
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The filtered VTEC time series of PRN32 during 10:00—
12:00 UT was used to analyze the disturbance’s waveform
and the disturbance’s variation rules. Fig. 5 shows the time
series of the filtered VTEC of the PRN32 at 10:00-12:00
UT. The location distribution of some stations with signif-
icant VTEC changes at this time was shown in Fig. 4(c),
and the station names in the legend on the right are ordered
by decreasing latitude. It can be seen from Fig. 5 that most
of them show “N” type anomalies, with prominent distur-
bances at each station and concentrated disturbances at
11:00 UT, among which the disturbance amplitudes of
CHNT, FLON, FUSN, and HUAP all reached 0.19
TECU. Station HAN2, HUAP, ILAN, PLIN, SLNP,
and YLSS showed positive “N” type anomalies, which
was a positive anomaly appeared first, followed by a nega-
tive anomaly, and then the disturbance amplitude
decreased and became stable. Station FLON, FUSN, and
SFON showed inverted “N” type anomalies. In these sta-
tions, negative anomalies first appeared, then positive
anomalies appeared, and the positive and negative ones
were apparent. In the VTEC time series of the selected sta-
tions in Fig. 5, the maximum abnormal value reaches 0.19
TECU, and the minimum abnormal value is 0.14 TECU.
During the selected time, the anomaly appeared in the
northwest of the typhoon eye, and the filtered VTEC

Advances in Space Research 74 (2024) 271-283

showed the same variation trend with certain regularity.
The VTEC disturbance phenomenon is even more appar-
ent during 10:40-11:10 UT.

Since the geometric structure of the observation satel-
lites at each station is the same, the number of satellites
that can be observed at all stations is similar. Each obser-
vation ray has a sub-satellite point to form a regular area.
The two-dimensional disturbance map can be used to ana-
lyze the ionospheric disturbance caused by typhoons (Li
et al., 2016). Fig. 6 shows the distribution of SIP of satel-
lites observed from GPS-TEC at 10:51, 10:57, 11:04, and
11:10 UT. The shape of the distribution map of all sub-
satellite points obtained from the observation of different
satellites by each station in each subfigure is similar to that
of Taiwan Province, in which the pentagram represents the
position of the typhoon eye, and the color bar indicates the
range of the VTEC changes. The range from blue to red
represents the range from —0.2 TECU to 0.2 TECU.
According to the change in the two-dimensional distur-
bance map at each time, the variation of the ionospheric
disturbance can be seen, and the distribution of the iono-
sphere disturbance can be analyzed. It can be seen that
the disturbance of satellite PRN32 in the subfigure (a)
changes significantly, and there are apparent positive and
negative anomalies at the selected time points. The anom-

Fig. 5. Filtered VTEC time series of PRN32 at selected stations during 10:00-12:00 UT, 12 September 2021.
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Fig. 6. Spatial and temporal variation of the ionospheric disturbances of GPS-TEC at 10:36-10:51 UT on September 12, 2021. The color bar represents
the amplitude of TEC changes, and the colored solid circle points show the position of SIP.

aly range of zone “1” experienced two disturbances from
positive anomalies to negative anomalies during 10:51-
11:10 UT, with positive and negative anomalies reaching
0.19 TECU, and the abnormality range of zone “2” also
has two disturbances from negative abnormality to positive
abnormality. In addition, in Fig. 6(c) and Fig. 6(d), the
satellite PRN10 detected a weaker ionospheric disturbance
phenomenon. The observed disturbances were distributed
in the western direction of the typhoon center, and no sig-
nificant disturbances were observed in the east of the
typhoon eye.

3.4. ITonospheric disturbance from GLONASS-TEC

The ionospheric disturbances are further extracted from
GLONASS observation data in Taiwan on September 12,
2021 with 122 stations. The ionospheric VTEC value is cal-
culated through the dual-frequency observation method.
As shown in Fig. 7(a), the SIP trajectory of PRNI1 is given,
and the selected time range is 10:00-12:00 UT. According

2717

to the trajectory of the SIP, the satellite’s trajectory moves
from northwest to southeast, and most of them are located
east of the typhoon eye, which is closer to the station.
The filtered VTEC time series values of the PRNI1 satel-
lite are analyzed from GLONASS. Fig. 8 shows the VTEC
changes at some stations from 10:00-12:00 UT on Septem-
ber 12, 2021. The location distribution of some stations
with significant VTEC changes at this time was shown in
Fig. 7(b), and the station names in the legend on the right
are sorted by decreasing latitude. It can be seen from Fig. 8
that although the disturbance phenomenon at each station
is different, there is a certain regularity in the disturbance.
Anomalies mainly appeared between 10:50-11:10 UT.
Before 10:50 UT, the filtered VTEC was relatively quiet,
with only slight fluctuations. From 10:40 UT, most stations
appeared to have apparent ionospheric anomalies, and the
disturbance lasted for several minutes, mainly concentrated
between 10:50-11:10 UT. The station STA1 had a maxi-
mum anomaly of 0.17 TECU during this period. After
11:10 UT, the fluctuation amplitude of TECU at each sta-
tion decreased, and until no obvious abnormality occurred.
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Fig. 7. SIP trajectory of GLONASS PRNI during 10:00-12:00 UT, 12 September 2021 (a) and the location distribution of selected stations (b).

Fig. 8. Filtered VTEC time series of PRN1 at selected stations during 10:00-12:00 UT, 12 September 2021.

In the VTEC time series of the PRNI1 satellite given in
Fig. 8, it can be seen that most of them present “N” type
anomalies, that is, positive anomalies appeared first, then
negative anomalies, and finally positive anomalies, among
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which the fluctuation patterns of the stations CHNT,
HUAN, LTUN, and SAN?2 are similar. At the same time,
the anomalies of the station DPIN are slightly weaker, with
the maximum anomaly value of only 0.10 TECU.
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In order to see the spatiotemporal changes of iono-
spheric anomalies more clearly, Fig. 9 shows the two-
dimensional ionospheric disturbances over Taiwan Pro-
vince during part of the period from 10:00 to 12:00 UT
on September 12, 2021. The black curve represents the
plate curve, and the abnormal change trend of the iono-
sphere can be found through the changes of TEC at differ-
ent times. In the two-dimensional disturbance diagram of
the ionosphere at four times of 10:52, 10:57, 11:02, and
11:10 UT shown in Fig. 9, the PRNI satellite has promi-
nent disturbances, and the main anomalies appear in the
southeast direction relative to the eye of the typhoon. At
10:52 UT, there were apparent positive and negative
anomalies in the ionosphere, in which the positive anoma-
lies appeared in the northeast relative to the eye of the
typhoon. Meanwhile, the negative anomalies mainly
appeared in the south of the eye of the typhoon. Five min-
utes later, at 10:57 UT, there was an apparent negative
anomaly, with the anomaly value of 0.1495 TECU. At
11:02 UT, the ionospheric anomaly was still noticeable,
with an obvious positive anomaly. At 11:10 UT, the posi-
tive anomaly weakened, and the negative anomaly in the
southern part of the typhoon eye was relatively apparent.

Advances in Space Research 74 (2024) 271-283

3.5. Comparative analysis of GPS-TEC and GLONASS-
TEC disturbances

In order to explore the changes in satellite elevation
angle and the distance between SIP and typhoon eye,
Fig. 10 shows the relationship between the altitude angle
and the distance between SIP and the typhoon eye
observed by GPS PRN32 and GLONASS PRNI1 satellites
at selected stations during 10:00-12:00 UT. Fig. 10(a-¢)
shows the results of the data from GPS PRN32 stations,
and the blue solid line in the figure represents the change
in the satellite elevation angle during this period. It can be
seen that the elevation angle of the GPS PRN32 satellite
varies in the range of 30° — 90°, and the elevation angle
at the moment of the disturbance occurance is about 55°.
The red solid line in the figure represents the change in
the distance between SIP and the eye of the typhoon dur-
ing this period. It is clear that during this period, the dis-
tance between SIP and the eye of the typhoon eye was less
than 600 km, and the distance was about 350 km when
the disturbance occurred. It can be seen from the GLO-
NASS PRNI stations results in Fig. 10(f-j) that during
this period, the elevation angle of the GLONASS PRNI1

Fig. 9. Temporal and spatial variations of GLONASS-TEC ionospheric disturbances at 10:52, 10:57, 11:02, and 11:10 UT on September 12, 2021. The
color bar represents the amplitude of TEC changes, and the colored solid circle points show the position of SIP.
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is in the range of 20°-60°, and the elevation angle at the
time of the ionospheric disturbance is about 50°. The
SIP and typhoon eye distances are all less than 600 km,
and the distance is about 120 km when the disturbance
occurs. It can be concluded that when significant distur-
bances occur in the ionosphere, the elevation angle range
is 50°-55°, and at the time when the disturbance occurs,
the distance between the SIP and the typhoon eye
observed by each GPS satellite station is greater than that
of the GLONASS satellite.

Through the analysis of GPS-TEC and GLONASS-
TEC time series diagrams and two-dimensional distur-
bance diagrams, it can be seen that there are obvious dis-
turbance phenomena in the ionosphere during the
selected time. In order to further explore, a time-distance
diagram is used to analyze the disturbance type. Fig. 11
shows the linear relationship between the VTEC value
extracted by the Butterworth filtering method and the dis-
tance between the SIP of the satellite and the typhoon eye
over time. Linear fitting is performed at the position with
the largest value for the disturbed VTEC during 10:00—
12:00UT on September 12, 2021, and the approximate
propagation speed of the two disturbances is estimated. It
can be observed that the ionospheric disturbance propaga-
tion velocity of GPS PRN32 is about 129.36 m/s, and that
of the GLONASS PRNI1 disturbance is about 128.33 m/s.
The two fitting velocities are similar and within the range of
gravity waves.
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In order to further analyze the characteristics of the
ionospheric disturbance caused by typhoon Chanthu, the
frequency domain of the disturbance signal was further
analyzed. Welch method was used for power spectrum
analysis to divide the signal into multiple overlapping seg-
ments, perform Fourier transform on each segment, and
average the results to obtain power spectral density estima-
tion. According to this method, the disturbance signal was
transformed from the time domain to the frequency
domain to analyze the spectrum change of VTEC, observe
the distribution of the disturbance signal power in the fre-
quency domain, analyze the signal spectrum distribution,
and understand the relative loudness of different frequency
components in the signal to understand the spectral charac-
teristics of the typhoon better. Fig. 12 shows the power
spectral density diagram (PSD) of GPS PRN32 and GLO-
NASS PRNI1 satellite VTEC variations at CHNT, FLON,
and other stations, where the x-axis is the frequency, and
the y-axis represents the VTEC variations power with fre-
quency. Here, the logarithmic scale represents the power,
and 10*logl0 was used to convert the power to decibel
(dB) units. As it can be seen from Fig. 12, the center fre-
quencies of GPS PRN32 and GLONASS PRNI1 are
1.17 mHz and 1.43 mHz, respectively, and the center fre-
quency ranges are similar, which are both within the fre-
quency range of gravity waves, indicating that Typhoon
Chanthu excited gravity waves and caused the occurrence
of ionospheric disturbances.

Fig. 10. Elevation angle variations in the blue line and the distance between SIP and typhoon eye in the red line for GPS PRN32 (a-e) and GLONASS
PRNI (f-)) at selection stations during 10:00-12:00 UT, 12 September 2021.
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Fig. 11. GPS PRN32 and GLONASS PRNI1 velocity fitting results during 10:00-12:00 UT, 12 September 2021.

4. Discussion

From the above study, it can be seen that during 10:00-
12:00 UT on September 12, 2021, gravity waves excited by
Typhoon Chanthu caused ionospheric disturbances. The
relationship between air pressure changes and ionospheric
disturbances was studied, and it was found that the air
pressure on September 11-12, 2021 was significantly lower
than that at other times, and the sudden drop in air pres-
sure at this time was mostly related to the proximity of
the typhoon track to the meteorological station (Bauer.,

et al. 1958). As shown in Fig. 3, the air pressure showed
an obvious downward trend since 12:00 UT on September
10. When Typhoon Chanthu was in the super typhoon with
the center of the typhoon at 17.4°N, 123.7°E, its trajectory
changed from northwest to north and gradually
approached Taiwan. On the early morning of September
12, the air pressure reached its lowest level, and then
quickly recovered. After September 13, the air pressure
fluctuation was relatively stable, and the typhoon track
continued to move away from Taiwan. This result was con-
sistent with the findings of Bauer (1958) that as the

Fig. 12. VTEC variations power with frequency.
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typhoon approached the station, the surface air pressure
decreased and reached the minimum value when it was
closest to the station.

In this study, GPS data were used to study the charac-
teristics of ionospheric disturbances caused by typhoon
Chanthu, while GLONASS data was also used to increase
the number of observation satellites and improved the reli-
ability of the results. From the analysis of the Butterworth-
filtered VTEC time series, it was found that the ionospheric
disturbances observed by GPS PRN32 and GLONASS
PRNI1 in this study were concentrated at about 11:00
UT, and show an “N”-type anomaly, which indicated the
feasibility and effectiveness of monitoring ionospheric dis-
turbances by two GNSS systems. In addition, the gravity
waves excited by typhoon propagated in the middle and
lower atmosphere in the form of concentric rings, and the
TEC perturbations at the SIP of GPS and GLONASS
satellites at different times showed that the source of the
ionospheric disturbances caused by Typhoon Chanthu
was located near the typhoon eye. At this time, the
typhoon passed through the eastern region of Taiwan
and was relatively close to Taiwan.

The results of this study indicated that the ionospheric
disturbances may be larger when the distance between the
SIP and the typhoon eye is longer. For example, the GPS
PRN32 perturbation amplitude was larger than that of
GLONASS PRNI1. Moreover, as shown in Fig. 10, when
the ionospheric disturbance occurred, the distance between
the SIP of GPS PRN32 and the typhoon eye was farther
than that of GLONASS PRNI1. Therefore, it may have a
certain correlation between the disturbance amplitude
and the distance.

Finally, the occurrence of typhoons affects the iono-
spheric state. Although this study has analyzed some char-
acteristics of the ionospheric disturbances caused by
gravity waves excited by Typhoon Chanthu, more detailed
studies on ionospheric disturbance process and coupling
are still needed to explore the relationship between typhoons
and ionospheric disturbances with more cases in the future.
Furthermore, ionospheric disturbances are affected by many
factors, which should be seperated. Although the results of
the same satellite for different stations at the same time have
certain regularities, there are also a little differences. Further
detailed study is needed to discuss the relationship between
typhoons and ionospheric disturbances with denser GNSS
observations and more typhoon events in the future.

5. Conclusions

This study analyzed the ionospheric disturbances caused
by typhoon Chanthu using GPS and GLONASS data
extracted from GNSS observations in Taiwan. After
excluding the influence of solar activity and geomagnetic
activity, the ionospheric disturbances characteristics of
the PRN32 and the PRNI1 following the Typhoon Chanthu
during 10:00-12:00 UT on September 12, 2021 were esti-
mated and analyzed from GPS and GLONASS data:
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(1) After the upper and lower limits were determined
based on the interquartile range method, apparent
ionospheric disturbance phenomena were observed
during the Typhoon Chanthu, accompanied by the
appearance of positive and negative anomalies. Most
of them showed “N” type anomalies.

(2) The elevation angle of the GPS PRN32 and GLO-
NASS PRNI satellites was about 50°-55° when the
disturbance occurred. The distance between SIP and
the typhoon eye is within 600 km. The distance
between the SIPs of GPS satellites and the eye of
the typhoon was about 350 km, and the distance
between the SIPs of GLONASS satellites and the
eye of the typhoon was about 150 km when the signif-
icant disturbances occurred.

(3) Thedisturbance propagation velocities of GPS PRN32
and GLONASS PRNI were about 129.36 m/s and
128.33 m/s, respectively, which were similar in magni-
tude and both within the range of gravity waves. Its
center frequency was in the range of 0.8-2.1 mHz,
and the center frequency of GPS PRN32 was slightly
smaller than that of GLONASS PRNI.
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