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Abstract The global navigation satellite system (GNSS)
total electron content (TEC) sequences were used to capture
the arrival time and location of the ionosphere disturbances
in response to the 2015 Typhoon Dujuan. After removing
the de-trended TEC variation, the clear ionosphere distur-
bances on the typhoon landing day could be distinguished,
and these disturbances disappeared from the TEC sequences
before and after the typhoon landing day. The foF2 data
observed byXiamen ionosonde station also show ionosphere
disturbances. Based on the advantages of GNSS multi-point
observations, the disturbances horizontal velocity in the iono-
sphere were estimated according to the linear theory for
a dispersion relation of acoustic gravity waves (AGWs) in
an isothermal atmosphere. The average horizontal velocity
(∼240 m/s) and the radial velocity (∼287 m/s) were used in
the two-dimensional grid search for the origin point on the
Earth’s surface. The origin area was determined to be on the
eastern side ofTaiwan.Lastly, a possible physicalmechanism
is discussed in this study. When typhoons land on Taiwan,
the severe convective storms and the drag effect from the
Central Mountains create an ideal location for development
of AGWs. Topographic conditions, like the high lapse rate,
contribute to the formation of AGWs, which then propagates
into the ionosphere altitude.
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1 Introduction

Solar activity and geomagnetic conditions play an impor-
tant role in electron density variation of the ionosphere. The
influences from the lower atmosphere also in some extent
contribute to ionosphere variability. Several studies show that
there is a close correlation between ionospheric wave-like
disturbances and severe weather activities, such as thun-
derstorms, typhoon, tornadoes, hurricanes, and cold fronts
(Kazimirovsky et al. 2003; Rishbeth 2006; Laštovička 2006).
The influence altitudes are believed to reach the F2 region,
while the influence distances are over 1200–1800 km in
some cases. Liu et al. (2006) found that during the 2004
Indian Ocean tsunami, the tsunami wave triggered atmo-
spheric disturbances near the sea surface that traveled upward
into ionosphere and significantly disturbed the ionosphere
electron density. The horizontal speed is about 190m/s in
the ionosphere. Xiao et al. (2007) found that when typhoon
toward ending, especially during a non-sunrise time, there
are always sunrise-like phenomena. Nishioka et al. (2013)
detected clear concentric waves and short-period oscillations
caused by supercell-induced atmospheric gravity waves and
acoustic resonances, respectively, after the 2013 Moore EF5
tornado. Otsuka1 et al. (2013) studied the medium-scale
traveling ionospheric disturbances (MSTIDs) over Europe
and found that the daytime and nighttime MSTID fre-
quently occur in winter with southwestward propagation
andwinter/summerwith southwestward propagation, respec-
tively. The occurrence rate of both daytime and nighttime
MSTIDs is higher at lower latitudes than at higher lati-
tudes. Hernández-Pajares et al. (2006) found that daytime
and nighttime MSTIDs are always related to the solar termi-
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nator andmodulated by the solar cycle, the equatorward(from
∼100 to 400m/s) and westward (from ∼50 to 200m/s) hori-
zontal propagation velocities are also presented, respectively.
Komjathy et al. (2013) found that a real-time global TEC
monitoring network is able to detect the acoustic and gravity
waves generated by the earthquake and tsunami. Zhou et al.
(2012) also reported the TIDs generated from thermospheric
body forces created from the dissipation of primary grav-
ity waves from deep tropospheric convection. The previous
studies failed to demonstrate the definite connection between
ionospheric disturbances and severeweather activities. In this
study, based on the advantage of GNSS ionosphere monitor-
ing, the ionosphere response process is given out in details
and the results clearly show the strong spatial and time
correlation between typhoon evolution and the ionosphere
disturbances. The physical mechanism driving this correla-
tion is also discussed in this paper.

The clear ionosphere disturbances responding to the
typhoon were reported by several scholars, and the distur-
bances are characterized by periods in the range of 2–5 min
(Baker and Davies 1969), 10–20 min (Hung et al. 1978;
Huang et al. 1985; Liu et al. 2006), and over 30min (Hung
et al. 1978; Šauli and Boška 2001). Possible physical mech-
anisms have also been discussed, such as the increase in
Turbopause (Mao et al. 2010), the ground electric field (Isaev
et al. 2002; Sorokin et al. 2005), and the propagation of
AGWs (Hung et al. 1978; Liu et al. 2006; Šindelářová et al.
2009).

On September 15, 2015 (Day of Year (DOY) 258), a low
pressure area was generated on northwest of Guam over the
Pacific. On September 23 (DOY266), the tropical cyclone
was upgraded to a tropical storm and named Dujuan. When
the typhoon passed through the Yaeyama Islands and Yona-
guni, the measured wind speed was 54.1m/s. On September
28 (DOY271), the typhoon landed on Taiwan, with wind
speeds over 58m/s, and after landfall, the typhoon structure
was destroyed by the Central Mountains. Severe convective
weather was formed during the typhoon path. On Septem-
ber 29 (DOY272), Dujuan travelled through Taiwan and into
the Taiwan Strait. In this study, the period of interest is
when Dujuan passed over the Taiwan. Due to the drag effect
from the CentralMountains, the communication between the
troposphere and ionosphere was captured with GNSS obser-
vations. The ionosphere’s response to the severe convective
weather in the troposphere is studied, and the disturbances
of morphological characteristics are demonstrated. The pos-
sible physical mechanism is also provided.

2 Data and methodology

The data used in this study are the GNSS observations
from Crustal Movement Observation Network of China
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Fig. 1 Distribution of the GNSS stations

(CMONOC) and the Taiwan GNSS Tracking Network from
National Land Surveying and Mapping Center in Taiwan.
Figure 1 represents the distribution of the GNSS stations.

The influence of the intensity of the geomagnetic con-
dition and the solar radiation on the ionosphere could be
reflected in three indexes, Dst index, Kp index, and F10.7
index. Figure 2demonstrates the variation in the three indexes
covering from DOY256 to DOY273 of 2015. Figure 2 shows
that there is a medium geomagnetic storm on DOY263, with
Dst < −70nT, and Kp > 7. Except for DOY263, the geo-
magnetic conditions are quiet. Especially on DOY271 and
DOY272, Dst> −15nT, and Kp< 4 (OnDOY271, Kp< 3).
According to the F10.7 index variation, the solar radiation is
in steady state, within 0.4 and 4.0% of its mean value (from
DOY268 to DOY274) on DOY271 and DOY272, respec-
tively.

The details of the TEC derivation from the GNSS dual-
frequency observations will not be discussed here (Liu et al.
2005). Processing of TEC sequence with a second-order
operator is an effective method for ionosphere disturbance
detection. The principle is to predict the current epoch’s nor-
mal ionospheric changes using the prior two epochs’ TEC
variation. After removing the normal ionosphere changes
from the current epoch, the abnormal changes can be pre-
cisely detected. Here, we have a set of Satellite-Station TEC
(ssTEC) time sequences,

TEC1, ...,TECi−1,TECi ,TECi+1, ...,TECn (1)
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Fig. 2 Dst, Kp, and F10.7 indexes covering from DOY256 to DOY273 of 2015

The ionospheric disturbance at the i th epoch can be deter-
mined using the test value given by Eq. (2),

TECVEST = TECi−1 − TECi−2

= f 21 f 22
40.3

(
f 22 − f 21

) [�L1(i − 1) − �L2(i − 1)]

TEC TEST = TECT = TECi − (TECi−1 + TECVEST)

Then

TECT = f 21 f 22
40.3

(
f 22 − f 21

) [(�L1(i) − �L2(i))

−(�L1(i − 1) − �L2(i − 1))]
�L j (i) = L j (i) − L j (i − 1), j = 1, 2 (2)

where L1 and L2 denote the carrier phases of the two fre-
quencies f1 and f2. TECT can be estimated in great accuracy
using Eq. (2), so the anomaly value of the TEC sequence was
easily confirmed. Combined with the Ionosphere Piece Point
(IPP) coordinates of theTECsequence, this detectionmethod
provides the disturbances’ arrival time and location for each
observation arc.

The accuracy of the carrier phase observations is hun-
dreds of times higher than the pseudo-range observations. In
Eq. (2), the ambiguity is removed by making the difference
between neighboring epochs if no cycle slips occur. By using
Eq. (2), the ssTEC variation between epochs is estimated. As
shown in Eq. (3),

TECVEST = f 21 f 22
40.3

(
f 22 − f 21

) [�L1 − �L2] (3)

And the estimation precision of between epochs is
obtained using Eq. (4),

σ 2
TECVEST

=
[

f 21 f 22
40.3

(
f 22 − f 21

)

]2 [
σ 2

�L1
+ σ 2

�L2

]
,

f 21 f 22
40.3

(
f 22 − f 21

) = −9.5196

σL1 = λ1/100 + 0.0019m; σL2 = λ2/100

= 0.0024m

σ 2
TECVEST

= (−9.5196)2(0.00192 + 0.00242)

σTECVEST = 0.03(TECU) (4)

where λ1 and λ2denote the wavelength of the two carrier
phases L1 and L2.

Using Eq. (4), the accuracy is approximately 0.03TECU.
The elevation angle in the algorithm is 40◦, so there is rarely
multipath effect error in observation.

3 Results and analysis

3.1 GNSS ssTEC sequences

Figure 3 demonstrates the ssTEC sequences of Sat.25
observed from twoGNSS stations of the CMONOC and nine
GNSS stations of the Taiwan GNSS network. The sequences
were calculated using Eq. (3). After UTC13:00, there are
clear disturbances in the ssTEC sequences (Fig. 3). In this
figure, the black dots are used to mark the first arrival time of
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Fig. 3 ssTEC sequences of Sat.25 observed from different GNSS stations on DOY271 (each y grid denotes 5TECU)

Fig. 4 location and orientation of some IPP trajectories over Taiwan

the disturbances. Figure 4 shows the location and orientation
of IPP trajectories over Taiwan (the IPP trajectories and ori-
entation of all the 11 satellites corresponding to each station
are calculated; due to limited space, Fig. 4 only lists one IPP
trajectory of each station for simplification). The distribution
of the GNSS stations (�) in Fig. 4 is shown with different
colors, and each station is corresponding to only one IPP tra-
jectory, which has the same color (e.g., Station CHYI with
red color corresponding to the Sat.22, Station KDNM with
blue color corresponding to the Sat.20).

Further the disturbance is a special event coinciding with
the typhoon landing. Figure 5 gives the ssTEC sequences of

Sat.12 observed for Station GHYI and Sat.21 observed for
Station FUGN under the same period of 4 days surround-
ing the typhoon landing day. From this figure, it could be
demonstrated that only on DOY271 (landing day) the clear
ionosphere disturbances can be distinguished; the dramatic
disturbances disappeared on the other days. Especially for
one day after (DOY272) and two days before (DOY269)
the typhoon landing, the ssTEC sequences varied smoothly
which is in agreement with the accuracy estimated using
Eq. (4). If there is no disturbance, the accuracy could be
within 0.03TECU. The slight disturbances, which will be
further discussed in Sect. 4, are shown in the sequences on
DOY269 and DOY270 (Fig. 5).

Initially, the ionosphere disturbances were related to the
typhoon landing (Figs. 2, 3). Taking advantage ofmulti-point
monitoring and all-weather monitoring of GNSS technology,
a deeper connection was determined.

The AGWs would propagate, at least initially, in all direc-
tions from the source (Vadas and Fritts 2004). Figure 6 shows
a schematic diagram demonstrating the use of ssTEC to
calculate the TID propagation velocity. The black point in
Fig. 6 represents the assumed origin point on the ionosphere
height of the Single Layer Model (SLM). The disturbances
then spread to the surrounding area while several ssTEC
sequences were passing through the area of interest. The dif-
ferent ssTEC sequences were treated as a space monitor for
the TID, and they could catch the disturbances’ propagation.
For instance, if the IPP’s coordinates and the disturbance
arrival time are (X1,Y 1), T1 and (X2,Y 2), T2 at point 1
and point 2, respectively, then the estimation of propagation
velocity could be calculated with Eq. (5).

Vh = Dist[(X1,Y1), (X2,Y2)]
T2 − T1

(5)
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Fig. 5 ssTEC sequences of a Sat.12 for Station GHYI and b Sat.21 for Station FUGN

Fig. 6 Schematic diagram demonstrating the use of ssTEC to estimate the horizontal velocity of the ionosphere disturbance

Dist is the distance between two points. Each pair of dis-
turbance points could be used to calculate the one group of
propagation velocities.

In Fig. 7, only the horizontal propagation velocity on the
SLM height is considered. The effect of traveling time from
the origin point on a terrestrial surface to the ionosphere’s

altitude is ignored. The vertical traveling velocity will be
discussed in Sect. 3.2. The average value of the horizontal
propagation velocities is approximately 240m/s, which will
be used in the two-dimensional searches for the origin point
on the Earth’s surface.
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Fig. 7 Estimation of the horizontal velocity using different pairs of disturbance points

3.2 The grids search for the trigger source area

Multi-point measurements will help to determine of the ori-
gin of the waves (Šindelářová et al. 2009). GNSS TEC
monitoring meets the requirements of multi-points obser-
vations, so the two global grids search method (Lee and
Lahr 1972; Liu et al. 2010) is implied to determine the TID
origin on the Earth’s surface. Initially, the possible trigger
area covering from 14◦N to 30◦N and from 115◦E to 130◦E
was divided into two-dimensional grids, with a resolution of
1◦in longitude and latitude. With the propagation velocity
estimated in Sect. 3, the traveling time residuals could be
calculated using Eq. (7).

According to the linear theory for a dispersion relation of
AGWs in an isothermal atmosphere, the main regulars for
AGWs propagation are as follows (Hines 1960; Xiao et al.
2007),

1. WhenAGWspropagate upwards, the amplitude enhances
gradually so as to satisfy the requirements of energy con-
servation.During thewave upward propagation, thewave
is actually strongly amplified by the coupled effect of the
conservation of kinetic energy Ek = 1

2ρν2, and the expo-
nential decrease in the air’s density ρ (Occhipinti 2015).

2. Group velocity is gradually enhanced along with the
increasing frequency, and the direction of the energy flux
tends to become horizontal as the frequency decreases.

3. The vertical component of AGWs phase velocity is oppo-
site of that of the group velocity.

In this study, a possible path for the disturbance propaga-
tion is required to be given in advance and is shown in Fig. 8.
Here, two different paths are applied, which provide an upper
and lower limit of the traveling distance, respectively. The

maximum traveling distance is that disturbances are travel-
ing from the origin point vertically up to ionosphere altitude
and then horizontally to the IPPs, and the minimum traveling
distance is that the disturbances are traveling from the origin
point radially into the ionosphere. Under the first case, the
boundary conditions are set in advance as shown in Eq. (6),

(X0,Y 0), Vv, Vh, TD (6)

where (X0,Y 0) are the grids’ coordinate, Vvand Vh are the
vertical velocity and the horizontal velocity, respectively, as
shown in Fig. 8. Vh = 240 and Vv = 50m/s are applied here
(the vertical velocity value was taken fromArtru et al. 2005).
TD is the disturbance arrival time, as marked with black dots
in Fig. 3.

The time residuals are calculated using Eq. (7).

Tv = HI

Vv
, Th = dist[(Xi ,Yi ), (X0,Y0)]

Vh
TE = T0 + Tv + Th

V = TE − TD (7)

where HI is the ionosphere altitude (450km). Tv is the trav-
eling time from the disturbance origin to the ionosphere
altitude. Th is the traveling time from the Point 1 in Fig. 8
to IPPs. T0 is the typhoon landing time at Taiwan. TE is the
estimated disturbance arrival time. V is the time residual
between the estimated and real disturbance time.

Under the second case, the time residuals are calculated
using Eq. (8).

VRi = distR
[
(Xi ,Yi ) ,

(
X ′

0
,Y ′

0

)]

T i − T0

TE = distR
[
(Xi ,Yi ) ,

(
X ′

0
,Y ′

0

)]

V R
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Fig. 8 Schematic diagram demonstrating the use of ground-based GPS receivers to determine the TID origin

V = TE − TD (8)

where distR is the straight line distance between grids’ coor-
dinate on the ground with the IPPs which are the first arrival
time of the disturbances.

(
X ′

0
,Y ′

0

)
are the grids’ coordinate

on the ground. T i are the first disturbances arrival time of
IPPs. V R is the average value of VRi (i = 1, 2, 3 . . .).

When typhoon landing at T 0, the triggered AGWs radi-
ally propagate into the ionosphere and cause the ionospheric
disturbances. Once the first disturbances onset time (T i ) of
all ssTEC sequences is recoded, the radial velocity from each
grid on the ground to all IPPs could be calculated using
Eq. (8). The average value with minimum standard deviation
is the criterion of the final radial velocity. Similarly, when the
standard deviation yields the minimum, the radial velocity is
determined.

Table 1 illustrates 8 possible radial velocities ofAGWs,we
select the set of values with the smallest standard deviation,
so we determine the radial propagation velocity is ∼287m/s
in this case.

Figure 9a, c shows the distribution of the time residuals
estimated with the disturbance information (IPP coordi-
nate and disturbance time) recorded by the ssTEC sequence
between Sat.25 and the Station FUSI in two disturbances
propagating ways (vertically then horizontally and radially),
respectively. As expected, the time residuals appear as the
concentric circles, and the minimum residual circle passes
through Taiwan. The TID origin point could be defined as
the cross-point of the different minimum residual circles.
Figure 9b, d shows the residuals distribution estimated from

Table 1 Eight possible radial velocities of AGW

Latitudea Longitudea V b
R (m/s) Std (VR)

1 24 121 ∼274 26.49

2 22 119 ∼265 42.36

3 23 120 ∼267 33.88

4 26 120 ∼332 31.13

5 23 121 ∼253 27.31

6 25 122 ∼287 25.76

7 25 123 ∼279 27.40

8 26 123 ∼305 29.54

a The latitude and longitude of each grid on the ground
b The average value of calculated velocities fromeach grid on the ground
to all first disturbance IPPs on the ionosphere height

over 10 ssTEC sequences, and it could be seen that the most
possible area for the TID origin is in Taiwan, meaning that
the ionosphere disturbance is likely related to the typhoon
landing.

3.3 Other data

The ionsonde data observed by Xiamen station are used to
validate this ionosphere disturbance. The ionospheric param-
eters foF2 daily variations from DOY269 to DOY272 are
shown in Fig. 10. The foF2 could be converted to electron
density using Eq. (9).

f [Hz] = 8.98
√
Ne(m−3) (9)
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Fig. 9 Time residual distribution based on the two-dimensional grids search method. a, c The results using one disturbance point in two possible
propagating ways. b , d The results using a group of disturbance points in two possible propagating ways

The foF2 variations under quiet period (from DOY266
to DOY270 and from DOY272 to DOY273) are shown as
gray bands and their widths correspond to ±1 standard devi-
ation. The background values could be calculated according
to Eq. (10).

f oF21 f oF22 . . . f oF2n−1

aver = average( f oF21 f oF22 . . . f oF2n−1)

std = stdev( f oF21 f oF22 . . . f oF2n−1)

upper = aver + 1 × std

lower = aver − 1 × std (10)

Figure 10 shows that there were significant positive
anomalies after UTC13:00 in DOY271 as the foF2 values
suddenly increased to ∼10MHz and decreased to normal

values about five hours later. The abnormal onset time of the
GNSS observations is also around UTC13:00, which is con-
sistent with the result in Figs. 3 and 5. Thus, the ionosphere
disturbances can be detected by both ssTEC sequences and
foF2 values after typhoon landing. It is also worth noting that
there are no obvious disturbances on the day after (DOY272)
and two days before (DOY269) typhoon landing using the
ionsonde data.

4 Discussion and conclusion

Waveswith periods longer than theBrunt–Vaisala periods are
termed as gravity waves, which can be triggered by a number
of sources including meteorological activity, auroral activity,
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Fig. 11 Topographic map of
Taiwan with the footprint of
Dujuan Typhoon [the figure is
plotted by matplotlib (http://
matplotlib.org), and the
elevation data are from etop1
(https://www.ngdc.noaa.gov/
mgg/global/global.html)]

earthquakes, and eruptions (Laštovička 2006; Šindelářová
et al. 2009). Ionosphere disturbances usually happen when
typhoon is near the coast or landing because the rapid loss of
momentumandviscous interactions couldbe a factor in excit-
ingAGWswith various frequencies (Xiao et al. 2007).AGWs
would influence very high atmospheric altitudes because of
their relatively large vertical wavelengths. Zones of deep

tropical convection are the dominant sources of convectively
generated gravity waves and possibly the most important
source of high frequency gravity waves on Earth (Vadas and
Fritts 2004). Here, the ionosphere disturbance responding to
Dujuan Typhoon could be interpreted by the AGWs. Terrain
is one of the main influencing factors for AGW generation.
Brooks et al. (2003) noted that the high terrain of the Rocky
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Mountains generates steep lapse rates in the plains of the
USA.Figure 11 shows the topographicmapofTaiwan and the
time-labeled typhoon footprint. From the east coast to west
coast of Taiwan, there are five main mountain ranges: the
Coast Mountains, the Central Mountains, the Snow-Capped
Mountains, the Yushan Mountains, and the Alishan Moun-
tains. When the typhoon passes through a mountainous area,
the low air pressure allows the severe convective weather to
form. At this point, the AGWs are more easily generated on
the leeward side of the mountains. At the same time, with
the impact of the dramatic undulating terrain, the AGWs can
propagate to the ionosphere altitude and disturb the iono-
sphere electron density. Before the typhoon’s landfall, the
whole gale coverage already influenced the mountain areas
(Fig. 11), which allowed the ionosphere disturbances to be
observed one day before the landing day, while the distur-
bances disappeared one day after the landing day.

In this study, the ionosphere disturbances response to
2015 Dujuan Typhoon were discussed. The ionosphere dis-
turbances were clearly shown using the ssTEC sequences
after removing the de-trended TEC variation. By comparing
the ssTEC sequences before and after the typhoon land-
ing day, a relationship between the ionosphere disturbances
and the typhoon was reconfirmed, as there are no obvious
disturbances on other days. The foF2 data also show clear
anomalies which is consistent with the GNSS analysis.

Furtherly, based on the linear theory for a dispersion
relation of AGWs, the disturbances propagation velocity
in the ionosphere was estimated using multi-point observa-
tions. The average horizontal velocity and radial velocity are
approximately 240 and 287m/s, respectively. Using the two-
dimensional grid search method, we found the origin of the
disturbance on the Earth’s surface. The origin is set at the
west coast of Taiwan.

Finally, a possible physical mechanism is discussed in this
study. The TID is triggered by the propagation of AGWs.
When the typhoon lands, the latent heat input from the sea
surface is rapidly reduced; at the same time, low pressure
brought severe convective weather. Due to the drag effects
from the mountains located in western Taiwan, a high lapse
rate in the air creates an ideal location for development of
AGWs. Two possible disturbances traveling paths provide
an upper and lower limit of the distance, respectively. As
indicated by Vadas and Fritts (2009), the AGWs would not
be able to propagate freely because of wave breaking, critical
level absorption, and reflection in the stratosphere. The deep
coupling effect still requires further study.
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