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Abstract Two remarkable ionospheric irregularities named equatorial plasma bubble (EPB) and
medium-scale traveling ionospheric disturbance (MSTID) are verified by using multi-instrumental
observations, for example, the ground-based GPS networks, ionosonde stations, and Swarm satellites, when
the tropical cyclones Tembin and Hagibis approached Hong Kong on 26 August 2012 and 15 June 2014,
respectively. The low-latitude plasma bubble over an area of 105-120 °E in longitude was observed

during 12:30-17:00 universal time (UT) on 26 August 2012. GPS observations from magnetically conjugate
locations indicate that the nighttime bubble during 20:30-01:00 local time (LT = UT + 8h) on 26 August
should be formed from the magnetically equatorial region rather than drifted from the west (eastward drift)
or generated locally. Different from the EPB, during another cyclone on 15 June 2014, the northwest-
southeast aligned nighttime MSTID was verified in midlatitude regions at a mean horizontal velocity of 156
m/s southwestward propagation during 12:30-17:30 UT when Hagibis was near the mainland coast. By
comparing the ionospheric observations during the two cyclones, differences are identified: small-scale
irregularities associated with plasma bubble cause obvious perturbations of the rate of total electron
content index with the value of ~3.0 TECU/min; while the MSTID in midlatitude only cause relatively slight
rate of total electron content index disturbances with the value of ~1.5 TECU/min. In addition, the magnetic
conjugacy of EPB and MSTID in two hemispheres during the passage of tropical cyclones has been also
discussed in this study.

1. Introduction

Tropical cyclone is a rapidly rotating storm system characterized by a low-pressure cyclonic vortex at the
center of a region with mesoscale convection (Rivoire et al., 2016). Depending on its location and strength,
a tropical cyclone is referred to by different names such as hurricane, typhoon, tropical storm, and tropical
depression. In the Asia-Pacific region, the tropical cyclones are generally divided into three stages according
to the maximum sustained wind speeds (v,,,4x), namely, tropical depressions (V4 < 17 m/s), tropical storms
(17 m/s £ Vjax < 33 m/s), and typhoons (V.4 > 33 m/s; e.g., Kim et al., 2010). During the lifetime of tropical
cyclone, the propagation of acoustic-gravity waves (AGWs; Kim & Chun, 2011) and the arising electric fields
(Sorokin et al., 2005) are often observed, which have the possibility to induce traveling ionospheric distur-
bances (TIDs) or plasma bubbles (e.g., Isaev et al., 2010). Statistical results of Xiao et al. (2007) indicated that
TIDs were detected in 92% of their typhoon cases (22 vs. 24) from 1987 to 1992 in mainland China. To global
navigation satellite system (GNSS) users, severe ionospheric irregularities can degrade the accuracy of GNSS
measurements, thus affecting high-precision applications (Hernandez-Pajares et al., 2006; Lejeune et al.,
2012; Luo et al., 2018).

Over the past years, the ionospheric irregularities associated with tropical cyclones have been reported by
many studies, which can be summarized as two focuses in general, that is, the morphological characteristics
(e.g., Chou et al., 2017; Song et al., 2017; Xiao et al., 2007) and the physical mechanism (e.g., Ke et al., 2018;
Sorokin et al., 2005). For the former topic, Xiao et al. (2007) pointed out that during the lifecycle of typical
cyclone, most TIDs are the linear medium-scale TIDs (MSTIDs), which generally have speeds of 100-250
m/s and wavelengths of several hundred kilometers with periods of 2-5, 10-20, and over 20 min
(Polyakova & Perevalova, 2011). Previous studies also indicated that the amplitude of the MSTIDs can
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reach ~2 TECU (Kong et al., 2017; Song et al., 2017), which represents a range error of about 0.32 and 0.54 m
in GPS L1 and L2 measurements, respectively. Generally, the structures of TIDs triggered by tropical
cyclones are the nearly linear forms, but recently the concentric TIDs were also reported when the super
typhoon Meranti was approaching Taiwan on 13 September 2016 (Chou et al., 2017). It provided new evi-
dences of typhoon-induced concentric gravity waves in the ionosphere. Due to the complexity of the tropical
cyclone, the influence of the tropical cyclone-ionosphere on the atmosphere is still not clarified. The AGW
generated by the tropical cyclone is considered as one mechanism source of the ionospheric disturbance
occurrence (Huang et al., 1985; Kim & Chun, 2011). However, some analyses revealed that no obvious
statistical correlation can be found between the cyclone driven AGWs and ionospheric disturbances
(Zakharov & Kunitsyn, 2012). For example, the 2-4 hr duration of ionospheric disturbances caused by four
typhoons in Australia during 2005-2014 did not match well with those caused by AGWs with a few minutes
to 3-hr duration (Li et al., 2018). Some studies pointed out that the coupling mechanism such as electric
fields, neutral winds, and the turbulent layer movements might be used to explain the interaction of iono-
sphere associated with tropical cyclones (Ke et al., 2018; Sorokin et al., 2005).

Except the TIDs, very few studies reported plasma bubbles and related ionospheric scintillations during tro-
pical cyclones (e.g., Ke et al., 2019; Yang & Liu, 2016a). It is well acknowledged that ionospheric scintillation
is the signal diffractive effects in nature (Kintner et al., 2007). The condition of scintillation occurrence is that
the radio signal should propagate several small-scale irregularities near the first Fresnel length (e.g., ~400 m
for the GPS L1 signal), thus resulting in signal amplitude and phase fluctuations. However, the scale of TIDs
triggered by tropical cyclones is generally several hundred or even thousands of kilometers, they usually
cause the small magnitude fluctuations of the total electron content (TEC; 1-2 TECU), thus rarely resulting
in scintillation of GNSS signals. Although several evidences supported the gravity wave seeding of iono-
spheric irregularities and scintillations (Fritts et al., 2008; Lay, 2018; Taori et al., 2011), the relationship
between tropical cyclone and ionospheric scintillation is still unclear. Yang and Liu (2016a) for the first time
reported the strong scintillation phenomenon associated with the 2012 tropical cyclone Tembin passed clo-
sely to Hong Kong. They suspected that gravity waves might be generated by the Tembin and resulting in
plasma irregularities occurrence on 26 August 2012. Due to the limited observations coverage such as those
from the ionospheric scintillation monitor receivers (ISMRs) and space-based GPS receivers, it is hard to
determine whether the ionospheric irregularities were generated locally or drifted from adjacent area. In
addition, the plasma bubble reported by Yang and Liu (2016a) is observed at the equatorial ionization anom-
aly (EIA) within +15° magnetic latitudes (MLAT), where is the place with frequent occurrence of equatorial
plasma bubbles (EPBs) and ionospheric scintillations (Appleton, 1946; Kelley, 2009; Lin et al., 2007).
Therefore, further work is still needed to investigate the ionospheric irregularities occurred on 26 August
2012 during the passage of Tembin.

This study presents a comprehensive investigation of the plasma bubble responding to the tropical cyclone
Tembin in 2012 using the multi-instrumental observations from 205 GPS stations, four magnetically conju-
gate GPS stations, as well as one ionosonde station. Moreover, another typical case of ionospheric irregular-
ity as MSTID associated with the tropical cyclone Hagibis in 2014 is also analyzed in detail. As far as we
know, there has been no comparison of the MSTID and plasma bubble related to tropical cyclones in
China. This paper is structured as follows. The data and method used to study the tropical cyclones
Tembin and Hagibis are described first. Thereafter, we present the detailed results, analysis, and discussions
for the two typical ionospheric irregularities responding to the tropical cyclones. Finally, the summary is
given in the last section.

2. Data and Method

According to the Tropical Cyclone Annual Publication of Hong Kong Observatory in 2012 (Hong Kong
Observatory, 2012), Tembin formed as a tropical depression over the western North Pacific about 660-km
northeast of Manila on 18 August 2012 as shown in Figure 1. The red dotted line represents the trajectory
of Tembin. It passed close to Taiwan twice on 24 and 28 August, respectively. On 25 August, Tembin was
closest to Hong Kong (~290 km) at around 17 universal time (UT). It weakened into a tropical storm on
30 August. Another tropical cyclone Hagibis (blue dotted line in Figure 1) formed as a tropical depression
over the northeastern part of the South China Sea on the morning of 14 June 2014 (Hong Kong
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Observatory, 2014). It intensified into a tropical storm on the afternoon
and reached its peak intensity on the night of 14 June 2014. On 15 June,
it moved steadily northward and weakened into a tropical depression
during the night. Hagibis further weakened on June 16, but it reintensi-
fied into a tropical depression on the afternoon of 17 June and finally
evolved into an extratropical cyclone on 18 June. As shown in Figure 1,
Hagibis was closest to Hong Kong with ~260 km at 1:00 UT on 15 June.
Reported by the Hong Kong Observatory (2012, 2014), the average central
pressure of two cyclones are comparable (~990 vs. ~960 hPa), but the
average wind force of Tembin (~35 m/s) is larger than that of Hagibis
(~15m/s). In addition, the Tembin did not land in mainland China, while

To sufficiently investigate the ionospheric irregularities induced by tropi-

Figure 1. The trajectory of tropical cyclone Tembin during 18-30 August
2012 (red dots) and Hagibis during 14-17 June 2014 (blue dots). The blue

70 75 80 85 go 95 100 105 110 115 120 125 130 1;|35 140 cal cyclones, multi-instrumental data are used in this study and the

GLON (° E) geographical distributions of these stations are depicted in Figure 1.

Specifically, dual-frequency GPS data collected at more than two hundred
GPS stations (205 stations in 2012 marked by the green circles and 245 sta-

or red dots represent the location of tropical cyclone at 00:00 UT on each tions in 2014 marked by the magenta triangles) supported by the Crustal
day. The green circles and magenta triangles indicate the location of Crustal ~Movement Observation Network of China are used. GPS station HKWS
Movement Observation Network of China stations on 26 August 2012and  (red diamond) managed by the Lands Department of Government of

15 June 2014, respectively. The red pentagrams represent the location of
ionosonde stations FUKE and WHZL. The red diamond represents the
location of HKWS station in Hong Kong. The black dashed lines represent

the magnetic latitudes.

Hong Kong Special Administrative Region is also used to fill the data
vacancy in Hong Kong. In addition, the ionograms derived from two iono-
sonde stations FUKE and WHZL marked by the red pentagrams in
Figure 1 are utilized to verify the spread-F during the passages of
Tembin and Hagibis. In the data processing, all ground-based GPS observations with the sampling interval
of 30 s are used to calculate the rate of total electron content index (ROTI). To reduce the effects of nonirre-
gularities related tracking errors such as multipath, only the GPS data observed above 30° elevation angle are
considered. Except the ground-based observations, the space-based in situ electron density (0.5-s sampling
rate) and GPS measurements (1-s sampling rate) from Swarm A and C during the passage of Hagibis on
15 June 2014 are also used for the cross validation of ionospheric irregularities.

The ROTI is defined as the standard deviation of rate of TEC with a sliding window for each 5-min interval

(Pi et al., 1997):
ROTI = \/(ROT?)—(ROT)* €9)

The ROT at epoch (k) can be calculated by the differencing TEC for each sampling interval:

TEC(k)—TEC(k—1)
At

ROT = )
where TEC, in a unit of TECU (1 TECU = 10" el/m?), at the epoch (k) can be estimated with high precision
from a geometric-free combination of the carrier phase measurements. For the ground-based GPS data, we
apply a threshold of ROTI larger than 0.5 TECU/min together with a condition of multipeak detection
algorithm for identifying the ionospheric perturbations (Luo et al., 2018).

3. Results and Analysis

3.1. ROTI Responding to Ionospheric Irregularities

Figure 2 presents the time series of ROTI derived from HKWS station (22°26’N, 114°20’E; geomagnetic lati-
tude: 15°48'N) during the lifetime of tropical cyclones Tembin and Hagibis. HKWS is located at the east of
Hong Kong and is very close to the passage of Tembin on 26 August 2012 and Hagibis on 15 June 2014.
Figure 2 also gives the corresponding solar F10.7, geomagnetic Kp and Dst information. As shown in
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Figure 2. Time series of ROTI for all GPS satellites and the corresponding F10.7, Kp, and Dst indexes during 20-30 August
2012 and 12-18 June 2014. The time periods of ionospheric perturbations are highlighted in blue. Note that the time
shown in the x axis is based on UT system. ROTI = rate of total electron content index; TECU = total electron content unit.

Figure 2a, an obvious enhancement of ROTI can be observed on 26 August 2012 when the Tembin
approached to Hong Kong (~300 km), while no significant increase was observed on other days. On 26
August, the maximum ROTI can reach ~3.0 TECU/min, but the ROTI values on other days were
generally smaller than 0.2 TECU/min. Similar results were also observed by the dedicated ISMR installed
at Hong Kong (Yang & Liu, 2016a). In Figure 2b, a significant variation of ROTI can be seen on 14 and 15
June 2014 when the Hagibis was passing Hong Kong, but for other days, the time series of ROTI were
generally stable (~0.2 TECU/min). From the panels of F10.7, Kp, and Dst indexes, we can find that the
solar activity (F10.7 < 150 sfu) and geomagnetic activity (Kp < 4; —30 nT < Dst < 30 nT) are stable
during the lifetimes of Tembin and Hagibis. Without significant solar flare and geomagnetic storm
activities, it is suggested that the remarkable enhancements of ROTI might be associated with the tropical
cyclones. On the other hand, we can note that the magnitudes of ROTI enhancements in Tembin are
generally larger than those of in Hagibis, suggesting that the ionospheric irregularities responding to two
cyclones might be different.

Figure 3 shows the spatial distributions of ROTI for each affected GPS satellite (ROTI > 0.5 TECU/min)
observed by HKWS on 26 August 2012 and 15 June 2014. The results of ROTI on 14 June 2014 are not shown
here since they were similar to those on 15 June 2014 (same as below). The trajectories of GPS satellites with
different pseudo random noise (PRN) are represented by the ionospheric pierce points (IPPs) mapped onto
an altitude of 450 km. The time periods of affected satellites and trajectories of Tembin and Hagibis are also
presented in the right bottom corner of Figure 3. As shown in Figure 3a, we can clearly find that larger values
of ROTI (>0.5 TECU/min) were located at the southward of HKWS (10°-15° MLAT), which was rightly situ-
ated in the EIA region (+15° MLAT) with the frequent EPBs occurrence. Meanwhile, GPS satellites (PRNs
G9, G15, G21, G26, G27, and G29) experienced large ROTI were rightly during 12:30-18:00 UT (20:30-2:00
LT) when strong nighttime EPBs and scintillations occurred. From the above two points, it is reasonable to
deduce that the large ROTI values should be attributed to the nighttime plasma bubbles. The detailed ana-
lyses of the origin of plasma bubbles are shown next. From Figure 3b, IPPs with larger ROTI values on 15
June 2014 were located at the northward of HKWS (18°-22° MLAT) and their magnitude was around 0.6
TECU/min, which is far smaller than those ROTI values on 26 August 2012. Meanwhile, the trajectories
of IPPs with large ROTI values were rightly over the path of Hagibis except G29. The time period of G29
experienced ionospheric perturbations was during 16:50-17:20 UT, which is far later than that of other satel-
lites, so we think that the west irregularities might be shifted from the east region. The detailed spatial dis-
tributions of the ionospheric irregularities associated with the two tropical cyclones will be shown below.
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Figure 3. The ROTI along the trajectories of GPS satellites experienced ionospheric perturbations on 26 August 2012 and
on 15 June 2014. The time period of each satellite tracked by HKWS is shown at the right bottom corner and that in the
parentheses indicates when ROTI larger than 0.5 TECU/min.

3.2. Equatorial Plasma Bubbles During the Passage of Tropical Cyclone Tembin

Figure 4 shows two-dimensional ROTI maps derived from 205 Crustal Movement Observation Network of
China stations during the period of 12:15-17:45 UT on 26 August 2012, when the tropical cyclone Tembin
was ~300km to Hong Kong. The ROTI values are averaged in 1° X 1°. At 12:15 UT, all the ROTIs were
smaller than 0.3 TECU/min, indicating no ionospheric irregularity at this time (Figure 4a). The irregularities
were formed in the southeast region at around 12:45 UT and then they reached a strong level until 13:45 UT
with few ROTIs larger than 1.0 TECU/min (Figure 4d). After that, the irregularities weakened at around
14:15 UT (Figure 4e) and intensified again at 15:45 UT (Figure 4h). Two hours later, the ionosphere got quiet

201

90 100 110 120 90 100 110 120 90 100 110 120 90 100 110 120 130

GLON (° E)
Figure 4. Two-dimensional of ROTI maps during the period of 12:15-17:45 UT (a-1) on 26 August 2012 when the tropical cyclone Tembin passed through Hong
Kong.
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Figure 5. Geographical distribution of six GPS stations (triangle) and one ionosonde station (pentagram) used to confirm the ionospheric perturbations during the
passage of tropical cyclone Tembin on 26 August 2012 (a) and the corresponding variations of ROTI for the six stations (b). PRN = pseudo random noise; ROTI =
rate of total electron content index; TECU = total electron content unit.

again (Figure 41). From the panels, the magnitude of perturbations had an obvious variation from 0.1 to 1.0
TECU/min during 12:15-17:45 UT, but it is hard to see their drift state. In addition, the scale of irregularities
covered an area within 15-22 °N and 105-120 °E. We suspected that the irregularities belong to EPBs in
Figure 4. Under this hypothesis, they should be generated at the equatorial F region first and then elongated
along the magnetic flux tubes with +20° MLAT (e.g., Kelley, 2009). To verify the assumption, we therefore
further check the observations from the magnetically conjugate stations as well as the ionosonde station.

Figure 5 presents the geographical distribution of six GPS stations and the corresponding variations of ROTI
on 26 August 2012. The stations HISY and BAKO, as well as HKWS and JOG2, are the near magnetically
conjugate stations as shown in Figure 5a. It is clearly seen that significant variations of ROTI were observed
at the conjugate stations (HISY vs. BAKO; HKWS vs. JOG2) in both hemispheres, indicating that the iono-
spheric irregularities during the passage of Tembin on 26 August 2012 are the EPBs instead of the local
plasma bubbles. From the west to east direction (HISY-PIMO; BAKO-JOG2), the onset time of perturbations
(ROTI > 0.5 TECU/min) were almost the same (around 12:30 UT), suggesting that EPBs should not be
drifted from other area. In addition, the ROTIs for the GDSG in the north (~20° MLAT) and JOG2 in the
south (~—20° MLAT) also showed obvious variations during the nighttime period (12:30—17:00 UT), which
is also consistent with the latitude scale of EPBs as mentioned before. Note that the magnitude of ROTIs for
the northern stations presented in Figure 5b experienced a weak (12:30, 14:00, and 17:00 UT) to strong (13:30
and 16:00 UT) progress. The above analyses show good consistency to the ROTI maps shown in Figure 4.

Except GPS observations, the ionosonde data collected at FUKE station (19°31’N, 109°08’E; geomagnetic
latitude: 12°49'N) in Hainan province (red pentagram in Figure 5a) were also used to verify the EPBs during
the passage of Tembin on 26 August 2012. Four samples of ionograms from the ionosonde were plotted in
Figure 6. Strong range-type spread-F (a signature of EPBs in ionograms) was observed around 300- to
500-km altitude at 12:45, 13:45, 14:45, and 15:45 UT, with durations of about 5 hr until 17:00 UT on 26
August. From the above analyses, we can conclude that the ionospheric irregularities responding to
Tembin are EPBs, which are not drifted from the west nor generated locally.

3.3. Medium-Scale Traveling Ionospheric Disturbances During the Passage of Tropical
Cyclone Hagibis

Figure 7 shows the ROTI maps observed during 12:00-17:30 UT on 15 June 2014 when the tropical cyclone
Hagibis was close to Guangdong province. The ionospheric irregularities originally formed in the northeast
of China on 12:30 UT (Figure 7b) with the value of ~0.4 TECU/min and then their scale was increasing
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Figure 7. Two-dimensional of ROTI maps during the period of 12:00-17:30 UT (a-1) on 15 June 2014 when the tropical cyclone Hagibis passed through Hong Kong.

ROTI = rate of total electron content index.
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gradually until around 16:30 UT (Figure 7j) but showed a southwestward propagation. During the period of
time, the maximum horizontal extension and the amplitude of the perturbations were about 900 km and 1
TECU/min. Compared to the results in Figure 4, the scale of ionospheric irregularities shown in Figure 7 was
much larger and they were located at the midlatitude regions.

Figure 8 presents the ROTI observations of PRN G10 observed simultaneously by seven GPS stations with
the west to east and north to south distribution. In addition, four samples of ionograms from the ionosonde
station WHZL (30°31’'N, 114°36'E; geomagnetic latitude: 24°30’N), which is rightly located in the perturba-
tion region (see Figure 8a), are also depicted in Figure 9. From Figure 8b, it is easily found that the stations in
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Figure 9. Ionograms showing the absence of EPBs over station WHZL in Hubei province at 12:30, 13:30, 14:30, and 15:30
UT on 15 June 2014.
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Figure 10. (a) Time series of in situ electron density from Swarm A (blue) and C (green) when they passed through China
longitude (~120 °E) on 15 June 2014. (b) The ROTI along the trajectories of GPS satellites tracked by the onboard receiver
of Swarm A and C. ROTI = rate of total electron content index.

the east (north) experienced earlier ionospheric perturbations than those located in the west (south), further
indicating the southwestward propagation characteristic of ionospheric irregularities. Based on the
distance and time delay for different stations, the horizontal propagation velocity of 159 (SCGY-SNAK),
132 (SNAK-HAQS), and 176 m/s (HAQS-AHBB) for the irregularities were calculated. The mean horizontal
velocity is 156 m/s, showing a good agreement with the value of 132 m/s for the MSTID trigged by the
typhoon Matmo on 23 July 2014 in China region (Song et al., 2017). Considering the propagation direction
(southwestward) and occurrence region (20°-30° MLAT), the ionospheric irregularities observed on 15 June
2014 should be the MSTID instead of plasma bubbles. The ionograms shown in Figure 9 further suggest that
no obvious plasma bubbles were observed over the WHZL during the period of 12:30-15:30 UT although
obvious ionospheric irregularities appeared around it (see the ROTI variation of WUHN station in
Figure 8b). Interestingly, the “weak spread-F” can also be seen around 400 km in the ionograms at 13:30
and 15:30 UT, which means that the nighttime F2 region irregularities have the possibility to accompany
with the MSTID occurrence in the midlatitude.

On 15 June 2014, the Swarm A and C passed through the longitude of ~120 °E at around 12:30 UT. The in
situ electron density (Ne) measurements and onboard GPS data from Swarm satellites can provide a good
cross validation of MSTID. The time series of Ne and trajectories of ROTI IPPs for each affected GPS satel-
lite (ROTI > 3 TECU/min) observed by Swarm A and C are shown in Figure 10. The UT, LT, altitude, and
geographic longitude (GLON) when Swarm low pair satellites passed near Hagibis at 12:25 UT on June 15
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2014 (a) and the corresponding variations of ROTI for the six stations (b). PRN = pseudo random noise; ROTI = rate of total electron content index; TECU = total

electron content unit.

(~22 °N) are listed at the topside of the figure. Since at 12:25 UT Swarm A and C were located at 119.3° and
120.7° GLON, respectively, 6-min difference in LT can be seen in the figure. Similar to Zakharenkova et al.
(2016), we applied a threshold of ROTI larger than 3 TECU/min for the space-based GPS data to identify
the ionospheric perturbations under quiet geomagnetic conditions. Note that a threshold of 0.5 TECU/
min has been used for the ground-based GPS data. Due to the relatively low speed of GPS satellite with
respect to a ground-based station, the ROTI derived from ground-based receiver mainly reflects the
movement of ionospheric irregularity, while the ROTI derived from spaceborne receiver reflects more
the irregularity structure along the low Earth orbit satellite track, like Swarm, due to the high speed of
low Earth orbit satellite (Luo et al., 2019). As shown in Figure 10a, at around 12:30 UT Swarm Ne
measurements experienced an abrupt increase (~2 X 10'" m™) at the 20° MLAT and then fluctuated
slightly until 28° MLAT (see the blue region). The ROTI IPPs shown in Figure 10b also indicate several
GPS satellites signal encountered ionospheric irregularities at the region of 20°-30° MLAT. The above
results show a good consistency to the MSTID region as shown in Figure 7b. In addition, it should be
noted that in 10°-20° MLAT the PRNs G28 and G10 also showed larger ROTI around 6 TECU/min. This
should be attributed to the fluctuation of Ne in the northern EIA (see the variations of Ne in 10°-20°
MLAT region in Figure 10a). For the Southern Hemisphere, it is interesting to see a slight increase in Ne
shown in -25°--22° MLAT region (red cycle), which might imply the MSTID also mapped into the
opposite hemisphere.

To further verify the MSTID conjugacy, Figure 11 presents the ROTI variations from six near conjugate
stations (GDSG vs. BNOA; HAHB vs. LEAR; SXLQ vs. YAR2) on 15 June 2014. From the top panels of
Figure 11b, obvious fluctuations of ROTI for the northern stations can be seen during 12:30-17:30 UT.
Since the location of SXLQ is at around 40 °N near the edge of MSTID, the corresponding ROTI showed a
small variation around 0.5 TECU/min during 12:30-17:30 UT. Compared to the Northern Hemisphere,
the time series of ROTI derived from southern stations were relatively stable, but few satellites for stations
BNOA and LEAR still encountered ionospheric perturbations around 16:00 UT. For example, the ROTI of
PRN G12 derived from BNOA can reach ~0.5 TECU/min at 16:40 UT. Since the background electron density
in the Southern Hemisphere is very small (~0.8 x 10"" m™®) as shown in Figure 10a, the perturbation
reflected in ROTI is unremarkable. From the above analysis, we can find that the midlatitude nighttime
MSTID also has the feature of magnetic conjugacy but show different magnitude of Ne and ROTI values
between two hemispheres.
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4. Discussions

Two typical ionospheric irregularities as the plasma bubble and MSTID associated with tropical cyclones are
detailed analyzed in this study. The former one was revealed by Yang and Liu (2016a) using the dedicated
ISMR measurements, but they did not investigate the origin of the bubble due to the limited observation
coverage. Using GPS and ionosonde measurements, we further verify that the plasma bubble associated with
Tembin is neither drifted from its west nor formed locally but initiated from the magnetically equatorial
region. The EPBs are known to be generated at low latitudes around the magnetic equator through the
generalized Rayleigh-Taylor instability mechanism (e.g., Kelley, 2009). Because of the unstable density
perturbations of rapidly rising F layer, the large depleted density irregularities can expand along the
magnetic field lines to F region heights over latitudes off the equator within +20° MLAT (e.g., Abdu et al.,
2009; de Paula et al., 2010). The initial “seed” of the unstable density perturbations is widely considered
as gravity waves (e.g., Huang & Kelley, 1996; Singh et al., 1997; Takahashi et al., 2009). Huang and Kelley
(1996) pointed out that the gravity waves initiate the Rayleigh-Taylor instability via spatial resonance, then
the instability grows and amplifies the perturbations induced by gravity waves and possibly induce plasma
bubbles in final. The observational evidences of gravity waves initiation of ionospheric plasma bubbles have
been shown in several studies based on the data from spread F Experiment (SpreadFEx) in Brazil (Abdu
et al., 2009; Fritts et al., 2008; Takahashi et al., 2009).

The plasma bubble with longitude scale of 105-120 °E shown in Figure 4 was observed on 26 August 2012
during the passage of Tembin. Under the normal solar and geomagnetic conditions on this day, Yang and
Liu (2016a) suspected that the gravity waves might be generated in the lower atmosphere and contributed
to the tropical cyclone-ionosphere interaction. Many previous studies suggested that the tropical cyclone
is the possible sources of gravity waves since the former one is a well-organized and vigorous convective
system, and the convective “cells” in the eyewall and spiral bands can induce the gravity waves via mechan-
ical oscillator effect, deep heating, or obstacle effect (e.g., Dhaka et al., 2003; Kim et al., 2009; Kim & Chun,
2005). If the plasma bubble responding to Tembin is triggered by the gravity wave, which implies this gravity
wave should be propagated from the tropical cyclone eye (14.3° MLAT at 0:00 UT on 26 August) to the mag-
netic equator (~1,500 km) first and then seeded the initial instability. However, due to lack of gravity wave
observations, the above hypothesis could not be verified in the present study.

The MSTID associated with tropical cyclone Hagibis shown in Figure 7 went along a northwest-southeast
alignment and propagated southwest direction with a mean velocity of 156 m/s. This is consistent with
the nighttime MSTIDs characteristics in the Northern Hemisphere (e.g., Saito et al., 1998; Song et al.,,
2017; Tsugawa et al., 2007). Meanwhile, the MSTID was observed on 15 June 2014 when the Hagibis was
to land the mainland coast, which is also in agreement with the previous studies (e.g., Kong et al., 2017;
Xiao et al., 2007). Because of the large energy released by tropical cyclones during the landing phase, the
gravity waves might be excited by the rapid loss of momentum and viscous interactions. As mentioned
before, the gravity waves can propagate to the ionosphere altitude and disturb the ionospheric electron
density, thus triggering the MSTID occurrence. Another feature of the MSTID is its conjugacy as shown
in Figures 10 and 11, but the ROTIs are quite different in the two hemispheres. This difference should be
contributed to the discrepancy in the background electron density of two hemispheres as shown in
Figure 10a (5.0 X 10" m ™ in the north vs. 0.8 x 10** m™> in the south). The 10-year (1996-2005) ion density
measurements from the Defense Meteorological Satellite Program spacecraft indicated that the ion density
with maxima around June solstice in the Northern Hemisphere and December solstice in the Southern
Hemisphere (Liu et al., 2007). The MSTID shown in this study occurred on 15 June 2014, which is during
summer solstice in the Northern Hemisphere when the Sun's zenith is at the tropic of cancer (23.5 °N), so
the discrepancies of Ne and ROTI between two hemispheres are likely caused by the seasonal influence
on the background ionosphere. In addition, the lower ROTIs in the Southern Hemisphere match well with
the airglow intensities obtained by all-sky imager at Darwin (12.4 °S, 131.0 °E) in Figure 9 of Shiokawa et al.
(2005) and TEC perturbations values measured in south America in Figure 4 of Valladares and
Sheehan (2016).

Another interesting finding in this study is that the values of ROTI maps reflected in the EPB and MSTID are
comparable (Figure 4 vs. Figure 7). As far as we know, the main application of ROTI is used to verify the
ionospheric irregularities and scintillations at high and low latitudes (Cherniak et al., 2018; Pi et al.,
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Figure 12. Time series of ROTI responding to EPB (top panel) and MSTID ~ are confirmed in Figure 12. The classification of a fluctuation event is
(bottom panel) associated with Tembin on 26 August 2012 and Hagibison  satisfied: (a) ROTI values for one satellite have to remain above the

15 June 2014, respectively. ROTI = rate of total electron content index; threshold value of 0.5 TECU/min for a minimum period of 10 min and
TECU = total electron content unit.

(b) at least two satellites show ROTI perturbation during this minimum

period. According to this classification, four obvious fluctuations of
ROTI marked with “al,” “a2,” “a3,” and “a4” can be seen in the top panel of Figure 12 during 12:00-
18:00 UT. That means the radio wave signals of GPS satellites have to propagate through at least four
small-scale (Fresnel scale) irregularities in the bubble, thus resulting in signal diffractive effects (Kintner
et al., 2007). Under this condition, the ionospheric scintillations are generated as shown in Figure 4 of
Yang and Liu (2016a). Different from the plasma bubble, the time series of ROTI responding to MSTID show
a relatively slow fluctuation with small magnitude (ROTI < 1.5 TECU/min) marked with “b1,” “b2,” and
“b3,” indicating that the large scale of MSTID mainly results in positive or negative TEC disturbances as
shown in Figures 2 and 4 in Song et al. (2017). This result is also consistent with the absence of spread-F over
WHZL station (near WUHN station) in Figure 9.

The characteristics of EPB and MSTID related to Tembin and Hagibis are analyzed in detail in this study
based on multi-instrumental observations. Several possibilities may cause the different ionospheric
responses during the lifetimes of tropical cyclones. An obvious difference between the two tropical cyclones
is their intensity. According to the Hong Kong Observatory (2012, 2014), the v,,,4, of Tembin on 26 August
2012 can reach 41 m/s (typhoon level), while that of Hagibis on 15 June 2014 was only 21 m/s (tropical storm
level). Polyakova and Perevalova (2011) investigated the ionospheric disturbances when three tropical
cyclones were close to the U.S. Atlantic coast during August-October 2005 and revealed an increase in
TEC variations when tropical cyclones reached their peak intensity, but the magnitudes of TEC variations
were not directly correlated with the intensity of three cyclones. Focusing on the Far East region, the night-
time anomalies in the lower ionosphere induced by six tropical cyclone events have been shown in Rozhnoi
etal. (2014). They did not find any direct correlation between the tropical cyclone intensity and magnitude of
the signal anomalies in the ionosphere as well. The latest finding in Ke et al. (2019) also pointed out that the
intensity of scintillation caused by EPBs was not correlated to the wind velocity of tropical cyclone center
based on correlation analysis. From the above discussions, we think that the different ionospheric irregula-
rities shown in this study should not be related to the intensity of two tropical cyclones.

Another difference between two cyclones is their occurrence season. In the Northern Hemisphere, the tro-
pical cyclone Tembin occurred during 18-30 August 2012, which is close to autumn equinox, while that of
Hagibis took place during summer solstice. It is well known that at low-latitude of East-Asia postsunset EPBs
have higher occurrence rate in autumn/spring equinox rather than in summer/winter solstice (e.g., Burke
et al., 2004; Liu et al., 2015; Stolle et al., 2006; Xiong et al., 2010). The seasonal dependence of EPBs at a
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Figure 13. Temporal variations of zonal and meridional wind fields (positive eastward and northward) from
the Horizontal Wind Model 2007 for the tropical cyclone Tembin on 26 August 2012 (a) and Hagibis on 15 June 2014
(b) from 0 to 500 km. The vertical black solid lines represent the perturbations time of plasma bubble and MSTID asso-
ciated with Tembin and Hagibis, respectively.

given longitude is controlled by the magnetic declination and geographic latitude of the dip equator. At
East-Asia longitudes, the declination of the geomagnetic field is almost equal to zero during equinoxes
(Otsuka, 2018; Tsunoda, 1985). Tsunoda (1985) proposed that the occurrence frequencies of postsunset
plasma bubbles can reach the peak when the solar terminator (dependent on season) is nearly parallel to
the geomagnetic meridian (dependent on longitude). Based on this point, the EPB occurred on 26 August
near autumn equinox of 2012 is reasonable. However, the initial seed responsible for this EPB production
is not clear yet. As mentioned before, the gravity wave can drive the Rayleigh-Taylor instability and then
lead to EPBs occurrence, but this source is generally triggered when the tropical cyclone is landing or near
a mainland coast (e.g., Xiao et al., 2007). From Figure 3a, we can see that the Tembin on August 26 did not
land the mainland of China, but on this day, it was rightly under the influence of another super typhoon
Bolaven (v, = 52 m/s) over the western North Pacific and turned to move east-northeastward on 27
August according to the Hong Kong Observatory in 2012 (Hong Kong Observatory, 2012). Under the inter-
action of Bolaven on August 26, the v,,,,, of Tembin at 12:00-18:00 UT (EPB occurrence) was decreased from
41 to 39 m/s, so we presume that the gravity wave might be induced by the rapidly loss of momentum from
two cyclones interaction. Different from the EPB occurred near autumn equinox, the nighttime MSTID asso-
ciated with Hagibis was rightly observed in East-Asia summer. Around summer solstice in East-Asia sector,
frequent nighttime MSTIDs activities related to the Perkins instability (Perkins, 1973) have been reported
before (e.g., Otsuka et al., 2011; Shiokawa et al., 2003, 2005). According to the model of Perkins instability,
the growth rate of this instability is inversely proportional to the neutral air density (Kotake et al., 2007;
Perkins, 1973), and the density in the thermosphere shows a minimum during summer solstice (Moore &
Boulton, 1987). That is why frequent nighttime MSTIDs attributed to the Perkins instability occurred in
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East-Asia summer (Ding et al., 2011). However, the Perkins instability needs other mechanisms such as
gravity wave seeding (Kelley & Fukao, 1991) and sporadic E layer instability (Cosgrove & Tsunoda, 2002)
to reinforce it and finally trigger MSTIDs occurrence. Under this condition, the gravity wave associated with
the tropical cyclone Hagibis has the possibility to enhance the growth rate of Perkins instability. In addition,
the sporadic E layers with frequencies between 2 and 8 MHz during 13:30-15:30 UT on 15 June 2014 can be
seen in Figure 9. The coupling process between the sporadic E and F layers may also play an important factor
to induce the MSTID occurrence shown in our study. The similar speculation can also be seen in the latest
research (e.g., Song et al., 2019). Based on the above discussions, we think that the occurrence seasons of two
tropical cyclones should play an important role for the difference of two ionospheric irregularities.

In addition, we also investigated the background wind fields during Tembin and Hagibis. Figure 13 shows
the temporal variations of zonal (left panels) and meridional (right panels) winds for the Tembin on 26
August 2012 and Hagibis on 15 June 2014 from 0 to 500 km. The vertical black solid lines represent the
perturbations time of plasma bubble (12:15-17:45 UT) and MSTID (12:30-17:30 UT). The background wind
fields are derived from the Horizontal Wind Model 2007 empirical model (Drob et al., 2008). As shown in
Figure 13, the zonal/meridional winds were basically eastward/southward during the perturbations time
regardless of plasma bubble associated with Tembin or MSTID related to Hagibis. Meanwhile, the magni-
tudes of winds speed during two tropical cyclones were also comparable in ionosphere F2 region around
12:30 UT when ionospheric irregularities began to occur. In addition, according to the background wind-
filtering theory, the horizontal direction of the MSTID associated with Hagibis should be northwestward
rather than the southwestward propagation as shown in Figures 7 and 8. This inconsistency can be also seen
in Song et al. (2017). Based on wind predictions from the empirical model, we think that the background
winds have small probability to result in the difference of two ionospheric irregularities in this study. The
detailed causes, such as the seeding and the propagation of gravity wave, as well as the influence on the
background atmosphere/ionosphere need further investigation.

5. Summary

In this work, we present the detailed analysis of ionospheric irregularities responding to tropical cyclones
using multi-instrumental observations including those from GPS satellites, ionosondes, and Swarm
satellites. The main findings are summarized as follows:

1. The plasma bubble observed on 26 August 2012 during the passage of the tropical cyclone Tembin was
neither drifted from its west nor formed locally but initiated from the magnetically equatorial region.

2. The MSTID detected on 15 June 2014 when the tropical cyclone Hagibis was near the mainland coast was
verified with a southwestward propagation at a mean horizontal velocity of 156 m/s.

3. The ROTI maps are sensitive to both plasma bubble and MSTID, indicating cautions should be taken
when the ROTI maps are used to identify ionospheric irregularities. It is strongly suggested that research-
ers should take multi-instrument such as ionosonde or ISMR to do the cross validation of irregularities
rather than only relying on ROTI maps.

4. By comparing the ionospheric observations during the two cyclones, we find that small-scale irregulari-
ties associated with plasma bubble cause obvious perturbations of the ROTIs with the value of ~3.0
TECU/min; while the MSTID in midlatitude causes relatively slight ROTI disturbances with the value
of ~1.5 TECU/min.

5. Similar to EPB, the MSTID observed in this study also shows the feature of magnetic conjugacy based
on ROTI and Ne observations. However, the ROTI and Ne in the Southern Hemisphere were much
smaller than those in the Northern Hemisphere (0.3 vs. 1.5 TECU/min for ROTI; 0.8 X 10 m™3 vs.
5.0 x 10" m™ for Ne). These discrepancies of ROTI and Ne between two hemispheres are likely to
be caused by the seasonal influence on the background ionosphere.
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