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Observational study of ionospheric irregularities
and GPS scintillations associated with the 2012
tropical cyclone Tembin passing Hong Kong

Zhe Yang' and Zhizhao Liu'

'Now at Department of Land Surveying and Geo-Informatics, Hong Kong Polytechnic University, Kowloon, Hong Kong

Abstract This study presents the ionospheric responses observed in Hong Kong to a Typhoon, namely,
Tembin, from the aspects of the occurrence of ionospheric irregularities and scintillations, using Global
Positioning System (GPS) observations from a ground-based GPS scintillation monitoring station in Hong Kong
and from GPS receivers on board the Constellation Observing System for Meteorology, lonosphere, and
Climate (COSMIQ) satellites. The ionospheric irregularities and scintillations are characterized by the rate of total
electron content variation index (ROTI) and the amplitude scintillation index S,, respectively. The typhoon
Tembin formed over the western North Pacific during 18-30 August 2012 and approached Hong Kong during
24-27 August 2012 with the closest distance 290 km from Hong Kong at around 17 universal time (UT) on

25 August 2012. The ground-based observations indicate that in the nighttime period of 20:00-02:00 local time
(LT=UT+8h) on 26 August when Tembin passed closely to Hong Kong, the ionospheric irregularities and
scintillations of GPS signals were observed in the south of Hong Kong, over the area of 13°N ~23°N in latitude
and 110°E~ 120°E in longitude. From the COSMIC observations, it shows that the number of radio occultation
scintillation events peaks on 26 August 2012 during the passage of Tembin. Without the presence of strong
geomagnetic or solar activity, it is suspected that gravity waves might be generated in the lower atmosphere
and likely seed the formation of ionospheric plasma irregularities. This work for the first time from Hong Kong
observes the sign of coupling between the lower atmosphere and ionosphere in a tropical cyclone event,
combining both ground- and space-based GPS observation data.

1. Introduction

lonospheric scintillation as one of the earliest known effects of space weather [Hey et al., 1946] is a major issue
in the Global Positioning System (GPS)/Global Navigation Satellite System (GNSS), because it can result in
cycle slips or even complete loss of lock of GNSS signals [Kintner et al., 2007]. Affected by ionospheric scintilla-
tions, GNSS in return becomes a powerful tool to investigate scintillations and the formation and evolution of
ionospheric irregularities that generate scintillations. In the past, a lot of research has studied the character-
istics of ionospheric scintillations [e.g., Caton and Groves, 2006; Dymond, 2012; Jiao et al., 2013], ionospheric
irregularities that cause scintillations [e.g., Basu et al., 1996; Dandekar and Groves, 2004; Muella et al., 2008],
and the effects of solar and magnetic activity on occurrences of irregularities and scintillations of radio signals
[e.g., Bhattacharyya et al., 2002; Shi et al., 2011].

Meteorological processes in the lower atmosphere have demonstrated to cause ionospheric variability
[Chernigovskaya et al., 2015; Goncharenko and Zhang, 2008; Kazimirovsky, 2002; Korenkov et al., 2012].
Tropical cyclones, as powerful vortex disturbances in tropical regions, can cause strong perturbations in
the ionosphere [Rozhnoi et al., 2014]. For instance, in quiet geophysical conditions an increase in the total
electron content (TEC) disturbance intensity over the periods of ranges (02-20 min and 20-60 min) can be
observed over tropical cyclones [Polyakova and Perevalova, 2011]. lonospheric responses to tropical
cyclones have been studied using observations from a variety of techniques, such as high frequent (HF)
Doppler shift, incoherent scatter radar (ISR), ionosonde, and GPS [e.g., Bishop et al., 2006; Rice et al.,
2012; Xiao et al., 2007].

In the 1950s, Bauer [1958] made the first study of a possible ionospheric response following a nearby passage
hurricane and found an increase in f,F, with the approach of the storm by analyzing ionosonde data.
Afterward, several studies presented the ionospheric responses to tropical cyclones. More recently, Bishop
et al. [2006] analyzed the ionospheric response to a nearby tropical storm above the Arecibo Observatory
using a suite of instruments including ISR, ionosonde, and a satellite-borne GPS receiver. In that analysis,
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the ISR observed surprising variations in the F region plasma drift and the ionosonde observed intense mid-
latitude spread F on the night following the closest passage of the storm. Moreover, GPS occultation within
the storm path showed F region scintillation. From comparisons between 24 strong typhoons recorded from
1987 to 1992 and corresponding ionospheric HF Doppler shift data, Xiao et al. [2007] revealed that medium-
scale traveling ionospheric disturbances in the ionosphere almost always appear during typhoon events. Rice
et al. [2012] presented an anomalous 3 day f,F> enhancement in ionosonde observations when a typhoon
was passing by Japan and verified this enhanced f,F, anomaly using independent GPS TEC observations.
Xiao et al. [2012] analyzed two cases of ionospheric daytime spread F in the period of typhoons using HF
Doppler records. Their analysis provided good observational evidence for daytime spread F during typhoon
period in Asian region. A statistical analysis of ionospheric responses to several tropical cyclones based on
GPS signals and meteorological data indicate that ionospheric plasma irregularities can occur over cyclone
trajectory and that TEC variation intensity is higher if several cyclones simultaneously act in a region
[Polyakova and Perevalova, 2011, 2013].

The physical mechanisms responsible for tropical cyclone-ionosphere interaction have also been discussed. A
mechanism based on tropical cyclone-generated gravity waves (GWs) has been proposed [Bishop et al., 2006;
Polyakova and Perevalova, 2011; Rice et al., 2012; Xiao et al., 2007]. Tropical cyclones are the possible sources
of GWs at the ionospheric heights, and they can trigger GWs in the upper troposphere and lower stratosphere
(UT/LS) [Chane Ming et al., 2010; Dhaka et al., 2003; Ibrahim et al., 2010; Pfister et al., 1993]. The GWs play an
important role in the transport of energy and momentum in the Earth’s atmosphere [Hocke and Schlegel,
1996]. It can influence the dynamics as well as distributions of chemical constituents of the Earth’s middle
atmosphere [Fritts and Alexander, 2003]. When propagating up to ionospheric heights, GWs can induce per-
turbations of electron density, ion velocity, and ion and electron temperature in the ionosphere [Hocke and
Tsuda, 2001; Hooke, 1970; Lastovicka, 2006; Millward et al., 1993]. An alternative mechanism is based on the
electric field induced by tropical cyclones. The tropical cyclone-ionosphere interactions caused by this
mechanism have been discussed in some studies [e.g., Pulinets et al., 2000; Sorokin et al., 2006]. The electric
field resulted from the electric charges at the top of a tropical cyclone can penetrate into the ionosphere
and cause the increase of electron concentration in the F layer maximum over the tropical cyclone center
[Rozhnoi et al., 2014, and references therein].

In the past, tropical cyclone-ionosphere interaction was studied mainly by examining the variations of
ionospheric parameters (e.g., f,F> and TEC). However, studies on ionospheric irregularities and scintilla-
tions associated with tropical cyclones are still very limited. In Hong Kong, a dense network of GNSS
Continuously Operating Reference Stations (CORS) has been deployed for precise surveying and mapping,
meteorological water vapor monitoring, and other applications. The Hong Kong Satellite Positioning
Reference Station Network (SatRef), starting to operate since 2000, consists of 12 GNSS CORS stations.
On average, Hong Kong experiences three to four tropical cyclones each year. In addition, two GNSS-based
ionosphere scintillation monitoring stations have been in continuous operation in 2012 [Liu et al., 2013].
This paper studies the ionospheric responses to a tropical cyclone via analyzing ionospheric irregularities
and the associated scintillations of GPS signals, based on the ionosphere scintillation data collected from
one ground-based station in Hong Kong and space-based GPS receivers on board the Constellation
Observing System for Meteorology, lonosphere, and Climate (COSMIC) satellites. This tropical cyclone
event occurred during 18-30 August 2012 and passed the Hong Kong region with the closest distance
290 km from Hong Kong at around 17 universal time (UT) on 25 August 2012. Studies of ionospheric per-
turbations associated with the tropical cyclones can further our understanding of dominant processes
and interactions between the ionosphere and the lower atmosphere.

In the following sections, we first described the data set and method used to study a tropical typhoon. Then,
the ionospheric irregularities and associated scintillations in GPS signals during the tropical typhoon passage
are presented, followed by a discussion of ionospheric responses with the meteorological processes in the
lower atmosphere. Finally, a conclusion is given at the end of this paper.

2. Data and Method

In the period of 20 to 29 August 2012, the tropical cyclone Tembin took place over the western North Pacific.
The trajectory of Tembin is depicted in Figure 1. The red dots represent the location of Tembin at 00:00 UT
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Figure 1. Trajectory of tropical cyclone Tembin from 20 August to
29 August 2012. The red dots depict the locations of Tembin at 00:00 UT
each day. The red triangle represents the location of scintillation monitoring
station at Hok Tsui, Hong Kong.

on each day, and the red triangle
indicates the location of the ground-
based GNSS-based scintillation moni-
toring station installed at Hok Tsui,
Hong Kong.

As shown in Figure 1, Tembin moved
quite erratically during its passage.
According to the Tropical Cyclone
Annual Publication of the Hong Kong
Observatory [Hong Kong Observatory,
2014], the track of Tembin was the most
complicated one in 2012. Formed as a
tropical depression over the western
North Pacific on 18 August 2012,
Tembin intensified into a severe
typhoon on 20 August, weakened into
a typhoon on 22 August, but intensified
again into a severe typhoon on 23
August. Entering the northern part of
the South China Sea on 24 August, it
weakened into a typhoon and had a
loop path in the following 2days.
Under the influence of another tropical

cyclone Bolaven, Tembin turned to move east-northeastward on 27 August. It weakened into a severe tropi-
cal storm on 28 August and a tropical storm on 29 August. Afterward, it became an extratropical cyclone. At
around 17 UT on 25 August 2012, Tembin had the closest distance to Hong Kong (about 290 km). After that it

moved away in the east-southeast direction.

During the periods when Tembin was passing Hong Kong (within a distance of 800 km), no presence of
strong geomagnetic activity or solar activity was observed. The solar F;o7 index, geomagnetic Kp index,
and Dst index during the Tembin passage period are depicted in Figure 2. As shown in Figure 2, the Kp values
mainly varied between 0 and 4— and the Dst was quite stable and varied between —29 nT and 9 nT. The var-
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Figure 2. F1g.7, Kp, and Dst indices in the period from 20 to 29 August
2012. The periods between the red lines indicate the time when
Tembin was passing Hong Kong within a distance of 800 km.

iation of F;q; also indicated gentle solar
activities when Tembin were passing
Hong Kong.

In order to investigate the ionospheric
responses to the tropical cyclone
Tembin, data collected from a GNSS-
based ionospheric scintillation moni-
toring receiver are analyzed. This
GNSS receiver, installed in May 2012
at the Hok Tsui station (geographic: 22°
12'N, 114°15'E; geomagnetic: 12°23'N,
173°34'W) of Hong Kong and shown
as red triangle in Figure 1, is capable
of recording GPS, Global Navigation
Satellite System (GLONASS), and Galileo
in-phase and quadra-phase data at
100 Hz, and carrier phase measurements
at 50Hz [Liu et al, 2013]. In this study,
only GPS data observed above 15° eleva-
tion angle are considered, in order to
reduce the effects of nonscintillation-
related tracking errors such as multipath.
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In addition to the ground-based iono-
spheric scintillation data, the GPS radio
occultation (GPSRO) data from the
Constellation Observing System for
Meteorology, lonosphere, and Climate
(COSMIC) satellites are also used, to
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rate of change of TEC (ROT) is used to
Figure 3. The variation of 1 min (top) ROTI and (bottom) S4 for all satellites  jndicate the presence of ionospheric
during the period of 20 August to 29 August 2012. The ROTI and S4
during the passage of Tembin with a distance of 800 km from Hong Kong
are presented in red.

Date

irregularities [Pi et al., 1997]. For the
ground-based observations, the ROTI is
calculated over a 5min period. Space-
based ROTI is obtained over a 5s period
because the duration of a GPSRO event is usually short and COSMIC satellites have a high speed of move-
ment in the space. For both ground-based and space-based ROTI, the used GPS carrier phase data have
1 Hz sampling rate.

ROTI:\/<ROT2> — (ROT)?

The amplitude scintillation index S, is used to quantify the intensity of scintillations. S, is calculated as
the standard deviation of the GPS signal intensity (SI) amplitude normalized by its mean value over 60s
for the ground-based observations [Van Dierendonck et al., 1993], and over 1 s for the COSMIC observations
[Syndergaard, 2006]. For both ground-based and space-based S,, the data’s sampling rate is 50 Hz.

Sy — (s)?

54 = ]
(St)

3. Analysis and Results

3.1. lonospheric Irregularities and Scintillations of Ground-Based GPS Signals

The ionospheric responses to the Tembin tropical cyclone were characterized by the ROTI and amplitude
scintillation index S,4, both of which are derived from GPS data collected at the Hok Tsui station (geographic:
22°12'N, 114°15'E) at Hong Kong. Figure 3 illustrates the variation of 1 min ROTl and S, average for all satellites
over the period of 20-29 August 2012. The portion in red indicates the results when Tembin was within a dis-
tance of 800 km from Hong Kong.

Figure 3 shows that a significant increase in both ROTl and S4 can be observed on 26 August 2012, while no
enhancement was observed on other days. The ROTI generally is at the level of 0.25 TECU/min (1 TECU refers
to 10'%el m™2) and is very stable over the days except 26 August 2012. S, generally varies at the level of 0.1
except the day of 26 August. On 26 August, the maximum ROTI reaches nearly 2.0 TECU/min and the maxi-
mum Sy is larger than 0.26. Normally, ROTI > 0.5 TECU/min indicates the presence of ionospheric irregularities
at scale lengths of a few kilometers [Ma and Maruyama, 2006]. S, > 0.2 always indicates nonignorable scintil-
lation activity [Muella et al., 2008]. It is noteworthy that on 26 August Tembin had the closest distance from
Hong Kong, as shown in Figure 1.

Figure 4 depicts the temporal variations of ROTl and S, observed on 26 August 2012 in a more detailed man-
ner. For comparison purpose, the results on 25 August and 27 August 2012 are also presented. Each GPS
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Figure 4. The variation of ROTl and S, on (top row) 25 August, (middle row) 26 August, and (bottom row) 27 August 2012
over the Hok Tsui station, Hong Kong. Each GPS satellite uses one color to represent its ROTI and S4 values, as indicated

in the color bar.

satellite uses one color to represent its ROTI and S, values, as indicated in the color bar. It shows that both ROTI
and S, have an evident increase on 26 August. The increase began from 12:00 UT (local time=UT+8h) and
ended before 18:00 UT. It should be noted that the enhancements of ROTl and S, agree well in time. As a close
view of the ionospheric responses to Tembin, Figure 5 displays the temporal variations of ROTI and S, corre-
sponding to the affected GPS satellites (pseudo random noise (PRN) sequences are 9, 15, 17, 26, and 27) in
the nighttime period of 26 August 2012. It can be seen from Figure 5 that after sunset starting from 12:00 UT
to 18:00 UT these satellites have observed large values of ROTI and S,, especially for PRN 26.
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Figure 5. The variation of satellite elevation, ROTI, and S, for GPS satellites (PRNs 9, 15, 17, 26, and 27) that experience
ionospheric irregularities and scintillations on 26 August 2012.
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Figure 6. The ROTI along the trajectories of GPS satellites (PRNs 9, 15, 17,
26, and 27) that experience ionospheric irregularities and scintillations on
26 August 2012 and the trajectory of the tropical cyclone Tembin (in red).
The red triangle represents the Hok Tsui station in Hong Kong. The time
period for each satellite tracked by the Hok Tsui station is shown at the
right bottom corner and the time period in the parentheses indicates
when ROTI > 0.5 TECU/min. The ionospheric pierce points are mapped to
the ionospheric layer defined at the altitude of 350 km.

In addition to the temporal variations,
the spatial distributions of correspond-
ing ROTI and S, for each affected satel-
lite are illustrated in Figures 6 and 7,
respectively. In the two figures the
trajectories of the satellites are repre-
sented by the ionospheric pierce points
that are mapped onto the ionospheric
layer defined at the altitude of 350 km.
The time periods of the affected satel-
lites as well as the trajectory of Tembin
are also shown. Referring to Figures 6
and 7 and the satellite elevation change
in Figure 5, it is noted that PRNs 9, 15,
26, and 27 satellites rise from the south
to the north, and PRN 17 satellite passes
from the west to southeast of Hok Tsui
station. It should also be noted that
PRN 17 did not show significant scintil-
lations when the satellite and Tembin
trajectories had the closest distance.

As shown in Figures 6 and 7, the large
ROTI and S, values observed along the
pierce points of these satellites are not
rightly over the path of Tembin but

around its path. Specifically, PRNs 9, 15, 26, and 27 satellites experienced large ROTI and S, in the period of
12:00-18:00 UT when rising from the south of Hok Tsui station. When descending in the north, they did
not show any increase of ROTI or S4. Among these affected satellites, PRN 26 satellite had the largest ROTI
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Figure 7. The S4 along the trajectories of GPS satellites (PRNs 9, 15, 17, 26,
and 27) that experience ionospheric irregularities and scintillations on
26 August 2012 and the trajectory of the tropical cyclone Tembin (in red).
The red triangle represents the Hok Tsui station in Hong Kong. The time
period for each satellite tracked by the Hok Tsui station is shown at the
right bottom corner and the time period in the parentheses indicates
when 5S4 > 0.2. The ionospheric pierce points are mapped to the iono-
spheric layer defined at the altitude of 350 km.

and S, observations. As for the PRN 17
satellite, when its pierce points were
very close to the Tembin's path (before
12:00UT), there was no evidence of
ionospheric irregularities and associated
scintillations. When it descended after
12:00 UT, it traveled into the region where
other satellites experienced large values
of ROTI and S4, and it also had a signifi-
cant increase of ROTI and S;. We can
see that the trajectories of these satel-
lites, where irregularities and scintilla-
tions were observed, were very close
to the path of Tembin on 26 August,
indicating the possible ionospheric
responses to the tropical cyclone
Tembin approaching Hong Kong.

3.2. lonospheric Irregularities and
Scintillations of Spaceborne
GPS Signals

The spaceborne GPS observations col-
lected by the GPS receivers on board
COSMIC satellites in the period of 20-29
August 2012 are analyzed to further

YANG AND LIU

GPS SCINTILLATION IN CYCLONE TEMBIN

4710

85U801 7 SUOWILLIOD 3AIIERID 3|deotdde U3 Aq peusenob e sl VO ‘8sN JO SN 1oy A%eiq18UlUO 8|1 LD (SUORIPUOD-PUE-SWLBIALIO" A8 |IM Afe.d]1jBu [UO//StY) SUORIPUOD Pue SWLB | 8U3 89S *[2202/TT/90] Uo Arigiauliuo A|im ‘Aiseaun Alod Buoy BuoH Aq 866220 Vr9T0Z/Z00T 0T/I0p/LI0Y A8 | AReiq putjuo'sqndnBe//:sdny wouy pepeoiumod ‘S ‘9T0Z ‘Z0r669T2



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA022398

3 . . 32

_ H 3 study the ionospheric responses to

L ol ; . 1 W3 Tembin. In view of the coverage of

E . i 27 Tembin's path and the ground-based

E 4 Pl 4 H , 125 GPS observations, COSMIC radio occulta-

o : i Is % ) § i : gg tion events observed in the area of

0 L & L JI EL ik Ji ] ng 12°N~27°N in latitude and 110°E ~ 130°E

20 21 22 23 24 25 26 27 28 29 30/ |18 inlongitude arestudied.The 10day time

Date 16753 series of ROTI and S, derived from all

2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ |14 COSMIC satellites over the considered

15 | []12 area are illustrated in Figure 8. In addi-

. . . |40 tion, the number of daily radio occulta-

o 17, : v . 1H%  tion scintillation events defined as

o5k & :' i . A % S4max9s (the average S, over 9 s around

| v o F 5 . 3 the maximum S4) >0.3 is also presented

0261‘721 20 23 .241251:2* 2[75]25[“ igillso : in the figure. The S4max9s is preferred to

Date S4max to avoid the outlier of the maxi-

‘ ‘ ‘ ‘ mum S, [Ko and Yeh, 2010]. It should

151 I s2max9s > 0.3 be mentioned that no COSMIC scintilla-

‘g I s4mex9s > 0.3 (17:00-2:00 LT) tion data are available over the studied

g 107 ] area on 22 August 2012, so no result is
g 5| ] shown for that day.

»
During the 10day period, the values of
% 21 22 23 24 25 26 27 28 29 30 S4 (most within the range of 0~1.5)

Date show a similar variation trend with

Figure 8. The variation of (top) ROTI and (middle) S, derived from those of ROTI (m,OSt " th’e ra'mge of
COSMIC observations in the area within the latitude range of 12°N ~27°N 0~3TECU/s), as displayed in Figure 8.
and longitude range of 110°E ~ 130°E, as well as the number of radio It shows that neither S, nor ROTI values
occultation scintillation events with (bottom) S4max9s > 0.3 during the derived from COSMIC GPS observations
period of 20 to 29 August 2012. Each GPS satellite uses one color to repre-  show a distinct difference during the

sent its ROTI (top) and S4 (middle) values. passage of Tembin. After a further

inspection of scintillation statistics,
however, it is found that the number of scintillation events with S4max9s > 0.3 peaks on 26 August 2012.
Moreover, during the passage of Tembin within a distance of 800 km from Hong Kong (24-27 August), most
nighttime scintillation events were observed in the period of 17:00-2:00LT on 26 August. The results also
suggest the ionospheric irregularities and associated scintillations were also dominant on 26 August, as
revealed from the ground-based GPS observations.

Compared with the ground-based results shown in Figure 3, the large values of S; and ROTI derived from
COSMIC data are shown not only on 26 August 2012 but also on other days. This difference may be caused
by two reasons. One is different time interval used for the S, calculation. The COSMIC S, is derived from 1
using 50 Hz measurements, while the ground-based S, is derived from 60s using 50 Hz data. Another is
the different paths of line of sight of GPS signals through the ionosphere. For the COSMIC observations, their
path lengths are essentially horizontal. The S4 index is proportional to the path length through the scintillat-
ing medium [Dymond, 2012]. So compared with the ground-based observations, the GPSRO technique is
more sensitive to the scintillations as the line of sight has a significant portion in the ionosphere.

With respect to the analysis from the ground-based observations given in Figure 4, the GPSRO scintillation
data during nighttime on 25, 26, and 27 August 2012 are examined to show the information on ionospheric
irregularities and scintillation in details. Table 1 shows the scintillation information derived from GPS data for
each radio occultation event occurring during 9:00-18:00 UT (LT=UT +8h) on 25, 26, and 27 August 2012
over the area of 12°N ~27°N in latitude and 110°E ~ 130°E in longitude. In Table 1, the occurrence time, the
latitude, longitude, and altitude of the tangent point (point of closest approach to the center of the Earth
in the GPSRO path) are all corresponding to the moment when scintillation has the maximum S,. The max-
imum ROTI is also derived and shown in the last column.
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Table 1. The Scintillation Information Derived From COSMIC Radio Occultation Observations in the Period of
9:00-18:00 UT on 25, 26, and 27 August 2012 Over the Area of 12°N ~ 27°N in Latitude and 110°E ~ 130°E in Longitude

COSMIC Latitude Longitude Tangent ROTImax

Date Time (UT) GPS PRN Satellite ID (deg) (deg) Alt. (km) S4max (TECU/s)
25 August 09:56:53 8 2 19.98 111.39 109.578 0.534 1.462
11:44:13 8 5 20.01 123.77 98.530 0.344 0.938
26 August 09:38:32 5 5 26.44 117.64 107.850 0.928 0.892
09:50:38 8 1 20.89 119.17 106.490 0.748 0.478
11:17:24 8 5 18.15 124.92 57.238 0.475 0.513
11:35:22 8 1 15.64 119.05 105.217 0.890 0.547
11:46:57 23 1 15.33 125.96 105.061 0.785 0.754
27 August 09:21:42 8 1 26.34 115.41 115.326 0.888 0.868
10:50:03 8 5 16.48 123.92 94.823 0.365 0.209

Compared with the results for the other 2 days, more scintillations with large values of S4max were recorded
by the COSMIC GPSRO observations during the period of 9:00-18:00 UT on 26 August 2012, as shown in
Table 1. On this day the occulted GPS satellites included PRNs 5, 8, and 23, and the RO scintillations were pre-
dominantly observed near the sunset time when ionospheric irregularities and scintillations were also
observed by the ground-based GNSS receiver. The maximum S, and ROTI observed on 26 August were in
the ranges of 0.475 ~ 0.928 and 0.478 ~ 0.892 TECU/s, respectively, and they were mainly observed at the tan-
gent altitudes of 57.238 ~ 107.850 km. For the other 2 days, only GPS satellite PRN 8 was occulted with large

_ PRN 5 (5) PRN 8 (1) PRN 8 (5) PRN 8 (1) PRN 23 (1)
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Figure 9. (a) The altitudinal information for the tangent points of each RO scintillation. The temporal variations of (b) L1 C/A
code signal-to-noise ratio (SNR), (c) uncalibrated TEC, (d) ROT, (e) ROTI, and (f) S are derived from COSMIC observations for
GPS satellites (PRNs 5, 8, and 23) that experience ionospheric irregularities and scintillations on 26 August 2012. The
COSMIC satellite number is given in the parenthesis after the PRN of GPS satellite.
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Figure 10. The ROTI along the tangent points of the COSMIC radio occul-  related to two factors. One is the high-
tation events for GPS satellites (PRNs 5, 8, and 23) that experienced speed movement of the GPS receiver
ion'ospheric irregul.ariFies and scintillati.ons on 26 August 2012 and the on board COSMIC satellites. The length
trajectory of Tembin (in red). The red triangle represents the Hok Tsui GPS
scintillation monitoring station in Hong Kong. The time period for each
occulted satellite is shown at the right corner. The COSMIC satellite sphere varies rapidly. The magnitude of
number is given in the parenthesis behind the GPS PRN number. ROTI can be larger for satellites with
higher velocities and for higher iono-
spheric drifts [Basu et al., 1999]. One is that the ROTI for using the COSMIC data was calculated over a 5 s period,
while the ground-based ROTI was estimated over a 5 min period. The length of scintillation observation time is
much short due to the high speed of space-based GPS receiver; thus, a shorter period is used. Though the ROTI
derived from COSMIC observations has a larger magnitude, it is still able to characterize the ionospheric

irregularities, as can be seen from its consistent variation with S4 shown in Figure 8.

Lon. (deg.)

of GPS signal passing through the iono-

The detailed information on the temporal variations of the L1 C/A code signal-to-noise ratio (SNR), uncali-
brated TEC, ROT, ROTI, and S, derived from the COSMIC GPSRO observations corresponding to the affected
GPS satellites (PRNs 5, 8, and 23) on 26 August 2012 is illustrated in Figure 9. In addition, the altitudinal infor-
mation for the tangent points of each RO path is also given in Figure 9a to illustrate the variation of TEC, ROT,
ROTI, and S, with respect to tangent altitude. As illustrated in Figure 9, rapid TEC fluctuations can be observed
with the increase of ROTI and S,4, and the ROTI and S, show a consistent increase with the decrease of SNR.
The remarkable increases suggest that ionospheric irregularities and associated scintillations occurred in the
GPSRO observations. For each GPSRO observation, the scintillation region along the line of sight can be geo-
located to its tangent point [Dymond, 2012; Ko and Yeh, 2010]. So the altitude of the tangent points indicates
the ionospheric irregularities and scintillations of GPS RO signals may be observed at the altitude range of
60 ~ 120 km, which can also be seen from Table 1. The results presented in Table 1 and Figures 8 and 9 sug-
gest that on 26 August the ionospheric responses to Tembin may be observed by the GPS receivers on board
the COSMIC satellites.

Apart from the temporal variation shown in Figure 9, the spatial distributions of ROTI and S, along the tan-
gent points of RO observations of GPS satellites (PRNs 5, 8, and 23) that experienced ionospheric irregularities
and scintillations on 26 August 2012 were displayed in Figures 10 and 11, respectively. As shown in the fig-
ures, the ROTI and S, increased consistently and their maximum took place near the path of Tembin. Note
that the PRN 8 and 23 satellites experienced large values of ROTI and S; dominantly in the southeast of
Hong Kong, while the PRN 5 had large results in the northeast area. It appears that the locations of the
PRN 8 (Lat: 15.64°N, Lon: 119.05°E) at 11:35 UT are very close to the trajectory of PRN 17 satellite tracked by
the ground-based GNSS receiver at around 12:00 UT. It is worthwhile mentioning that ionospheric irregulari-
ties and scintillations were seen in the GPS signals for these two satellites, as also shown in Figures 5 and 9.
This shows that ionospheric responses to Tembin were concurrently observed by both ground-based and
space-based GNSS receivers on 26 August 2012.
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Figure 11. The S4 along the tangent points of the COSMIC radio occulta- . L
observations. In addition, the uncer-

tion events for GPS satellites (PRNs 5, 8, and 23) that experienced iono-

spheric irregularities and scintillations on 26 August 2012 and the tainty of tangent points should also be
trajectory of Tembin (in red). The red triangle represents the Hok Tsui GPS  considered, as the location of the tan-
scintillation monitoring station in Hong Kong. The time period for each gent point sometimes can have an error

occulted satellite is shown at the right corner. The COSMIC satellite num-

ber is given in the parenthesis behind the GPS PRN number. of ~10° [Dymond, 2012].

4. Discussion

In the absence of strong geomagnetic and solar activities, nighttime ionospheric irregularities and scintilla-
tions of GPS signals were observed in both ground-based and spaceborne observations when Tembin passed
closely to Hong Kong on 26 August 2012. Their spatial occurrences (see Figures 6, 7, 10, and 11) indicate that
they are mainly observed in the south of Hong Kong within the latitude range of 13°N ~ 23°N and longitude
range of 110°E ~ 120°E. This should be ascribed to the location of the station in the equatorial ionospheric
anomaly region [Abadi et al., 2014].

The mechanism responsible for equatorial ionospheric irregularities and scintillations has been widely dis-
cussed. It is generally accepted that the Rayleigh-Taylor instability process in the bottom side of the F region
is the mechanism to explain the generation of ionospheric plasma bubbles and associated scintillations
[Aarons, 1982; Dandekar and Groves, 2004]. After sunset, a rapidly increased eastward electric field causes
an uplift of the F layer. The vertical upwelling of the ionosphere leads to steep density gradients in the bot-
tomside F region and becomes an unstable situation. This situation eventually leads to the formation of
plasma bubbles that develop irregularities to produce severe scintillations.

Several works have pointed out gravity waves as a possible seeding mechanism of the ionospheric plasma bub-
bles [Nicolls and Kelley, 2005; Singh et al., 1997; Taori et al, 2011]. As already mentioned earlier, the tropical
cyclones can trigger gravity waves in the upper troposphere and lower stratosphere. According to the
studies [Abdu et al., 2009; Fritts et al., 2008; Takahashi et al., 2009, and references therein], the gravity waves
generated in the tropospheric convective regions are upward at slant angle through the mesosphere and
the thermosphere. When propagating up to the bottomside F layer in the ionosphere, these waves can induce
electron density perturbation and electric field perturbation. Under right conditions of the ambient ionosphere,
these perturbations can initiate the growth of the Rayleigh-Taylor instability leading to vertical development of
bubbles to topside ionosphere under typical state of the background ionosphere in the sunset period.

It has been discussed that the gravity waves reaching 100-220 km can produce F region disturbances via per-
turbing the plasma and producing electric field variations [Bishop et al., 2006]. The electric field perturbations
can contribute to the growth of Rayleigh-Taylor instability leading to the irregularities in the F region base
[Prakash, 1999]. In view of this, it is thus suspected that the occurrence of ionospheric irregularities and
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scintillations of GPS signals during the passage of Tembin might be caused by the presence of tropical
cyclone-generated gravity waves. The gravity waves generated in the tropospheric convective regions slantly
propagate up to the ionospheric height [Abdu et al., 2009], so the spatial distribution of the ionospheric
responses observed in the ground- and space-based data is not rightly over the path of Tembin but around
its path (see Figures 6, 7, 10, and 11).

It is noteworthy that during the passage of Tembin the ionospheric irregularities and associated scintillations
were predominantly recorded on 26 August 2012. One of reasons might be related to the conditions for grav-
ity waves seeding the plasma density instability. If contributing to the instability, the gravity wave should
penetrate into the F layer bottom height and initiate the instability during the period of F layer uplifting.
Additionally, the gravity wave should have sufficient amplitude of oscillation and phase speeds to trigger
the instability and get a resonance condition for coupling of a wave and plasma process [Takahashi et al.,
20091. In addition to the seed perturbations in the form of gravity waves arising from the tropospheric con-
vective regions, it should be also noted that there are other possible factors affecting day-to-day variability of
ionospheric irregularity, including the vertical drift of F layer and the meridional wind and field line integrated
conductivity [Abdu, 2001]. The varied combinations of background electron density gradient, F layer vertical
drift velocity, and neutral wind system play a dominant role in the day-to-day variability of irregularities [Hajra
et al.,, 2012]. Another reason might be related to the limited observation coverage of the ground-based GNSS-
based scintillation monitoring station and space-based RO. Tembin had a long passage path and some iono-
spheric responses to Tembin may have not be recorded by either ground-based station or space-based RO.
Nevertheless, this observational study still contributes to increasing the knowledge of the interaction
between the tropical cyclones and the ionosphere via presenting the ionospheric irregularities and asso-
ciated scintillations in GPS signals and raising the attention of scintillation effects on the GNSS signals during
the passage of tropical cyclones. In addition, the utilization of ROTI derived from the COSMIC observations
suggests the feasibility of using spaceborne GPS observations to study ionospheric irregularities even with
short period of scintillation data.

5. Conclusions

The ionospheric irregularities and associated scintillations of GPS signals occurring during the passage of the
Typhoon Tembin approaching Hong Kong are illustrated in this study, utilizing the indices ROTI and ampli-
tude scintillation S,. Both indices are derived from the observations collected from a GNSS-based scintillation
monitoring station installed in Hong Kong and spaceborne GPS receivers on board COSMIC satellites. Our
analysis shows the following.

On 26 August 2012 when the Tembin approached very close to Hong Kong, the ground-based GPS observa-
tions revealed the occurrence of ionospheric irregularities and associated scintillations in the nighttime per-
iod of 20:00-2:00 LT, and their spatial occurrences in the south of Hong Kong, over the region of 13°N ~23°N
latitude and 110°E ~ 120°E longitude. From the COSMIC GPSRO observations, it shows that near the sunset
period of 18:00-20:00 LT the ionospheric irregularities were observed in the altitude range of 60 ~ 120 km.
The analysis also shows that the ionospheric responses to Tembin were concurrently observed by both
ground- and space-based observations on 26 August. In the absence of strong geomagnetic and solar activ-
ity, it is suspected that gravity waves might have been generated at the lower atmosphere and contributed to
the tropical cyclone-ionosphere interaction. They may initiate the growth of Rayleigh-Taylor instability, lead-
ing to ionospheric irregularities and associated scintillations of GPS signals.

This study presents possible ionospheric responses to a typhoon from aspects of the ionospheric irregulari-
ties and associated scintillations in ground- and space-based GPS signals characterized by the ROTI and S,
indices. Meanwhile, it also suggests that the passage of tropical cyclones could degrade GNSS signal quality
through the ionospheric effects in the tropical cyclone-ionosphere interaction.
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