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We report a statistical study of medium-scale traveling ionospheric disturbances (MSTIDs) during 2014-2017 in the
low-latitude China region using the Hong Kong Continuously Operating Reference Stations network with a baseline
length of 10-15 km. Polynomial fitting and the multichannel maximum entropy method are utilized to derive MSTID
parameters from global positioning system total electron content data. We find that MSTIDs can be sorted into three
types in this region. One type is daytime MSTIDs, which are mainly distributed during 1000-1700 local time (LT) in
spring, autumn and winter. The second type is nighttime MSTIDs, which mainly occur from 2200 to 0300 LT in spring
and summer. The third type is morning MSTIDs, mainly occurring from 0500 to 0700 LT in spring and autumn. No clear
difference in the MSTID parameters is distinguishable between the cyclone period and non-cyclone period, which
may be due to the distance restriction for cyclone identification and different propagation distances of the primary

Introduction
Medium-scale traveling ionospheric  disturbances
(MSTIDs) are typical wavelike perturbations of iono-
spheric plasma with wavelengths of hundreds of kms,
phase velocities of hundreds of m/s and periods of
between 10 min and 1 h (Hunsucker 1982). MSTIDs have
been studied for many years using various techniques,
such as HF Doppler radars (Waldock and Jones 1986;
Oinats et al. 2016), ionosondes (Bowman 1990), satellite
beacons (Jacobson et al. 1995), incoherent scatter radars
(Oliver et al. 1997), ground-based Global Navigation Sat-
ellite System (GNSS) networks (Morton and Essex 1978),
and airglow imagers (Shiokawa et al. 2003; Huang et al.
2016).

Several potential excitation mechanisms of midlati-
tude MSTIDs have been proposed in previous studies.
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and indicate if changes were made.

TIDs have been intuitively thought to be plasma mani-
festations of atmospheric gravity waves (AGWs) propa-
gating in the thermosphere (Hines 1960; Hooke 1968;
Hunsucker 1982; Kirchengast et al. 1996). Based on
the research of Hines, Klostermeyer (1972) supplied
a full-wave solution of gravity wave propagation in a
thermospheric model and compared it with the data
observed from ionograms. Kirchengast et al. (1996)
found the relationship between TIDs and AGWs
through theoretical research and numerical simulation.
Xiao et al. (2007) suggested that during the existence
of a typhoon, which is one of the important ground
sources of wavelike disturbances in the troposphere,
there are almost always MSTIDs in the ionosphere.
Kotake et al. (2007) noted that MSTIDs around the
dusk sector could be caused by GWs generated at the
solar terminator. Xu et al. (2015) once used six all-sky
imagers and satellite sensors from Fengyun-2 (FY-2)
and reported obvious concentric gravity wave events
in the China region, which is associated with strong
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thunderstorms. Figueiredo et al. (2018) suggested
that AGWs could play an important role in generating
MSTIDs. Oinats et al. (2016) found that the relative
amplitude of MSTIDs increased with an increase in
solar activity, but the effect of geomagnetic activity on
MSTIDs remained unclear.

Kelley and Miller (1997) found that the MSTID char-
acteristics were not always consistent with the classic
theory of GWs. Plasma instability, e.g., Perkins instability,
was considered another candidate mechanism for mid-
latitude nighttime MSTIDs (Perkins 1973). However, the
growth rate associated with Perkins instability was too
small to explain the observations of nighttime MSTIDs
(Kelley and Makela 2001; Garcia et al. 2000). Cosgrove
and Tsunoda (2002, 2004), Tsunoda and Cosgrove (2001)
and Cosgrove et al. (2004) proposed a generation mech-
anism based on the coupling of the midlatitude E layer
and F layer. Otsuka et al. (2007) also showed the inter-
link between the E region and F region with regard to
MSTIDs during nighttime. The Es layer instability com-
bined with the Perkins instability of the F layer provided a
greater growth rate after coupling than either the Es layer
instability or the F layer instability alone. In addition,
GWs as a perturbation were suggested to accelerate the
growth rate related to the Es layer and Perkins instabil-
ity (Kelley and Makela 2001; Shiokawa et al. 2003; Makela
et al. 2010; Yokoyama et al. 2009). Based on recent all-
sky imager and GNSS observations, Huang et al. (2016)
also indicated that the nighttime MSTIDs in midlati-
tude China may be generated by the coupling of elec-
trodynamic processes. Recently, Narayanan et al. (2018)
showed that electrodynamic coupling is necessary for the
formation of nighttime MSTIDs with conjugate observa-
tions of the E and F regions from both hemispheres.

To calculate the propagation characteristics of
MSTIDs, local antenna arrays or distributed receivers
were utilized by early researchers. Due to the low cost of
maintenance, global positioning system (GPS) receiver
networks with different base lengths were widely utilized
to monitor the structure and distributions of MSTIDs
(Saito et al. 1998; Ding et al. 2011; Kotake et al. 2007).
Saito et al. (1998) presented two-dimensional maps of
total electron content (TEC) perturbations showing
MSTIDs over Japan by using a dense GPS network with
a mean distance of ~ 25 km between receivers. Ding et al.
(2011) studied the climatology of MSTIDs in central
China by using observations of GPS networks with aver-
age distances of ~20-40 km between stations. Kotake
et al. (2007) reported a statistical study of MSTIDs
observed in southern California with a GPS network,
and the distance between the two receivers was approxi-
mately 45 km. Otsuka et al. (2013) analyzed the TEC data
observed by more than 800 permanent GPS receivers in
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Europe and reported the statistical characteristics of the
MSTIDs over Europe in 2008.

The present work focuses on the statistical analysis
of MSTIDs using the Hong Kong Satellite Positioning
Reference Station Network (SatRef). The average base-
line length of SatRef is approximately 10-15 km, which
is shorter than that in previous studies. The observed
MSTIDs are categorized and analyzed according to LT,
season, geomagnetic activity and tropical cyclone. We
discuss the limitations and conditions of short baseline
GNSS measurements. The potential sources of MSTIDs
observed in this region are also discussed.

Data and method

The Hong Kong Satellite Positioning Reference Station
Network (SatRef) provides RINEX data from 2014 to
2017 obtained from dual-frequency GPS receivers. Fig-
ure 1 shows geographical locations of the receivers in
Hong Kong (22°15'N, 114°15E), which was acquired from
the Survey and Mapping Office/Lands Department in
Hong Kong (http://www.geodetic.gov.hk/smo/gb/downv
.aspx). The total number of GPS receivers is 18 (T430
replaced HKEN since 4 March, 2015), and the average
distance between any two receivers is approximately
10-15 km. In previous studies, the distance between
receivers was approximately 15-45 km. The distribution
of such intensive stations provides effective information
for TEC measurements.

GPS satellites transmit L-band carriers of two frequen-
cies to the ground (f1 =1.57542 GHz, 2=1.22760 GHz),
and the observation stations record the carrier phase
every 30 s. Slant TEC (STEC) is calculated from the
carrier phase leveling or pseudorange smoothing tech-
niques. Slant TEC can be represented as a function of

Fig. 1 Geographical locations of GPS receivers of the Hong Kong
SatRef
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time ¢ and the angle z between the line of sight (LOS) and
the local zenith at its ionospheric penetration point (IPP)
using the following equation (Ozeki and Heki 2010):

STEC = VTEC(t)/ cos z + d 1)

where VTEC is the TEC when the LOS is perpendicular
to the ionosphere, and d, which is the pseudorange bias,
remains constant for each satellite and receiver during
the study period. After a long period of observation, the
VTEC calculation is free from d because z changes with
time when the satellites move in orbit and z can be cal-
culated from the GPS satellite orbital data. The VTEC
variation can be approximately modeled by the quadratic
function of ¢ within a 1.2-h time series by the following
equation:

VTEC (t) = at® + bt + ¢ )

We estimate the values of a, b, ¢, and d by the least
squares method. STEC deviation (DSTEC), which can
describe the TEC perturbation intensity, is derived from
the difference between the observed STEC and the STEC
calculated by the model.

We select GPS observations with elevation angles
larger than 60° by considering multipath effects, which
also focus the observations on the ionospheric region
around Hong Kong. After calculating the STEC, the mul-
tichannel maximum entropy method (MMEM) is used
to analyze the TEC data observed from several GPS sta-
tions and obtain the propagation parameters of MSTIDs.
MMEM (Ding et al. 2011; Huang et al. 2016) requires that
the TEC data are obtained from three non-collinear GPS
stations for the cross-spectral analysis (Ding et al. 2004,
2011). The MMEM details in our study are discussed in
“The method to obtain the propagation parameters of
MSTIDs” section. For the short baseline measurements
of the CORS network in our study, it is necessary to con-
sider whether the phase difference of the MSTID can be
extracted from the TEC data. We further discuss the fea-
sibility of MSTID observations by using short baseline
measurements in “Short baseline measurements of the
CORS network’ section.

The method to obtain the propagation parameters

of MSTIDs

STEC time series of different satellites can be simulta-
neously observed from a single station with different
tracks of IPPs. Jacobson et al. (1995) noted that when a
TID passes by, the TEC perturbations can be observed in
more than one slant TEC series with different perturba-
tion amplitudes. For each station, we select a TEC time
series with the largest perturbation amplitude for sub-
sequent data processing to find the most important TID
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characteristics. Three non-collinear CORS stations cor-
respond to three STEC time series.

The raw STEC time series were observed simultane-
ously from three non-collinear CORS stations. We used
a sliding window with a length of 1.2 h and a time inter-
val of 2 min to process the raw STEC series. In this case,
each obtained time series contained 144 data points, and
there are 4 data points between two adjacent time series
due to the 30 s time resolution of the GPS data. The back-
ground TEC, i.e., the running averaged TEC from each
station, is obtained from the least polynomial fits, and
we calculated the DSTEC by subtracting the background
TEC. In our study, the MMEM (Ding et al. 2011; Huang
et al. 2016) utilized three DSTECs for the cross-spectral
analysis, so the main frequency of the waves and phase
difference between two stations were derived. Due to
the movement of IPPs, there is an offset up to 30% in the
main frequency of MSTIDs (Ding et al. 2011), which is
similar to the Doppler shift. To remove the IPP move-
ment effect, a Galileo transform (Wan et al. 1997) was
used to adjust the main frequency.

Based on the adjusted main frequency and phase dif-
ference, we calculated the fluctuation period, azimuth
angle, phase velocity and wavelength using the equation
given by Wang et al. (2007) and Ding et al. (2004). Since
each time interval between two time series of 1.2 h was
2 min, the propagation parameters can be seen as a func-
tion of time during the observed time. The uncertain-
ties in the estimated period, phase velocity, and azimuth
using MMEM are approximately 25%, 40% and 20%,
respectively (Ding et al. 2011; Huang et al. 2016). When
a steady TID field passes by, the propagation parameters
will remain constant for the duration of the field. Three
conditions are required to determine whether an MSTID
event occurs. First, the maximum amplitudes of distur-
bances should exceed 1 TECU (1 TECU=10% elec-
trons/m?). Second, wavelike variations in the TEC series
should last at least two cycles, which means that the
DSTEC value should exceed 1 TECU at least twice dur-
ing our observation. Third, the differences in the two sets
of results for the period, azimuth, wavelength and phase
velocity obtained by MMEM should be less than 10 min,
15°, 24 km and 40 m/s, respectively. These three condi-
tions ensure that we observe a steady wave, and thus, the
obtained parameters are reliable.

Short baseline measurements of the CORS network

TEC in the ionosphere has been widely studied in recent
years using GPS networks. To obtain accurate and effec-
tive information for TEC measurements, it is necessary
to establish a GPS network with sufficient stations. The
distance between two receivers was generally approxi-
mately 15-45 km in previous studies (Saito et al. 1998;
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Ding et al. 2011; Kotake et al. 2007). In this study, receiv-
ers with a baseline of 10-15 km are utilized. For this
short baseline measurement of the urban CORS network,
we need to consider whether the distances between the
three chosen stations for MMEM satisfy the require-
ment, that is, whether the phase difference of the MSTID
can be extracted from the TEC data for analysis. Wave-
like ionospheric perturbations can be distinguished if the
following two conditions are satisfied.

1. At the height of the ionospheric piercing points,
approximately 350 km from the ground, the distance
s1 between the IPPs of the same satellite correspond-
ing to different GPS stations should be shorter than
the MSTID wavelength; that is, the phase difference
extracted from different GPS stations should be
less than 27; otherwise, the recovered wave will be
blurred, and a calculation error will be generated for
the MMEM method. By knowing the position of the
observation stations and their ground distances, sl
can be obtained from the IPP height and the eleva-
tion and azimuth of the satellite.

2. The satellites record data every 30 s and transmit
these data to several observation stations. The dis-
tance between any two observation stations must be
longer than the projection of the GPS satellite mov-
ing distance within 30 s at the ionosphere height;
that is, s2, which is the minimum distance of the
IPPs of any two stations receiving a signal from the
same satellite, must be longer than s3, which is the
maximum moving distance of the IPPs in all satellites
received by the same station within 30 s. In this case,
the samplings are so accurate that the recovered TEC
perturbations could be more reliable. Otherwise, the
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results of the cross-spectrum analysis are meaning-
less because the satellite signals received by the two
receivers are exactly the same.

As seen in Fig. 1, the distance between HKNP (22°15'N,
113°53’E) and HKWS (22°26/N, 114°20’E) is the farthest
at approximately 49.74 km. After calculation and com-
parison, sl is approximately 48.5 km, and the MSTID
wavelength in this study is approximately 200—-600 km.
Therefore, condition (1) is satisfied. From Fig. 1, the dis-
tance between HKPC (22°17’N, 114°02'E) and KYC1
(22°17'N, 114°04’E) is the shortest at approximately
3.95 km, which means that the distance between the IPPs
of the two stations receiving a signal from the same satel-
lite is the shortest. We collected all 30 s of the data from
the two stations receiving PRN14 from 20:00 to 22:00
UT on July 7, 2017. The statistical distribution of the IPP
moving distances is shown in Fig. 2a, and s2 is approxi-
mately 3.82 km. Then, we counted all the statistical distri-
butions of IPP moving distances received by the HKQT
station within 30 s on July 7, 2017, as shown in Fig. 2b,
and s3 is approximately 2.1 km. As a result, s2 is longer
than s3, and condition (2) is also satisfied.

Consequently, it is reasonable to study the MSTIDs by
using this relatively short baseline measurement of the
CORS network.

Results

We analyzed TEC data obtained by continuous obser-
vations from the Hong Kong CORS network from 2014
to 2017. To investigate the seasonal variation in the
MSTID characteristics, the one-year interval is divided
into four seasons: spring (February—April), summer
(May-July), autumn (August-October), and winter

60 a The statistical distribution of s2

s2(km)

382 383 384 38 386 3.87 3.88

Fig. 2 a The statistical distribution of minimum IPP moving distances between HKPC and KYC1 for the ionosphere height on July 7, 2017. b The
statistical distribution of IPP moving distances received by HKQT from PRN14 on July 7, 2017

b The statistical distribution of s3
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(November—January). Equinoxes are defined as 3 months
from the centers of spring and autumn, and solstices are
defined as 3 months from the centers of summer and
winter.
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Figure 3 shows the LT and seasonal variation in the
MSTID occurrence rate in month-hour bins. Here, the
occurrence rate is defined as the ratio of the number of
disturbances observed to the monthly and hourly total
number of observations. In the figure, the MSTID occur-
rence rate was high during the daytime (1000-1700
local time (LT)) in spring, autumn and winter, during
the nighttime (2200-0300 LT) in summer and spring,
and during the morning (0500-0700 LT) in spring and
autumn. The occurrence rate in the summer at midnight
was the highest and exceeded 45%, which was nearly
twice that in other cases. This result is consistent with
those of previous studies (Kotake et al. 2007; Figueiredo
etal. 2018).

Figure 4 shows the relationship between LT and the
occurrence rate of the propagation parameters for the
MSTIDs in spring, summer, autumn and winter, includ-
ing the period, horizontal wavelength and phase velocity.
The occurrence rates in each bin were defined as the ratio
of the number of disturbances observed to the total num-
ber of observations.

In Fig. 4a—d, the occurrence rate was binned as a func-
tion of LT with an interval of 1 h and a period of MSTID

Spring(Feb-Apr) Summer(May-Jul)

Wavelength(km) Period(min)

Velocity(m/s)

Fig. 4 LT variations in period, wavelength and velocity of MSTIDs for spring, summer, autumn and winter
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from 5 to 60 min in 5 min steps. The period of day-
time MSTID (from 1000 to 1700 LT) in spring, autumn
and winter was distributed between 20 and 50 min and
mainly between 30 and 45 min in the spring and sum-
mer at nighttime (from 2200 to 0300 LT). In some cases,
the range of the MSTID period tended to be longer dur-
ing the daytime than during the nighttime. The period
of MSTID observed in the spring and autumn morning
(from 0500 to 0700 LT) was mainly distributed between
35 and 50 min, as shown in Fig. 4a, c.

Figure 4e—h shows the LT variation in the horizontal
wavelength of the MSTIDs for spring, summer, autumn
and winter. The data were divided into 50 km bins. The
horizontal wavelength data in the spring, autumn and
winter daytime (from 1000 to 1700 LT) were mainly
distributed between 250 and 450 km, while these data
were between 200 and 450 km in the spring and sum-
mer nighttime (from 2200 to 0300 LT). In some cases,
the horizontal wavelength tended to be longer during
daytime than nighttime. The horizontal wavelength data
in the spring and autumn morning (from 0500 to 0700
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LT) were widely distributed between 300 and 450 km, as
shown in Fig. 4e—g.

Figure 4i—I shows the LT variation in the phase velocity
of MSTIDs for different seasons. The data were divided
into 20 m/s bins. Most phase velocity data were distrib-
uted between 140 and 240 m/s in the spring, autumn and
winter daytime (from 1000 to 1700 LT), whereas these
data were between 120 and 220 m/s in the spring and
summer nighttime (from 2200 to 0300 LT). Comparing
the results, the phase velocity was found to be slightly
slower during nighttime than daytime. As shown in
Fig. 4i, k, the phase velocity data during the spring and
autumn mornings (from 0500 to 0700 LT) were widely
distributed between 120 and 220 m/s.

In Fig. 5a—d, the polar plots with angles around the
circumference of a circle representing azimuth (north
at the top and 0 degrees, east at right and 90 degrees),
and the concentric circles presented the LT. The occur-
rence rate was binned as a function of LT with an inter-
val of 1 h and the MSTID azimuth was from 0°to 360° in
steps of 30°. The figure shows the same LT variation as
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Fig. 5 LT variations in propagation directions of MSTIDs for spring, summer, autumn and winter
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Fig. 3. The relatively high occurrence rate can be seen
at 1000-1700 LT, 2200-0300 LT and 0500-0700 LT. In
the summer and autumn, when cyclone events from
the western Pacific are frequent around Hong Kong,
the MSTIDs are more often propagated northwestward
than in spring and winter, as shown in Fig. 5b, c. The
azimuth data in the spring, autumn and winter day-
times were mainly distributed between 180° and 270°,
while in the nighttimes in spring and summer, the data
were mainly between 210° and 300°. In Fig. 5a, c, the
azimuth data in the spring and autumn mornings were
widely distributed between 210° and 270°. The propa-
gation direction of MSTID in all seasons tends to be
southwest-west.

We found that MSTIDs during 2014—2017 can be cat-
egorized into three types. One type is daytime MSTIDs,
which frequently occurred in spring, autumn and winter.
The azimuth, period, phase velocity and horizontal wave-
length of daytime MSTIDs were 180°-270°, 20-50 min,
140-240 m/s and 250-450 km, respectively. The second
type is nighttime MSTIDs, which mainly occurred in
spring and summer. The four propagation parameters
of nighttime MSTIDs were 210°-300°, 30-45 min, 120-
220 m/s and 200-450 km, respectively. The third type
is morning MSTIDs, which mainly occurred in spring
and autumn, and the four propagation parameters were
210°-270° 35-50 min, 120-220 m/s and 300-450 km,
respectively. The wavelength and phase velocity of day-
time MSTIDs seem greater than those of the nighttime
MSTIDs.

To investigate the dependence of the MSTID occur-
rence rates on geomagnetic activity, the data in Fig. 6
were categorized into three sets of 0<Kp<3, 3<Kp<6,
and 6 <Kp <9 to represent the quiet, moderate and active
conditions of geomagnetic activity, respectively. Fig-
ure 6a shows the total observation number with available
data as a function of the LT distribution under different
geomagnetic conditions. Since the Kp index is the same
every 3 h, the total number of observations every 3 h is
the same under geomagnetic conditions. For example,
the total number of observations at 0000, 0001 and 0002
UT was 1050 under the quiet geomagnetic condition in
Fig. 6a. Figure 6b shows the MSTID occurrence rate in
the LT distributions under different geomagnetic condi-
tions. For the geomagnetically quiet and moderate con-
ditions, 0<Kp<3 and 3<Kp<6, the occurrence rates
with a maximum of 0.1802 (quiet condition) and 0.2323
(moderate condition) were relatively low and presented
three peaks (approximately 1100, 0100 and 0600 LT) in
the local time distribution. However, for the geomagneti-
cally active times, 6 <Kp <9, the occurrence rate was as
high as 0.3014 at 2200 LT. In general, intense geomag-
netic activity shows a higher occurrence rate, while due
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to a lower number of observation hours, the LT variation
under geomagnetically active conditions is unclear.

In each subplot of Fig. 7, the occurrence rate of
MSTIDs was binned as a function of LT and propagation
parameters. The occurrence rate in each bin was calcu-
lated as the ratio of the number of disturbances observed
to the total number of observations in the correspond-
ing category. For the geomagnetically quiet and moder-
ate conditions, the occurrence rate was much lower than
that for the active time. Under active geomagnetic condi-
tions, the azimuth, period, phase velocity and horizontal
wavelength of the MSTIDs were 220°-260°, 30-50 min,
250-450 km and 120-200 m/s, respectively.

Vadas and Fritts (2009) proposed that the GWs propa-
gated upward as concentric rings from the convection
plume, and the radius of the concentric circle simul-
taneously increased with the enhancement in height.
Vadas (2007) suggested that if GWs from a tropospheric
source propagate into the thermosphere, the correspond-
ing MSTIDs will not be observed more than~2000 km
from this source. To investigate the dependence of the
MSTID occurrence rates on AGWs in relation to tropi-
cal cyclones, all 67 tropical cyclone events whose cent-
ers were located less than 2000 km away from Hong
Kong were collected, which occurred mainly in sum-
mer, autumn, winter and a small number occurred in
spring, including tropical storm, typhoon and tropical
depression from January 2014 to December 2017 in the
Asia—Pacific region according to the typhoon database
(http://typhoon.zjwater.gov.cn/default.aspx?tdsourceta
g=s_pcqq_aiomsg).

We calculated the total occurrence percentage of
MSTIDs during the cyclone period and the normal period
of daytime (1000-1700 LT) and nighttime (2200-0300
LT), which was approximately 25.22% (21.88%) during
the cyclone period (normal period) in the daytime and
approximately 20.79% (21.37%) in the nighttime. Figure 3
shows that the MSTID occurrence depends strongly on
season and LT. Therefore, we discussed the influence of
cyclone activities on MSTIDs based on solstices (May—Jul
and Nov-Jan) and equinoxes (Feb—Apr and Aug—Oct) to
eliminate seasonal bias. Solstice and equinox data were
sorted into normal and cyclone period, respectively. Fig-
ure 8 shows the occurrence rate of MSTIDs (Fig. 8a, b)
and the observation number (Fig. 8c, d) in each hour bin
during solstices and equinoxes from 2014 to 2017. There
were 8033 (7012) and 1535 (1593) hours when the MSTIDs
were observed during the solstices (equinoxes) in the nor-
mal period and cyclone period, respectively. As shown
in Fig. 8a, the occurrence rate of MSTIDs did not show a
significant difference between the cyclone period and the
normal period during both daytime and nighttime. How-
ever, in Fig. 8b, the occurrence rate in the equinox daytime
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Fig. 6 The total observation number and occurrence rate of MSTIDs as a function of the LT distribution under different geomagnetic activity

during the cyclone period was higher than that during the
normal period, and the occurrence rate increased more
than 10% at noon, while the occurrence rate in the night-
time during the cyclone period was slightly lower than that
during the normal period.

In each subplot of Fig. 9, the occurrence rate of MSTIDs
was binned as a function of LT and propagation param-
eters under the cyclone period. The azimuth, period,
phase velocity and horizontal wavelength of MSTIDs were
240°-300°, 20-50 min, 200-450 km and 120-240 m/s,
respectively.

Discussion

In the above analysis, we concentrated on the statisti-
cal distribution of MSTIDs observed in the low-latitude
China region using Hong Kong SatRef data from 2014
to 2017. The MSTIDs were categorized and analyzed
according to local time, season, geomagnetic activity
and tropical cyclone. Our results are generally consist-
ent with previous studies with various measurements in
different places (Figueiredo et al. 2018; Jacobson et al.
1995; Kotake et al. 2007; Ding et al. 2011; Huang et al.
2016). However, some new findings, such as the potential
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sources of MSTIDs observed in this region, are worth
further discussion.

AGW have been thought to be one source of MSTIDs
(Hines 1960; Hooke 1968). With the collision between
neutral particles and charged particles, the energy and
momentum of the AGW disturbance are transmitted
to the charged particles, and the TID is thereby excited
(Miller et al. 1997; Kelley and Miller 1997). Kotake et al.
(2007) discussed the impact of this process on daytime

MSTIDs in detail. Recent studies by Vadas and Liu (2009)
and Vadas and Crowley (2010) also indicated that the
propagation direction of the TID generated by AGWs has
no regularity and needs further research.

Previous studies found that nighttime MSTIDs prop-
agate southwestward in the northern hemisphere and
northwest in the southern hemisphere (Garcia et al.
2000; Shiokawa et al. 2003; Otsuka et al. 2004; Kotake
et al. 2007; Makela et al. 2010; Otsuka et al. 2013). Our
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results are similar to those of this study. Figure 3 shows
the maximum occurrence rate of nighttime MSTIDs
during summer solstice. However, Lei et al. (2012) once
reported that the neutral density shows a minimum
at solstices, and GWs caused by a neutral atmosphere
disturbance cannot explain this phenomenon. Per-
kins (1973) reported plasma instability, that is, Perkins
instability, which is regarded as another mechanism
of nighttime MSTIDs because it can correctly predict
most of the phase front alignment observed during
nighttime MSTIDs.

According to earlier statistical studies of large-scale
TIDs (LSTIDs), the occurrence rates clearly grow with
increasing geomagnetic activity (Tsugawa et al. 2004;
Ding et al. 2008; Song et al. 2013, Oinats et al. 2016).
From “Results” section, we know that intense geomag-
netic activity shows a higher occurrence rate. According
to Hunsucker (1982), one of the first identified sources of
MSTIDs is auroral activity associated with geomagnetic
activity. However, the relationship between the MSTIDs

at low latitudes and geomagnetic activity requires further
research.

GWs have various sources, including tornado, convec-
tion, typhoon and other atmospheric activities. Xiao et al.
(2007) reported that MSTIDs in the ionosphere were
always observed during the typhoon, especially a strong
typhoon, landing on or near a mainland coast, which is
one of the important ground sources of wavelike distur-
bances in the troposphere. Figueiredo et al. (2018) sug-
gested that the possible source of daytime MSTIDs may
be associated with convective activities. By using six all-
sky imagers and satellite sensors from Fengyun-2 (FY-
2), Xu et al. (2015) reported obvious concentric gravity
wave events in the China region, which is associated with
strong thunderstorms.

Due to the special geographical location, Hong Kong
is often exposed to atmospheric activities such as tropi-
cal cyclones. In the daytime, the MSTIDs may be gener-
ated by GWs (Hines 1960; Hooke 1968; Hunsucker 1982;
Kirchengast et al. 1996; Xiao et al. 2007; Kotake et al.



Chen et al. Earth, Planets and Space (2019) 71:52

2007; Figueiredo et al. 2018), whose sources include con-
vection, typhoon and other atmospheric activities. The
formation of nighttime MSTIDs is also closely related to
electrodynamic coupling processes (Perkins 1973; Kel-
ley and Makela 2001; Shiokawa et al. 2003; Cosgrove
et al. 2004; Otsuka et al. 2007; Makela et al. 2010; Huang
et al. 2016; Narayanan et al. 2018). Considering that the
GWs propagate during the day and night, while the elec-
trodynamic coupling processes generally occur only at
night, the daytime MSTIDs are mainly generated by the
GWs and the nighttime MSTIDs may be jointly gener-
ated by GWs and electrodynamic coupling processes.
From Fig. 8b, the GWs caused by cyclones may contrib-
ute to the generation of daytime MSTIDs. At night, the
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occurrence rate during the cyclone period was slightly
lower than that during the normal period, which may be
related to the interaction between the GWs and electro-
dynamic coupling processes. We hypothesize that one of
the possible mechanisms of MSTIDs may be associated
with cyclones occurring during the observation duration.
To examine this hypothesis, we collected the DSTEC
value, which can describe the intensity of MSTIDs, and
the calculated propagation parameters corresponding to
different cyclone pressure values, which can describe the
intensity of a cyclone.

In Fig. 10, the horizontal axis represents the different
pressures of the cyclone, including tropical depression,
tropical storm, severe tropical storm, typhoon, severe
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typhoon and super typhoon. The black, blue, green
and yellow circles represent the distance between
the center of the cyclone and Hong Kong, which are
0-500 km, 500-1000 km, 1000-1500 km and 1500—
2000 km, respectively, and the number of observa-
tions was 213, 602, 514 and 641, respectively. The red
curves correspond to the mean value of the param-
eters in each cyclone pressure value. In Fig. 10a, the
mean DSTEC value varied significantly only when the
pressure value was less than 920 hPa and greater than
980 hPa. The mean MSTID azimuth did not show an
obvious change from the cyclone pressure, as shown in
Fig. 10b. In Fig. 10c, d, the mean values of wavelength
and velocity show little change when the pressure
value was less than 980 hPa, while these parameter val-
ues show relatively large fluctuations when the pres-
sure value is greater than 980 hPa. However, given the
uncertainties in the parameter estimations mentioned
in “Data and method” section, the mean parameters
did not seem to vary with the cyclone pressure, and we
cannot deduce a significant difference in the MSTID
parameters between the cyclone period and the nor-
mal period. The GWs excited by deep convection were
dubbed ‘primary GWs’ by Vadas and Liu (2013), and
the primary GW dissipation in the thermosphere can
create secondary GWs. Since the MSTIDs in our study
are determined whether the DSTEC is>1 TECU, it
does not discriminate between primary and second-
ary GWs. Vadas and Liu (2013) also noted that while
small- and medium-scale primary GWs from convec-
tive plumes can propagate only several hundred to
several thousand kilometers, the secondary GWs cre-
ated by the primary GWSs can easily propagate tens of
thousands of kilometers from these convective plumes.
A possible reason for not finding noticeable differ-
ences between normal and cyclone activity is due to
the 2000 km restriction for cyclone identification. The
cyclone whose center was located more than 2000 km
away from Hong Kong can generate primary GWs,
and then, the primary GWs dissipated and generated
the secondary GWs. These secondary GWs propagate
farther than the primary GWs and reach over Hong
Kong, causing the disturbance to the ionosphere and
forming MSTIDs.

Combining Figs. 8, 9 and 10, the occurrence rate in
the equinox daytime during the cyclone period was
higher than that during the normal period, while due
to the distance restriction for cyclone identification and
different propagation distances of the primary GWs and
secondary GWs, there is no clear difference in MSTID
parameters during cyclone activity and normal period.
However, further investigation is needed to clarify this
finding in detail.
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Summary

We have presented a statistical analysis of the occur-
rence rate of MSTIDs observed by the Hong Kong
CORS network. Our statistical study is generally con-
sistent with previous studies in the midlatitude region
(Ding et al. 2011; Kotake et al. 2007; Figueiredo et al.
2018). However, there are several new findings in this
study, which can be summarized as follows.

1. The occurrence rate of MSTIDs presents a strong
dependence on LT and season. We found that
MSTIDs during 2014-2017 can be categorized into
three types. One type is daytime MSTIDs, frequently
occurring at 1000-1700 LT in spring, autumn and
winter. The second type is nighttime MSTIDs, mainly
occurring at 2200—0300 LT in spring and summer.
The third type is morning MSTIDs, mainly occurring
at 0500-0700 LT in spring and autumn. The MSTID
propagation characteristics are shown in “Results”
section.

2. The propagation direction of nighttime MSTIDs is
southwestward, which is consistent with the find-
ings of previous studies (Kotake et al. 2007; Huang
et al. 2016). However, the propagation directions of
daytime MSTIDs are southwestward and westward,
which is not consistent with the findings of previous
studies (Kotake et al. 2007).

3. Under different geomagnetic conditions, the occur-
rence rate presents some differences, and intense
geomagnetic activity shows a higher occurrence rate.
However, due to the lower number of observation
hours, the correlation between geomagnetic activity
and the occurrence rate of MSTIDs in this region is
not yet clear.

4. One possible reason for not finding noticeable differ-
ences in the MSTID parameter according to different
cyclone activities may be the distance restriction for
cyclone identification and different propagation dis-
tances of the primary GWs and secondary GWs.

5. MSTIDs can be investigated by using this short base-
line measurement of an urban CORS network with a
typical distance of approximately 10-15 km.

Key Points

+ The occurrence rate of MSTIDs in Hong Kong dur-
ing 2014-2017 shows strong dependence on local
time and season.

+ The MSTIDs can be observed by short baseline
measurement.
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+ MSTIDs in this region could be excited by various
sources.
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