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Abstract: Typhoons can be serious natural disasters for the sustainability and development of society.
The development of a typhoon usually involves a pre-existing weather disturbance, warm tropical
oceans, and a large amount of moisture. This implies that a large variation in the atmospheric
water vapor over the path of a typhoon can be used to study the characteristics of the typhoon.
This is the reason that the variation in precipitable water vapor (PWV) is often used to capture
the signature of a typhoon in meteorology. This study investigates the usability of real-time
PWYV retrieved from global navigation satellite systems (GNSS) for typhoons’ characterizations,
and especially, the following aspects were investigated: (1) The correlation between PWV and
atmospheric parameters including pressure, temperature, precipitation, and wind speed; (2) water
vapor transportation during a typhoon period; and (3) the correlation between the movement of a
typhoon and the transportation of water vapor. The case study selected for this research was Super
Typhoon Mangkhut that occurred in mid-September 2018 in Hong Kong. The PWV time series
were obtained from a conversion of GNSS-derived zenith total delays (ZTDs) using observations at
10 stations selected from the Hong Kong GNSS continuously operating reference stations (CORS)
network, which are also located along the path of the typhoon. The Bernese GNSS Software (ver.
5.2) was used to obtain the ZTDs; and the root mean square (RMS) of the differences between
the GNSS-ZTDs and International GNSS Service post-processed ZTDs time series was less than 8
mm. The RMS of the differences between the GNSS-PWVs (i.e., the ZTDs converted PWVs) and
radiosonde-derived PWVs (RS-PWVs) time series was less than 2 mm. The changes in PWYV reflect
the variation in wind speed during the typhoon period to a certain degree, and their correlation
coefficient was 0.76, meaning a significant positive correlation. In addition, a new approach was
proposed to estimate the direction and speed of a typhoon’s movement using the time difference
of PWYV arrival at different sites. The direction and speed estimated agreed well with the ones
published by the China Meteorological Administration. These results suggest that GNSS-derived
PWYV has a great potential for the monitoring and even prediction of typhoon events, especially for
near real-time warnings.
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1. Introduction

Tropical cyclones (TCs) are frequent and extreme weather events and have often caused significant
damages in property and severely threatened the safety of human life [1]. Many coastal countries
have been affected by TCs and have experienced serious economic losses. This is why many national
central and local meteorological departments have paid great attention to typhoon forecasting [2].
A TC often carries a large amount of water vapor as it arrives in an area, thus the measurements
of the spatio-temporal variations in water vapor may be used to predict the movement, intensity,
and precipitation of the TC [3,4].

Traditional water vapor detection technologies including radiosonde (RS), microwave radiometer,
solar photometer, and satellite remote sensing, have some technology-specific disadvantages [5-8],
e.g., low spatial and temporal resolutions, and uneven accuracy. These disadvantages often lead
to difficulties in monitoring rapid variations of water vapor, especially when extreme weather
events occur. The global navigation satellite systems (GNSS) meteorology (GNSS-meteorology) as a
relatively new means of measuring atmospheric water vapor, was first proposed by Bevis et al. [9].
The GNSS-meteorology technology has experienced significant development in the past two decades
with the development of GNSS technology. Nowadays, with the establishment of various scales of
regional GNSS continuously operating reference station (CORS) networks all over the world, GNSS
data from such networks have been used to retrieve atmospheric water vapor for the region of interest.
Most importantly, real-time high accuracy GNSS-derived precipitable water vapor (GNSS-PWV) can
be achieved through the recent advances in International GNSS Service (IGS) real-time products.
This makes it possible to predict short-term extreme weather events. For example, several scholars
suggested that water vapor retrieved from GNSS could achieve a 1-3 mm accuracy [10-13], thus GNSS
has been widely used in meteorological researches. Many previous studies for extreme weather events
were mainly related to the spatio-temporal distribution and variability of water vapor, and even in
the field of precipitation forecasting [14-17]. Recently, Sangiorgio et at. [18] applied advanced deep
learning predictors to forecasting the occurrence of extreme rainfalls and the accuracy of the deep
neural networks model was improved effectively when the tropospheric zenith total delay (ZTD) was
added to the traditional meteorological data. Whilst the transportation of water vapor may reflect the
developments of a typhoon as well as precipitation events, the variations in precipitable water vapor
(PWYV) usually show some different characteristics before and after the time a typhoon occurs [19-22].
Although numerous studies have shown that the variations in PWV can reflect information of a
typhoon’s landing [19-21], hardly any mathematical models established for the correlation between
PWYV and a typhoon’s movement can be found.

This study’s aim was to use PWV time series converted from the ZTD time series estimated
from GNSS measurements in the real-time processing mode (this ZTD is named GNSS-ZTD and its
converted PWV is named GNSS-PWYV hereafter) and relevant atmospheric parameters to investigate
the relationship between PWV and the movement of a typhoon for providing of useful information for
short-term, or even real-time TCs forecasting. A case study for Super Typhoon Mangkhut recently
occurred in Hong Kong was presented. The data over 10 GNSS stations selected from the Hong Kong
CORS network during the period the typhoon occurred were used for the test, and the Bernese software
v5.2 [23] was used to estimate the ZTD time series. The characteristics of the variations in PWV and
atmospheric parameters including temperature, pressure, precipitation, and wind speed during the
typhoon period were analyzed. Finally, a method using time difference of PWV arrival to estimate the
movement speed of a typhoon is proposed and validated.
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2. Materials and Method

2.1. Determination of GNSS-PWV

When a satellite signal propagates from the satellite to a GNSS receiver, the signal is delayed
due to the influence of the atmosphere (including both troposphere and ionosphere) along the signal
path. In GNSS applications, simultaneous signals from all satellites in view are collected at a ground
station/receiver. In GNSS data processing algorithms, for reducing the number of unknown parameters
to be solved in the observation equations, all these simultaneous atmospheric delays at an observing
epoch, which are usually slant, are reduced to the one that is in the station’s zenith direction using a
mapping function of projection. As a result, only the ZTD at each epoch needs to be estimated for the
atmospheric parameter over the station [24-26]. The ZTD can be divided into zenith hydrostatic delay
(ZHD) and zenith wet delay (ZWD). The former can be obtained at a high accuracy from a standard
empirical model [27]. However, the latter cannot be obtained in the same way due to the fact that it is
mainly caused by water vapor, which varies in both spatial and temporal domains, i.e., it is difficult to
predict the ZWD accurately, thus it is usually estimated from GNSS observations.

Several standard empirical models can be used to calculate or predict the ZHD value such as the
Hopfield model, Saastamoinen model, Black model, and Davis model, and the Saastamoinen model is
commonly used in the fields of GNSS meteorology [28-32]. The Saastamoinen model is expressed as:

2.2767P;
f(go, Ho)

where P; is the surface pressure (unit: hPa); ¢g and Hj are the geographic latitude and geodetic height
of the station (unit: km), respectively; f(¢o, Ho) is the acceleration of gravity in the direction of the
vertical atmospheric column over the station, and can be expressed as:

ZHD = 1)

F(po,Hy) = 1-0.00266 cos 2¢g — 0.00028%. @)

Since the ZTD can be estimated from GNSS data processing, i.e., the GNSS-ZTD, then the ZWD
can be obtained by subtracting the ZHD of Equation (1) from the GNSS-ZTD.
Then, the ZWD can be converted into PWV by the following formula:

PWV = ZWD-I1 3)
where IT is the PWV conversion factor, and is expressed as:

10°
II = "
Pwa(K2 + K3/Tm)

(4)

where py, is the density of liquid water (unit: kg/m?); Ry, is the specific gas constant for water vapor;
Ty is the weighted-mean temperature of the atmosphere (unit: K); Ky and K3 are two atmospheric
refractivity constants.

The numerical expression of T, in Equation (4) is:

T e qn
T, = I

+00
g 2dh

~

©)

where e is the water vapor pressure; T is the absolute temperature; dh is the increment along the vertical
integral path.

Equation (5) is only a theoretical form since precise ¢ and T profiles can hardly be acquired.
In practice, an approximate form that uses a numerical approach, in which the e and T values at various
heights obtained from RS data are used. However, due to the low temporal resolution of RS data,
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this result is still not desirable for GNSS meteorological applications. To address this, a regional T,
regression model is often used, e.g., the Bevis empirical model [9] which was established based on RS
data from the 27° ~ 65° north latitude areas with the accuracy of 4.74 K in early 1990s. However, this
model may not perform well for the other regions, e.g., in the Hong Kong region. Thus, we developed
a local regression model based on RS data of two years (2016 and 2017) from the Hong Kong Kings
Park station (NO: 45004), similar to the Bevis model. The regression model is:

Ty =0.6195T + 103.3452 (6)

where T is in the unit of Kelvin; Ty, is the weighted-mean temperature over the site.

This model was tested using RS data of one year in 2017. Results showed the accuracy of the
model was 2.29 K. Substituting Equation (6) into Equation (4), can obtain the PWV conversion factor,
then Equation (3) can be used to obtain the PWV value over the station.

2.2. Data Source and Date Processing

To analyze the characteristics of the variations in PWYV, rainfall, temperature, and pressure, and also
the correlation between some of them, a variety of data sources was used. In addition, the accuracy of
GNSS-ZTD and GNSS-PWYV time series were assessed by comparing them against IGS post-processing
ZTD (IGS-ZTD) and RS-derived PWV (RS-PWYV), respectively.

The datasets and products used in this study include:

(1) Ground-based GNSS, temperature, and pressure observations with the sampling intervals of
30 s, 1 min, and 1 min, respectively, from 10 selected GNSS stations (the mean inter-distance between
GNSS stations is about 11 km) with meteorological observing equipment in the Hong Kong Satellite
Positioning Reference Station Network (https://www.geodetic.gov.hk/smo/gsi/programs/gb/index.htm);

(2) Ultra-rapid products (IGU) including satellite orbits and clocks from the IGS (ftp://cddis.gsfc.
nasa.gov/) for GNSS data processing;

(3) RS (NO:45004) data with a 12 h time resolution from the University of Wyoming’s
department of atmospheric sciences (http://weather.uwyo.edu/upperair/sounding.html) for the
validation of GNSS-PWYV;

(4) Ground wind speed data with a 30 min time resolution from the atmospheric administration’s
science and technology division server website (https://www.ncei.noaa.gov/data/global-hourly/access/);

(5) Precipitation with a 1 h time resolution from the Hong Kong Observatory (http://gb.weather.
gov.hk/wxinfo/rainfall/rf_record_e.shtml);

(6) Post-processed ZTDs with a 5 min time resolution provided from IGS (ftp://cddis.gsfc.nasa.
gov/pub/gps/products/troposphere/zpd) for the validation of GNSS-ZTD;

(7) Daily mean wind speed, pressure, temperature, and precipitation from five automatic weather
stations (hereinafter referred to as weather stations) including the Hong Kong International Airport
(HKIA), Cheung Chau (CGCU), King’s Park (KSPK), Ta Kwu Ling (TKLG), and Wetland Park (WDPK)
stations in the Hong Kong Observatory (https://www.weather.gov.hk/cis/stn_e.htm), which were used
to describe the general, synoptic situation over Hong Kong and not used in further analysis.

The times for the above datasets were all in September 2018. Specifically, the above (1-6) datasets
were in the period of 7-25 September 2018, and the (7) dataset covered the whole month. Figure 1
shows the geographic distribution of all the 18 stations at which the abovementioned various types of
data were collected, including one anemometer, 10 CORS stations, one precipitation station, one RS
station, and five weather stations.

For the estimation of ZTD time series from GPS measurements, the Bernese software V5.2 and
the double-difference approach were adopted; the elevation cut-off angle for the selection of GNSS
data was 5°; the global mapping function (GMF) model was used for the mapping function for the
calculation of the ZHD. The time system in this study all refers to the Hong Kong local time, 8 h ahead
of the UTC time.
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Figure 1. Location of the Hong Kong continuously operating reference stations (CORS) equipped with

meteorological observing equipment (red triangles), radiosonde (RS) station (blue square), precipitation
station (green circle), anemometer station (yellow star), and automatic weather stations (black dots).

2.3. Accuracy of ZTD

The GNSS-ZTD time series solved using IGU satellite products is the so-called real-time ZTD
(RT-ZTD), and their accuracies were assessed by comparing them against those IGS-ZTD. The IGS-ZTD
is the post-processed product resulting from the IGS final orbit, with the time resolution of 5 min and
accuracy of 5 mm [33] and was used as the reference. The difference between the two sets of ZTDs
indicates the accuracy of the RI-ZTD. The Hong Kong Siu Lang Shui (HKSL) and Hong Kong Wong
Shek (HKWS) stations are in the list of IGS continuous observation and tracking stations, so the two
stations were selected for tests. First of all, it is necessary to ensure that the accuracy of the RT-ZTD
meets the requirements of PWV for meteorological applications. Figure 2 shows the test results of the
RT-ZTD and IGS-ZTD time series and their differences over the HKSL and HKWS stations during the
period of 7-25 September 2018.
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Figure 2. Comparison of real-time zenith total delay (RT-ZTD) and international GNSS (global
navigation satellite systems) service (IGS)-ZTD over two stations HKSL (left) and HKWS (right) during
the period of 7-25 September 2018.

It can be seen that the RT-ZTD time series at both stations agree well with the IGS-ZTD without
obvious deviation. For an evaluation of the overall difference between these two time series, statistics
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including bias and standard deviation (STD) and root mean square (RMS) were calculated according
to the following definitions.

@)

®)

)

where dd; is the difference between the ith RT-ZTD and IGS-ZTD in the time series; 7 is the number of
sample data in the statistic; dd is the mean of all dd;.

The statistic results of the time series shown in Figure 2 are listed in Table 1. The bias values of the
two stations mean that the RT-ZTD time series is systematically 3 mm larger than the IGS-ZTD, and the
RMS values indicate that the accuracies of the RT-ZTD are better than 8 mm. This accuracy meets
the threshold value of 15 mm required for the accuracy of the ZTD input into a numerical weather
prediction model used in meteorological applications [34,35].

Table 1. Bias, standard deviation (STD), and root mean square (RMS) of the differences between the
RT-ZTD and IGS-ZTD time series shown in Figure 2.

Station Bias (mm) STD (mm) RMS (mm)
HKSL 2.5 7.1 7.6
HKWS 2.9 6.8 7.4

2.4. Accuracy of PWV

For the assessment of the GNSS-PWYV values converted from the RT-ZTD time series,
the Hong Kong Stonecutters Island (HKSC) station was selected for the test because it is the station
that is closest to the RS station (the distance and height difference between them are about 3 km and
43 m, respectively) in the Hong Kong region, thus they can be considered co-located. PWV derived
from RS data (i.e., RS-PWVs) was used as the reference for the GNSS-PWYV since they are more precise
than GNSS-PWVs [36,37]. These data are updated twice a day at 08:00 (UTC 00:00) and 20:00 (UTC
12:00). Figure 3 shows the GNSS-PWYV time series and discrete RS-PWYV values (see the left subfigure),
and some statistics of the differences between the two results (see the right subfigure) during the period
of 7-25 September 2018. It should be noted that the green points shown in the right subfigure indicate
that only those GNSS-PWVs whose epochs were the same as that of the RS-PWVs were used to obtain
the statistics.

As can be seen from Figure 3, both the GNSS-PWV and RS-PWYV agree well. The bias, STD,
and RMS of the differences between the two sets of data were 1.10 mm, 1.55, and 1.90 mm, respectively,
and their correlation coefficient was 0.988. This GNSS-PWV result meets the accuracy required by
relevant meteorological applications such as weather forecasts [38,39].
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Figure 3. Comparison between the GNSS-precipitable water vapor (PWV) time series over the HKSC
station and the discrete RS-PWV (left), and statistics of the differences between the two results shown
in the left subfigure (right) during the period of 7-25 September.

3. Results

3.1. Overview of Typhoon Mangkhut

Mangkhut (tropical depression) originally formed over the western North Pacific east of Guam,
2330 km from Hong Kong at 20:00 on 7 September 2018 and moved westwards quickly, and it gradually
intensified in the next few days. The trajectory of this typhoon can be seen in Figure 4.

90°E 105°E 120°E 135°E 150°E 165°E 180°

45°N 45°N

30°N

30°N

15°N

90°E 105°E 120°E 135°E 150°E 165°E 180°

Figure 4. Trajectory of typhoon Mangkhut (every 6 h) during the period of 7-17 Sept.

The daily mean wind speeds measured at each of the weather stations in September are shown in
Figure 5. According to a record from the Hong Kong Observatory, the maximum hourly mean wind
speed recorded at Waglan Island and Cheung Chau were 161 km/h and 157 km/h, respectively. Before
Mangkhut entered Hong Kong on the 14th, daily mean wind speeds were in the range of 10-20 km/h,
which was at a low level. After the 14th, wind force continuously strengthened and during the period
of the 15-16, the increases in wind speed were in the range of 25-60 km/h. On the 16th, the daily mean
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wind speed from the measurements of a weather station reached 90 km/h, much higher than that of all
other days in September. Then, it began to drop sharply and returned to the normal level on the 18th.

9 O | [ I I I I

(o]
o

~
o

A O O
o o o

Wind speed(km/h)
w
o

Day

Figure 5. Daily mean wind speed over each weather station in September.

Figure 6 shows the daily mean barometric pressure observed at each of the five Hong Kong
weather stations in September. It can be seen that the variation in the daily mean pressure in the
first 14 days was insignificant; however, from the 14th when the typhoon approached Hong Kong,
it began to drop rapidly and lasted two days until it reached the territory on the 16th and reached
988.8 hPa, the lowest of this month; then, as the typhoon left the region, the daily mean pressure started
to increase sharply and lasted about two days until it returned to the normal level.
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Figure 6. Daily mean pressure over each weather station in September.

Figure 7 shows the time series of the daily mean temperature at each weather station in September.
From the first 14 days, i.e., before the typhoon arrived, the daily mean temperature values were
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most in the range of 25-30 °C. As the typhoon gradually approached the territory, the temperature
was on the rise and after the 15th it reached the highest of the month. The daily mean temperature
values observed from multiple weather stations were in the range of 30-32 °C, and at the Hong Kong
Observatory, temperature surged to 35.1 °C at a moment that was the highest of the month and also the
second-highest ever recorded in September. Due to a large area of rainfall on the 16th, the temperature
then dropped sharply to the range of 25-27 °C and reached the lowest (23.6 °C) of this month at the
Hong Kong Observatory; with the departure of the typhoon, the temperature rose slowly until it
resumed to the normal range of 26-28 °C on the 18th.

2T T T T T T T T T T T T T T T T T T T T T T T LTI
—=— HKIA
aq | —0—KSPK | |
k- CGCU
—_ —@— SKKG
830— —#—WDPK|
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A / "
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L 27 g )‘\
< of
26

*
L 1 | 1 | L 1 1

| | 1 |
123456 7 8 9 1011121314151617 181920 21 22 23 24 25 26 27 28 29 30
Day

Figure 7. Daily mean temperature over each weather station in September.

As far as rainfall is concerned, extensive rainfall induced by Mangkhut raised the water level in
the Hong Kong region. The values of rainfall recorded by all weather stations equipped with rain
gauges were most higher than 150 mm, and even higher than 200 mm in some areas. The Hong Kong
Observatory’s rain dispensers recorded 167.5 mm on the same day, nearly half the total of the
month. As Mangkhut departed from Hong Kong on the 17th, the weather recovered to normal.
However, due to the effects of the rain outside the Mangkhut typhoon region, there were still short-time
storms. Then, the ridge of the typhoon extended to the west, and on the morning of the 18th, the weather
turned sunny after some light rain, and maintained fine and hot. Figure 8 shows the time series of the
daily mean precipitation at each weather station in September.
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Figure 8. Daily mean precipitation over each weather station in September.
3.2. Relationship between Variations in PWV and Atmospheric Parameters

A typhoon generally comes with strong wind and a large amount of water vapor, which causes
the change in the regional atmospheric environment. To understand the relationship between the
spatial-temporal variation in PWV and the movement of a typhoon, the variations in major atmospheric
elements e.g., temperature, pressure, precipitation, wind speed, and water vapor, were all investigated
in this section. Firstly, the trends of the variations in the time series of GNSS-PWYV and the other
atmospheric parameter values during the period the typhoon occurred (i.e., 15th-18th) were compared.
Figure 9 is the 3-min PWV time series over each of the 10 selected GNSS stations during the period of
7-25 September. We can find that all these time series experienced two increasing processes and the
increasing processes lasted for many hours before the typhoon began to leave the region. Moreover,
the time the PWYV reached the maximum was the moment the typhoon was closest to the region.

80 T T T T T T T T T
The typhoon began to approach Hong Kong | | The typhoon began to leave Hong Kong
70+ 1
o
A i
SR 1
60 - A : 1
a3 ¥
E L
50 o ]
E 1o
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i i HKWS — T430
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07 09 11 13 15 17 19 21 23 25 27

Day

Figure 9. Time series of 3-min GNSS-PWYV over each of the 10 selected GNSS stations during the period
of 7-25 September.
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The variation in water vapor is mainly governed by two factors: One is the thermodynamic process
associated with evaporation and condensation [40]; and the other is the regional dynamics associated
with the global atmospheric movement [41]. The thermodynamic process of water mainly involves
liquefaction and gasification related with atmospheric elements in interior areas, such as temperature
and pressure. Figure 10 shows the time series of 3-min GNSS-PWYV (blue), 1-min temperature (green),
and 1-min pressure (red) over the HKSL station during the four-day period of 15-18 September.
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Figure 10. Time series of 3-min GNSS-PWYV, 1-min temperature, and 1-min pressure over the HKSL
station during stations the four-day period of 15-18 Sept.

It can be seen from Figure 10 that PWV experienced two increasing processes before the typhoon
left from Hong Kong: The first increasing process happened on the 15th from 35.0 mm (at about
09:30) to 61.8 mm (at about 19:30), then it tended to be stable with a slight decrease for a few hours.
The second increasing process was on the 16th from 57.9 mm (at about 00:30) to 77.8 mm (at about
12:00), which was much higher than their daily mean value. In the first process, the information from
the Hong Kong Observatory showed there were none precipitation events occurred. Moreover, the
temperature varied from the starting point of the first PWV increasing process, which was at sunrise
(at about 09:30), with the increase in surface temperature and accumulation of heat. Then, liquid water
on the ground usually turned into gaseous water and entered into the atmosphere, which led to a
decrease in pressure as the density of water vapor was less than air. Until the temperature rose to
35.9 °C at about 14:00 on the day (15th), the temperature started to drop, PWV started to increase, while
the pressure started to decrease, and this trend lasted for a few hours. Since the variations in water
vapor and pressure generally lag behind the variation in temperature, it takes a certain period of time
for liquid water to convert into gaseous water by absorbing heat. With the approach of the typhoon
(see Figures 4 and 9), the distance between the HKSL station and the typhoon center decreased due
to the movement of the typhoon, and the HKSL station approached the interior of the typhoon from
the periphery of the typhoon. The increasing PWV and decreasing pressure in Figure 10 indicated
that the closer to the interior area of the typhoon, the higher the PWV and the lower the pressure,
compared with their counterparts in the periphery of the typhoon. These results were consistent with
many typhoon cases [3,42,43].

In addition, the typhoon brought a huge amount of water vapor, leading to a heavy precipitation
event in the region. Figure 11 shows the time series of 3-min PWVs over the HKLT station and hourly
precipitation at the precipitation station (co-located with the HKLT station, see Figure 1) depicted in
the histogram during the four-day period of 15-18 September.
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Figure 11. Times series of 3-min PWYV (blue line) and hourly precipitation (purple histogram) over the
HKLT station during the four-day period of 15-18 September.

Several studies have shown that precipitation occurred either when PWV reaches its peak or in
the initial period after a sharp decrease [39,44,45]. However, typhoons provide abundant moisture,
which is likely to cause precipitation events and accelerate the formation of saturated states of water in
the region covered by typhoons. Once the region cannot hold more water vapor, the internal water
vapor cannot be released in time for a short period of time. In this case, liquid water will be formed.
In addition, when regional PWV reaches the maximum, the large amount of PWV is mostly in the center
of the typhoon, and as a result, the precipitation reaches the maximum. Due to the more abundant
water vapor near the center of the typhoon, compared with the outside area, more saturated water
vapor will be converted into rain in the typhoon center.

Furthermore, among atmospheric parameters, the one that is most affected by a typhoon is wind
speed. This is the reason for the use of wind speed of a typhoon to determine the grade and radii of the
typhoon’s wind circle. Figure 12 shows the wind radii of a typical typhoon, where the higher the level
of the wind circle, the larger the wind speed; and the smaller the radius of the wind circle, the nearer
to the center of the wind circle. Many typhoon detection and forecasting models are based on wind
velocity field [46-48], and the relationship between wind speed and water vapor during the period of a
typhoon will be discussed later. Figure 13 is the time series of PWV over the HKSL station and wind
speed observed at the anemometer observatory (see Figure 1, the distance between both stations is
about 6 km) during the four-day period of 15-18 September.

Figure 12. A typical typhoon’s wind circle radii; the higher the level value, the larger the wind speed
and the closer to the center of the typhoon.
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Figure 13. Time series of PWV (blue) over the HKSL station and wind speed (red) over the anemometer
station during the four-day period of 15-18 September (both stations are close).

Figure 13 indicates that on the first day (the 15th, roughly) with the approach of the typhoon, wind
speed increased continuously with small fluctuations (and the corresponding typhoon level increased
as well); on the second day, wind speed rapidly increased from 57 km/h (at about 00:00) to 309 km/h
(at about 14:00), which was consistent with the peak time of the PWV time series. The correlation
coefficient between the two time series calculated was 0.76, meaning a significant positive correlation in
comparison with the value of 0.11 in typhoon-free weather conditions. The coefficient value implies that
during the period a typhoon occurs the variation in water vapor is mainly dominated by atmospheric
dynamic process as the typhoon carries not only energy, but also water vapor, i.e., the variation patterns
of PWV and wind speed were similar.

It should be noted that the source of PWV shown in Figures 4 and 9 was mainly from the Mangkhut
typhoon passing through the Pacific Ocean, and another source was from surface waters around the
Hong Kong island. This is because when the typhoon passed over the sea, liquid water tended to
evaporate into gaseous water, leading to the accumulation of water vapor in the air over the region,
i.e., moisture increased. At the moment, temperature dropped at about 00:00 on the 16th (at which
the typhoon was approaching) shown in Figure 10, gaseous water met cold air and easily formed
liquid water, then a large amount of rainfall occurred (see Figure 11). At about 12:00-14:00 on the 16th,
the typhoon gradually departed from Hong Kong, and PWYV started to drop again whilst pressure
started to rise. During the period Mangkhut hit Hong Kong, the trends of the variations in both PWV
and wind speed were most consistent. This implies that large variations in PWV instead of wind speed
might somewhat reflect the intensity or severance of a typhoon.

The time series results shown in Figure 9 indicate the PWV temporal variation over all 10 GNSS
stations. For an investigation of the spatial variation of PWV during the period the typhoon approached
Hong Kong, the PWVs at all the 10 GNSS stations and the Kriging interpolation method were used
to obtain PWVs for the whole region. The accuracy of these results was also assessed using the
cross-validation method and the RMS error of the GNSS-PWV during the four-day period of 15-18 was
about 1.5 mm. To analyze the variations in water vapor after the typhoon arrived, the PWV value over
a site at zero o’clock on the 16th (i.e., the time PWV began to rise and the typhoon arrived, see Figure 13)
was taken as the reference of the site for calculating the increment of PWV (IPWV) for the site during
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the typhoon period. Figure 14a shows the snapshots of the PWV map in the Hong Kong region at zero
o’clock on the 16th and Figure 14b—e shows the snapshots of the IPWV two-dimensional maps every 2

h from 02:00 to 08:00 on the day.
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Figure 14. (a) Snapshots of Hong Kong regional PWV at 00:00 on the 16th; (b—e) Snapshots of increment
of PWV (IPWV) maps in the region every 2 h from 02:00 to 08:00 on the day, where the red arrow
denotes the moving direction of the typhoon (MDT) roughly.
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From Figure 13 we can see that before the typhoon arrived, both wind speed and PWV were at a
relatively low level. Figure 14a shows that at the reference moment the PWV values over different
stations are different. These differences were mainly caused by the differences in local temperature,
pressure, and topographic conditions. It is worth mentioning that there was a significant local minimum
of PWV over the Hong Kong Shatin (HKST) station shown in Figure 14a because this station is located
in the mountainous area, thus the height difference between this station and all the other nine GNSS
stations reaches nearly 200 m. Generally, PWV decreases with the increase in elevation [49].

Figure 14b—e reveals that after the typhoon began to approach Hong Kong, regional PWV
continuously brought and injected large amounts of water vapor into the area. In the first two to
four hours (Figure 14b,c, respectively), it was obvious that the IPWV values in the southeast were
higher than that in the northwest, indicating that the typhoon began to transport water vapor from the
southeast. Then, IPWV over the northwest area was gradually more than the southeast in shown in
Figure 14d,¢, i.e., the moving trend of PWV is northwest. Comparing the moving trends of the typhoon
and the PWV, we can find that the moving of PWV and the migration of the typhoon were similar,
which was consistent with the typhoon cases presented in [50,51]. In addition, Figure 14b—e shows a
small circle around the HKST station, which means a local minimum of IPWV. One of the reasons for
this is likely that when the typhoon passed the mountainous area near the station, the typhoon was
weakest due to the blocking effects of the terrain [52,53], which caused the movement of water vapor
from higher ground to nearby lower ground.

3.3. Using GNSS-PWYV to Determine Movement of Typhoon

As previously discussed, during the period of the Mangkhut typhoon, a significant variation
in regional PWV occurred. This implies that a typhoon may be detected through the monitoring of
spatial-temporal variations in PWV. Also, the two-dimensional PWV variation during the typhoon
period shown in Figure 14 indicates that the movement direction of water vapor is similar to that of
the typhoon and these results are consistent with many relevant researches [54,55]. Mangkhut brought
a large amount of water vapor and the time both water vapor and wind speed started to increase is the
same as the time the typhoon arrived (see Figure 13). In addition, the times the water vapor brought
by the typhoon reached different stations are most likely different. Thus, the time difference of PWV
arrival at two sites obtained from the times a sudden increase occurs in the PWV time series over the
two sites indicates the sequence of the typhoon arrival at the two sites. Such time differences from
many pairs of sites formed from all GNSS stations covered by a typhoon can be used to determine the
movement of the typhoon during the period of the times.

For a better understanding of the abovementioned method for the determination of the movement
of the Mangkhut typhoon, it is necessary to know the changes in the area where PWVs were affected
by the typhoon’s movement. Figure 15a,b illustrates the typhoon path, roughly, during the period
of 15-17 Sept and the Hong Kong area covered by the typhoon at the moment the typhoon passed
one GNSS station, respectively, i.e., the station was considered on the edge of the wind circle closest
to the typhoon. When the typhoon was approaching, the station was at level 7 wind circle (defined
in the range 13.9—17.1 m/s) because the anemometer station’s wind speed at the same moment was
about 15.8 m/s (57 km/h) shown in Figure 13. Generally, the radii of level 7 wind circles of a super
typhoon can be as large as hundreds of kilometers or even up to thousands of kilometers. Meanwhile
in our case study, the distance between adjacent GNSS stations is only several kilometers, thus the
edge circle of the typhoon can be considered a straight line when the typhoon circle passed through
the site, as showed in Figure 15b.
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Figure 15. (a) Radii of the wind circles in different directions and movement path of Mangkhut typhoon.
(b) Edge of the typhoon when it passed the Hong Kong area.

For an introduction to the algorithm of the aforementioned time difference of PWV arrival,
Figure 16 is a simple version for the estimation of the movement of the typhoon shown in Figure 15b.
For convenience, the rectangular coordinate system shown in Figure 16 is defined as below: The origin
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is set at the GNSS station that a large amount of water vapor first reaches, see No.1; the Y-axis and
X-axis are in the north and east directions. respectively. The black lines with arrows fully covered
by the red area denote the assumed moving direction of the typhoon and the red circles denote the
location of the n GNSS stations.

Fo) (1]

0

Figure 16. Illustration for the algorithm of the time difference of PWYV arrival for determining the
movement of a typhoon when the typhoon is approaching GNSS stations in the rectangle coordinate
system defined in this study.

From the previous discussions, due to the characteristics of the simultaneity between the movement
of PWV (which varies with time) over a region and the movement of a typhoon that covers the region,
the times of PWYV arrival at the positions of those GNSS stations in the region can be used to depict the
movement of the typhoon. For the modelling of the typhoon movement, let the time difference of PWV
arrival between the ith (i > 1) GNSS station and the first station (the origin) be ¢;, and let the margin
line be the one that is perpendicular to the movement direction of the typhoon shown in Figure 16,
then based on the geometry of the two sites, the function for the edge line of the wind circle can be
expressed as:

y —vt;sin(6) = —cot(0)[x — vt;cos(0)] + b (10)

where 0 and v are the angle of the direction and speed of the typhoon movement, respectively; x and y
are the coordinates of a point on the typhoon edge; b is the y-axis intercept and can be obtained from
the geometric relationship shown in Figure 16:

ot;

h=—" 11
sin(0) (1)

Substituting Equation (11) into Equation (10) leads to:
= x; cos(0) + y;sin(6) 12)

0

where 0 and v are the two unknown parameters and t; is the observation at the ith station.
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Let a function F;(6, v) = [x;cos(0) + y;sin(0)]/v, and the residual term 7; be:
I’,‘(@,U) = ti—Fi(G,Z)). (13)

According to the Gauss—-Newton method [56], Equation (12) can be linearized using the first-order
Taylor expansion:

dF;(6,v) dF;(6,v)
i~ Fz’(elérvlé) + 1(9—9|6=6’5,v=v’6(6 - 9]5) + la—v|9=6’6,v=v’6 (v- vg) (14)

where 6% and ¥ are the values of the kth iteration of 0 and v, respectively.
The matrix form of Equation (13) can be expressed as:

r(6,v) = A(6,v)B (15)

where A(6, v) is the Jacobian matrix of F(6, v).
For the kth iteration, AF and ﬁk are:

2 cos(Gg)—xz sin(@’é) X2 cos(@’é)erz Sin(@’é)
k 2
% —(vﬁ)
Y3 cos(@’é)—@ sin(@’é) X3 cos(66)+y3 sin(@’(‘))
k 2
Ak = "UO —(Uﬁ)
: (16)
Yn cos(Q’(‘))—xn sin(Qg) Xn cos(Qg)ern sin(Qg)
k 2
% —(vé)
_ pk
=02 |
0 — UO

Equation (15) is in fact the general linear form of the observation model, thus it can be solved
using the least squares method (if redundant observations are available):

g = [A6,x)TA(6,%)] A(6,x)Tr(6,x). (17)

Let g* be the estimate result from the k' iteration, then update the approximate values for the
unknown parameters (0o* and vy*) for the (k + 1)th iteration by:

k+1 k
][4+

Substitute the new approximate values into Equation (14) and repeating the above process until
the result converges, i.e., the estimated g values are under pre-defined thresholds or the residual k1l gk
value is neglectable.

The above approach was tested using data that were from the times of PWYV arrival over the
aforementioned 10 GNSS stations when the typhoon was approaching Hong Kong (Figures 9 and 13),
and the estimation results were: v = 29 km/h, 0 = 113°. They agreed well with the results of 31 km/h
and the direction angel of 135°, respectively, obtained by the China Meteorological Administration
(http://typhoon.nmc.cn/web.html). This suggests that the approach can be employed to estimate the

movement direction and speed of a typhoon.

4. Discussion

To study the characteristics of typhoons, GNSS-PWYV, which has high temporal resolution, was
used to analyze the correlation between PWV and four meteorological elements including temperature,
pressure, precipitation, and wind speed during the Mangkhut typhoon that occurred in Hong Kong.
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Moreover, several studies have proved that a sudden increase in PWV can be a signal of a typhoon’s
landing [19-22]. This agreed with our experimental results (Figure 13). In addition, Figure 14
showed the movement direction of regional PWV depending on the migration of a typhoon and this
characteristic can be found in the cases [50,51] in which GNSS-PWV was used to study typhoons.
These suggest that the movement of PWYV in the region of interest may be used to estimate the
movement of a typhoon. The moving speed and direction angle of a typhoon can be obtained from the
time differences of PWV arrival at GNSS stations in the region. This method was tested in this study
and the results agreed well with the typhoon path provided from satellite remote sensing products
from the China Meteorological Administration.

There are other models that also use the GNSS technique to detect typhoons, e.g., the very recent
GNSS-derived tropospheric gradient model was used to indicate the derecho storm’s direction [57].
However, this method is largely limited by the number and distribution of GNSS satellites and can
hardly provide a numeric value for the movement speed of a typhoon. Another method that uses
normalized GNSS-PWYV to estimate the movement speed of a typhoon requires sufficient number of
GNSS stations and cannot estimate the movement direction of a typhoon [50]. Compared with these
two models, the model proposed in this study only requires a moderate number of GNSS stations and
can estimate both velocity and direction of a typhoon’s movement. Although, this model may be more
suitable for severe typhoons since the radii of the wind circles of a severe typhoon are much larger
than the distance between adjacent GNSS stations, thus the edge line of the typhoon can be assumed to
be a straight line (Figure 16).

Nowadays, commonly used meteorological models for typhoon detection are mainly based on
traditional techniques such as remote sensing, radar, and unmanned aerial vehicles [58-61]. Compared
to these techniques, the GNSS technique has the advantages of being low-cost, weatherproof, and having
high spatial-temporal resolution. With the development of more and more regional GNSS networks
and the advances of GNSS data processing methods, more and more GNSS data are available and
GNSS-derived tropospheric parameters are more and more accurate. It is promising that the GNSS
technique will be applied in meteorology in an advanced level, including in the prediction of extreme
weather events.

5. Conclusions

In this study, the characteristics of the variations in PWV time series retrieved from GNSS
measurements were investigated for the detection of typhoon extreme weather events since GNSS data
have the advantages of low cost and high spatio-temporal resolution in comparison with the sparsely
distributed RS data. The Super Typhoon Mangkhut that occurred in Hong Kong in September 2018
was selected as a case study. The GNSS-ZTD time series over 10 stations selected from the Hong Kong
regional GNSS CORS network in the three periods—before, during, and after the typhoon period—were
assessed by comparing them against these from the IGS precise products. The ZTD-converted PWV
over the HKSC GNSS station were compared against RS-derived PWV from a co-located RS station.
Results showed that the time series of GNSS-ZTDs and PWYV are applicable to meteorological research
in terms of their accuracy. Moreover, the relationships between the temporal variations in PWV and in
several other atmospheric parameters during the typhoon period were also analyzed. Results showed
that the correlation between wind speed and PWV was strong with the value of 76%, and the patterns
of the variations in wind speed and water vapor with time were consistent. In addition, during the
landing process of the typhoon, the spatial-temporal variations in the regional PWV in this experiment
reflected the movement of water vapor, which in turn well represented the typhoon motion. This result
also implied that the abnormal increases in the regional PWV were mainly caused by the typhoon.
Based on the time differences of PWYV arrival at different sites, a model for estimating the moving
direction and speed of a typhoon is proposed in this study and its test results agreed well with the ones
published by China Meteorological Administration. This result can be a reference for meteorological
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organizations and used as supplementary information for the traditional typhoon detection measures
such as satellite remote sensing and radar.

In fact, typhoons are complex dynamic weather events and initially formed in ocean regions.
Using only the meteorological and GNSS data from those stations that are located in land areas has
limitations for studying the detailed characteristics of typhoons. In the follow-up, meteorological
parameters near the sea will be investigated. In addition, in the model for the estimation of the moving
speed and direction of a typhoon, the attenuation of the movement speed after landfall will be taken into
account as well, rather than being taken as a constant for reducing the number of unknown parameters.
Moreover, in this study, only two-dimensional distribution of water vapor was investigated, and the
GNSSS stations selected are all located on the same side of the path of the typhoon. If sufficient data
are available, the variation of water vapor in the vertical dimension is worth considering using the
tomographic technique.
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