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Abstract This paper for the first time numerically characterizes the water vapor spatial and temporal
variation during the life cycle of super typhoons, using the 3D tomographic water vapor modeling

method. Global Positioning System (GPS) data sets collected in Hong Kong were used to reconstruct the
water vapor density field with a temporal resolution of 30 min during three super typhoon events in 2013 and
2014. The spatiotemporal variabilities of water vapor at five altitude layers (<0.8, 0.8-1.6, 1.6-3.0, 3.0-5.2,
and 5.2-8.5 km) were examined. It was found that in the lower troposphere (<1.6 km), the precipitable
water vapor (PWV) had only minor fluctuation during typhoon events. But significant PWV increase was
observed at altitude above 1.6 km, and PWV kept increasing with the altitude, leading to the increase of the
total water vapor. Hong Kong's PWV was observed to increase as the typhoons were about 795 to 821 km
away from Hong Kong. The PWV spatial (distance) increase rate was 0.031-0.037 mm/km in the upper layers
(1.6-8.5 km) and temporal increase rate was 12.710-24.272 mm/day in the upper layers (1.6-8.5 km). The
typhoons had the largest impact on the PWV variation in the top layer (layer 5, 5.2-8.5 km). Prior to typhoon
impact, PWV in layer 5 accounts for only 12.77% to 13.68% in the upper layers (1.6-8.5 km). With the
typhoon impact, the PWV in layer 5 accounts for 21.28% to 26.38%. This work has demonstrated the potential
to use water vapor tomographic technique to study water vapor evolution during super typhoons.

1. Introduction

Water vapor accounts for only a very small portion in the whole atmosphere. However, it is one of the
meteorological factors that are most difficult to be precisely parameterized (Rocken et al., 1997). Water vapor
is also one kind of greenhouse gases (GHGs), contributing about 60% GHG effects to climate change
(Wagner et al., 2006). The phase change of water vapor absorbs or releases a large amount of heat causing
severe weather phenomena such as typhoon events. The IPCC's first and second assessment reports for
1990 to 2005 suggested that the global average temperature will increase by about 0.3°C and 0.15°C per dec-
ade (Solomon et al., 2007). The temperature increase has a close relationship with intensity of typhoons
(Elsner et al., 2008). Heavy squally showers triggered by typhoons can result in catastrophic casualties as
well as great damages to urban infrastructure and agricultural production, especially for developed coastal
regions (Jessup & DeGaetano, 2008; Kawano et al., 2008; Pilon, 2002). Therefore, monitoring water vapor
is significant for improving the accuracy of extreme weather forecast and studying the greenhouse effect
(Emanuel et al., 1995; Weckwerth et al., 2004).

Currently, many methods have been used for water vapor measurement including radiosonde, water vapor
radiometer (WVR), and satellite remote (Baker et al., 2001; Bevis et al., 1994). Bevis et al. (1992) first sug-
gested the use of Global Positioning System (GPS) for sensing atmospheric water vapor. Ground-based
GPS has gradually become one of the most important means for water vapor measurement due to its high
accuracy, all-weather capability, high spatial-temporal resolution, and cost effectiveness. To determine the
vertical distribution of water vapor with high temporal resolution, GPS tomographic technique has been
developed (Flores et al., 2000). Based on certain numbers of slant wet delays (SWDs) collected from a GPS
network, three-dimensional (3D) regional field of atmospheric wet refractivity can be reconstructed using
tomographic technique with a spatial resolution of several kilometers and a temporal resolution of tens of
minutes (Champollion et al., 2005; Chen & Liu, 2014; Nilsson & Gradinarsky, 2006).
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With the availability of a large number of GPS stations, GPS-derived water vapor data therefrom have been
widely used in meteorology and climatology, numerical weather prediction (NWP), and severe weather ana-
lysis such as heavy rainfall, typhoon, and severe flood. Champollion et al. (2004) investigated water vapor
distribution and variation during the torrential precipitation episode in southern France in September
2002. The conclusion showed that the spatiotemporal variation of water vapor and the temporal variations
of wet gradients could improve the understanding of large rainfall events. Using GPS observations and the
European Centre for Medium-Range Weather Forecasts (ECMWF) product, Abraha et al. (2017) revealed
the spatiotemporal variations of water vapor content over Ethiopia. Yeh et al. (2018) determined the preci-
pitable water thresholds under different rainfall strengths in Taiwan. Their results indicated that the average
precipitable water vapor (PWV) thresholds were 41.8, 52.9, and 62.5 mm under the light, moderate, and
heavy rainfall conditions, respectively. Zhao et al. (2018) used the increment of PWV in a short time
(2-6 h) and PWV slope in a longer time (a few hours to >10 h) to forecast the precipitation events. The
numerical results showed that 80-90% of precipitation events and more than 90% of heavy rain events could
be forecast 2-6 h in advance of the precipitation. Using a small network of GPS stations, Van Baelen and
Penide (2009) investigated the vertical variability of water vapor in the lower part of the atmosphere.
Comparing two episodes of higher water vapor contents, they showed that the contrasting behaviors of dif-
ferent layers can reveal the possible formation of clouds before a rain. Manning et al. (2012) indicated that
the dynamics of water vapor had a great impact on the formation and life cycle of severe mesoscale convec-
tive storm systems by using improved Kalman filtering algorithm and GPS tomography method. Focusing
on a case study from the convective and orographically induced precipitation study in a low mountain area,
Labbouz et al. (2013) used GPS tomography results showing the role of low-level water vapor accumulation
and convergence as a precursor to the convective initiation. By using Hong Kong tomographic data, Chen
et al. (2017) examined the variability of water vapor at five altitude layers during three heavy rainfalls. It
revealed that water vapor above 3 km in altitude, though accounting for only 10-25% of the total amount
of water vapor, had larger fluctuation than that below 3 km.

As a highly developed and populated city, Hong Kong is located on the coast of the South China Sea with a
humid subtropical climate. It is hot and humid in summer. Thunderstorms are frequent when warm air
comes from the south. Hong Kong suffers from extreme weather events such as heavy rainfalls and strong
typhoons. Typhoons are common in the summer and fall, sometimes resulting in flooding, accompanied
with landslides. As water vapor plays a critical role in the formation of extreme weather events, monitoring
and understanding the variation of water vapor during these events are thus very important for the weather
forecasting.

ERAS is the latest climate reanalysis produced by ECMWEF, providing hourly data on many atmospheric,
surface, and sea-state parameters with at latitude-longitude grids (0.25° X 0.25° resolution) and atmospheric
parameters on 37 pressure levels (Copernicus Climate Change Service [C3S], 2017). Its daily update is avail-
able 5 days after observation. Due to the ERAS5 product's 5-day latency of daily updates and relatively low
temporal resolution (1 h), it is not suitable to characterize the water vapor variation during typhoon events
in real or near real time. To examine the water vapor evolution during the super typhoon, high-resolution
(30 min) 3D water vapor density (WVD) field data, which are reconstructed with the tomographic technique
based on GPS observations, are applied. In this study, tomographic 3D water vapor data derived from GPS
observations in Hong Kong are used to study water vapor variations during three super typhoon events that
occurred during 2013-2014. The structure of this paper is as follows. The SWD retrieval and water vapor
tomographic 3D modeling method are introduced in section 2. Section 3 studies the water vapor variation
during the life cycles of three typhoons, and the discussions were given in section 4. The conclusions are
summarized in section 5.

2. Method

2.1. Retrieval of SWV From GPS Data

When GPS signals pass through the lower part of the atmosphere (troposphere), the signals experience a
range delay, which is usually called tropospheric delay. This delay in the zenith direction, called zenith total

delay (ZTD), is usually decomposed into two components: zenith hydrostatic delay (ZHD) and zenith wet
delay (ZWD). Many Global Navigation Satellite System (GNSS) data processing software packages can be
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used to accurately estimate ZTD. In this study, the Bernese software is employed to process the GPS data
(Dach et al., 2015).

For a GPS satellite at a slant direction, the tropospheric delay is called slant total delay (STD), which can be
modeled as a function of ZHD, ZWD, plus horizontal gradients and their mapping functions in the Bernese
software, as given below.

STD = my(e)*ZHD + my,(e) [ZWD + cot(e) (Gycos() + Gysin(a))] @

where mj,, and m,, are mapping functions for the ZHD and ZWD, respectively. The Niell mapping func-
tions (Niell, 1996) are used in this study. Gy, and G%, are the horizontal gradients of wet delay in the north
and east directions, respectively, which are directly estimated in the software. The horizontal gradients
show the anisotropy of the local troposphere, which cannot be ignored in accurate water vapor estimation
using GPS measurements. a and e, both in unit of radian, are the azimuth and the elevation angles of a
GPS station toward a given GPS satellite, respectively.

The ZHD can be precisely modeled using empirical models such as Saastamoinen (1972) model. It can be
modeled as Equation 2 (Davis et al., 1985; Saastamoinen, 1972):

0.0022768P,
zHp — 2-0022768F 2)
fle.h)
where P, is the surface pressure, which can be obtained from the NWP model of Hong Kong (Wong,
2010). The function fle, h) is given by Equation 3:

f(p,h) =1 —0.00266c0s(2¢) — 0.0028h 3)

where ¢ is the geodetic latitude (in unit of radian) and & is the height above geoid in unit of kilometer.

In Equation 1, after modeling and removing the ZHD term from STD, the remaining one mainly resulting
from the SWD can be expressed as Equation 4:

SWD = my,(e) [ZWD + cot(e) (G} cos(ar) + Gy sin(a))| + R 4)

where R, referred to as the postfit residual, results from the unmodeled errors that include the ZWD, ZHD,
and other unmodeled errors in GPS observations such as the multipath noise (Hirahara, 2000; Chen &
Liu, 2014). By using the method proposed by Alber et al. (2000), the zero-difference residuals can be
extracted from the double-difference residuals which are outputted by the software. The addition of R is
necessary because the errors are usually smaller than the formal observable uncertainty and also corre-
lated with the wet troposphere structure (Flores et al., 2000). To reduce the impact of multipath effect,
GPS observation rays with an elevation angle below 10° are eliminated. Subsequently, the SWD can be
converted to slant water vapor (SWV) by using the formula proposed by Bevis et al. (1992):

10°
SWV=_——— __ _.SWD (5)
(kS/Tm +k 2) 'Rv
where ks = 3.776 X 10° k*/hPa, k’,=16.52 k/hPa, and R, = 461.495 J/K/kg are the specific gas constants
for water vapor. T, is the weighted mean temperature, which can be calculated from surface temperature
(Kelvin), which is derived from NWP model of Hong Kong, after the formula proposed by Chen
et al. (2007).

2.2. Reconstruction of Wet Refractivity Field Using Tomographic Technique

The first task in GPS tomography is to discretize the troposphere over the Hong Kong region into a number
of voxels. In this study, the voxel discretization refers to the method in Chen and Liu (2014), which consists
of four steps: (1) setting the height of the top boundary to 8.5 km; (2) determining the optimization horizon-
tal boundary; (3) optimizing the vertical layer discretization; and (4) moving the voxel at a specified step
along the longitude and latitude to determine the optimal horizontal resolutions. Assuming that the water
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vapor in each voxel is constant and evenly distributed throughout the per-
iod of time of tomographic modeling (in this study, the time is 30 min),
then SWV can be approximately estimated by Equation 6 (Dong &
Jin, 2018):

22.5°N

Latitude

SWV = 3L x (i)l (6)

where n is the number of voxels crossed by the specific signal ray linking
ground GPS receiver and GPS satellite; x; represents the WVD (g/m>) of

22.3°N

the ith voxel; and [; refers to the intercept of the ray path within voxel,.
Combining a large number of rays that cross the voxels from different
directions during an epoch of tomographic modeling, the WVD field
can be established as Equation 7:

114.1°E 114.3°E
Longitude y=A-x @)

Figure 1. Locations of the 12 GPS continuously operating reference ~where y is the observation vector representing the SWVs; A is a large
stations (blue dots) in the Hong Kong Satellite Positioning Reference sparse matrix composed of the length of the ray intercepted by each voxel;

Station Network (SatRef) in Hong Kong in October 2014.

and x is the vector of WVD in each voxel in the 3D field. In general, A is an
ill-conditioned matrix. To resolve the ill-conditioned problem, intervoxel
WVD information is used to constrain the voxels. In this study, the horizontal constraint equation imposed
is based on the assumption that WVD in a voxel is a weighted mean of WVDs in the horizontally surrounding
voxels. The vertical constraint information is obtained from radiosonde observations (Chen & Liu, 2014).
With these constraints, the tomography equation can be described as

y A
r|i=|V] - -x (8)
0 H

where V and H are the vertical and horizontal constraint matrices, respectively, and ris the a priori informa-
tion of WVD determined by the average 3-day radiosonde observations before the tomographic experiment.
As the constraints have been considered, the WVD field can be first estimated by least squares. Then, the mul-
tiplicative algebraic reconstruction technique (MART) is used to solve the equation with the initial result
from the least squares to obtain a more precise solution. For more detail, see Chen and Liu (2014).

2.3. Data Collection and Processing

The ground-based GPS observations and meteorological products from the Hong Kong Satellite Positioning
Reference Station Network (SatRef, https://www.geodetic.gov.hk) were used in this study. The 12 continu-
ously operating reference stations (CORSs) with the interstation distance of 7 to 12 km are shown in Figure 1.

Based on extensive experiments (Chen & Liu, 2014), an optimal horizontal resolution of 0.08° was deter-
mined, and the tomographic voxels were separated into 15 layers from ground surface to the altitude of
8.5 km in the vertical direction. Figure 2 shows the tomographic result at 12:00 UT on 8 August 2013, which
captured the details of the mean variation of WVD in the unit of g/m> at each layer.

According to the profile of the mean WVD, they are further sorted into five layers, which are below 0.8, 0.8 to
1.6, 1.6 to 3.0, 3.0 to 5.2, and 5.2 to 8.5 km, denoted as layers 1 to 5, respectively (see Figure 2b). In order to
analyze the water vapor variation, the PWV in each layer is derived by vertically integrating the WVD along
the altitude in that layer.

3. Evolution of Water Vapor During Typhoon Events

This study is focused on the water vapor variation observed during three super typhoons that hit Hong Kong
in 2013-2014. The three super typhoons are Utor occurring during 9-16 August 2013, Usagi during 17-23
September 2013, and Kalmaegi during 12-27 September 2014. Typhoons are classified into four categories
by the World Meteorological Organization (WMO) according to the 10-min highest average wind speed near
the center of the storm, as shown in Table 1.
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Table 1
Typhoon Classification

(a) 08/08/2013 12:00 UT
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(b) 08/08/2013 12:00 UT

20 7000 layer 5

m

E 5000

m
o
o
o
o

Altitude

layer 4

Altitude (m)
8
8

3000

Water Vapor Density(g/ms)

ayer 3
2000

|
1000 aye>\

0~ layer 1

0 0 :

225N .
114.2°E 0 5 10 15 20 25

223N ¥
Latituds M40E | ongitude WVD (g/m®)

Figure 2. (a) Variation of water vapor density (WVD) at 15 altitudes over Hong Kong. (b) The average WVD profile
derived from the tomographic data at 12:00 UT on 8 August 2013.

In 2009, the Hong Kong Observatory (HKO) further sorted typhoons into three different classifications:
typhoon with wind speeds of 118-149 km/h; severe typhoon with wind speeds of at least 150 km/h; and
super typhoon with wind speed of at least 190 km/h (HKO, 2009).

3.1. Case Study: Super Typhoon Utor (9-16 August 2013)

According to the record of HKO, tropical depression Utor was formed on 9 August 2013 about 1,350 km east
of Manila, Philippines. On 11 August, Utor further enhanced to a severe typhoon. Then, its intensity
increased to maximum with a central sustained wind velocity of 195 km/h on the east sea of Luzon
Island, which clearly reached the level of a super typhoon. On 12 August, Utor passed Luzon and started
to weaken into a severe typhoon and entered the South China Sea. On the next day, Utor turned to northwest
in the south of Hong Kong. On 14 August, it approached the western coast of Guangdong Province, China,
and weakened to a normal typhoon. Afterwards, Utor landed near Yangjiang and moved across the western
coast of Guangdong Province, and then, it weakened to a severe tropical storm. On 15 August, Utor slowed
down and moved northwards across Guangxi Province, China. On the next day, Utor finally dissipated in
Guangxi Province. The track of Utor is shown in Figure 3.

Under the influence of Utor, a precipitation of more than 100 mm was recorded over parts of Hong Kong

from 12 to 15 August 2013. Based on the ERAS product, the distribution of the PWV during the period of

Utor is shown in Figure 4, and the characteristic parameters for the four moments are shown in Table 2.

In Table 2, the mean PWV and mean PWV increase trend, corresponding to the moments given in column

1, are calculated using the PWV 3D modeling results considering all the PWV distributed horizontally in the
Hong Kong region as well as in all the layers (the same with Tables 4 and
6). Please note that the four characteristic moments in Table 2 are same as
those of Figure 4.

Categories

Figure 4 and Table 2 show that PWV has the highest concentration sur-

Wind speed near the center of the storm (km/h)  ,ynding the center of the typhoon. As Utor moved toward Hong Kong,

Tropical depression
Tropical storm
Severe tropical storm

Typhoon

41-61 though the maximum sustained wind speed was decreasing, both central
63-87 pressure and mean PWV in the Hong Kong region were increasing. In

88-117 Figure 4c, the PWV in the Hong Kong region reached its maximum when
>118

Utor was almost the closest to Hong Kong.
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Figure 3. Track of Utor during the period 9-16 August 2013 (HKO, 2015a).
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Figure 4. Distribution of the PWV from ERAS product for (a) 12:00 UT on 11 August 2013 when Utor had the strongest
wind speed; (b) 12:00 UT on 12 August when Utor entered the South China Sea; (c) 06:00 UT on 14 August when
Utor was about the closest to Hong Kong; and (d) 06:00 UT on 15 August when Utor left Hong Kong. The black triangle
refers to the typhoon center, and the blue star refers to the geographical local of Hong Kong.
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Table 2

Characteristic Parameters of Utor During 11-15 August 2013

Time (UT)

Maximum sustained HK mean HK mean PWYV increase Central Distance to
wind speed (km/h) PWV (mm) trend (mm/h) pressure (hPa) Hong Kong (km)

(€))
(b)
©
(@)

11 August 2013, 12:00
12 August 2013, 12:00
14 August 2013, 06:00
15 August 2013, 06:00

195 51.97 1.87 925 1,247.4
130 56.44 1.53 965 640.7
120 68.54 0.12 965 232.8

65 63.26 1.43 994 350.4

3.1.1. PWV Variations in Five Layers (0 to 8.5 km) During the Utor Typhoon

The tomographic PWV above the HKO synoptic station (22.30°N, 114.17°E, 60 m in altitude) was used to
study the vertical variation of atmospheric water vapor during the super typhoon. The tomographic PWV
for the HKO synoptic station was compared with that derived from ERAS. Figure 5a shows the evolution
of tomographic PWV and Figure 5b shows PWV from tomographic modeling and ERAS5 during the period
of 9-18 August 2013. Figure 5a shows that the PWV of layers 1 and 2 (the lowest atmosphere) had no signifi-
cant variation throughout the whole period. However, PWV of layers 3, 4, and 5 showed considerable fluc-
tuations and the fluctuations were in correlation with the distance from the HKO synoptic station to the
center of typhoon. From 9 to 11 August, layers 3 and 4 had similar variations in PWV and both fluctuated
in small increments. However, layer 5 had much significant fluctuation in PWV during the same period.
On 12 August, it could be seen from Figure 5a that the typhoon began to impact the PWV of layers 3, 4,
and 5 at a distance of about 795 km away from Hong Kong. From 12 to 14 August, the PWV of layers 3, 4,
and 5 increased rapidly when Utor was approaching Hong Kong, reaching the maximum of 16.04 mm in
layer 3, 15.47 mm in layer 4, and 12.37 mm in layer 5. As Utor moved further away from Hong Kong and
got weakened, the PWV of layer 5 decreased significantly, but the PWV of layers 3 and 4 still kept increasing
slowly. When the typhoon left Hong Kong with a distance of 350 km, the total water vapor in Hong Kong fell
to0 62.32 mm, and the PWV at layer 5 was almost no longer affected by the typhoon. The PWV level in layer 3
increased to 16.18 mm.

3000
™yl 2500
2000
1500

1000

Distance to HK (km)

500

* % % ¥
* * K ¥
L

0 1 1 1 1 1 1 1 1 0
09 10 11 12 13 14 15 16 17 18
Date in August 2013
——Layer 1: PWV at 0.0-0.8 km, ——Layer 2 : PWV at 0.8-1.6 km, Layer 3 : PWV at 1.6-3.0 km
Layer 4 : PWV at 3.0-5.2 km, ——Layer 5: PWV at 5.2-8.5 km, * Distance to HK (km)

(b) Total PWV of Utor
T T T T T 3000

80 T T T

2500

2000

1500
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T e * —
\/\\'\./’ ek L L ok ok XX XX 500
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Date in August 2013
— Total tomographic PWV, —--PWV of ERA5, * Distance to HK (km)

Figure 5. Evolution of (a) tomographic PWV at five layers. (b) Total PWV from tomography (black) and ERAS (blue with
triangles) during the period 9-18 August 2013 over the HKO synoptic station (22.30°N, 114.17°E, 60 m). In both (a) and
(b), the black asterisks indicate the distance from the typhoon center to Hong Kong.
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Table 3

PWYV Statistics at the Hong Kong Synoptic Station During the Utor Typhoon
From 9 to 14 August 2013 (PWV Unit: mm)

The details are presented in Table 3. PWYV statistics at the Hong Kong
synoptic station during the Utor typhoon from 9 to 14 August 2013 are
shown, and it can be seen from Table 3 that from 12 to 14 August, the

period L Max PWY  Min PWY Lt gy A;\e;i/ge variation range of PWV at layer 5 is 9.26 mm, which is 2.22 times of
o ver e 0 (max-min) the period from 9 to 11 August. The PWV variation ranges for layers 3
9-11 August 3 13.22 10.22 3.00 11.82 and 4 are 1.84 times and 2.11 times, respectively, compared with 9 to
S ot Dl sl Sl 11 August. During 12 to 14 August, the PWV variation range at layer 5

> 232 134 4.18 321 was 1.68 times and 1.25 times of that in layers 3 and 4, respectivel
12-14 August 3 16.18 10.66 5.52 14.08 o : : Y » TeSP Y-
4 15.47 .09 738 12.66 During 9 to 11 August, before being affected by the typhoon, the mean
5 12.37 3.11 9.26 8.63 PWYV in layers 3, 4, and 5 accounted for 49.89%, 36.56%, and 13.55% of

the three upper layers PWV, respectively. During 12 to 14 August, layers
3, 4, and 5 accounted for 39.81%, 35.79%, and 24.40% of the upper layers
PWV due to effect of the typhoon. This shows that the layer 5 water vapor is more sensitive to typhoon
effect.

Examining Figure 5b, it can be observed that the variation of the total PWV from tomographic model is con-
sistent with that of the ERAS5, but tomographic PWV time series has a resolution two times higher than that
of ERAS. Thus, it can show more details of the variation. When the typhoon center was about 795 km to
Hong Kong, the total PWV began to increase significantly, from 49.92 to 71.15 mm. To further study the var-
iation of the mean PWV of Hong Kong in each layer, linear regression was used to quantify the variation dur-
ing the PWV increase period as shown in Figure 6.

In Figure 6a, the PWV increase rates of layers 1 and 2 were —0.053 and 0.678 mm/day, respectively, during
12-14 August 2013. However, Figure 6¢c showed that the PWV increase rates of layers 3, 4, and 5 achieved
2.233,3.795, and 5.642 mm/day, respectively, suggesting that the variations of PWV at the three upper layers
were much more significant. Figures 6b and 6d presented the evolution of PWV with respect to the distance
between the typhoon center and Hong Kong. As the typhoon center moved closer to Hong Kong, the PWV
increased rapidly, particularly in the upper layers. Figure 6b showed that the PWV increase rate of the lower

(a) PWV at 0.0-1.6 km of Utor (b) PWV at 0.0-1.6 km of Utor

20 20
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Figure 6. The linear regression of tomographic PWV with respect to day of year (doy) and distance from typhoon center
to Hong Kong for the period 12-14 August 2013. (a) The linear relationship of tomographic PWV of layers 1-2 with
respect to doy; (b) the linear relationship of tomographic PWV of layers 1-2 with respect to distance from typhoon center
to Hong Kong; (c) the linear relationship of tomographic PWV of layers 3-5 with respect to doy; and (d) the linear
relationship of tomographic PWV of layers 3-5 with respect to distance from typhoon center to Hong Kong.
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(a) Tomographic PWV in two layers and the rainfall of Utor
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Figure 7. The linear regression of tomographic PWV with respect to day of year (doy) and distance from typhoon center
to Hong Kong for the period 22:30 UT 11 August 2013 to 13:00 UT 13 August 2013. The red dotted vertical lines
represent the moments when HKO issued standby signals. (a) Linear regression of tomographic PWV of the lower layers
(0-1.6 km, green line) and the upper layers (1.6-8.5 km, blue line) over the HKO synoptic station with respect to day of
year and (b) linear regression of tomographic PWV of the lower layers (0-1.6 km, green line) and the upper layers
(1.6-8.5 km, blue line) over the HKO synoptic station with respect to the distance from typhoon center to Hong Kong.
The cyan bar in (a) and (b) shows the rainfall measured by rain gauge every 30 min, with values on the right vertical axis.

two layers (layers 1 and 2) were 0.000 and 0.001 mm/km, respectively. It implied that the Utor typhoon had
almost no impact on the PWV in the lower atmosphere (below 1.6 km). But the PWV increase rates of layers 3,
4, and 5 attained 0.008, 0.011, and 0.014 mm/km, respectively, as shown in Figure 6d when the Utor typhoon
moved closer to Hong Kong, which were 8 to 14 times larger than bottom layers. In short, Figure 6 suggests
that the Utor typhoon had larger impact on the PWV increase as altitude increases. PWV in layer 5 is the most
sensitive to the effect of the typhoon. Its increase rate is the largest when the Utor typhoon approached Hong
Kong and it reduced immediately when the typhoon was moving away from Hong Kong.
3.1.2. PWV Variations in Lower Layers (0-1.6 km) and Upper Layers (1.6-8.5 km) During the
Utor Typhoon
As the PWV of the two bottom layers had almost no variation during the whole typhoon period, we further
analyzed the PWV variation by collectively evaluating the two lower layers and the three upper layers, as
shown in Figure 7. Figure 7 shows the evolution of the PWV at lower

layers (0-1.6 km) and upper layers (1.6-8.5 km) over the HKO synoptic

S ;' “““ ;ﬁ “““ ’; “““ ;' . ::SZ:}'S;?EZ,] I station. The standby signal no. 1 was issued at 8:05 UT on 12 August
i i i jf**= Typhoon 2013, when Utor was about 710 km southeast of Hong Kong, and the total
] ] i 1| | x%%x Severe Tropical Storm . . .
L R [-=====4======|x%x Tropical Storm PWYV over the HKO synoptic station was 52.59 mm. The higher level of
i i i i Tropical Depression . . . . .
| | | ; ;;; Daty Posiions at 00 UTC(08 HKT) signal no. 3 was issued at 20:40 UT on 12 August 2013 with a central wind
Py :‘""fj&"ﬁ"% ______ :L,\ _____ Hu—  — — E speed of about 130 km/h. The total PWV was 60.74 mm at that time. As
%y
e i i LI 6zz ! i i i Utor continued to move northwest, it showed a greater impact on Hong
%ZOQN b G HondKong ;"3’.‘72_1, 20 . I | Kong, and signal no. 8 was issued when Utor was about 310 km to the
- AN i l: “1:5.,& g7 | south-southwest of Hong Kong. Meanwhile, the total PWV increased to
1 L 1 1 ”§ 1
LN S | 1 Usagi | 66.22 mm.
18N === F=---3- A === il ettty
i E E E i i i Figure 7a shows that from 22:30 UT 11 August 2013 (immediately before
10N ool |l R i ) _L _____ [ A i the issuance of no. 1 signal) to 13:00 UT 13 August 2013 (immediately
' ! : : 1 ! ! before the issuance of no. 8 signal), the PWV had a temporal increase rate
N i i ' ! ¥ ! ' of 1.606 mm/day in the lower layers. But the PWV increase rate of the
100°E  105°E  110°E  115°E 120°E  125°E  130°E  135°E  140°E upper layers was dramatically higher, 12.710 mm/day during the same

Longitude

period, which was 7.9 times of the rate of the lower layers. In terms of

Figure 8. Track of Usagi typhoon during the period of 17-23 September ~ the PWV spatial increase rate, Figure 7b shows that the lower layers (0-

2013 (HKO, 2015a).

1.6 km) PWV had a very small 0.004 mm/km spatial increase rate when
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(b) 21/09/2013 00:00 UTC
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Figure 9. Contour map of PWV of 2013 typhoon Usagi at different times: (a) 06:00 UT on 20 September; (b) 00:00 UT on
21 September; (c) 18:00 UT on 22 September; and (d) 18:00 UT on 23 September.

the typhoon moved close to Hong Kong from a distance of about 710 km to a distance of 230 km. However,
the PWV in the upper layers increased rapidly at a rate of 0.034 mm/km over the same course of tropical
cyclone propagation, which was 8.5 times of the spatial increase rate of the lower layers.

Figure 7a shows that the PWV of the upper layers slumped after the heavy rain, immediately before the
HKO's issuance of no. 8 signal (the third red dotted vertical line). The PWV then increased again rapidly
under the influence of the typhoon. It can be summarized that the standby signal warning and the PWV evo-
lution showed good consistency. The rainfall was one of the reasons for the fluctuation of the upper PWV.

3.2. Case Study: Super Typhoon Usagi (17-23 September 2013)

Usagi was the next typhoon after the Utor triggering the issuance of no. 8 gale or storm signal in Hong Kong
in 2013. It was also the most violent typhoon affecting Hong Kong in that year. Figure 8 shows the track of
Usagi during the typhoon period.

After forming as a tropical depression over the western North Pacific on 17 September 2013, Usagi moved
westwards and intensified into a tropical storm and further strengthened into a typhoon. On 19
September 2013, Usagi reached its peak intensity with an estimated sustained wind speed of 205 km/h near
its center on the next day. Figure 9a shows the impact of Usagi on PWV at the time 06:00 UT 20 September
2013. At 00:00 UT 21 September, the typhoon started to affect the water vapor in Hong Kong (see Figure 9b).
Usagi entered the South China Sea and weakened into a severe typhoon. The PWV in the Hong Kong region

Details of Usagi at the Four Stages Shown in Figure 9

Maximum sustained HK mean HK mean PWYV increase Central Distance to
Time (UT) wind speed (km/h) PWV (mm) trend (mm/h) pressure (hPa) Hong Kong (km)
(a) 20 September 2013, 06:00 203.7 49.20 —0.89 910 1,130.3
(b) 21 September 2013, 00:00 185.2 43.37 —-0.21 920 8214
() 22 September 2013, 18:00 92.6 71.18 1.56 975 83.9
(d) 23 September 2013, 18:00 — 56.63 —0.05 1,000 555.6
ZHU ET AL. 10 of 20
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Table 5

PWV Statistics at the Hong Kong Synoptic Station During the Usagi
Typhoon From 18 to 23 September 2013 (PWV Unit: mm)

(a) Tomographic PWV at five layers of Usagi
T T T T

20 T T T T 3000

2500
£
M 2000 =
X
T
1500 £
@
o
c
1000 ®
R]
a

500

0
16 17 18 19 20 21 22 23 24 25
Date in September 2013
——Layer 1: PWV at 0.0-0.8 km, ——Layer 2 : PWV at 0.8-1.6 km, Layer 3 : PWV at 1.6-3.0 km
Layer 4 : PWV at 3.0-5.2 km, ——Layer 5: PWV at 5.2-8.5 km, * Distance to HK (km)
(b) Total PWV of Usagi
80 T T T T T T T T 3000

2500
£
= 2000 =
£ X
£ T
N 1500 £
> 193
= g
o 11000 &
0
a

500

16 17 18 19 20 21 22 23 24 25
Date in September 2013
— Total tomographic PWV, —--PWV of ERA5, * Distance to HK (km)

Figure 10. Same as Figure 5, but for the typhoon Usagi and for the period from 00:00 UT on 16 September 2013 to 24:00
UT on 24 September 2013.

reached its peak at the time of 16:00 UT on 22 September when Usagi was about 80 km away. Figure 9c
shows the PWV affected by Usagi at the time 18:00 UT on 22 September. It can be observed from
Figure 9d that after the passage of Usagi, the PWV in the Hong Kong region decreased significantly.
Table 4 shows the detailed information of Usagi at four specific stages.

3.2.1. PWV Variations in Five Layers (0 to 8.5 km) During the Usagi Typhoon

The PWV variation showed a similar trend with typhoon Utor, as shown in Figure 10a. Starting from 16
September 2013, the PWYV of layers 3 to 4 had the similar trend of fluctuations, followed by a visible declina-
tion beginning on 19 September. Since 21 September, the PWV of layers 3 to 5 increased rapidly. When Usagi
was nearest Hong Kong, the PWV reached peak values of 16.15, 15.53, and 15.45 mm at layers 3, 4, and 5,
respectively. As the typhoon moved away and weakened, the PWV of layer 5 rapidly dropped to 3.40 mm
within 22 h. However, the PWV of layers 3 and 4 maintained at a high value after a slight decrease, which
shows again that layer 5 is more sensitive to the effect of typhoon. In Figure 10b, the PWV derived from
ERAS5 data matched well with the tomographic PWV results.

As Usagi approached Hong Kong from about 820 km away, the total PWV in Hong Kong started to rise
rapidly from 44.32 to 74.42 mm when the typhoon had the shortest distance to Hong Kong. After that, the
PWYV dropped down to 52.46 mm as Usagi moved from Hong Kong to a distance about 483 km away.

Table 5 shows the numerical details of the PWV variations in the two per-
iods. When affected by the typhoon, the range of PWV variation in layer 5
reached 13.24 mm, which is 2.08 times and 1.56 times of that in layers 3
and 4, respectively. The contribution of PWV of layer 5 in the three upper
layers rose from 12.77% to 26.38% when comparing with the two periods.

This further shows that the typhoon has the most significant impact on

Max Min Range Average laver 5

Period Layer PWV PWV (max-min) PWV Y '
. B - - 3.33 1144 To quantitatively charact.erlze the PW. \% %ncrease, linear regression W?.S
September 4 11.31 6.00 531 912 performed for the PWV increase period in the five layers, as shown in
5 534 1.20 414 3.01 Figure 11. Figures 11a and 11b show that the temporal and spatial rates
21-23 3 16.15 9.77 6.38 14.08 of the PWV were very flat in both layers 1 and 2. In Figure 11c, the
September 4 15.53 7.04 8.49 12.04 PWYV increased steeply and the PWYV increase rate in layers 3, 4, and 5
> 1545 221 13.24 2-36 grew to 2.619, 3.628, and 6.340 mm/day, respectively. Figure 11d shows
ZHU ET AL. 11 of 20
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Figure 11. Same as Figure 6 but for typhoon Usagi from 16-24 September 2013.
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that during 21-23 September 2013, the PWV increase rates in spatial domain of layers 3, 4, and 5 achieved
0.006, 0.008, and 0.015 mm/km, respectively. In short, it can be seen that the higher the altitude, the

larger the PWV increase rate.

3.2.2. PWV Variations in Lower Layers (0-1.6 km) and Upper Layers (1.6-8.5 km) During the

Usagi Typhoon

Figure 12 shows the typhoon Usagi event. As Usagi moved closer, about 160 km east-northeast of Hong
Kong, signal no. 8 was issued at 10:40 UT on 22 September with the PWV increasing to 70.64 mm, and pre-
cipitation started. The heavy precipitation began at 01:00 UT on 23 September, when the PWV in the upper
layers continued to decrease. After the heavy rain, the PWV in the upper layers decreased rapidly as the
typhoon moved far away. Typhoon signal was canceled at 02:25 UT 23 September and the PWV was

68.94 mm, when Usagi weakened significantly inland.

(a) Tomographic PWV in two layers and the rainfall of Usagi
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Figure 12. Same as Figure 7 but for the typhoon Usagi and for the period 00:00 UT on 16 September to 00:00 UT on 25

September 2013.
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Figure 13. Track of the typhoon Kalmaegi during 12-17 September 2014

(HKO, 2015b).
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Figure 12a shows that from the end of 20 September (immediately before
the issuance of no. 1 signal) to the end of 23 September (soon after the
issuance of no. 8 signal), the PWV had a temporal increase rate of
13.347 mm/day in the upper layers (1.6-8.5 km), which was 7.4 times of
that of the lower layers. Its magnitude was very close to that of the Utor
typhoon, 12.710 mm/day. In terms of PWV spatial increase rate,
Figure 12b shows that the PWV in the upper layers increased rapidly at
a rate of 0.031 mm/km over the same course of tropical cyclone propaga-
tion. The increase rate of upper layers was about six times of that in the
lower layers. Compared with the PWV increase rate of the Utor typhoon,
the increase rate 0.031 mm/km was very similar to that of Utor at
0.034 mm/km.

3.3. Case Study: Super Typhoon Kalmaegi (12-17 September 2014)

Kalmaegi was the only typhoon triggering the issuance of signal no. 8 in
Hong Kong in the year 2014 (HKO, 2015b). Starting from a tropical
depression about 1,430 km east of Manila in the morning of 12
September, it moved northwestwards intensifying into a typhoon.
Kalmaegi was the closest to Hong Kong at about 16:00 UT on 15

September 2014 at a distance of 370 km. Moving west-northwest, Kalmaegi reached its peak intensity then
made a landfall near Wenchang, Hainan Province, China. Figure 13 shows the process of its evolution.

Figures 14a and 14b show that as Kalmaegi came closer to Hong Kong, the PWV in Hong Kong increased
rapidly. When its intensity grew, the PWV in Hong Kong continued to increase, though the typhoon later
moved far away from Hong Kong (see Figure 14c). As Kalmaegi moved further away from Hong Kong
and weakened, the PWV decreased gradually (see Figure 14d). Table 6 also shows details of Kalmaegi at four
specific hours.
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Figure 14. Same as Figure 4 but for typhoon Kalmaegi in September 2014 at (a) 12:00 UT 14 September; (b) 12:00 UT on
15 September; (c) 00:00 UT on 16 September; and (d) 18:00 UT on 16 September.
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Table 6
Details of Typhoon Kalmaegi at Four Moments in Figure 14
Maximum sustained HK mean HK mean PWYV increase Central Distance to
Time (UT) wind speed (km/h) PWV (mm) trend (mm/h) pressure (hPa) Hong Kong (km)
(a) 14 September 2014, 12:00 120.4 62.28 2.03 970 941.6
(b) 15 September 2014, 12:00 129.6 66.80 —1.89 965 387.1
(c) 16 September 2014, 00:00 138.9 66.76 —0.95 960 421.8
(d) 16 September 2014, 18:00 101.9 63.28 —0.52 980 797.0

3.3.1. PWV Variations in Five Layers (0 to 8.5 km) During the Kalmaegi Typhoon

Figure 15 shows the evolution of PWV over the HKO synoptic station during the period 11-20 September
2014. It shows that Kalmaegi started to affect Hong Kong's PWV at a distance of 812 km. When Kalmaegi
continued moving northwest, its central sustained wind speed increased and reached its peak intensity.
The total PWV maintained at a high level. As it moved inland and got weakened, the PWV of the two lower
layers decreased slightly, but the PWV decreased more rapidly in the three upper layers. The PWV at layer 5
continued to decrease until 1.64 mm, when Kalmaegi weakened into a low pressure over 1,300 km from
Hong Kong. Figure 15b indicates that the PWV derived from tomographic model and ERAS5 agreed well with
each other.

Table 7 shows the numerical details of the PWV variations in two periods. The mean PWV in the three upper
layers increased from 30.55 to 35.48 mm, but the contribution of layer 5 increased from 13.68% to 21.28%,
which showed the same pattern as Utor and Usagi. This suggests that PWV in layer 5 was the most sensitive
to typhoon event.

Figures 16a and 16c show the PWV temporal increase rates in five layers. Figures 16b and 16d show the PWV
spatial increase rate with respect to the distance from Kalmaegi center to Hong Kong. Clearly, the PWV at
the two lower layers below 1.6 km exhibit a very small growth rate in both temporal and spatial domains.
However, the growth rates become much greater for the upper layers above 1.6 km. This is consistent with
the previous two typhoon cases.

(a) Tomographic PWV at five layers of Kalmaegi
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Figure 15. Same as in Figure 5 but for typhoon Kalmaegi from 00:00 UT of 11 September to 00:00 UT of 20 September
2014.
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Table 7
PWYV Statistics at the Hong Kong Synoptic Station During the Kalmaegi Typhoon From 13 to 16 September 2013 (PWV
Unit: mm)

Period Layer Max PWV Min PWV Range (max-min) Average PWV
13-14 September 3 16.33 14.40 1.93 15.22

4 12.34 10.19 2.15 11.15

5 6.68 245 4.23 4.18
15-16 September 3 16.85 14.23 2.62 15.65

4 13.40 10.16 3.24 12.36

5 10.13 3.61 6.52 7.57

3.3.2. PWV Variations in Lower Layers (0-1.6 km) and Upper Layers (1.6-8.5 km) During the
Kalmaegi Typhoon

Figure 17 shows that during the typhoon Kalmaegi, signal no. 8 was issued at 14:30 UT on the same day on
15 September. The PWV of Hong Kong maintained at a high level with certain fluctuations because of some
rainfalls during the signal no. 8 period then decreased rapidly to 22.43 mm at 23:30 UT on 17 September,
while the PWV below 1.6 km maintained at a stable level with only minor fluctuation. The evolution process
of the PWV shows a good agreement with the life cycle of Kalmaegi.

Figure 17a shows that from the end of 14 September to the middle of 15 September, the PWV had a temporal
increase rate of 4.877 mm/day in the lower layers (0-1.6 km). But the rate of the upper layers (1.6-8.5 km)
was dramatically higher, 24.272 mm/day, during the same period. The magnitude of the PWV increase rate
in the upper layers was 1.8 times of that of Usagi and 1.9 times of that of Utor.

In terms of the PWV spatial increase rate, Figure 17b shows that the PWV in lower layers (0-1.6 km) was
almost not impacted by the typhoon. However, the PWV in the upper layers (1.6-8.5 km) increased rapidly
at a rate of 0.037 mm/km over the same course of typhoon propagation. This PWV spatial increase rate was
almost identical to that of the Usagi (0.031 mm/km) and that of Utor (0.034 mm/km).

(a) PWV at 0.0-1.6 km of Kalmaegi (b) PWV at 0.0-1.6 km of Kalmaegi
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Figure 16. Same as Figure 6 but for typhoon Kalmaegi from 00:00 UT of 11 September 2014 to 00:00 UT of 20 September
2014.
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Table 8

(a) Tomographic PWV in two layers and the rainfall of Kalmaegi
50 T T T T T T —— T T 30
——PWV at 0-1.6 km ' ' ' ' v
45H__ bWy at1.6-8.5 km i Not [ No3 | No8 | No3 Not o5
Hesrainfall -
~40 20 €
Ess- E
15 =
S - g
o =4 * T 10 ¢
25 y (mm) = 4.877 * x (doy) - 1229.5 '
20 y (mm) =24.272 * x (doy) - 6234.4 | : ! : : 5
15 1 1 ! R KRT B - 1 1 0
1 12 13 14 15 16 17 18 19 20
Date in September 2014
50 (b) Tomographic PWV at two layers and the rainfall of Kalmaegi 20
T T T T 1 T T T
s PWV at 0-1.6 km 1 No.1 | No3 iNo8: No3 i Nod i
—PWV at 1.6-8.5 km | ' . ' : %
] infall \ | ' | ' | s
_40 rainfal £
E
K]
0 Y
25 | " 10
y (mm) =0.002 * (-x) (km) + 0~
20 ; : -15
15 1 ! H H bt ) : M 0
2000 1500 1000 500 370 500 1000

Distance to HK (km)

Figure 17. Same as Figure 7 but for typhoon Kalmaegi from 11 to 19 September 2014.

4. Discussion

The above analysis shows the advantage and effectiveness of the water vapor 3D tomographic model, which
can illustrate clearly the PWV variation at different altitudes/layers during super typhoons. As shown in
Figures 5 and 6 for the Utor typhoon, Figures 10 and 11 for the Usagi typhoon, and Figures 15 and 16 for
the Kalmaegi typhoon, the PWV of layer 5 decreased the most quickly and significantly after the typhoons
moved away while layers 3 and 4 basically maintained its PWV level or dropped slightly. PWV of layers 1
and 2 basically had no change.

As shown in Table 8, PWV increase is more rapid in the top layers. For the three super typhoons, both the
temporal and the spatial (distance) increase rates in layer 5 were the largest range, which suggested that
layer 5 is more sensitive to the effect of typhoons than other layers.

In terms of the PWV temporal increase rate, the rate of layer 5 is 106.45, 8.32, 2.53, and 1.49 times of rate of
layers 1, 2, 3, and 4 in the Utor typhoon; the rate of layer 5 is 15.89, 7.05, 2.42, and 1.75 times of rate of layers
1,2, 3, and 4 in the Usagi typhoon; and the rate of layer 5 is 12.03, 9.82, 4.57, and 2.24 times of rate of layers 1,
2, 3, and 4 in the Kalmaegi typhoon.

In terms of the PWV spatial (distance) increase rate, the rate of layer 5 is 14.00, 1.75, and 1.27 times of rate of
layers 2, 3, and 4 in the Utor typhoon; the rate of layer 5 is 15.00, 7.50, 2.50, and 1.88 times of rate of layers 1,
2, 3, and 4 in the Usagi typhoon; and the rate of layer 5 is 9.50, 19.00, 4.75, and 2.38 times of rate of layers 1, 2,
3, and 4 in the Kalmaegi typhoon. Examining Figure 5, we find that the PWV in Hong Kong started to
increase as the Utor typhoon was 795 km way from Hong Kong. In Figure 10, when Usagi was 821 km away
from Hong Kong, it started to impact Hong Kong's PWV. Figure 15 shows that when the Kalmaegi typhoon
was 819 km away from Hong Kong, the PWV started to increase.

Table 9 shows the PWV increase rates in temporal and spatial (distance) domain in lower layers (0-1.6 km)
and upper layers (1.6-8.5 km) in the three typhoons. Same as Table 7, the PWV increase rates were derived

The PWV Increase Rates in Temporal and Spatial (Distance) Domain in Layers 1-5 as the Three Typhoons Move Toward Hong Kong (Unit: mm/day for Temporal
Rate and mm/km for Spatial [Distance| Rate)

Utor Usagi Kalmaegi
Layer Temporal increase rate  Spatial increase rate  Temporal increase rate  Spatial increase rate ~ Temporal increase rate ~ Spatial increase rate
1 —0.053 0 0.399 0.001 1.052 0.002
2 0.678 0.001 0.899 0.002 1.289 0.001
3 2.233 0.008 2.619 0.006 2.769 0.004
4 3.795 0.011 3.628 0.008 5.659 0.008
5 5.642 0.014 6.340 0.015 12.660 0.019
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Table 9
The PWV Increase Rates in Temporal and Spatial (Distance) Domain in Lower and Upper Layers as the Three Typhoons Move Toward Hong Kong (Unit: mm/day
for Temporal Rate and mm/km for Spatial [Distance| Rate)

Utor Usagi Kalmaegi
Temporal Spatial Temporal Spatial Temporal Spatial
Layer increase rate increase rate increase rate increase rate increase rate increase rate
Lower layers (0-1.6 km) 1.606 0.004 1.793 0.005 4.877 0.002
Upper layers (1.6-8.5 km) 12.71 0.034 13.347 0.031 24.272 0.037

from 3D tomographic water vapor modeling results. It shows that the PWV temporal increase rate in the
upper layers is 7.91 times of that of lower layers in Utor typhoon; for Usagi typhoon it is 7.44 times; and it
is 4.98 times in the Kalmaegi typhoon. In terms of spatial (distance) PWV increase rate, the PWV of upper
layers is 8.50 times of that in lower layers in Utor typhoon; for Usagi typhoon it is 6.20 times; and it is
18.50 times in the Kalmaegi typhoon.

Water vapor plays a critical role in the development of severe weather events. During a typhoon period,
strong wind brings abundant moisture from the ocean to the Hong Kong region, creating a favorable condi-
tion for squally showers. The three case studies have demonstrated the impact of typhoon on PWV variation
over the Hong Kong territory. Tables 8 and 9 showed the same phenomenon: the PWV in the lower tropo-
sphere (below 1.6 km) is very stable with small PWV increase rate (temporal and spatial [distance]) and the
PWYV at the upper troposphere (1.6-8.5 km), however, increased significantly with much greater temporal
and spatial (distance) increase rates.

In addition to the characterization of the PWV increase rate (both temporal and spatial [distance]) in differ-
ent layers for the three typhoons, the 3D tomographic model has also shown the great potential to numeri-
cally quantify the impact of typhoon on PWYV. Table 10 summarizes the average PWV in the upper layers
(layers 1 to 3) before and after the typhoon impact. Before typhoon impact, the mean PWV of layer 5 in the
upper layers accounted for only 13.55% in Utor typhoon, 12.77% in Usagi, and 13.68% in Kalmaegi. With the
typhoon impact, the weight of mean PWV of layer 5 increased to 24.40% in Utor typhoon, 26.38% in Usagi,
and 21.28% in Kalmaegi. The average PWV of layer 5 increased 2.69 times because of the Utor typhoon
impact. For Usagi and Kalmaegi typhoons, the average PWV of layer 5 increased by 3.11 times and 1.81 times,
respectively. For layer 3, the average PWV increased 1.19, 1.23, and 1.03 times due to the impact of Utor,
Usagi, and Kalmaegi typhoons. For layer 4, the average PWV increased 1.46, 1.32, and 1.11 times due to
the impact of Utor, Usagi, and Kalmaegi typhoons. This clearly demonstrates the advantage of the 3D tomo-
graphy in depicting the detailed water vapor variation due to typhoons in different altitudes.

The 3D tomographic modeling method can clearly illustrate the PWV variation during the phase of each

typhoon signal issued by the HKO. Table 11 shows that the tomographic PWV observed at the HKO synoptic

station increased every time as the typhoon signal issued by the HKO escalated. In the Utor typhoon, the

mean PWV increased from 57.34 to 67.48 to 69.10 mm as the signal level escalated from no. 1 to no. 3 and

finally to no. 8. Compared with the no. 1 signal, the PWV level of no. 3

and no. 8 increased by 17.68% and 20.51%, respectively. In the Usagi

— typhoon, the mean PWYV increased from 56.05 to 66.94 to 73.15 mm as
Comparison of Average PWV in the Upper Layers (Layers 1 to 3) Before and the signal level escalated from no. 1 to no. 3 and finally to no. 8.
After the Typhoon Impact Compared with the no. 1 signal, the PWV level of no. 3 and no. 8 increased
by 19.43% and 30.51%, respectively. In the Utor typhoon, the mean PWV

Period Layer Utor Usagi Kalmaegi
increased from 59.03, 66.15, and 67.65 mm as the signal level escalated
Lfzifowis (42 pplbro o - g lax — from no. 1 to no. 3 and finally to no. 8. Compared with the no. 1 signal,
: 2:2? z(l)i 1}&2 the PWV level of no. 3 and no. 8 increased by 12.06% and 14.60%, respec-
After the typhoon impact 3 14.08 14.08 15.65 tively. This suggests that the issuance of the typhoon signals is consistent
4 12.66 12.04 12.36 with the PWV increase trend in the typhoons.
5 8.63 9.36 7.57

Tables 8 to 11 present detailed information of PWV variations in different
layers and with respect to different levels of typhoon signals, for all the

Note. For more details, see Tables 3, 5, and 7.
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Table 11

PWYV Observed at the Hong Kong Observatory Synoptic Station at Different

Periods in Three Super Typhoons

three typhoons. The increase rates of the three typhoons are basically
comparable with each other, except that the ones in Kalmaegi typhoon
are larger than the other two typhoons. It can be seen that mean PWV

Ti UEWV of UP G of - IPWV' of of no. 3 signal is higher than that of no. 1 by a percentage of 12.06% to
1me or (mm) sagl (mm) almacg! (mm) 19.43%. Comparing no. 8 signal to no. 1, the mean PWV increased by
Standby Start 52.59 47.92 57.90 14.60% to 30.51%. Though PWV variations are different in different
signalno.1  Mean 57.34 56.05 59.03 typhoons, the PWV increase trend and magnitude in the three typhoons,
e 60.74 55.88 61.71 however, are basically similar. If more typhoons are studied and more
Standby Start 60.74 55.88 61.71 ? y o p .
signalno.3  Mean 67.48 66.94 66.15 data analyses are performed in the future, it is expected that we will have
End 66.22 70.64 66.14 a better understanding of the characteristic of PWV increase under the
Standby Start 66.22 70.64 66.14 impact of typhoons. Knowing the PWV increase characteristics under
signalno.8 ~ Mean 69.10 7315 67.65 the typhoon impact will be valuable for weather forecasters to predict
End 69.62 70.25 68.37

the heavy precipitations and other linking typhoon impacts.

5. Conclusions

This paper describes the use of GPS-based tomography technique to monitor and illustrate the vertical dis-
tribution (five layers) and variation of water vapor during the evolution process of three super typhoons
between 2013 and 2014 in Hong Kong.

The PWV at five different altitudes derived from tomographic modeling is the focus of analysis. We found the
following.

1. The PWV in the lower troposphere in Hong Kong (0-1.6 km in altitude) has little change during the
whole process of super typhoons because the atmosphere is almost saturated. The PWV temporal
increase rate in layer 1 (below 0.8 km) is —0.053 to 1.052 mm/day, and in layer 2 (0.8-1.6 km), it is
0.678 to 1.289 mmy/day.

2. The PWV in the upper layers of the atmosphere (1.6-8.5 km), particularly layer 5, increased more signif-
icantly as the PWV is pushed higher by the typhoon. In layer 3 (1.6-3.0 km), the PWV temporal increase
rate is 2.233 to 2.769 mm/day; in layer 4 (3.0-5.2 km), the rate is 3.795 to 5.659 mm/day; and it is 5.642 to
12.660 mm/day in layer 5. The magnitude of the PWV temporal increase rate becomes larger as altitude
increases. Moreover, the variation range of the rate becomes larger too as altitude increases.

3. The PWV in each layer increases along with the approach of the typhoon to Hong Kong. Similar to the
temporal increase rate, the magnitude of the PWV spatial (distance) increase rate also grows with alti-
tude. In both layers 1 and 2, the spatial (distance) increase rate is quite small, in the range of 0 to
0.002 mm/km; in layer 3, the rate grows to 0.004 to 0.008 mm/km; and in layer 4, the rate even grows
to 0.008 to 0.011 mm/km. In the top layer 5, the PWV spatial (distance) increase rate becomes 0.014 to
0.019 mm/km. If jointly considering layers 3 to 5, the PWV spatial (distance) increase rate is in the range
of 0.031-0.037 mm/km as the three typhoons approached Hong Kong.

4. When the typhoons were about 795 to 821 km from Hong Kong, they started to impact Hong Kong's PWV
and the PWV started to increase.

5. Owing to the impact of typhoons, the PWV in layer 5 took a larger percentage in the upper layers. The
PWYV of layer 5 accounts for 24.40%, 26.38%, and 21.28% in Utor, Usagi, and Kalmaegi in the upper layers.
In comparison, the PWV of layer 5 accounts for just 12.77% to 13.68% in the upper layers before the
impact of the three typhoons.

This study demonstrates the effectiveness of using 3D tomographic technique to monitor atmospheric PWV
during typhoon events. Unlike the ERAS5 products, 3D tomography can obtain 3D water vapor distribution
data in real time or near real time. We have shown that the impact of typhoon events on PWV spatial and
temporal variations can be observed through monitoring the PWV accumulation, saturation, and
condensation.

Data Availability Statement

All of the data used in this study are to be stored for 5 years in the Hong Kong Polytechnic University
(PolyU), but can also be found at https://doi.org/10.6084/m9.figshare.12526238.
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