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ABSTRACT

Water vapor has a strong influence on the evolution of heavy precipitation events due to the huge latent

heat associated with the phase change process of water. Accurate monitoring of atmospheric water vapor

distribution is thus essential in predicting the severity and life cycle of heavy rain. This paper presents a

systematic study on the application of tomographic solutions to investigate water vapor variations during

heavy precipitation events. Using global positioning system (GPS) observations, the wet refractivity field was

constructed at a temporal resolution of 30min for three heavy precipitation events occurring in Hong Kong,

China, in 2010–14. The zenith wet delay (ZWD) is shown to be a good indicator in observing the water vapor

evolution in heavy rain events. The variabilities of water vapor at five altitude layers (,1000, 1000–2000,

2000–3000, 3000–5000, and .5000m) were examined. It revealed that water vapor above 3000m has larger

fluctuation than that under 3000m, though it accounts for only 10%–25% of the total amount of water vapor.

The relative humidity fields derived from tomographic results revealed moisture variation, accumulation,

saturation, and condensation during the heavy rain events. The water vapor variabilities observed by to-

mography have been validated using European Centre for Medium-Range Weather Forecasts (ECMWF)

reanalysis and radiosonde data. The results positively demonstrated the potential of using water vapor to-

mographic technique for detecting and monitoring the evolution of heavy rain events.

1. Introduction

Modern cities are increasingly vulnerable to natural

disasters such as thunderstorms, hailstorms, and torna-

dos due to urbanization and population concentration in

many developing countries, such as China. Over the past

decades, a continued increase of greenhouse gas emis-

sions due to anthropogenic activities has led to more

frequent abnormalities in climatological parameters

such as temperature, precipitation, and evapotranspi-

ration (IPCC 2014). Global warming results in dramatic

impacts on regional climate, and it is observed that the

frequency and intensity of extreme precipitation in some

regions have been escalating, implying greater prone-

ness to the risk of flooding (IPCC 2014). Flash flooding

and landslides triggered by high-intensity rainfall can

result in catastrophic casualties as well as significant

damages to urban infrastructure and agricultural pro-

duction, especially for highly populated and less de-

veloped regions (Pilon 2005; Chang and Guo 2006;

Jessup and DeGaetano 2008; Kawano et al. 2008).

Consequently, reliable forecasting of the development

and life cycle of extreme precipitation events is of great

significance for natural hazard mitigation in urban

regions.

All the basic weather phenomena we experience ev-

eryday such as cloud, drizzle, rain, snow, sleet, and hail

are intimately associated with atmospheric water vapor

(Mohanakumar 2008; Ahrens and Samson 2011). In

addition, the latent heat carried by water vapor, which is

released into air during the process of condensation

(vapor to liquid water) and deposition (vapor to ice), is

an important source of atmospheric energy trans-

portation and serves as the fuel for storms (Ahrens and

Samson 2011). Thus, water vapor distribution plays a

crucial role in the evolution of atmospheric storms andCorresponding author e-mail: Zhizhao Liu, lszzliu@polyu.edu.hk
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the vertical stability of the atmosphere (Bevis et al. 1992;

Troller 2004; Ahrens and Samson 2011). Although all

the intricacies that cause a precipitation event are not

fully understood yet, one well-known prerequisite is that

there should be enough water vapor in the atmosphere

to condense onto condensation nuclei (e.g., salt and

dust) to create raindrops (Ahrens and Samson 2011).

Accurate measurements of water vapor distribution in

spatial and temporal domains can thus contribute to

determining the initiation and intensity of heavy

precipitation events.

To acquire atmospheric water vapor measurements, a

number of technologies, such as radiosonde and water

vapor radiometer, have been developed (Niell et al.

2001; Li 2003; Ning et al. 2012; Liu et al. 2013). In recent

years, global navigation satellite system (GNSS) mete-

orology has become a focus of research for weather

analysis and forecasting due to its low operational cost,

consistently high accuracy, and all-weather operability

(Bevis et al. 1992; Rocken et al. 1993; Duan et al. 1996;

Flores et al. 2000; Van Baelen et al. 2011; Manning et al.

2012; Brenot et al. 2013; Labbouz et al. 2013). GNSS

meteorology cannot only retrieve precipitable water

vapor (PWV) over individual GNSS stations (Duan

et al. 1996; Elgered et al. 1997; Tregoning et al. 1998; Lee

et al. 2013) but also reconstruct water vapor spatio-

temporal distribution over a large area using the tomo-

graphic technique (Bender et al. 2011a; Bi et al. 2006;

Brenot et al. 2014; Champollion et al. 2005; Flores et al.

2000; Jiang et al. 2014; Notarpietro et al. 2011; Rohm

and Bosy 2009; Troller et al. 2006). Using a considerable

number of slant wet delays (SWD) collected from a

network of GNSS stations and the tomographic

technique, a three-dimensional regional field of atmo-

spheric wet refractivity can be reconstructed with a

spatial resolution of several kilometers and a temporal

resolution of tens of minutes (Lutz 2009; Bender et al.

2011b; Perler et al. 2011; Rohm et al. 2014). Wet re-

fractivity is an important parameter for measuring water

vapor in the atmosphere. Therefore, monitoring the

spatial structure and temporal behavior of atmospheric

wet refractivity has significant implication for severe

weather monitoring and very short-range forecasting

(Zhang et al. 2015).

Water vapor data such as wet refractivity field and

PWV estimated from GNSS observations contain valu-

able information about the spatiotemporal variation of

weather elements in meteorological event studies. Van

Baelen and Penide (2009) investigated the vertical var-

iability of water vapor during a 1-month experiment

using PWV derived from three GPS stations located at

various altitudes. They indicated that PWV variations in

different layers could reveal the process of cloud

formation before the advent of rain. Van Baelen et al.

(2011) also examined the role of water vapor in pre-

cipitation life cycles and demonstrated that water vapor

plays a predominant role in the evolution of pre-

cipitation. Their studies also showed a contribution of

GPS tomographic results to the interpretation of con-

vection events. Based on the statewide GPS network in

Australia, Manning et al. (2012) presented a study of

detecting severe weather using GPS tomography. They

found that the life cycle of severe convective thunder-

storms was strongly associated with the evolution of

tomographic wet refractivity fields. A systematic study

reported by Brenot et al. (2013) showed that GNSS

tropospheric delays and horizontal delay gradients can

be exploited to characterize the water vapor field during

rainfall events. A significant increase followed by a de-

crease of tropospheric delay before a deep convective

initiation was observed. Based on this finding, they

successfully developed a strategy for providing the

precursor to the initiation of a deep convection event.

Recently, Labbouz et al. (2013) conducted a study on

the leeside precipitation over mountainous regions.

Analytical results indicated that low-level water vapor

accumulation and convergence could be seen as pre-

cursor to the initiation of convection. Their study also

demonstrated that GPS tomographic results could well

reveal the moisture variation before the onset of

precipitation.

Located at the coast of the South China Sea, Hong

Kong, China, is a highly populated metropolis with a

typical monsoon-influenced humid subtropical climate

(Peel et al. 2007; Liu et al. 2014). In winter, it is affected

by cool northeast monsoons that make the local weather

rather cool and dry. In summer, the air over the Asian

continent is warmer than that over ocean; a shallow low

pressure area thus develops over the continental inland

(Ahrens and Samson 2011). The pressure gradient force

drives warm and moist air from ocean to the continent.

As a result, Hong Kong experiences a hot and humid

summer with high frequencies of heavy showers and

thunderstorms. In addition, Hong Kong has undergone

increased extreme precipitation events, which are likely

related to the global warming and continued urbani-

zation over the past several decades, leading to higher

instabilities and unpredictability in local weather

forecasting (Hong Kong Observatory 2016a). Thus,

improving the capacity of forecasting extreme pre-

cipitation events in the Hong Kong region is of great

significance. In this study, we use our newly developed

GPS tomographic technique to detect water vapor

variations during the formation, life cycle, and dissi-

pation of heavy precipitation events. This paper is

structured as follows. A detailed description of SWD
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retrieval and the principle of water vapor tomography

are given in section 2. Section 3 presents three case

studies to investigate the relationship between the

evolution of heavy precipitation and water vapor var-

iations in Hong Kong. The conclusions and remarks are

given in section 4.

2. Data and method

a. Retrieval of SWD from GPS data

As part of the atmosphere, the troposphere contains

almost all of the water vapor and accounts for approxi-

mately 80% of atmospheric mass. When GNSS signals

travel through the troposphere, the speed will be reduced

and the direction of the rays will be deflected (Mendes

1999; Sudhir 2003). This in turn causes a delay, which is

often referred to as the tropospheric delay in GNSS

measurements. This tropospheric delay is composed of

two parts: a hydrostatic component that is related to the

total atmospheric pressure and a wet component deter-

mined by the water vapor partial pressure. Many GNSS

data processing software packages, such as Bernese

(Dach et al. 2007), GNSS-Inferred Positioning System

(GIPSY; Webb and Zumberge 1997), GPS Analysis at

Massachusetts Institute of Technology (GAMIT;Herring

et al. 2010) and Positioning and Navigation Data Analyst

(PANDA; Li et al. 2015) can be exploited to accurately

estimate the tropospheric delay. In this study, we employ

the Bernese GNSS software (Dach et al. 2007) to process

the GNSS data in which the slant tropospheric delay

(STD) is modeled as

STD5 (ZTD
apr

1 ZTD
est
)f (z)1

›f

›z
[G

N,W
cos(f)

1G
E,W

sin(f)], (1)

where ZTDapr (mm) is the a priori zenith tropospheric

delay (ZTD), which can be calculated using an empir-

ical tropospheric model; ZTDest (mm) is a correction to

the ZTDapr that is estimated during data processing;

f(z) refers to the wet mapping function and the Niell

mapping function (Niell 1996) is used in the Bernese

software; z is theGNSS satellite zenith distance;GN,W(mm)

and GE,W(mm) are the north and east components of

the wet delay gradient, respectively; and f is the satel-

lite azimuth angle. The exploitation of the gradient can

account for the anisotropy of the local troposphere,

which has a nonnegligible impact on GNSS measure-

ments, particularly at low elevations. To obtain hu-

midity information, the slant hydrostatic delay (SHD;mm)

needs to be subtracted from the STD, yielding the

SWD (mm),

SWD5 STD2 SHD1R5 (ZTD2ZHD)f (z)

1
›f

›z
[G

N,W
cos(f)

1G
E,W

sin(f)]1R , (2)

where ZTD—that is, ZTDapr 1 ZTDest in Eq. (1)—is

directly output from the software. The zenith hydro-

static delay (ZHD; mm) can be obtained using an em-

pirical model such as the Saastamoinen hydrostatic

model (Saastamoinen 1972) with measured pressure at

the surface. The R refers to the postfit residuals, which

account for the errors solely due to using the gradient

terms tomodel the anisotropic part of water vapor in the

troposphere (Bi et al. 2006). The used postfit residuals

are the zero-difference residuals that are extracted from

the double-difference residuals output from the Bernese

software by using the method proposed by Alber et al.

(2000). The postfit residuals may contain unmodeled

errors in GPS observations, such as the multipath noise.

However, it is necessary to add the residuals, and the

noise introduced into the tomography is usually below

the formal uncertainty of the observations (Flores et al.

2000). To minimize the multipath effects, GPS obser-

vations with elevation angles lower than 108 are rejected
in the tomography.

b. Reconstruction of wet refractivity field with
tomography

Along the ray path from a receiver to a satellite, the

relationship between the SWD and wet refractivity can

be expressed as

SWD5

ð
l

N
w
d
l
, (3)

where Nw (mmkm21) is the wet refractivity and l is the

ray path (km) of the signal through the troposphere. A

cutoff elevation angle of 108 is employed and the impact

of ray bending can be neglected (Jiang et al. 2014). As a

result, l is often regarded as a straight line in the to-

mography. During a period of time (e.g., 30min), a large

number of SWDs can be obtained from a ground GNSS

network, such as the GPS network in Hong Kong shown

in Fig. 1. These SWDs contain valuable information of

water vapor and interweave in the space across different

directions.

To retrieve the wet refractivity field from the GNSS-

derived SWDs, the space over the network is discretized

into a number of voxels and it is assumed that water

vapor in each voxel is invariable and evenly distributed

during a tomographic modeling period (e.g., 30min).
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After the discretization of the troposphere, each SWD

can be regarded as a summation of all segments that

cross through those voxels along the SWD path. Thus,

Eq. (3) can be approximated by

SWD5 �
n

i51

N
wi
d
i
, (4)

where n is the number of voxels crossed by the SWD,

Nwi
is the wet refractivity in the voxel i, and di (km) is the

length of the ray path within the voxel i. Stacking all the

SWDs in the period of tomographic modeling (30min in

this study), a linear system between the SWDs and the

wet refractivity field is established,

y
SWD

5Ax , (5)

where ySWD is the vector of SWD measurements, A is

the design matrix composed of the length of the ray in-

tercepted by each voxel, and x is the unknown param-

eter vector containing the wet refractivity of all voxels.

Because of the geometric limitation of GNSS mea-

surements for the tomographic modeling, some of the

voxels are not intercepted by any GNSS rays. Thus, the

design matrix A is rank deficient and ill conditioned

(Bender and Raabe 2007; Rohm et al. 2014). To solve

this problem, pseudo-observations are usually introduced

to constrain such voxels in the tomographic estimation

system. In this study, two types of pseudo-observations

are introduced: 1) in the horizontal domain, pseudo-

observations are obtained by assuming that wet re-

fractivity in horizontal voxels is equal to the average of

its horizontal neighbors, which is a horizontal intervoxel

constraint; 2) in the vertical domain, the pseudo-

observations are defined as the a priori information de-

rived from 3-day radiosonde prior to the tomographic

time (Bi et al. 2006). Combining the pseudo-observations

with SWD measurements, the new observation equation

system becomes

2
4 y

SWD

y
r

0

3
55

2
4A

V

H

3
5� x , (6)

where V and H are the coefficient vertical and hori-

zontal intervoxel constraints, respectively; and yr is the

3-day radiosonde measurements. The wet refractivity

field can be estimated by least squares. Finally, the

multiplicative algebraic reconstruction technique (MART)

is used to improve the solution from the least squares, as

described in (Chen and Liu 2014).

The Lands Department of the Government of Hong

Kong Special Administrative Region (HKSAR) has

been operating the Hong Kong Satellite Positioning

Reference Station Network (SatRef) since 2000 (Chan

and Li 2007). This network consists of 12 GPS stations

and their locations are shown in Fig. 1. All the stations

collect data at a 5-s sampling rate. In this study, we

adopted the method developed in Chen and Liu (2014)

FIG. 1. Location of the 12 GPS stations (triangles) and the 1 radiosonde station (star) in

Hong Kong.
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to perform the voxel discretization. This optimization

method consists of four components: 1) top boundary

determination, 2) horizontal boundary optimization,

3) vertical layer discretization, and 4) selection of opti-

mal vertical and horizontal resolutions. The top bound-

ary of the tomographic model is set to 8.5km, which

is derived from a statistical study of 40-yr radiosonde

data, indicating the atmosphere above 8.5km in Hong

Kong can be regarded as dry air (Liu et al. 2014). The

horizontal boundary optimization is achieved by moving

the voxel location in latitude and longitude until the

maximum number of voxels with ray crossings is reached.

For the vertical layer discretization, the layer thickness

increases with altitude considering the atmospheric

physical property that the water vapor content decreases

with the altitude. Based on extensive experiments, an

optimal resolution of 0.088 (about 8.5km) for the hori-

zontal voxel discretization (both latitude and longitude

directions) is determined (Chen and Liu 2014). In the

vertical direction, from the surface to the top boundary,

15 nonuniform vertical layers are discretized (Chen and

Liu 2014) with the thickness of 400m for the bottom

five layers, 500m for the next four layers, 600m for the

next three layers, 700m for one layer, and 1000m for

the top two layers. To characterize the dynamic water

vapor variations during heavy precipitation, the water

vapor tomography is performed every 30min. For some

heavy rain events, air masses will traverse a voxel very

quickly (e.g., 10min) and precipitation patterns can

change very abruptly. Under this circumstance, a time

resolution of 30min may not be high enough to cap-

ture the rapid variation of water vapor. However, to

obtain a reliable solution to the tomographic water vapor

field determination, a period of 30min is needed in order

to get enough GNSS observations in tomographic mod-

eling. The choice of 30min is thus a trade-off between

getting a reliable tomographic solution and getting a

reasonable time resolution to characterize water vapor

dynamics. The time resolution of tomography may be

enhanced by densifying the GNSS network and in-

troducing observations fromotherGNSS systems, such as

Beidou and Galileo.

3. Evolution of water vapor during heavy
precipitation events

This work will focus on the study of water vapor

variation during heavy precipitation events in Hong

Kong. The rainstorm warning system in Hong Kong has

three warning levels, classified by the Hong Kong Ob-

servatory (HKO) according to hourly rainfall recorded

or expected to fall in Hong Kong. They are, namely,

Amber (.30mmh21), Red (.50mmh21), and Black

(.70mmh21) (Hong Kong Observatory 2016b). To

study how water vapor field evolves during the life cycle

of heavy precipitation events, three heavy precipitation

events (each .50mmh21) that occurred on 22 July

2010, 21 May 2013, and 30 March 2014 were selected.

How the water vapor field evolves in each heavy pre-

cipitation event will be examined in the following sec-

tions. The voxel column above the HKO synoptic

station (22.308N, 114.178E) will be used to study the

vertical variation of atmospheric water vapor during the

heavy rain. This is because 1) this synoptic station has

recorded adequate rainfall measurements at a temporal

resolution of 30min and 2) the radiosonde station is also

located within this voxel. Radiosonde can provide water

vapor data for a direct comparison with the tomography.

In the analysis, the total zenith wet delay (ZWD), ZWD

at five altitude layers (,1000, 1000–2000, 2000–3000,

3000–5000, and.5000m), and the relative humidity (RH)

are examined to characterize the water vapor variations.

ZWD of a certain layer can be derived from an integral of

the tomographic wet refractivity and the vertical distance

of each voxel. The RH can be calculated from

RH5 100
e

e
s

, (7)

where e is the water vapor partial pressure converted

from the tomographic wet refractivity by

e5
T 2N

w

22:9721T1 375 463
; (8)

and es is the saturation vapor pressure computed from

(Ross and Elliott 1996)

e
s
5 6:1121(1:00071 3:463 1026P)

3 exp

�
[18:7292 (T2273:15)/227:3](T2273:15)

T2 15:28

�
,

(9)

where P and T are the total atmospheric pressure (hPa)

and temperature (Kelvin), respectively, which are pro-

vided by the numerical weather prediction model of

Hong Kong (Wong 2010).

a. Case study 1: 22 July 2010

On 19 July 2010, Typhoon Chanthu formed as a

tropical depression over the central South China Sea,

about 900 km southeast of Hong Kong. It gradually

moved toward the Hainan Province, China, and in-

tensified into a typhoon early on 22 July 2010 (Hong

Kong Observatory 2011). In the afternoon local time of
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this day, Chanthu made landfall in the southwest of

Guangdong Province, China (see Fig. 2). It gradually

weakened into a tropical depression as it moved across

the Guangxi Autonomous Region on 23 July 2010.

During the typhoon, at least seven casualties in

Guangdong and Hong Kong were reported and more

than 2900 houses were destroyed by the rainstorms. The

total amount of economic losses was up to about 2.21

billion RMB (Hong Kong Observatory 2011).

Chanthu caused enormous impacts on Hong Kong

though it did not directly pass through Hong Kong. The

heavy rain started from 0700UTC (hereinafter, all times

are in UTC, local time 5 UTC 1 8) and ended at 1030

22 July 2010. During the 3.5 h, a rainfall of 169mm was

recorded at the HKO synoptic station. Especially during

the 2-h period from 0830 to 1030, about 150mm of

rainfall were recorded. According to the European

Centre for Medium-Range Weather Forecasts

(ECMWF) interim reanalysis (ERA-Interim) products

(Dee et al. 2011) with a horizontal resolution of 0.58, the
meteorological synopsis over southern China at 0600

(prior to heavy rain) and 1200 (after heavy rain) 22 July

2010 is shown in Fig. 3. The geopotential height contours

in black at 500 and 850 hPa indicate Chanthu over the

western coastal areas of Guangdong Province. The filled

contours show RH at 500 and 850 hPa. It can be seen in

Figs. 3a and 3b that the air aloft at 500 and 850hPa

around Chanthu has relatively higher RH, which in-

dicates higher water vapor content than other regions.

At 1200, the typhoon moved northwestward into the

Guangxi Autonomous Region (Figs. 3c and 3d). Com-

paring Figs. 3c and 3a, it can be observed that water

vapor over the region covered by Chanthu and theHong

Kong region experienced decreases at the 500-hPa level.

However, as shown in Figs. 3b and 3d, the region with

high RH (.90%) extended significantly at the 850-hPa

level. In the Hong Kong region, RH increased quickly

from 80%–85% to 90%–95%. In addition, the wind

fields are also presented with red arrows. Over Hong

Kong, strong southeasterly and southerly winds with

speeds of about 15–25ms21 persisted. Figure 4 shows

the vertically integrated moisture flux divergences

(mmday21) and the vertically integrated water vapor

transport (IWT; kgm21 s21) derived from ERA-Interim

FIG. 2. Synoptic weather chart showing Typhoon Chanthu at 0000 22 Jul 2010.
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products. At 0600 UTC 22 July, 1 h before the heavy

rain, high moisture convergences of 30–40mmday21

occurred over Hong Kong. A large amount of moisture

from the South China Sea flowed into Hong Kong with

IWT values of ;1000kgm21 s21. The magnitude of mois-

ture convergencedecreased greatly at 1200. ItwasTyphoon

Chanthu that brought abundant warm and humid air and

resulted in severe precipitation in Hong Kong.

The temporal resolution of the ECMWF data is 6 h;

thus, ECMWF cannot characterize the water vapor

variations during the heavy rain. To examine the water

vapor evolution during this heavy precipitation event,

FIG. 3. Isobaric analysis at (a),(c) 500 and (b),(d) 850 hPa at 0600 and 1200 22 Jul 2010, respectively, over southern

China. Black contours represent the geopotential heights (gpm). Color shading represents RH (%). Red arrows are

wind vectors with the scale at bottom left in each panel. Meteorological data are derived from ERA-Interim

products.

FIG. 4. Vertically integrated moisture flux divergences (mmday21) from ERA-Interim products for epochs

(a) 0600 and (b) 1200 22 Jul 2010. Black arrows present IWT vectors (kgm21 s21), with the scale at the bottom left

of each panel.
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the 3D wet refractivity field was constructed using the

tomographic technique with a temporal resolution of

30min. The RH was then converted from the wet re-

fractivity according to Eqs. (7)–(9). SWDs retrieved

from SatRef during 21–23 July 2010 are the measure-

ments of the tomography.

Figures 5a–c show the evolution of RH profiles, total

ZWD, and ZWD at five layers over the HKO synoptic

station during the period from 1800 21 July to 1800

22 July 2010, respectively. Significant fluctuations are

observed during the period, and the RH is very high in

layers below 1000 and above 4000m, approaching sat-

uration. Figure 5a also shows the rainfall gauged at the

HKO synoptic station with a temporal resolution of

30min (see the blue bar). We can see that the rain

started from 0700 and the heavy precipitation began at

0830 and lasted for 2 h until 1030. A more detailed il-

lustration of the evolution of RH profiles during the

heavy rain period of 0730–1100 22 July can be found in

Fig. 6. Subgraphs tagged with ‘‘a’’ and ‘‘b’’ refer to the

RH sections along the longitude of 114.178E (south–

north section) and latitude of 22.308N (west–east sec-

tion), respectively. Examining Fig. 5b, we can observe

that the variation of the total ZWD is consistent with

that of the RH. Approximately 10 h (i.e., 2200 21 July)

prior to the precipitation event, the total ZWD began to

increase from about 380 to around 460mm at 0800

22 July, then it underwent a quick decrease to 430mmby

0900 22 July, followed by a slight increase. Around 1000,

it suddenly increased to 479mm and then dropped

quickly to 417mm at 1100. Figure 6 captures more de-

tails of this variation. In Figs. 6a, 6b, 7a, and 7b, we can

FIG. 5. Evolution of (a) tomographic RH profiles; (b) total ZWD from tomography (black), ECMWF (blue), and

radiosondemeasurements (red asterisks); and (c) ZWD in five layers every 30min from 1800 21 Jul 2010 to 1800 22

Jul 2010 over the HKO synoptic station. In (a), short blue horizontal line segments show the rain gauge measured

rainfall every 30min with values on the right vertical axis.
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observe a significant increase in RH at various heights,

which is likely associated with the inflow of moisture.

Afterward, in Figs. 8a and 8b, water vapor depletion

possibly due to the generation of hydrometeors is

clearly seen at altitudes between 4000 and 6000m.

Generally, the total ZWD increased prior to pre-

cipitation and decreased during the pouring rain.

The total ZWD derived from the ECMWF, presented

in Fig. 5b (dashed lines with hollow signs), shows a

trend similar to the tomographic ZWD, though large

differences exist at epochs of 1800 21 July and

0600 22 July. The large discrepancies are probably

due to the unsatisfactory performance of ECMWF,

especially at epochs when no radiosonde observations

are available for the data assimilation. For epochs

when radiosonde data (asterisks) were available, as

seen in Fig. 5b, the three kinds of observations show a

good agreement. As mentioned before, the average

measurement of radiosondes during the 3 days prior

to the tomographic time is used to constrain the ver-

tical voxels. Radiosonde observations made at the

tomographic time are not involved in tomography.

Therefore, radiosonde can be seen as independent mea-

surements to assess the tomographic solutions, and their

good agreement demonstrates the high performance of

tomography.

FIG. 6. (top left to bottom right) Evolution of tomographic RH profiles (%) every 30min from 0730 to 1100 22 Jul 2010. Panels tagged

with an a(b) refer to the RH sections along the longitude of 114.178E (the latitude of 22.308N).
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Figure 5c presents the tomographic ZWD at five

vertical layers, but the ECMWF and radiosonde cannot

show such vertical variations with time due to their

relatively low temporal resolution. It can be observed

that a large ZWD variation with time mainly occurred

above the altitude 3000m, referring to the green and red

lines. This is clearly shown in Fig. 6, as large RH dis-

turbances mainly occurred at altitudes above 3000m. As

seen in Fig. 5c, 2 h prior to the rain (i.e., 0500 22 July),

ZWDs below the altitude of 1000m (the pink lines)

showed an evident increase, while ZWDs in the other

four layers are characterized as fluctuations. From 0200

to 0730, ZWDs above 5000m (the red lines) increased

significantly from ;80 to ;120mm, which is probably

due to a massive amount of water vapor flowing into the

upper air over Hong Kong, as suggested by Figs. 3 and 4.

It is interesting to see from Fig. 5c that water vapor

below 5000m decreased slightly during the period from

0700 to 0730. However, water vapor above 5000m at this

moment showed a remarkable increase. Within the

30min from 0730 to 0800, the ZWD above 5000m

dropped quickly, while the ZWD below 5000m showed

an evident increase. This phenomenon also occurred

during the period 0800–1000, when the rain was heavy.

The ZWD above 5000m also experienced a strong in-

crease, followed by a quick decrease and vice versa for

the ZWD below 5000m. This phenomenon may be due

to the inflow of humid air from Typhoon Chanthu to

Hong Kong. And then the water vapor aloft condensed

into raindrops and sank into the lower layers, while

some of them evaporated again with the temperature

increase. This speculation can be supported by Fig. 6 to

some extent. From Figs. 4a and 4b to 5a and 5b, RHs

above 6000m decreased obviously, while high RH

(.85%) regions spread below 6000m. This process im-

plies the creation of raindrops through water vapor

condensation. After the heavy rain event, the water

vapor above 3000m decreased quickly, while water va-

por below 3000m did not show any decrease.

b. Case study 2: 21 May 2013

On 21 May 2013, influenced by a trough of low pres-

sure lingering over the coast of Guangdong Province

(see Fig. 7), HongKong suffered several torrential rains,

FIG. 7. Synoptic weather chart at 0000 22 May 2013.
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which caused major floods and massive landslides in

some places. During the period from 1600 21 May to

0600 22 May 2013, the HKO synoptic station gauged a

rainfall of 190mm. During 1930–2030, very heavy pre-

cipitation of 102mm was recorded and HKO issued the

first Black Rainstorm Warning of 2013. Figure 8 pres-

ents the meteorological synopsis over southern China at

1800 21 May and at 0000 22 May at two pressure levels:

500 and 850hPa. It can be observed that the air over

Hong Kong and the surrounding regions was very

humid. Water vapor over Hong Kong decreased slightly

at both pressure levels within the 6 h from 1800 21 May

to 0000 22 May. The wind field information showed that

strong southwesterly winds occurred over Hong Kong.

Combined with the moisture flux divergences and IWT

fields presented in Fig. 9, it is clear that the strong winds

brought water vapor from the southwest to Hong Kong.

The tomographic technique provides a potent tool for

investigating water vapor spatiotemporal variation for

the development, evolution, and dissipation of this severe

FIG. 8. As in Fig. 3, but for 1800 21 May and 0000 22 May 2013.

FIG. 9. As in Fig. 4, but for (a) 1800 21 May and (b) 0000 22 May 2013.
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precipitation event. In Fig. 10a, the focus is on the pre-

cipitation event beginning at 1730 21 May, and the tor-

rential rain started 2h later and lasted 1.5h, 1930–2100.

In Fig. 10b, we can see that preceding the heavy pre-

cipitation, the total ZWD continuously increased from

340mm at 0700 21 May to 420mm by 1930. At the peak

time (1930), torrential rain occurred, followed by a

quick decrease of the total ZWD. Within 5 h following

2100, the total ZWD fluctuated, while the heavy rain

weakened to drizzle, and it decreased quickly after

the end of precipitation (0200 22 May). As shown in

Fig. 10b, the tomographic ZWDs were well validated by

the radiosonde-measured ones. The trend of the total

ZWD derived from ECMWF generally agreed with the

tomographic results. Figure 10c depicts ZWD time se-

ries at five vertical layers. During the 10h before the rain

started at 1730 21 May, water vapor above 3000m in-

creased greatly with respect to that below 3000m. In the

layer below 1000m, as shown in Fig. 10c, the ZWD

reached the maximum at 1800, when the rain just began.

Unlike the total ZWD, the ZWD below 1000m stopped

increasing and decreased quickly during the pouring

rain. ZWDs between 1000–2000m kept steady. The

total ZWD increased during 1800–2000 21 May mainly

in the layers between 2000–5000m. Water vapor above

5000m showed a slow decrease followed by a sudden

increase during 1800–2000 21May. The ZWDdecreased

during the heavy rain could be explained as follows:

a considerable amount of water vapor condensed into

water droplets that are not interactive with GPS sig-

nals. For a closer examination during the heavy rain, as

shown in Figs. 11(2a), (2b), (3a), (3b), (4a), and (4b), an

evident RH decrease can be observed in most altitudes

as bluish and yellowish regions expanded. This variation

indicates the generation of raindrops through conden-

sation, and perhaps also linked with the washing of the

FIG. 10. As in Fig. 5, but for 0600 21 May to 0600 22 May 2013.
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lower atmosphere while pouring rain. In the subsequent

5 h (from 2100 21 May to 0100 22 May) after the heavy

precipitation, light rain continued and water vapor in

different layers still showed a number of fluctuations.

This indicated that the atmosphere was in an unstable

condition and precipitation continued to occur. Once

the precipitation stopped, it could be found from

Fig. 10c, 0200–0600 22May, that water vapor in different

layers gradually decreased toward a steady state.

c. Case study 3: 30 March 2014

At the end of March 2014, an active trough of low

pressure (Fig. 12) dominated southern China and

brought several episodes of heavy rains and intense

thunderstorms to Guangdong Province. Figure 13 shows

themeteorological synopsis over southern China at 1200

and 1800 30 March 2014. Figures 13a and 13c show that

the air at the 500-hPa level over the Hong Kong region

was dry and that very strong westerly winds persisted.

However, at the 850-hPa level the region was covered by

warm, moist air and dominated by strong southwesterly

winds. Figure 14a shows that large moisture conver-

gence occurred north of Hong Kong and Hong Kong

had moisture flux convergence of 20–30mmday21 at

1200. The low-level wind transported the moisture

from the southwest to Hong Kong with IWT values of

;900 kgm21 s21. In Fig. 14b, 3 h after the heavy rain,

large moisture divergences occurred in Hong Kong. On

FIG. 11. As in Fig. 6, but from 1930 to 2300 21 May 2013.
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this day, heavy precipitation and widespread hails

lashed Hong Kong. Over a period of 3–4 h, more than

100mm of rainfall were recorded in most areas of Hong

Kong. A Black Rainstorm Warning was issued at 1240.

This was the first time HKO issued a Black Rainstorm

Warning for a month of March since the Rainstorm

Warning System was officially introduced in 1992.

During 1300–1400, the HKO synoptic station measured

an hourly rainfall of 56mm, which set the highest record

for a month of March since 1884. The abrupt heavy

precipitation event resulted in many flash flood events in

Hong Kong and caused significant economic losses.

Figure 15 shows the evolution of water vapor dur-

ing the period from 0600 29 March to 0000 31 March.

The two vertical blue lines in Figs. 15b and 15c indicate

the heavy rain that occurred between 1100–1500

30 March. As shown in Fig. 15b, tomographic ZWDs

basically agreed well with those measured by radio-

sonde. Large discrepancies between tomography and

ECMWF occurred at epochs of 0600, 1200, and 1800

30 March, which are most likely because ECMWF was

unable to reproduce the large variations of water vapor

at high layers (above 5000m) during the heavy rain. We

can see the total ZWD increased from about 290mm at

the initial time 0000 30 March to about 330mm within

10h. During this heavy precipitation event, the total

ZWD quickly increased, followed by a rapid decrease.

Then, it began to decrease until the precipitation

stopped at 1500 30March, which was similar to the other

two events described in the abovementioned sections.

Examining Fig. 15c, it is interesting to see that water

vapor above 5000m experienced very sharp fluctuations

during 1200–1500 30 March. Ten hours prior to the

heavy rain (0000–0200 30 March), ZWDs above 5000m

lingered around 20mm. They reached about 120mm at

around 1330 during the heavy precipitation event. A

better visual description of RH variation is provided in

Fig. 16. Delicate increases and decreases in RH, which

are related to water vapor accumulation and depletion,

respectively, can be observed. As shown in the plots

labeled 3a, 3b, 4a, 4b, 5a, and 5b in Fig. 16, not all the

regions above 5000m experienced remarkable water

vapor increases during 1230–1330, while obvious RH

decreases occurred in some sections. This reveals a

FIG. 12. Synoptic weather chart at 0000 30 Mar 2014.
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rather unstable atmospheric condition during the pour-

ing rain, and the observed quick ZWD increase above

5000m over the HKO synoptic station was very likely

due to moisture inflow from other places. In addition, in

Fig. 15c, ZWD between 3000 and 5000m also displayed

great variations. During the period 1200–1330 30March,

the ZWD above 5000m increased remarkably from 45

to 118mm, while the ZWD below 5000m underwent a

decrease–increase–decrease process. As revealed in

Fig. 15a, the air above 5000m was saturated during the

heavy rain, providing abundant water for the heavy

precipitation. When the ZWD above 5000m reached

the maximum, a severe rain occurred with a rainfall of

about 48mm per 30min. With the heavy rain pouring,

the ZWD decreased rapidly. The southwesterly flow at

850 hPa shown by the reanalysis data at 1200 in Fig. 13a

depicted a high moisture area passed over the inland

area associated with the perturbed westerly flow at

500 hPa. Strong southwesterly moisture transport over

Hong Kong can be observed in Fig. 14. The mesoscale

FIG. 13. As in Fig. 3, but at 1200 and 1800 30 Mar 2014.

FIG. 14. As in Fig. 4, but for (a) 1200 and (b) 1800 30 Mar 2014.
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development of a storm environment over the coastal

areas of Guangdong Province was supported by the in-

crease in local water vapor as revealed from the GPS

tomography data.

4. Discussion and conclusions

Water vapor plays a critical role in the development

of severe weather events such as heavy precipitation.

Accurate information of water vapor distribution has

significant implications in the detection of atmospheric

stability and forecasting of the evolution of severe

weather events. Water vapor tomography has been

demonstrated to be a powerful technique for retrieving

highly dynamic water vapor distribution in both space

and time domains. It has been demonstrated that it is

possible to monitor the evolution of water vapor during

the development, evolution, and dissipation stages of a

severe weather event.

This paper studied the evolution of water vapor dur-

ing three heavy precipitation events that occurred in

Hong Kong on 22 July 2010, 21 May 2013, and 30 March

2014. All the three events recorded hourly rainfall ex-

ceeding 50mm. Using the SWDs derived from the Hong

Kong GPS network, 3D atmospheric wet refractivity

fields were tomographically reconstructed for these

heavy precipitation events. The total ZWDs over the

HKO synoptic station as well as the ZWDs at five alti-

tude layers (,1000, 1000–2000, 2000–3000, 3000–5000,

and .5000m) were derived from the tomographic re-

sults. They were compared with the moisture contents

and convergence diagnosed from the ERA-Interim

data. The water vapor variations detected by the to-

mography were validated by the ECMWF and radio-

sonde in Hong Kong.

From the analysis of water vapor variability during the

three heavy precipitation events, several conclusions

can be drawn as follows. First of all, the total ZWD in all

FIG. 15. As in Fig. 5, but from 0000 30 Mar to 0000 31 Mar 2014.
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three events exceeded 400mm prior to the com-

mencement of heavy rain. In addition, although the

amount of water vapor above 3000m accounts for only

10%–25% of the total water vapor in Hong Kong (Liu

et al. 2014), it shows larger variations than that below

3000m during heavy precipitation events. The fluctu-

ations in the total ZWD are largely attributed to the

water vapor variations in the layers above 3000m. In

the 22 July 2010 and 30 March 2014 events, we ob-

served that the ZWD above 5000m approached an

amount of 120mm prior to the heavy precipitation.

In the 21 May 2013 event, the ZWD in the layer at

3000–5000m experienced a significant increase with its

maximum reaching 95mm. It is also notable that water

vapor in the layer at 1000–3000m generally remained

stable and did not fluctuate as much as those below

1000 or above 3000m. The remarkable water vapor

fluctuations in the altitude layers above 3000m can be

seen as precursors to heavy precipitation.

The work has demonstrated the capability of using

the tomographic technique to monitor atmospheric

water vapor with a high spatiotemporal resolution,

through reconstructed wet refractivity fields. With ad-

ditional pressure and temperature information, wet

refractivity can be converted toRH. The variations ofRH

fields can reveal water vapor accumulation, saturation,

FIG. 16. Evolution of tomographic RH profiles every 30min from 1130 to 1500 30 Mar 2014. Plots labeled with ‘‘a’’ refer to RH sections

along the longitude of 114.178E. Plots labeled with ‘‘b’’ refer to the RH sections along the latitude of 22.308N.
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and condensation. By monitoring water vapor variations

at different altitude layers, it is possible to reveal water

vapor motions among different layers and thus to detect

atmospheric stability. The characteristics of water vapor

variations at different altitude layers can be exploited to

detect many atmospheric processes. This study presents

several positive findings from tomographic results that

can be an important meteorological data source for

detecting heavy precipitation events.
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