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�e time series of precipitable water (PW) in 30min intervals has been determined through experimentation and operational
application of a ground-based global positioning system (GPS) network in Chengdu Plain, which is used for precise and reliable
meteorological research. �is study is the �rst to apply PW to the southwest vortex (SWV) and heavy rain events by using the data
from an intensive SWV experiment conducted in summer 2010. �e PW derived from the local ground-based GPS network was
used in the monitoring and analysis of heavy rain caused by the SWV and the Tibetan Plateau vortex (TPV). Results indicate that
an increase in GPS precipitable water (GPS-PW) occurs prior to the development of the TPV and SWV; rainfall occurs mainly
during high levels of GPS-PW. �e evolution features of GPS-PW in rainfall process caused by dierent weather systems over the
Tibetan Plateau (TP) also dier. �ese results indicate the reference values for operational applications of GPS-PW data in short-
term forecasting and nowcasting of high-impact weather in addition to further investigation of heavy rain caused by the TPV, SWV,
and other severe weather systems over the TP.

1. Introduction

Atmospheric water is a key factor in precipitation forecasting.
�e spatial and temporal distribution of this water and the
latent heat generated by its phase transition play important
roles in atmospheric water transport, energy conversion, and
the evolution of weather by aecting atmospheric stability
and the structure and changes of weather systems. Such
factors are important in the formation of heavy rainfall events
including vortices and storms.

�e three states of water liquid, solid, and gas in�uence
global positioning system (GPS) signals, which are used to
determine the total atmospheric water content. Technology
developed in the 1990s that usesGPS precipitablewater (GPS-
PW) to detect the atmospheric water content has high poten-
tial and practical value [1]. �is method is used to determine
water data for an entire day with high precision and temporal
resolution, which is not possible by using conventional
meteorological observations. �us, the GPS-PW method is
a practical improvement in the monitoring and forecasting
capability of water vapor and precipitation [2, 3].

In recent years, local meteorological agencies in China,
in conjunction with the departments of astronomy, earth-
quakes, surveying and mapping, investigation, and design,
have developed numerous ground-basedGPSmeteorological
networks based on various GPS meteorology and GPS-PW
methods for data observation and weather forecasting [4–9].

Li et al. [10] were the �rst researchers to use GPS for
remote sensing of atmospheric water in China. Sato and
Kimura [11] studied the relationship between GPS-PW and
convective rainfall. Okamura and Kimura [12] revealed the
existence of GPS-PW variation a�er a cold front in the Kanto
Plain, Japan. Liou and Huang [13] used GPS-PW data to
analyze the weather processes aected by a passing typhoon.
Ha et al. [14] compared GPS water observations with model
simulations during the passage of a squall line. Most of these
GPS-PW evolution studies determined that a high water
value is necessary for producing precipitation. However, dif-
ferent processes of precipitation vary in the amplitude of the
extreme value and the duration of GPS-PW. In addition to the
aforementioned applications, GPS-PWdata analysis has been
applied to such processes as local convective rainfall [15],
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Figure 1: (a) Geographical map of China. �e small black dot represents Chengdu, and the shaded region represents the Tibetan Plateau
with an altitude greater than 3000m. (b) Distribution of the GPS observation network in Chengdu Plain. Numbers in parentheses represent
altitude.

fronts [12, 16–21], lightning [22, 23], thunderstorms [24],
thermally induced local circulation [25–27], fog [28], snow-
fall [12], monsoons [29, 30], and other atmospheric wet
phenomena [31]. All of these studies demonstrated the impor-
tance and the broad application prospects of GPS-PW remote
sensing technology in the �elds of weather forecasting and
climate analysis. However, few studies thus far have used
GPS-PW data to analyze heavy precipitation caused by the
southwest vortex (SWV) and the Tibetan Plateau vortex
(TPV), which is also known as the plateau vortex.

Meso-�-scale low-level vortices that form near the
Tibetan Plateau (TP) are among the most important rain-
producing systems in China during the warm season. Several
o�en migrate eastward from southwestern China to East
China and develop into severe weather systems that cause
�ooding along their paths. Such vortex systems include the
TPV, which forms primarily at 500 hPa on the TP, and the
SWV, which forms primarily at 700 hPa at the eastern �anks
of the TP and the Sichuan Basin.�e latter systemwas named
as such by Chinese meteorologists because the vortices are
located in southwestern China [32–35]. TPV and SWV
research has previously focused on such factors as weather
conditions, circulation, climate statistics, kinetic energy
mechanism, diagnostic calculation, and numerical simula-
tion [36, 37]. Although it has since been determined that
atmospheric water plays an important role in the formation
and development of these vortices and their accompanying
rainstorms [38, 39], GPS data has not been used thus far to
reveal water variation in the development processes of the
SWV.�erefore, the present study assumes the important task
of using GPS remote sensing to re�ect spatial and temporal
variations of atmospheric water. �e processes of heavy rain
caused by the TPV and SWV occurring in September 2007,
July 2008, and July 2010 in Chengdu Plain, southwestern
China (Figure 1(a)), are comprehensively analyzed by using
data from the GPS network in Chengdu Plain, located at the
center of Sichuan Basin, combined with conventional meteo-
rological observation data. Particular attention is given to the

relationship between GPS-PW and the development of main
in�uencing systems. �is study is expected to provide new
insight on the TPV, SWV, and related heavy rain events by
establishing a new analytical technique for operational fore-
casting of vortex rainstorms.

2. Principle, Methods, and Data

�e ground-based GPS observation network in Chengdu
Plain, developed by the Surveying and Mapping Institute of
Chengdu and the Meteorological Bureau of Chengdu, incor-
porates NetRS GPS receivers (Trimble, United States). �e
Meteorology Bureau of Chengdu has contracted the Huayun
Company of China to build an automatic weather station
(AWS) at the same site. �e surface air pressure, surface air
temperature, and precipitation were measured at the same
AWS locations in which GPS observations were conducted.
Enabled in September 2007, the ground-based GPS net-
work (Figure 1(b)) in Chengdu, southwesternChina, includes
stations in Chengdu (CDKC), Dayi (DAYI), Longquanyi
(LOQU), Jintang (JITA), Pujiang (PUJI), and Dujiangyan
(DUJY), which are evenly distributed across Chengdu Plain.
�e longest baseline is from Pujiang to Longquanyi (65 km),
and the shortest is from Longquanyi to Chengdu (15.5 km).

�e zenith total delay (ZTD) was calculated by using
Bernese GPS so�ware V4.2 including raw data from the GPS
observation network of Chengdu with a time interval of
30 s [40]. �e zenith hydrostatic delay (ZHD) was calculated
according to the Saastamoinen model [41]. Finally, GPS-PW
was computed at 30min intervals by combining ZHD and
meteorological AWS data corresponding to the GPS stations.

National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) 1∘ × 1∘
reanalysis data recorded four times daily in addition to data
from conventional meteorological observation and an inten-
sive SWV observation experiment conducted in summer
2010 were adopted in our comprehensive analysis of weather
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systems and the transfer of atmospheric water. �e parame-
ters ofNCEP/NCAR reanalysis data used in this study include
geopotential height (500 hPa and 700 hPa), wind, tempera-
ture, relative humidity, and vertical velocity from 850 hPa to
200 hPa. �e parameters of the intensive observation experi-
ment used in this study include intensive radiosonde sound-
ing such as wind, temperature, and relative humidity data
recorded at each layer and intensive AWS observation of
precipitation.

�e basic procedure for deriving water from ground-
based GPS is as follows: ZTD is �rst obtained from GPS
observation and meteorological data at 30 s intervals. �e
Saastamoinenmodel is adapted for estimating ZHD such that

ZHD = 10−6(�1���/����). ZWD is obtained by the follow-
ing formula: ZWD = ZTD − ZHD.�e relationship between
ZWDandPWis as follows: PW = Π⋅ZWD[1], where the con-
version coe�cient of water is a function of themeanweighted

temperature 
� : Π = (106/���V[(�3/
�) + ��2]). �1, ��2, and
�3 are refraction constants tested individually in a laboratory,
and 
� is the weighted mean tropospheric temperature. In
this paper, local correction of the Bevis empirical formula
established by Guo et al. [42] is adopted. Using 40 years
of radiosonde sounding data recorded at eight stations in
Sichuan and Chongqing, local models of the weighted mean
tropospheric temperature are established by using the unitary
linear regression method on the local surface and upper-air
meteorological measurements. �e local model for estimat-
ing
� in Chengdu Plain is
� = 54.5+0.78 
�, where
� is the
surface air temperature. Data from Dujiangyan station was
not included is this analysis because its temporary relocation
caused discontinuity in time and space data.

GPS remote sensing of atmospheric water has been com-
pared with actual measurements at Chengdu by academic
studies and by several global institutions for many years.
Such research has demonstrated the feasibility of GPS water
monitoring technology used in meteorological operations in
Chengdu, which represents southwestern China. �is new
atmospheric sounding technology and its products have been
applied in short-term forecasting and nowcasting. So�ware
developed by Meteorological Information Comprehensive
Analysis and Process System-China Meteorological Admin-
istration (MICAPS-CMA) has been applied to weather fore-
casting and determination of GPS water, real-time transmis-
sion of ground-based GPS observation data, data calculation,
resolution of precipitable water, and the graphic display of
GPS-PW products. �e monitoring of GPS water and its
products in weather analysis and forecasting was �rst con-
ducted by Li et al. [15].

3. Weather Applications

3.1. GPS-PW Applied to Analysis of

Heavy Rain Caused by TPV

3.1.1. Overview ofWeather. A low-intensity and long duration
rain event aected by the eastward shi� of the TPV occurred
on September 6–9, 2007, in Sichuan Basin leeward of the
TP. �e overall circulation was east high and west low on
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Figure 2: Temporal series of the average value of GPS-PW and
regional average precipitation recorded on September 6–9, 2007, in
Chengdu Plain. Stations include Chengdu, Dayi, Jintang, Pujiang,
and Longquanyi.

the 500 hPa height �eld (�gure not shown). At 08:00 Beijing
StandardTime (BST) on September 6, the TPVwas generated
in the western TP (34.8∘N, 85∘E). �e ridge of high pressure
located at 98∘E controlled conditions in the eastern TP. At
02:00 on September 7, the TPV shi�ed to the eastern TP
(35∘N, 96∘E). At 14:00 on the same day, it moved out of the TP
and was reduced to a short-wave trough. �is precipitation
was caused by the eastward movement of the TPV, which
occurred mainly in the western Sichuan Basin. Rainfall
recorded at each station exceeded 30mm; that at Pujiang
station reached 92.7mm.

3.1.2. Relationship between GPS-PW and Rainfall during
the Period of TPV. To determine the hourly evolution of
atmospheric water during heavy rain events, the relationship
between the average value of GPS-PW and the regional
average precipitation in the Chengdu area was examined a�er
averaging the GPS-PW of Chengdu, Dayi, Jintang, Pujiang,
and Longquanyi. �ese stations were selected on the basis of
geographical location to represent various characteristics of
GPS-PW data.

As shown in Figure 2, the increase and decrease of GPS-
PW generally indicate the occurrence and end of rain events.
Precipitationwasmeasured by using AWS rain gauges. In this
�gure, the regional average precipitation and average GPS-
PW were determined using values measured at Chengdu,
Dayi, Jintang, Pujiang, and Longquanyi stations. Approxi-
mately 12 h prior to the rain event, GPS-PW increased from
33.34mm at 20:00 on September 5 to 47.95mm at 05:00 on
September 6 before slightly decreasing. At 15:30 on Septem-
ber 6, the GPS-PW rose to 56.11mm as precipitation began.
�eGPS-PWat that stagewasmaintained at a relatively stable
high value of approximately 50mm and exhibited a slight
�uctuation, whereas rain occurred during the second stage at
8:00 on September 7. At 00:00 on September 8, the average
rainy intensity at each station increased by 4.46mm every
30min; however, the average value of GPS-PW showed no
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Figure 3: GPS-PW values recorded by Chengdu, Jintang, and Pujiang on September (a) 6, (b) 7, (c) 8, and (d) 9, 2007.

apparent change. �e maximum value of average rainfall was
noted prior to or at nearly the same time as the occurrence
of the GPS-PW peak value. A�er 10:00 on September 9, the
GPS-PW value decreased rapidly, and the rain event ended.

Although these results indicate that rain generally
occurred during the period in which GPS-PW values were
high and ended when values were low, such behavior is not
de�nitive. As shown in Figure 2, the opposite also can exist.
�us, it is necessary to examine additional TPV periods to
draw conclusions that are more realistic.

Figure 3 shows that high values of GPS-PW were mainly
distributed in two periods from noon to nighttime on
September 6 and from nighttime on September 7 to the
morning of September 8, which corresponds with the two
stages of precipitation. Prior to the rainfall, the atmospheric
water content in the entire layer increased.Although theGPS-
PW value decreased a�er the �rst stage of rainfall, it main-
tained a high level.�ewater accumulated again, and the sec-
ond stage of rainfall beganwhen theGPS-PWvalue reached a
new high. In contrast with the diurnal variation of GPS-PW
inChengdu, Pujiang, and Jintang, the diurnal cycle character-
istics of GPS-PW in these stations were essentially the same.
�e values changed signi�cantly during the day and were
relatively stable at night during themajor period of TPV from
September 6 to September 8; however, that at Pujiang station
was higher.

3.1.3. Relationship between GPS-PW and Physical Element
Fields. As shown in Figure 4, Pujiang and Jintang stations,
located, respectively, in the southwestern and northeastern

ChengduPlain, recorded contrasting values. Prior to the rain-
fall at 02:00 on September 6, the water vapor �ux was small in
the 850 hPa layer, andChengdu Plainwas relatively dry. In the
�ux �eld, water vapor transferred from south to north, inter-
secting in the eastern TP.�ewater vapor transferred to west-
ern Sichuan from the Bay of Bengal, and rain fell from 14:00
to 20:00 on September 6.�ewater vapor transfer was greater

than 5 g ⋅ cm−1 ⋅ hPa−1 ⋅ s−1 in the 700 hPa layer, the high-value
area of water vapor transfer expanded, and the GPS-PW
increased. At 08:00 on September 8, the water vapor transfer
in the 850 hPa layer was greater than 9 g ⋅ cm−1 ⋅ hPa−1 ⋅ s−1
and was thus replenished. Chengdu Plain was relatively wet;
the GPS-PW value was maintained at a high level, which was
conducive to the reoccurrence of rainfall.�e two high-value
stages of GPS-PW were relative to the growth of regional
water vapor transfer; however, the peak value of GPS-PW
occurred earlier than that of the water vapor transfer for
approximately 5 h to 7 h.

In this process of rainfall, which was caused by eastward
movement of the TPV, the water vapor increase was due
mainly to the transport and the convergence of water vapor
in the lower layer. As shown in Figure 5, the vortex center
at 34.8∘N, 85∘E was ascending, and the maximum GPS-PW

value (5 × 10−1 hPa ⋅ s−1) located in the 400 hPa layer at 08:00
on September 6 was ascending correspondingly. At 02:00, the
maximum vertical velocity was located at 500 hPa with the
same intensity. At 14:00 on September 7, the vortex began
to move eastward, the vertical velocity decreased in the low
layer, and the intensity of convergence weakened. �e vortex
then aected Sichuan Basin and moved out of the TP to form
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Figure 4: Evolution of water vapor �ux recorded in September 6–9, 2007, at (a) Pujiang and (b) Jintang stations (unit: g ⋅ cm−1 ⋅ hPa−1 ⋅ s−1).

strong convergence over the entire Chengdu Plain (�gure
not shown). �is result indicates that the vertical motion
ascended, descended, and ascended from its generation to
its movement away from the TP, which corresponds strongly
with the increasing-decreasing-increasing variations of the
GPS-PW (Figure 3). �e GPS-PW began to increase rapidly
for approximately 12 h prior to the vortex development before
consistently changing with the intensity of the water vapor
�ux in the vortex center. In this case, a stronger water �ux
corresponded with a higher GPS-PW value.

3.2. Application of GPS-PW to Analysis of

Heavy Rain Caused by SWV

3.2.1. Background of Weather. Because of the low-level jet
fromNanhai and the invasion of northern cold air, combined
with the long duration of the SWV in Sichuan Basin, heavy
rain occurred in the northeastern Sichuan Basin on July
15–18, 2010. �is rainfall event was of high intensity and
long duration, and the precipitation measured at each station
exceeded 20mm. At Pujiang station, it reached 95.4mm; the
maximum 1 h rainfall was 33.8mm.

3.2.2. Relationship between GPS-PW and Rainfall during
Period of SWV. Changes in the average GPS-PW value
recorded at Chengdu, Dayi, Pujiang, and Longquanyi stations
clearly show that this rainfall process can be divided into two
stages: during the nighttime on July 15 and from nighttime on
July 16 to themorning of July 17 (Figure 6). Approximately 6 h
prior to the rainfall, the GPS-PW began to increase sharply

and reached its �rst maximum value at 15:00 on July 15. �e
GPS-PW value �uctuated slightly when the rain began. How-
ever, the peak of rainfall and that of GPS-PW did not always
coincide.When the atmosphericwater condensed in the form
of rain and fell to the ground, GPS-PW clearly decreased.
At 12:00 on July 16, GPS-PW surged again and reached its
maximum value of 57.45mm at 23:00 on July 16. �e second
stage of rainfall occurred during this GPS-PW surge. �e
average rainfall was heavier than that recordedduring the �rst
stage; however, the peak of rainfall occurred approximately
4 h earlier than that of the GPS-PW. As shown in Figure 7, the
GPS-PW recorded at each station reached maximum values
at 00:00 on July 17; within 1 h, themaximum rainfall andGPS-
PWwere consistent with the distribution of the high value of
GPS-PW. �e peak value of GPS-PW during the second
stage was greater than that during the �rst stage, and greater
increases in amplitude of GPS-PW correlated with heavier
rainfall. �e oscillation change of GPS-PW was clear during
this process; the changes in Chengdu and Pujiang stations
were nearly the same; and the increase and decrease were
largest at Dayi station. �ese results indicate that the con-
vective instability of this rainfall was remarkable; no distinct
diurnal cycle was observed at any station.

3.2.3. Contrast of GPS-PW and Physical Element Fields.
Because the radiosonde station in southwestern China is
unreliable in calculating the water vapor �ux and the reanal-
ysis data reasonably represents the atmospheric water in
this region [43], the latter is generally used to evaluate this
�ux. As shown in Figure 8, Pujiang and Chengdu stations
showed high values of water vapor �ux from 02:00 to 20:00
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on July 17, which coincided with the period of SWV stag-
nation. With the strengthening of the low-level jet in the
southeastern SWV, the maximum value of water vapor �ux
�eld (21 g ⋅ cm−1 ⋅ hPa−1 ⋅ s−1) at 700 hPa at Pujiang station
appeared at 14:00 on July 17. �e peak of GPS-PW occurred
approximately 6 h earlier than that of the water vapor �ux.
Figure 9 shows a pro�le of the vertical velocity of the center of
the TPV at various times along the center of the SWV. At
20:00 on July 16, the SWVbegan to form.�e vertical velocity
of the vortex center at 30∘N, 101∘E ascended below 600 hPa
and descended between 600 hPa and 300 hPa layer as the
GPS-PW value ascended. At 08:00 on July 17, which was the
stagnant period of the vortex, the vertical velocity of the SWV

center abruptly ascended from low to high levels, and the
convective motion reached its peak. At 20:00, the vortex
began to move eastward to Sichuan Basin (31∘N, 106∘E), and
the ascendingmotionweakened and �nally descended. At the
same time, the GPS-PW dropped to a low value, which was
evident before moving eastward of the vortex. �e GPS-PW
clearly began to surge approximately 8 h earlier than the vor-
tex development, and the maximum value occurred prior to
the peak of the ascending motion of the vortex center. Con-
tinuous air�ow and water convergence strongly in�uenced
rainfall in the basin.

3.3. Application of GPS-PW in Analysis of Heavy

Rain Caused by TPV and SWV

3.3.1. Weather Analysis. A regional rainstorm occurred from
west to east in Sichuan Basin on July 20–22, 2008, in which
the unevenly distributed rainfall was mainly located in the
western basin.�e rain was �rst observed at Chengdu station
at 11:30 on July 20 and �nally observed at Dayi station at 22:00
on July 21.�emain rainfall occurred at noon and during the
nighttime on July 20. �e interaction of the TPV and SWV
triggered the strong development of the southwesterly low-
level jet. �e rain caused by the TPV was not apparent in the
absence of the SWV.However, the SWVwas inducedwith the
eastwardmovement of the TPV.�e interaction and develop-
ment of these two vortices related to TP caused the heavy rain
event in a large area of southwestern China.

3.3.2. Relationship between GPS-PW and Rainfall during
Periods of TPVand SWV. As shown in Figure 10, a highGPS-
PW level of 50mm caused by the TPV formed in the eastern
plateau prior to rainfall. At 07:00 on July 20, the GPS-PW
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Figure 8: Evolution of water vapor �ux recorded on July 15–18, 2010, at (a) Pujiang and (b) Chengdu stations (unit: g ⋅ cm−1 ⋅ hPa−1 ⋅ s−1).
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Figure 9: Pro�les of the vertical velocity at the SWV center recorded at various times. (a) 20:00 on July 16, (b) 08:00 on July 17, and (c) 20:00
on July 17, 2010 (unit: hPa ⋅ s−1).

20

40

60

80

G
P

S-
P

W
 (

m
m

)

Time (date/local hour)

20
/0

0

20
/0

4

20
/0

8

20
/1

2

20
/1

6

21
/0

0

21
/0

4

21
/0

8

21
/1

2

21
/1

6

22
/0

0

22
/0

4

22
/0

8

22
/1

2

0

1

2

3

A
ve

ra
ge

 r
ai

n
fa

ll
 (

m
m

)

Average rainfall

GPS-PW

Figure 10: Temporal series of the average value of GPS-PW and
regional average precipitation recorded on July 20–22, 2008, in
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increased slowly and reached a high value of 61.8mm at 13:00
with a rate of increase at 1.2mm/0.5 h. �e rainfall occurred
approximately 5 h a�er this increase. During the eastward
movement of the TPV, the GPS-PW decreased slowly,
increased again at 17:00, and reached itsmaximumof 72.1mm
at 21:30 20. At the same time, low-pressure circulation was
induced at a low level over the western Sichuan Basin, which
developed quickly to form the SWV. Subsequently, the GPS-
PW increased with �uctuation and reached a second high
value of 71.5mmat 01:30 on July 21. It should be noted that the
peak of the two rainfall processes occurred approximately 1 h
before and a�er that of the GPS-PW.�e GPS-PW increased
to its high value through the coupling process, during which

time the rainfall at the second stage was greater than that dur-
ing the �rst. �e high value of GPS-PWwas distributed from
noon to nighttime on July 20 and during the early morning of
July 21, as indicated by Figures 10 and 11, which is consistent
with the west to east movement of the vortex and its rain.
Figure 11 shows that the value of GPS-PW was higher during
the nighttime and lower during the day, which indicates that
the high value of GPS-PW was necessary for the rainfall to
occur.

3.3.3. Comparison of GPS-PW and Physical Element Fields.
As shown in Figure 12, the water vapor �ux at 850 hPa
increased slightly from 08:00 to 20:00 on July 20, which was
caused by theweak southwestward air�owover the basin dur-
ing formation of the TPV.During the �rst stage of rainfall, the
peak of GPS-PW occurred approximately 7 h prior to that of
the water vapor �ux. At 08:00 on July 21, the southwestward
windnear the basin strengthened; the SWVand theTPVcou-
pled; and the water vapor �ux of the Chengdu Plain reached

8 g ⋅ cm−1 ⋅ hPa−1 ⋅ s−1. At the same time, the second stage of
the main rainfall occurred. �e peak of GPS-PW occurred
earlier than that of the water vapor �ux. �e water vapor
�ux then increased continuously and reached its maximum
at 700 hPa and 850 hPa at 20:00. �e humidity in the basin
increased, and the rainfall increased signi�cantly through the
in�uence of the two vortices and the transfer of atmospheric
water.

Figure 13 shows that at 20:00 on July 20, the vertical
velocity of vortex center at 32.5∘N, 100.5∘E descended below
550 hPa before ascending between 550 hPa and 300 hPa and
descending above 300 hPa. At 08:00 on July 21, the vertical
motion of the vortex center at 31∘N, 105∘E was nearly com-
pletely opposite to that of the previous movement of descent
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Figure 11: GPS-PW values recorded at Chengdu, Dayi, and Pujiang on July (a) 20, (b) July 21, and (c) July 22, 2008.
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Figure 12: Evolution of water vapor �ux recorded on July 20–22, 2008, at (a) Pujiang and (b) Chengdu stations (unit: g ⋅ cm−1 ⋅ hPa−1 ⋅ s−1).
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Figure 13: Pro�les of the vertical velocity at the SWV center recorded at various times. (a) 20:00 on July 20, (b) 08:00 on July 21, and (c) 20:00
on July 21 (unit: hPa ⋅ s−1).

from 600 hPa to 300 hPa. At that moment, the SWV formed
in Sichuan Basin and coupled with the TPV, which strength-
ened the center of the SWV. At 20:00, it showed strong
ascending motion from the low to high layers, and the maxi-

mum vertical velocity reached −10 × 10−1 hPa ⋅ s−1. �e GPS-
PW surged approximately 13 h prior to development of the
SWV. However, the GPS-PW dropped to the level before the
generation of SWV when SWV developed to the strongest.
�ese results demonstrate that the increase of GPS-PW may
indicate the development of the vortex for this case. However,
additional cases should be tested to obtain de�nitive results.

4. Conclusion and Discussion

In this study, high-resolution precipitable water data obtained
through ground-based GPS technology was used to analyze
the heavy rain caused by various plateau weather systems.
�ree vortex-like rainstorms occurring in Sichuan Basin
caused by the development and the eastward shi� of the TPV
and SWV in September 2007, July 2010, and July 2008 were
analyzed comprehensively by using GPS-PW data derived
through the GPS observation network of Chengdu Plain
combined with routine meteorological observation data,
intensive observation data, and reanalysis data.�e results are
summarized in the following points.

(1) GPS-PW increased before the development of TPV
and SWV. Rainfall occurred mostly during high
values of GPS-PW. �e surge and drop of the GPS-
PWmay indicate the beginning and the end of vortex
rain, respectively, in some cases.

(2) During the process of rain caused by the TPV, the
GPS-PW showed small �uctuation of its high value
level, and the peak of rainfall occurred earlier or

at nearly the same time as the GPS-PW. A�er that
time, the GPS-PW maintained the changes with the
amount of vortex dynamics elements and water vapor
�uxes at each stage of rainfall development.

(3) In a speci�c case study, the increase in water was
caused mainly by continuous southwestward air�ow
and the li�ing of convergence during a rainfall process
caused by SWV, which coincided with a larger �uctu-
ation in GPS-PW values. When GPS-PW reached a
certain level, rainfall commenced; however, the GPS-
PW decreased a�er rainfall. When the vortex circula-
tion and water transfer remained constant, the GPS-
PW surged again, causing situations that are con-
ducive to a new stage of rainfall. In this study, the peak
of GPS-PW occurred earlier than that of the water
vapor �ux. �e increase of GPS-PW occurred earlier
than the generation of the vortex, and the vortex
development lagged behind the maximum GPS-PW.

(4) During the process of rainfall caused by the TPV,
which occurred on July 15–18, 2010, the GPS-PW
maintained its high value before formation of the
SWV, and the rainfall occurred a�er further increase
inGPS-PW.�is increase was signi�cantly in�uenced
and strengthened by the coupling of these two vor-
tices. �e peak of GPS-PW occurred earlier than
that of the water �ux, and the GPS-PW surged prior
to development of the SWV. �is supplement and
increase in atmospheric water was highly bene�cial
for the development of low-level vortex circulation.

Finally, it should be noted that the characteristics of GPS-
PW and their correlation to atmospheric water were analyzed
by using only three short periods of data in this study. �ere-
fore, the behavior of GPS-PW shown in this paper may not
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be indicative of general patterns. It is necessary to research
other TPV and SWV periods by using more data to further
support the conclusions drawn in this study. �e universal
applicability of some of these conclusions should be fully
tested and improved upon by additional cases and data, and
the analysis of atmospheric energy should also be considered
in comparison with physical element �elds. Nevertheless, the
results of this study can be used preliminarily to show that
GPS-PW can be used as a new and useful tool for monitoring
atmospheric water in weather analysis and forecasting over
and near the TP. �us, this study can enrich the scienti�c
understanding of heavy rainstorms caused by the TPV and
SWV, as well as upgrade the operational monitoring and
forecasting of high-impact weather in�uenced by the TP.
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