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ABSTRACT

A squall line swept eastward across the area of the Yangtze River Delta and produced gusty winds and
heavy rain from the afternoon to the evening of 24 August 2002. In this paper, the roles of moisture in the
genesis and development of the squall line were studied. Based on the precipitable water vapor (PWV) data
from a ground-based GPS network over the Yangtze River Delta in China, plus data from a Pennsylvania
State University/National Atmospheric Center (PSU/NCAR) mesoscale model (MM5) simulation, initial-
ized by three-dimensional variational (3D-VAR) assimilation of the PWV data, some interesting features are
revealed. During the 12 hours prior to the squall line arriving in the Shanghai area, a significant increase
in PWV indicates a favorable moist environment for a squall line to develop. The vertical profile of the
moisture illustrates that it mainly increased in the middle levels of the troposphere, and not at the surface.
Temporal variation in PWV is a better precursor for squall line development than other surface meteoro-
logical parameters. The characteristics of the horizontal distribution of PWV not only indicated a favorable
moist environment, but also evolved a cyclonic wind field for a squall line genesis and development. The
“+2 mm” contours of the three-hourly PWV variation can be used successfully to predict the location of
the squall line two hours later.
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1. Introduction

A squall line is a narrow and active thunderstorm
belt, often producing severe weather events. Gener-
ally, a squall line extends for hundreds of kilometers
in length and tens of kilometers in width. When a
squall line arrives, surface meteorological parameters
change suddenly, with the subsequent strong gales and
heavy rain often causing serious damage and disaster
over a short period of time (Zhang et al., 2001; Shou,
2002). Because squall lines possess the characteristics
of a short lifespan, plus a small horizontal scale and

fast movement, it is difficult to analyze and forecast
them using conventional observation data. From the
afternoon to the evening of 24 August 2002, a squall
line swept across the area of the Yangtze River Delta.
When it arrived in the Shanghai area at 2018 LST,the
surface meteorological parameters changed rapidly, as
shown in Fig. 1. Within one hour, the temperature
had cooled to 8.5◦C, pressure had risen to 3.7 hPa,and
absolute humidity had increased to 4.0 g m−3. In the
surface chart at 2000 LST a narrow zone of northwest
gales with a mean wind speed of 8–14 m s−1 existed.
Maximum gusts reached 29 m s−1 in Fengxian County,
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Fig. 1. Variation in the surface meteorological elements
of (a) temperature, (b) pressure, (c) absolute humidity,
and (d) PWV and hourly rainfall in Pudong station in
Shanghai during the squall line process. In (d), the mag-
nitude of PWV variation is denoted by the left ordinate,
and vertical columns represent the hourly rainfall, for
which magnitude is denoted by the right ordinate.

Shanghai, and the maximum hourly rainfall was 57
mm. However, one hour later, after the squall line
had passed the Shanghai area, pressure and absolute

humidity decreased immediately and then returned to
normal levels in the following three hours. These phe-
nomena confirm a typical squall line.

Qi and Chen (2004) analyzed the genesis and de-
velopment of a squall line based on data from conven-
tional synoptic charts, satellite images and Doppler
radar observations. The present paper focuses on the
effects of moisture on the genesis and development of
a squall line, and is based on the precipitable water
vapor (PWV) data from a ground-based GPS network
in the Yangtze River Delta, China, as well as data
from a mesoscale numerical model (MM5) simulation,
initiated by three-dimensional variation (3D-Var) as-
similating the GPS/PWV data. The MM5 model was
introduced in detail by Grell et al. (1993) and Dudhia
et al. (1995). Some efforts are being made to dis-
cover the signals useful for predicting the movement
and development of squall lines.

2. The ground-based GPS network in the
Yangtze River Delta and PWV measure-
ment

As part of an effort to enhance water vapor mea-
surement in an attempt to improve weather forecast-
ing, a ground-based GPS network was established in
June 2002 in the Yangtze River Delta, China. It cov-
ers the area of 29.5◦–33.0◦N and 118.0◦–122.0◦E, and
consists of 14 fiducial GPS stations. The distances be-
tween the stations are around 23 km within the Shang-
hai area and 107 km outside (Fig. 2). The GPS net- 

    Fig. 2. GPS network in the Yangtze River Delta, China.
The symbol ◦ indicates the GPS stations, and F the ra-
diosonde stations. The stations’ names are indicated by
the four capital letters.
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work provides PWV data every 30 minutes in real
time. PWV is the total water vapor in an air column.
Generally, PWV can be expressed as the height of the
equivalent liquid column, in units of mm (The Meteo-
rological Speciality of the Geophysical Department of
Beijing University, 1976):

q =
∑

ωi =
∑

ei ×∆hi . (1)

Here, ei is the absolute humidity at a given layer, ∆hi

is the thickness of the layer, ωi is the moisture content
in the layer, and i indicates the list number of the layer
from the ground.

The technique of measuring GPS-PWV was ad-
vanced by, among others, Bevis et al. (1992), Bevis et
al. (1994), and Businger et al. (1996). GPS microwave
frequency signals are delayed by the ionosphere and
neutral atmosphere. The delay in the ionosphere is
approximately proportional to the inverse square of
the signal frequency, and can be eliminated using the
duel-frequency technique. The total zenith neutral
delay (∆L) consists of two parts: wet delay (∆Lw),
caused by moisture and hydrostatic delay, or dry de-
lay (∆Lh), caused by the other part of the atmosphere.
The zenith dry delay can be estimated precisely based
on the surface pressure. Then the zenith wet delay is
obtained by subtracting the dry delay from the total
zenith delay. The differential estimated zenith delay
can be written as:

∆L = ∆Lh + ∆Lw , (2)
∆Lh = (2.2768 + 0.0005)p0/f(λ,H) , (3)

where ∆Lh and ∆Lw are dry delay and wet delay, re-
spectively, both in mm, and p0 is the surface pressure
in hPa.

f(λ,H) = 1− 0.00266 cos 2λ− 0.00028H , (4)

where λ is the latitude and H is the station’s altitude
in meters.

The relationship between q and ∆Lw can be ex-
pressed as follows:

q = Π×∆Lw , (5)

where Π is a conversion factor.

Π = 106[Rw × (k′2 + k3T
−1
m )]−1 , (6)

where Rw=461.495 J kg−1 K−1, and is the specific
gas constant for water vapor, k′2 = 22 K hPa−1, and
k3 = 377600 K2 hPa−1 are physical constants. Tm is
the weighted mean temperature of the wet part of the
atmosphere, which can be estimated by an experimen-
tal function of surface temperature, Ts, as:

Tm = 70.2 + 0.72Ts . (7)

Comparing real time PWV data from the GPS net-
work (GPS-PWV) with PWV derived at the near-
est radiosonde stations (RADIO-PWV) for the period
June 2002–December 2003, it is found that the root
of mean square (RMS) of the error is 3.1 mm with a
relative error of 7.09%, and the correlation coefficient
between them reached 0.96. This, to a certain extent,
shows the GPS-PWV data to be of good quality.

3. Description of the squall line event

Based on an analysis of conventional weather
charts and satellite cloud images, Qi and Chen (2004)
studied a squall line formed in a mesoscale convec-
tive system (MCS). The southwest current along the
northwest edge of the subtropical high brought abun-
dant moisture to the east part of China, and a conver-
gence line laid in the Yangtze River Delta. Besides,
there existed instable stratification. All of the condi-
tions helped the thunderstorms in the MCS develop to
become a squall line. The squall line produced heavy
rain, and the front of the rain area corresponded to
the movement and development of the squall line. Fig-
ure 3 shows the evolution of hourly rainfall area in the
Yangtze River Delta during the squall line event. Here-
with, we explain several of the hourly rainfall charts
due to space limitations within the paper. At 1400
LST, one hour prior to the squall line being formed,
no precipitation occurred in the whole of the Yangtze
River Delta. At 1500 LST (Fig. 3a), the squall line
formed and produced a rain area; the maximum hourly
rainfall was 24 mm. As the squall line moved east-
ward, the rain area also moved eastward and intensi-
fied. At 1800 LST (Fig. 3c), the rain area extended
eastward across 120oE and continued to intensify, be-
coming heavy rain with a maximum of over 30 mm
of hourly rainfall. At 2000 LST (Fig. 3d), the rain
area approached the west of Shanghai and intensified
further with a maximum of 41 mm per hour. When
the squall line influenced the Shanghai area at 2100
LST, the surface meteorological parameters changed
suddenly at Pudong station, as shown in Fig. 1. The
precipitation covered the entire area of Shanghai, and
in about one third of the Shanghai area the rainfall
rate exceeded 30 mm per hour, with the maximum of
57 mm observed in Fengxian County (Fig. 3e). One
hour later, as the squall line moved away from the
Shanghai area, the rain area began to move into the
East Sea and the intensity began to weaken. Combin-
ing the analysis of radar data and surface meteorolog-
ical data, the front edge of the rainfall isoline of 1 mm
coincided roughly with the location of the squall line
(see Fig. 3).
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Fig. 3. Evolution of hourly rainfall area in the Yangtze River Delta during the squall line
event. Rainfall is in mm.

4. Temporal variation of PWV at Pudong sta-
tion in Shanghai (SHPD)

The squall line produced heavy rains when it was
moving eastward, for which continuous moisture sup-
ply was a necessary condition. Figure 1d shows the
temporal variation of PWV at SHPD station, Shang-
hai. Twelve hours prior to the arrival of the squall
line, there were two stages of significant increase in
PWV. First, PWV increased from a low of 47.4 mm
at 0800 LST, before exceeding 50 mm at 0930 LST.
Based on the recent statistical results 50 mm of PWV
is a tolerance to alarm occurrence of a precipitation
process in this season. PWV increased continuously

and reached its first peak of 57.0 mm at 1330 LST.
This implies that moisture in the air had been enough
for precipitation generation, but the deficiency was the
dynamical conditions, convergence and updraft, which
could be diagnosed from the surface and 850 hPa syn-
optic charts. After a short and small decline from 1400
to 1630 LST, PWV began its second stage of increase
and reached a maximum of 57.7 mm in the day. The
two stages of PWV increase demonstrates that mois-
ture existed sufficiently for the squall line to produce
such heavy rain. Actually, at the stations along the
route of the squall line movement, such as Ma’anshan
station in Anhui Province (AHMA), Changzhou sta-
tion and Dongshan station in Jiangsu Province (JSCZ
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Fig. 4. Evolution of the moisture anomaly profile at SHPD station from 0800 LST
24 August 2002 to 0800 LST 25 August 2002. The abscissa denotes the anomaly of
ωi in mm; the ordinate is the height in m. The solid line shows the moisture anomaly
profile of adjusted ωi. The dashed lines at 0800 and 2000 LST 24 August 2002 are
the moisture anomaly profiles from the radiosonde data.

and JSDS), the PWV showed a similar pattern of in-
crease over a different time (figures not shown here).
The continuous increase of PWV for several hours
prior to the arrival of the squall line is a necessary
condition for heavy rain.

As shown in Figs. 1a–c, the surface meteorologi-
cal parameters did not show any significant variation
prior to the arrival of the squall line. They changed
suddenly only at the time when the squall line had ar-
rived. On the contrary, the surface absolute humidity
decreased continuously from 1400 LST, and, although
it increased by around 3 g m−3 from 1700 to 2000
LST, the peak value was much lower than before 1400
LST. Furthermore, at 2100 LST the absolute humidity
decreased suddenly to its lowest point for the day. At
that time, the squall line happed to influence the whole
of the Shanghai area (see Fig. 3e) and PWV increased
to its peak for the day (Fig. 1d). It is revealed that

before the arrival of the squall line, moisture increased
significantly in the layers above the surface, but not
at the surface. Thus, real time PWV data with a high
temporal resolution can reflect the approach of a squall
line better than surface meteorological parameters.

In order to further analyze the impact of the evo-
lution of the moisture profile on the squall line, the
hourly vertical profile of the moisture content with a
vertical interval of 500 m was retrieved: namely, ωi.
Generally, the three dimensional moisture distribution
based on water vapor data from a ground-based GPS
network can be retrieved by two methods. The first is
called GPS water vapor tomography, and this method
requires a ground-based GPS network with a high res-
olution. MacDonald and Xie (2002) suggested that if
there are approximately 100 observations within one
hour per GPS station and if the retrieved three di-
mensional moisture is required with vertical revolu-
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tion of 500 m, the ground-based GPS station network
should be formulated with 40 km resolution. Bi (2006)
pointed out that the quality of moisture data in a
three dimensional distribution retrieved by tomogra-
phy is related closely to the horizontal distances be-
tween GPS stations. If the cut-off elevation angle of
the GPS station is 15◦, the mean distance between
GPS stations should be within 50 km. As the mean
distance between GPS stations in the Yangtze River
Delta is 107 km, thus it is difficult to get good enough
three-dimensional moisture distributions using tomog-
raphy based on the GPS network. Herewith, the other
method of the MM5 forecasted moisture field adjusted
by observed GPS-PWV is adopted.

Yuan et al. (2004a) compared hourly PWVs fore-
casted by MM5 with those retrieved by a GPS net-
work. The RMS between them was 4.03–4.6 mm and
the correlation coefficient between them reached 0.90–
0.96 in a 24-hour forecasting period. The errors of
forecasted PWVs remained small and stable within 19
hours, then increased obviously with forecast time (fig-
ure omitted). It has been certified that 3D-VAR as-
similation with PWV data from a GPS network can
improve the MM5 initialization and forecasts of the
moisture field (Kuo et al., 1993; Kuo et al., 1996; Mac-
Donald and Xie, 2002; Yuan et al., 2004b). Besides,
the hourly moisture field can be better simulated if
the forecasted moisture field of MM5 is corrected by
hourly observed PWV from the GPS network. This
is the reason that the second method is adopted here
instead of tomography. The procedure of the second
method is as follows:

First, the observed PWV data at 0800 LST 24 Au-
gust 2002 in the Yangtze River Delta are assimilated
with 3D-VAR to obtain the initial field of the MM5
model. The model resolution is 15 km with 27 vertical
levels, and its moisture physical processes adopts the
parameterization scheme of the mix phase including
ice; the cumulus parameterization adopts the Betts-
Miller(BM) scheme (Betts, 1986; Betts and Miller,
1986; Betts and Miller, 1993). The integral time step is
120 seconds. Then, the hourly absolute humidity fore-
casts at every iso-pressure level are interpolated to the
height levels with an interval of 500 m by the exponen-
tial lapse rate. Thirdly, the hourly forecasted moisture
content at each level, and the PWV at each station are
calculated as ωfi and qf, respectively. Comparing with
the hourly observed PWV (qo) at SHPD station from
0800 LST 24 August to 0200 LST 25 August, the RMS
of the error of forecasted qf with assimilation of PWV
data is 0.45 mm. This is 7.4% smaller than without
assimilation of PWV. Therefore, the forecasted qf with
3D-Var assimilation is taken for further analysis. Fi-
nally, the forecasted moisture content ωfi at each level

was adjusted by the observed qo according to the fol-
lowing formula (Kuo et al., 1993; Kuo et al., 1996;
Yuan et al., 2004b):

ωi = ωfi + (qo − qf)× ωi/qf . (8)

ωfi means forecasted moisture content at each level,
which is adjusted by the observed qo and forecasted
qf. The ωi has an additional restriction condition than
that of the non-adjusted qf, in that it kept the total
sum of ωi equal to the observed qo. This constraining
condition made the ωi to be closer to the real mois-
ture profile. Figure 4 illustrates the evolution of the
moisture anomaly profile. The anomaly is defined as
the difference of the ωi at a certain time minus the
monthly mean of the corresponding ωi from the ra-
diosonde data in August 2002.

In Fig. 4 the dashed lines at 0800 and 2000 LST 24
August 2002 show the moisture anomaly profile from
radiosonding data. At the higher levels above 4000 m,
the ωi profiles from the radiosonde data coincided well
with the adjusted ωi. At the lower levels, both the ωi

anomalies have the same anomaly sign, although the
observed ωi anomalies from the radiosonde data are
larger than the adjusted ωi anomalies. The temporal
evolution of their moisture profile retained a reason-
able continuity. So, the profiles of the adjusted ωi

anomaly in Fig. 4 can basically be taken as the real
moisture fields to analyze the evolution of the moisture
profile. From 0800 to 1200 LST, the moisture profile
showed a positive anomaly at the lower levels under
2000 m and a negative anomaly at the middle levels
between 2000 m and 7000 m; the maximum of the neg-
ative anomaly located at a height of 4000 m. These
characteristics of the moisture profile—more moist at
the lower levels and dryer at the middle levels—made
the potential pseudo-equivalent temperature (θse) de-
crease with height, and formed an unstable stratifica-
tion. It led the moisture to transfer from lower levels
to upper levels; from 0800 to 1400 LST the top of the
wet low layer increased from 1500 m to 3000 m high.
Meanwhile, the negative anomaly in the middle levels
were decreasing. This led to the first stage of PWV
increase. From 1800 LST, although the positive ωi

anomaly at the lower levels reduced, the negative ωi

anomaly in the middle levels reduced more obviously
and turned to be near zero. This indicates the to-
tal moisture in the atmosphere should increase from
1800 LST, to supply sufficient moisture for the squall
line development as it approached. As the squall line
moved eastward out of the Shanghai area, the vertical
distribution of moisture became contrary. From 2200
LST, the ωi anomaly below 3000 m began to change
to negative, and up until 0200 LST 25 August, the ωi

anomaly turned to negative below 6000 m and to posi-
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tive above 6000 m, making the atmospheric stratifica-
tion dry and stable. This led to PWV falling rapidly
after the squall line had passed the Shanghai area, as
shown in Fig. 1d.

The evolutionary characteristics of the moisture
profile related closely to the evolution of the wind pro-
file. Figure 5 illustrates the evolution of wind profiles
from a wind profiler at Qingpu station in Shanghai
(quoted from Qi and Chen, 2004). This is a boundary
level wind profiler, and the top of the wind sounding
is near to 2500 m high. At the lower levels, under
800 m, southwest winds prevailed from 0800 to 1200
LST, which was favorable for moisture to be trans-
ported into the Shanghai area and caused the lower
layer to become wet. This made the absolute mois-
ture at the surface increase significantly from 0800 to
1400 LST, as shown in Fig. 1c. The significant positive
moisture (ωi) anomaly existed in the lower layer. The
maximum of the positive ωi anomaly was at a height of
1000–1500 m. The positive ωi anomaly at this height
was increasing with the time, and it reached a maxi-
mum of 1.52 mm at 1300 LST and 1.47 mm at 1400
LST, increasing by 1.47 mm and 1.26 mm more than
the positive ωi anomaly at 0800 LST at that level. Ac-
tually, in the whole of the lower layer of 500–2500 m,
the sum of the positive ωi anomaly at 1400 LST in-
creased by 4.58 mm more than that at 0800 LST. On
the contrary, at the levels above 800 m, the northwest
wind prevailed from 0800 to 1200 LST. The radiosond-
ing at 0800 LST observed northwest winds with 10–14
m s−1 from 3000–5000 m. The 700 hPa and 500 hPa
weather charts at 0800 LST 24 August showed the
Shanghai area was influenced by the northwest winds
in the front of a weak high ridge (figure omitted). It
proved a dry and cold air current in the middle lev-
els penetrated over the Shanghai area and led to the
negative moisture anomaly in the middle layer from
2000–6000 m high. The most significant negative ωi

anomaly was at a height of 4000–4500 m. As the wind
speeds were decreasing and the wind directions were
backing with time, the absolute value of the negative
ωi anomaly was reducing too. The sum of the mois-
ture anomaly in the middle layer of 3000–6000 m at
1400 LST increased by 0.65 mm. This reveals that
in the first stage of PWV increase from 0800 to 1400
LST, moisture at all levels increased, but moisture in
the lower levels increased more than that in the mid-
dle levels. It is worth noting that convection played an
important role in moisture increase. This kind of wind
profile during the first stage formed an unstable atmo-
spheric stratification, with dry air in the middle layer
and wet air in the lower layer, which was favorable for
convection to develop and bring moisture up. The top
of the lower wet layer was increasing to 2500–3000 m

high, as shown in Fig. 4. Meanwhile, the southwest
current under 800 m supported the moisture supply.
This resulted in the increase in thickness of the lower
wet layer and the main part of the PWV increase.

From 1400 LST the wind profile changed. The
wind direction under 800 m changed to northeast and
then to northwest between 2000 and 2200 LST. The
moisture supply became weak, which resulted in the
absolute moisture at the surface decreasing signifi-
cantly from 1400 LST, as shown in Fig. 1c. The
positive moisture anomaly under 2500 m was reducing
with time and reached a minimum at 1800 LST. Al-
though the moisture anomaly began to increase again
from 1800, the sum of the moisture anomaly increase
in the lower layer of 500–2500 m at 2100 LST increased
by only 1.53 mm more than that at 1800 LST. Mean-
while, the wind direction above 2000 m high changed
to southwest or west. The 700 hPa and 500 hPa
weather charts at 2000 LST showed a weak ridge just
moving into the sea. A southwest current existed over
the Shanghai area and brought moisture to the mid-
dle levels. This led to the negative moisture anomaly
in the middle levels beginning to reduce. The wind
speeds over 200 m increased rapidly from 1800 LST
and led to the moisture anomaly in the middle levels
tending to zero. The sum of the moisture anomaly in
the middle layer of 3000–6000 m at 2100 LST increased
by 3.24 mm more than that at 1800 LST. Comparing
with the moisture increase of 1.53 mm in the lower
layer, it is obvious that the PWV increase in the sec-
ond stage was mainly due to the moisture increase in
the middle levels.

5. Evolution of the spatial distribution of
PWV

Figure 6 illustrates the evolution of the PWV
spatial distribution when the squall line formed and
moved into the Yangtze River Delta. From 0800 to
1300 LST (Figs. 6a and 6b), the PWV values in the
northern part of the area maintained higher than 52
mm, and a moisture convergence existed in this part of
the area due to the moisture current from the north-
west side of the subtropical high. Meanwhile, a dry
trough marked by lower PWV existed from the north-
east to the southwest in the southern part of Yangtze
River Delta. This distribution of PWV changed little
during this period. At 1400 LST (Fig. 6c), the PWV
along the border of Jiangsu and Anhui Provinces in-
creased suddenly, and so the PWV at station AHMA
increased by 6.5 mm and reached 58.4 mm during the
last three hours, and the PWV at station AHXC and
JSCZ increased by 1.7 mm and 1.6 mm, respectively.
This indicates that moisture increased rapidly in that
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Fig. 5. Evolution of the wind profiles from 0800 to 2400 LST 24 Au-
gust 2006 observed at the Qingpu station in Shanghai. Unit of wind
speed is indicated in the bottom right.

area. One hour later the squall line formed and pro-
duced a rain area with a maximum hourly rainfall of
24 mm. This proved the rapid increase of moisture in
the air played an important role in the outgrowth of
a squall line. From 1500 to 1700 LST (Fig. 6d), the
area of high PWV expanded southeastward, and the
PWV in the whole northern part of the Yangtze River
Delta increased continuously and significantly. The
PWV at station JSDS at 1700 LST increased by 4.7
mm during the last three hours. At 1700 LST, how-
ever, the squall line was located west to 120◦E, and
two hours later it arrived at station JSDS. A similar
situation occurred at station AHMA, with the PWV
rapidly increasing ahead of the arrival of the squall line
for 1–2 hours. This variation provides a sign to predict
the movement and development of a squall line. The
PWV distribution at 0900 LST (Fig. 6e) is opposite to
the earlier situation, with higher PWV in the east part
and lower PWV in the west part of the Yangtze River
Delta. PWV in the Shanghai area and the northern
part of Zhejiang Province exceeded 53 mm, meanwhile
the dry trough disappeared. The squall line arrived in
the Shanghai area and produced very heavy rains in
two hours.

In order to determine an exact relationship be-
tween the variation of PWV and the location of the
squall line, we plotted the three-hour PWV variations
overlapped by the contours of 1 mm of hourly rain-
fall two hours later. According to the statistical re-
sults of the PWV variation in intervals of one-hour,
two- hours, three-hours and up to six- hours at several
GPS stations in the path of te squall line, the three-

hour PWV variations are much more significant than
one-hour and two-hours variation, while the 4-hours up
to six-hours variations change very little and even less
than the three-hours variation. It indicates that the
three-hour PWV variations (written as ∆3q) is most
suitable to present the PWV variations in the squall
line case. The mean RMS values show the variations of
PWV increased rapidly from one hour to three hours,
while it increased at a much smaller rate in the follow-
ing three hours. The maximum of the PWV variation
occurred in three hours at all stations except SHPD.
Besides, the life of the squall line was only seven to
eight hours; the six-hour variation of PWV seemed
too long to express the influence of the squall line.

Figures 7a–f show these plots at 1400 to 1900 LST.
The solid lines are the contours of positive ∆3q with an
interval of 2 mm, and the dashed lines are the contours
of 1 mm of hourly rainfall two hours later, copied from
Fig. 3. As explained in section 3, the front edge of the
1 mm contours of hourly rainfall can be regarded as
the location of the squall line. The two types of con-
tours are collated well at all the times in the series of
six hours. The results suggest that the “+2 mm” con-
tours of ∆3q can be used to predict well the location
of the squall line two hours later.

An interesting fact is found in the PWV data
assimilation experiments with 3D-VAR assimilation.
Figure 8 shows the difference between the wind fields
with and without the PWV data assimilation at the
850 hPa level at 0800 LST 24 August. The wind vector
difference field happened to be a cyclonic wind field,
and furthermore the wind velocity reduces towards the
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Fig. 6. Evolution of the spatial distribution of PWV in the squall line process in the Yangtze River
Delta.
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Fig. 7. Corresponding relationship between the variation of PWV and the location of the squall
line. Solid lines are the contours of the positive ∆3q with an interval of 2 mm, and the dashed lines
are the 1 mm contours of hourly rainfall two hours later, copied from Fig. 3. Times are shown at
the upper right corner on each of the panels.
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Fig. 8. Differences between the wind fields at the 850 hPa level at 0800 LST
24 August with and without the assimilation of GPS-PWV data.

center. this is favorable to convergence and the ascent
of air in the lower level. Because there are only four
operational radiosonde stations in the Yangtze River
Delta, moisture observations from soundings are not
enough to describe the mesoscale structure of the mois-
ture distribution. The assimilation of the GPS-PWV
data at 14 stations not only gives a realistic moisture
structure, but also made a more favorable wind field
for a squall line to form and develop.

6. Conclusions

(1) The squall line swept through the Yangtze
River Delta and the rain area expanded and inten-
sified as the squall line moved eastward. The front
edge of the contours of 1 mm hourly rainfall coincided
basically with the location of the squall line.

(2) Twelve hours prior to the arrival of the squall
line, the PWV at a station increased significantly in
two stages, providing a favorable moist environment
for the squall line to form and develop. Moisture in-
creased mainly in the middle levels rather than at the
ground. The temporal variation of the PWV better
reflects the squall line approach than surface meteoro-
logical parameters do.

(3) The PWV increases in the two different stages
are related closely to the evolution of the wind profiles.
In the first stage, where the moisture increase at lower
levels contributed mainly to the PWV increasing, the
prevailing southwest wind in the lower levels brought
abundant moisture and made the absolute moisture at

the surface increase significantly and the lower layer
become wet over the Shanghai area. The northwest
wind prevailing in the middle levels brought dry and
cold air currents and penetrated over the Shanghai
area. The unstable stratification encouraged the de-
velopment of convection and transferred the moisture
upward, making the top of the lower wet layer increase
from 1500–3000 m high. The PWV increased mainly
due to the moisture supply by the southwest current
at lower levels, and the lower wet layer was getting
thicker due to the convection. In the second stage, the
moisture increase in the middle levels contributed to
the PWV increase more than that at the lower levels.
The winds in the lower levels changed to northwest or
west winds, while in the middle levels the southwest
wind changed to be prevailing and brought abundant
moisture.

(4) The PWV distribution provided a favorable en-
vironment for a squall line to form and develop. The
assimilation of the GPS-PWV data at 14 stations not
only gave a realistic moisture structure, but also pro-
duced a more favorable wind field for a squall line to
form and develop.

(5) The “+2 mm” contours of the three-hour PWV
variation can be used to predict the location of the
squall line two hours later.
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