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Abstract. Four successive storms with freezing rain and1 Introduction
snow blanketed South China from 10 January—2 February
2008, when the precipitation increased more than 200%-1he Tibetan Plateau, the largest and highest plateau in the
300% above the average for the corresponding period. Thavorld, has unique geologic features and plays an important
unusual atmospheric circulation associated with these disagole in global energy and water cycles (Flohn, 1968; Ma
ters was caused by many complex physical processes, one &t al., 2006; Liu et al., 2007; Xu et al., 2008) and is also
which was the active southern branch of currents over lowthe source of the Changjiang (Yangtze River) and Huanghe
latitude ocean areas which provided plenty of water vapor(Yellow River). It serves as a transfer point for the water
for South China. The ground-based GPS Precipitable Wavapor from low latitude ocean areas to East Asian areas in-
ter Vapor (PWV) measurements on the Tibetan Plateau, supsluding the Changjiang Estuary region (Xu et al., 2003). It
ported by the China and Japan Intergovernmental Cooperds crucial to understand the impact of the Tibetan Plateau
tion Program (JICA), has compensated for the lack of con-On precipitation over East Asia and global climate change
ventional observations of atmospheric water vapor in thisin terms of dynamics and thermodynamics (Tao and Ding,
area and provided a good opportunity to analyze the charl981; Wu and Zhang, 1998; Wu and Qian, 2003; Zhao et
acter of the water vapor transport in the four heavy precipi-aL, 2007). The lack of meteorological stations and observa-
tation processes. It was found that the GPS stations locatetion of water vapor over the Tibetan Plateau has long been
on the southeastern Tibetan Plateau were on the route of thene of the primary difficulties in the analysis and prediction
water vapor transport during 25 January—29 January and 3@f abnormal precipitation over the Changjiang Estuary re-
January—2 February when two heavy precipitation events ocgion. Recently, a complex meteorological observation sys-
curred over South China. The increasing trend from the ondem was established on the Tibetan Plateau and its surround-
to two days pre-observation by the GPS stations was then adng eastern area. This system, as an important component of
sociated with the heavy precipitation. Precipitation during 10JICA, includes ground-based GPS, Automatic Weather Sta-
January—16 January and 18 January—22 January was signiion (AWS) and wind speed profiler, and provides high spa-
icantly related to the abnormal variation of the one day pre-tial and temporal resolution PWV data. It has been proved
observation by the GPS stations located on the northeasterifiat PWV data measured by ground-based GPS has the sam
Tibetan Plateau. This research indicates that ground-base@ccuracy as Radiosonde (Bevis et al., 1992; Rocken et al.,
GPS measurements are applicable to data assimilation in opg-997; Iwabuchi et al., 2000; Braun et al., 2001; Fujita et al.,
erational numerical models. 2008; Shoji et al., 2009). Thus, the GPS PWV data under .
o ) JICA has compensated for the lack of conventional observa-
Keywords. Hydrology (Precipitation; Snow and ice; Trans- tjons of atmospheric water vapor on the Tibetan Plateau. It
port) has been demonstrated that the observation of PWV can be
assimilated into the Weather Research and Forecasts (WRF)
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model and it may significantly improve the numerical simu- QO
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Fig. 1. Precipitation distributions of the four successive storms du@ah@0 January—16 Januafi) 18 January—22 Januafg) 25 January—
29 January, an(td) 31 January—2 February 2008. Units are mm.

From 10 January to 2 February 2008, South China expe200%-300% of the corresponding period. It is well known
rienced four successive storms with freezing rain and snowvthat transfer of water vapor is very important in successive
which are very infrequent in terms of influence area, dura-precipitation events. Thus, it is interesting to analyze the
tion, intensity, and disaster loss. According to our records,influence of the water vapor over the Tibetan Plateau from
that snowfall was a once-in-50-year event which means itghose four heavy precipitation processes. This study ana-
largest precipitation has a 2% chance of occurring in anylyzed the features of the water vapor transfer and the influ-
given year. Figure 1 shows the precipitation distributionsence of the GPS PWV over the Tibetan Plateau on the precip-
during the four successive storms. The first two heavy pre-tation processes by using hourly PWV from ground-based
cipitations (Fig. 1a and b), during 10 January—16 January an@&PS stations on the Tibetan Plateau and precipitation data
18 January—22 January, were over Anhui, Jiangsu, and Hubdiom AWSs in South China.
which are located in the northern part of South China. The
third and fourth precipitations (Fig. 1¢ and d) which occurred
during 25 January—29 January and 31 January—2 Februar§ Synoptic circulation and vertically integrated water
concentrated on the southern part of South China (specif- vapor flux in the precipitation processes
ically, Jiangxi, Hunan, and Guangxi). Overall, there was
more precipitation in the third and fourth processes. The totaBased on the analysis of atmospheric circulation patterns

precipitation from these four processes averaged more thafluring the snowstorms, the successive heavy precipitation
over South China was caused by associated atmospheric
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circulation anomalies. Figure 2 displays the mean 500 hPasoN
geopotential height anomaly field observed during 10
January—2 February 2008 when positive and negative value:
are shown in the northern and southern areas of East Asia60ON -
respectively. The Ural Mountains were a strong positive
anomaly during the heavy precipitation over South China. :
A steady block of high pressure in the vicinity of the Ural 40N .
Mountains was propitious to the cold air from Siberia sweep-
ing across China. A low-pressure system developed over = 4
. . . . % > v
the southern Tibetan Plateau which caused warm moist air2oN - ; RS
. . ) A »
to be continuously transferred to China with a southwesterly i kq"n) T
. . . _ "' k\ /
flow. At the same time, a strong subtropical high had ex N ]
tended northward with cold and warm fronts colliding and Eq . . \\ et
heavy precipitation occurring over the downstream area of 40E 60E 80E 100E 1208 140

the Changj"’.’mg' Therefore, transportation of Warm’ We_t a.'rFig. 2. Mean 500 hPa geopotential height anomaly field during 10
to South China may have caused the successive precipitatiofhnuary—2 February 2008. The Solid and dotted lines indicate posi-
over this area. Figure 3 shows the vertically integrated wa-ive and negative values, respectively.
ter vapor flux during the four heavy precipitation processes.
The water vapor flux was computed from the NCEP/NCAR
reanalysis daily average data, where the spatial resolution ipicts the locations of the eighteen ground-based GPS stations
1° x 1°. The four panels of Fig. 3 represent the relative con-having successful measurements during the storms and those
tribution of water vapor in the four precipitation processes of the twenty-four AWSs that provide precipitation data of
during 10 January—16 January, 18 January—22 January, 25outh China.
January—29 January, and 31 January—2 February 2008. Fig- It is known that GPS signal experiences propagation de-
ure 3a and b shows that this water vapor was mainly initiatedays when traversing the ionosphere and neutral atmosphere.
from the Arabian Sea and the Bay of Bengal and moved withThe ionospheric delay can be eliminated by using the dual
an eastward propagation of a short wave trough in the westfrequencies (around 1.5 and 1.2 GHz) inherent in the GPS
erlies. The secondary source of the water vapor during thesignal (Bevis et al., 1992). The Zenith Total Delay (ZTD),
first two precipitation processes was the Pacific Ocean wheréhe delay of the neutral atmosphere, is estimated hourly us-
water vapor moved westward to a strong convergence zonig GAMIT/GLOBK v10.32 (King and Bock, 2005) and the
in South China. Figure 3a and b also indicates that the waGPS data where a sampling rate of 30s and a cutoff angle
ter vapor in the abovementioned movements passed throughf 15° are applied. The ZTD can be split into Zenith Hydro-
the eastern Tibetan Plateau while abundant water vapor wastatic delay (ZHD) and Zenith Wet Delay (ZWD). The ZHD
concentrated on the southeastern Tibetan Plateau. Thus, th& derived using the Saastamoinen model (Saastamoinen,
water vapor over the Tibetan Plateau was a crucial sourcd972) and measured surface pressure while the ZWD can be
of the heavy precipitation in South China. Water vapor in computed by subtracting the ZHD from the ZTD. The ZWD,
the third and fourth precipitations was partially transferred having an accuracy of 1cm, is then converted into PWV.
by southwesterly flow through the South China Sea and parMeasured surface temperature is employed in the conversion
tially originated over the Bay of Bengal and arrived in South from ZWD to PWV. Figure 5 shows the comparison between
China with the southwesterly flow ahead of south branchthe GPS PWV data from Mengzi, Yunnan (23.37585
westerly troughs. It is demonstrated in Fig. 3c and d that thel03.38509E) and the PWV derived from radio-sounding
water vapor involved with the third and fourth precipitations measurements. As the radio-sounding measurements are per-
also passed through the southeastern Tibetan Plateau thoufdrmed two times a day at 12:00 and 24:00 UTC, they were
its origin and transferring path are different from those in compared with the GPS PWYV data at the same time during 6
the first two precipitations. Therefore, the eastern TibetanJanuary—2 February 2008. The average bias of the two mea-
Plateau was an important transport point for water vapor dursurements is 0.358 cm while the standard deviations of the
ing the heavy precipitation processes over South China.  GPS PWV and radio-sounding measurements are 0.509 and
0.401 cm, respectively. The mean distance between the GPS
station and the radio-sounding measurement is 15km. Fig-
3 GPSPWV data ure 5 shows that the PWV from the GPS station and radio-
sounding measurements agrees very well. The correlation
As abovementioned, during the 2008 heavy rainfall, abun-coefficient is 0.83137 with a confidence level greater than
dant water vapor was transported to South China along witt99.9%.
wet and warm flows. The GPS stations on the Tibetan Plateau
were on the route of the water vapor transport. Figure 4 de-
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Fig. 3. Vertically integrated water vapor flux from the surface to 100 hPa du@pd.0 January—16 Januarfp) 18 January—22 January,
(c) 25 January—-29 January, afd) 31 January—2 February 2008. Units are kg/(ms).
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Dat signal of the PWV from the low-order EOFs. At the same
ate

time, the water vapor transports can be distinguished based
Fig. 6. Hourly GPS PWV during 6 January—2 February 2008 on their orientations and the origins of the moisture sources.

from Lincang, Yunnan (23.88184, 100.08996 E); Dali, Yun- The hourly PWV data during 6 January-2 February 2008,
nan (25.70729N, 100.17593 E); Mengzi, Yunnan (23.37593\, was standardized and decomposed into terms of Empirical

103.38509 E); Tengchong, Yunnan (25.01858, 98.49748 E);  Orthogonal Functions (EOF) to describe the spatial and tem-
and Xichang, Sichuan (27.90411, 102.26768 E). poral variability. The first two eigenvectors explain 62% of

the total variance, which indicates that they describe the ma-
jor spatial distribution of the GPS PWV data over the eastern
4 Analysis of the heavy precipitation over South China  Tibetan Plateau. Figure 7a shows the first eigenvector that
using GPS PWV measurements from the Tibetan explains 45% of the total variance. It suggests that the spatial
Plateau distribution of the GPS PWV data was quite stable during the
heavy precipitation over South China. Two largest variable
Figure 6 shows the hourly PWV data from five GPS sta-centers of GPS PWV are found in eastern Tibet and Yun-
tions during 6 January—2 February 2008. By comparing withnan. The second eigenvector (see Fig. 7b) explains 17% of
Fig. 1, we found that the precipitation over South China in- the total variance and indicates that eastern Sichuan and Yun-
creased with the GPS PWV. Specifically, the precipitation innan have opposite variance for the spatial distribution of the
the third and fourth processes substantially increased whe@®PS PWV. Figure 7b indicates that the other variable center
the GPS PWYV achieved its maximum value. of GPS PWV is located on the northeastern Tibetan Plateau.
In this section, we study the relationship between the GPSThe averaged altitudes of the GPS stations in eastern Tibet,
PWV and the heavy precipitation over the Tibetan PlateauYunnan and eastern Sichun are 3300 m, 2000 m, and 500 m,
and South China, respectively. Because abnormal weather ispectively. Thus, EOF analysis can be also used to distin-
related to atmospheric disturbances at various scales of timguish the GPS PWYV in terms of its variable centers and the
and space, the Empirical Orthogonal Function (EOF) analy-altitudes of the GPS stations. It also reveals that the distri-
sis is employed to find time series and spatial patterns of thdutions of PWV in Fig. 7a and b correspond with the water
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Fig. 8. (a) Time coefficient associated with the first eigenvector of the GPS PWV over the southeast of the Tibetan MHatdaurly
precipitation over area llic) Correlation coefficients of the second eigenvector of the GPS PWV over the southeastern Tibetan Plateau
and precipitation over area Il with 0-72 h ladd) Time-frequency representation of the PWV from Dali GPS stat{elpTime-frequency
representation of precipitation from Ganzhou AWS.

vapor transport shown in Fig. 3c and d and 3a and b, respedaduring the first two precipitations. However, during the third
tively. and fourth precipitations, the PWV over the southeastern Ti-
betan Plateau significantly increased which strongly corre-
sponds with the precipitation over area Il (see Fig. 8b). Fig-
ure 8b shows the hourly precipitation given from the twenty
éAWSs of area Il, where heavy precipitation occurred inter-
mittently during 25 January—2 February. From the com-
parison between Fig. 8a and b, it is not difficult to deduce
that the maximum values of the PWV over the southeast-
n Tibetan Plateau were above the precipitation peaks for
area Il. Shown in Fig. 8c are the correlation coefficients of
he PWV over the southeastern Tibetan Plateau and the pre-
Cipitation over area Il with 0—-72h lags. From Fig. 8c, the
PWV over the southeastern Tibetan Plateau is strongly cor-
Based on the theory of EOF analysis, the time series ofelated with the precipitation with a 24—48 h lag giving con-
expansion coefficients associated with the first eigenvectofidence greater than 99.0%. Therefore, 1-2 days ahead of
of GPS PWV data represents the variation of the PWV overpwyV over the southeastern Tibetan Plateau can substantially
time on the southeastern Tibetan Plateau during the heavilenote the precipitation over South China. To verify this

precipitation. It is seen from Flg 8a that the PWV over the conclusion, we applied wavelet transform to hourly PWV
southeastern Tibetan Plateau did not substantially increase

This study analyzed the effect of the two variable centers
of GPS PWV on the heavy precipitation over South China.
As described in the introduction, the first two heavy precip-
itation events happened in the northern part of South Chin
while the third and fourth precipitations were detected in the
southern part of South China. Based on the spatial distribu
tion of the precipitation, we hereafter address the precipitat-
ing areas as areas | and |l (see Fig. 4) that are associated wi
the first two and last two precipitations, respectively. Four-
teen and twenty AWSSs, respectively, are located in these tw
areas.
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from Dali GPS station (in Yunnan) and precipitation from @
Ganzhou AWS (in Jiangxi) during the third and fourth pre-

cCipitation events (23 January—2 February) where the Dali ¢
GPS station and Ganzhou AWS represented the GPS stationz , |
on the southeastern Tibetan Plateau and the AWSs on are :
I, respectively. Wavelet transform is a powerful tool to de-
scribe the subgrid-scale variability of signals in the assump- ;
tion of a known coarse-scale field (Kumar, 1996). In this .
study, we used wavelet transform to separate physical mean

-4

ingful signal components from background noise and ana- -4 —— T
lyze the relationship between the variation in the PWV and Date

the precipitation over the Tibetan Plateau and South China,(b)g
respectively. Figure 8d and e are the time-frequency repre-

sentations of the PWV from Dali GPS station and the precip-
itation from Ganzhou AWS, respectively. It was found that £ .
the variation trends of the PWV and precipitation are very 5
A‘ A.A. 1 J\.A‘ A A 1

Time Coefficiel
N

o

(mm)

0]

similar. The PWV formed slightly ahead of the precipitation, :

particularly during the fourth precipitation when the increase £ 5

of the PWV was 1-2 days ahead of the precipitation. Over-

all, the results shown in Fig. 8 indicate that the southeastern

Tibetan Plateau was on the route of the water vapor transpor %6 18 V10 V12 114 16 VI8 VI VR V4 12 UB UM 1

associated with the third and fourth heavy precipitations. © Date

The time series of expansion coefficients associated with

the second eigenvector of GPS PWYV data (Fig. 9a) represent:

the variation of PWV over the northeastern Tibetan Plateau g

during the heavy precipitation. Figure 9b shows the precip-

itation over area I. It is clearly evident that the PWV over

the northeastern Tibetan Plateau closely corresponds witl

the first two heavy precipitations. The PWV started to in-

crease on 9 January when the first precipitation formed aboul

24 h later. Then both the PWV and precipitation over area |

achieved their maximum values during 11 January-12 Jan- Lag Hour

uary. Moreover, the PWV showed a growing trend with the

coming of the second heavy precipitation on 18 January. It isFi9- 9 (&) Time coefficient associated with the second eigenvector

suggested that other water vapor sources may also have cofl. T80 PC o TE T EE e e socond

grl’r?zltli? g)V\}r\]/eirS\ce:rceo;sde Tsﬁgg?égrlop:ﬁgeﬁ fstbgf:;Zﬁa?ifotnhgigenvec_to_r 01_‘ the GPS PWV over the northeastern Tibetan Plateau

. . . ‘and precipitation over area | with 0-72 h lags.

Figure 9c shows the correlation coefficients of the second”

eigenvector of GPS PWV and the precipitation over area |

with 0—72h lags. The relationship between the PWV over _

the northeastern Tibetan Plateau and the precipitation wittP €onclusions

a 0-24 h lag arrives at the largest confidence level — greater

than 99.0%. However, the duration of the relationship be-The area east of the Tibetan Plateau was one of the impor-

tween the PWV over the northeastern Tibetan Plateau anthnt transport points of water vapor during the 2008 heavy

the precipitation over area | was not as long as the PWV ovesnowfall over South China. It became possible to analyze

the southeastern Tibetan Plateau and the precipitation ovahe water vapor transport during the precipitation by taking

area Il. This may have occurred partially because the cenadvantage of PWV data from ground based GPS stations on

ter of the PWV over the northeastern Tibetan Plateau washe Tibetan Plateau. Using the EOF analysis method, we di-

closer to the precipitation area than the southeastern Tibetavided the eighteen GPS stations into two GPS PWV groups

Plateau. Of course, differences in the dynamical and thermolocated on the southeastern and northeastern Tibetan Plateau.

dynamical processes could be another reason that led to thé&/e found that the southeastern Tibetan Plateau was on the

correlation between PWV and precipitation with a diverse route of the water vapor transport during the third and fourth

lag time. heavy precipitations. The increased trend from the one to two
days pre-observation of PWV over the southeastern Tibetan
Plateau could be a strong indication for heavy precipitation
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over area Il. The northeastern Tibetan Plateau was one ofumar, P.: Role of coherent structures in the stochastic-dynamic
the important transport points for the water vapor during the variability of precipitation, J. Geophys. Res., 101, 26393-26404,
first two heavy precipitations. The abnormal variation of the ~ 1996.

one day pre-observation for this PWV group had very goodLit: Y., Bao, Q., Duan, A., Qian, Z., and Wu, G.: Recent progress
correspondence to the heavy precipitation over area |. It is in the |mp§ct of the Tibetan Plateau on climate in China, Adv.

concluded that the variation in GPS PWV over the Tibetan  AtMoS: SCi., 24, 10601076, 2007.

Plateau could be an important reference for the redictionMa’ Y. Zhong, L., Su, Z., Ishikawa, H., Menenti, M., and Koike, T..
P P Determination of regional distributions and seasonal variations

Qf precipitation over Sou_th China. Becz_iu_se the G_PS St_a' of land surface heat fluxes from Landsat-7 Enhanced Thematic
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