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few decades (Li et al. 2011). It is interesting to find 
that the regional moisture budget had a high correlation 
with meridional net moisture transport over SC, with 
the correlation coefficient above the 95% confidence 
level during the whole period. This close relation-

ship was also found over YH. The running correlation 
coefficient of the regional moisture budget was larg-
est and most significant with meridional net moisture 
transport. Hence, the regional moisture budget over 
YH was also dominated to some extent by moisture 

 

 

 

Fig. 7. Nineteen years of running correlations between the regional moisture budget and water vapor transport via 
each lateral boundary, including meridional and zonal net water vapor transport over (a) NC, (b) YH, and (c) 
SC. The meridional net water vapor transport is calculated by the net effect of the transport via the southern and 
northern boundaries, while the zonal net water vapor transport is calculated by the net effect of the transport via 
the western and eastern boundaries. The dashed lines represent the 95% confidence level according the student 
t-test.
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convergence in the meridional direction. However, in 
NC, the correlation with the regional moisture budget 
was highest with moisture transport via the southern 
boundary, instead of meridional net water vapor trans-
port. This might be because NC was dominated mainly 
by the southeasterly transport rather than the south-
erly transport; the moisture input from the south was 
exported mainly via the eastern boundary rather than 
the northern boundary. In summary, both the deviation 
and correlation analysis demonstrated that the regional 
moisture budget over East Asia was influenced mainly 
by meridional moisture transport during the two rain-
fall shifts. 

6. The impacts of wind and moisture disturbance 
on water vapor transport anomaly

Decadal variations in water vapor transport and 
regional moisture budget played an important role in the 
two regime rainfall shifts over East China. Recognition 
of possible factors that affect regional moisture sup-
ply will no doubt enrich our knowledge of drought and 
flood conditions over East China. Water vapor transport 
is the transport of moisture from source regions to sink 
regions by the wind field. Its variation is the combined 
effect of wind and humidity fields. Huang et al. (1998) 
pointed out that the water vapor convergence over the 
East Asian monsoon region is mainly due to the wet 
advection caused by the monsoon flow and the north-
to-south humidity gradient. Jiang et al. (2009) and Li 
et al. (2011) stated that water vapor transport over East 
China is governed mostly by the general wind field, 
especially that on the lower level. To investigate the 
contrasting roles played by wind and humidity fields 
on the decadal changes of water vapor transport, the 
water vapor flux anomaly was decomposed according 
to Eq. (3). ¢Qwind , ¢Qmoisture  respectively represent the 
effect of the disturbance wind field and disturbance 
moisture field on water vapor transport anomaly, which 
together capture most of the water vapor transport 
anomaly (Figure not shown). The spatial distributions 
of ¢Qwind , ¢Qmoisture  during 1958-1978, 1979-1992 and 
1993-2002 are shown in Figs. 8, 9, 10.

Before the first rainfall transition, the patterns of 
¢Qwind  and its divergence (Fig. 8a) were similar to 

those of total moisture transport anomaly (Fig. 3b) in 
both the spatial distribution and the magnitude. Mois-
ture advected by the disturbance wind field from the 
Bay of Bengal and South China Sea converged to the 
west of SC, while eastward moisture transport over 
northern SC and YH was weakened. Enhanced mois-
ture transportation invaded northward to NC and con-
verged. The wind field anomaly at 850 hPa showed 

a similar pattern as ¢Qwind  (Fig. 8c), which was rea-
sonable because most of the moisture is concentrated 
in the lower level (Li et al. 2010). The above normal 
southwest summer monsoon flow from the Bay of 
Bengal to western SC via the south of Tibetan Plateau 
together with stronger southeast summer monsoon 
flow from tropical western Pacific Ocean to SC via 
SCS transported abundant moisture to East China. At 
the same time, the East Asian summer monsoon flow 
was stronger than normal, which invaded northward to 
NC instead of eastward over YH, bringing enhanced 
moisture to NC. Compared to ¢Qwind , the role played 
by ¢Qmoisture  was negligible (Fig. 8b). The magnitudes 
of ¢Qmoisture  and its divergence were much smaller than 
those of ¢Qwind  over our target regions. It was rea-
sonable as the percent change of moisture was much 
less than that of wind field (Figure not shown). The 
direction of ¢Qmoisture  over the ocean was opposite to 
the total moisture transport due to the weaker than nor-
mal moisture content over the ocean during this period 
(Fig. 8d). Hence, the disturbance wind field played a 
much more important role than the disturbance mois-
ture field in the abnormal water vapor transport. The 
stronger southwest summer monsoon over the south 
of the Tibetan Plateau  the stronger southeast summer 
monsoon over the western Pacific Ocean along with 
the enhanced East Asian summer monsoon were the 
main circulation systems which induced the abnormal 
moisture transport before 1979. 

After the first rainfall transition, similar as that before 
1979, the contrasting role played by disturbance wind 
field in the total water vapor transport anomaly was 
much larger than that of the disturbance moisture field 
(Figs. 9a, b). Associated with the weakened southerly 
wind over SCS and SC resulting from the weakened 
East Asian summer monsoon (Liu et al. 2004) (Fig. 
9c), moisture transported into SC was less than normal, 
and instead invaded continually over southern SCS to 
the Philippines. Stronger-than-normal moisture output 
via the northern boundary of NC was mainly advected 
by the abnormal southerly wind over the high latitudes. 
During this period, ¢Qmoisture  from the ocean was in the 
same sign as the total water vapor transport because 
the variation of moisture content over the ocean was 
positive (Fig. 9d). However, as the moisture content 
over East Asia was drier than normal, strong conver-
gence of ¢Qmoisture  could only be found near the coast 
of East Asia. Hence, ¢Qwind  played a dominated role in 
the abnormal water vapor transport during 1979–1992, 
while ¢Qmoisture  played a negligible role.

After the second rainfall shift, consistent with the 
previous two periods, the water vapor transport anom-
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aly was dominated by ¢Qwind  instead of ¢Qmoisture  (Figs. 
10a, b). The cyclonic circulation anomaly over SC and 
the abnormal southwesterly from the lower latitudes 
converged with the northeasterly from the middle and 
high latitudes at the lower level. The southwesterly 
anomaly was the outflow of a widespread anticyclone 
over the northern SCS and WNP, while the northeast-
erly was related to an abnormal anticyclone over NC 
and Mongolia (Fig. 10c). Wu et al. (2010) pointed out 
that the anticyclone to the south was a response to 
abnormal heating over the tropical Indian Ocean, while 
the one to the north was caused by abnormal cooling 
over the Tibetan Plateau during the previous winter and 
spring because of the greater snow cover. Associated 
with these wind field anomaly patterns, ¢Qwind  showed 
a similar pattern, with abnormal water vapor conver-
gence over SC and part of YH. 

Hence, the water vapor transport anomaly over East 
China during these two rainfall shifts was mainly con-
trolled by the disturbance wind field instead of the dis-

turbance moisture field. The wind field pattern at the 
lower troposphere represents the total water vapor flux 
to a great extent.

7. Discussion and summary

The water vapor transport associated with two 
decadal rainfall shifts in 1978/79 and 1992/93 over East 
China were studied in this paper. Questions regarding 
the abnormal water vapor transport pattern, moisture 
supply during the two regime shifts, main level where 
the anomalous water vapor transport was located, 
crucial boundary of the regional moisture budget and  
constrasting roles played by wind and humidity fields 
were all examined. The key results are summarized as 
follows:

After 1978/79, southerly water vapor transport over 
East China was weakened; an anticyclonic moisture 
circulation anomaly associated with decreasing mois-
ture convergence lay over SC; abnormal water vapor 
from western SC converged with that from western NC 

  
  

  
 

(a) 

(c) (d) 
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Fig. 8. (a) Mean moisture field transported by disturbance wind field ( ¢Qwind , vector, kg m–1 s–1) and its divergence 
(shading, 10–5 kg m–2 s–1), (b) disturbance moisture field transported by mean wind field ( ¢Qmoisture , vector, kg m–1 
s–1) and its divergence(shading, 10–5 kg m–2 s–1), (c) anomalous wind field (m s–1) at 850 hPa, and (d) anomalous 
total precipitable water (mm) during 1958–1978. The contours in (a), (b) represent the zero isoline of divergence 
of water vapor flux. The rectangles denote the regions of NC, YH, and SC from north to south, respectively.
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over YH and turned eastward instead of northward to 
NC. Hence, summer precipitation increased abruptly 
over YH but decreased over SC and NC in the first 
regime shift. After 1992/93, convergence of anomalous 
water vapor transport from the lower and higher lati-
tudes was found over SC and YH, resulting in intensive 
enhancement of rainfall over SC. 

The comparative contribution of water vapor trans-
port via each boundary on different vertical levels was 
studied. The magnitude of the water vapor transport 
variation in the meridional direction was much larger 
than that in the zonal direction; the regional moisture 
budget had high correlation with the meridional net 
moisture transport over SC and YH, as well as with the 
moisture input via the southern boundary over NC; it 
was the meridional water vapor fluxes that played key 
roles in the rainfall regime shifts over three regions. 
The vertical distribution of moisture transport via 
each boundary showed that the abnormal meridional 
transport via the southern and northern boundaries was 
located in the lower atmosphere, while the anomalous 
zonal transport via the eastern and western boundaries 
took place mainly in the middle level instead of the 
lower level. 

The water vapor transport anomaly over East China 
during these two rainfall shifts was mainly controlled 
by the disturbance wind field instead of the disturbance 
moisture field. The wind field pattern in the lower 
troposphere represents the total water vapor flux to a 
great extent. The stronger southwest summer monsoon 
to the south of the Tibetan Plateau, stronger southeast 
summer monsoon over western Pacific Ocean and the 
enhanced East Asian summer monsoon were the main 
circulation systems that were associated with abnormal 
moisture transport before 1979. The less-than-normal 
moisture transport to East Asia was associated with 
weakened southerly wind over SCS and SC as a result 
of the weakened East Asian summer monsoon during 
1979–1992. The convergence of an abnormal south-
westerly from the lower latitudes and the northeasterly 
from the middle and high latitudes in the lower level 
was closely related to the abnormal pattern of water 
vapor flux after 1993.

In this study, the regional moisture budget, water 
vapor transport, and its divergence were all calculated 
based on the ECMWF ERA-40 reanalysis dataset. It 
provided us with a direct and reasonable approach to 
study water vapor circulation over a specific region. 
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Fig. 9. Same as Fig. 8, but for 1979–1992.
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However, many problems still remain in this data-
set. Due to the introduction of satellite instruments, 
drifting ocean buoys, enhancements in observations 
from commercial aircraft, etc., there are a number of 
years in which certain characteristics of the dataset 
are improved stepwise, which may produce an inho-
mogeneity problem in a long-term study. However, the 
observed precipitation data used in this study are from 
the best daily dataset currently available for studying 
climate change in China which has been subjected to 
quality control procedures and has been examined in 
many studies (Zhai et al. 2005). Hence, the observed 
precipitation data are considered to be credible in this 
sense. The variations in water vapor circulation calcu-
lated by using the ERA-40 dataset were consistent with 
those in rainfall based on observed precipitation data; 
therefore, the discontinuity in quality of the ERA-40 
appeared not to cause a fundamental problem in this 
study. However, we should remain cognizant of a num-
ber of potential shortcomings in using this reanalysis 
data, and the reliability of our results should be assessed 
through comparison with other observed datasets.

Moisture that condenses as rainfall may experience 

evaporation, condensation, and re-evaporation on its 
path before reaching the sink region. Therefore, based 
on water vapor flux, we showed only the moisture trans-
port routine in the atmosphere, but not its actual source 
region. In the past few decades, a number of studies 
have tried to discover where the moisture ultimately 
originated. A direct way to detect the actual rainfall 
origin is to incorporate “tagged” water into general 
circulation models (GCMs) by tagging the moisture 
at its origins and following it through the atmospheric 
process until it has precipitated from the atmosphere 
(Koster et al. 1986; Bosilovich and Schubert 2002). 
However, this is limited by the accuracy of GCMs and 
the veracity of the numerically simulated hydrological 
cycle. Yoshimura et al. (2004) developed the Colored 
Moisture Analysis (CMA) technique, which provides 
a clearer, more integrated view of temporal and spatial 
changes in moisture transport fields and uses reanalysis 
data rather than GCM output. It may provide a useful 
tool in our search for the true sources of the moisture 
that is responsible for anomalous precipitation over 
East Asia, which we may study further in the future.

This paper revealed the variation in water vapor 

  
  

  
 

(a) 

(c) 

(b) 

(d) 

Fig. 10. Same as Fig. 8, but for 1993–2002.
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transport responsible for the two decadal rainfall regime 
shifts over East China. However, the physical mecha-
nism of this variation in water vapor transport was not 
investigated in detail. Previous studies have indicated 
that moisture circulation is essentially controlled by a 
complex air-sea-land and tropical-extratropical inter-
action (Zhou and Chan 2007; Yuan et al. 2008; Tong 
et al. 2009). Furthermore, changes in atmospheric cir-
culation are ultimately forced by surface variations (Li 
et al. 2006; Chan and Zhou 2005). Hence, to reveal 
the mechanisms that induced the two rainfall shifts, 
it is necessary to comprehensively consider external 
forces (Yang and Lau 1998), such as sea surface tem-
perature over tropical and extratropical oceans, snow 
cover from the previous winter and spring, as well as 
temperature and soil moisture conditions over the land 
(Yoo et al. 2004; Huang et al. 2007; Wu and Qian 2003; 
Zuo and Zhang 2007). Wu et al. (2010) pointed out 
that the anticyclone over Mongolia responsible for the 
water vapor transport anomaly in the second rainfall 
variation was induced by upper-troposphere cooling, 
and the anticyclone over the northern SCS and WNP 
was associated with abnormal warming over the Indian 
Ocean. However, the reliability of these hypotheses is 
still being assessed and should be investigated further 
through climate modeling.
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