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Abstract This study explores the time-lagged impact of

the spring sensible heat (SH) source over the Tibetan

Plateau (TP) on the summer rainfall anomaly in East China

using the Weather Research and Forecasting model.

Numerical experiments for 2003 indicate that a spring SH

anomaly over the TP can maintain its impact until summer

and lead to a strong atmospheric heat source, characterized

both by the enhanced SH over the western TP and

enhanced latent heat of condensation to the east. Wave

activity diagnosis reveals that the enhanced TP heating

forces a Rossby wave train over the downstream regions. A

cyclonic response over the northeast TP brings about a

low-level northerly anomaly over northern China, while an

anticyclonic response over the western Pacific enhances the

subtropical high and the low-level southerly on its western

flank. As a result, cold and dry airflow from mid-high

latitudes, and warm and wet airflow from tropical oceans

converge around the Huaihe River basin. In addition, warm

advection originating from the TP induces vigorous

ascending motion over the convergence belt. Under these

favorable circulation conditions the eastward-propagating

vortexes initiated over the TP intensify the torrential

rainfall processes over the Huaihe River basin. In contrast,

additional experiments considering the year 2001 with

weak spring SH over the TP and an overall southward

retreat of the summer rainfall belt in East China further

demonstrate the role of spring SH over the TP in regulating

the interannual variability of EASM in terms of wave

activity and synoptic disturbances.

Keywords Spring sensible heat (SH) � Tibetan Plateau

(TP) � East Asian summer monsoon (EASM) � Summer

rainfall

1 Introduction

The impact of thermal forcing over the Tibetan Plateau

(TP) on the East Asian summer monsoon (EASM) and

corresponding precipitation patterns has been widely

investigated. Results based on both data analysis and

numerical simulation have revealed that the diabatic heat-

ing over the TP facilitates an early monsoon onset and a

strong EASM circulation, which corresponds to a more

northward extent of the rainfall belt over East China (e.g.,

Ye and Gao 1979; Wu et al. 1997; Zhao and Chen 2001;

Duan and Wu 2005; Wang et al. 2008; Duan et al. 2012;

Liu et al. 2012).

Before the rainy season, the thermal conditions over the

TP are represented by the snow cover/depth in winter-

spring or the sensible heat (SH) source in spring. An

increase in snow cover/depth can delay the monsoon onset

and noticeably weaken the intensity of the EASM, resulting

in a decrease in precipitation in southern China and an

increase in the Yangtze and Huaihe River basins (e.g., Qian

et al. 2003; Zhang et al. 2004b; Zhao et al. 2007). How-

ever, a recent study by Wu and Kirtman (2007) argued that

in most regions of Eurasia, snow depth anomalies can

persist from winter to spring whereas snow cover anoma-

lies cannot, and that spring snow cover over the TP has a
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moderate positive correlation only with spring rainfall in

southern China. Moreover, this correlation may include the

effects of El Niño-Southern Oscillation (ENSO). It might

be related to the fact that snow cover/depth is far from

widespread over the TP, with appreciable snow cover only

in the peripheral mountains. In the vast interior, snow cover

is rare or very thin, patchy, and of short duration (Wu and

Qian 2003; Qin et al. 2006). The complicated interactions

of snow cover/depth, soil moisture, frozen soil, albedo, and

surface heat flux mean that the physical mechanisms

linking winter-spring snow and the EASM are far from

clear (Yanai and Wu 2006; Gao et al. 2011).

In spring, the air column over the TP changes from a

heat sink to a source due to the rapidly enhanced SH (e.g.,

Ye and Gao 1979; Luo and Yanai 1983, 1984; Luo and

Chen 1995; Wu et al. 1997). A robust statistical relation-

ship between the spring SH source over the TP and summer

rainfall pattern in East China has been well documented;

i.e., strong spring SH over the TP usually corresponds to

above normal rainfall in the Yangtze and Huaihe River

basins (e.g., Luo and Chen 1995; Zhao and Chen 2001;

Duan et al. 2005).

Most studies of the impact of the winter-spring thermal

condition over the TP on the EASM have focused on the

timing of the monsoon onset, the intensity of monsoon

circulation systems, and the rainfall anomaly with

emphasis on the large-scale land-sea thermal contrast,

whereas its impact on the intraseasonal and synoptic-scale

variability of the EASM has received less attention. Many

synoptic systems in East China have their origin over the

TP, and such eastward-moving systems usually cause

extremely heavy rain and severe storms (Tao and Ding

1981). A notable case is the devastating flood in the Yan-

gtze River basin of 1998, when convective activity over the

TP contributed to the heavy rain (Yasunari and Miwa

2006). Early studies recognized that the genesis and

development of TP synoptic systems are greatly influenced

by surface thermal conditions. For example, using the

Geophysical Fluid Dynamics Laboratory (GFDL) limited-

area mesoscale simulation model, Wang (1987) found that

surface SH can enhance disturbances in the TP boundary

layer through a dramatic reduction in static stability. Li

et al. (2002) showed that the surface SH plays an important

role in the formation and intensification of a vortex over the

TP, but only when the center of the vortex matches up with

the surface heating field.

How does the spring SH anomaly over the TP retain its

influence until summer and affect the local atmospheric

heat source? Why does the strong spring SH source over

the TP favor excessive precipitation in the Yangtze and

Huaihe River basins? This work seeks to answer these

questions by numerical simulation using the regional

Weather Research and Forecasting (WRF) model for two

cases in 2003 and 2001, which have different spring SH

conditions over the TP and summer rainfall patterns in East

China. The remainder of this manuscript is organized as

follows. In Sect. 2 the dataset and experimental design are

briefly described. Section 3 presents both the data analysis

and the control run results for 2003. Section 4 discusses the

possible mechanism by which the SH anomaly over the TP

contributes to torrential precipitation and flooding over the

Huaihe River valley, and discusses the 2001 case study.

Finally, an overall summary and discussion are presented

in Sect. 5.

2 Data and experimental design

2.1 Data

The data employed in this study include historical 6-hourly

observations of land surface temperature, air temperature at

2 m above the land surface, and 10 m wind speed at 73

stations over the central and eastern TP (shown in Fig. 1a)

from 1980 to 2008. SH was calculated by the bulk aerody-

namic method (for details see Duan et al. 2011). Daily pre-

cipitation records from 602 stations in China during the same

period were provided by the China Meteorological Admin-

istration (CMA). We also used Tropical Rainfall Measuring

Mission (TRMM) 3B42 daily rainfall data (Huffman et al.

2007), with 0.25� 9 0.25� horizontal resolution. The

atmospheric circulation dataset is derived from the National

Centers for Environmental Prediction final analysis data

(NCEP-FNL, http://rda.ucar.edu/datasets/ds083.2/) with a

6-h interval and 1� 9 1� horizontal resolution. The daily

Optimum Interpolated Sea Surface Temperature (OISST,

Reynolds et al. 2007) on a 0.25� 9 0.25� grid was used to

drive the WRF.

2.2 Experimental design

The model used in this study is the non-hydrostatic

Advanced Research WRF model (version 3.4), which has

previously been employed to simulate variations in the

EASM (e.g., Kim and Hong 2010; Kim and Wang 2011;

Yang et al. 2011). Physical packages include the Lin cloud

microphysics scheme (Lin et al. 1983), the Grell-Devenyi

(GD) convective scheme (Grell and Devenyi 2002), the

NOAH land-surface model (Chen and Dudhia 2001), the

BouLac planetary boundary layer (PBL) scheme (Bou-

geault and Lacarrère 1989), a Goddard shortwave scheme

(Chou and Suarez 1999), and the Rapid Radiative Transfer

Model (RRTM) for longwave radiation (Mlawer et al.

1997). The simulation domain covers most parts of Asia

and adjacent oceans with 181 grid points along the east-

west direction and 131 along the north-south direction (the
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buffer zone has 10 grid points). A Lambert projection is

adopted and the domain is centered at 30�N, 102.5�E

(Fig. 1a). The model has a 45-km horizontal resolution and

35 vertical layers with a terrain-following sigma coordinate

and a prescribed model top at 50 hPa. The initial state of

the atmosphere and lateral boundary conditions (updated

every 6 h) are from NCEP-FNL, and the sea surface tem-

perature (SST) forcing dataset is OISST, updated daily.

Two ensemble experiments for the 2003 case study

(Table 1) were performed under different SH conditions

over the TP during spring (0000UTC March 1–1800UTC

May 31). Results from the control experiment (CTL03), in

which spring SH intensity over the TP is maintained at

100 %, are used to test WRF performance in simulating the

2003 EASM. To illustrate the contribution of the spring SH

anomaly over the TP, we carried out a sensitivity experi-

ment (ExpS03), in which the intensity of spring SH at grid

cells where terrain is higher than 2000 m over the main TP

area (Fig. 1a; 25–40�N, 70–105�E) is specified to be 50 %

of the normal. In detail, it is achieved by setting the spring

surface SH released into the atmosphere to be 50 % at each

modeling time step and each grid over the select region,

while the land surface energy balance is kept unchanged

(meaning the SH is still computed by the land model at

each time step and allowed to impact land surface tem-

perature). This method is exactly the same as Wu et al.

(2012). Except for the modified spring SH, other settings in

ExpS03 are the same as in CTL03. Each of the ensemble

experiments has five members with different initial con-

ditions at 0000UTC, 0600UTC, 1200UTC and 1800UTC

February 28, and 0000UTC March 1, respectively, and

each simulation ends at 1800UTC August 31 2003. Fig-

ure 1b shows the evolution of daily SH averaged over 73

stations from the two experiments and from observations:

the spring SH in the CTL03 run is comparable with the

observations.

To confirm the conclusions from the 2003 case study,

we designed two similar ensemble experiments for 2001

where the heating conditions are reversed (Table 1). The

spring SH intensity over the TP in the control experiment

(CTL01) is maintained at 100 %, while it is specified to be

150 % of the normal in the sensitivity experiment

(ExpS01). Again, each of the ensemble experiments has

five members with different initial conditions at 0000UTC,

0600UTC, 1200UTC and 1800UTC February 28, and

0000UTC March 1 2001 respectively, and each simulation

Fig. 1 a WRF model domain

and terrain height (shading, m).

b Temporal evolution of the

spring (March–May) observed

daily sensible heat (SH)

averaged from 73 stations

(Triangles in (a)) over the TP

(black) and the corresponding

simulated results in the CTL03

(red) and ExpS03 (blue) runs, in

units of W m-2
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ends at 1800UTC August 31 2001. The other experimental

settings of physical schemes and model domain in 2001 are

the same as for 2003.

Besides the thermal forcing over the TP, ENSO also

contributes to the variability of the EASM (Fu and Teng

1988; Wang et al. 2000; Wu et al. 2009). To highlight the

effect of spring SH over the TP, we choose years without a

strong ENSO event. In the winter preceding 2001 there is

no strong ENSO event, while for the 2003 case, a moderate

El Niño occurs in the preceding winter but is damped

quickly in spring (figure not shown). Anomalously low

snowfall occurred over the TP during the winter-spring of

2000–2001 (Ai 2002) and 2002–2003 (Yang et al. 2004).

Therefore, the selection of these case studies excludes the

apparent influence on the EASM of heavy snow cover/

depth.

3 Observations and the control run for 2003

3.1 Observations

Figure 2a shows the standardized anomalies of the

73-station-averaged spring SH with linear trend excluded

over the central-eastern TP for 1980–2008. In 2003 (2001)

the spring SH over the TP is obviously stronger (weaker)

than normal with the anomaly exceeding one standard

deviation. The correlation field between the 73-station-

averaged spring SH index over the TP and the summer

(June–August, JJA) precipitation at 602 stations over China

during 1980–2008 is displayed in Fig. 2b. It suggests that

when the spring SH over the TP is above normal, a sig-

nificant positive precipitation anomaly appears in the mid

and lower reaches of the Yangtze River and the Huaihe

River basin but a significant negative precipitation anomaly

occurs over South China. This relationship is also seen in

the composite analysis shown in Fig. 2c, in which the

summer precipitation difference field is derived from the

four strongest spring SH years over the TP (1987, 1991,

1995, 2003) and the four weakest years (1981, 1997, 2001,

2005).

Above-normal precipitation and flooding occurred over

the Huaihe valley in 2003, which was a strong EASM year.

This was the worst flood disaster along the Huaihe River

since 1991 (Zhang et al. 2004a). Meanwhile, most parts of

South China suffered high temperatures (figure not shown)

and dry weather (Fig. 2d). The background large-scale

circulation for the catastrophic flood in the summer of 2003

has been discussed in the literature. For example, Zhang

et al. (2004a) found that, in the summer of 2003, the

Western Pacific Subtropical High (WPSH) was much

stronger than normal with its location extending farther

westward. This led to convergence between the southerly

anomaly on the west flank of the WPSH and the north-

easterly anomaly over the Huaihe River basin. Further-

more, a blocking situation over the mid-high latitudes and a

strong upper-layer westerly jet promoted heavy rainfall in

the Huaihe River basin. The stable and persistent WPSH

also induced heat and drought over South China (Liu et al.

2006). However, no previous study has examined the

possible impact of thermal forcing over the TP on the

EASM in 2003.

3.2 Results of CTL03

It remains a great challenge for regional climate models to

simulate the EASM, particularly its rainfall (Fu et al.

2005). Thus, it is necessary to demonstrate the WRF’s

performance in simulating the circulation and rainfall for

the 2003 case before running the sensitivity experiment. In

the upper troposphere, the South Asian High (SAH) is the

major circulation system in the Northern Hemisphere in

summer, and its formation and variation are closely related

to diabatic heating over the TP (Zhu et al. 1981; Qian et al.

2002). In addition, the EASM rainfall belt usually occurs to

the north of the low-level southwesterly jet and to the south

of the upper westerly jet (Cressman 1981). The summer

mean wind vector and westerly jet stream at 200 hPa in

NCEP-FNL and the CTL03 run are shown in Fig. 3a and b,

respectively. The CTL03 run reproduces well both the

SAH and the westerly jet in the upper troposphere. It also

captures the fields of the 850 hPa wind vector and surface

air temperature (Fig. 3c, d), although the low-level south-

westerly is somewhat stronger than in the NCEP-FNL data.

In the TRMM data (Fig. 4a), there is an obvious rainfall

center over the Huaihe River valley in the summer of 2003,

located between the upper westerly jet and the lower

southwesterly jet. The CTL03 run captures the observed

pattern of summer precipitation well in East China

(Fig. 4b). The temporal evolution from June to August of

Table 1 Experimental design

Experiments Spring SH intensity over the TP Goal

CTL03 100 % Examine the WRF performance of 2003 EASM

ExpS03 50 % of the normal Estimate effects of spring SH anomaly over the TP on 2003 EASM

CTL01 100 % Examine the WRF performance of 2001 EASM

ExpS01 150 % of the normal Estimate effects of spring SH anomaly over the TP on 2001 EASM
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the domain-averaged precipitation over the Huaihe River

basin in the CTL03 run agrees well with the station

observations and TRMM data, in particular the torrential

rain during the period from mid-June to July (Fig. 4c).

Overall, the results from the CTL03 run demonstrate the

capability of the WRF model in simulating both the cir-

culation systems and rainfall pattern of the 2003 EASM.

This provides us with the confidence to conduct the fol-

lowing sensitivity experiment.

4 Time-lagged effect of spring SH over the TP

4.1 Thermal forcing over the TP in summer

As introduced in Sect. 2, the difference between the CTL03

and ExpS03 runs reflects the contribution from the spring

SH source over the TP. Can the spring SH anomaly over

the TP persist until summer? To clarify this point, we show

the difference field of summer SH between CTL03 and

Fig. 2 a Time series of the standardized anomalies of the spring

mean sensible heat (SH) averaged from the 73 stations over the TP

with the linear trend excluded. b Spatial distribution of correlation

coefficient between the 73-station-averaged spring SH index over the

TP and summer (June–August) precipitation at 602 stations across

China in 1980–2008 (the dotted regions are significant at the 90 %

confidence level). The spring SH and precipitation are linearly

detrended before the correlation is calculated. c Difference field at

602 stations in summer precipitation (mm day-1) between the four

strongest spring SH years (1987, 1991, 1995, 2003) and the four

weakest years (1981, 1997, 2001, 2005). d Precipitation anomaly

(mm day-1) in the summer of 2003 relative to the climatological

mean (1980–2008). e As in d, but for the summer of 2001. The blue

curves represent the Yangtze, Huaihe, and Huanghe rivers from south

to north, and the dashed black curve denotes the area of the TP above

2000 m (rivers and terrain height are also shown in the following

figures)
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ExpS03 in Fig. 5a. A significant positive SH anomaly with

a magnitude above 3 W m-2 remains over the northwest-

ern TP after spring. Simultaneously, the obvious positive

latent heat anomaly appears over the eastern TP in Fig. 5a.

In the climate mean, the dominant surface heat flux over

the northwestern TP in summer is SH, while latent heat

dominates the atmospheric diabatic heating in the south-

eastern TP due to monsoon precipitation (e.g., Ye and Gao

1979; Duan and Wu 2005). The time series of the TP

domain-averaged differences of daily SH and latent heat

between the CTL03 and ExpS03 runs are shown in Fig. 5b.

Note that the positive SH signal persists until the early

August over the TP. The domain-averaged surface latent

heat that is also presented, tends to be amplified.

More details of the thermal forcing over the TP in

summer 2003 can be obtained by examining the vertical

structure of the air temperature and diabatic heating dif-

ferences between CTL03 and ExpS03. The difference in

temperature over the TP region (30–36�N) shows that the

persistent summer SH in the western TP increases the air

temperature efficiently above it, with the maximum tem-

perature difference of *0.4 K near the surface (Fig. 5c).

The pressure-longitude cross-section of difference in

atmospheric diabatic heating shown in Fig. 5d displays an

eastward tilting in the vertical of the positive heating over

the western and mid TP, with the center appearing at about

500–350 hPa. Both the SH over the western TP and the

latent heating to the east are intensified in summer due to

the strong air-pumping effect of the spring SH. Significant

positive diabatic heating also exists around the Huaihe

River in East China centered at 250 hPa, consistent with

the release of condensation latent heat due to the heavy

rainfall.

According to thermal adaptation theory (Hoskins 1991;

Wu and Liu 2000), the atmosphere responds to positive

thermal forcing by forming a lower-layer cyclonic circu-

lation and an upper-layer anticyclonic circulation. As

required by the steady barotropic vorticity equation, air-

flows should converge at low levels and diverge at upper

levels to the east of the diabatic heating area, with the

reverse being true to the west (i.e., divergence at low levels

and convergence at upper levels) (Duan and Wu 2005).

Therefore, when a positive SH anomaly appears over the

TP in spring, pumping processes arouse upward motion

anomaly on its eastern side and downward motion anomaly

on its western side. With the season evolution, the near-

surface cyclonic anomaly and the upper-layer anticyclonic

anomaly driven by the strong spring SH coincide with the

climate mean surface warm low and the gigantic SAH

above it in summer, and further reinforcing both of them.

Fig. 3 Distribution of 200 hPa wind vectors (m s-1) and the westerly

jet (grey shading, m s-1), defined by zonal wind speed above

20 m s-1, in the summer of 2003 from a NCEP-FNL and b CTL03;

and 850 hPa wind vectors (m s-1) and air temperature at 2 m above

the surface (color shading, K) in the summer of 2003 from c NCEP-

FNL and d CTL03
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Consequently, dry and cold northerlies tend to increase SH

over the western TP, while wet and warm southerlies

enhance latent heating over the eastern TP. Thus, in other

words, a positive feedback process between diabatic heat-

ing and local atmospheric circulation appears over the TP,

in which the ‘‘memory’’ of positive SH anomaly retains

until summer by the enhanced dry and cold northerlies over

the western TP (Fig. 5a). This assumption can be verified

using the differences in summer circulation between

CTL03 and ExpS03 (Fig. 6a–c). As a response to the

positive diabatic heating over the western TP, an anoma-

lous anticyclone is formed at 200 hPa, denoting the

intensified SAH, while an anomalous cyclone around 85�E

at 500 hPa enhances the surface warm low. Therefore, the

positive feedback between diabatic heating and local cir-

culation may contribute to the overall stronger summer

atmospheric heat source over the TP.

Zhu et al. (2009) suggested that a weaker heat source

over the TP could persist from spring until summer via

long-term interactions between moist soil and the atmo-

sphere. Recent studies also showed that the spring/summer

vegetation over the TP can notably impact the surface

heating and Bowen ratio, and then change the circulation

and precipitation over East China (Wang et al. 2009; Zuo

et al. 2010). So, except for the positive feedback process

between diabatic heating and local circulation, the char-

acters of the land surface or soil may also contribute to the

sustained spring SH.

4.2 Response of EASM to TP thermal forcing

Besides the local response of atmospheric circulations, the

TP thermal forcing also exerts its impact on remote regions

by generating standing waves (Hsu and Liu 2003; Liu et al.

2007; Chow et al. 2008). Following the procedure of

Takaya and Nakamura (2001), the wave-activity fluxes are

calculated to exhibit the wave energy transport. The dis-

turbances due to the thermal forcing over the TP are always

approximately stationary on a zonally varying basic flow.

Under the westerly background, a significant wave-activity

flux emanating from the TP propagates northeastward to

North China and then southeastward into the northwestern

Fig. 4 Precipitation fields (color shading, mm day-1) in summer

2003 from a the TRMM data and b the CTL03 run. The red solid

curve represents the 200 hPa westerly jet axis, and the red vectors are

the 850 hPa southwesterly jet ([2 m s-1) over East China. c Time

series of the area averaged daily precipitation (mm day-1) over the

Huaihe River basin (31–35�N, 110–120�E, shown in b) from the

station observations (black line), the TRMM data (red line), and the

CTL03 run (bars)
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Pacific (Fig. 6d). Circulation anomalies present a baroclinic

vertical structure over the western and central TP (i.e., the

anomalous heating regions) and an equivalent barotropic

vertical structure in the areas away from the TP. A negative

center of stream function is formed over northern China,

corresponding to a cyclonic anomaly. Over the northwest-

ern Pacific, however, an anticyclonic anomaly with a

positive stream function is evident, which is consistent with

the observed stronger and westward-extending WPSH in

summer 2003, as documented by Zhang et al. (2004a). This

spatial pattern and the two wave-like structures are con-

sistent with the characteristics of Rossby waves forced by

diabatic heating (Hoskins and Karoly 1981), suggesting that

the positive anomaly in the atmospheric heat source over

the TP generates a Rossby wave train to be downstream.

The cyclonic circulation response to the northeast TP

generates a low-level northerly anomaly over northern

China, while the anticyclonic circulation response over the

subtropical western Pacific leads to a low-level southerly

anomaly on its western flank. As a result, a cold and dry

airflow from mid to high latitudes, and a warm and wet

airflow converge over the Huaihe River basin. In particular,

the low-level southerly anomaly conveys more water vapor

to the Huaihe River basin, giving rise to a distinct moisture

convergence belt (Fig. 7a). The precipitation difference

field between the CTL03 and ExpS03 runs shows a clear

positive value ([2 mm day-1) in the Huaihe River basin

(Fig. 7b), as expected from the circulation and moisture

conditions. Thereby, the anomalous thermal forcing of the

TP forces Rossby waves, which in turn affect the EASM

Fig. 5 a Difference fields of sensible heat (shading, W m-2) and

positive latent heat (Contours with the values larger than 1.0 W m-2)

in the summer of 2003 between CTL03 and ExpS03 around the TP.

b Time series of the TP domain-averaged differences in sensible heat

(red) and latent heat (blue) between the CTL03 and ExpS03 runs

(W m-2). c Pressure–longitude cross-section of the air temperature

difference in the summer of 2003 between the CTL03 and ExpS03

runs (K) averaged from 30�N to 36�N. d As in c, but for atmospheric

diabatic heating (K day-1). The dots indicate the differences are

statistically significant at the 90 % level for a sensible heat, c air

temperature and d diabatic heating
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circulation system. This conclusion is supported by the

following facts. First, the diabatic heating over the TP is a

persistent feature lasting from spring to summer, meaning

it is likely to be a forcing to the circulation rather than a

response. Second, the spatial distribution of the vertical and

horizontal structure exhibits forced Rossby wave

characteristics.

The westerly flow in the mid and upper troposphere

transports warm air over the TP to the downstream

(Fig. 8a); this is an important driver of the Meiyu-Baiu rain

band (Sampe and Xie 2010). As mentioned before, an

obvious warm anomaly center exists over the western TP in

summer, as seen in the difference between CTL03 and

ExpS03 (Fig. 5c). The difference field of 500 hPa hori-

zontal temperature advection between CTL03 and ExpS03

(Fig. 8b) indicates a positive difference in temperature

advection above the Huaihe River basin, overlapping the

anomalous strong upward motion.

To confirm the connection between the upward motion

anomaly over the Huaihe River basin and the thermal

forcing of the TP, the thermodynamic equilibrium is

diagnosed (Rodwell and Hoskins 2001). The thermody-

namic energy equation in pressure coordinates is

where the overbar denotes the time mean, primed

quantities signify a deviation from the time mean, Q is

diabatic heating, P0 is standard constant pressure

(1,000 hPa), and other notations are standard. When we

consider the seasonal time scale, the temperature tendency

term (A) is negligible, and the transient terms (E and F) are

small in summer. The thermodynamic balance is attained

mainly by the diabatic forcing term (B), the vertical tem-

perature advection term (C), and the horizontal advection

term (D). The differences in diabatic heating between

CTL03 and ExpS03 are positive over the Huaihe River

basin (Fig. 5d), and differences in horizontal temperature

advection are also positive (Fig. 8b). Therefore, the chan-

ges in the B and D terms in the above equation have the

same sign and must be balanced by a change in the vertical

advection term (C). As a result, there will be stronger

upward air motion (�x\0) in the Huaihe River valley

Fig. 6 Difference fields in wind vectors (m s-1) in the summer of

2003 between the CTL03 and ExpS03 runs at a 200 hPa, b 500 hPa,

and c 850 hPa; red vectors are significant at the 90 % confidence

level. d Difference field in the 200 hPa wave-activity flux (vectors,

m2 s-2) and streamfunction (contours, interval is 2 9 105 m2 s-1) in

the summer of 2003 between the CTL03 and ExpS03 runs

Time-lagged impact 2893
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(since o�h
op

is negative). However, the diabatic heating

strongly interacts with upward motion, and it is difficult to

identify causality between them. Conversely, the horizontal

temperature advection is independent of the local diabatic

heating, as shown by Sampe and Xie (2010) with a linear

baroclinic model, and it is produced by advecting warm air

from the TP through the westerly jet stream. Therefore, the

warm advection anomaly originating over the TP intensi-

fies the upward motion substantially over the Huaihe

River basin. Moreover, the condensation latent heat release

due to precipitation further amplifies the ascending

motion through a local diabatic enhancement (Rodwell and

Hoskins 2001).

Torrential rainfall over East China often has the origin

from the TP. In the summer of 2003, several meso-a scale

upper-level troughs migrated from the TP and were

embedded in the Meiyu-Baiu front, making a considerable

contribution to the flooding over the Huaihe River basin

(Zhang et al. 2004a). Figure 9a shows the temporal-zonal

cross-section of vorticity difference at 500 hPa averaged

over the band 30–36�N, which covers the latitudes of the

Yangtze and Huaihe River basins. Frequent positive vor-

ticity anomalies are generated to the west of 90�E due to

the strong SH forcing, and some of them even propagate

eastward to East China. These eastward-propagating syn-

optic disturbances might be important triggers for the

Fig. 7 Difference fields between the CTL03 and ExpS03 runs of

a surface-300 hPa vertically integrated moisture divergence (shading,

10-5 kg m-2 s-1) and moisture transport (vectors, 10-5 kg m-1 s-1),

and b precipitation (mm day-1) in the summer of 2003. The dots

indicate the grids of difference fields for moisture divergence in Fig. 7a

and precipitation in Fig. 7b are statistically significant at the 90 % level

Fig. 8 a The 500 hPa wind vectors (m s-1), air temperature

(contours, K) and horizontal advection of temperature (shading,

10-5 K s-1) in the summer of 2003 for the CTL03 run. b
Difference fields of the 500 hPa horizontal advection of temperature

(shading, 10-5 K s-1) and negative x (dP=dt, the values less than

-0.5 9 10-2 Pa s-1 are shown with the red contours) in the

summer of 2003 between the CTL03 and Exp03 runs; the dotted

regions are significant at the 90 % confidence level for the

advection of temperature
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torrential rainfall in the Huaihe River basin. Comparing

Fig. 9a with Fig. 4c, several torrential rain processes

during the period from mid-June to July over the Huaihe

River basin occur when positive vorticity develops over

the TP and propagates eastward, implying a synoptic

impact of the TP on the downstream rainfall anomaly.

This conclusion can be verified by the precipitation

probability density function (PDF) in the CTL03 and

ExpS03 runs (Fig. 9b). Both the total and extreme rainfall

amount are obviously larger in the CTL03 run than in

ExpS03, and no torrential rainfall events above

82 mm day-1 occur in ExpS03. It is likely that, in addi-

tion to regulating the large-scale circulation by generating

steady waves, the synoptic impact of the TP thermal

forcing might be more important for the summer flood in

the Huaihe basin in 2003.

4.3 2001 case study

To verify the robustness of the conclusions obtained from

the 2003 case study, similar numerical experiments were

performed for 2001, a year with a negative spring SH

anomaly over the TP and typical drought in the Yangtze

and Huaihe River basins in summer (Fig. 2e). The weak

SH over the TP reduces the lower southerly and the rele-

vant moisture transport over East China, with moisture

divergence and less rainfall occurring in the Yangtze and

Huaihe River basins (Fig. 10a, b). Owing to the lowered

heating, the warm center over the TP is also reduced

substantially (Fig. 10c) and results in a cold advection

anomaly and suppresses upward motion over the down-

stream regions including the Yangtze and Huaihe River

basins (Fig. 10d). Furthermore, the eastward-travelling

synoptic systems originating from the TP are decreased due

to the weakened thermal forcing over the TP (figure not

shown). This case study provides further evidence of the

important role of the spring SH anomaly over the TP in

regulating the variability of EASM and the rainfall anom-

aly over East China.

5 Summary and discussion

This study used the WRF regional model to assess the

time-lagged impact of the spring SH source over the TP on

the summer rainfall anomaly in East China. A typical

positive spring SH anomaly over the TP and a strong

EASM occur in 2003 with precipitation substantially above

normal and flooding over the Huaihe River basin.

Numerical simulations indicate that strong spring SH over

the TP can persist until summer and lead to an overall

strong atmospheric heat source in the subsequent summer,

characterized by increased SH over the western TP and

increased latent heating to the east. The heating intensifies

the local surface warm low and the SAH, and also forces a

Rossby wave train in the downstream region. The cyclone

generated to the northeast of the TP gives a low-level

northerly anomaly over northern China, while the anticy-

clone generated over the western Pacific enhances the

WPSH and the resultant low-level southerly on its western

flank over South China. As a result, a convergence zone

appears over the Huaihe River valley. In addition, the

persistent positive SH enhances the warm center over the

TP, resulting in anomalous eastward warm advection and

vigorous upward motion over the convergence zone.

Favorable circulation conditions and abundant moisture

transport due to the anomalous lower southerly, together

with the synoptic disturbances initiated over the TP, induce

excessive precipitation and flooding over the Huaihe River

basin.

Fig. 9 a Temporal-zonal cross-section of 500 hPa vorticity

(10-5 s-1) difference between the CTL03 and ExpS03 runs averaged

from 30�N to 36�N; the dotted regions are significant at the 90 %

confidence level. b Probability distribution function (PDF) of daily

precipitation over the Huaihe River basin (31–35�N, 110–120�E) in

the summer of 2003 for the CTL03 (red) and ExpS03 (blue) runs
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The reverse situation in 2001, with weak spring SH over

the TP and a southward retreating summer rainfall belt in

East China, has also been investigated. Simulation results

provide further evidence to demonstrate the important role

of the thermal forcing over the TP on the EASM anomaly.

Therefore, in addition to regulating the timing of EASM

onset, the spring SH anomaly over the TP influences the

interannual variability of EASM in terms of wave activity

and synoptic disturbance.

The EASM is impacted by the superposition of many

factors covering a wide range of spatial and temporal scales

(Ding and Chan 2005; Wang 2006). For example, there is a

remarkable negative SH anomaly in the spring of 2005

over the TP (Fig. 2a), while excessive precipitation also

occurred in the Huaihe River basin during the subsequent

summer (figure not shown). Hence, there must be other

factors responsible for the rainfall anomalies over East

China in this year. To identify the intrinsic connection

among the various factors regulating the EASM, we need

to study more examples to exclude the dependence on

individual conditions.

Moreover, as reviewed in Sect. 1, there is a positive

correlation between the summer rainfall in the Yangtze and

Huaihe River basins, and winter-spring snow cover/depth

or spring SH over the TP. However, snow cover/depth may

restrain the upward SH and latent heat flux due to the

increased albedo and decreased surface temperature (Chen

et al. 2000; Zhang and Tao 2001). Thus, a question

emerges, that is, why above-normal winter snow cover/

depth correspond to strong in situ spring SH. This issue

will be investigated in our future work.
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