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ABSTRACT

Year-to-year variations in summer precipitation have great socioeconomic impacts on China. Historical

rainfall variability over China is investigated using a newly released high-resolution dataset. The results reveal

summer-mean rainfall anomalies associated with ENSO that are anchored bymountains in central China east

of the Tibetan Plateau. These orographically anchored hot spots of ENSO influence are poorly represented in

coarse-resolution datasets so far in use. In post–El Niño summers, an anomalous anticyclone forms over the

tropical northwest Pacific, and the anomalous southwesterlies on the northwest flank cause rainfall to increase

in mountainous central China through orographic lift. At upper levels, the winds induce additional adiabatic

updraft by increasing the eastward advection of warm air from Tibet. In post–El Niño summers, large-scale

moisture convergence induces rainfall anomalies elsewhere over flat eastern China, which move northward

from June to August and amount to little in the seasonal mean.

1. Introduction

Summer is the rainy season in China brought about by

the East Asian summer monsoon (Tao and Chen 1987).

Devastating floods and droughts that have occurred

frequently during summer in China have motivated a

search for useful predictors. While ENSO is widely used

as an important predictor (Fu and Ye 1988; Huang and

Wu 1989; Wang et al. 2000; Wu et al. 2009; Li et al. 2016;

Zhang et al. 2016), the correlation of summer rainfall

with ENSO is weak over China (Shen and Lau 1995; Xie

et al. 2009), and the pattern is not well defined and varies

among interdecadal epochs (Chang et al. 2000; Wang

2002; Wu and Wang 2002) and across different studies

(Huang and Wu 1989; Shen and Lau 1995). Unlike rain-

fall, the summer atmospheric circulation in East Asia

shows a robust relationship with ENSO (Zhang et al.

1996; Wang et al. 2000). A low-level anomalous anticy-

clone over the tropical northwest Pacific often develops

in El Niño winter and persists into the following summer

(Wang et al. 2000; Yang et al. 2007; Xie et al. 2009). The

anomalous anticyclone strengthens the northward vapor

transport from the tropics to China, and is considered to

be an important source of predictability for Chinese

summer rainfall (Wang et al. 2013; Ma et al. 2017). Sea-

sonal prediction of China rainfall is, however, of limitedCorresponding author: Gang Huang, hg@mail.iap.ac.cn
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skill at best (Yim et al. 2016) because of such compli-

cating factors as atmospheric internal variability (Kosaka

et al. 2012), diversity in ENSO evolution (Zhang et al.

2016), and intraseasonal variability (Ye and Lu 2011).

Although the pattern of China summer rainfall

anomalies associated with ENSO is not well defined, the

enhanced northward vapor transport from tropical

oceans to China in the post–El Niño summer is widely

recognized and robust (Wang et al. 2000; Xie et al. 2009).

In central China, there are several east–west-oriented

mountain ranges, including the Wushans, the Bashans,

the Qinlings, and the Loess Plateau, which extend from

the eastern foothills of the Tibetan Plateau to about

1138E, and rise above 2000m above sea level. When the

northward flows meet these mountain ranges, oro-

graphic lift may cause rainfall. The orographic effect on

summer rainfall prediction has not been explored in the

literature, possibly because rainfall datasets widely used

in previous studies (Fig. 1a) are too coarse to resolve the

mountains. Recently, the China Meteorological Data

Service Center (http://data.cma.cn/en) released a high-

resolution rainfall dataset (Fig. 1b), which enables us to

investigate the role of orography in ENSO impact on

rainfall.

FIG. 1. The distribution of stations (orange dots) in (a) a coarse-resolution observed dataset

with 160 stations in wide use until now and (b) a new high-resolution rainfall dataset used in

this study, superimposed on elevation (gray shading; m). Blue lines mark the Yellow and

Yangtze Rivers.
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2. Data

The newly released high-resolution precipitation

dataset contains 2400 observations in China (Fig. 1b).

The time resolution is daily and the earliest record goes

back to 1 January 1951. The number of stations increases

gradually from 165 in 1951 to 2298 in 1979. After 1979,

the spatial resolution is high enough to capture the oro-

graphic effect on rainfall. After excluding the stations

with more than five missing-value days in a month, we

retain 2163 stations. The monthly mean winds, air tem-

perature, and vertical integral of moisture fluxes are de-

rived from the latest global atmospheric reanalysis

produced by the European Centre for Medium-Range

Weather Forecasts, which has a horizontal resolution of

0.758 3 0.758 and 37 vertical levels from 1000hPa to 1hPa

(ERA-Interim; Dee et al. 2011). We use the global grid-

ded monthly sea surface temperature dataset of the Met

Office Hadley Centre (Rayner et al. 2003), which has

a resolution of 18 3 18 and is available from 1870 for-

ward. We use November–January (NDJ) mean Niño-3
(58S–58N, 908–1508W) sea surface temperature (SST) index

to denote the annual variations of ENSO, and similar

results are obtained when the NDJ Niño-3.4 index is

used (results are not shown).

3. Orographic effect in post-ENSO summers

Figure 2a shows the stations with significant corre-

lation between June–August (JJA) mean rainfall and

the November–January mean from the preceding year

[NDJ(0)] Niño-3 SST index during 1979–2014. Among

2163 stations, 183 display significant positive correla-

tion (above the 95% confidence level) but only 28

stations show significant negative correlation (above

FIG. 2. Relationship between China summer-mean rainfall and ENSO. (a) The correlations (dots and circles) of

JJA [following summer from NDJ(0)] mean rainfall and the regressions (vectors; shown only exceeding the 95%

confidence level) of vertically integrated (from the surface to 200 hPa) moisture flux with NDJ(0) Niño-3 SST index

during 1979–2014. (b) Geographic names of regions. (c) The normalized JJA rainfalls (blue line) averaged in the red

polygon in (a) and the NDJ(0) Niño-3 SST index (red line). The gray shading in (a) and (b) denotes the topography

(m). The magenta and orange dots (circles) represent positive (negative) correlations exceeding the 95% and the

99% confidence levels, respectively.
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the 95% confidence level), indicating that China is

prone to floods in post–El Niño summers. Statistical

significance here is evaluated with the two-sided Stu-

dent’s t test. Most stations with significant positive

correlation, some above the 99% confidence level, are

distributed along the east–west-oriented mountain

ranges east of Tibet and on the south face of the Loess

Plateau, in conjunction with prominent southwesterly

vapor flux anomalies (Fig. 2a). Here the vapor flux

anomalies are the regressions of JJA mean vapor

fluxes on the normalized Niño-3 SST index during

1979–2014. Specifically, in the mountainous area of

central China (the red polygon in Fig. 2a), 103 out of

210 stations show positive correlations above the 95%

confidence level. The correlation between the JJA

rainfalls averaged in the red polygon in Fig. 2a and

NDJ(0) Niño-3 SST index amounts to 0.57 (above the

99% confidence level) during 1979–2014. Here, PJJA is

calculated by averaging JJA rainfall (on a 0.258 3 0.258
grid using bilinear interpolation of station data) in the

red polygon in Fig. 2a (28.58–36.58N, 1078–1128E and

318–33.58N, 1028–1078E). Most post–El Niño years

(1983, 1987, 1988, 1998, 2003, 2007, and 2010) coincide

with above-normal summer rainfall in the red polygon

in Fig. 2a, while most post–La Niña years (1985, 1997,

2001, 2006, 2008, 2009, and 2010) feature below-

normal rainfall (Fig. 2c). Thus, JJA rainfall in the

mountainous area of central China is closely related to

ENSO events in the preceding winter. The relation-

ship is consistent with local forecasters’ experience

(Zhao et al. 2013) that rainfall at some stations in

mountainous center China tends to be above normal in

post–El Niño summers, but the underlying mechanism

is unclear.

This relationship with ENSO is important for more

than 100 million people living in this mountainous area.

Abnormal rainfall on steep mountain slopes can cause

landslides and floods. Two of the largest rivers in China,

the Yellow and the Yangtze, flow through the region.

The world’s largest dam, the Three Gorges, is there too

(Fig. 2b), and excessive rainfall could put the dam in

danger. Great floods (Liu 2015) happened in summers of

1981, 1983, 1988, 1998, 2000, 2002, 2007, 2010, and 2012,

most preceded by El Niño events. The relationship with

El Niño can help predict rainfall in this area several

months in advance.

The pattern of rainfall anomalies in post–El Niño
summers is in broad agreement with the hypothesis of

orographic effect. They are locally enhanced along

the ridges of theWushans, the Bashans, and Qinlings, as

the anomalous southwesterly winds impinge upon the

mountain ranges (Fig. 3a). On the south face of the

Loess Plateau (358N, 1108E), rainfall anomalies are

highly significant (dots in Fig. 3a), albeit moderate in

magnitude. The climatological distribution of JJA rain-

fall also shows local enhancements along the ridge of the

mountains facing the southwesterly winds (Fig. 3b), in

support of the orographic effect.

Over eastern China, the summer climatological rain-

band is not stationary but marches northward from June

to August (Tao and Chen 1987). Figure 4 shows the

evolution of the rainfall–ENSO correlation from June to

FIG. 3. Orographic effect on rainfall. (a) JJA anomalies of rainfall (shown only above 0.5mmday21, with contour

intervals at 0.2mmday21) and vertically integrated moisture fluxes (vectors; exceeding the 95% confidence level)

regressed onto normalized NDJ(0) Niño-3 SST index. (b) Climatological JJA rainfall (shown only above

7mmday21, with contour intervals at 0.5mmday21) and vertically integrated moisture fluxes (vectors) from 1979

to 2014. The dots and circles in (a) are as in Fig. 2a.
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August, together with the moisture flux anomalies

regressed upon the normalized NDJ(0) Niño-3 index.

Over relatively flat eastern China, rainfall increases

in a narrow zonal band in each month of a post–El

Niño summer. This band of increased rainfall (filled

cycles) is not stationary but advances northward from

288N in June to 368N in August. This mobile band of

high rainfall–ENSO correlation has been noted pre-

viously (Ye and Lu 2011), and here we show that it is

due to the large-scale moisture convergence on the

northern flank of the northwestern Pacific anomalous

anticyclone. The anomalous vapor fluxes associated

with ENSO are not fixed geographically within the

summer, with the northern flank marching northward

from 278N in June to 358N in July and 388N in August.

Associated with the northward advance of the con-

duit of the southwesterly anomalous vapor fluxes, the

large-scale convergence (Fig. 5) causes rainfall to

increase on the northern flank of the conduit, while

the divergence causes rainfall to decrease on the south-

ern flank.

In the seasonal mean, the mobile band of high

rainfall correlation in monthly maps averages out over

flat eastern China. This explains why the relationship

of seasonal-mean rainfall variability to ENSO is not

robust in the literature (Shen and Lau 1995; Ye and Lu

2011), which focuses almost exclusively on the sea-

sonal means. The stationary orographic effect domi-

nates the summer-mean rainfall variability associated

with ENSO. This orographic effect has been over-

looked in coarse-resolution datasets but is obvious in

our high-resolution analysis as stations of high correla-

tion are many and clustered around major orographic

features.

FIG. 4. The correlations (dots and circles) of monthly mean rainfall and the regressions of monthly mean ver-

tically integrated (from the surface to 200 hPa) moisture flux (vectors; shown only exceeding the 95% confidence

level) for (a) June, (b) July, (c) August, and JJA mean with NDJ(0) Niño-3 SST index during 1979–2014. The dots

and circles are same as Fig. 2a, but for monthly mean rainfall.
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4. Mechanisms for ENSO impact

The southwesterly vapor flux anomalies in July

and August are mainly caused by El Niño–induced
anomalous circulation at low and middle levels.

Figures 6a and 6b show the El Niño–induced July–

August (JA) mean circulation anomalies at 850 and

500 hPa regressed upon the normalized NDJ(0) Niño-3
SST index, respectively. At 850 hPa, a prominent

anomalous anticyclone extends from the tropical

northwest Pacific to the eastern flank of the Tibetan

Plateau (Fig. 6a). The strong southerly wind anoma-

lies along the eastern flank of the Tibetan Plateau bring

water vapor from the tropics into central China. At

500hPa, the anomalous anticyclone extends farther west-

ward than at 850hPa, with anomalous southwesterlies

over the Tibetan Plateau (Fig. 6b). In the upper tropo-

sphere, there are significant westerly wind anomalies

over the Tibetan Plateau (Fig. 6c). Both upper-level

westerly anomalies (Lau et al. 2005; Qu and Huang

2012) and low-level anticyclonic anomalies (Wang

et al. 2000; Du et al. 2009; Wu et al. 2010; Xie et al.

2016) are mainly caused by lingering SST anomalies in

the tropical Indo-western Pacific sector (Fig. 6a) fol-

lowing an El Niño event.

In JA climatology, air temperature over the Tibetan

Plateau is higher than the surrounding regions at the

same altitudes (Figs. 6b,c). The southwesterly anom-

alies in the midtroposphere (Fig. 6b) and westerly

anomalies in the upper troposphere (Fig. 6c) over the

Tibetan Plateau can transport warm air downstream,

inducing significant upward motion (Sampe and Xie

2010) in the midtroposphere over central China (Fig. 6c).

Indeed, anomalous upward motion at 500hPa in the red

polygon is associated with strong anomalous warm tem-

perature advection (Fig. 6b).

We used the omega equation (Kosaka and Nakamura

2010) to diagnose the vertical motion anomalies:

FIG. 5. The regression of vertically integrated (from the surface to 200 hPa) moisture fluxes (vectors) and their

divergence (shown only above 0.3mmday21; contours at 0.2mmday21 intervals; the solid and dashed contours

refer to divergence and convergence anomalies) in (a) June, (b) July, (c) August, and (d) the JJA mean onto

normalized NDJ(0) Niño-3 SST index.
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where the overbar and prime indicate climatologicalmean

quantities for July–August and the regressed anomalies,

respectively. Also, s5(R/P)(RT/cpP2dT/dP) denotes

the static stability, z is relative vorticity, f is the Coriolis

parameter, R is the gas constant, T is the air temperature,

P is the atmospheric pressure, u = (u, y) is the horizontal

wind velocity, cp is specific heat at constant pressure, and

Q is diabatic heating. The result indicates that the ver-

tical motion anomaly at 500hPa in the red polygon is due

42% to diabatic heating vQ, 34% to horizontal temper-

ature advection vtherm, and 24% to the vertical differ-

ence of vorticity horizontal advection vvor (Fig. 6d).

Diabatic heating is closely coupled to rainfall and verti-

cal motion and should be considered as a feedback,

instead of an external forcing. Thus, the hot spots of

El Niño influence in the red polygon over central China

is due not only to low-level orographic lift but also to

midtropospheric updraft induced by the intensified

warm advection anchored by the Tibetan Plateau. The

anomalous warm air temperature advection may explain

positive rainfall anomalies that extend outside the

mountain ranges over central China; for example, posi-

tive anomalies in the flat region around 1058–1068E.

FIG. 6. El Niño–related JJA averaged atmospheric circulation and SST anomalies. (a) Wind anomalies (vectors)

at 850 hPa and SST anomalies (color shading, for shades passing the 95% confidence level; K). (b) Anomalous

winds (vectors), temperature advection (above 0.1K day21; magenta contours at interval of 0.05K day21), omegas

(hatching), and climatological temperatures (color shading; K) at 500 hPa. (c) Longitude–height section of

308–358N averaged anomalous zonal winds (vectors), vertical velocity (v; hatching), and climatological tempera-

ture deviation from zonal mean (color shading; K). (d) The decomposition of omega anomaly in the red polygon. In

(a)–(d), the anomalies are the regressions onto NDJ(0) Niño-3 SST index. Only the anomalous winds and negative

v exceeding the 95% confidence level are shown.
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While the midtropospheric thermal advection is of a large

scale, mountain ranges modulate rainfall and vertical

motion. Our results show that the large-scale circulation

is also in favor of anomalous upward motion in addition

to orographic lifting in the presence of enhanced low-

level moisture transport.

5. Summary and discussion

We have uncovered a hitherto unknown pattern of

El Niño–induced summer rainfall variability over China

that is anchored bymountain ranges on the eastern flank

of the Tibetan Plateau. In post–El Niño summers, low-

level anomalous southwesterlies carrymoist air from the

south, force orographic lift upon impinging on these

narrow mountain ranges, and cause rainfall. Aiding

this low-level orographic lifting effect, the upper-level

anomalous westerlies induce adiabatic updraft by in-

tensifying the warm advection from the climatological

temperature maximum from Tibet.

In addition to the stationary orographic effect, our

monthly analysis has also identified narrow bands of

rainfall anomalies over flat eastern China associated

with the large-scale moisture convergence. As the con-

duit of the southwesterly moisture transport on the

northwest flank of the El Niño–induced anomalous anti-

cyclone advances northward from June to August, the

large-scale circulation convergence and resultant bands of

rainfall anomalies move northward from June to August.

As themobile bands of rainfall anomalies average out over

the course of a summer, the JJA mean rainfall anomalies

are dominated by the orographic effect over mountainous

central China. The results explain why previous studies did

not find a well-defined summer-mean rainfall pattern as-

sociated with ENSO in coarse-resolution datasets that do

not adequately resolve the orographic effect (Shen and

Lau 1995; Xie et al. 2009).

Previous studies show that the relationship between

the northwestern Pacific anticyclone and ENSO is not

stable on multidecadal scales (Wang et al. 2008; Xie

et al. 2010; Huang et al. 2010). Using a coarse-resolution

(160 stations in China) but long-term (1951–2014)

rainfall dataset, we found that the relationship between

NDJ(0) Niño-3 SST index and the following summer

[JJA(1)] rainfall index in central China becomes tighter

after the late 1970s (results are not shown), in agreement

with the observation that ENSO’s impact on the

northwestern Pacific anticyclone strengthens after the

late 1970s (Wang et al. 2008; Xie et al. 2010; Huang et al.

2010). As climate warms with increasing greenhouse

forcing (Held and Soden 2006), increased water vapor

content in the atmosphere is likely to elevate the risk of

ENSO-induced floods in this densely populated region if

the circulation anomalies over East Asia do not change.

The projected increase in extreme ENSO events (Cai

et al. 2015) may further exacerbate the risk. In addition, it

is noted that some strong ENSO events, especially some

strong La Niña events (e.g., 1988/89 and 2000/01), did not

correspond to strong summer rainfall anomalies in

mountainous central China, which deserves future study.
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