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ABSTRACT

The East Asian summer monsoon (EASM) may exhibit rather large variability between years characterized

by the same ENSO phase. Such inconsistency reduces the EASM predictability based on ENSO. Results in

this study show that the Tibetan Plateau snow cover (TPSC) exerts a modulating effect on ENSO tele-

connections and ENSO significantly correlates with the EASM only during the reduced TPSC summers.

Three-dimensional circulation structures are examined to manifest that the typical ENSO signals in reduced

TPSC summers tend to be stronger than in excessive TPSC summers. Numerical and theoretical evidences

indicate that the anomalously reduced TPSC can force positive geopotential height anomalies at the upper

troposphere and weaken the jet streams across eastern Asia and northwestern Pacific. Governed by such basic

state zonal flows, the extratropical Rossby wave response to the ENSO forcing usually has a larger amplitude

and pronounced westward development. In such case, ENSO extends its influences to eastern Asia and en-

hances its connection with the EASM.

1. Introduction

It has been generally recognized that the East Asian

summer monsoon (EASM) experiences strong inter-

annual variations associated with the El Niño–Southern

Oscillation (ENSO) (e.g., Fu and Teng 1988; Weng et al.

1999; Wang et al. 2000, 2008c; Chang et al. 2000a,b; Yang

and Lau 2006). In light of this, ENSO is regarded as one

principal predictability source for the EASM (e.g., Wang

et al. 2008b; Wu and Li 2008; Wu et al. 2009). Nevertheless,

the relationship between the EASM and ENSO is not

stable and exhibits considerable interdecadal differences

(e.g., Wang et al. 2008d, 2009; Li et al. 2010; Wu et al.

2012). Such inconsistency necessarily undermines ENSO-

related long-range EASM predictability. Therefore,

understanding the interdecadal modulation of ENSO tele-

connections may facilitate the practical seasonal to de-

cadal prediction of the EASM.

Many factors can modulate ENSO behavior on the de-

cadal to interdecadal time scales. For instance, Gershunov

and Barnett (1998) found that the North Pacific Os-

cillation (NPO) exerts a modulating effect not only on

North American climate anomalies but also ENSO tele-

connections. Yeh et al. (2009) proposed that a flattening

of the thermocline in the equatorial Pacific can increase

the occurrences of the central Pacific El Niño and, in turn,

lead to the decadal changes in the associated atmospheric

teleconnection patterns. Wu et al. (2012) suggested that
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the North Atlantic Oscillation (NAO) may also modify

ENSO influence as well as its linkage with the EASM

through exciting a distinct Rossby wave train prevailing

over northern Eurasia and a simple Gill–Matsuno-type

quadrupole response over the western Pacific. In addition,

interdecadal changes in the magnitude and periodicity

of ENSO, itself, may alter the local monsoon–ocean

interactions in low latitudes and the impact on its linkage

with the EASM (Wang et al. 2008d).

The impacts of Tibetan Plateau snow cover (TPSC) on

regional climate (eastern Asia in particular) have been in-

vestigated by some studies (e.g., Ye 1981; Tao and Ding

1981; Zhang et al. 2004; Wu and Kirtman 2007; Wang et al.

2008a; Lin and Wu 2011). The Tibetan Plateau represents

the highest elevated land on earth with an averaged eleva-

tion of more than 4000 m above sea level. With the highest

mountains in the world, the TPSC can persist through the

warm seasons over the high altitudes (Pu et al. 2007), mak-

ing it a potential predictability source for summer climate

in many places (Lin and Wu 2011), especially eastern Asia.

The influence of the Tibetan Plateau diabatic heating

to EASM variability can be reflected by modifying the

western Pacific subtropical high (WPSH), a principal

component of the EASM system (e.g., Zhang et al. 2004;

Wang et al. 2008a). Tao and Ding (1981) suggested that

the diabatic heating over the western Tibetan Plateau may

play a different role from that over the eastern Tibetan

Plateau in affecting the WPSH. The response of the

EASM to ENSO is qualitatively similar, namely, also

through deforming the WPSH (Wang et al. 2000). This

similarity of the EASM responses to Tibetan Plateau

diabatic forcing and ENSO suggests that the more slowly

involving TPSC interdecadal changes may modulate the

ENSO-related EASM variability.

In this study, we attempt to answer the following ques-

tions. To what extent can the TPSC modulate ENSO

teleconnections and in turn modify the ENSO–EASM

relationship? What kind of physical mechanism is re-

sponsible for such modulation? This paper is structured

as follows. Section 2 describes the datasets and model

used in this study. The observed TPSC evolution for the

1968–2009 period is introduced in section 3, as well as

the observed changes in the EASM and its linkage with

simultaneous ENSO. Section 4 investigates the modu-

lation effects of the TPSC on the relationship between

ENSO and the EASM. A global primitive equation mode

is utilized to assess the mechanisms in section 5. The last

section summarizes major findings.

2. Data and model

In this study, we used monthly snow cover area extent

data for 1968–2009 obtained from the Global Snow

Laboratory (Rutgers University) and the National Cen-

ters for Environmental Prediction reanalysis version 1

(NCEP-1) (Kalnay et al. 1996) data for the 1968–2009

period. The sea surface temperature (SST) data were

derived from the Extended Reconstructed SST Version 2

(ERSST V2) data (Smith and Reynolds 2004). The pre-

cipitation data were taken from the monthly global land

precipitation (PREC/L) data gridded at 1.08 3 1.08 reso-

lution (Chen et al. 2002).

The Niño-3.4 index, defined as the SST anomaly (SSTA)

averaged within the region (58S–58N, 1708–1208W), is

used to quantify ENSO. The EASM index is calculated

based on the definition by Wang et al. (2008c), which is

the U850 in (22.58–32.58N, 1108–1408E) minus U850 in (58–

158N, 908–1308E) (where U850 denotes the zonal wind at

850 hPa). In this study, summer refers to June–August

(JJA).

All numerical experiments are performed with a sim-

plified general circulation model (SGCM) first devel-

oped by Hoskins and Simmons (1975). The resolution

used here is triangular 31 with 10 equally spaced sigma

levels (Lin and Derome 1996). An important feature of

this model is that it uses a time-averaged forcing calcu-

lated empirically from observed daily data. The advan-

tage of this SGCM model is that dynamical mechanisms

are more easily isolated. As shown in Hall (2000), this

model is able to reproduce remarkably realistic stationary

planetary waves and the broad climatological character-

istics of the transients are in general agreement with

observations. The limitation of this approach is that the

physical parameterizations present in GCMs are replaced

by empirically derived terms, so some potentially im-

portant physical feedback mechanisms may be absent

from our analysis.

3. Interdecadal changes in the TPSC
and ENSO–EASM relationship

Shown in Fig. 1a is the summer climatology and stan-

dard deviation (STD) of the year-to-year variability of

the TPSC. The major snow cover areas in summer are

basically located in the western and southern Tibetan

Plateau regions, which have higher altitudes and there-

fore, are favorable for the snow cover to persist through

summer. Most of the interior of the plateau with lower

altitudes has relatively less snow cover persistence. A

strong STD center occupies the western plateau. Strong

variability also exists in the southern flank of the plateau.

Such notable year-to-year snow cover changes yield sig-

nificant low boundary forcing signals for the atmosphere.

In light of this, to quantitatively measure the strength

of the TPSC forcing, a TPSC index (TPSI) is defined as

the snow cover averaged within the domain (318–418N,
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708–808E) where the summer climatology center and the

year-to-year variability maximum are located (green box

in Fig. 1a).

Figure 1b presents the time series of the normalized

TPSI for the past 42 summers (1968–2009). A prominent

feature is that the TPSC exhibits a pronounced inter-

decadal change; namely, the snow cover is significantly

reduced after 1995. This point is further tested by the

Lepage test (Yonetani 1992), which passes the 99%

confidence level. Therefore, the earlier epoch (1968–95)

is regarded as the excessive TPSC epoch, whereas the

latter epoch (1996–2009) as the reduced TPSC epoch. If

summers with a normalized TPSI . 0.7 (,20.7) are con-

sidered to be anomalous, there are 11 excessive snow cover

summers (1972, 1973, 1975, 1979, 1980, 1981, 1982, 1983,

1989, 1991, and 1995) and 12 reduced snow cover sum-

mers (1988, 1992, 1999, 2000, 2001, 2002, 2003, 2004, 2006,

2007, 2008, and 2009) for the 1969–2009 period. Note that

our choice of 0.7 standard deviation as a threshold is just

to obtain enough statistical samples for the following

composite analysis.

Similar to the TPSC, Fig. 2a indicates that the EASM

rainfall also experiences an interdecadal change over the

northern and southern domain, respectively. The north-

ern region shows a significant drought tendency, while

the mei-yu–baiu–changma region displays an anoma-

lous flooding trend. Such a drought–flood shift occurs

around 1995, which exceeds the 99% confidence level

based on the Lepage test. This precipitation pattern is

somewhat similar to the meridional seesaw mode re-

vealed by Zhu et al. (2007). The interdecadal alternation

in both northern droughts and southern floods occurs

after 1995 (Fig. 2b). As a matter of fact, Kwon et al.

(2007) found that there is an interdecadal shift in the

EASM around the mid-1990s. Wang et al. (2008a) at-

tributed such a shift to the Tibetan Plateau warming.

This study will not focus on how the TPSC affects the

EASM rainfall.

FIG. 1. (a) Long-term average (contours) and standard de-

viations (%) (color shading) of the Tibetan Plateau snow cover

during summer [Jun–Aug (JJA)] for the period 1968–2009. The

areas included by the blue curves are 3000 m MSL. (b) The nor-

malized TPSC index (TPSI) time series (black curve) defined by

the TPSC averaged in the green-boxed area in (a). The red curve

indicates a third-order polynomial fit.

FIG. 2. (a) Mann–Kendall statistical significance of the linear

trends in JJA precipitation over East Asia. (b) Time series of the

normalized precipitation anomalies averaged over the northern

[represented by the upper red box in (a), thin brown curve] and the

southern [represented by the two lower red boxes in (a), thin green

curve] East Asia. The thick curves indicate a third-order poly-

nomial fits. (c) Time series of the normalized East Asian summer

monsoon and JJA Niño-3.4 indices for the 1968–2009 period.
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Besides the EASM rainfall change, it is interesting to

notice that the relationship between ENSO and the

EASM also changes around 1995 (Fig. 2c). Before 1995,

there is almost no linkage between the EASM and si-

multaneous ENSO, with the correlation coefficient be-

tween the JJA Niño-3.4 index and EASM index being

20.04. After 1995, the ENSO–EASM connection be-

comes rather intimate, with their correlation coefficient

being 20.53 and exceeding 95% confidence level. The

interdecadal change in the ENSO–EASM relationship

around 1995 can also be supported by Fig. 3. During the

earlier epoch (excessive TPSC), the simultaneous SSTA

related to the EASM is basically in the northwestern

Pacific, and no significant SSTA can be discerned in the

equatorial Pacific (Fig. 3a). During the latter epoch (re-

duced TPSC), large areas of SSTAs emerge in the

equatorial central-eastern Pacific (Fig. 3b). The SSTA

difference between the two epochs displays a typical

developing phase of La Niña (Fig. 3c). All of these in-

dicate an enhanced linkage between the EASM and

ENSO since 1995.

4. The TPSC modulation

Table 1 presents how the TPSC modulates the ENSO–

EASM relationship. During the high TPSI (or excessive

TPSC) summers, the EASM can be stronger or weaker

than normal regardless of the ENSO phase ENSO. By

contrast, during the low TPSI (or reduced TPSC) sum-

mers, a strong (weak) EASM prefers a La Niña (El Niño)

phase. Among four low TPSI–El Niño summers, three

summers have weaker than normal EASM (less than

20.5 STD), with two of them less than 21 STD, whereas

among four high TPSI–La Niña summers, two of them

have near normal EASM and two much stronger EASM

(greater than 1 STD).

To further reveal the modulating effects of the TPSC

on the ENSO teleconnections, first we investigate inter-

decadal changes in the three-dimensional circulation

structures associated with the EASM. The extratropical

200-hPa geopotential height (H200) anomalies are pri-

marily confined over the oceanic areas during the earlier

epoch (Fig. 4a). For example, an anomalously negative

H200 anomaly belt is centered near the Japanese islands

and extends eastward. At its equatorward side, there is

an anomalously positive H200 anomaly belt. Over the

eastern Eurasian continent, the H200 anomalies are

rather weak in the extratropics (north of 308N). For the

latter epoch, significant H200 anomalies expand from the

North Pacific into the extratropical eastern Eurasian

continental areas, with two positive centers 1) located

across the Sea of Okhotsk and 2) the region northwest of

the Tibetan Plateau. These features are particularly clear

in the difference map between the two epochs (Fig. 4c).

Figure 5 shows the large-scale sea level pressure (SLP)

anomalies associated with the EASM. For the earlier ep-

och (Fig. 5a), the SLP anomalies over the North Pacific

have the same sign with the H200 anomalies, which in-

dicates a barotropic structure over the oceanic areas.

This barotropic structure reflects that the anomaly is an

extratropical response to a remote forcing. By contrast,

the SLP anomalies during the latter epoch (Fig. 5b) have

opposite sign with the H200 anomalies over the tropical

central-eastern Pacific (Fig. 4b), so does the SLP and

H200 differences between the two epochs (Figs. 5c and

4c). Such a baroclinic structure can be interpreted as

atmospheric responses to the ENSO-related diabatic

FIG. 3. The JJA sst anomaly (SSTA) (contours: 8C) pattern re-

gressed to the EASM index for the (a) 1968–95 and (b) 1996–2009

period and (c) the difference (b) minus (a). The dark (light) areas

exceed the 95% confidence level.

TABLE 1. Classification of summers based on phases of ENSO

and the TPSI. Numbers within parentheses are the normalized

EASM index values of the corresponding JJA.

Phase High TPSI Low TPSI

El Niño 1972 (20.94), 1977

(0.67), 1982 (20.71),

1991 (0.14)

2002 (21.03), 2004

(21.55), 2009

(20.63)

La Niña 1970 (0.35), 1973 (20.1),

1975 (0.25), 1978

(21.45), 1989 (20.2),

1.98 (2.85)

1988 (1.68), 1999

(20.15), 2000

(20.21), 2007 (1.13)
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forcing of which the maximum heating area is located

near the 300-hPa level (Lin 2009; Wu et al. 2012).

Based on the above analysis, we may infer that much

stronger ENSO-related signals can be detected in the

large-scale three-dimensional circulation structure as-

sociated with the EASM during the latter epoch. To

understand the cause of such change, we examined the

ENSO-related teleconnection patterns during the two

epochs (Fig. 6). In general, the atmosphere in both epochs

resembles a Gill-type response to the ENSO-related di-

abatic forcing located near equatorial central-eastern

Pacific (Gill 1980). The circulation is quite symmetric

about the equator. The notable difference is that the

extratropical Rossby wave response during the latter ep-

och is stronger and more obvious over East Asia (Figs. 6b

and 6c) than that during the earlier epoch (Fig. 6a). Lin

(2009) suggested that the extratropical Rossby wave

response of the atmosphere to the tropical diabatic

forcing (i.e., ENSO) is largely determined by the sum-

mertime large-scale background mean flows. Therefore,

whether the TPSC can modulate ENSO teleconnections

largely depends on whether the TPSC is able to modify the

summertime large-scale background mean flows.

Figure 7 shows the composite differences of H200 be-

tween the low and high TPSI summers defined in section 3

(low minus high). A salient positive difference center

occupies the region north of the Tibetan Plateau and

expands eastward toward the North Pacific. This may be

interpreted as follows. A reduced (excessive) snow cover

usually would favor high (low) H200 anomalies due to

increased (reduced) solar radiation absorption at the sur-

face and enhanced (suppressed) sensible heat and radia-

tive fluxes from the ground. On the other hand, the high

(low) H200 anomalies and warm (cold) upper-tropospheric

FIG. 4. As in Fig. 3, but for the JJA 200-hPa geopotential height

(H200) anomalies regressed to the EASM index.
FIG. 5. As in Fig. 3, but for the JJA sea level pressure (SLP)

anomalies anomalies regressed to the EASM index.
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temperature anomalies induced by the snow cover anomaly

would produce decreased (increased) upper-tropospheric

potential vorticity (Hoskins et al. 1985; Shaman and

Tziperman 2005). Anomalous surface divergence (con-

vergence) as well as anomalous vertical motions would

follow, which would lead to decreased (increased)

cloudiness and decreased (increased) precipitation in the

region. This maintains the reduced (excessive) snow cover

anomalies. Such positive feedback may sustain such an

atmosphere–snow cover anomaly pattern.

Coupled with the above positive H200 difference

center, the 200-hPa zonal winds exhibit a dipole pattern

that exactly corresponds to an anticyclonic wind anom-

aly (Fig. 8). The easterly wind differences prevail over

the northern flank of the Tibetan Plateau and north-

eastern Asia and tilt southeastward toward the central

North Pacific. Such a zonal wind distribution tends to

decelerate (accelerate) the background mean westerly

winds during the reduced (excessive) TPSC summers.

This can be further confirmed by Fig. 9. The zonal wind

speed averaged in (308–558N, 1008E–1608W) is ;16 m s21

for the reduced TPSC summers and 17 m s21 for the

excessive TPSC summers.

Based on the above statistical analysis, we may specu-

late that the TPSC may modulate ENSO teleconnections

and their linkage with the EASM through changing the

background mean westerly winds over eastern Asia and

the North Pacific.

FIG. 6. As in Figs. 4a,b, but for the Niño-3.4 index. For comparison,

the sign of the Niño-3.4 index is reversed.

FIG. 7. Composite differences of H200 between the reduced and

excessive TPSC JJA (reduced minus excessive). A reduced (ex-

cessive) TPSC JJA refers to that of a TSCI value greater (less) than

0.7 (20.7) times the standard deviation.

FIG. 8. As in Fig. 7, but for the 200-hPa zonal wind anomalies.
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5. Numerical experiments and theoretical analysis

To further verify the above speculation, we conducted

numerical experiments with the SGCM. Under the same

ENSO forcing (a La Niña–related forcing here) we per-

formed the experiments with a reduced TPSC anomaly,

and excessive TPSC anomaly, and no TPSC anomaly, re-

spectively. To mimic the diabatic heating effects of a re-

duced (excessive) TPSC anomaly we imposed one heating

(cooling) anomaly source that has an elliptical squared

cosine distribution in latitude and longitude. Based on the

previous work by Hoskins and Karoly (1981), the verti-

cally integrated heating (cooling) rate of the TPSC im-

posed here is 1.25 K day21 (approximately the latent

heating rate released by an extra 5-mm precipitation per

day), and that of La Niña 2.5 K day21 (approximately the

latent heating rate released by an extra 10-mm pre-

cipitation per day). The vertical heating profile of the

TPSC is s4 sin(ps), peaking at around 400 hPa, while that

of the ENSO is (1 2 s) sin[p(1 2 s)] and peaks around

300 hPa (Wu et al. 2009, 2012). Three perturbed experi-

ments were integrated for 3700 days. The last 3600-day

integrations were used to construct an ensemble (arith-

metic) mean. Note that the result is not sensitive to the

selection of initial condition since the analysis is conducted

for the period after the climate equilibrium is reached.

It can be clearly seen from Fig. 10a that, under an

excessive TPSC forcing, the 150-hPa geopotential height

(H150) basically exhibits a weakened extratropical Rossby

wave response to the ENSO forcing over the region north

of the Tibetan Plateau and the North Pacific, compared to

the no-TPSC-anomaly experiment (Fig. 10c). In contrast,

under a reduced TPSC forcing the extratropical Rossby

wave response is stronger and more obvious over East

Asia (Fig. 10b). Meanwhile, the 150-hPa zonal winds

over these areas respond to easterly wind anomalies

(Fig. 11). The consistency between the results from

the numerical experiments and from the observations

indicates that the diabatic forcing associated with the

anomalous TPSC can modulate the ENSO-related tele-

connection patterns and the background zonal mean

flows.

To further understand why the background zonal mean

flow associated with the reduced TPSC is more favorable

for a stronger or westward development of ENSO tele-

connections, we calculated the amplitude of the Rossby

wave response to ENSO diabatic forcing (e.g., Hoskins

and Yang 2000; Lin 2009). For the steady forcing of

ENSO, the amplitude of the Rossby wave response meets

the following relationship:

A 5
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(vk 1 kU)2
1 a2

q , (1)

FIG. 9. JJA composite 200-hPa zonal winds averaged between 308

and 558N. The thin (thick) curves indicate the high (low) TPSI JJA.

FIG. 10. The SGCM H150 responses (contours: gpm) to La Niña

with (a) excessive TPSC, (b) reduced TPSC, and (c) no TPSC

anomaly forcing in summer.
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where vk is the wave frequency (which is a function of k

according to the dispersion relationship), k the wave-

number, U the basic-state zonal wind, and a the damp-

ing. The parameters used in this study include k 5 6

(equivalent to a typical ENSO forcing scale), b 5 2.2 3

10211 m21 s21, H 5 200 m, and a 5 (10 day)21. Accord-

ing to the aforementioned observational results, U is around

16 m s21 for the reduced TPSC summers and 17 m s21 for

the excessive TPSC summers. We computed the am-

plitude factor A for the high/low TPSI summer, re-

spectively. Results show that, during a low TPSI summer,

A is ;8 for Rossby wave mode n 5 1 and 6.8 for mode

n 5 2. During a high TPSI summer, A is ;7 for Rossby

wave mode n 5 1 and 5.5 for mode n 5 2. Therefore, A in

a low TPSI summer is greater than that in a high TPSI

summer. It indicates that the Rossby wave gyre in a re-

duced TPSC summer has larger amplitudes, which favors

a more westward development. This result theoretically

proves that the TPSC can modulate ENSO teleconnections

through changing the background zonal mean flows.

6. Conclusions

The diabatic forcing associated with the anomalous

TPSC is an important driving force of large-scale atmos-

pheric circulation and can exert profound influences to

the downstream climate variability (e.g., Wang et al. 2008a;

Lin and Wu 2011). This study examined the observed re-

lationship among the TPSC, EASM, and simultaneous

ENSO. It is found that the TPSC does show modulating

effects on the ENSO teleconnections and, in turn, modifies

the ENSO–EASM relationship. Numerical and theoreti-

cal evidence confirms that the enhanced relationship be-

tween ENSO and the EASM is likely or partly due to the

fact that the Rossby wave response to the ENSO diabatic

forcing is stronger in a reduced TPSC summer. The

contribution from the TPSC provides another physical

background to understand the strengthened EASM–

ENSO relationship and to predict the long-term varia-

tions of the EASM.

It should be pointed out that the TPSC is not the sole

contributor to changes in the ENSO teleconnections.

Other factors including tropical SST, water vapor, and

winds; the NAO; and the NPO can contribute to such a

change (e.g., Gershunov and Barnett 1998; Wang et al.

2008d; Yeh et al. 2009; Wu et al. 2012). In addition, the

change in the EASM–ENSO relationship may also con-

tribute to the TPSC change (Yim et al. 2008). Its effect

can be reflected by modifying the EASM rainfall over the

Tibetan Plateau. As a matter of fact, the current TPSC

change is a comingled result of natural variations and

anthropogenic effects. Given the occurrences of the re-

duced TPSC could become more frequent with increasing

levels of greenhouse gases in the atmosphere in the fu-

ture (Meehl et al. 2007), we infer that the TPSC may

play an increasingly important role in shaping ENSO

teleconnections as well as enhancing their connection

with the EASM in the next decades.
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