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1  Introduction

There is a significant fraction of variability at biennial 
oscillation scales in tropospheric circulation and pre-
cipitation in the monsoon region. This phenomenon 
was termed the tropospheric biennial oscillation (TBO) 
(Meehl 1994, 1997) to distinguish it from the quasi-bien-
nial oscillation in the stratosphere (Reed et al. 1961). The 
studies of TBO over the Asian monsoon region began in 
the 1980s. For example, Mooley and Parthasarathy (1984) 
noted that all India rainfall averaged from June to Sep-
tember has a significant component of TBO. Later, some 
TBO signals were also found in East Asian summer mon-
soon (EASM) rainfall (Tian and Yasunari 1992; Chang 
and Li 2000; Chang et  al. 2000; Ding 2007), including 
some regions of the mainland of China (Huang 1988; 
Wang et al. 1995; Nitta and Hu 1996; Zhan et al. 2013). In 
fact, TBO commonly exists in atmospheric circulations, 
tropical sea surface temperature (SST) and other surface 
meteorological elements in the Indian and Pacific Oceans 
as well as whole Asian–Australian monsoon region (Ras-
musson et  al. 1990; Yasunari 1990; Shen and Lau 1995; 
Meehl and Arblaster 2002; Meehl et al. 2003; Qiao et al. 
2005; Li et al. 2011; Liu and Ding 2012; Liu et al. 2013). 
Moreover, the TBO component in the EASM region also 
experienced interdecadal variations. It was intensified 
after the middle of the 1970s in the variations of summer 
rainfall and temperature anomalies along the middle and 
lower reaches of the Yangtze River (Nitta and Hu 1996; 
Hu 1999).
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The physical mechanism of the TBO over the Asian 
monsoon region is still not well understood. One hypoth-
esis proposed is that TBO is a result of ocean–atmospheric 
interaction. For example, Shen and Lau (1995) and Lau 
and Yang (1997) argued that air–sea coupling over the 
region from the South China Sea to the western Pacific 
warm pool is associated with TBO of EASM variations. 
Alternatively, Rasmusson et al. (1990) and Yasunari (1990) 
suggested the contribution by the central and eastern tropi-
cal Pacific Ocean associated with El Niño-Southern Oscil-
lation (ENSO) to TBO of the Asian summer monsoon vari-
ations. Meehl and Arblaster (2002) emphasized that the 
TBO is a fundamental feature of the coupled climate sys-
tem over the entire Indian–Pacific region, and the ocean–
atmospheric interaction over the region was the dominant 
contributor to Asian–Australian monsoon variations at 
TBO time scales. They noted an intrinsic coupling of the 
anomalous strength of the convective maximum in the 
seasonal cycle over Australasia to surface wind forcing, 
ocean dynamical response, and associated SST anomalies 
that feed back to the strength of the convective maximum, 
and so on. The consequent feedback to the monsoon cir-
culation by the SSTAs in the tropical Pacific and Indian 
Oceans leads to the TBO in the Asian–Australian monsoon 
region.

Chang and Li (2000) and Li et  al. (2001), however, 
argued that the TBO may be a local air–sea coupled phe-
nomenon. Supporting evidence is that the TBO signal over 
the Indian Ocean is still present without the role of remote 
forcing, such as equatorial Pacific SSTAs. In the local cou-
pling paradigm, the feedbacks between the Indian Ocean 
SSTA and the Asian monsoon, between the surface wind 
and evaporation, and between the wind stress and ocean 
thermocline all contribute to TBO—like variations. Never-
theless, both Meehl and Arblaster (2002) and Meehl et al. 
(2003) noted that without the influence of ENSO, TBO in 
the Asian–Australian monsoon region would be weakened. 
Thus, these results suggest that the variations of East Asian 
summer climate at TBO time scales are largely associated 
with local air–sea interaction and remote forcing, such as 
ENSO, may affect the intensity of the TBO signal to some 
extent.

In this study, the climatic features of summer rainfall 
and its TBO component over the Asian summer monsoon 
regions were first analyzed in the observations and in the 
Atmospheric Model Intercomparison Project (AMIP) simu-
lations to assess the fidelity of the AMIP simulations. Then, 
the leading patterns of rainfall in the EASM region at TBO 
time scales, isolated using the empirical orthogonal func-
tion (EOF) technique, are compared between the observa-
tions and AMIP simulations to identify robust and consist-
ent spatial patterns. Lastly, the association of robust EOF 
pattern evolution with global SST is examined to further 

identify the role of SSTAs, particularly the association with 
ENSO, in the TBO of summer rainfall in East Asia.

The paper is organized as follows. Section “AMIP 
run, data, and approaches” provides a description of data, 
AMIP simulations, and approaches used in the study. Sec-
tion “Analysis of mean state” shows the climatological 
characteristics of the JJA rainfall and its TBO component 
in the observations and AMIP simulation. Section “Lead-
ing modes of TBO in summer rainfall” identifies the robust 
and consistent EOF modes of rainfall in the EASM region. 
Section “Association of ENSO with leading EOF modes” 
examines their connection with global SST, particularly 
with ENSO evolution. Summary and discussions are given 
in the section “Summary and discussion”.

2 � AMIP run, data, and approaches

The AMIP-type simulations are from the atmospheric 
component (Global Forecast System: GFS) of the Climate 
Forecast System version 2 model of the National Centers 
for Environmental Prediction (Kumar et  al. 2012; Saha 
et al. 2014). In GFS, the sub-grid physical process includes 
simplified Arakawa Schubert deep convection and shallow 
convection with an updated mass flux scheme. The model 
has a horizontal resolution of T126 and 64 vertical levels 
extending from the surface to 0.26 hPa. For each simula-
tion, the same observed evolution of SST, sea ice extent, 
and observed time-evolving greenhouse gas concentrations 
were specified as external forcing. AMIP simulations con-
sist of 18 integrations (ensemble members) with slightly 
different atmospheric initial conditions from 1 Jan. 1957. 
Monthly mean precipitation rate (Prate) from the model is 
analyzed in this work.

The corresponding observational data includes the Cli-
mate Prediction Center monthly precipitation analysis 
over the global land on a 0.5°  ×  0.5° resolution (Chen 
et al. 2002), and the Extended Reconstructed SST dataset 
(ERSSTv3b) at 2° × 2° resolution (Smith et al. 2008). The 
analysis period is from 1957 to 2011.

In the context of Asian monsoon rainfall, the TBO is 
defined as the tendency for a relatively strong monsoon 
to be followed by a relatively weak one, and vice versa 
(Meehl and Arblaster 2002). The TBO component is iso-
lated from the June–July–August (JJA) total rainfall by 
removing the 3-y running mean. In addition, monthly SST 
data are filtered with a 24–36 month band-pass filter prior 
to calculating the lead-lag correlations with the principle 
component (PC) of the EOF pattern of filtered rainfall in 
JJA. To identify the leading spatial patterns of TBO rainfall 
in the EASM region and their evolution, the EOF technique 
is applied by using the co-variance matrix of JJA rainfall at 
TBO time scales with area (latitude) weighting (North et al. 
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1982). In addition, linear regression is also used to examine 
the connection between SSTAs and TBO rainfall anomalies 
in the EASM region.

3 � Analysis of mean state

In model simulations, an accurate depiction of the mean 
climate may be essential to producing a realistic TBO sig-
nal. In this section, the climate mean, and the variance of 
JJA rainfall and its TBO component are compared for the 
observations and the AMIP simulations to assess fidelity of 
the model.

3.1 � Climatological mean distribution

Over a broad Asian summer monsoon region, Fig. 1 shows 
the 55-y mean (1957–2011) climatological summer (JJA) 
rainfall from the observations (Fig. 1a), AMIP simulations 

averaged over all 18 members (Fig. 1b), and model biases 
relative to the observations (Fig.  1c). The observed sea-
sonal mean rainfall is generally above 5 mm/day over most 
of the region except for North China. Climatologically, 
rainfall over the region is characterized by heavy rainfall 
centers mainly located near the western coast and northeast 
of India, the northern Bay of Bengal, the Indochina Penin-
sula, and the Philippines (Fig. 1a).

The spatial distribution of the observed climatological 
rainfall is well captured by the model (Fig. 1b). The over-
all pattern of differences (biases) between model simulated 
and observed climatology (Fig. 1c) is dominated by a wet 
bias to the south and east of the Tibetan Plateau, includ-
ing the north of India and the Indochina Peninsula, and 
central and western parts of East China. Meanwhile, dry 
biases are present over the southern Indochina Peninsula 
and most of the Philippines, as well as over Korea, southern 
Japan, and the southeastern coast of China (Fig.  1c). The 
reasons for these biases are still unclear, particularly for 

c

a b

Fig. 1   Climatological summer (JJA) rainfall (mm/day) of a the observations and b the AMIP run, and c the difference of (b)–(a). The gray line 
represents Tibetan Plateau



1750 Y. Liu et al.

1 3

the pronounced wet bias around the Tibetan Plateau. The 
bias is larger in low latitudes than in high latitudes, which 
is expected as the total rainfall amount decreases from low 
to high latitudes. Over the EASM region, the model bias is 
smaller than in the tropics.

3.2 � Variance of the monsoon rainfall

Variances of the monsoon rainfall from observations and 
model simulations are shown in Fig. 2. The results for the 
observed rainfall show that larger variability in JJA rainfall 
generally collocates with major centers of mean rainfall 
amounts (Figs.  1a, 2a), meaning that large (small) vari-
ability corresponds to large (small) mean rainfall amount. 
Figure  2b, c show the corresponding variance of summer 
monsoon rainfall from the AMIP runs, calculated for each 
AMIP member individually first (Fig.  2b) and then aver-
aged for all 18 members (Fig. 2c). The spatial features of 
the observed variability are well captured by the model. 

However, the variability is generally overestimated over 
northern India, the northeastern Bay of Bengal, the central 
Indochina Peninsula, southern China and the northern Phil-
ippines (Fig. 2a, b).

Compared with Fig.  2a, b, the amplitude of variance 
decreases significantly, when rainfall from the 18 members 
is averaged first and then variance is calculated based on 
the ensemble mean (Fig.  2c). The variance of the AMIP 
ensemble mean (Fig. 2c) is largely the result of interannual 
variability forced by SST variations that are common for all 
AMIP simulations, because the contribution from random 
internal variability is mostly canceled out by averaging of 
ensemble members (Kumar et al. 2001). Nevertheless, it is 
noted that the ensemble mean (Fig. 2c) reproduces the cent-
ers of large variability although with smaller amplitudes in 
the tropics and subtropics, such as for the western coast and 
north of India, the northwestern part of the Indochina Pen-
insula, and southern China, implying a possible association 
of SSTAs with rainfall variability over these regions.

a b 

c d 

Fig. 2   Variance of JJA rainfall anomalies in a the observation, b AMIP individual members, c the AMIP ensemble mean, and d the variance 
ratio between (c) and (b). The units for shading and contours are mm2/day2 in (a–c) and  % in (d). The gray line represents Tibetan Plateau
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Figure  2d is the ratio of rainfall variance between the 
AMIP 18-member average and the ensemble mean (ratio of 
Fig.  2b, c). Usually, from a pure statistical argument, the 
variance of the ensemble mean of an 18-member ensem-
ble should be about 1/18 (5–6 %) that of a single member 
if all the variability is due to random internal variability 
(Wu et al. 2004). It is noted that the variance ratio between 
the ensemble mean of the TBO component and individual 
AMIP simulations is larger than 10  % over most of the 
monsoon region in Fig.  2d. This is an indication that the 
interannual variation (including TBO component) of Asian 
summer monsoon rainfall may partially be associated with 
external forcing, such as by SST.

3.3 � Variance and fraction of TBO component of monsoon 
rainfall

Considering that the Asian summer monsoon rainfall has a 
significant fraction of variability at TBO time scales (Lau 
and Wu 2000; Meehl and Arblaster 2002; Li et  al. 2006), 
we compute the variance of the TBO component and its 
variance fraction relative to raw (unfiltered) data for the 
observations, for the individual AMIP simulations aver-
aged, and for the ensemble mean, respectively (Fig.  3). 
The observations show that the variance distribution pat-
tern of the TBO component is similar to that of the total 
monsoon rainfall, especially for its primary centers, which 
are nearly collocated (Figs. 2a, 3a), suggesting that a large 
(small) total rainfall amount corresponds to a large (small) 
amount of rainfall at TBO time scales. On average, the var-
iance fraction of TBO relative to that of raw data usually 
exceeds 35 %, and reaches 45 % over some regions, such 
as northeast India, the central Philippines, the southern 
Indochina Peninsula, the central Yangtze River basin, and 
most of North China (Fig. 3a, d). This implies that TBO is 
an important component of summer monsoon interannual 
variations in these regions.

The AMIP results well reproduce the spatial distribution 
of TBO variance (Fig. 3a, b), while the fraction of variance 
of the TBO component to the total rainfall is underesti-
mated compared with the observations (Fig. 3d, e). The dis-
tribution of the fraction in the observations (Fig. 3d) shows 
clear spatial inhomogeneity with large values in the central 
part of East China, while the AMIP simulations display 
an almost spatially homogeneous distribution (Fig.  3e). 
The spatially homogeneous distribution may imply that 
internal dynamical processes play a dominant role in TBO 
time scale variations in each individual ensemble member. 
Interestingly, although the ensemble mean (Fig.  3c) has 
much smaller amplitudes for the variance of TBO rain-
fall, the amplitude and spatial distribution of the variance 
ratio of TBO to raw data is much closer to the observa-
tions compared with that of the AMIP 18-member average 

(Fig. 3d–f). This result suggests that the TBO signal in the 
EASM region is enhanced by eliminating the atmospheric 
internal variability through the ensemble mean. This indi-
cates the contribution of SST to the TBO time scale vari-
ations and is consistent with Meehl et al. (2003). The con-
nection of TBO variation and SST will be further examined 
in the next two sections.

4 � Leading modes of TBO in summer rainfall

The comparison in the previous section suggests that the 
AMIP run captures the spatial distribution of the basic cli-
mate states of summer rainfall and its TBO component over 
the Asian monsoon region. This provides a justification for 
further analyzing the leading modes of the TBO component 
of rainfall in the EASM region and their connection with 
SSTA. The spatial domain for the EOF analysis is chosen 
to be from 22.5 to 54°N and from 105 to 145°E, so as to 
focus on the EASM region (Wang et  al. 2001). As in the 
previous section, the AMIP simulations are handled in two 
ways. One is to concatenate 18 members of the AMIP run 
as one long time series, and then do the EOF analysis. Such 
an analysis is equivalent for observations and is influenced 
by both the external forcing (such as SST) and internal 
atmospheric variability. The other is to do EOF analysis 
for the ensemble mean of 18 members of the AMIP run. 
The results from such EOF analysis amplify the response 
of the atmosphere to SSTA, since the internal variability is 
suppressed by the ensemble averaging. Pattern correlations 
between the EOF patterns from model simulations and 
those from the observations are computed to compare their 
spatial similarity.

4.1 � EOF for observations and individual AMIP 
simulations

Figure 4 shows the first four EOF modes of the TBO com-
ponent of JJA rainfall in the observations, which explain 
19.8, 14.6, 11.7 and 9.9 % of the total variance of the TBO 
component, respectively. The accumulative explained vari-
ance by the first four modes is 56 %, which are independ-
ent from each other according to North’s et al. (1982) sig-
nificance test. EOF1 (Fig. 4a) is a tripole pattern (“+, −, 
+”), which is also a typical pattern of total summer rainfall 
(Nitta and Hu 1996; Ding et al. 2008) with opposite varia-
tions of rainfall along the Yangtze River basin and most of 
Korea and Japan to rainfall to the north and south. EOF2 
(Fig. 4b) represents opposite variations of rainfall over the 
regions from the middle of the Yangtze River to Northeast 
China via the HuaiHe River basin to rainfall in southeastern 
China, southern Korea and Japan. EOF3 (Fig. 4c) has some 
similarities with EOF1 in eastern China. EOF4 is a dipole 
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pattern (“+, −”), which is another typical pattern for total 
summer rainfall that usually occurs during an ENSO year 
(Wang et al. 2000; Ding et al. 2008), with opposite varia-
tions between northern and southern China.

Figure  5 shows the corresponding EOF modes of the 
AMIP simulations based on individual members. Com-
pared with the observations (Fig. 4), it is noted that the first 
three EOF modes from the AMIP run have corresponding 

a d 

e b 

f c

Fig. 3   Variance of the TBO component of JJA rainfall and its ratio to 
the variance of raw data in a, d observation, b, e the AMIP 18-mem-
ber average and c, f the AMIP ensemble mean. The units for shading 

and contours are mm2/day2 in (a–c) and  % in (d–f). The gray line 
represents Tibetan Plateau
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modes in the observations, though the sequence and ampli-
tudes of the EOF modes are somewhat different. For exam-
ple, EOF1 from the AMIP run (Fig. 5a) is similar to EOF4 
from the observations (Fig.  4d) with a pattern correlation 
between the two EOFs of 0.55 (Table 1). Similarly, EOF2 
of the AMIP run has a significant pattern correlation coef-
ficient of 0.68 with EOF1 of the observations, while EOF3 
of the AMIP run corresponds to EOF2 of the observations 
with a pattern correlation coefficient of 0.57 (Table 1). All 
of these pattern correlation coefficients exceed the 0.01 sig-
nificance level.

4.2 � EOF analysis for ensemble mean

To isolate the impact of SSTA on TBO, we first make the 
ensemble mean of the 18 members of the AMIP run, and 
then compute the EOF modes (Fig.  6). Compared with 
the results of the 18 individual members of the AMIP run 
(Fig. 5) and the observations (Fig. 4), we get noticeable dif-
ferences. For example, the amplitudes of these EOF modes 

(Fig.  6) are generally smaller than that from the observa-
tions and from the AMIP 18 individual members, and the 
sequence of the EOF modes is not the same either. The dif-
ferences in sequence of these EOF modes shown in Figs. 4, 
5 and 6 may indicate that either the observed sample size is 
not big enough or there is an impact of model biases. EOF1, 
EOF2, and EOF4 for the AMIP ensemble mean correspond 
to EOF4, EOF1 and EOF2, respectively, from the observa-
tions. The correlation coefficients of these three dominant 
modes with their counterparts from the observations are 
0.52, 0.55 and 0.60, respectively, and all of them exceed the 
0.01 significance level (Table 2). However, a similar mode 
as EOF3 in the individual members and ensemble mean 
(Figs. 5c, 6c) doesn’t appear in the first four modes of the 
observations (Fig. 4). That may suggest an impact of model 
biases and a lack of robustness of this mode.

Based on pattern correlation, it is noted that three out 
of the first four EOF patterns in the observations can be 
reproduced by the AMIP run either for the analysis based 
on individual members or on the ensemble mean. Also, it 

a b 

c d 

Fig. 4   The first four EOF modes of JJA rainfall in the observations. EOFs 1–4 explain 19.8, 14.6, 11.7 and 9.9 % of the total variance of TBO 
component, respectively
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is evident that each pair of EOF patterns from the 18 indi-
vidual members and the ensemble mean of the AMIP run 
is similar with pattern correlation coefficients of 0.98, 
0.69, 0.55 and 0.61 (Table  3), respectively. These signifi-
cant pattern correlations indicate the fidelity of the AMIP 
simulations. However, it is clear that the amplitudes of 
EOF2–4 decreased substantially in the AMIP ensemble 
mean (Fig. 6), compared with those in the AMIP individual 

members (Fig.  5). These resemblances as well as the dif-
ferences may further suggest that the TBO of rainfall in the 
EASM region is affected by both internal atmospheric pro-
cesses and external forcing, such as SST. Following this, 
the connection of these EOF modes with SSTA is investi-
gated further.

5 � Association of ENSO with leading EOF modes

As mentioned in section “Introduction”, existence of TBO 
in the Asian monsoon region is mainly the result of the 
ocean–land–atmosphere interaction; however, the contri-
butions of the tropical oceans, especially ENSO, are also 
noticeable (Meehl and Arblaster 2002; Rasmusson et  al. 
1990; Yasunari 1990; Meehl et al. 2003). To further verify 
the connection of SSTA with TBO in the EASM region, we 
examine the lead-lag correlation of SSTA with the princi-
pal components (PCs) of TBO rainfall from the ensemble 
mean of the AMIP simulations and from the observations. 

a b 

dc 

Fig. 5   Same as Fig. 4, but for the AMIP 18 individual members. EOFs 1–4 explain 25.6, 9.7, 5.8 and 5.0 % of the total variance of TBO compo-
nent, respectively

Table 1   Pattern correlations of leading EOF modes between the 
observations (Obs) and the AMIP individual 18 members (Ind)

The bold number with “*” represents significance at 0.01 significant 
level using T test

ACC Obs_EOF1 Obs_EOF2 Obs_EOF3 Obs_EOF4

Ind_EOF1 0.30 −0.01 0.41 0.55*

Ind_EOF2 0.68* 0.39 −0.43 0.06

Ind_EOF3 −0.26 0.57* 0.10 0.14

Ind_EOF4 0.11 −0.27 −0.01 −0.27
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SSTAs averaged in three key regions, Niño3: 5°S–5°N, 
150°–90°W (Meehl and Arblaster 2002; Meehl et al. 2003), 
Pacific warm pool area (WP): 5°S–5°N, 120°–160°E 
(Huang et  al. 2006) and tropical western Indian Ocean 
(WIO): 5°S–5°N, 40°–60°E (Chang and Li 2000; Li et al. 
2001), are used to represent the tropical ocean variability. 
Basing on the lead-lag correlations of these SST indices 
with PCs, we first identify the modes having significant 

correlation with ENSO. Then, relevant SSTA spatial pat-
terns are isolated by the lead-lag linear regression of global 
SSTA onto the PCs of TBO rainfall from the ensemble 
mean of the AMIP run and from the observations. By com-
paring the similarity of the lead-lag correlation and the 
lead-lag regression of global SSTA in the AMIP run and in 
the observations, the robust and consistent relation of SST 
and the TBO in the EASM can be established.

a b 

d c 

Fig. 6   Same as Fig. 4, but for the AMIP ensemble mean. EOFs 1–4 explain 29.6, 9.8, 7.4 and 6.5 % of the total variance of TBO component, 
respectively

Table 2   Pattern correlations of the EOF modes between the observa-
tions (Obs) and the AMIP ensemble mean (Ens)

The bold number with “*” represents significance at 0.01 significant 
level using T test

Obs_EOF1 Obs_EOF2 Obs_EOF3 Obs_EOF4

Ens_EOF1 0.30 −0.11 0.40 0.52*

Ens_EOF2 0.55* 0.10 −0.20 0.10

Ens_EOF3 0.13 −0.01 0.23 −0.21

Ens_EOF4 0.15 0.60* −0.17 0.14

Table 3   Pattern correlations of the EOF modes between two types of 
AMIP simulation (individual 18 members and ensemble mean)

The bold number with “*” represents significance at 0.01 significant 
level using T test

Ind_EOF1 Ind_EOF2 Ind_EOF3 Ind_EOF4

Ens_EOF1 0.98* 0.05 −0.17 0.06

Ens_EOF2 −0.07 0.69* 0.35 0.26

Ens_EOF3 0.01 −0.13 0.09 0.55*

Ens_EOF4 0.03 −0.39 0.61* −0.13
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Based on the reproduction of the leading EOF modes 
in the AMIP run (Table 2), the analysis focuses on EOF1, 
EOF2 and EOF4 from the ensemble mean of the AMIP 
simulations and the observations. Figure 7 shows the lead-
lag correlations of three PCs (PC1, PC2 and PC4) from the 
observations (left column) and from the ensemble mean of 

the AMIP run (right column) with the SST indices in the 
three tropical regions: Niño3, WP and WIO. 

As for the first pair of TBO PCs (PC4 from the observa-
tions and PC1 from the ensemble mean of the AMIP run), 
significant and consistent lead-lag correlations (Fig.  7a, 
b) are found in both the observations and the AMIP run, 

a b

c d

e f 

Fig. 7   Time-lag correlation of the PCs in the observations (a PC4; 
c PC1; e PC2) and their counterparts in the AMIP ensemble mean 
results (b PC1; d PC2; f PC4) with SSTAs in three key regions, 

respectively (−N (N) under the x-axis denote the SSTA leading (lag-
ging) N months to PCs). The purple dashed lines are the 0.05 signifi-
cance level using T test



1757Tropospheric biennial oscillation of summer monsoon rainfall

1 3

suggesting a robust connection of this EOF pattern of TBO 
rainfall with the tropical SSTA indices. The maximum 
correlation occurs when Niño3 and the PC are simulta-
neous (Fig. 7a, b). Since ENSO normally peaks in boreal 
winter, the simultaneous maximum correlation suggests 
that TBO rainfall in the EASM region is associated with 
ENSO development. According to the lead-lag correlations 
(Fig. 7a, b) and the EOF pattern (Figs. 4d, 6a), we note that 
when El Niño (La Niña) develops, northern China favors 
dry (wet) and southern China favors wet (dry) conditions at 
TBO time scales.

The connection of the TBO PC (PC4 from the observa-
tions and PC1 from the ensemble mean of the AMIP run) 
with ENSO is further assessed through linear regression of 
global SSTA onto the PC, both for the observations (left 

column, Fig.  8) and for the ensemble mean of the AMIP 
run (right column, Fig. 8). For 6-months lead of SST, cor-
relations are small, except for some negative values in the 
western Pacific and Indian Oceans. For 3-months lead, the 
ENSO-like pattern is visible, with positive correlations in 
the tropical central and eastern Pacific, and negative values 
in the western Pacific. The correlation reaches its peak in 
the tropical central and eastern Pacific for 0-month lead. 
The correlations then decrease when SST lags the PC.

Although the regressions with the PC from the observa-
tions and from the AMIP simulations (left and right col-
umns of Fig. 8) are in good agreement, there are many dif-
ferences in the details of locations and amplitudes of the 
regressions. For example, the positive regressions in the 
Indian Ocean and the tropical central and eastern Pacific 

a f 

b g 

c h 

d i 

e j 

Fig. 8   Lead-lag linear regression of a PC4 of the observations (left 
column) and b PC1 of the AMIP (right column) with tropical Pacific 
SSTA. The regression coefficients are denoted by contours, and 0.1, 

0.05 and 0.01 significance levels using T test are shaded from light to 
dark colors, respectively
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are generally larger in the AMIP run than in the observa-
tions. This is probably because using the ensemble mean 
in the EOF computation for the AMIP run suppresses the 
SST-unrelated variability (i.e., the atmospheric internal 
variability) and enhances the variability associated with 
SST forcing. Furthermore, the regression patterns for the 
observations seem more like ENSO–Modoki, and those for 
the ensemble mean of the AMIP run are more analogous to 
the conventional ENSO (Ashok et al. 2007; Hu et al. 2012). 
Nevertheless, it is unclear if the spatial pattern difference is 
due to model bias or sampling, particularly for the observa-
tional analysis.

For the other two pairs of TBO PCs, the relationships 
with tropical SST anomalies are not well reproduced by 
the AMIP ensemble mean (Fig. 7c–f), although the spatial 
distributions of the EOF modes resemble the corresponding 
observations. The failure of the AMIP simulations in repro-
ducing the possible link of these EOF modes of TBO rain-
fall in the EASM region with tropical SST may be caused 
by the influence of model biases. It may be also because 
the feedback of the atmosphere to the ocean is not included 
in the AMIP-type experiment. The air–sea interaction is 
particularly important for the summer climate in the west-
ern North Pacific (Wang et al. 2005, 2009; Zhu and Shukla 
2013). Further, it is also possible that the connection in the 
observations might be obscured due to a small sample size.

6 � Summary and discussion

Based on an ensemble AMIP run and observations, this 
study examined the characteristics and dominant spatial 
patterns of rainfall at TBO time scales over the EASM 
region and its association with ENSO. To some extent, the 
AMIP run well simulates the spatial distribution and ampli-
tude of the TBO component. The average of the ensem-
ble mean of the AMIP run increases the ratio of the TBO 
component to the raw data, which suggests that SSTA may 
enhance rainfall variations in the EASM region at TBO 
time scales.

Further investigation of the connection with SST indi-
cated that only the EOF pattern at TBO time scales with 
opposite variations between northern and southern China 
had a robust relation with SSTAs in the tropical Pacific 
Ocean. Statistically, for development of El Niño (La Niña) 
events, northern China favors dry (wet) conditions while 
southern China favors wet (dry) conditions in TBO time 
scales.

There are other EOF modes in the observations hav-
ing significant correlations with the SSTA in the tropical 
oceans, but the AMIP run was unable to reproduce the pos-
sible link. This may be partially caused by model biases, 
and also may be due to the fact that the feedback of the 

atmosphere to the ocean is prohibited in the AMIP-type 
experiment, while the feedback may be important for the 
summer climate variability in the EASM region (Wang 
et al. 2005; 2009; Zhu and Shukla 2013). The connections 
of SSTA with these EOF modes on TBO time scales in 
the observations need to be further verified either using a 
longer data record or based on different models to confirm 
the robustness of the connections as well as the robustness 
of the EOF modes (Dommenget and Latif 2002). Lastly, we 
note that the summer rainfall in the EASM region seems 
largely driven by internal dynamical processes. Thus, it is 
still a challenge to incorporate the relationship between 
ENSO and TBO time scale rainfall variation into opera-
tional forecasts of the eastern Asian summer rainfall, since 
the overall statistical relationship between ENSO and the 
summer rainfall variations over East Asia are weak (Wu 
et al. 2003).
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