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Abstract. Monsoon rainfall is of great importance for agri- somehow correlated. Kripalani and Singh (1993) argue that
cultural production in both China and India. Understandingsummer monsoon rainfall over Northern China is highly cor-
the features of the Indian and Chinese monsoon rainfall andelated with that over India, and the subtropical ridge over
its long term predictability is a challenge for research. Inthe Indian region is an important predictor for both regions.
this paper Principal Component Analysis (PCA) method wasOther studies suggest a spatial teleconnection between them
adopted to analyze Indian monsoon and Chinese monsooas monsoon rainfall over Northern China is in phase with
separately as well as jointly during the period 1951 to 2003.that over India (Chang et al., 2000; Kripalani and Kulkarni,
The common structure of Indian monsoon and Chinese mon2001), and Zhang et al. (2007) show that both East Asian
soon rainfall data was explored, and its correlation with largemonsoon and Indian summer monsoon have strong influ-
scale climate indices and thus the possibility of predictionences on China, especially in the Yangtze River basin. Also,
were analyzed. The joint PCA results gives a clearer correlait is widely believed that annual variations of Indian mon-
tion map between Chinese monsoon rainfall and Indian monsoon and Chinese monsoon are both teleconnected to tropi-
soon rainfall. The common rainfall structure presents a sig-cal Sea Surface Temperature (SST), which plays an impor-
nificant teleconnection to Sea Surface Temperature anomaltant role in the large scale climate system. Considering that
(SSTa), moisture transport and other climate indices. Specifiboth Indian monsoon and Chinese monsoon are related to El
cally, our result shows that Northern China would garner lessNino-Southern Oscillation (ENSO), a previous study (Hu et
rainfall when whole Indian rainfall is below normal, and with al., 2005) shows that the ENSO-related phase of Indian mon-
cold SSTa over the Indonesia region more rainfall would besoon has a significant positive correlation with rainfall vari-
distributed over India and Southern China. The result alscations in Northern China, while the ENSO-unrelated phase
shows that SSTa in the previous winter months could be @as a significant negative correlation with rainfall variations
good indicator for the summer monsoon rainfall in China.  in Southwestern China. Yang and Lau (2004) also show that
there is an upward trend of precipitation over Southeastern
China while a downward trend over Northern China during
their monsoon seasons from 1951 to 1998, and the underly-
ing reasons of these trends are linked to an ENSO-like mode

Chinese monsoon and Indian monsoon are important foPf SST. Moreover, Huang (1994) suggests that the precipita-
agricu|[ura| production and economy in China and |ndiati0n in the center part of Eastern China is primarily linked to
(Parthasarathy et al., 1988; Webster et al., 1998; Abrol andST variations over the western tropical Pacific warm pool
Gadgil, 1999). The two monsoons both belong to Asianand the Indian Ocean. Also, there are some other studies
monsoon and are primarily influenced by Indian Ocean andocusing on the decadal and interdecadal variations of pre-

West Pacific Ocean. There are studies showing that they aréipitation. For example, Chan and Zhou (2005) show that
the interdecadal change of monsoon rainfall over China re-

gion is affected by the interactions between Pacific Decadal

C.orrespon_dence taF. Tian Oscillation (PDO) and ENSO.
BY (tianfq@tsinghua.edu.cn)
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gpcc.dwd.dé/ and the recording period is from the year of
1951 to 2003. The spatial resolution of collected rainfall
data for Indian part and Chinese part is different. For the
Indian part, the grid resolution is 1.0 by 1.0 degree and we
chose to include the entire India (totally 357 grids), while
for the Chinese part the resolution is 0.5 by 0.5 degree and
we chose the area within 98-125 E, 17 N-43 N (totally
3024 grids), as shown in Fig. 1. To be noted, the latter area
includes most part of China and also a small part of north-
ern area of Southeast Asia (part of Myanmar, Thailand, Laos
and Vietnam), which can represent the characteristics of Chi-
nese monsoon and is, therefore, called Chinese part just for
convenience. The Indian monsoon season is from June to
September. In Chinese part, the monsoon season varies from

o 02 04 o s 1 2 e 1 region to region, i.e., it begins earlier in Southeastern China
_ o while later in Northern China. On average, it lasts for four
Fig. 1. The study area and major rivers. months from June to September. In this study, we chose the

monsoon season of China and India included the four months

of June, July, August and September (shortly as JJAS). We
It can be, therefore, concluded that Indian monsoon andhcknowledge that the variability in monsoon timing and du-
Chinese monsoon are correlated in some way, and they afgytion is critically important and the corresponding climate
similarly influenced by some common climate drivers (like driving mechanisms is worthy of intense investigation, which

ENSO, SST, Subtropical ridge, etc. at annual scale) althougl however, beyond the scope of this paper and left for future
the ways of influencing are different. Encouraged by theseegearch.

existing results, we consider that Indian monsoon and Chi-

nese monsoon belong to a larger monsoon structure. The

primary goal of this study is to figure out the common cli- 3 Analysis and results

mate factors driving both monsoon structures at the annual

scale, and the ways how these factors interplay in the mechs 1 Principal component analysis of Indian

anism of a larger monsoon structure. Principal Component monsoon and Chinese monsoon separately

Analysis (PCA) method is used to obtain the primary pat-

terns of Chinese and Indian monsoon rainfall separately as this subsection we studied the correlations between mon-

well as jointly, and then the correlation analysis is performedsoon rainfall patterns in India and China. First we per-

between the derived principal components and climate informed the principal component analysis on Indian and Chi-

dices like Sea Surface Temperature Anomalies and moisturese yearly monsoon rainfall data individually. The results

transport with the purpose to explore the driving factors.  show that the first principal component (PC1) of India takes

The remainder of this paper is organized as follows. In20% of all and the second principal component (PC2) takes

Sect. 2 we describe the sources of data used in this study.0 %. For Chinese part, the PC1 takes 11 % of all and PC2

Following this, in Sect. 3 we first perform PCA on monsoon takes 8 %. India PC1 and China PC1 have a negative correla-

rainfall data of China and India separately and also the cortion —0.5, and India PC2 and China PC1 also have a negative

relation analysis between them, and then we perform PCAcorrelation—0.4. China PC2 has low correlation with India

again on the principal components of rainfall data of both PCs. These suggest that Indian monsoon and Chinese mon-

India and China, and correlation analysis is also performedsoon have some patterns in common.

again to investigate the climate factors influencing monsoon The spatial correlation patterns of India PCs and China

rainfalls in the two regions. Finally we discuss our results in PCs were further investigated, and the results are shown in

Sect. 4 together with the conclusions. Fig. 2. As indicated by Fig. 2c, India PC1 presents a high
positive correlation with the rainfall in the middle part of
India and the area around 4N 11C¢° E of China. This

2 Data result confirms the existing conclusion that summer mon-
soon rainfall over India is in phase with the monsoon rain-

The gridded rainfall data of China and India was col- fall in the area around 40N 110 E of China (Kripalani and

lected from the World Climate Research Programme/GlobalSingh, 1993; Kripalani and Kulkarni, 2001). Also, India PC1

Climate Observing System (WCRP/GCOS) Global Pre-has a high negative correlation with rainfall in Southwestern

cipitation Climatology Centre hitp://www.wcrp-climate.  China. On the contrary, China PC1 has an approximately

org/, http://www.wmo.int/pages/prog/gcos/index.php,http:// opposite pattern compared to India PC1. The China PC1

Hydrol. Earth Syst. Sci., 15, 2702415 2011 www.hydrol-earth-syst-sci.net/15/2709/2011/


http://www.wcrp-climate.org/
http://www.wcrp-climate.org/
http://www.wmo.int/pages/prog/gcos/index.php, http://gpcc.dwd.de/
http://www.wmo.int/pages/prog/gcos/index.php, http://gpcc.dwd.de/

M. Zhou et al.: Insights from a joint analysis of Indian and Chinese monsoon rainfall data 2711

Table 1. Correlation coefficients between China/lndia rainfall PCs and monsoon indices (IMI & WNPMI).

Correlation IndiaPC1 IndiaPC2 ChinaPCl ChinaPC2 JointPC1 JointPC2

IMI 0.83 0.04 —0.35 —0.42 —0.73 —0.19
WNPMI 0.21 —0.65 —0.14 0.28 0.08 0.58

to IMI, and the correlation coefficient of China PC1 is
slightly higher than that of China PC2. China PC2 is also
correlated to WNPMI, while China PCL1 is not significantly
correlated to WNPMI. To be noted, here and throughout this
paper we take significant level for correlations is 99 %.

As the rainfall PCs we obtained present main trends of
rainfall in the study areas, the correlation patterns between
PCs in India and China suggest common factors affecting
rainfall processes. The correlation analysis between PCs in
both areas and IMI/WNPMI further reveals that Indian mon-
soon and West-North Pacific monsoon are two of these com-
mon factors. These possible common factors will be studied
in more details using joint-PCA in Sect. 3.2.

3.2 Joint principal component analysis of Indian
monsoon and Chinese monsoon

(d) Since the length of time series is far less than the number of
stations for our rainfall data, the ability of PCA to minimize
Fig. 2. Correlation maps between rainfall PCs and rainfall field noise is weakened. Furthermore, as the PCs of India and the
of China and India.(a) China PC1 vs. rainfall field of China and  pCs of China is well correlated, to get these common features
India; (b) China P_CZ VS. ra_infall field o'f China_ and Indig) Ir_ldia (and to reduce noise), the joint PCA was performed with the
PC1yvs. rainfall field of China and Indigd) India PC2 vs. rainfall ¢4} 15ing steps: first, we chose the first two leading PCs of
field of China and India. India and China we got in Sect. 3.1; then we performed PCA
again on the 4 PCs (India PC1, India PC2, China PC1, China
PC2) and obtained 4 Joint PCs. Among them, the first and
has a h|gh pOSitive correlation with the rainfall in the middle second principa' Component (joint PC1 and PCZ) Occupies
eastern part of China (downstream of Yangtze River) while a42 o5 and 38 % of the total weight respectively. We calculated
high negative correlation with that in the northern part of In- correlation coefficients between the four individual PCs and
dia and northern part of China around’40110’ E. It should  four joint PCs, and the results show that joint PC1 is highly
be highlighted that both maps have similar dipole patterns inre|ated to China PC1 and India PC1, and joint PC2 is highly
the middle part of India and middle eastern part of Chinaye|ated to China PC2 and India PC2.
(downstr_eam of Yapgtz.e River basin). Wg also list the Cor- e studied the special patterns of joint PC1 and PC2 by
responding results in Fig. 2b and d for China PC2 and Indigjoking at the correlation map between joint PCs and mon-
PC2 respectively. The similar phenomena could be found ingon rainfall in the study area (Fig. 3). Itis clear that the joint
PC2 figures compared to PC1 figures, which shows that Inpc1 has high positive correlation with the rainfall in Middle
dia PCs have some common patterns with China PCs besidgshina (mostly Yangtze River basin) and Southern India, and
their own patterns. has high negative correlation with the rainfall in Northeast-
Additionally, the correlation coefficients between ern China, part of Southern China, Northern India and Mid-
China/India PCs and monsoon indices (Wang, et al., 2001)dle India (Fig. 3a). Over China, the pattern is uniform along
i.e., Indian Monsoon Index (IMI) and West-North Pacific east-west direction but varies from north to south, and can
Monsoon Index (WNPMI), were calculated, which are be divided into three regions along that direction. This vari-
listed in Table 1. As we can see from Table 1, India PC1lability may be caused by an early or late shift of subtropical
is significantly correlated to IMI and India PC2 is highly jet (Kuang and Zhang, 2005) going from south to north of
correlated to WNPMI, which agrees with the previous study Tibet Plateau. It is almost opposite for joint PC2 (Fig. 3b),
(Wang et al., 2001). Both China PC1 and PC2 are correlatedavhich has high positive correlation with Southern China and
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Fig. 3. Correlation maps between Joint PCs and rainfall field of q
China and India.(a) Joint PC1 vs. rainfall field of China and In-
dia; (b) Joint PC2 vs. rainfall field of China and India.

Middle India, and negative correlation with Middle China
(mostly Yangtze River basin) and Southern India. From this «
figure, we can see that the pattern of joint PC2 is closely .|
related to mid-east subtropical jet veered towards India, In-
dochina Peninsula and West Pacific Ocean. Joint PC2 load-
ing of rainfall variability over India is more or less a dipole -
of rainfall over Ganges River basin: north cyclone route from (e) (f)
Bay of Bangal (BoB) to Northern India and the relatively
south route of the cyclones from BoB. The variability of Fig. 4. Correlation maps between SSTa in the monsoon summer
Northern India is coherent with that over Indochina Penin-season (JJAS) and PQs) China PC1 vs. SST¢b) China PC2 vs.
sula and Southern China, probably with a common cause faSSTay(c) India PC1 vs. SSTdd) India PC2 vs. SSTdg) Joint PC1
voring cyclone activities. vs. SSTaff) Joint PC2 vs. SSTa.

Again, we compared these joint PCs with monsoon in-
dices (see also Table 1). Joint PC1 is highly correlated t
IMI, while joint PC2 is highly correlated to WNPMI. From
the previous analysis, joint PC1 mostly comes from Middle
China (mainly in Yangtze River basin) and South India, it
keeps the feature of India PC1, i.e., the high correlation with
IMI. Joint PC2 partly comes from China PC2, and is highly
correlated to WNPMI, while China PC2 is not well correlated
to WNPMI. This is because the second PCA derived a com3 3 Correlation with Sea Surface Temperature anomaly
mon character from China PCs and India PCs, which may or (SSTa) and other climate indices
may not be present in the first PCA on Chinese monsoon and
Indian monsoon alone. The Fig. 4 shows the correlation maps between SSTa in the

In Sects. 3.1 and 3.2 the primary analysis method we use isnonsoon summer season (JJAS) and China PCs, India PCs as
PCA. As we know, the raw precipitation dataset used in thiswell as joint PCs, which indicates that China PCs have pos-
paper is huge, and the data is affected by some large scaitive correlations while India PCs have negative correlations
climate factors that we are interested in, as well as other miwith SSTa. The figures also show the significant influences of
nor local factors. Those major climate factors determine thethe ENSO on all PCs. Moreover, the Fig. 4d shows that India
main trends in the raw data. PCA is capable of extracting thePC2 is influenced by Indian Ocean Dipole, which is in a dif-
main trends from the raw data, and separating it from otherferent case for China PCs. The Fig. 4e and f show the correla-
minor fluctuations. Therefore it is a powerful method for our tions between SSTa and the leading modes of joint PCs (i.e.,
purpose. Besides PCA, some other methods can also be us@uint PC1 and PC2). The results indicate that the joint PCs
for similar purposes such as independent component anapresent clearer correlation pattern with SSTa than China and
ysis (ICA) method and maximum value unfolding (MVU) India PCs alone. The correlation coefficient between joint
method. ICA is a family of analyzing methods based on PC1 and SSTa within ENSO area is around 0.4-0.5, which is
varied assumptions of statistical characteristics of the comhigher than the correlation coefficients (around 0.3-0.4) be-
ponents in the raw data, while PCA uses a relatively sim-tween China PCs or India PCs separately. The correlation
ple assumption. Without any a priori knowledge of the cli- coefficients between joint PC2 and SSTa are similar to those
mate factors we are looking for, PCA makes a good startingoetween India PC2 and SSTa, but higher than those between

0point for our study. Comparing to MVU, a nonlinear analyz-
ing method, PCA has the weakness of being linear and can-
not fully represent the nonlinear nature in climate processes.
However, it is also more stable against noises in the data be-
cause of its linearity, and it is an acceptable approximation
for our purposes.
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Fig. 6. Average rainfall anomaly in the monsoon months (JJAS)
during five years with lowest or highest PCs values from Joint PCs.
(a) Years with lowest PCs values from Joint PQh) years with
highest PCs values from Joint PGQ&) years with lowest PCs values

Fig. 5. Correlation maps between SSTa in the previous winter seay . s ;
PC2 h highest P I f PC2.
son (DJF) and PCs(a) China PC1 vs. SSTab) China PC2 vs. oM J0Int PC2(d) years with highest PCs values from Joint PC

SSTa;(c) India PC1 vs. SSTa(d) India PC2 vs. SSTale) Joint

PC1 vs. SST&f) Joint PC2 vs. SSTa. . . . .
v af Joi v SSTa might probably serve as the most important influencing

climate index for the annual variation of precipitation. As
revealed by Chang (2000), Hu (2005) among many others,
SSTa can in general affect rainfall through atmosphere cir-
culation, especially moisture transportation processes. Our
PCA results suggest that the physical mechanism affecting
Chinese and Indian rainfall can be represented principally by
the SSTa.

China PC2 and SSTa. Joint PC1 shows a significant positiv
correlation with SSTa in the months of JJAS within Pacific
Ocean around 90NV-135 W, 10° N-10° S, which is mainly
Nino3 area. Joint PC2 shows a significant positive corre-
lation within Pacific Ocean around 135-180 E, 10° N—
10 S, which is mainly Nino4 area. Joint PC2 shows a sig-
nificant negative correlation with Indonesian Sea. 3.4 Analysis of extreme years

Also presented here are the correlation maps (Fig. 5) be-
tween SSTa in the previous winter months (December, JanTo gain further insight into the spatiotemporal correlation be-
uary and February, DJF) and PCs (India PCs, China PCs angiveen Chinese and Indian monsoon rainfall, we analyzed the
joint PCs). Contrary to the correlation pattern between PCsstatistical data during the years when these leading modes
and summer SSTa, joint PC1 shows a negative correlatiortrike extreme values. For each of the 4 joint PCs, we identi-
with SSTa (DJF) around Nino 4 area, and joint PC2 showsfied 10 % (5 out of 53) of the years in which the joint PCs had
a negative correlation with SSTa (DJF) around Nino 3 areathe highest and the lowest values (Table 2). Then we made
The correlation of summer SSTa with the joint PC1 (Fig. 4€) rainfall anomaly maps, moisture transport maps and SSTa
shows warm anomaly over the whole tropical belt exceptmaps for the average of 5 yr with lowest PCs values and 5 yr
West Pacific Ocean, especially over Indian Ocean. This sugwith highest PCs values. Looking at the average rainfall of
gests weaker than normal surface wind speed over the Inyears with highest PCs values from joint PC1, the Fig. 6a is
dian Ocean. The winter SSTa pattern associated with jointonsistent with the result from the Fig. 3a. The average rain-
PC2 (Fig. 5f) shows that with cold SSTa over the Indone-fall of the five years with lowest PCs values from joint PC1
sia region, more rainfall would be distributed over India and shows that Middle China and Southern India are dry, and the
Southern China. locations with negative correlation with PC1 are wet. The

Besides SSTa, we also checked the correlation of rainpattern is almost the opposite in the years with highest PCs
fall PCs with other long term climate indices (e.g., PDO andvalues.
I0D), which is much less significant comparing to SSTa (be- The Sea Surface Temperature pattern in the previous win-
low the significant level used in this study). Therefore, theter months (DJF) during the extreme years of joint PC1
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Table 2. Five years with lowest joint PCs values and those with highest values. Years labeled by stars are El Nino years, and ones labeled by
daggers are La Nina years.

Lowest Highest

JointPC1 1959 1961 1994 1956 1978 1965 1987 1974° 1991 1999
JointPC2 1988 1998 1988’ 1989 1964 1994 2001 1997 1952 1961

Fig. 8. Average moisture transport at 700 mb—1000 mb in the mon-
soon months (JJAS) during five years with lowest or highest PCs
] ) ) ) values from Joint PC<ga) Years with lowest PCs values from Joint
Fig. 7. Average SSTa in the previous winter months (DJF) dur- PC1;(b) years with highest PCs values from Joint PQ);years

ing five years with lowest or highest PCs values from Joint PCs.uith lowest PCs values from Joint PC2t) years with highest PCs
(a) Years with lowest PCs values from Joint PQl) years with | 51,es from Joint PC2.

highest PCs values from Joint PQt) years with lowest PCs val-

ues from Joint PC2(d) years with highest PCs values from Joint

PC2. precipitation into Southeastern and Northeastern India. For
the joint PC2, the moisture from Indian Ocean is compara-

o _ ) o tive during the years with lowest value compared to the years
indicates a weak relationship between joint PC1 and ENSOyjth highest values, while the moisture from Pacific Ocean

as shown in Fig. 7a and b. During the lowest value years, thgyyring the years with highest values is a little stronger than
temperature in the ENSO region is slightly higher, but nothe years with lowest values. This could serve as one reason
high enough to present an EI Nino phenomenon. The yeargyat Southeastern China is wetter during the years with high-

with lowest PCs values from PC1 are wetter years for mostygt pc2 values than those with lowest PC2 values (Fig. 6).
regions in India. The Sea Surface Temperature pattern in DJF These results from moisture transport coincide with the

in years with lowest PCs values and years with highest PC$yreyious results discussed in Sect. 3.2. Joint PC1 is corre-
values from joint PC2 indicates a much clearer relationshipjateq with IMI, so that the variation of moisture fluxes from
between joint PC2 and ENSO, as shown in Fig. 7c and dyngian Ocean plays an important role in monsoon precipita-
During the years with lowest PCs values, the temperature iRy quring the peak years of joint PC1. Joint PC2 is corre-
the ENSO region is obviously higher. The years with low- |ataq with WNPMI, so that the variation of moisture fluxes
est PCs values from PC2 are wetter years for lower Yangtzg,qy, west-North Pacific Ocean plays an important role in
River_ basin in.China and Southern India, and are drier yearsnonsoon precipitation during the peak years of joint PC2.
for Middle India. Using joint PCA two trends in rainfall data in India and
Moreover, we studied five years average moisture transcChina are revealed as distinct moisture transport processes
port during the years with lowest and highest PCs values decoming from Indian Ocean and North Pacific Ocean respec-
termined from joint PC1 and PC2, which are shown in Fig. 8.tjvely. This result provides new insight into the physical
As we can see from the figures, for the joint PC1, the aver-mechanism behind the rainfall processes in India, China and
age moisture transport during the years with lowest valuessyrrounding regions.
in Western India is stronger and brings more precipitation
into Middle India. On the other hand, the moisture transport
during years with highest values is weaker and bring more
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