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ABSTRACT

The spatial domain of the Asian monsoon has been defined by the intensity, seasonal concentration, and

annual range of precipitation. Monsoon subdomains, such as the Indian monsoon, East Asian monsoon, and

western North Pacific monsoon, have also been identified based on seasonal wind reversals as well as

the timing and source of monsoon moisture. However, precipitation across the Asian monsoon region is

heterogeneous and spatially complex and may have influences farther north than commonly assumed,

particularly if scientists consider records of past variability spanning the current interglacial period. This

paper presents an additional means of identifying the Asian monsoon domain and monsoon subsystems

using an empirical orthogonal function (EOF)-based regionalization of gridded precipitation values. Re-

gions of unique precipitation variability for the Asian monsoon region are determined using monthly

precipitation anomalies from the Climate Prediction Center Merged Analysis of Precipitation (CMAP)

gridded precipitation dataset from 1979 to 2009. From these regions, an area of Asian monsoon influence

extending from the Arabian Sea eastward to the western North Pacific Ocean is defined, similar to other

studies. One key difference is that this region of monsoon influence penetrates farther north into the Ti-

betan Plateau and northern China. Thus, paleoclimate observations of wetter conditions in these northern

arid regions may suggest an intensification of monsoon moisture, rather than a northward shift in the

boundary of the monsoon. In contrast, the Arabian Peninsula, largely removed from monsoon precipitation

today, likely saw a shift of monsoon influence inland earlier in the Holocene. Also identified are different

subdomains of distinct precipitation variability in southeastern Asia, the western North Pacific, and the East

Asian monsoon region of northeastern China that agree with previous studies. Not identified in the paper is

a single Indian summer monsoon region. Instead, the Arabian Sea was found to have unique precipitation

variability relative to the Indian subcontinent. Summers with enhanced precipitation over the Arabian Sea

coincide with decreased summer precipitation in the western North Pacific. This relationship is likely

a result of the El Niño–Southern Oscillation (ENSO)-induced development of the Philippine Sea anticy-

clone. Local and remote sea surface temperatures were generally found to covary with regional pre-

cipitation, but not all regions respond similarly to the remote climate variability associated with ENSO.

There is some evidence that the EOF-defined regions were stable through the Holocene, although addi-

tional regionalization analyses of paleorecords and model simulations of past precipitation variability are

needed to reconstruct past regions of coherent precipitation variability.

1. Introduction

Almost two-thirds of the global population lives under

the influence of the seasonal rains associated with the Asian

monsoon (Clift and Plumb 2008). In coming decades, an

expanded human population in the Asian monsoon region

will depend on seasonal rainfall that is expected to vary

significantly with increasing atmospheric greenhouse gas
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concentrations (Annamalai et al. 2007; Turner et al. 2007;

S. M. Lee et al. 2008; Ashfaq et al. 2009). Thus, improving

predictability of monsoon rains is essential for effective

planning and alleviation of future hydrologic stress within

this densely inhabited region (Webster et al. 1998). How-

ever, projections of future Asian monsoon precipitation

vary from model to model, and many models do not cor-

rectly simulate regional precipitation, evaporation, sea sur-

face temperature (SST), and air–sea interactions (Bollasina

and Nigam 2009). Asian monsoon predictability and ac-

curate projections of the future Asian monsoon require

an understanding of the oceanic and atmospheric pro-

cesses of the monsoon system, the influence of atmospheric

and oceanic teleconnections, and the spatial and temporal

variability of rainfall on intraseasonal, interannual, multi-

decadal, and longer time scales. However, the spatial

heterogeneity of rainfall over the Asian monsoon region

hampers predictive efforts because precipitation in this

vast region does not necessarily covary or respond co-

herently to changes in forcing factors (Zhou et al. 2009).

Understanding regional monsoon behavior on

interdecadal-to-millennial time scales is also key and

must be informed by paleoclimatic observations. Thus, it

is critical to know if paleoclimate reconstructions of

Asian monsoon variability from diverse regions, such as

ocean sediment cores from the Arabian Sea (Overpeck

et al. 1996; Clemens and Prell 2003; Gupta et al. 2008),

lake sediment records from the Tibetan Plateau (Wei

and Gasse 1999; Morrill et al. 2006; Mügler et al. 2010),

and speleothem records from across China (Y. J. Wang

et al. 2001; Wang et al. 2005; Y. J. Wang et al. 2008),

should be expected to covary with one another as

a function of variability time scale and climate forcing

(Fig. 1; Table 1). For example, there is disagreement be-

tween Asian monsoon proxies from Arabian Sea sedi-

ments and speleothems from southern China about the

timing of maximum monsoon intensity during the early

Holocene period (Ruddiman 2006; Clemens and Prell

2007). Another point of contention is why some paleo-

precipitation records indicate abrupt changes in monsoon

intensity in the mid-Holocene (Morrill et al. 2003),

whereas others suggest more gradual changes less prone to

threshold behavior (Fleitmann et al. 2007). We hypothe-

size that some of these discrepancies between precipitation

reconstructions may be due to the location of paleorecords

in regions that experience different precipitation regimes.

It has been recognized by many researchers that the

East Asian and Indian monsoons are independent sys-

tems (B. Wang et al. 2001; Ding and Chan 2005; Huang

et al. 2007). The East Asian monsoon region has been

further divided into several subsystems, including the

East Asian summer monsoon and western North Pacific

(WNP) summer monsoon (B. Wang et al. 2001; Wang

and LinHo 2002). These subregions are defined by the

source, timing, and location of seasonal precipitation

and are represented by atmospheric indices that reflect

regional precipitation variability (Wang and Fan 1999;

B. Wang et al. 2001, 2008). Empirical orthogonal func-

tion (EOF)-based regionalization offers an additional

way of dividing a large area into coherent subregions

with similar variability (White et al. 1991). Previous re-

gionalization studies within the Asian monsoon region

have been limited to irregularly spaced station data from

individual countries, such as Nepal, China, and India,

and have not considered the entire region of Asian

monsoon influence (Iyengar and Basak 1994; Singh and

Singh 1996; Gadgil 2003; Kansakar et al. 2004; Lu et al.

2008). Other studies have been larger in scope, per-

forming EOF analysis on global-scale datasets to un-

derstand the global monsoon system (Trenberth et al.

2000; Zhang and Wang 2008). In this paper, we use EOF

analysis on a broader, more spatially complete, gridded

FIG. 1. Mean summer (JJAS) CMAP precipitation (mm day21) for 1979–2009 and locations

of select paleoclimatic records of Asian monsoon variability. The ‘‘box’’ north and east of the

figure center encompasses region of numerous loess records (#50 in Table 1).

4074 J O U R N A L O F C L I M A T E VOLUME 24



precipitation product to define both the region of Asian

monsoon influence and subregions with unique pre-

cipitation variability. We support our results from this

approach by applying the same EOF-based regionali-

zation to two additional precipitation products. We also

assess the relationship between precipitation time series

of the different regions and various spatiotemporal as-

pects of monsoon climate to understand the large-scale

atmospheric processes driving precipitation variability

in each of the regions. Lastly, we highlight the implica-

tions for paleoclimatic observations of Asian monsoon

variability based on our definition of precipitation do-

mains and our understanding of the atmospheric dy-

namics and teleconnections associated with each region.

2. Data

We evaluated three gridded precipitation products

over the Asian monsoon region (defined as 08–458N,

408–1408E): the Climate Prediction Center Merged Anal-

ysis of Precipitation (CMAP) enhanced dataset, the Global

Precipitation Climatology Project (GPCP) dataset, and

the Tropical Rainfall Measuring Mission (TRMM) 3B43

dataset (Xie and Arkin 1997; Kummerow et al. 1998; Adler

et al. 2003). We used gridded datasets because they provide

regularly spaced, quality-controlled estimates of precip-

itation; EOF analysis on irregularly spaced station data

may affect loading patterns (Karl et al. 1982). CMAP

precipitation is a merged composite of precipitation es-

timates from satellite data, available station data, and

National Centers for Environmental Prediction (NCEP)

reanalysis data (Xie and Arkin 1997). GPCP precipitation

is also a merged composite of satellite estimates of pre-

cipitation and station data (Adler et al. 2003). The CMAP

and GPCP datasets contain monthly precipitation data in

millimeters per day and have a 2.58 3 2.58 spatial resolu-

tion, giving us 720 grid points in our defined Asian mon-

soon region. Monthly CMAP data extend from January

1979 to September 2009, and monthly GPCP data extend

from January 1979 to July 2009 (Xie and Arkin 1997; Adler

et al. 2003). TRMM precipitation is a composite of the

high-resolution TRMM satellite precipitation estimates

combined with gridded, quality-controlled station data

from 508S to 508N (Kummerow et al. 1998). The TRMM

dataset contains precipitation rate data in millimeters

per hour, has a 0.258 3 0.258 spatial resolution, and ex-

tends from January 1998 to December 2009. We aver-

aged the TRMM grid points together, creating a 18 3 18

gridded dataset (4500 grid points) to reduce computa-

tional time. Since the gridded precipitation data are

highly nonnormal, with many zero values in the more

arid regions, we took the square root of each monthly

precipitation estimate, which produced more normally

distributed data (Comrie and Glenn 1998). Sea level

pressure (SLP) and 850-mb wind data used in this

analysis are from the NCEP–Department of Energy

Global Reanalysis 2 (NCEP-2) (Kanamitsu et al. 2002),

and SST data are from the Met Office Hadley Centre

Sea Ice and Sea Surface Temperature, version 1.1

(HadISST1.1), dataset (Rayner et al. 2003).

3. Methods

We performed EOF analysis on the gridded monthly

precipitation anomalies for each of the three datasets

using MATLAB, decomposing the time–space precip-

itation matrices into their eigenvectors and associated

eigenvalues to find regions with covarying precipitation

anomalies. We did not remove the seasonal cycle be-

cause we are interested in grouping grid points with

similar precipitation seasonality. In fact, the power of

the annual cycle may be one of the defining factors of

regional precipitation regimes. We chose to perform

EOF analyses on the correlation matrices, rather than

the covariance matrices, because we are considering

regions with widely varying precipitation amounts

and wish to delimit regions of precipitation variability

based on similar seasonal patterns and associated at-

mospheric mechanisms, rather than the total amount of

variance. To determine the number of significant ei-

genvalues and associated eigenvectors, we employed the

Rule N test, the North test, and the scree test on the

eigenvalues of each precipitation dataset (Cattell 1966;

North et al. 1982; Overland and Preisendorfer 1982).

For the Rule N test, we generated 1000 random matrices

with the same size, variance, mean annual cycle, and

first-order autoregression (AR1) coefficients as the

CMAP, GPCP, and TRMM datasets. We decomposed

each of these datasets, sorted the resulting eigenvalue

variances, and selected the 99th percentile as our cutoff

for eigenvalue significance. We calculated the distance

between adjacent eigenvalues and the sampling error for

each eigenvalue for the North test. Significant eigen-

values were those in which the distance between adja-

cent eigenvalues exceeded the error. The scree test was

based on a visual inspection of slope change between

adjacent eigenvalues. Once we selected the number of

significant eigenvalues with these criteria, we rotated the

retained eigenvectors using Promax oblique rotation

with k 5 2 (Hendrickson and White 1964). Rotation of

eigenvectors is required in regionalization schemes to

deal with several problems, including Buell patterns,

or domain-shape dependence, of the loading patterns

(Buell 1979). White et al. (1991) found that oblique ro-

tations produced more stable loading patterns than un-

rotated or orthogonally rotated eigenvectors.

1 AUGUST 2011 C O N R O Y A N D O V E R P E C K 4075



TABLE 1. List of paleoclimate records influenced by the Asian monsoon, plotted in Fig. 1.

No.

on map Lat (8N) Lon (8E) Proxy archive Site Select references

1 10.5 51.6 Ocean sediment Northwest Arabian Sea Zonneveld et al. (1997)

2 12.6 52.7 Speleothem Dimarshim Cave Fleitmann et al. (2007)

3 17.1 54.1 Speleothem Defore Cave, Qunf Cave Fleitmann et al. (2007)

4 14.3 57.3 Ocean sediment Northwest Arabian Sea Sirocko et al. (1993)

5 23.1 57.4 Speleothem Hoti Cave Fleitmann et al. (2007)

6 18.0 58.0 Ocean sediment Northwest Arabian Sea Anderson et al. (2002);

Gupta et al. (2003)

7 24.4 59.0 Ocean sediment Gulf of Oman Cullen et al. (2000)

8 16.6 59.9 Ocean sediment Owen Ridge Clemens and Prell (2003)

9 24.9 65.9 Ocean sediment North Arabian Sea Luckge et al. (2001)

10 23.0 66.5 Ocean sediment North Arabian Sea Staubwasser et al. (2003)

11 21.8 68.0 Ocean sediment East Arabian Sea Agnihotri et al. (2002)

12 20.0 70.0 Ocean sediment Southeast Arabian Sea Sarkar et al. (2000)

13 13.3 71.0 Ocean sediment Southeast Arabian Sea Prabhu et al. (2004)

14 15.0 71.7 Ocean sediment Southeast Arabian Sea Prabhu et al. (2004)

15 15.5 72.6 Ocean sediment Southeast Arabian Sea Van Campo (1986)

16 14.8 74.0 Ocean sediment Southeast Arabian Sea Caratini et al. (1994)

17 27.0 74.0 Lake sediment Northwest Indian Lakes Roy et al. (2006); Prasad

and Enzel (2006)

18 34.0 74.0 Tree-ring records Karakoram Treydte et al. (2006)

19 13.0 75.0 Speleothem Akalagavi Cave Yadava and Ramesh (2006)

20 10.5 75.2 Ocean sediment Southeast Arabian Sea Van Campo (1986)

21 14.2 76.4 Lake sediment Indian Tank Shankar et al. (2006)

22 33.7 79.2 Lake sediment Bangong Co Gasse et al. (1996)

23 34.5 80.4 Lake sediment Sumxi Co and Longmu Co Gasse et al. (1991)

24 25.0 81.0 Speleothem Sota Cave Yadava and Ramesh (2006)

25 35.3 81.5 Ice core Guliya Thompson et al. (1997)

26 19.0 82.0 Speleothem Dandak Cave Sinha et al. (2007)

27 28.0 84.1 Speleothem Siddha Baba Cave Denniston et al. (2000)

28 31.4 84.1 Lake sediment Zabuye Lake Wang et al. (2002)

29 28.4 85.7 Ice core Dasuopu Thompson et al. (2000)

30 28.0 87.0 Ice core Mount Everest Kaspari et al. (2007)

31 42.0 87.0 Lake sediment Bosten Lake Wünnemann et al. (2006)

32 31.8 89.0 Lake sediment Siling Co Morinaga et al. (1993)

33 20.0 90.0 Ocean sediment Bay of Bengal Kudrass et al. (2001)

34 5.2 90.1 ocean sediment Bay of Bengal Ahmad et al. (2008)

35 30.7 90.4 Lake sediment Nam Co Mügler et al. (2010)

36 31.4 91.5 Lake sediment Co Ngion Shen et al. (2008a);

Tang et al. (2009)

37 31.6 92.1 Lake sediment Ahung Co Morrill et al. (2006);

Tang et al. (2009)

38 38.9 93.9 Lake sediment Sugan Lake Holmes et al. (2007)

39 31.0 94.5 Tree-ring records Northeast Tibet X. C. Wang et al. (2008)

40 12.5 96.0 Ocean sediment Andaman Sea Rashid et al. (2007)

41 38.1 96.4 Ice core Dunde Liu et al. (1998)

42 30.5 97.0 Tree-ring records South Tibet Bräuning and Mantwill

(2004)

43 34.0 97.2 Lake sediment Lake Koucha Mischke et al. (2008)

44 19.5 98.0 Tree-ring records Thailand Buckley et al. (2007)

45 0.0 98.5 Coral Mentawai Islands Abram et al. (2007)

46 37.0 98.7 Tree-ring records Northeast Tibet Huang and Zhang (2007)

47 30.3 99.6 Lake sediment Yidun Lake Shen et al. (2008b)

48 36.9 100.3 Lake sediment Lake Qinghai Colman et al. (2007)

49 24.2 103.4 Speleothem Xiaobailong Cave Cai et al. (2006)

50 36.0 105.0 Loess Many sections within box Liu and Ding (1998);

Herzschuh (2006);

51 33.3 105.0 Speleothem Wangxiang Cave Zhang et al. (2008)
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We identified regions of unique precipitation variability

using two methods. The first method is based on the

maximum loading values. After decomposition and rota-

tion, each grid point is represented by a set of loading

values equal to the number of retained and rotated eigen-

vectors (e.g., Comrie and Glenn 1998). Each set of loading

values can then be ranked by magnitude. For example, if

the loading value for the leading EOF (EOF1) is higher

than the loading values of the subsequent EOFs for a grid

point, we incorporated that grid point into EOF region

‘‘1.’’ Demarcation of the EOF regions in this manner

produced coherent regions that mirror the areas of highest

loading values for each EOF (Fig. S2, all supplemental

figures and material can be accessed at http://dx.doi.org/

10.1175/2011JCLI4033.s1). We also created composite

plots of precipitation anomalies for months in the principal

component (PC) time series with standard deviations

$j1.5j. This method produced similar regions compared to

the maximum loading method (Fig. S3). In the CMAP

and GPCP datasets, 5% of the grid points in the plot of

maximum loadings were out of place (8% in the

TRMM dataset), with an isolated grid point from a re-

mote region lying within a coherent region. In these few

instances when an identified ‘‘region’’ contained a few

isolated grid points from different regions, we imparted

the isolated grid points with the region number of their

second highest loading value to obtain more accurate

regional precipitation averages. Most often in these

cases, the second-highest loading value is the same as

the maximum loading values of the surrounding grid

points. After replacing these few grid points, the av-

erage precipitation time series calculated from all the

grid points in a region is still highly correlated with the

associated PC, providing support for our methodology.

4. Results

The Rule N test, North test, and scree tests indicate

nine significant eigenvalues for the CMAP and GPCP

datasets (Fig. S1). For the TRMM precipitation dataset,

Rule N suggests only five significant eigenvalues, whereas

the scree test suggests either five or nine significant ei-

genvalues, and the North test suggests nine significant

eigenvalues. In some EOF-based studies that attempt to

determine climate modes, only the top few eigenvalues

are retained (e.g., those explaining more than ;5% of

the total variance), as many of the higher-order eigen-

values are not physically interpretable (e.g., Quadrelli

and Wallace 2004). However, we are using EOF analysis

as a data reduction tool and wish to group a large number

of grid points into a manageable set of regions with dis-

tinct temporal precipitation variability. Thus, we also

require simple structure, or the delimitation of clear,

coherent regions with high loading values (Richman

1986). The percent variance explained by our eigenvalues

drops below 5% after the third eigenvalue in each data-

set, but retaining only three eigenvalues results in poor

simple structure; retaining more eigenvalues produces

improved simple structure. Thus, we decided to follow

the results of our three tests and retain nine eigenvalues

and associated eigenvectors for the CMAP and GPCP

datasets. There is some discrepancy between the eigen-

value retention tests for TRMM, but we decided to retain

nine eigenvalues, as this resulted in improved simple

structure compared to retaining only five eigenvalues.

These eigenvalues explain 70.1%, 69.6%, and 64.9% of

the total variance for the CMAP, GPCP, and TRMM da-

tasets, respectively (Table 2). Although the percentage of

variance explained by some of the higher-order eigenvalues

TABLE 1. (Continued)

No.

on map Lat (8N) Lon (8E) Proxy archive Site Select references

52 13.7 107.0 Lake sediment Ratanakiri Province Maxwell (2001)

53 25.3 108.1 Speleothem Dongge Cave Yuan et al. (2004);

Wang et al. (2005);

Dykoski et al. (2005)

54 29.5 109.6 Speleothem Lianhua Cave Cosford et al. (2008)

55 30.5 110.3 Speleothem Heshang Cave Hu et al. (2008)

56 31.7 110.4 Speleothem Sanbao Cave Y. J. Wang et al. (2008)

57 19.3 110.7 Coral South China Sea Sun et al. (2005)

58 40.5 112.6 Lake sediment Daihai Lake Xiao et al. (2006)

59 41.3 114.3 Lake sediment Anguli-nuur Lake Wang et al. (2010)

60 15.0 115.0 Ocean sediment South China Sea Wang et al. (1999)

61 32.5 119.2 Speleothem Hulu Cave Y. J. Wang et al. (2001)

62 12.7 119.5 Ocean sediment Sulu Sea Wei et al. (2003)

63 22.2 120.8 Lake sediment Dongyuan Lake Lee and Liew (2010)

64 33.3 126.6 Lake sediment Hanon paleo-maar S. H. Lee et al. (2008)

65 35.3 136.0 Lake sediment Lake Biwa Ishiwatari et al. (2009)
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is fairly low, maps of eigenvector values indicate clear,

coherent regions of high loading values for these higher-

order EOFs (Fig. S2). In each dataset, one or two EOF

loading patterns show a dipole-like structure, with one

area having strong positive loading values and the other

area having strong negative loading values (e.g., region 2

in CMAP and GPCP). White et al. (1991) suggest that

‘‘splintering’’ of regions indicates overfactoring, but re-

taining less than nine eigenvectors results in split regions

as well. Split regions are designated by ‘‘a’’ and ‘‘b’’ in the

regionalization maps.

The EOF number that defines the regions is often

different in the three precipitation datasets, and there

are differences in the sizes of regions. Yet, overall the

regions are remarkably similar, providing additional

confidence in our regionalization scheme (Fig. 2). The

largest differences among the three datasets are the

subdivision of the Arabian Sea and western North Pa-

cific Ocean into three regions in the TRMM dataset.

However, the TRMM dataset has much higher spatial

resolution and far fewer months of data compared to the

CMAP and GPCP datasets, which likely influences the

results of the EOF analysis. The spatial differences be-

tween regions in CMAP and GPCP are small enough

that because of the limits of space, we only analyze the

results from the CMAP dataset in the following sections.

Regions defined with the TRMM data vary more com-

pared to the CMAP and GPCP results, but the much

shorter length of the TRMM dataset precludes per-

forming the same statistical analyses used on the CMAP

regions in the following sections.

5. Discussion

a. Regional precipitation climatology

The PCs and time series of average monthly precip-

itation for each region are highly correlated, which is

additional evidence that our criteria for region selec-

tion are sound (Fig. 3). Although the seasonal cycle is

dominant in many of the time series, the monthly pre-

cipitation climatology for each region indicates differ-

ences in the seasonality of precipitation (Fig. 4). Regions

1, 2a, 3, 5, and 9 have a strong monsoonal signal, with

peak precipitation occurring between May and September.

More than 57% of the annual precipitation in these regions

comes in the summer months [May–September (MJJAS)],

TABLE 2. Percent variance explained by the first nine unrotated and rotated eigenvalues of the CMAP, GPCP, and TRMM

precipitation datasets.

Eigenvalue CMAP unrotated CMAP rotated GPCP unrotated GPCP rotated TRMM unrotated TRMM rotated

1 38.88 33.42 39.04 36.80 35.54 29.34

2 10.35 18.18 10.73 20.08 9.87 8.89

3 6.16 11.15 6.30 7.40 4.78 7.11

4 3.63 4.53 3.75 4.24 3.68 4.03

5 3.01 5.46 3.17 8.69 3.26 5.92

6 2.29 6.17 2.33 5.03 2.18 16.43

7 2.26 3.48 2.13 2.93 2.05 10.32

8 1.79 5.57 1.93 7.78 1.89 9.40

9 1.72 12.04 1.48 7.04 1.69 8.57

FIG. 2. Regions delimited by maximum loading values for the (a)

CMAP, (b) GPCP, and (c) TRMM datasets.
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and the annual rainfall range is more than 5 mm day21.

Based upon the concentration and intensity of the summer

precipitation, regions 1, 2a, 3, 5, and 9 (Table 3) appear to

make up the principal region of Asian monsoon influence.

However, although these five regions have summer mon-

soon characteristics, low correlation coefficients between

the monthly precipitation time series suggest they do not

behave coherently.

Regions 2b, 7, and 8, representing south-central Asia

(SCA), the Arabian Peninsula (AP), and central Asia

(CA), respectively, are the driest regions and experience

maximum precipitation in the winter and spring. Regions

4 and 6, the WEP and EEIO, respectively, are the wettest

of the 10 regions. These near-equatorial regions have less

precipitation seasonality compared to the other regions,

although precipitation is highest in June and July in the

western equatorial Pacific and in September through

December in the eastern equatorial Indian Ocean. Cor-

relation coefficients between the monthly regional pre-

cipitation time series are low, but there are significant

correlations between summer precipitation (JJAS) in sev-

eral regions (Table 4; Fig. 5). Some of the highest correla-

tion coefficients are between the eastern equatorial Indian

Ocean and ASM regions (r 5 0.64), south-central Asia and

FIG. 3. Time series of precipitation averaged over each region (mm day21) and associated PCs. Dashed lines are

regional precipitation averages; solid lines are PCs. Correlation coefficients between PCs and averages are in the

upper-right corner of each plot.
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the ASM region (r 5 0.59), and the WNPM and ASM

regions (r 5 20.47). Thus, years with more summer pre-

cipitation over the Arabian Sea correspond to greater

summer precipitation in the adjacent eastern equatorial

Indian Ocean, as well as in south-central Asia. Yet when

there is more summer precipitation in the Arabian Sea,

there is less summer precipitation in the western North

Pacific. Other regions with significant (but weaker) corre-

lation coefficients are usually adjacent to one another: the

Arabian Peninsula and south-central Asia (r 5 0.43), and

the eastern equatorial Indian Ocean and the SEAM region

(r 5 0.44).

To assess the spatial variability associated with strong

and weak summer precipitation in each region, we created

a set of maps that plots correlation coefficients between

the regional summer precipitation time series and the

time series of summer precipitation at each grid point

(Fig. 5). Generally, we find significant positive correla-

tions across each region. Aside from this result, one in-

teresting pattern we observe is three prominent zones of

correlation across the ICM region instead of one con-

tinuous region of positive correlation coefficients. These

zones include one area over northern India, an area

from the northern Bay of Bengal extending north into

Tibet, and a band across the Korean Peninsula and

Yellow Sea. Correlation maps also show a dipole

pattern between the Arabian Sea and the western

North Pacific that was already indicated by the negative

correlation between the summer precipitation time

series for these regions.

b. Subregions of the Asian monsoon

The ICM, ASM, SEAM, WNPM, and EAM regions

comprise a region similar to Wang and LinHo’s (2002)

Asian monsoon region (Fig. 6), which they defined as

the area with an annual rainfall range greater than

5 mm day21 and more than 55% of the annual rainfall

arriving between May and September. Since our regions

FIG. 4. Average monthly climatology of pre-

cipitation for each region. Region numbers are in

parentheses.

TABLE 3. Names given to the 10 CMAP regions defined by

EOF analysis.

CMAP region Name Acronym

1 India-China monsoon ICM

2a Southeast Asian monsoon SEAM

2b South-central Asia SCA

3 Arabian Sea monsoon ASM

4 Western equatorial Pacific WEP

5 East Asian monsoon EAM

6 Eastern equatorial Indian Ocean EEIO

7 Arabian Peninsula AP

8 Central Asia CA

9 Western North Pacific monsoon WNPM

4080 J O U R N A L O F C L I M A T E VOLUME 24



are not based on the magnitude of seasonal precipi-

tation, one key difference is that our Asian monsoon

region also contains the Tibetan Plateau and more of

northern China. Although these are arid continental

regions, they are defined by monsoonal precipitation

today and likely even more so in the past, when higher

Northern Hemisphere summer insolation strengthened

the Asian monsoon (Winkler and Wang 1993; Liu et al.

1998; Liu and Ding 1998). Wang and LinHo (2002) also

defined three subsystems of the Asian monsoon: the In-

dian summer monsoon (ISM), western North Pacific

summer monsoon (WNPSM), and the East Asian sum-

mer monsoon (EASM), based on both seasonal wind

reversals and onset, peak, and withdrawal dates (Fig. 6).

Similarly, the regions within our Asian monsoon domain

have different onset, peak, and withdrawal characteris-

tics. Summer precipitation begins in June, peaks in July,

and lasts through September in the ICM region. In the

SEAM region, summer precipitation begins more abruptly

in May, with similar precipitation rates in June, July,

August, and September. Withdrawal occurs in October.

Summer precipitation also begins abruptly in May in the

ASM region, peaks in June, and lasts only through July.

The EAM region has a gradual onset of summer pre-

cipitation, with a peak in June, a decline in July, and

a slight increase again in August. Precipitation begins in

May, peaks in August, and declines gradually through

the autumn months in the WNPM region. The WNPM

region receives more precipitation in August than any

other month relative to the other precipitation regions.

We compare our Asian monsoon subregions to the

subsystems of Wang and LinHo (2002) in Fig. 6. Unlike

the previous division of monsoon subsystems, our EOF-

based regionalization does not reveal one coherent ISM

region. Instead, the ASM region, which comprises south-

ern India and the Arabian Sea, is separated from northern

India (part of the ICM region), and the Bay of Bengal (part

of the SEAM region). Spectral analyses of regional pre-

cipitation time series show a peak at 30 months in the ICM

and SEAM regions (Fig. S4), suggestive of the quasi-

biennial variability in the ISM region. A similar 30-month

variance is also observed in the IMI (refer to Table 5 for list

of acronyms for monsoon indices) of B. Wang et al. (2001).

However, there is no significant power at 30 months in the

ASM region. Our WNPM region clearly comprises the

WNPSM region. Peak summer rainfall occurs in August,

the same time as peak rainfall in the WNPSM region

(Wang and LinHo 2002). Precipitation in our WNPM re-

gion has significant power in the 40–70-month band, sim-

ilar to the 50-month periodicity that is also observed in the

WNPSM index (B. Wang et al. 2001; Wang and LinHo

2002). Our EAM region spatially resembles the EASM

region, although it does not reach as far north to include

the Korean Peninsula and the East China Sea, likely be-

cause of the southward shift of the EASM rainbelt during

the last few decades (Zhou et al. 2009). The rainfall peak in

June, decline in July, and increase in August in the EAM

region defines the monthly precipitation climatology of the

EASM region (Wang and LinHo 2002; Ho et al. 2003).

The decline in July is likely due to a stationary period in

between northward jumps in the EASM frontal zone

(Kripalani et al. 2007). Last, the SEAM region contains

much of the ‘‘transition zone’’ or ‘‘corridor’’ region be-

tween the ISM and WNPSM (Fig. 5).

Correlations between our regional time series of sum-

mer precipitation with several published Asian monsoon

indices also reveal which regions are responding to dif-

ferent monsoon subsystems (Tables 5, 6). Given that our

ICM, ASM, and SEAM regions fall into the broad ISM

region, it is not surprising that these three regions have

the highest correlations with the AIRI and the IMI

(Parthasarathy et al. 1994; B. Wang et al. 2001). Although

south-central Asia does not have a strong summer mon-

soon signature, what little summertime moisture it receives

TABLE 4. Correlation coefficients of JJAS precipitation for each region and regions of Tibet (Fig. 11, described below). Values significant

at the 95% confidence level are italicized. Values significant at the 99% confidence level are in boldface.

ICM (1) SEAM (2a) SCA (2b) ASM (3) WEP (4) EAM (5) EEIO (6) AP (7) CA (8) WNPM (9)

SEAM (2a) 0.35

SCA (2b) 0.08 0.09

ASM (3) 0.30 0.23 0.59

WEP (4) 0.33 0.44 0.27 0.18

EAM (5) 0.09 20.21 20.14 20.14 20.14

EEIO (6) 0.19 0.17 0.26 0.64 0.35 20.16

AP (7) 0.05 0.25 0.43 0.35 0.09 0.00 0.20

CA (8) 20.18 0.16 0.05 0.27 20.17 20.06 0.01 0.23

WNPM (9) 20.15 20.08 20.07 20.47 0.24 0.00 20.36 0.10 20.25

Southeast Tibet 0.71 0.14 0.00 0.31 0.29 0.02 0.29 0.08 0.09 0.09

Southwest Tibet 0.54 0.50 0.08 0.20 0.11 0.10 0.08 0.31 20.01 20.17

Northwest Tibet 0.21 20.14 20.08 0.24 20.23 0.20 0.15 0.17 0.41 0.03
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is also correlated with these ISM indices. The ICM,

ASM, and SEAM regions are also positively correlated

with the MHI (Goswami et al. 1999), which is centered

over Southeast Asia and India. The ASM and WNPM

regions are also significantly correlated with the WYI

and WNPMI (Webster and Yang 1992; B. Wang et al.

2001, 2008). Summer precipitation in the ASM region is

inversely correlated with these indices, whereas the

WNPM region has a positive correlation with the in-

dices. Thus, again we observe that strong monsoon

seasons in the WNP region are coincident with weaker

monsoon seasons in the Arabian Sea. Our EAM region

geographically resembles the EASM region, but it is not

significantly correlated with either EASM index. This

FIG. 5. Correlation map of annual, summed summer precipitation for each region and at each grid point. Correlation

coefficients . j0.35j are significant at the 95% confidence level.
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may be because our EASM region is smaller than that of

B. Wang et al. (2001), and it does not include as much of

northeastern China and the Korean Peninsula. Or, the

EASM indices we selected may not be appropriate,

since they are not located directly over the area. The

eastern equatorial Indian Ocean is wet year-round, with

little precipitation seasonality, but JJAS precipitation

here is also negatively correlated with the WNPMI.

Thus, strong monsoon seasons in the WNP are also co-

incident with drier summer conditions in the equatorial

Indian Ocean. The western equatorial Pacific, central

Asia, and Arabian Peninsula regions are not significantly

correlated with most of the Asian monsoon indices. This

is not a surprising result because none of these regions

presently has a monsoonal precipitation regime.

c. Regional precipitation and local SST variability

Local SST variability in the Indian Ocean and western

Pacific Ocean can influence the hydrological cycle across

the Asian monsoon region, causing changes in evapo-

ration, precipitation, and circulation (Yang and Lau

2006). In the Indian Ocean, warm fall and winter SST is

linked to stronger ISM precipitation and contributes to

the biennial nature of the ISM (Meehl 1997; Clark et al.

2000). The Indian Ocean dipole (IOD) mode also drives

changes in SST and precipitation across the Indian

Ocean Basin (Saji et al. 1999; Ashok et al. 2004). Al-

though a strong empirical relationship has been dem-

onstrated between local SST and ISM variability, the

mechanisms linking the two remain unclear, particularly

in the Indian Ocean (Webster 2006). In the western Pa-

cific, local SST variability also exerts an influence on

precipitation in the EASM and WNPSM domains.

Cooler SST in the WNP, together with anomalous anti-

cyclonic circulation, typically leads to enhanced EASM

precipitation and decreased WNPSM precipitation (Wang

et al. 2000; Lau and Nath 2003).

To explore the relationship between SST and summer

precipitation in each of our defined monsoon regions

from Fig. 6 (we also include south-central Asia because

it is significantly correlated with ISM indices), we cre-

ated a set of maps depicting the correlation coefficients

between regional summer precipitation and SST (Fig. 7).

There are strong correlations between local SST and

summer precipitation in several regions. More summer

precipitation in the large ICM region occurs with higher

SST in the Bay of Bengal, South China Sea (SCS), and

Philippine Sea. Although warmer SST leads to increased

evaporation and atmospheric moisture, this is a surprising

result because previous studies indicate no concurrent

FIG. 6. (a) Asian monsoon region and subdomains defined from

our analysis compared with (b) Asian monsoon region and sub-

systems of Wang and LinHo (2002).

TABLE 5. List of Asian monsoon indices used in this analysis.

Index name Variable Reference

All-Indian rainfall

index (AIRI)

JJAS summed rainfall over the Indian subcontinent Parthasarathy et al. (1994)

Webster–Yang index (WYI) Mean JJAS zonal wind shear between 850–200 mb

for 08–208N, 408–1108E.

Webster and Yang (1992)

Indian monsoon index (IMI) Mean JJAS zonal wind difference at 850 mb between

58–158N, 408–808E and 208308N, 708–908E

B. Wang et al. (2001)

Monsoon Hadley

index (MHI)

Mean JJAS meridional wind shear between 850 and

200 mb for 108–308N, 708–1108E

Goswami et al. (1999)

Western North Pacific

monsoon index (WNPMI)

Mean JJAS zonal wind difference at 850 mb between

58–158N, 1008–1308E and 208–308N, 1108–1408E

B. Wang et al. (2001)

EASM-SLP Mean JJAS SLP for 108–508N, 1108–1608E Zhou et al. (2009)

EASM-v850 Mean JJAS 850-mb meridional wind for 208–458N,

1108–1208E

Zhou et al. (2009);

B. Wang et al. (2001)
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relationship between Indian Ocean SST and ISM rainfall

(Clark et al. 2000; Bollasina and Nigam 2009). Summer

ASM precipitation is also positively correlated with SST

in the Arabian Sea, Bay of Bengal, and SCS. In the EAM

region, summer precipitation is negatively correlated

with SST in the Arabian Sea, Bay of Bengal, and southern

Indian Ocean, suggesting that cooler SST in these areas is

coincident with enhanced EAM precipitation. In the

WNPM region, summer precipitation is positively cor-

related with SST in the Arabian Sea and negatively cor-

related with SST off the coast of northern China and

Japan. However, there is no correlation between WNP

SST and WNP precipitation.

Previous studies have demonstrated a strong re-

lationship between winter SST in the Indian Ocean and

the strength of the subsequent ISM (Clark et al. 2000).

TABLE 6. Correlation coefficients of JJAS precipitation for each region, regions of Tibet, and Asian monsoon indices. Values significant at

95% confidence level are in boldface.

AIRI IMI MHI WYI WNPMI EASM_SLP EASM_v850

ICM (1) 0.50 0.46 0.50 0.13 20.33 20.23 0.44

SEAM (2a) 0.40 0.42 0.39 0.27 20.24 0.11 0.34

SCA (2b) 0.58 0.39 0.30 20.06 20.16 20.09 0.36

ASM (3) 0.44 0.42 0.36 20.42 20.65 20.01 0.38
WEP (4) 0.32 0.28 0.09 0.35 20.26 20.01 0.30

EAM (5) 0.14 0.01 0.05 20.03 20.03 20.32 0.25

EEIO (6) 0.19 0.17 0.11 20.32 20.71 20.03 0.33

AP (7) 0.19 0.26 0.20 0.07 20.01 20.12 0.45
CA (8) 20.05 20.04 0.04 20.10 20.32 20.12 0.04

WNPM (9) 20.19 20.20 20.21 0.45 0.56 20.19 20.10

Southeast Tibet 0.17 0.12 0.23 0.05 20.37 20.26 0.32

Southwest Tibet 0.40 0.58 0.31 0.14 20.06 0.03 0.33

Northwest Tibet 0.07 20.11 20.04 20.22 20.31 20.30 0.16

FIG. 7. Map of correlation coefficients for average JJAS HadISST (8C) and summed JJAS precipitation

(mm season21) in each monsoon region, 1979–2009. Colored regions (r . j0.35j) are significant at the 95% confidence

level.

4084 J O U R N A L O F C L I M A T E VOLUME 24



We also find that correlation coefficients between winter

[December–March (DJFM)] SST and summer precip-

itation are positive for the ICM region, indicating

warmer SST the winter prior to enhanced summer pre-

cipitation, and vice versa (Fig. 8). Wintertime WNP SST

also appears to be related to summertime precipitation

variability in East and Southeast Asia. Wetter summers

in the EAM region occur after winters with warmer SST

in the WNP. SST in the southern Indian Ocean (SIO)

also appears to influence summer precipitation variabil-

ity. SIO SST is warmer the winter prior to wetter sum-

mers in the ASM region and cooler prior to wetter

summers in the EAM region. The relationship between

SIO wintertime SST and precipitation in the ASM region

holds paleoclimatic significance, as Clemens and Prell

(2003) have hypothesized that during the early Holocene,

warm SIO SST was required, along with warmer Northern

Hemisphere summer temperatures, to increase latent heat

flux to the Northern Hemisphere and enhance ISM cir-

culation. Based on our analysis, increased monsoon rain-

fall in the Arabian Sea is linked to warmer SIO SST.

d. Regional precipitation and remote SST variability

ENSO prominently influences SST in the Indian and

western tropical Pacific Oceans, and drives interannual

variability in ISM and EASM precipitation (Webster

and Yang 1992; Webster et al. 1998; Lau and Nath 2003,

2006). However, interannual ENSO forcing is not co-

herent across all subsystems of the Asian monsoon

(Wang et al. 2000). The ISM is weak as an El Niño event

develops, but the WNPSM is weak after an El Niño

event matures, whereas mei-yu precipitation is en-

hanced following El Niño events (Wang et al. 2000,

2001). Furthermore, the relationship between the ISM

and ENSO varies on interdecadal time scales and has

weakened during the last few decades (Kumar et al.

1999). Since the CMAP dataset begins in 1979, we are

limited to analyzing a period with a weak ISM–ENSO

relationship, and we do not observe strong correlation

coefficients between precipitation in ISM-influenced

regions and tropical Pacific SST (Figs. 7, 8). However,

Figs. 7 and 8 suggest that increased summer precip-

itation in the EAM region coincides with cool SST

anomalies in the eastern and central tropical Pacific the

winter before the summer monsoon, as well as during

the monsoon season. Of the seven (upper quartile)

summers with the most summer precipitation in the

EAM region (2008, 1997, 2000, 1998, 2002, 2001, 1999),

only two are El Niño years, and 1998–2002 encompasses

a large La Niña event. Summer precipitation in the ASM

region is positively correlated with winter SST in the

central and eastern tropical Pacific (Fig. 8). ENSO is a

likely link between the SIO, Arabian Sea precipitation,

and the dipole relationship between ASM precipitation

FIG. 8. Map of correlation coefficients for average DJFM HadISST (8C) and summed JJAS precipitation in each

monsoon region, 1979–2009. Colored regions (r . j0.35j) are significant at the 95% confidence level.
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and WNPM precipitation. El Niño events drive warmer

wintertime SST into the southwest Indian Ocean, which

we observe leads to wetter summers in the Arabian Sea

(Annamalai et al. 2005). Warmer Indian Ocean SST also

induces an anomalous anticyclonic circulation anomaly

in the Philippine Sea, leading to reduced WNP pre-

cipitation (Lau and Nath 2000; Annamalai et al. 2005;

Du et al. 2011).

Instrumental observations and climate model simu-

lations suggest that climate in the North Atlantic also

influences Asian monsoon precipitation on interdecadal

time scales, with colder North Atlantic SST causing

weaker precipitation in the ISM and EASM regions

(Goswami et al. 2006; Zhang and Delworth 2006; Feng

and Hu 2008). This relationship has also been observed

on longer time scales (e.g., Gupta et al. 2003; Wang et al.

2005). The atmospheric link between these two regions

may lie in changes in the meridional tropospheric tem-

perature gradient in the Asian monsoon region. With

warmer North Atlantic SST, tropospheric temperature

increases in the Northern Hemisphere. This enhances

the meridional temperature gradient between the South-

ern and Northern Hemispheres, leading to enhanced

monsoonal circulation, ISM rainfall, and a longer ISM

season (Goswami et al. 2006). Alternately, Feng and Hu

(2008) propose that it is the warming of the troposphere

over the Tibetan Plateau during periods of warmer

North Atlantic SST that enhances the ISM, something

that may have occurred on longer time scales as well

(Overpeck et al. 1996). Or, warmer North Atlantic SST

may cause a northward shift of the ITCZ, increasing

convergence over the ISM region (Zhang and Delworth

2006). We find that interannual-scale summer precipi-

tation variability in the ICM region is highly correlated

with JJAS SST in the North Atlantic Ocean, supporting

the link between North Atlantic climate and Asian

monsoon variability. There is no relationship between

North Atlantic SST and summer precipitation for the four

other monsoon subregions. However, the short length

(31 yr) of our time series limits a discussion of the rela-

tionship between lower-frequency changes in monsoon

precipitation and North Atlantic variability.

e. Regional precipitation and atmospheric variability

SLP and 850-mb winds are useful representations of

monsoon circulation strength near the surface (Lau and

Nath 2000). During the monsoon season, SLP is typically

low across much of the monsoon region, indicating en-

hanced moisture convergence. Strong southwesterly mon-

soon winds characterize the Arabian Sea, transporting

moisture into India, while southwesterly flow in the Bay of

Bengal and South China Sea, coupled with southeasterly

flow in the WNP, transports moisture north into China. To

assess the atmospheric variability associated with anoma-

lously wet and dry summers in each monsoon region, we

created a set of composite maps of average SLP and 850-mb

wind anomalies for the seven wettest (top quartile) and

seven driest (bottom quartile) summers, discussed in the

subsequent paragraphs (Figs. 9, 10).

During wet summers in the ICM region, SLP is lower

over the Arabian Peninsula compared to the long-term

summer mean. There is also a high SLP anomaly over

the Tibetan Plateau and the Philippine Sea, accompa-

nied by anticyclonic flow. This Philippine Sea SLP

anomaly pattern is reversed during dry years. Wang

et al. (2000) and Lau and Nath (2003) observed a similar

feature when looking at the atmospheric impact of

ENSO in the Asian monsoon region, dubbed the Phil-

ippine Sea anticyclone (PSAC). Warm SST anomalies

during El Niño events produce Gill-type atmospheric

Rossby waves, which, through local air–sea interactions,

lead to the development of an anomalous anticyclone and

high SLP over the Philippine Sea. The PSAC typically

develops in the fall and winter months and persists into

the summer months. Despite the observed PSAC anom-

aly, we did not observe a relationship between ICM

precipitation and tropical Pacific SST. SST variability in

the southwestern Indian Ocean may also contribute to

the development of the PSAC, linking Arabian Sea

precipitation, which is highly correlated with south-

western Indian Ocean SST, and WNP precipitation

(Annamalai et al. 2005). Southwesterly monsoon winds

on the western edge of the Arabian Sea are stronger

during wet ICM summers, and the PSAC leads to more

onshore winds into the southern part of the ICM region,

indicating that increased summer precipitation in this

region is due to an increase in moisture flux from both

the Pacific and Indian Oceans.

The SEAM region experiences anomalous onshore

easterly winds in wet summers, resulting from a PSAC-

type anomaly northeast of the region. Because winds are

typically southwesterly here in the summer months, this

composite map suggests that summers with increased

precipitation may be due to increased moisture flux from

the WNP, rather than the Bay of Bengal. Dry SEAM

summers are accompanied by anomalously low SLP just

north of the typical PSAC region, as well as anomalously

high SLP in the Arabian Sea. In the ASM region and

south-central Asia, low SLP anomalies occur over the

Arabian Sea during wet summers. Southeasterly flow

along the northern edge of this SLP anomaly likely

transports more Bay of Bengal moisture to south-central

Asia during wet summers. The southwesterly monsoon

winds in the Arabian Sea are actually weaker during wet

summers in the ASM region. The PSAC is also present

during wet summers in the ASM region, leading to the
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observed dipole between summer precipitation in the

Arabian Sea and WNP. This pattern is reversed during

dry ASM summers.

In the EAM region, anomalously low SLP and

southeasterly flow transports more tropical moisture

from the WNP northward, and eventually landward,

during wet summers. SLP is also anomalously low over

the Arabian Peninsula and south-central Asia in years

with increased summer precipitation, and vice versa.

During dry EAM summers, there is anomalous offshore

flow at ;328N, which likely reduces moisture flux into

the region. The WNPM region experiences low SLP

during wet summers. These low SLP anomalies also

extend over much of the Asian continent from 608 to

1208E. However, there are no apparent SLP anomalies

or strong changes in winds during dry WNPM summers.

Yet, SLP is higher over the Arabian Sea, which again fits

with our observation of decreased Arabian Sea pre-

cipitation coinciding with enhanced WNP precipitation.

f. Paleomonsoon records and EOF-defined regions

Numerous paleoclimate records infer past changes in

monsoon variability within our Asian monsoon subregions.

However, many of these records fall outside the previously

published boundary of Asian monsoon influence, such as

records from the arid Tibetan Plateau. Furthermore, not all

monsoon paleorecords show coherent precipitation vari-

ability during the Holocene, which complicates our under-

standing of past monsoon dynamics. Our analysis suggests

that some of the discrepancies between Asian monsoon

paleorecords may be due to their location in regions that

experience different precipitation regimes, and other

studies have also noted regional differences in Asian mon-

soon paleorecords. Comparing monsoon paleorecords

from across the traditional ISM region, Staubwasser

(2006) defined three regions with distinctive precipita-

tion variability during the Holocene: (i) the Ganges-

Brahmaputra catchment, extending south to the Bay of

Bengal, experienced peak rainfall during the early-to

mid-Holocene and subsequent weakening through the

late Holocene; (ii) the northwestern Indus catchment

does not show such a trend; and (iii) the Western Ghats,

in southwestern India, show an increasing precipitation

trend in the late Holocene. Interestingly, these three

regions also reflect our EOF-based precipitation

boundaries: the Ganges-Brahmaputra catchment is part

FIG. 9. Composite map of 850-mb vector wind anomalies (arrows) and SLP (contours) for the seven wettest summers

in each monsoon region.
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of the ICM region, the Indus catchment falls into our

south-central Asia region, and the Western Ghats are

located in the ASM region. During the 31 yr of CMAP

data, summer precipitation across these regions does not

covary strongly. A similar lack of coherency on millen-

nial time scales suggests that our regionalization scheme

may be relevant at longer time scales.

Other studies have noted regional differences in the

timing of maximum monsoon moisture across China

(An et al. 2000; He et al. 2004). Peak Holocene monsoon

strength inferred from numerous paleoclimate recon-

structions divides China into three zones: (i) in northern

and western China, precipitation peaked from 10 to 7 ka

(ka = kiloannum = 1000 yr); (ii) in southeastern China,

peak precipitation occurred between 6 and 3 ka; and (iii)

in southwestern China, peak precipitation was earlier,

;11 ka (An et al. 2000). The timing of peak Holocene

summer monsoon strength is hypothesized to have oc-

curred progressively later in more southern locations,

reflecting an equatorward shift in the EASM front due

to the decline in maximum NH summer insolation (An

et al. 2000). An earlier peak in southwestern China is

attributed to this region responding more to the ISM

than the EASM (An et al. 2000). However, the temporal

boundaries of maximum monsoon moisture inferred

from paleorecords also coincide with our regional

boundaries. Across the Tibetan Plateau and northern

China (within the ICM region), peak monsoon moisture

occurred between 10 and 5 ka, similar to the timing of

peak monsoon moisture in the Ganges-Brahmaputra

catchment, also part of the ICM region (Wei and Gasse

1999; An et al. 2000; Staubwasser 2006; Mügler et al.

2010). Monsoon paleorecords from within our defined

EAM domain indicate peak monsoon moisture oc-

curred between 3 and 6 ka, whereas paleorecords from

southwestern China (part of the SEAM region) show

peak monsoon moisture at 11 ka (An et al. 2000). Thus,

despite some geochronological uncertainty, these dif-

ferent regional timings of maximum monsoon moisture

may be another climatic characteristic reflecting the

presence of unique precipitation regimes across the

Asian monsoon region.

Many of the longest, best-dated paleorecords of past

monsoon variability come from speleothem-derived

oxygen isotopes (Y. J. Wang et al. 2001, 2005; Dykoski

et al. 2005; Cosford et al. 2008; Fleitmann et al. 2007;

Y. J. Wang et al. 2008). Although some of these caves

are thousands of kilometers apart, millennial-scale changes

FIG. 10. As in Fig. 9, but for the seven driest summers in each monsoon region.
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within their inferred monsoon paleorecords often show

similar variability, including abrupt shifts coherent with

North Atlantic climate events, peak Asian monsoon

strength in the early Holocene, and a gradual decline in

inferred monsoon strength in the mid-Holocene. Many

of these speleothem records are found in the ICM region.

Although we would expect precipitation paleorecords

from across this region to be coherent, the similarity

among records from central China, the EASM region

of China, and Oman is challenging to interpret because

our modern precipitation analysis suggests that summer

precipitation does not covary in these regions.

Recent observational analyses of stable water isotope

values, precipitation, and temperature suggest that spe-

leothem isotope records may reflect the influence of

factors other than changes in summer precipitation

amount, such as changing seasonality and moisture tra-

jectories (Dayem et al. 2010). A new simulation from an

isotope-embedded GCM suggests that the observed

temporal similarity between speleothem records across

the Asian monsoon region may be due to changes in

water vapor transport rather than precipitation amount

(LeGrande and Schmidt 2009). This hypothesis may ex-

plain why speleothems infer a gradual decline in pre-

cipitation during the Holocene, but other monsoon

records, such as those derived from lake sediments,

(which likely recorded precipitation amount) indicate

more abrupt shifts and less coherence on millennial time

scales (Overpeck and Cole 2006). However, the extrap-

olation of our defined regions to longer time scales is

fraught with uncertainty because of the short length of

the precipitation dataset used in this study. Future EOF-

based regionalization analyses on paleoprecipitation re-

cords and model simulations will provide more insight

into the stability of these regional precipitation regimes

on longer time scales.

g. Tibetan Plateau precipitation regionalization

Many paleoclimate records of inferred Asian mon-

soon variability come from Tibetan lake sediments, ice

cores, and tree rings (Gasse et al. 1991, 1996; Thompson

et al. 1997; Liu et al. 1998; Thompson et al. 2000;

Bräuning and Mantwill 2004; Morrill et al. 2006; Shen

et al. 2008a,b; Mischke et al. 2008; X. C. Wang et al.

2008; Tang et al. 2009). Although the Tibetan Plateau

receives most of its precipitation in the summer months,

it is now extremely arid relative to other monsoonal

regions and is not included within the boundary of Asian

monsoon influence defined by the instrumental record

(Wang and LinHo 2002). Yet, paleoclimate references

often draw the boundary of Asian monsoon influence

somewhere over the Tibetan Plateau (Winkler and

Wang 1993; Herzschuh 2006; Morrill et al. 2006), but this

boundary is often qualitative. The most quantitative

work to date on the maximum extent of monsoon in-

fluence in Tibet is based on stable isotopes of pre-

cipitation from a handful of short station records. These

records indicate the monsoonal moisture boundary lies

at ;358N (Tian et al. 2001). In our analysis, Tibet is part

of the ICM region, an area that extends much farther

north and west than previously defined monsoon bound-

aries. This would imply that the numerous inferred pre-

cipitation paleorecords from the plateau, including those

north of 358N, should reflect summer monsoon variability.

Furthermore, based on our regionalization, interpreta-

tions of past increases in summer moisture in Tibet should

be interpreted as increases in the amount of monsoonal

precipitation, rather than a northward shift in the monsoon

boundary. Interestingly, and in contrast, the monsoon

domain may have shifted onto the Arabian Peninsula

earlier in the Holocene and exited in the second half

of the Holocene until present (Overpeck et al. 1996;

Fleitmann et al. 2007).

However, the ICM region comprises the largest area

in our regionalization scheme, and there is almost cer-

tainly strong regional precipitation variability within its

boundaries. Given this fact, and our desire to define

the northwestern limit of monsoon moisture more quan-

titatively over the Tibetan Plateau, we performed an

EOF-based regionalization of the 98 CMAP precipi-

tation grid points from 288–448N, 758–1058E (Fig. 11).

This area extends slightly beyond the boundaries of the

Tibetan Plateau and is mostly contained in the ICM

region. Based on the same significance tests used in the

original regionalization, we decided to retain and rotate

three eigenvectors, explaining 95.6% of the total vari-

ance.

The three resulting EOFs divide the plateau into three

sectors: the southeast (EOF1-SE), northwest (EOF2-

NW), and southwest (EOF3-SW). The southeast and

southwest regions fall into the ICM region, and the

northwest region straddles central Asia and the ICM

region (Fig. 11). Summed, summer precipitation (JJAS)

in the southeast and southwest is positively correlated

with summer ICM precipitation, and summer precipi-

tation in the northwest is positively correlated with

summer precipitation in central Asia (Table 3). All the

Tibetan regions have most of their precipitation in the

summer months, with precipitation peaking in July, ex-

plaining their inclusion in the ICM region. However, the

northwest region is much drier. The latitudinal bound-

ary between the northwest and southeast–southwest

regions lies at ;368N, very close to the stable isotope

monsoon boundary described by Tian et al. (2001). The

summer peak in precipitation in the northwest region

still suggests a monsoonal climate compared to
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central Asia, which has peak precipitation in the winter

and spring months. However, the northwestern Tibetan

Plateau may have a different precipitation source (e.g.,

continental water recycling), although it has similar

precipitation seasonality as regions farther south (Tian

et al. 2001).

Correlations between summer precipitation in each

Tibet region and the monsoon indices indicate that only

the southwest region of Tibet has a relationship with the

ISM, whereas the southeast region has a significant

negative correlation with the WNPSM (Table 5). The

negative correlation between the southeast Tibetan

Plateau precipitation and the WNPSMI implies that

a stronger WNPSM is coincident with reduced summer

precipitation farther north, similar to the conclusions of

B. Wang et al. (2008), who note that a strong WNPSM

coincides with a weaker EASM. Thus, precipitation

paleorecords from the southwest region of the plateau

may not be responding to the same monsoon subsystem

as precipitation paleorecords from the southeast region

of the plateau.

6. Conclusions

Precipitation across the Asian monsoon region is far

from homogenous. We have identified 10 regions of

FIG. 11. Regionalization of Tibetan Plateau precipitation, with monthly climatology for each

region as well as the ICM region. Percent variance explained by each eigenvalue is in right

corner of each precipitation plot.
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unique precipitation variability within this area. Five of

these regions comprise the Asian monsoon domain that

extends from the Arabian Sea to the western North

Pacific, similar to the boundary defined by Wang and

LinHo (2002). However, because our analysis is not

based on the magnitude of precipitation, there are some

key differences, notably the inclusion of the Tibetan

Plateau, northern China, and even southern Mongolia in

the Asian monsoon domain.

Our Asian monsoon subdomains are also similar to

those defined by Wang and LinHo (2002) and represent

the WNPSM, the EASM, and a Southeast Asian ‘‘cor-

ridor’’ region between the major monsoon subsystems.

However, the traditional ISM region is segmented be-

cause the Arabian Sea has distinctive precipitation

variability relative to much of India and China. Mean

summer wind direction and plots of composite wind

anomalies suggest that our ICM region is a hybrid re-

gion, influenced by moisture from both the Indian and

Pacific Oceans. The limited summer precipitation in

south-central Asia is correlated with the ISM, although

the region does not have a monsoonal climate. Decom-

posing gridded precipitation on the Tibetan Plateau into

three regions indicates that only the southwest region of

the plateau responds to the ISM, whereas the southeast

region has an inverse relationship with the WNPSM.

Some of our regions do have coherent summer pre-

cipitation. More notable is the dipole between summer

precipitation in the Arabian Sea and the WNP. The

mechanism responsible for this dipole likely involves

ENSO, which modulates precipitation in these two regions

through the warming of southwest Indian Ocean SST and

the development of the PSAC (Annamalai et al. 2005).

Precipitation variability in each region is closely re-

lated to atmospheric and oceanic variability. Local SST

influences precipitation in all our monsoon regions, and

more remote ENSO variability in the tropical Pacific

appears to impact precipitation in several regions, par-

ticularly through the development of the PSAC. It is also

clear that not every region responds similarly to ENSO

forcing, Thus, on shorter (i.e., interannual) time scales,

precipitation paleorecords in different monsoon sub-

systems may not covary because of different responses

to internal forcing (Wang et al. 2003). Our analysis

suggests that potential summer precipitation paleo-

records from the western equatorial Pacific, eastern

equatorial Indian Ocean, central Asia, and Arabian

Peninsula should not be immediately interpreted as

proxies for Asian monsoon strength without calibration

with the instrumental record, as these regions are cur-

rently not defined by a monsoonal climatology. How-

ever, as seen by the maps of precipitation correlations,

the boundaries of our regions are not rigid and some

proxies located on or beyond these boundaries could

respond to monsoon precipitation. One caveat of this

analysis is that this regionalization is based on only three

decades of data and may change with additional data

and with different time scales, forcing factors, and

background conditions. For example, when the Asian

monsoon was stronger in the early Holocene, regions of

coherent precipitation variability could have extended

even farther west, or differed in other ways. Future in-

vestigations could employ a similar regionalization

scheme on model simulations at different times in the

past, or on spatial field reconstructions of past hydro-

logic variability, such at the Monsoon Asia Drought

Atlas (Cook et al. 2010a,b).

With future increases in greenhouse gas concentra-

tions, the amount, location, and timing of Asian mon-

soon precipitation may also change in regionally distinct

ways, although it is still unclear whether monsoon pre-

cipitation across Asia will increase or decrease because

of differing model projections and biases (Meehl and

Arblaster 2003; Meehl et al. 2007; Annamalai et al. 2007;

Kripalani et al. 2007; Ashfaq et al. 2009). Future precipi-

tation changes across the Asian monsoon domain may

also lead to different monsoon subdomains. Treydte

et al. (2006) has already observed a coherent trend of

increasing precipitation in the last 100 years across the

ISM region, the EASM region, and Pakistan, suggesting

that the greenhouse-gas-induced intensification of the

hydrologic cycle may force some of our defined regions

of distinct precipitation variability to behave more co-

herently in the future.
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Two figures in Conroy and Overpeck (2011) were not reproduced correctly in the final

published version of the paper. These two figures (Fig. 2 and Fig. 4) are presented here as

they were meant to be published.
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caused.
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FIG. 2. Regions delimited by maximum loading values for the (a)

CMAP, (b) GPCP, and (c) TRMM datasets.
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FIG. 4. Average monthly climatology of precipi-

tation for each region. Region numbers are in pa-

rentheses.
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