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Abstract The global monsoon (GM) is a defining feature

of the annual variation of Earth’s climate system. Quanti-

fying and understanding the present-day monsoon precip-

itation change are crucial for prediction of its future and

reflection of its past. Here we show that regional monsoons

are coordinated not only by external solar forcing but also

by internal feedback processes such as El Niño-Southern

Oscillation (ENSO). From one monsoon year (May to the

next April) to the next, most continental monsoon regions,

separated by vast areas of arid trade winds and deserts, vary

in a cohesive manner driven by ENSO. The ENSO has

tighter regulation on the northern hemisphere summer

monsoon (NHSM) than on the southern hemisphere sum-

mer monsoon (SHSM). More notably, the GM precipitation

(GMP) has intensified over the past three decades mainly

due to the significant upward trend in NHSM. The inten-

sification of the GMP originates primarily from an

enhanced east–west thermal contrast in the Pacific Ocean,

which is coupled with a rising pressure in the subtropical

eastern Pacific and decreasing pressure over the Indo-

Pacific warm pool. While this mechanism tends to amplify

both the NHSM and SHSM, the stronger (weaker) warming

trend in the NH (SH) creates a hemispheric thermal con-

trast, which favors intensification of the NHSM but

weakens the SHSM. The enhanced Pacific zonal thermal

contrast is largely a result of natural variability, whilst the

enhanced hemispherical thermal contrast is likely due to

anthropogenic forcing. We found that the enhanced global

summer monsoon not only amplifies the annual cycle

of tropical climate but also promotes directly a ‘‘wet-

gets-wetter’’ trend pattern and indirectly a ‘‘dry-gets-drier’’

trend pattern through coupling with deserts and trade

winds. The mechanisms recognized in this study suggest a

way forward for understanding past and future changes of

the GM in terms of its driven mechanisms.

1 Introduction

There is no climate variability that will impose greater

impacts on society than changes in monsoon precipitation

which exists as the life blood of about two-thirds of the

world’s population. Precipitation also plays an essential

role in determining atmospheric general circulation and

hydrological cycle, and in linking external radiative forcing
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and the atmospheric circulation. In order to predict the

future changes of the global monsoon precipitation (GMP),

it is crucial to determine the response of the GMP to the

recent global warming.

In physical essence, monsoon is a forced response of the

climate system to annual variation of insolation. The annual

variation of solar radiation is a fundamental driver and a

necessary and sufficient condition for the existence of

monsoon. The land–sea thermal contrast is critical for the

location and strength of the monsoon but it is neither a

necessary nor a sufficient condition. Based on this viewpoint,

monsoon must be a global phenomenon. Trenberth et al.

(2000) depicted the global monsoon (GM) as the global-

scale seasonally varying overturning circulation throughout

the tropics. Wang and Ding (2008) have demonstrated that

the GM represents the dominant mode of the annual variation

of the tropical precipitation and low-level winds, which

defines the seasonality of Earth’s climate. Thus, the annual

variation of all regional monsoons can be viewed as an

integrated GM system. In fact, it has been well established

that over the last glacial-interglacial transition, the observed

changes in regional monsoons are evidently synchronized by

known changes in orbital forcing (Kutzbach and Otto-

Bliesner 1982; Liu et al. 2004). Such coordinated variations

of regional monsoons have also recently shown to occur on

centennial-millennial time scales (Liu et al. 2009).

However, studies of monsoon interannual-interdecadal

variations have primarily focused on regional scales, e. g,

South Asia (e.g., Webster et al. 1998), East Asia (e.g., Tao

and Chen 1987), Australia (e.g., McBride 1987), Africa (e.g.,

Nicholson and Kim 1997), North America (e.g., Higgins

et al. 2003), and South America (e.g., Zhou and Lau 1998). It

has been a traditional notion that each regional monsoon has

indigenous characteristics due to its specific land–ocean

configuration and orography and due to differing feedback

processes internal to the coupled climate system. Although

linkages among various regional monsoons have been

noticed (e.g., Meehl 1987; Wang et al. 2001; Lau and Weng

2002; Biasutti et al. 2003), the recent variations of monsoon

precipitation have not been studied on a global scale over

both land and ocean areas. Besides, prior to the satellite era

beginning in 1979 (Wentz et al. 2007), our knowledge of

global precipitation variation has been limited to land areas

(Dore 2005; Zhang et al. 2007; Wang and Ding 2006).

Hitherto little is known about how the GMP has responded to

the last three-decade period of rapid global warming.

The present study deals with the GM, the integral of all

regional monsoon systems. This broader perspective allows

us to view changes in the total system due to anthropogenic

effects, very large scale natural long-term oscillations and

the influences of major interannual variations [e.g., El

Niño-Southern Oscillation (ENSO)]. Only in the context of

the GM, can a more holistic overview be made and new

findings revealed. Changes in the regional monsoons (say

over India) cannot be fully understood unless we consid-

ered within a global perspective.

The primary objective of the present study is to document

interannual and decadal variations (or 30-year trends) of the

GMP and to understand fundamental drivers for the GMP

variability using modern global observation (1979–2008).

Efforts are made to address the following specific questions:

To what extent can the internal feedback processes drive

global-scale monsoon variability? Are there any trends in

global-scale monsoons during recent decades? What give

rise to the trends, if any? Are there any differences between

the northern hemisphere summer monsoon (NHSM) and

southern hemisphere summer monsoon (SHSM) variability?

What cause the differences, if any? What roles does GM

change play in global precipitation change? These questions

are discussed in Sects. 4 through 7.

2 Data and methodology

There are two global (land and ocean) precipitation data-

sets available: Global Precipitation Climatology Project

(GPCP, Huffman et al. 2009) and Climate Prediction

Center merged analysis of precipitation (CMAP, Xie and

Arkin 1997). For description of climatology and interan-

nual variations, an arithmetic mean of the two datasets was

used. But to determine the long-term trend we primarily

used GPCP data because CMAP is calibrated to atoll gauge

data and this calibration may have introduced inhomoge-

neity in long-term changes (Yin et al. 2004). However, in

the post-SSM/I (Special Sensor Microwave/Imager) era

(i.e., after 1987) the two datasets tend to have consistent

trends and interannual variation on global scale. The cir-

culation data used are also an arithmetic mean dataset,

based on National Centers for Environmental Prediction-

Department of Energy reanalysis 2 (NCEP2, Kanamitsu

et al. 2002) and the European Centre for Medium-Range

Weather Forecasts (ECMWF) reanalysis (ERA) which is a

combination of the 40-year reanalysis (ERA-40, Uppala

et al. 2005) and Interim ERA (1989–2008). Monthly mean

sea surface temperature (SST) data were obtained from the

National Oceanic and Atmospheric Administration (NOAA)

extended reconstructed SST (ERSST) version 3 (Smith et al.

2008). The data periods are from 1979 to 2009 with hori-

zontal resolution of 2.5� except ERSST of which the grid

spacing is 2.0�.

Two methods were used to test the significance of linear

trends: The trend-to-noise ratio and the nonparametric

Mann–Kendall rank statistics (Kendall 1955). The maxi-

mum covariance analysis (MCA) (Wallace et al. 1992;

Ding et al. 2011) was used to identify important coupled

modes of variability between GMP and underlying SST
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fields. The empirical orthogonal function (EOF) analysis is

used to show the importance of the MCA mode.

3 Definition of GM domain and GMP intensity

Traditionally, the GM domain was determined based on

annual reversal of prevailing wind direction and speed

(Ramage 1971); the resultant monsoon domains primarily

cover tropical eastern hemisphere (30�S–30�N, 20�W–

160�E). Recent studies, on the other hand, define monsoon

domains in terms of the rainfall characteristics (wet sum-

mer vs. dry winter), and the resultant GM domain includes

all regional monsoons of South Asia, East Asia, Australia,

northern (West) and southern Africa, and North and South

America (Fig. 1).

The interannual variation has been conventionally

studied based on the calendar year. However, for the

analysis of year-to-year GMP variation, use of the calen-

dar-year average is inadequate, because, as shown in

Fig. 2, seasonal distribution of GMP has a minimum in

April with double peaks occurring in July–August (due to

NHSM) and January–February (due to SHSM). In order to

depict the interannual variation of annual mean GMP, we

use the ‘‘global monsoon year’’ starting from May 1 to the

following April 30, which includes the NHSM from May to

October followed by the SHSM from November to April

next year. Note that this definition is suitable not only for

GM but also for depicting ENSO evolution, because ENSO

events normally start from May, mature toward the end of

the calendar year, and decay in the following boreal spring

(Rasmussen and Carpenter 1982).

In this paper, the GMP means the annual mean monsoon

precipitation measured for each monsoon year. To reflect

the monsoon strength, we use local summer monsoon

rainfall, which provides a good measure of the annual range

of precipitation because the annual range is dominated by

local summer rainfall in monsoon regions. The NHSM

precipitation intensity (NHMPI) can be measured by the

total monsoon precipitation (or area averaged mean mon-

soon precipitation rate) in the NH monsoon domain during

boreal summer (MJJAS). Similarly, the SHSM precipitation

intensity (SHMPI) can be measured by the total monsoon

precipitation (or area averaged mean monsoon precipitation

rate) in the SH monsoon domain during austral summer

(NDJFM). The GMP intensity (GMPI) is, then, defined by

the sum of NHMPI and SHMPI.

4 Interannual variations of GMP

To what extent can the interannual variations of GMP be

driven by internal feedback processes in the climate sys-

tem? Figure 3 shows the leading ‘‘coupled’’ mode of the

monsoon-year-average GMP and underlying SST fields

derived by MCA (hereafter MCA1), which explains about

72% of the total covariance between the two fields and

about 24% of the total monsoon rainfall variance. The

GMP pattern and evolution in MCA1 are nearly identical to

those in the first EOF of GMP with spatial and temporal

correlation coefficients of 0.96 and 0.99, respectively

(figure not shown). This indicates that the MCA1 also

faithfully represents the most important pattern of intern-

annual GMP variability.

Fig. 1 Global monsoon precipitation domain as defined by the local

summer-minus-winter precipitation rate exceeding 2.0 mm/day and

the local summer precipitation exceeding 55% of the annual total

(stippled, blue). Here the local summer denotes May through

September (MJJAS) for NH and November through March (NDJFM)

for SH. The threshold values used here distinguish the monsoon

climate from the adjacent dry regions where the local summer

precipitation less than 1 mm/day (hatched, yellow) and perennial

equatorial climate. The 3,000-m height contour surrounding Tibetan

Plateau is shaded. The merged GPCP-CMAP data were used

B. Wang et al.: Global monsoon precipitation 1125
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The spatial pattern of interannual variation of monsoon

precipitation (Fig. 3a) is overwhelmed by suppressed rain-

fall in majority of regional monsoons except the south-

western Indian Ocean and the southern part of the South

American monsoon. In particular, the suppressed precipita-

tion dominates over nearly all continental monsoon regions.

The overall drying pattern is associated with a warm phase of

ENSO (Fig. 3b). During the development (boreal summer)

and mature phases (austral summer) of El Niño episodes, the

warming in the eastern-central Pacific displaces the North

Pacific intertropical convergence zone and the South Pacific

convergence zone equatorward, thereby directly reducing

Australian and North American monsoon rainfall (Webster

et al. 1998). The suppressed maritime continental precipi-

tation induces anticyclonic anomalies in the off-equatorial

South Asian summer monsoon region, suppressing South

Asian monsoon rainfall (Wang et al. 2003). El Niño also

reduces rainfall over continental Africa and northern South

America through atmospheric teleconnections (Enfield

1996; Nicholson and Kim 1997).

Since ENSO is a consequence of the internal ocean–

atmosphere feedback processes, the result here suggests

that the regional monsoons can be coordinated not only by

external forcing on centennial and orbital time scale but

also, to a large extent, by internal feedback processes.

Results in Fig. 3 also suggest that during the recent three

decades, the NHSM is better coordinated by ENSO than

the SHSM, because in the southern African and South

American monsoon regions, the ENSO-induced precipita-

tion anomalies tend to have a dipolar structure, rather than

a uniform pattern (Fig. 3a).

5 The decadal variations and 30-year trends

(1979–2008) of GMP

Beyond ENSO time scale, we depict GMP variations using

3-year running mean data. Figure 4 shows the MCA1

between 3-year running mean GMP and SST, which

accounts for about 62% of the total smoothed covariance.

The monsoon precipitation shows a predominant increasing

trend across different regional monsoons. This decadal

trend pattern concurs with rising SSTs in the global ocean

except in the eastern Pacific (EP) where cooling trend

occurs (Fig. 4b).

A question arises as to whether the decadal trend can be

seen in the GMPI which is measured as the area-averaged

rate of local summer precipitation falling into all regional

monsoon domains. We first note that the GMPI is anti-

correlated with the ENSO index (r = -0.80). However,

the ENSO index has no significant trend. In sharp contrast,

both GMPI and NHMPI show an intensifying trend, sta-

tistically significant at 95% confidence level (Fig. 5a;

Table 1). The total trend in GMPI (0.07 mm day-1 de-

cade-1) is slightly weaker than that in the NHMPI

(0.08 mm day-1 decade-1) because the SHMPI has a

weak and insignificant upward trend (Table 1). Note also

that the GPCP and CMAP data are more homogeneous and

reliable after the mid-1987 when a large amount of SSM/I

data were used for estimation of oceanic rainfall (Huffman

et al. 2009). During the post-SSM/I era (last 20 years) both

the GPCP and CMAP datasets exhibit consistent and sig-

nificant upward trends in the GMPI (Fig. 5b). In addition,

in the post-SSM/I era the over-ocean and over-land com-

ponents of the GMPI exhibit cohesive interannual variation

and trends (Fig. 5c).

6 Cause of the recent GMP change

To understand the cause of the increasing trend in GMPI, a

starting point is to consider the recent global warming

effect, which increases moisture contents and hence

enhances precipitation, including monsoon rainfall. How-

ever, the processes controlling monsoon rainfall change is

far more complex than this simple thermodynamic
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Fig. 2 Climatological annual cycle of precipitation rate (mm/day)

averaged over the NH (left) and SH (right) monsoon regions and the

globe (thick line with scale at the center). The global monsoon

precipitation (GMP) exhibits an annual minimum in April and double
peaks in July–August and January–February. The ensemble mean

CMAP and GPCP precipitation dataset was used
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argument. It is important to account for the spatial and

temporal structure of the change.

To better understand what drives the increased GMPI,

we first examine the trend pattern of SST (Fig. 6a) because

it reflects changes in the lower boundary condition. The

SST trend is essentially the same as the decadal variation

pattern shown in Fig. 4b. A salient feature in Fig. 6a is a

cooling in the EP and a contrasting warming in the western

Pacific (WP). Can this zonal temperature gradient con-

tribute to GMPI variability and trend?

To address this question, we represent this broad scale

east–west asymmetry in Pacific SST by a zonal SST gra-

dient index (ZSSTGI),

ZSSTGI ¼ SST 20�S�20�N; 160�W�80�Wð Þ
� SST 40�S�40�N; 120�E�160�Wð Þ:

The corresponding SLP trend features a rising SLP in the

Pacific east of the dateline and lowering SLP in the eastern

hemisphere tropics and even the tropical Atlantic (Fig. 6b).

To depict this east–west asymmetry in SLP trend field, we

define an Indo-Pacific zonal oscillation index (ZOI),

ZOI ¼ SLP ð40�S�40�N; 160�W�110�WÞ
� SLPð20�S�20�N; 50�E�150�EÞ:

The time series of ZSSTGI and ZOI are shown in

Fig. 6c. Both have large interannual fluctuations which are

(a)

(b)

(c)

Fig. 3 The leading coupled

mode of monsoon-year mean

precipitation in global monsoon

domains and the corresponding

global SST derived by

maximum covariance analysis

which explains about 72% of

the total covariance. Spatial

patterns of monsoon

precipitation (a) and SST (b) are

shown together with their

corresponding time expansion

coefficients (c). For comparison,

the Niño 3.4 SST anomaly (an

ENSO index averaged over the

box inserted in b) averaged over

the monsoon years are also

shown in the lower panel. The

GMP domain and the arid

regions are defined in Fig. 1.

The merged GPCP-CMAP data

ERSST were used

B. Wang et al.: Global monsoon precipitation 1127

123



associated with ENSO on the interannual time scale.

Nevertheless, both time series show significant trends

(Table 2). The enhanced trend of ‘‘EP cooling-WP

warming’’ across the Pacific induces rising SLP in the EP

where the two subtropical Highs straddle the equator. This,

in turn, enhances the trades, transporting and converging

moisture into the eastern hemisphere monsoon regions in

particular, thereby leading to the increased GMPI. Thus,

the ‘‘EP cooling-WP warming’’ mechanism favors

intensification of the GMP on both the interannual and

multi-decadal time scale (trend).

The 30-year trend in GMPI associated with the ‘‘EP

cooling-WP warming’’ trend could be part of multi-decadal

variations. Over the Pacific domain, the SST patterns in

Figs. 4b and 6a resemble the interdecadal Pacific oscilla-

tion (IPO) (Power et al. 1999; Deser et al. 2004). Note that

the IPO and long-term warming trend are two different

modes. Figure 7 presents the first two EOF modes of SST

variation during a longer period (1950–2010). The first

EOF represents a long-term global warming trend, whereas

the second EOF depicts the IPO. The SST trend patterns in

Figs. 4b and 6a are akin to the EOF2 spatial pattern,

indicating that they don’t belong to the long-term global

warming trend that corresponds to EOF1.

To what extent does the global warming contribute to

GMP change during the past 30 years? To address this

question we examine the 2 m air temperature (T2) trend

pattern (Fig. 8). There are two prominent characteristics in

(a)

(b)

(c)

Fig. 4 a–c The same as Fig. 3

except for using 3-year running

mean datasets of GPCP and

ERSST

1128 B. Wang et al.: Global monsoon precipitation
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T2 trend, i.e., the land areas are warmer than oceanic areas

and the NH is warmer than the SH. The former arises from

the fact that the ocean warms slower than land because of a

higher heat capacity and an ability to mix heat downward.

The latter is related to the former and the fact that the NH has

more land areas than the SH. As a result, the global land-

minus-ocean temperature has a significant trend of 0.13�C

per decade (Fig. 8b; Table 2), which contributes to the vigor

of the global monsoon. Note, however, the enhanced land–

ocean thermal contrast prevails in the NH but not in the SH

(Fig. 8a), suggesting that this factor is primarily intensifies

the NHSM. Further, the NH surface warming trend is much

greater than the SH warming trend (Fig. 8c), which gener-

ates cross-equatorial pressure gradients that drive low-level

cross-equatorial flows from the SH to the NH, strengthening

NH monsoon (Loschnigg and Webster 2000). Thus, the

combined effects of the land–ocean and NH–SH thermal

contrasts yield a strong intensification in the NH monsoon.

On the other hand, the NH–SH contrast exerts an opposing

effect on the SHSM, offsetting the positive contribution of

other contributing processes (such as the EP cooling-WP

warming trend discussed above), leading to a weak trend in

SH monsoon. The stronger interannual variation during the

austral summer might also weaken the signal of the long-

term SHSM trend (Chou et al. 2007). As such, the ‘‘warm

land-cold ocean’’ and ‘‘warm NH-cold SH’’ mechanisms can

explain why the NHMPI has a strong upward trend, while

SHMPI has a weaker trend. Since about 61% of the GMPI is
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(a)

(b)

(c)

Fig. 5 Recent amplification of

NH and global summer

monsoon. a Time series

(1979–2008, monsoon year) of

NH summer monsoon

precipitation intensity (NHMPI)

and GMP intensity (GMPI). The

intensity is defined by the area-

weighted mean local summer

monsoon precipitation rate

(mm/day). The GPCP dataset

was used. The thick gray lines
indicate linear trends (see

Table 1 for the significance of

the trend). b Time series

(1989–2008) of GMPI derived

from both GPCP and CMAP.

c Time series (1989–2008) of

the land and ocean components

of the GMPI obtained from

GPCP. In b and c, the linear

trends are significant at 95%

confidence level or higher by

the trend-to-noise ratio test and

the Mann–Kendall rank

statistics

Table 1 Monsoon precipitation intensity trends (in units of mm day-1 decade-1) and the statistical significance levels for the trend-to-noise

ratio (T2N) and Mann–Kendall rank statistics (MK) tests

NHMPI SHMPI GMPI

MK T2N Trend MK T2N Trend MK T2N Trend

95 95 0.08 – – 0.06 95 90 0.07

The trends are calculated from 30-year (1979–2008) GPCP data. Area-weighting was applied
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determined by the NHMPI, the GMPI has also a significant

upward trend over the past 30 years.

Based on the above analysis, we suggest that the recent

trend of GMPI is attributed to both natural variability and

anthropogenic forcing. The ‘‘EP cooling-WP warming’’

largely arises from an internal feedback processes, because

the Intergovernmental Panel on Climate Change (IPCC)

Fourth assessment report (AR4) shows that the majority of

the model project an EP warming or so-called El Nino-like

global warming under increasing greenhouse gases forcing

(Meehl et al. 2007; Fig. 9). On the other hand, the

increasing land–ocean and inter-hemispheric thermal gra-

dients are likely a consequence of the anthropogenic

forcing because the projected future temperature change

shows a robust warm NH-cold SH and warm land-cold

ocean warming pattern (Chou et al. 2007).

7 Impact of GMP amplification on global

precipitation change

The enhanced GMP may produce a ‘‘wet-gets-wetter’’ and

‘‘dry-gets-drier’’ trend pattern in the global annual mean

Fig. 6 Linear trend

(1979–2008) maps of a ERSST

(�C) and b sea-level pressure

(SLP). The SLP was derived

from the ensemble mean ERA

and NCEP2 reanalysis.

Stippling regions indicate

statistical significance at 90%

level or higher by the trend-to-

noise ratio. The square areas
denote the regions where zonal

SST gradient and SLP

difference are defined. c Zonal

SST gradient (red with scale on

the left) and Indo-Pacific zonal

oscillation indices (blue with

scale on the right) along with

their trends (dashed lines). A

calendar-year mean was used

Table 2 Trends (1979–2008) of land-minus-ocean T2, NH-minus-SH

T2, zonal SST gradient index (ZSSTGI), and Indo-Pacific zonal

oscillation index (ZOI) and their confidence levels determined by the

trend-to-noise ratio (T2N) test

Trend (decade-1) T2N

Land-minus-ocean T2 (�C) 0.13 99

Hemispheric T2 (�C) 0.12 99

ZSSTGI (�C) -0.21 -95

ZOI (hPa) 0.40 95

1130 B. Wang et al.: Global monsoon precipitation
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precipitation. Figure 10a indicates that over the past

30 years precipitation has increased within the climato-

logical ‘wet’ regions and decreased in the relatively ‘‘dry’’

regions. Overall, these trend patterns resemble the ‘‘rich-

gets-richer’’ pattern recognized from multi-model projec-

tions of climate change (Neelin et al. 2006). The precipi-

tation response to global warming is a complex process

(Held and Soden 2006) and not fully understood. We

hypothesize that an intensified GMP contributes to the

‘‘wet-gets-wetter’’ global precipitation trend pattern. This

is supported by the fact that the local summer precipitation

trend bears a close resemblance to the annual precipitation

trend (Fig. 10b). As shown in Fig. 10b, the summer mon-

soon rainfall shows a general increasing trend across the

majority of the regional monsoon regions except the South

American monsoon. In contrast to an enhanced global local

summer monsoon precipitation, most arid and semiarid

desert or trade wind regions, located to the west and

poleward of each monsoon region, show drying trends

(Fig. 11a). The precipitation in dry regions not only has an

opposite trend to the GMPI but also tends to be anti-cor-

related with it on interannual time scale (c = -0.34). This

anti-correlation between the monsoon and desert is more

evident in the NH (c = -0.42) (Fig. 11b). Hence, the

‘‘dry-gets-drier’’ pattern may be rooted in the intensifica-

tion of the monsoon-desert coupled system. Note, however,

that these negative correlations tend to be weakened after

removal of the linear trend.

(a) (c)

(b) (d)

Fig. 7 The first (left) and

second (right) EOF modes of

ERSST for the period

1950–2010. The EOF1

represents a long-term trend and

the EOF2 reflects the

interdecadal Pacific oscillation

(IPO) pattern. The 3-year

running mean was used

Fig. 8 a Linear trend

(1979–2008) maps of 2-m air

temperature (�C). Stippling

regions indicate statistical

significance at 90% level or

higher by the trend-to-noise

ratio. b Time series of ‘‘land

minus ocean’’ T2 difference.

The land and ocean components

were area mean values averaged

between 40�S and 40�N. c The

same as in b except for the ‘‘NH

minus SH’’ T2 difference. Here,

the ensemble mean of ERA and

NCEP2 reanalysis averaged

over a calendar year was used
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The monsoon-desert coupling mechanism is arguably an

important dynamic factor in formation of the wet-gets-

wetter and dry-gets drier trend pattern in the total global

precipitation. The drying trend in the arid regions results

from the increased descent produced by the monsoon

heating-induced Rossby waves that interact with subtropi-

cal westerly flows (Hoskins 1996). This monsoon-westerly

interaction mechanism is illustrated in Fig. 12a. The dia-

batic heating in the monsoon region induces a Rossby-

wave pattern to the west. This has an anticyclone at upper

levels and a cyclone at lower levels. From hydrostatic

balance there must be warmth in the mid-troposphere, thus

a deepening of the isentropic surface. When this thermal

structure is far enough poleward to interact with the

southern flank of the mid-latitude westerlies, the air moves

down the isentropes on their western side and backs up on

their eastern side (Hoskins and Wang 2006). Trajectories

indicate that the monsoon-desert mechanism does not

represent a simple ‘Walker-type’ overturning cell. Instead,

the descending air is seen to be mainly of mid-latitude

origin. Over the desert regions, the descending motion can

be further reinforced by local longwave radiative cooling

which in turn strengthens a secondary circulation between

the monsoon and desert, i.e., the transverse circula-

tions (Webster et al. 1998). Over oceanic subtropical high

regions (such as the EP) the descent induced by monsoon-

westerly interaction can be further enhanced by air–sea

interaction over the trade wind oceans (Rodwell and Ho-

skins 2001). As shown in Fig. 12b, a percentage of descent

in the North Pacific subtropical anticyclone off California

could come from a positive feedback involving air–sea

interaction. Off the coast of Baja California along shore

northwest winds prevail in the intense eastern portion of

the subtropical High. These equatorward winds result from

the vortex shrinking accompanying the Mexican monsoon-

induced descent, according to the Sverdrup balance. On

the other hand, the equatorward along-shore wind stress

will lead to offshore Ekman transport (Anderson and Gill

1975), inducing oceanic upwelling, and leading to cold

SSTs. The decreased surface temperature, in turn rein-

forces the suppression of convection through changes to the

moist static energy (Neelin and Held 1987) and the for-

mation of marine stratus clouds. Below the descending

motion and associated with it lies the vast marine stratus

cloud deck, which, owing to its persistence, low altitude

and high reflectivity, in turn enhances the local longwave

radiative cooling at the stratus cloud top. The effects of

radiative cooling could enhance the descending motion and

seem to be a very important contributor to the enhancement

of the subtropical anticyclone.

8 Summary

We have demonstrated that internal feedback processes

such as ENSO can cause a coherent variation among var-

ious regional monsoons, especially over the continental

monsoon regions (Fig. 3). Therefore, regional monsoons

are coordinated not only by external forcing on the diurnal,

annual (Wang and Ding 2008), orbital (Liu et al. 2004),

and centennial-millennial (Liu et al. 2009) time scales, but

also by internal feedback processes and atmospheric tele-

connections. This result also implies that the change of

ENSO properties in the past [such as a permanent El Niño

reported by Wara et al. (2005)] may induce monsoon

changes on the globe scale.

(a)

(b)

(c)

Fig. 9 Mean SST field for a present day (PD) period (1970–1999),

b the global warming (GW) period (2070–2099), and c the changes in

SST (GW minus PD). The PD and GW SSTs are derived from the

20C3M and SRESA1B simulations of 22 coupled global climate

models that participated in the World Climate Research Program/

Coupled Model Inter-comparison Project 3 (CMIP3)
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We also found that the intensification of the annual

cycle of the earth’s climate system over the past 30 years is

due primarily to the enhanced GMP, especially the NHSM

(Figs. 4, 5). This poses a statistical perspective for climate

models that are used to predict decadal variation and near-

term projection planned for the IPCC Fifth assessment.

The intensification of the GMP originates primarily

from an enhanced east–west thermal contrast in the Pacific

(a)

(b)

Fig. 10 Recent trends

(1979–2008) in a global annual

precipitation and b precipitation

in summer monsoon season

(i.e., MJJAS for NH and

NDJFM for SH) in units of

mm day-1 decade-1. The

significance of the linear trends

was tested using the trend-to-

noise ratio. Areas passing 90%

confidence level were stippled.

The GPCP data were used. In

a the climatological annual

mean precipitation rate was

shown by contours (1 (red),

2 (blue), 4, and 8 (purple)

mm/day). In b the monsoon and

desert regions as defined in

Fig. 1 were delineated by blue
and red, respectively

1979 1983 1987 1991 1995 1999 2003 2007
0.3

0.4

0.5

0.6
(a) Global dry region

5.5

6.0

6.5

7.0

1979 1983 1987 1991 1995 1999 2003 2007
0.3

0.4

0.5

0.6
(b) NH dry region

6.0

6.5

7.0

Fig. 11 a Time series of

precipitation rates (mm/day)

averaged over the global dry

regions (see Fig. 1) during the

local summer monsoon season

(MJJAS in NH and NDJFM in

SH). The dashed line indicates

the corresponding linear trend,

which is significant at 95%

confidence level by both the

MK and trend-to-noise ratio

tests. b The same as in a except

for the NH dry regions with the

trend significant at 90%

confidence level. For

comparison, global and NH

monsoon precipitation (scale on

the right) along with their trends

shown in Fig. 6a are plotted in

gray lines in a and b,

respectively
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Ocean, which is coupled with a rising pressure in the EP

and decreasing pressure over the Indo-Pacific warm pool.

This enhanced Pacific zonal thermal contrast tends to

amplify both NHSM and SHSM. The enhanced Pacific

zonal thermal contrast is largely a result of natural vari-

ability, i.e., the IPO.

Over the past three decades, the NHSM has a significant

upward trend, while the SHSM trend is relatively weak.

This difference cannot be explained by the east–west

thermal contrast trend which is symmetric about the

equator. Rather, it is caused by the relatively large warming

trend in the NH, which creates a hemispheric thermal

contrast that favors intensification of the NHSM but

weakens the SHSM. The enhanced hemispherical thermal

contrast is likely due to anthropogenic forcing.

We have shown that the wet-get-wetter and dry-gets-

drier precipitation trend over the past 30 years is likely a

result of the intensifying global summer monsoon precip-

itation (Figs. 10, 11) through a monsoon-desert coupling

mechanism (Fig. 12). While this trend bears similarity to

the precipitation trend pattern projected by the majority of

the global climate models under increasing anthropogenic

forcing, we should note that the observed ‘‘wet-gets-wet-

ter’’ pattern is associated with enhanced Walker circula-

tion, while the similar pattern found in the future

projections is associated with weakening Walker circula-

tion and mainly caused by increased water vapor (Rodwell

and Hoskins 2001; Held and Soden 2006).

The findings described here are helpful in determining

what may have occurred to the GM during the last period

of secular warming in the mid-twentieth century (Polyakov

et al. 2003). Furthermore, a comparison of the GM in the

most recent period of warming with the mid-twentieth

century warming may help determine the proportion of

climate change that is attributable to anthropogenic effects

and that is a part of long-term internal variability of the

complex climate systems.
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