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Any trend in JJAS precipitation?

Fig. 14
Large natural variability; Two mega-drought periods; 20th century trend? Recent trends?

Variability from e tlongest rain gage record-Seoul since1778

The increasing trend in Seoul JJAS precipitation and extreme events reflect a trend in large
scale East Asian monsoon rain belt, which appears to be related to strong trends in
northern Indian ocean SST. ( Wang et al. 2006, GRL)

What is global monsoon?

Monsoon : Conventional Definition
Monsoon domain by Khromov (1957) and Ramage (1971)

Based on surface wind field (Ramage 1971)
•Prevailing wind direction shifts at least 120 degree between January and July
•Average of the frequencies of the prevailing wind direction in January and July
>40%

A hydrological perspective of
Monsoon Climate
• Monsoon climate is characterized by annual
reversal of prevailing surface winds (Ramage
1971) and a contrasting rainy summers and
dry winters (Webster 1987, Wang 1994).
• Precipitation should be emphasized as it plays
an essential role in determining atmospheric
general circulation and hydrological cycle and
in linking external radiative forcing and the
atmospheric circulation.

Monsoon: From Rainfall Perspective

Wang 1994, J. Climate: Climate regimes of tropical precipitation.

Global monsoon: dominant mode of the annual
variation of tropical precipitation and circulation

Wang and Ding 2008

Is there any trend in global
monsoon oever land since
1949?

Wang and Ding (2006)
Zhou et al. (2008)

Annual range of Land monsoon precipitation (1949-2004)

Global land monsoon
rain domain

Overall weakening of the
global land monsoon precipitation

Wang and Ding 2006 GRL

NHSM

SHSM

GSM

(Wang and Ding 2006)

Fig.11b NHSMI, SHSMI, and GSMI derived from four different datasets.

Recent Changes of Global
Monsoon Precipitation:
Causes and Consequences
Bin Wang, J. Liu, H.J. Kim,
PJ Webster, and S.Y. Yim,

Climate Dynamics 2012

Global monsoon domain and deserts

(1) Annual

range exceeds 300 mm (2mm/day) ;(2) Local summer precipitation exceeds
55% of the annual total precipitation;
Arid regions: Local summer precipitation rate is below 1 mm/day

Wang et al. 2012

Interannual-decadal Variation of the
global monsoon
To what extent can the internal feedback
processes drive global scale
monsoon variability?

Interannual Variation

The MCA1
precipitation is
nearly the same as
EOF1 precipitation.
Continental
monsoon rainfall are
better coordinated
by ENSO except
SAM.
NHSM is tighter
regulated than
SHSM
The total NHM
precipitation is
correlated with
Nino3.4 SST (r=0.77.

All regional monsoons, with
pluvial poles located in and about the
three major land masses and separated
by vast areas of arid trade winds and
deserts, vary in a surprisingly cohesive
manner from one monsoon year (May
to the next April) to the next driven by
El Niño-Southern Oscillation variability.

Decadal
variation of
GMP
Maximum
Covariance
Analysis (MCA) of
Monsoon
precipitation and
SST

3-year running mean datasets
of GPCP and ERSST.

Trends in total GMPI and NHSMI(79-09)
NHSMI: local
summer
precipitation rate
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Physical Processes
determining the
Recent GMP Changes:
Natural VS Anthropogenic

Trend Pattern is associated with Warm WP
versus cold EP
Indo-Pacific
Zonal
Oscillation (ZO)

ZOI= SLP (40S-40N,
150W-110W) - SLP(20S20N, 90E-160E),
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NHSM linking to Natural variations

SPEO: Southeast Pacific-Eurasian Oscillation in Sea-level pressure:
SLP (0-40S, 180-80W) minus SLP (0-40N, 40-100E), r=0.81
IPO: Interdecadal Pacific Oscillation in SST, r=0.63
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Ensemble mean of ERA and NCEP2 reanalysis averaged over a calendar year was used.

T2 NH-minus-SH (C)

T2 LAND-minus-Ocean (C)

Any Impact of anthropogenic forcing?

What roles does GM change
play in Global Precipitation
Trends?

Global
precipitation
trends is
extremely
similar to
local
summer
precipitation
trends.
Locall summer
precipitation
trend:
wetter summer
monsoon and
dryer arid
regions due to
monsoon-desert
coupling

Conclusions
1. Most regional continental monsoon rainfall vary in a
cohesive manner driven by ENSO and IPO.
2. GMP has an upward trend (1979-2009) mainly due to the
NHSM intensification. (SHSM weak trend)
3. GMP increase is primarily driven by a “WP warming-EP
cooling” mechanism, which works on both the interannual and
multi-decadal (trend) time scales and for both hemisphere. It
reflects natural internal feedback variability (IPO).
4. The hemispheric differential warming trend (warm NHcold SH) mechanism enhances NHSM but weakens the SHSM. This
mechanism reflects anthropogenic forcing.
5. The amplification of GMP promotes directly the “wet-getswetter” and indirectly the “dry-gets-drier” trend pattern through
Monsoon-desert coupling mechanism.

Implications
1. Regional monsoons can be coordinated not only by
external forcing, but also by internal feedback processes.
Paleo-change of ENSO properties (such as a permanent El
Niño, Wara et al. (2005)) may induce global scale monsoon
changes.
2. The finding poses a statistical perspective for testing
climate models that are used to predict decadal variation
and near-term projection planned for the IPCC Fifth
assessment.
3. The results suggest a way forward for understanding past
and future changes of the global monsoon in terms of its
driven mechanisms.

Centennial Variation of the global
monsoon in the last millennium

Liu et al. Climate Dynamics 2009

The ECHO-G Model
Forcing in the forced ERIK run
Effective Solar constant (W/m2)

Year (AD)

Centennial variation of the GM （Liu et al 2009)

Time series of 7-year running mean GM indices (black lines).
31-year running means (red lines) highlight centennial-millennial variations

全球季风的历史演变 （Liu et al 2009)
LIA (1450-1850)： Weak GM
Spörer Minimum (1460)
Maunder Minimum (1685)
Dalton Minimum (1800)
MWP (1030-1240)： Strong GM
1060 ；1150 ；1210
Periodicity：
192 a
107 a
74 a
Confidence：
99%

全球季风的历史演变 （Liu et al 2009)

The spectrum of the GMI has pronounced peaks on
192, 107, and 74 years, which corresponds well to the
significant spectral peaks from effective radiative
forcing at around 192, 107, and 80 years.

Smoothed (31-year running mean) time series from 1000 to 1990 AD of the effective solar radiation
(a, W/m2), CO2 concentration (b, ppm), global mean temperature (c, K), global monsoon intensity
(GMI) index (d, mm/day), global land-ocean temperature difference (e,K), global land-ocean sealevel pressure difference (f, hPa) and inter-hemispheric temperature difference (g, K). The numbers
shown in the lower-right corners indicate the correlation coefficients of these factors with effective
radiation forcing

全球季风的历史演变 （Liu et al 2009)
The model results indicate that the centennial-millennial variation of
the GM is essentially a forced response to the external radiative
forcings
Weak GM precipitation was simulated during the LIA (1450-1850)
with three minima around the Spörer Minimum (1460), Maunder
Minimum (1685), and Dalton Minimum (1800) periods of solar activity.
Strong GM during the MWP (ca. 1030-1240).
The GMI has pronounced bi-centennial and centennial variations.
There is also a 70-80 year spectral peak.
Before the industrial period, the effective solar radiative forcing
reinforce the thermal contrasts between the ocean and continent
resulting in the centennial- millennium variation in the GM.
The prominent upward trend in GM precipitation occurring in the last
30 years (1961-1990) appear unprecedented and owed possibly in part
to the increase of atmospheric carbon dioxide concentration.

What drives the global
summer monsoon over
the past millennium?
Liu et al. 2012 Climate Dynamics

Leading mode: Uniform increase of the GM precipitation

uniform
increase of
GSMP

variation on millennial time scale

La Nina
like
global
SST
warming

bicentennial
variation

The leading EOF : Forced mode

EOF 2: Internal mode
Not a
cohesive
pattern

maximum
warming
in CP

2-6 decades

2-6 decades

The second EOF : internal mode

Internal mode in the free coupled run
In this force-free run, the
leading mode must arise
from internal feedback
processes within the
coupled climate system.

Internal mode in CTL run: The leading
EOF mode of the GSMP variation over the
past millennium derived from the ECHOG CTL (force-free) run: (a) spatial
structure, (b) the corresponding principal
component with 3-decade running means,
and (c) the corresponding spectrum. The
number on the top of panel (a) denotes the
fractional variance.

GSMP: A sensible
measure of global climate
change
(a) The four forcing (decadal
mean) time series: solar
(red),volcanic (blue),
effective solar forcing (black),
and CO2 concentration
(purple).
(b) The global mean 2m air
temperature (GMT, red),
global-average local
summer monsoon
precipitation (GSMP, over
the monsoon domain), and
the NHSMP, and SHSMP,
respectively. The smoothed
curves are 3-decade running
means. The correlation
coefficients with GMT are
shown at the lower-right
corner of each panel (the
correlation coefficients are
calculated using 3-decade
running mean time series).

Differences between NHSMP and SHSMP (1)
NHSMP/GMT = 2.5 % K-1
SHSMP/GMT = 4.1 %K-1

The SHSMP is more
sensitive to the SV
forcing than the
NHSMP, in terms of
per unit increases of
the global mean
temperature.

Scatter diagram showing the NHSMP and SHSMP rate as functions of global mean 2m air
temperature for the preindustrial period 1000-1850 which is dominated by SV forcing. The
difference between the two slopes is significant at 95% confidence level, suggesting that
the SHSMP is more sensitive to the SV forcing than the NHSMP.

Differences between NHSM and SHSM (2)

Not
significant

significant

(a)

The NHSMP responds to the
GHG forcing sensitively

(b)

The SHSMP responds to the
GHG forcing not significantly

Scatter diagram showing the NHSMP (a) and SHSMP (b) rate as functions of global mean
2m air temperature for the preindustrial period 1000-1850 and the industrial period 18501990. The difference between the two slopes is significant at 95% confidence level for
NHSMP in (a), but not significant for SHSMP in (b).

Factors controlling NHSMP

warm land-cold ocean:
Increased land-ocean
thermal contrast enhances
monsoon low and
associated moisture
convergence
warm NH-cold SH: warmer
NH generates crossequatorial pressure
gradients that drive lowlevel cross-equatorial
flows from SH to NH,
strengthening the NH
monsoon

The decadal mean time series of (a) NHSMP (mm/day), (b) Land-ocean thermal contrast:
T2m (land) minus T2m (ocean) between the equator to 60N in MJJAS (oC), and (c)
Hemispherical thermal contrast: T2m (NH, 0-60N) minus T2m (SH, 0-40S) in MJJAS (oC).
The thick lines denote 3-decade running means. The correlation coefficients with NHSMP
using 3 decade running mean time series are shown at the lower-right corner of each panel.

Factors controlling SHSMP
Increased east-west SLP
gradient causes a westward
air mass and moisture
transport, which enhances
moisture convergence into the
SH monsoon regions
The enhanced SH subtropical
high increases the trade
winds in SH oceans, driving
the convergence of air mass
and moisture into the SH
monsoon low pressure
regions.

The decadal mean time series of (a) SHSMP (mm/day), (b) the east-west thermal contrast:
SLP in SE Pacific (0-40S, 180-70W) minus SLP in Indian Ocean (20S-20N, 40E-120E)
during NDJFM (hPa), and (c) the SH subtropical high strength: SLP averaged between 20S
and 40S (hPa). The thick lines denote 3-decade running means. The correlation coefficients
with SHSMP using 3 decade running mean time series are shown at the lower-right corner
of each panel.

Factors controlling GSMP

Enhanced east-west thermal contrast
induces rising SLP in the eastern
Pacific, which enhance the trade
winds, transporting moisture into the
monsoon regions
Increased land-ocean thermal
contrast enhances monsoon low and
associated moisture convergence.

Enhanced SH subtropical high
increases the pressure gradient
between the NH and SH, increasing
both NHSMP and SHSMP.

The decadal mean time series of (a) GSMP, i.e. NHSMP+SHSMP (mm/day), (b) Eastwest thermal contrast: annual mean SLP in SE Pacific (0-40S, 180-70W) minus SLP in
Indian Ocean (20S-20N, 40E-120E) (hPa), (c) Land-ocean thermal contrast: annual
mean T2m (Land) minus T2m (ocean) between 40S and 60N in oC, (d) the SH
subtropical high strength: annual mean SLP (40S-20S). The thick lines denote 3-decade
running means. The correlation coefficients with GSMP using 3 decade running mean
time series are shown at the lower-right corner of each panel.

Conclusions
GSMP over the past millennium shows a forced mode

featuring a nearly uniform increase of monsoon
precipitation across all regional monsoon regions and has
dominant bicentennial-millennial variation
GSMP provides an alternative measure of the global
hydroclimate change, which is far more relevant for food
production and water supply than the GMT.
NHSMP and SHSMP have different responses to external
forcing: NHSMP responds to GHG forcing is more sensitive
than SHSMP, while SHSMP responds to the natural solarvolcanic (SV) forcing more sensitively than NHSMP.

Conclusions
The causes of NHSMP: An enhanced NHSMP is primarily
caused by (a) warm land-cold ocean and (b) warm NH-cold
SH.
The causes of SHSMP: A strengthened SHSMP concurs
with enhancement of (a) the thermal contrast between
southeastern Pacific and tropical Indian oceans and (b) the
SH subtropical high.
The causes of GSMP: The increase of total amount of
GSMP is determined by (a) the enhanced land-ocean
thermal contrast in both hemisphere (40S-60N), (b) the
enhanced east-west thermal contrast between the
southeastern Pacific and Indian oceans, and (c) the
enhanced SH subtropical high, which contributes to the
hemispherical sea level pressure difference.

Future change of global
monsoon
June-Yi Lee and Bin Wang
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Meteorological Research Institute (MRI)
Norwegian Climate Centre (NCC)

Fig. 3 Overall assessment of the 20 CGCMs, their MME, and the best five models’ MME. a.
PCCs of annual mean (abscissa) versus annual cycle (ordinate), and b. PCC of the climatological
GMPI (abscissa) versus threat score of monsoon domain (ordinate). The best five models are
CanESM2, CNRM-CM5, ACCESS1, HadGEM2-ES, and MIROC5.

Fig. 4 Change of GM precipitation domain and
percentage of local summer rainfall: a. the
monsoon domain in the observation (mid-blue
shading), the B5MME historical simulation (black
solid line), and RCP45 simulation (red dashed line).
The period used to determine the monsoon domain
is from 1980 to 2005 for the observation and
historically simulation and from 2070 to 2095 for
the RCP45 simulation. The definition of monsoon
domain is the same as in Fig. 1 and the dry regions
(outlined by grey) have summer precipitation rate
<1 mm/day. The merged Global Precipitation
Climatology Project/Climate Prediction Center
Merged Analysis of Precipitation data were used to
determine the monsoon and dry regions. b. The
corresponding future changes of percentage of local
summer rainfall. Changes are given for the RCP 45
simulation for the period 2070 to 2095 relative to
historical simulation for the period 1980 to 2005 in
CMIP5. Stippling denotes areas where the
magnitude of the B5MME exceeds the standard
deviation of inter-model spread.

Fig. 5 Change in a. annual mean precipitation and b. the annual range of precipitation. The annual range is defined as absolute
value of JJAS minus DJFM mean precipitation rate. Changes are given for the RCP 45 (SRESA1B) simulation for the period
2070 to 2095 relative to historical simulation for the period 1980 to 2005 (1980 to 1999) in CMIP5 (CMIP3). The B5MME is
used for both CMIP5 and CMIP3. Period is the same as in Fig. 4. Monsoon and dry domain are defined the same as in
Figs.1and 5.

Fig. 6 Changes in monsoon precipitation for (a) boreal winter (DJF) and (b) summer (JJA). Changes are given for the
RCP 45 (SRESA1B) simulation for the period 2070 to 2095 relative to historical simulation for the period 1980 to 2005 in
CMIP5 (CMIP3). Stippling denotes areas where the magnitude of the best 5-model ensemble mean exceeds the inter-model
standard deviation. Period is the same as in Fig. 5. Monsoon and dry domain are defined the same as in Fig. 5.

Fig.9 Change in mean precipitation rates in (a) May and (b) September over the northern hemisphere (NH) by
the best five models’ MME in CMIP5.

Fig. 10 Transient response of the global monsoon precipitation rate (blue) versus global mean precipitation rate (red) for (a)
global domain, (b) NH, and (c) SH obtained from the best five models’ MME for the historical run period (1850-2005) and the
RCP45 run period (2006-2100) MME’s uncertainty for global monsoon precipitation was obtained from 1 standard deviation of
individual models departure from MME. The anomaly was obtained from the climatology of 1980-2005. 5-year moving
averaging was applied to all time series.

Conclusions
(1) Monsoon domain will not change appreciably over land except for Asia but will
increase by 7% over oceanic monsoon regions. The land monsoon domain over Asia
tends to expand westward with 8% increase.
(2) The annual range of the GM precipitation will amplify at a significant level along with
increase of its annual mean over most of the GM regions
(3) There will be a more prominent east-west asymmetry (Eastern Hemisphere monsoon
gets more and Western Hemisphere gets less) and north-south asymmetry (Northern
Hemisphere summer monsoon gets more and Southern Hemisphere gets less).
(4) The NH monsoon onset will be advanced and withdrawal will be delayed, indicating
lengthening of summer monsoon period, particularly over the Asian monsoon region.
(5) The B5MME predicts a significant increase of the NH monsoon precipitation, which is
mainly attributed the increase in the temperature difference between the NH and SH,
the enhancement of the Hadley circulation, and the atmospheric moistening, against
the weakening of the Walker circulation and stabilization of the lower as well as upper
troposphere.

Thank You!

Forced and internal modes of
East Asian Summer monsoon
Liu et al. 2008 Climate of the Past

Model-proxy comparison

The proxy data in the extratropical EA reflect the EASM
rainfall variations more sensitively.

Latitude-dependent response: EAM
Tropics
The Extratropics has
clear Millennial
variation;

Subtropics

Mid-latitude

The Subtropics has
bicentennial variation.
The tropical rainfall is
insensitive to the
effective solar
radiation forcing, but
seem to respond to
CO2.

The 21-year running mean time series of MJJA precipitation rate derived from the ERIK run (a, b, c) and the
corresponding spectra (d, e, f) for the three sub-regions of the EASM: tropical (6-20oN, 100-120oE) (upper
panels), subtropical (21-35oN, 100-120oE) (middle panels), and extratropical (36-50oN, 100-120oE) (lower
panels). The statistical significance of the spectral peaks was tested against the red noise spectrum at 99%,
95% and 90% confidence level.

Spatial structures differs for the forced and
internal mode
Forced mode

Internal feedback mode

The subtropical and
extratropical rainfall
increases
simultaneously on
centennial-millennial
timescale.
The centennialmillennial variation
differs from the
interannual variability
that arises primarily
from the internal
feedback processes.

The color shading represents the MJJA mean precipitation rate (mm day-1), contours
denote the sea-level pressure (hPa), and arrows represent the 850 hPa winds (m/s).

AR4 assessment
3.7 Changes in the Tropics and Subtropics, and in the
Monsoons
About decadal variability:
“There is also good evidence for decadal changes
associated with monsoonal rainfall changes in many monsoon
systems, especially across the 1976–1977 climate shift, but
data uncertainties compromise evidence for trends.
Some monsoons, especially the East Asian monsoon
system, have experienced a dipole change in precipitation
with increases in one region and decreases in the other
during the last 50 years.”

Is there any coherent
decadal variability among
regional monsoons?

Land and Ocean GM precipitation

In the last 25 years, Oceanic monsoon rainfall increases
while land monsoon unchanged

(GPCP)

Examination of GMP using
Global Monsoon Year: May1-April 30
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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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Significance of the trends

NHSMP
NH annual
mean
GSMP

Trend
(decade-1)

T2N

MK

Total

0.08

95

95

No-ENSO

0.08

99

99

Total

0.05

95

90

No-ENSO

0.04

99

99

Total

0.07

90

95

No-ENSO

0.06

95

95

Table The trends (1979-2008) of the NH summer monsoon precipitation (NHSMP), the
NH annual mean precipitation, and the global summer monsoon precipitation (GSMP). The
units are mm day-1 decade-1. Shown are also their statistical significance levels by the
trend-to-noise ratio (T2N) and Mann-Kendall rank statistics (MK). Area-weighting was
applied.

Projected
future change
of SST (AR4)
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
Intercomparison Project 3
(CMIP3).

Monsoon-Subtropical High coupling mechanism

Rodwell and Hoskins 2001
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(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 black lines in (a) and (b), respectively.

Monsoon-Desert coupling mechanism

H

Isentropic
surface

warming

desert

L

monsoon

Hoskins and Wang 2006

uniform
increase
of GSMP

variation on millennial time scale

global
SST
warming

bicentennial
variation

The leading EOF: Forced mode
The leading EOF mode of the GSMP variation over the past millennium: (a) spatial
structure, (b) regressed SST and 850 hPa wind anomalies for local summer season, (c) the
corresponding principal component (PC); the smoothed curve is 3-decade running mean,
and (d) the corresponding PC spectra. The fraction on the top of panel (a) denotes the
fractional variance. Shown are wind vectors that are significant above 90% confidence
level. The data were decadal mean time series derived from ECHO-G forced (ERIK)
simulation. The correlation matrix was used for EOF analysis.

