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Abstract In this study, we assess the potential changes in
the onset, retreat and duration of austral summer monsoon
covering the domain from south Sumatra and Java region in
the tropics to the northern Australian continent. We simply
call it the Australian summer monsoon. Daily precipitable
water and 850 hPa wind from 13 CMIP3 models are used in
the diagnoses. A majority of the models can capture the
northwest—southeast evolution of the summer monsoon,
which starts from the south Sumatra and Java region around
later November and then progressively approaches the
Australian continent in late December. Nevertheless, sig-
nificant biases exist in the modeled onset/retreat dates and
the extent of the monsoon inland penetration. Under global
warming, the agreement among the model projections
varies across the domain. In between the Sumatra-Java
archipelago and the top end of the Australian continent,
over 80 % of the models simulate delayed monsoon onset
and shortened duration by ~ 10 days, but less model
agreement is seen over interior continent where the model
ensembles show an approximate 7-day delay of both the
onset and retreat with relatively little change in duration.
Both El Nino-Southern Oscillation and Indian Ocean SST
patterns appear to play important roles in determining the
variations of the modeled monsoon onset. Nevertheless,
the extent of their influence varies significantly across
the models. Under global warming, a large proportion of
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models show relatively less warming in the eastern Indian
Ocean and with a consequent increase in the modeled
Indian Ocean Dipole index. Both a weakened and/or east-
ward shift of the upward branch of Walker circulation and
the Indian Ocean contribute to the simulated delayed onset
and shortened duration in the tropics under global warming.

1 Introduction

The austral summer monsoon occurring over the southern
part of the maritime continent and tropical Australia is part
of the large-scale Australia-Asia monsoon system extend-
ing from East Asia to northern Australia (Chang and
Krishnamurti 1987; Wang 2006; Wheeler and McBride
2005, 2006). As the counterpart to “Asian monsoon”
named for the Northern Hemisphere component, here we
simply call the austral summer monsoon component as the
Australian summer monsoon. It refers to the rapid rainfall
and circulation transitions from dry to wet climate during
austral late spring to summer in the domain covering the
northern part of the Australian continent and extending
northward up to a large part of the Indonesia archipelago
including south Sumatra, the Java and Timor region and
nearby waters (Moron et al. 2009). Its onset is accompanied
by the reversal of low-level easterly trade winds into west to
northwesterly winds which generate deep convection and
heavy rainfall in the monsoon trough region (Wheeler and
McBride 2005). The moisture-laden westerly winds origi-
nate from the tropical Indian Ocean and southern Asian
waters. Accordingly, the onset of the summer monsoon wet
season often starts from late September to early October in
the southern Indonesia region from south Sumatra to Timor
Island and nearby waters (Aldrian and Susanto 2003; Moron
et al. 2009), progresses southeastward and reaches northern
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Australia in late December (Hendon and Liebmann 1990;
Drosdowsky 1996; Smith et al. 2008; Zhang 2010).
Through the strong cross-equatorial flow over the southeast
Asia region, the Australian summer monsoon is linked to its
Asian counterpart, with studies such as Chang et al. (1979),
Sumi and Murakami (1981), Chen et al. (1991) and Zhang
and Zhang (2010) showing the influence of the Asian winter
monsoon on the development of the Australian summer
monsoon.

Studying the onset and retreat of the Australian summer
monsoon has long been an active research area (e.g. Troup
1961; Nicholls et al. 1982; Nicholls 1984; Holland 1986;
Hendon and Liebmann 1990; Joseph et al. 1991; Dros-
dowsky 1996; Smith et al. 2008; Kajikawa et al. 2009) as
such pronounced rainfall variations have profound social
and economic impacts (e.g. Moron et al. 2009). Never-
theless, as pointed out by Kajikawa et al. (2009) and Zhang
(2010), a large number of the previous studies were based
on the analysis of rainfall and/or wind data from Darwin, or
using area-averaged wind data over a specific region (e.g.
Webster 2006; Kajikawa et al. 2009). These studies did not
describe the detailed spatial and temporal evolution of the
monsoon development such as time of its development, the
speed and direction of its southward penetration etc. Only
in the last several years have a number of studies used
gridded rainfall, wind or moisture data over the continent
to examine these details (e.g. Zeng and Lu 2004; Smith
et al. 2008; Zhang 2010).

As reviewed in detail in Drosdowsky (1996) and Smith
et al. (2008), there has been a variety of monsoon onset/
retreat definitions used in previous studies. Each definition
has its own merits in capturing some characteristics asso-
ciated with the monsoon. With the intention of developing
a monsoon onset/retreat definition which could allow a
study of detailed monsoon features simulated by global
climate models, Zhang (2010) combined the method of Li
and Zeng (2003) and Zeng and Lu (2004) in using both the
850 hPa wind and atmospheric volumetric precipitable
water (PW) to derive monsoon onset/retreat. The rationale
behind this definition is twofold: (1) these two variables
capture the fundamental processes governing the monsoon,
namely the moisture condition represented by PW and the
dynamical condition represented by the 850 hPa wind; (2)
global climate models with their current resolution and
configuration have some skill in simulating these two
large-scale variables, while they often show significant
errors in rainfall simulations (e.g. Colman et al. 2011). For
instance, Moise and Colman (2009) found that CMIP3
models had some deficiencies in simulating the twentieth
Century monthly mean rainfall climatology but that some
of the large-scale features such as zonal wind were rea-
sonably simulated over the tropical Australian region.
Using daily PW and wind data from ERA-40 reanalysis
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data, Zhang (2010) also showed good agreement between
simulated monsoon onset dates with the onset dates diag-
nosed from observed rainfall and/or wind data over Aus-
tralian (Drosdowsky 1996; Smith et al. 2008).

Assessing the potential impacts of global warming on
the global monsoon system has long been the focus of
climate change studies using the results of coupled climate
model simulations. As reviewed in Zhang et al. (2012), a
number of studies have been dedicated to the Asian mon-
soon (e.g. Kitoh and Uchiyama 2006; Kim et al. 2008; Lin
et al. 2008; Li et al. 2010), but relatively few have focused
on the Australian monsoon (e.g. Colman et al. 2011; Moise
et al. 2012). Furthermore, most studies only used monthly
model outputs so only aspects related to monsoon mean
climate and its intra-seasonal, seasonal and interannual
variations were investigated. In recent years, studies have
used daily model outputs to analyze monsoon onset/retreat
and duration which are critical to draw a full picture of how
monsoon evolves in the future climate. For instance, Kitoh
and Uchiyama (2006) used 20-year daily rainfall data to
estimate the model-simulated changes in the onset/retreat
of the Asian monsoon rainy season. They found weak
changes in onset dates, relatively bigger changes in retreat
dates, and different features in the western North Pacific,
southern China and the Indochina peninsula. Nevertheless,
as there was no consideration of the monsoon circulation in
their definition, some of these changes were not monsoon
related (ref Zhang et al. 2012).

Over the Australian monsoon domain, most studies have
used monthly data to analyze changes in mean rainfall,
temperature and circulation. For example, Colman et al.
(2011) analyzed the skill of a suite of CMIP3 models in
reproducing the broad features of observed rainfall, tem-
perature and circulation variations over northern Australia.
They showed significant divergence in terms of the model
skill, with half the models overestimating the tropical
rainfall and the other half underestimating it. The seasonal
reversal of the monsoon circulation in the region and the
location, orientation and seasonal progression of the low-
level monsoon “shear line” were found to be reasonable in
the model ensemble mean, but with varying skill in each of
the individual models. Subsequently, Moise et al. (2012)
showed significant uncertainties in the CMIP3 model-
simulated changes in mean climate in the tropical Austra-
lian region. While the overall changes in rainfall in tropical
Australian rainfall were small, the small increases in March
and April led them to suspect a simulation of a prolonged
Australian monsoon. However, they found this increase
was largely due to thermodynamic effects associated with
enhanced atmospheric moisture content and that the
dynamic effects contributed to a weakened monsoon cir-
culation. The ability of models to simulate the onset of the
monsoon season, its intensity and durations and their
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potential changes in global-warmed climate has not been
addressed to date.

Here, we apply the method of Zhang (2010) to a suite of
CMIP3 models to study potential changes in Australian
summer monsoon onset and retreat in a global-warmed
climate. Zhang et al. (2012) have carried out a similar
analysis over the Asian summer monsoon region. In Sect.
2, we briefly introduce the CMIP3 models and their sim-
ulations used in this analysis. The method of Zhang (2010)
used to define the Australian summer monsoon onset/
retreat is briefly described. Main results will be presented
in Sect. 3 including (1) the model skills in reproducing
observed features (derived from ERA-40 reanalysis data);
(2) projected changes in monsoon onset/retreat simulated
by the models, and (3) dominant processes operating in
these models. Finally, Sect. 4 summarizes and discusses the
main findings from this analysis.

2 Brief descriptions of CMIP3 models and monsoon
onset definition

The models used in this study are 13 coupled climate models
from the World Climate Research Programme (WCRP)
Coupled Model Intercomparison Project phase 3 (CMIP3,
Meehl et al. 2007) multi-model dataset, otherwise known as
“IPCC AR4” models as these model results were heavily
used in the IPCC AR4 report (Solomon et al. 2007). The
models are the same as used in Zhang et al. (2012) and are
selected based on daily data availability and their broad skill
in reproducing the observed Australian summer monsoon

Table 1 CMIP3 models analysed in this study

rainfall distribution. Some CMIP3 models were excluded
because of poor simulations of summer monsoon rainfall.
Table 1 gives a brief model description (further details can
be obtained from the PCMDI CMIP3 data website: http://
www-pcmdi.llnl.gov/ipcc/about_ipcc.php). The models
differ significantly in their configurations, with horizontal
resolutions in their atmospheric components varying from
about 1° x 1° to 4° x 5° and vertical levels from 18 to 56
levels. There are also large variations in the model key
parameterizations and coupled ocean model configurations.
These variations in model configuration can contribute to
significant variations in the skill of the models in reproducing
the mean tropical climate in the region (e.g. Colman et al.
2011). In this study, we have analyzed three sets of CMIP3
model experiments: 20C3 M for twentieth century climate
and SRESA1B (hereafter referred as A1B) and SRESA2
(hereafter refereed as A2) for two different twenty-first
century emission scenarios, with A2 having higher emissions
than A1B. Because of the size of the datasets used for the
analysis, we have analyzed only one ensemble member from
each of the model runs for 20-year periods covering
1981-2000 in 20C3 M, and 2081-2100 for A1B and A2.
Overall, we found very similar results from the A1B and A2
experiments and therefore only present the A2 results when
we discuss monsoon changes under global warming.
Considering that the start of the monsoon rainy season is
accompanied by the rapid establishment of a monsoon
westerly circulation and a significant moistening of the
atmosphere, Zhang (2010) combined the method of Zeng
and Lu (2004) and Li and Zeng (2003) and used both the
850 hPa winds and atmospheric volumetric precipitable

Model name Modelling group

Atmospheric resolution Ocean resolution

beer_bem?2_0

cnrm_cm3_1 Meteo-France/Centre National

de Recherches Meteorologiques, France
CSIRO Atmospheric Research, Australia
CSIRO Atmospheric Research, Australia

csiro_mk3_0
csiro_mk3_5
gfdl_cm2_0

gfdl_cm2_1

ingv_echam4
inmcm3_0 Institute for Numerical Mathematics, Russia
ipsl_cm4 Institut Pierre Simon Laplace, France

miroc3_2_ medres

Bjerknes Centre for Climate Research, Norway

Geophysical Fluid Dynamics Laboratory, USA
Geophysical Fluid Dynamics Laboratory, USA
Instituto Nazionale di Geofisica eVulcanologia, Italy

Center for Climate System Research (University

0.5°-1.5° x 1.5° L35
0.5°-2° x 2° L31

T63 (1.9° x 1.9°) L31
T63 (~1.9° x 1.9°) L45

T63 (~1.9° x 1.9°) L18 0.8° x 1.9° L31
T63 (~1.9° x 1.9°) L18 0.8° x 1.9° L31
2.0° x 2.5° L24 0.3°-1.0° x 1.0°
2.0° x 2.5° L24 0.3°-1.0° x 1.0°

T106 (~1.1° x 1.1°) L19 2° x 2° L31
4° x 5° 121 2° x 2.5° L33
2.5° x 3.75° L19 2° x 2° L31
T106 (~1.1° x 1.1°) L56 0.2° x 0.3° L47

of Tokyo) and Frontier Research Center for Global

Change, Japan

miub_echo_g
(Germany/Korea)

mpi_echam5

mri_cgem2_3_2a Meteorological Research Institute, Japan

Meteorological Institute of the University of Bonn

Max Planck Institute for Meteorology (Germany)

T30 (3.75 x 3.75) L19 0.5-2.8° x 2.8° L20

T63 (~1.9° x 1.9°) L31 1.5° x 1.5° L40
T42 (~2.8° x 2.8°) L30 0.5°-2.0° x 2.5° L23

Detailed information on the model configurations can be obtained at the webpage: http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php
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water (PW) to define monsoon onset/retreat. In this
method, normalised daily PW,, is calculated to capture the
rapid atmospheric moistening prior to the summer mon-
soon onset:

(PW - PWmin)

PW, =—— "
! (P‘/Vmax - PWmin)

(1)
where PW,,.. and PW,,;, are the multi-year mean of daily
PW maximum and minimum. PW,,,. — PW,,,, measures
the seasonality of daily PW. Monsoon onset is defined as
follows: (1) PW,, exceeds a particular threshold (0.65) for
three continuous days for at least 7 of the 9 adjacent
points around a location. Zhang (2010) pointed out that
the results were not sensitive to different thresholds
around 0.65; (2) an 850 hPa monsoon westerly is estab-
lished: defined as the averaged zonal wind of the 9
adjacent points around the location remaining westerly for
three consecutive days. Monsoon duration is defined as
the difference between the onset and retreat dates. The
detailed method is outlined in Zhang (2010) and Zhang
et al. (2012). In the analysis, the model-simulated daily
PW is derived as the vertically integrated atmospheric
specific humidity. Normalized PWn is calculated using
the model PW,,,. and PW,,;, for the 20-year periods of
1981-2000 (from 20C3 M) and 2081-2100 (from A2).
Note that the Australian monsoon typically spans two
calendar years, so there are only 19 onset/retreats during
the each period.

According to the Clausius-Clapeyron relationship
(Wentz et al. 2007), atmospheric precipitable water
increases with air temperature because more water vapor
can be held in the air. Thus, one would expect that global
warming would systematically increase PW and conse-
quently result in an earlier monsoon onset according to the
definition used here. Zhang et al. (2012) found that by
using normalized PW (PWn), which measures the moist-
ening process associated with monsoon onset rather than
PW itself, uniformed warming did not lead to uniform
changes in monsoon onset/retreat in the Asian monsoon
region. Nevertheless, using both PW, and 850 hPa wind
allows us to better understand the projected changes in
monsoon characteristics in terms of changes in atmospheric
circulation and moisture conditions.

3 Monsoon onset/retreat and their potential changes
3.1 Model-simulated monsoon in current climate

Figure 1 shows average monsoon onset dates from the 13
models based on their 20C3 M simulations over the

20-year period 1981-2000. We only show results over
locations where the monsoon duration is longer than 5 days
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and where there are more than 9 out of the 19 years during
which monsoon onset is diagnosed. Results are compared
with these based on the ERA-40 reanalysis data for the
same period (Fig. 10).

The evolution of the summer monsoon onset in this
region is reasonably simulated by the majority of the
CMIP3 models. As noted by Moron et al. (2009), the onset
of the summer monsoon south of the equator has a north-
west-to-southeastward progression pattern. To illustrate
this feature, Table 2 compares averaged onset dates in each
model at the grid points along a northwest—southeast
transect from (5°S, 110°E) to (20°S, 140°E), including the
results from the 13-model ensemble mean and the reanal-
ysis. At each grid along the transect, the onset dates are
averaged over 10° longitude band centered by this grid. In
the reanalysis data, the monsoon starts from southern
Sumatra and nearby warm waters around Julian Day (JD)
336. Note that this is also the location where cross-equa-
torial flow is strongest in the region (Zhang and Zhang
2010), suggesting a potential linkage between the Austra-
lian summer monsoon and the Asian winter monsoon in the
Northern Hemisphere (Chang et al. 1979; Zhang and Zhang
2010). The monsoon then penetrates southeastward
towards Java and Java Sea around JD 345 and progresses
towards Timor and Timor Sea area around JD 352. Around
JD 360 it reaches the warm water north of the Australian
continent, then approaches the continent and moves further
southeastward around JD 375. The 13-model ensemble
gives remarkably similar dates to the ones derived from
ERA-40. Nevertheless, such a good agreement between the
model ensembles and the reanalysis does not mean the
majority of the models simulate a similar monsoon onset
date to the reanalysis results. In fact, there are large dis-
agreements, with some models simulating much earlier
onset by as much as 20-25 days while some simulating a
later onset by about 30 days. These discrepancies are seen
in the Australian rainfall analysis by Colman et al. (2011).
Two outliers are the INGV model (Fig. 1g) which indicates
a considerably early onset and much larger domain where
monsoon occurs, and the CNRM model (Fig. 1b) which
has a delayed onset. In CNRM, it appears that the Aus-
tralian monsoon onset first occurs over the northern Aus-
tralian land area. The reason for this could be linked to pre-
monsoon thermal lows over the continent as discussed by
Kim et al. (2006) in which the pre-monsoon continental
warming was identified as a key factor for the monsoon
onset. Among the 13 models, IPSL (Fig. 1i) and MRI
(Fig. Im) simulate the least inland penetration of the
summer monsoon into the Australian continent. Corre-
spondingly, these models also produced significant errors
in their mean rainfall climatology over the region (not
shown).
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(a) beer Onset 20¢3m

Fig. 1 a-m 19-year mean climatology of Australian monsoon onset
dates (Julian day number) simulated by 13 CMIP3 models in their
20C3 M simulations over the period of 1981-2000. The model names
are as listed in Table 1. Only locations where at least ten onsets have

(c) csiro_mk3.0 Onset 20c3m

occurred in the 19-year period are plotted. n 13-model ensemble
results after regridding the model data to common 2.5° by 2.5°
resolution; o averaged onset dates derived from the same method
using 43-year ERA-40 reanalysis data for the period of 1959-2001
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Table 2 Averaged onset dates (Julian Day, JD) at grid points along a northwest—southeast transect (starting from 5°S 110°E to 20°S 140°E) in

the Australian monsoon region in the model 20C3 M runs

Model 5°S 7.5°S 10°S 12.5°S 15°S 17.5°S 20°S
105-115°E 110-120°E 115-125°E 120-130°E 125-135°E 130-140°E 135-145°E
beer 313 339 345 346 340 346 350
cnrm 378 378 377 374 367 362 358
csiro mk3.0 326 340 349 356 371 373 368
csiro mk3.5 335 354 354 360 370 371 3717
gfdl_cm?2.0 316 331 346 355 355 357 360
gfdl_cm?2.1 332 340 350 356 362 368 376
ingv 314 328 330 328 322 33] 337
inm 342 347 351 366 363 366
ipsl 345 344 367 386 393
miroc 331 329 330 344 335 338 339
miub 345 353 353 354 357 356 374
mpi 322 331 339 350 352 350 360
mri 320 334 348 360 379
ensemble 337 345 354 358 355 357 361
ERA-40 336 345 352 360 369 379 374

Results are averaged over 10° zonal band at each location

The monsoon duration dates are compared with ERA-40
reanalysis (Fig. 2). Similar to the onset dates, the 13-model
ensemble gives reasonable results (Fig. 2n) compared with
the results from ERA-40 reanalysis (Fig. 20), particularly
over the tropical oceans and northern Australia. Most
models indicate a duration of about 100—120 days over the
southern Indonesia archipelago, while the duration is about
50-70 days over most of northern Australia. Again, there
are notable inter-model differences. For models with a
weak monsoon such as INM (Fig. 2h) and IPSL (Fig. 2i),
the duration is considerably shorter and the monsoon
retreats about one month earlier over the tropics than in the
reanalysis data.

3.2 Projected changes in monsoon onset and duration

To assess the potential changes in monsoon onset/retreat in
a future climate, we analyze the results for the period of
2081-2100 (A2 experiments) relative to these from their
20C3 M experiments. While Zhang et al. (2012) found
considerable model divergence in their projections of the
Asian monsoon, Fig. 3 shows relatively better agreement
for the change in the Australian monsoon onset. Except for
three models (GFDL_CM?2.0, GFDL_CM2.1 and MIUB),
the majority of the models simulate a delayed onset over a
large part of the summer monsoon domain (Fig. 30), with
over 80 % consistence in the tropics and above 60 % over
northern Australia. The averaged delay of onset is about
7-10 days (Fig. 3n) over a large part of the region. Within
the three outliers (GFDL_CM2.0, GFDL_CM2.1 and
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MIUB), the GFDL two show mixed features, while MIUB
(Fig. 3k) suggests the onset gets earlier by about
10-20 days. We will later discuss the reasons for such
model disagreements.

As we only have 19 monsoon onset dates for each of the
20-year period, from such a small sample size it is difficult
to derive meaningful and reliable statistical significance
tests and sometime such significance tests could be rather
misleading (ref. Nicholls 2000). However, considering that
Australian monsoon onset has remarkable interannual
variations (e.g. Drosdowsky 1996; Smith et al. 2008;
Zhang 2010), we further compare the time series of onset
dates from the two experiments to assess the robustness of
the changes in Fig. 3. Figure 4 shows the results averaged
over the northern Australia (120-140°E and 17.5-10°S)
where a number of models produce big changes but lack of
agreement. Comparing Fig. 4 with Fig. 3 indicates that for
models which show significant changes in mean onset
dates, they are more likely to show notable changes in the
time series of the onset dates in their 20C3 M and A2
experiments. For example, the time series from the models
including BCCR, CSIRO_mk3.0, CSIRO_mk3.5, INGV,
MIROC and MRI exhibit discernable shifts towards about
1-week delay. For the MIUB model which simulates sig-
nificant early onset in Fig. 3k, there is also a systematic
shift in the time series in Fig. 4k towards an early onset by
about 10 days. For models which show mixed signal of
changes in mean onset dates in Fig. 3, there are no dis-
tinguishable changes in the time series such as the ones
from the two GFDL models, the IPSL and MPI. The multi-
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(a) beer Duration 20¢3m
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(j) miroc Duration 20c¢3m (k) miub Duration 20¢3m

Fig. 2 As Fig. 1 but for the duration of Australian monsoon (unit: days)
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(a) beer Onset (A2-20C) (b) cnrm Onset (A2-20C) (c) csiro_mk3.0 Onset (A2-20C)
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Fig. 3 a-m Changes in Australian monsoon onset (unit: days)
between the model 20-year A2 (2081-2100) and 20C3 M simulations.
n 13-model ensemble results after regridding the model data into
common 2.5° by 2.5° resolution; o consistency (%) measured by the
percentage of the number of models which simulated the same sign as
the ensemble changes in n

model ensemble results in Fig. 4n display a robust signal of
the delayed onset in the northern Australian region by a
week or so. From these direct comparisons, we gain our
confidence about the robustness of the changes shown in
Fig. 3.

Changes in monsoon retreat dates are shown in Fig. 5.
There are several different combinations between results in
Fig. 3 (onset) and Fig. 5 (retreat) which lead to the changes
in monsoon duration (Fig. 6): (1) the models including
BCCR, CNRM, GFDL_CM2.0, GFDL_CM2.1 and INGV
tend to show either delayed onset with delayed retreat, or
early onset with early retreat. For this group of models, this
means a shift in the monsoon seasonal cycle but small
changes in duration; (2) the models including CSIR-
0O_mk3.0, CSIRO_mk3.5 and MRI show delayed onset and
early retreat in most locations, implying significant
reductions in their monsoon durations; (3) another group of
models including MIROC, MIUB and MPI, showing ear-
lier monsoon retreat over a large part of the ocean and
delayed monsoon retreat over land.

There is good agreement among the models over the
southern Sumatra and Java region where the majority
simulates shortened monsoon duration by 7-10 days. Poor
model agreement exists over the tropical Australian con-
tinent (ref. Fig. 60). For example, the BCCR,
GFDL_cm2.0, MIROC and MIUB models simulate longer
durations while the CNRM, CSIRO_mk3.5 and MRI
models show shorter duration. The relatively small changes
in duration in tropical Australian land shown in the model
ensemble results in Fig. 6n do not at all suggest that the
monsoon duration does not change in future climate.
Rather, this is caused by large uncertainties in the model
projections because the models are significantly divided
over the sign of the changes in their simulations. In the
tropics, shorter durations occur due to early retreat on top
of delayed onset (CSIRO_mk3.0 and mk3.5, INGV,
INM,M IROC, MPI and MRI); the delayed onset exceeding
the delay of retreat (CNRM and IPSL); and early retreat
exceeding early onset (MIUB). The shortened duration of
the tropical monsoon together with the projected increases
in summer rainfall (e.g. Solomon et al. 2007) implies an
enhanced rainfall intensity.

To further assess how the changes in monsoon onset/
retreat dates correspond to changes in wind and moisture
seasonality, Fig. 7 shows the area-averaged seasonal cycles
of rainfall, 850 hPa zonal wind and precipitable water over

two domains: one over the tropics of 100-120°E and
12-5°S where the models agree well on the delayed onset
and early retreat; the other over the top end of the Aus-
tralian continent (120-120°E, 17.5-10°S) where there is a
lack of agreement. As discussed in Zhang et al. (2012),
global warming leads to increases in PW following the
Clausius-Clapeyron relationship but the normalized PW
(Fig. 7a, d), which is used in defining onset/retreat, does
not undergo significant changes. This is largely because it
measures the relative changes in PW seasonality, rather
than PW itself. In both regions, the changes in PWr are less
than +0.1, which, as pointed out by Zhang (2010), have
little effect on onset/retreat dates. Rather the changes are in
good agreement with significant reductions of the westerly
wind in the tropics (Fig. 7b). Under global warming,
models that simulate delayed onset also simulate signifi-
cant reductions of westerlies from middle September to
early April. Models that do not agree well on the extent of
wind changes over the top end of the Australian continent,
they do not agree on the likely changes in monsoon onset
over land. In the tropical region, changes in rainfall
(Fig. 7c) also suggest delayed start and early termination of
the monsoon rainy season, corresponding to significant
rainfall reductions at the beginning and the end of the
monsoon. This is accompanied by enhanced rainfall
intensity during the monsoon season reflected by the
increases in 95 percentile rainfall distributions in the A2
experiments (not shown). This leads to an increase in
averaged total rainfall (c.f. Colman et al. 2011; Moise et al.
2012). This is also consistent with other studies of
increased rainfall intensity under global warming (e.g. Sun
et al. 2007; Trenberth 2011).

3.3 Underlying mechanism for the changes
in onset/retreat

We now focus on exploring the underlying processes
leading to such model-simulated results in Sect. 3.2. First of
all, we need to identify key processes governing the mon-
soon variations in these models before we discuss the likely
processes leading to its responses to global warming. A
large number of studies have shown a significant influence
of the El Nino-Southern Oscillation (ENSO) on the Aus-
tralian summer monsoon. Joseph et al. (1991) found warm
SSTs in the eastern Pacific Ocean and cool SSTs north of
Australian were related to delayed onset. Drosdowsky
(1996) showed significant negative correlations between
Darwin monsoon onset and the Southern Oscillation Index
(SOI). Smith et al. (2008) documented a similar relationship
between rainy season onset in northern Australia and the
SOI. A recent study by Taschetto et al. (2010) identified
delayed onset and early retreat of the Australian monsoon
associated with a specific SST pattern know as El Nino
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Fig. 4 a—m time series of area-averaged monsoon onset (unit Julian Day) in the fop end of the Australian continent (120~140°E and 17.5-10°S)
in the 13 CMIP3 models in their A2 (dashed line) and 20C3 M (solid line) simulations; n the 13-model ensembles of results from a to m

Modoki. Here, Fig. 8 shows the correlations between model
area-averaged onset dates over northern Australia (the same
domain as used in Fig. 7) and November surface
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temperatures. The contour line in the diagram represents the
95 % confidence level (bearing in mind that it is only an
indicative measurement with such a small sample size).
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Fig. 8 a-m Correlations between 20-year monsoon onsets averaged
over the region of 120-140°E and 17.5-10°S and surface temperature
in November in each of the CMIP3 model 20C3 M results over the
period of 1981-2000. Contour lines indicate the correlations are

A number of features stand out. First of all, 8 of the 13
models exhibit strong El Nino-like patterns similar to those
identified using ERA-40 reanalysis data (Fig. 8n). In these
models (BCCR, CNRM, CSIRO_mk3.0, CSIRO_mk3.5,
GFDL_cm?2.0, MIUB, MPI and MRI), positive correlations
occur over the eastern and central Pacific which suggest
delayed onsets occur with these El Nino-like SST condi-
tions. The second feature is that, apart from the MIUB
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significant at 95 % confidence level. n Correlations calculated
between onset dates from 43-year (1959-2001) ERA-40 reanalysis
data and observed GISST sea surface temperature data in November

model, onset dates are negatively correlated with surface
temperatures to the north of Australia, near Sumatra/Java
and over the Java and Timor Seas. This analysis confirms
the influence of regional SSTs north of Australia as found in
previous studies (e.g. Joseph et al. 1991; Li et al. 2011).
This analysis also shows that the onset of the Australian
monsoon is closely related to SSTs in the Indian Ocean.
More than half of the models show onset-SST correlation
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patterns over the Indian Ocean which, to some extent,
resemble the Indian Ocean Dipole (IOD) (Saji et al. 1999).
In these models, delayed onset is associated with cool SSTs
in the eastern part of the Indian Ocean nearby the Sumatra-
Java archipelago and warm SSTs in the western part of the
Indian Ocean. This IOD-like correlation pattern is most
obvious during October and November but not other
months. Not surprisingly, no such correlation is seen with
monsoon retreat dates since the IOD peaks during SON
and then decays rapidly thereafter (Saji et al. 1999).
Models including CNRM, CSIRO_mk3.0, CSIRO_mKk3.5,
GFDL_cm?2.0, MPI and MRI, which show strong El Nino-
like patterns in the tropical Pacific, also display the
IOD-like patterns. A few models (INGV and MIROC)
exhibit IOD-like patterns but no El Nino-like patterns.

To further examine the possible linkage between 10D
and the monsoon onset in this domain, we have calculated
the correlations between modeled onset dates and monthly
IOD index from the thirteen models. The IOD index is
calculated as the sea surface temperature differences
averaged over 50-70°E and 10°S—10°N in the west and
90-110°E and 10°S to O in the east as defined in Saji et al.
(1999). Apart from four models (BCCR, GDSL_cm?2.1,
IPSL and MIUB), most models exhibit positive correla-
tions between the IOD values and onset dates. This is also
seen in the ERA40 data. While studies have shown some
degree of independence of the IOD (e.g. Saji et al. 1999;
Behera et al. 2006) and the possibility that IOD could even
influence the ENSO development (e.g. Luo et al. 2010), it
is well known that ENSO influences the Indian Ocean
SSTs. Thus, to account for this, we have calculated the
partial correlations between onset dates and the IOD values
after firstly removing the influence of Nino3.4 SSTs (ref.
Zhang and Zhang 2010). We find that the correlations
between the IOD values and onset dates remain largely
unchanged in most models. These results highlight the role
of Indian Ocean to the Australian monsoon studies even
though recent studies have focused on its importance in
affecting southeast Australian rainfall (Cai et al. 2009a, b;
Ummenhofer et al. 2009).

Given the importance of Pacific and Indian Ocean SSTs
in influencing variations of the monsoon in the CMIP3
models, we now assess the linkage between SST warming
in the CMIP3 models and the model-simulated changes in
monsoon onset/retreat. Many studies analysing CMIP3
model simulations have noted that mean SST changes
display weak ‘El Nifio-like’ structures, with sea surface
temperatures in the central and east equatorial Pacific
warming more than those in the west. However, there was
no consistent indication of discernible changes in projected
ENSO amplitude or frequency (cf. Collins et al. 2010). We
found that (not shown) in the 13 models the projected SST
warming patterns are less clear in the Pacific prior to the

Australian monsoon onsets, with only three models having
a larger warming tendency in the tropical eastern Pacific
Ocean. Although the Australian summer monsoon onset is
strongly influenced by ENSO-related SST conditions in the
Pacific as shown in Fig. 8, there is a lack of coherence
between the pattern of tropical Pacific SST warming and
onset/retreat changes cross the models, suggesting there
likely are other candidates that contribute to the model-
simulated changes in monsoon onset/retreat in this region.

In contrast, there are quite a few models showing rela-
tively weak warming in the eastern Indian Ocean (includ-
ing BCCR, CNRM, CSIRO_mk3.0, CSIRO_mk3.5, INGV
and INM) or stronger warming in the western part of the
Indian Ocean (MIROC). All of these models point to a
positive IOD-like pattern in their mean SST warming
structure. Prompted by more detailed analyses from Cai
et al. (2009¢) which reported an overall increase of positive
IODs in CMIP3 models under global warming, here we
plot out the changes in November monthly IOD index from
the 13 models in their 100-year 20C3 M and A2 integration
(Fig. 9). About nine models show positive trends and the
multi-model ensemble (Fig. 9n) increases rapidly in the
latter part of the 100-year period (cf. Cai et al. 2009c¢). As a
reference to compare this warming pattern with the
warming in the Pacific, Fig. 90 also shows the model
ensemble mean of the SST warming over the Nino3.4
region (190-270°E and 5°S-5°N) against the warming in
the western Pacific (130-190°E and 5°S—5°N). While there
is a tendency for more El Nino-like warming, this is much
weaker than that of IOD. Furthermore, there is a degree of
coherence between changes shown in Fig. 3, correlations
shown in Fig. 8 and results shown in Fig. 9. For example,
the CNRM, CSIRO_mk3.0 and 3.5, MIROC, MPI and MRI
models show dipole correlation patterns in the Indian
Ocean which strengthen under global warming. These
models also simulate delayed onset of the monsoon. In
some models (e.g. GFDL_cm2.0, GFDL_cm2.1 and
MIUB) there is either a lack of any strong SST correlation
patterns in the Indian Ocean (GFDL_cm?2.1, IPSL and
MIUB) or else the trend of the patterns is not significant
(GFDL_cm?2.0, GFDL_cm2.1 and IPSL). For these models,
they tend to show somewhat different results in the changes
in monsoon onset. These results suggest that the Indian
Ocean SST responses to global warming are important
features affecting the changes in the monsoon onset. This
agrees with the observational analysis of Joseph et al.
(1991), which showed the impact of Indian Ocean SSTs on
the onset of the Australian summer monsoon.

As the definition of monsoon onset involves both the
atmospheric moistening process (represented by normal-
ized PW) and the atmospheric dynamics (represented by
zonal wind), we examine the contribution of the changes in
regional circulation to the model-simulated changes in
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Fig. 9 a-m Changes in monthly Indian Ocean Dipole index (see text
for definition) simulated by the 13 CMIP3 models during the 100-year
20C3 M and A2 simulations. n 13-model ensembles from a to m;
o same as n but for the relative changes in Nino3.4 monthly SST
(190-270°E  5°s-5°N) against the SST in the Western Pacific
(130-180°E, 5°S-5°N)

onset/retreat. Figure 10 shows correlations between aver-
aged onset dates over the top end of the Australian conti-
nent and November 850 hPa zonal wind. Very similar
patterns are seen if one uses the onset dates averaged over
the tropical domain or uses October/December wind data.
Strong correlations are seen over the tropics including the
eastern Indian Ocean, the Sumatra-Java islands and nearby
warm waters. Nevertheless, there are a few models (BCCR,
GFDL_cm?2.1, INM and IPSL) which show only a weak
influence of pre-monsoon westerly winds on monsoon
onset. With global warming, the patterns of the changes in
the 850 hPa wind (Fig. 11) overall agree well with the
correlation pattern in Fig. 10. The CNRM, CSIRO_mk3.0,
CSIRO_mk3.5, INGV, INM, MIROC, MPI and MRI
models all simulate significant reductions of the westerly
wind in the tropical eastern Indian Ocean and over
Sumatra-Java and nearby regions, with a consequent delay
of the monsoon onset dates. Both GFDL models simulate
enhanced westerlies and consequent earlier onsets
(Fig. 3e, 1).

Smith et al. (2012) noted that there was a tendency for
tropical zonal winds to decrease slightly under global
warming and that this could be understood in terms of a
general weakening of the global circulation in response to
global warming. Furthermore, there are large body of
studies showing the weakening of Walker circulation in the
Indo-Pacific domain (Vecchi et al. 2006; Power and Smith
2007) and the consequence of El Nino-like changes in
mean-state SSTs in the tropical Pacific on the eastward
shift of Walker circulation etc. (Yamaguchi and Noda
2006; Solomon et al. 2007). All these can contribute to the
zonal wind anomalies in Fig. 11, which by and large
exhibit easterly anomalies in the eastern Indian Ocean and
maritime continent and accompanied by westerly anoma-
lies to its east.

Furthermore, reduced westerlies in the eastern Indian
Ocean are consistent with a positive IOD-like mean SST
warming pattern. As Guan et al. (2003) and Behera et al.
(2006) showed that positive IOD SST patterns could also
induce easterly anomalies in the tropical eastern Indian
Ocean and over Sumatra-Java islands. Indeed, Fig. 12
shows that in most models and the observations (ERA40
data) a positive IOD pattern corresponds to easterly
anomalies in the eastern Pacific and nearby Sumatra-Java
region. Therefore, the easterly wind anomalies in Fig. 11 in
the eastern Indian Ocean and maritime continent can also

be contributed by the upward trend in the modeled 10D
SST patterns.

Note that although precipitable water (PW) increases
with global warming, we found the changes in normalized
PW (PWn as used in our definition of monsoon onset) lie in
the range of 0.1 in the monsoon region. There was a lack
of correspondence between changes in PWn and changes in
monsoon onset or retreat in these models. Nevertheless, we
must emphasize that the changes in atmospheric moisture
content do affect the characteristics of monsoon rainfall
distributions. As shown in Fig. 7, rainfall intensity is
increased following the establishment of monsoon circu-
lation and moisture enhancement. We have calculated the
changes in 95 percentile rainfall and most models simulate
an increase in extreme rainfall amount in the Australian
monsoon region.

4 Conclusion and discussions

We have used the method of Zhang (2010) to analyze the
results from 13 CMIP3 models in simulating Australian
summer monsoon onset, retreat and duration and their
potential changes in future climate. The monsoon domain
covers south Sumatra and Java region in the tropics and
extends to the northern Australian continent. The broad
patterns of the onset and evolution of the Australian sum-
mer monsoon were, by and large, well captured by the
majority of the CMIP3 models. The prominent northwest—
southeastward propagation of the Australian summer
monsoon starting from south Sumatra-Java region and
progressing towards the Australian continent appeared to
be a common feature in most of the models. Although the
13-model ensemble gave a remarkable agreement with the
onset dates derived from observations, this could be mis-
leading as there were large inter-model discrepancies, with
some models simulating much earlier onset dates while
some simulated much late onset. The extent of monsoon
inland penetration was also different, with a number of
models not indicating any southward intrusion toward the
interior region.

The agreement on the changes in onset/retreat due to
global warming varied significantly across the domain. The
majority (over 80 %) of the models simulated a delayed
onset by about 10 days in the tropics including southern
Sumatra-Java region and part of the top end of the Aus-
tralia continent, but the model results diverged over the
inland region where the model ensembles suggested some
delay, but with less agreement. Different combinations of
changes in onset and retreat were identified, with one group
of the models showing similar changes to both onset and
retreat and with relatively small changes in monsoon
duration. Another group of models had delayed onset and
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early retreat in most locations with consequent reduction in
monsoon duration. We also found some models showed
different changes in monsoon onset/retreat over land and
ocean. Consequently, the model agreement on the changes
in monsoon duration in the tropical Australia is poor. Using
the daily data, we have reported some different results to
the ones found by analyzing monthly data. For instance, the
shortened duration derived from this analysis is contra-
dictory to the study of Moise et al. (2012) in which they
suspected prolonged tropical Australian monsoon season
based on the increases in rainfall in April/May. Based on
our analysis, such increases could be caused by the increase
in atmospheric moisture condition rather than the
strengthened monsoon circulation.

Of the 13 models, 8 of them captured the ENSO-like
correlations between pre-monsoon SSTs and onset/retreat
dates correlation patterns, evident in the observations. The
remainder showed no such patterns. However, changes in
monsoon onset/retreat dates were not found to be related to
changes in Pacific SSTs. In stead, changes in both the
tropical Walker circulation and the IOD-like SST changes
appear to be important. The main cause of the simulated
delayed onset was associated with the reduction of simu-
lated westerlies (ref. Fig. 11) during the pre-monsoon
season. This implied weakening of the Walker circulation
in the Indo-Pacific domain in response to global warming
as discussed elsewhere (e.g. Vecchi et al. 2006; Power and
Smith 2007). Most models simulated easterly anomalies in
the eastern part of the tropical eastern Indian Ocean, nearby
Sumatra-Java islands and warm water. To their east, they
showed westerly anomalies. The combined effect of these
two anomalies pointed to a reduced low-level convergence
associated with weakened ascending motion of Walker
circulation in the region. In addition, the reduced westerly
over eastern tropical Indian Ocean and nearby Sumatra/
Java was also associated with the upward trend in the
positive IOD SST patterns in these models. Studies such as
Guan et al. (2003) and Behera et al. (2006) showed that
positive IODs were able to generate easterly anomalies in
the region. Partial correlations between IOD and zonal
wind in the CMIP3 models after removing the ENSO
impacts further confirmed such connections in these mod-
els. Regardless of the unresolved arguments on the IOD-
ENSO (in)dependance and complex cause-effect relation-
ship between wind and SST anomalies in the tropical
Indian Ocean, our results suggest that the Indian Ocean
needs to be considered when estimating changes in the
Australian summer monsoon in a future climate.

There are a number of important issues which have not
been explored in this analysis. First of all, a large number
of studies underline the influence of the MJO on the
Australian summer monsoon onset and its rainfall varia-
tions (e.g. Hung and Yanai 2004; Wheeler and McBride

2005; Wheeler et al. 2009). Given that one key result in this
analysis is the recognition of the influence of the Indian
Ocean SST warming pattern on changes in Australian
summer monsoon onset/retreat, clearly we need to explore
further how much of these changes in onset/retreat is
directly linked to the MJO activities which originate in the
Indian Ocean (Wheeler and Hendon 2004) and the skills of
the models in capturing the intraseasonal variations asso-
ciated with MJO. Secondly, studies such as Zhang and
Zhang (2010) identified potential impacts of Asian winter
monsoon on the Australian summer monsoon climate. It is
still unclear whether the weakening of the Asian winter
monsoon (e.g. Chang et al. 1979; Zhang and Zhang 2010)
has contributed to the delayed onset of Australian summer
monsoon associated with cold surge in the Northern
Hemisphere. In addition, in the analysis we have simply
examined the regionalized features of mean SST warming
and have not examined how the potential changes in SST
interannual variations affect the monsoon onset/retreat (e.g.
Cai et al. 2009b). How continental warming contributes to
the monsoon responses to climate change is another
important issue we have not discussed here. A recent study
of Kullgren and Kim (2006) has underlined the importance
of pre-monsoon thermal lows in triggering the onset of the
Australian monsoon. Finally, while we have been able to
document differences in CMIP3 model-simulated changes
in monsoon onset/retreat, we have not investigated what
have caused such different mechanisms operating in these
models. All these issues need further investigations to
improve our knowledge of how the monsoon system
responds to global warming.
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