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Abstract Using large-scale variables, in this study we

have developed a method for defining monsoon onset/

retreat in the Australia-Asian region and used this method

to study monsoon activities simulated by global climate

models. For this purpose, the method needs to capture

fundamental characteristics of monsoon rainfall and cir-

culation seasonal variations and at the same time it can be

reasonably simulated by current climate models. We

develop the method by using both atmospheric precipitable

water and wind conditions in our definition and compared

our results using 44-year ERA-40 reanalysis data with

some published results in the region. Our results offer

similar features to several observational studies, including

features in Australia-Asian summer monsoon temporal and

spatial evolutions and their interannual variations. Results

further show that the observed significant increase in

summer rainfall in northwest Australia corresponds to

earlier onset and much longer duration of its summer

monsoon, with its duration significantly increased.

Prolonged summer monsoon duration is also seen in

central-east China where upward rainfall trend is observed.

Furthermore, the Australian summer monsoon appears to

be more affected by ENSO than the Asian monsoon, with

delayed onsets and shortened durations during El Nino

years. Finally, by analyzing results from an IPCC AR4

model, we have shown that using the two large-scale

variables simulated by climate models, it is possible to

conduct some detailed studies on monsoon activities in

current and future climate. Results from this particular

model suggest that global warming could potentially

modify some of the monsoon characteristics, including

earlier onset in most of the region but different features for

changes in duration. In the Australian region, it also dis-

plays further southward penetration of its summer

monsoon.
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1 Introduction

Given the importance of the Australia-Asian monsoon in

affecting regional and global climate system and tremen-

dous social and economical consequences associated with

its considerable rainfall seasonal variations, there have

been a large volume of studies dedicated to monsoon

studies as highlighted by a number of monographs (e.g.,

Chang and Krishnamurti 1987; Chang 2004; Wang 2006).

Nevertheless, because of the extreme complexities of the

system which involves numerous physical and dynamical

processes interacting at a wide range of temporal and

spatial scales, our understanding of the monsoon system is

still limited. It remains as a great challenge for global

climate models, often with coarse resolutions, to reproduce

detailed monsoon characteristics (e.g., IPCC 2007; Kim

et al. 2008). Such model deficiencies can have significant

impacts on our projection of future climate in the region

(e.g., Zhang et al. 2008; Zhang and Gao 2008).

As the timing of the start and end of the summer mon-

soon season can directly affect many social and economical

practices in the region, studying of its onset/retreat has
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been one of the foci in monsoon studies. There have been a

variety of monsoon onset/retreat definitions in many pub-

lished studies, based on rainfall, wind, rainfall and wind,

OLR, precipitable water, etc. (e.g., Drosdowsky 1996;

Wang and LinHo 2002; Li and Zeng 2003; Zeng and Lu

2004; Smith et al. 2008) and there is not a universally

accepted method (see detailed reviews from Wang et al.

2004 and Smith et al. 2008) to be used as each definition

has its own merits in capturing some characteristics asso-

ciated with monsoon. In addition, it is widely recognised

that rainfall, particularly associated with deep convection

which have much smaller spatial scales than global climate

model (GCM) grid resolution, is one of the poor variables

simulated by these models. We have analysed a number of

current IPCC AR4 models results in the Australia-Asian

monsoon region (Zhang et al. 2007) and found large errors

of monthly-mean rainfall in the maritime continents,

warming pool, Australian and East Asian monsoon regions.

This is confirmed by recent results of Kim et al. (2008) who

conducted comprehensive analyses of all IPCC AR4

models and found their skills in simulating detailed mon-

soon rainfall features were limited at annual and seasonal

time scale. One can expect worse results for daily rainfall

in such models (e.g., Perkins et al. 2007). Therefore, there

are issues of applying some existing methods, based on

variables which cannot be skilfully simulated by global

models, to investigate how monsoon onset/retreat is simu-

lated by global models and what the potential impacts of

climate change are on monsoon activities.

There have been a number of monsoon indices proposed

in several studies which used large-scale variables and

therefore could be directly applied to climate model results.

Li and Zeng (2003), emphasizing the importance of mon-

soon wind seasonality, have developed a unified monsoon

index in defining monsoon in the whole globe. According

to wind variation alone, they have proposed tropical

monsoon, subtropical monsoon and even polar monsoon

region. Nevertheless, in some of their monsoon regions,

there are strong wind seasonal changes but little rainfall

seasonal variations. This does not fit well with classic

monsoons characterized by both significant rainfall and

wind seasonal variations (e.g., Chang and Krishnamurti

1987; Wang 2006). Considering that precipitable water

(PW) is a large-scale variable which has significant control

on rainfall and one can expect GCMs to be skilful in

simulating it, Zeng and Lu (2004) used normalized verti-

cally integrated total PW in defining monsoon onset

globally. As realized by the authors, using such a moisture

field alone, there are regions which have monsoon-type

moisture variations but with no monsoon circulation

changes. Furthermore, Tang (2006), using PW in diag-

nosing monsoon edge variations in East Asia, showed

Asian monsoon edges appeared too far northward in East

Asian and southward in Australian monsoon region.

Clearly, there is a need to combine both moisture and

circulation variables in such methods, which can not only

characterize strong monsoon rainfall/moisture seasonality

but also reflect monsoon circulation seasonal variations.

This is the aim of this study. We try to revise the existing

monsoon indices from the two studies and use both mois-

ture and wind conditions for studying monsoon activities in

global climate models.

Accordingly, the paper is organised as follows. In

Sect. 2, we first examine the variations of monsoon cir-

culation and atmospheric moisture conditions and then

define a revised monsoon onset/retreat index based on

Zeng and Lu (2004). In Sect. 3, we apply this revised index

using ERA-40 reanalysis data, which have similar resolu-

tion as in most GCMs, to demonstrate that such an index

can be potentially applied to analyse climate model results.

We further examine features of monsoon onset/retreat in

the Australian-Asian monsoon region, including its inter-

annual variations. Section 4 is used to show the potential

application of this method to be used in climate and climate

change studies by analysing one of the IPCC AR4 model

results. Conclusion and discussions are summarized in

Sect. 5.

2 Monsoon circulation and moisture variations

and a revised onset/retreat index

At first, we examine some fundamental characteristics of

wind and moisture seasonal variations in the Australian-

Asian monsoon region. In the whole analysis, we have used

daily and monthly ERA-40 reanalysis data for the period of

1958–2001. Due to some reanalysis data problems archived

in our computing system, we could not extend our analysis

post 2001 but we believe this will not affect the results

presented in the study. Figure 1a and b shows the seasona-

lity of atmospheric circulation variations at 850 hPa

between July and January using the monthly ERA-40 data.

Over the tropical monsoon region, including Indian, South

Asian and Australia, the most dominant feature is the

westerly–easterly wind reversal between summer and

winter (Fig. 1a). Significant westerlies dominate the sum-

mer monsoon over 20�S–20�N and 40–160�E. However,

over the East Asian monsoon region which is termed as

subtropical monsoon (c.f. Li and Zeng 2003), the dominant

feature is the reversal of meridional wind component

(Fig. 1b). These different characteristics of wind seasonal

variations are crucial to the revised monsoon onset/retreat

definitions described here.

If one only uses wind seasonality as the criteria for

defining monsoon as in Li and Zeng (2003), then Fig. 1c

shows regions where there are significant wind seasonal
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variations. Taking a simplified calculation of wind sea-

sonality index as defined in Li and Zeng (2003) without

using their five-point formulation for calculating the norm

of wind vectors, we have calculated the wind index as

Mwind ¼
jV
!

1
�V
!

7
j

jðV
!

1
þV
!

7
Þ=2j
� 2 ð1Þ

where V1 and V7 are January and July monthly horizontal

wind climatologies at 850 hPa from the ERA-40 monthly

data. In Fig. 1c, the shaded areas with Mwind [ 0 show

locations where the angle of wind directions between

January and July is greater than 90�. Similarly to Li and

Zeng (2003), one can see large seasonal changes in wind

not only in the tropical region bounded around 20�S–20�N

where both wind and rainfall have significant seasonal

variations, but also in regions of subtropics, middle and

high latitudes and Tibetan areas, of which some have

notable rainfall seasonality while others do not. Therefore,

significant seasonal variations in wind alone do not give a

whole picture of the monsoon system. Its remarkable

rainfall seasonality must also be reflected in such

consideration.

(a) (b)

(d)(c)

Fig. 1 a Averaged 850 hPa zonal wind changes between July and

January from ERA-40 data for the period of 1958–2001 (m s-1); b as

a but for meridional wind; c the wind seasonality index followed by

Li and Zeng (2003) with shaded areas indicating significant wind

seasonal variations. d As a but for total precipitable water (PW) with

unit of mm
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Emphasizing significant monsoon rainfall variations,

Zeng and Lu (2004) examined the seasonality of volu-

metric precipitable water (PW) in the global monsoon

system. They showed large seasonal variations of PW and

proposed a normalised PW index in defining monsoon

onset/retreat. Indeed, in Fig. 1d, which exhibits the dif-

ference between PW climatologies in July and January, one

can see significant seasonal changes in PW in the Austra-

lian-Asian monsoon region. Nevertheless, there are also

significant PW variations in southern African continent and

middle latitude of the Eurasian continent which are not

associated with monsoon as pointed out by Zeng and Lu

(2004). Therefore, it becomes apparent that by combining

both wind and moisture conditions one could expect a

better description of the monsoon system which is char-

acterized by pronounced seasonal variations in both

atmospheric circulation and rainfall.

With this in mind, in this study we revise the index

proposed by Zeng and Lu (2004) by further considering the

changes in low-level wind in defining monsoon onset/

retreat. We emphasize that both dynamical and moisture

conditions are essential in producing and maintaining

monsoon rainfall. In the tropical monsoon region (*20�S–

20�N), monsoon is established when both moisture avail-

ability and monsoon zonal westerly wind meet certain

thresholds. In subtropical Asian monsoon, the presence of

southerly summer monsoon wind is essential, together with

enhanced moisture conditions.

As in Zeng and Lu (2004), we first calculated the nor-

malized daily PWn as

PWn ¼
ðPW� PWminÞ
ðPWmax � PWminÞ

ð2Þ

where PWmax and PWmin are the 44-year mean of daily PW

maximum and minimum in each of the 44 years during the

period of 1958–2001. PWmax–PWmin (named as PWdif)

measures the seasonality of daily PW. As shown in Fig. 2,

similar to the pattern seen in Fig. 1d, PWdif displays

remarkably high values in the Australian and Asian mon-

soon region. Zeng and Lu (2004) have shown that PWn

gave explicit measurement of PW seasonal cycle associ-

ated with monsoon.

Following the calculations of daily normalized PW

(PWn) for each day of the year, we then define monsoon

onset/retreat as follows. First, we assess if the PWn exceeds

a particular threshold (0.65), for three continuous days for

at least 7 of the 9 points around a location. Then, we assess

whether 850 hPa monsoon westerly is established if the

location is in tropics (20�S–20�N), with averaged zonal

wind of the nine points around the location remaining

westerly for the same three days. In the East Asian sub-

tropical monsoon region (northeast of 20�N and 90�E), it

requires southerly monsoon wind to be established, with

averaged meridional wind of the nine points around the

location remaining southerly for the same three days.

Monsoon onset (retreat) date is declared when both con-

ditions are first (last) met in each year.

In the study, we have examined the sensitivity of the

revised index to the PWn threshold value of 0.65 in our

definition. Choosing different values around 0.65 did not

exhibit large variations and using 0.65 gives reasonable

results (Zhang et al. 2007). In addition, as discussed in

Drosdowsky (1996), one of the issues making the defini-

tion of Australian monsoon onsets complicated is the fact

that in some cases, it is mixed with systems associated

with middle-latitude synoptic intrusions which can tem-

porarily create westerlies and rainfall. Indeed, if one

examines the onset dates of rainy season in northern

Australia by Smith et al. (2008), who used only rainfall

Probability Distribution Functions (PDFs) in defining the

start and finish dates of rainy season, the averaged onset

dates were much earlier in Rockhampton and Tempe at

latitudes around 24�S than in Darwin (12.4�S) and their

durations were longer than in Darwin too. We suspect this

is likely caused by no-monsoon events associated with

middle-latitude synoptic system. As pointed out by

Drosdowsky (1996), in these particular cases it often

requires synoptic analysis for monsoon onset detection. In

order to make our approach more objective, we try to

automatically minimize the effect of middle-latitude

interference by requiring that (1) any monsoon onset at

the latitudes higher than 20�S and 20�N can only occur

when monsoon onset has already been declared at one or

more locations within the tropics (20�S–20�N). This is to

ensure that monsoon is originated from tropics; (2) any

locations where the difference between onset and retreat

dates is less than or equal to two days is deemed as non-

monsoon. This is to largely remove events caused by

middle-latitude intrusions which often have short life

cycle. After examining results with these two additional

conditions, it is found that we can largely minimize the

chance of falsely declaring monsoon onsets due to mid-

dle-latitude synoptics.

To evaluate the revised approach using these two large-

scale variables, we have compared in detail the Australian

summer monsoon onset/retreat in Darwin (12.5�S and

130.9�E) with the results from Drosdowsky (1996). In that

analysis, he used observed daily Darwin rainfall data and

radiosonde wind data to define monsoon onset at that

particular location and conducted comprehensive exami-

nations of his results. In this study, we view his results as the

‘‘truth’’ based on observations, given the fact that the

reanalysis data we use here are numerical model-based

products and could be affected by observational data taken

into the system (e.g., Ma et al. 2008). Meanwhile, there are

other published results about monsoon or rainy season
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onset/retreat in the region using a variety of datasets (e.g.,

Wang et al. 2004; Smith et al. 2008) and results will also be

compared to these studies in the analysis.

Certainly, one would expect some differences between

our results, using reanalysis wind and moisture data at 2.5�
by 2.5� resolution, with Drosdowsky (1996) using weather

station observational data and different definitions of onset/

retreat. Nevertheless, Fig. 3 shows satisfactory agreement

between the two. Note in this manuscript, the time unit is

Julian days (JD). In the Southern Hemisphere, as the

monsoon often occurs across two calendar years, we have

used 365(6) ? Julian days to indicate the dates in the

following years. In Fig. 3a, the averaged mean onset date

in our analysis is JD359, comparable with JD364 of

Drosdowsky (1996). The interannual variations of the onset

dates are also very similar between the two. Nevertheless,

the onset dates in our analysis are slightly earlier in the

second half of the period. Similar agreement is also seen

for retreat dates between the two analyses. The averaged

retreat date is JD437 in Drosdowsky (1996) and JD430 in

our analysis. After taking out two extreme cases (1964/

1965 and 1981/1982) which will be further investigated

next, the correlations between the two studies reach 0.73

for monsoon onset and 0.58 for retreat. The overall simi-

larities of both the means and interannual variations

between the two analyses are encouraging, given the fact

that our results use reanalysis data at coarse resolution and

without any manual synoptic check, while Drosdowsky

(1996) used weather station data plus subjective assessment

for some non-classical monsoon years.

To further explore the large differences in a number of

individual years as seen in Fig. 3 and to ensure that there

are proper reasons behind such differences in these cases,

we have selected year 1964/65 and 1981/82 as two case

studies. In year 1964/65, the monsoon onset was declared

on 03/12/1964 (JD338) in Drosdowsky (1996) while our

analysis has a much later onset date (30/01/1965, JD396).

There is nearly 2-month difference for onset dates although

both defined a similar date of retreat around 23/03/1965. In

contrast, the onset date for year 1981/82 is much earlier in

our analysis (26/11/1981, JD330) than in Drosdowsky

(1996) (15/01/1982, JD380). Again, both analyses have the

same retreat date as 24/03/1982 (JD448).

Figure 4 shows the case for year 1964/65. The nor-

malized PW (PWn) and 850 hPa zonal wind (U850) at nine

grids of the reanalysis model around Darwin are displayed

for the period of 01/10/1964 to 30/04/1965, together with

9-point averages. In addition, we also show observed

Darwin daily rainfall for the same period. In these dia-

grams, solid arrows show the onset date from Drosdowsky

(1996) while dashed arrows indicate the onset date from

our analysis. Around 03/12/1964, there was a short wes-

terly wind burst (about three days), while the enhanced

moisture condition only persisted for two days followed by

a sharp declining for about 20 days. During the period,

zonal easterlies dominated and no rainfall events were

Fig. 2 Multi-year climatology

of the difference between PW

maximum (mm) and PW

minimum (mm) for each of the

44-years from the ERA-40 data.

The shaded areas indicate the

changes are larger than 45 mm.

The two areas with heavy

dashed lines indicate the

locations of northwest Australia

(20–12.5�S and 120–135�E) and

central-east China (28–33�N

and 115–125�E) used in

calculating area-averaged data

shown in Figs. 9 and 10
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observed. It was not until the later half of January 1965 that

both moisture and westerly wind started to build up and

meet the onset conditions in our definition at the end of

January. Frequent rainfall events were observed following

that date as shown in Fig. 4c. Therefore, based on wind and

moisture data from the reanalysis, the onset date of 30/01/

1965 in our analysis seems reasonable, although it is quite

different from Drosdowsky (1996) based on weather sta-

tion data.

For the 1981/1982 case, Fig. 5a shows that the atmo-

spheric moisture commenced continuous growth from the

middle of November 1981. High values of PWn were

continued throughout the summer monsoon period except

for two short breaks. Meanwhile, prevailing zonal easter-

lies started to change into summer monsoon westerlies in

late November 1981 (Fig. 5b). Around 26/11/1981, both

atmospheric circulation and moisture conditions met the

criteria used in our definition and the onset was declared.

Indeed, observed daily rainfall (Fig. 5c) clearly exhibited

the start of its rainy season in late November 1981. The

onset date of middle January 1982 from Drosdowsky

(1996) corresponded well with significant westerlies

around that time, but it did not fit with the rapid increases

of atmospheric moisture condition as well as the continu-

ous rainfall events that started around late December 1982.

Therefore, the onset date in our analysis is also acceptable

considering that it is consistent with seasonal changes in

atmospheric moisture, wind data and observed rainfall

variations in that particular season.

The overall satisfactory agreement shown in Fig. 3, as

well as the reasons identified which led to some large

differences in some years between our analysis and

Drosdowsky (1996) (Figs. 4, 5), give us the confidence of

using such large-scale variables (wind and PW) from

numerical models in studying monsoon onset/retreat. This

will be further demonstrated in this study.

From the case studies shown in Figs. 4 and 5, one can

see complex moisture–wind relationships at daily time

scales. Similar to the rain–wind relationships discussed in

many monsoon studies (e.g., Drosdowsky 1996), one

could expect a strong relationship between changes in

monsoon circulation and moisture conditions at seasonal

and longer time scales. Nevertheless, such connections

become less obvious at daily scale. Often, as shown in

Figs. 4 and 5, the build-up of atmospheric moisture con-

ditions tends to happen earlier than the monsoon wind

reversal from easterlies to westerlies. This is consistent

with the results of Drosdowsky (1996) who found that at

the intraseasonal time-scale, the monsoon rain led the

low-level westerlies by about 4–8 days. This is another

proof to our approach that one needs to consider both

moisture and circulation conditions in studying monsoon

characteristics.

To further illustrate this point, Fig. 6 compares the onset

dates defined using combined PW and wind conditions

with the ones in which only PW seasonality is considered.

Although interannual variations of the onset dates between

the two are similar, the results demonstrate that one tends

to get earlier onset dates when only the PW condition is

considered. This is consistent with the wind–moisture

condition discussed above, with changes in moisture

leading change in wind. Without taking any account

monsoon circulation, adjusting the PW threshold did not

significantly change the results very much. Furthermore,

combining such results with Fig. 2a in which the onset

dates in our analysis using PW and wind were earlier than

the observational results from Drosdowsky (1996), using

PW alone could further increase such differences. There-

fore, the results further illustrate the benefit of using the

combined PW and wind index proposed in this study in

diagnosing monsoon onset/retreat.
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Fig. 3 a Monsoon onset dates in Darwin (12.5�S and 130.9�E)

derived from the ERA-40 data using the revised onset/retreat

definition with both PW and wind conditions (shown as solid line
with filled circles) and compared with the onset dates from

Drosdowsky (1996) (shown as dashed line with unfilled triangle).

Dates are as Julian Days; b as a but for the retreat dates
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3 Australian-Asian monsoon onset/retreat

in ERA-40 data

Following the development of the revised approach and its

evaluation against onset/retreat dates in Darwin for the

period of 1958–2001, in this section we examine geographic

features of summer monsoon onset/retreat in the region.

Their interannual variation will also be investigated.

3.1 Mean climatology of onset and retreat

Figure 7 shows 43-year averages of Australian summer

monsoon onset, retreat and durations using the ERA-40

data. It clearly illustrates several characteristics of mon-

soon temporal and spatial evolutions in the region. The

Australia summer monsoon first starts over the warm water

of the Banda Sea, Arafura Sea and Timor Sea region in late

December (JD350–360). Then, it penetrates southward in

roughly semi-radial directions, reaching the top end of the

continent, Gulf of Carpentaria and Coral Sea region by

early January in the following year (JD370). For about half

of the 43-year period, the summer monsoon can penetrate

southward down to latitudes around 17.5�S by middle

January (JD380). In about five cases, it can even reach

down to the central and eastern part of the continent around

25�S. Most of such cases were associated with strong

monsoon systems which occupied large areas from tropics

and sub-tropics. Therefore, over these locations, their

averaged onset dates in Fig. 7a could even be earlier than

those in their north. However, the durations of monsoon in

these locations (Fig. 7c) are generally short, with most of

them being less than 7 days. If the monsoon circulation

condition is not taken into account, one can have earlier

onset dates in most of the continent (Fig. 7d) except for a

few locations in inland areas. Furthermore, without con-

straints from monsoon circulation condition, regions

affected by the monsoon system can become unrealistically

large, covering most of the continent. Results from Figs. 6

and 7d suggest that although PW is a simple and infor-

mative index to describe moisture conditions associated

with monsoon (ref. Zeng and Lu 2004), the complex pro-

cesses governing connections between monsoon circulation

and moisture conditions require one to consider both con-

ditions in defining its onset/retreat.

(a)

(b)

(c)

Fig. 4 a Daily variations of

normalized PW at 9 model grid

points around Darwin for the

period of 01/10/1964 to 30/04/

1965 (grey color) together with

area-averaged PW variations

shown as thick solid lines with

filled circles; b as a but for

zonal wind at 850 hPa (m s-1);

c observed daily rainfall data at

Darwin Airport weather stations

for the same period (mm). In

this diagram, solid arrows
indicate the onset date defined

from Drosdowsky (1996) and

dashed arrows indicate the

onset date defined by the revised

method in this study
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(a)

(b)

(c)

Fig. 5 As Fig. 4 but for the

results in the period of 01/10/

1982 to 30/04/1983

Fig. 6 Comparison of onset

dates in Darwin using two

methods: one is defined using

both PW and wind circulation

conditions (solid line with

circles) and the other only uses

PW (dashed line with triangle)
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The pattern of the Australian summer monsoon retreat is

much more zonally oriented (Fig. 7b) than that of onset.

The retreat usually starts from southern part of the mon-

soon region (20–25�S) around middle to late February

(JD410) and gradually withdraws northward. By early to

middle March (JD435), the monsoon has moved out of the

Australian continent and back to the Timor Sea region and

disappears around late March (JD440). Accordingly, as

shown in Fig. 7c, most of the monsoon in the top end of the

Australian continent has duration of about 40–50 days,

(a) (b)

(d)(c)

Fig. 7 a Forty-three-year climatology of Australian summer mon-

soon onset dates derived from the current study using both PW and

wind conditions. Shaded colors and contour lines are the onset dates

while digit numbers show total monsoon occurrence at the location in

the 43-year period. The locations where there are less than three

occurrences for the 44-year period are masked out as unreliable

results. Time units are Julian days and numbers great than 365

indicate the following year; b as a but for retreat dates; (c) as a but for

monsoon durations; d as a but only using PW in the onset/retreat

definitions
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while the averaged duration in the Timor Sea region is

about 80 days. Combining the results shown in Fig. 7a, b

and c, one can obtain a comprehensive picture of how the

monsoon evolves in the Australian and nearby region.

There are not, yet, many such objective studies in docu-

menting geographic features of monsoon activities in this

region except for some recent studies on rainy seasons

(Smith et al. 2008). Nevertheless, as discussed before,

some of the rainy seasons in their study were not related to

monsoon.

In contrast, there have been many studies on Asian

summer monsoon onset/retreat (e.g., Tao and Chen 1987;

Lau and Yang 1997; Wang and LinHo 2002), applying a

variety of definitions. Using 850 hPa wind and PW, our

Asian monsoon onset/retreat results are shown in Fig. 8.

First, the Asian monsoon tends to develop from early to the

middle of May (*JD130) over the region centralized

around 10�N and 95�E, including part of the Andaman Sea,

Gulf of Thailand and south of Bay of Bengal. As seen in

previous studies, the spatial pattern of the Asian monsoon

onset has two distinct directions: one moving northwest

towards the Indian Peninsula and the other moving north-

east towards East Asia. By late May (JD140), the northeast

branch reaches the Indochina Peninsula, South China Sea

and southern China region. Meanwhile, in the northwest

direction, the summer monsoon reaches the Bay of Bengal

and northern part of the Indochina Peninsula. By early June

(JD160), monsoon onset occurs in the Indian Peninsula in

the northwest direction and Yangtze River region in the

northeast direction. The summer monsoon can further

penetrate into north China, Japan and the Korean Peninsula

in middle and late July (around JD190–200). In addition, as

some of the monsoon activities occurring in the northeast

part of the region (beyond 45�N) were associated with

several strong monsoon events, their averaged onset dates

in Fig. 8a can be earlier than in the south. Also note that

Fig. 8a tends to show another branch which travels towards

the subtropical western North Pacific Ocean as identified in

Wang and LinHo (2002). The pattern of the Asian mon-

soon onset and its evolution from this study offer very

similar results as in several previous studies (e.g., Tao and

Chen 1987; Wang and LinHo 2002) despite that we use

two large-scale variables directly taken from the reanalysis

data while many of the published results used observational

data. Meanwhile, in Fig. 8d, we have compared the onset

dates defined using PW condition alone and results suggest

overall earlier onset dates in the Asian monsoon region.

Nevertheless, such differences are less significant than

those in the Australian monsoon (Fig. 7). It needs to be

pointed out although the onset patterns in the Indian and

East Asian monsoons appear to be coherent, the underlying

physical and dynamical processes may be different, such as

different moisture sources in the two systems and the

influence of northwest Pacific subtropics height on the East

Asian monsoon evolution (ref. Chen et al. 1991; Wang

2006).

As shown in Fig. 8b, the Asian monsoon starts to retreat

from north China, Japan and the Korean Peninsula around

the middle of August (JD220–230). Simultaneous with-

drawal also happens over the north Indian and Arabian Sea

regions. The duration of the summer monsoon in these

regions are about 20 days (Fig. 8c). The monsoon retreats

from the Yangtze River region (about 30�N) around early

September (JD250). Then, it has a rapid withdrawal to south

China, the South China Sea and part of the Indochina

Peninsula (about 25�N) within 10–15 days. Although our

retreat dates appear to be later than the rainy season defined

in Wang and LinHo (2002), they agree very well with the

East Asian monsoon retreat described in Chen et al. (1991).

In that study, such rapid withdrawal from the Yangtze River

region to south China was also highlighted and partially

attributed to cold air activities in the middle-high latitudes.

Different from the onset patterns in the East Asian and

Indian monsoon in Fig. 8a, the monsoon withdrawal in

these two regions are less coherent. Figure 8b tends to

display some independent time evolution between the two,

separated by the Indochina peninsula. The overall with-

drawal of the Indian monsoon appears to be more regular,

starting from north India around JD230, then gradually

retreating south-eastward toward the south of the Bay of

Bengal. This branch of the monsoon activities finishes

around JD290 in the area centralized by 10�N and 90�E,

with a total summer monsoon duration of 140 days in this

region. Such duration is much longer than in the South

China Sea region.

3.2 Interannual variations

With 43 years of onset/retreat data using the revised

method, it allows us to explore some characteristics of their

interannual variation. Using rainfall Probability Distribu-

tion Functions (PDFs), Smith et al. (2008) discussed in

detail the long-term trend and impacts of ENSO on rainy

season activities in Northern Australia. Here, we explore

some of the features presented in our analysis.

A well known feature of Australian rainfall trend in the

last half century is the significant increase in summer

rainfall increases in the northwest part of the Australian

continent (http://www.bom.gov.au/silo/products/cli-chg).

To investigate summer monsoon activities associated with

such increases in rainfall, Fig. 9 shows area-averaged

summer monsoon onset, retreat and duration over the

domain of 120–135�E and 20–12.5�S for the period of

1958–2001. In Fig. 9a, there is a significant downward

trend of onset dates in the region, suggesting that monsoon

tends to start earlier each year throughout the period.
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Meanwhile, there is a weak upward trend of retreating

dates in Fig. 9b. The combined result is such that the

summer monsoon in this region dominates over a much

longer time each year through the period, with the duration

time series in Fig. 9c exhibiting a remarkable upward

trend. The average duration in the first 15 years (1958–

1972) of the period was about 35 days. While, it became

61 days in the last 15 years (1987–2001) of the 43-year

period, with an 80% increase in monsoon duration.

Therefore, the prolonged monsoon season in the region

appears to be an important factor contributing to the

observed rainfall increase. Although more research is need

to understand why summer monsoon in this region has

experienced such changes (e.g., Rotstayn et al. 2007) and

to what extend the trend is caused by data issues related to

reanalysis data (e.g., Uppala et al. 2006), our analysis

has shown the connections between rainfall change and

monsoon activities in the region. We have done similar

analysis (not shown) in the northeast (140–150�E and

22.5–17.5�S) where a rainfall downward trend is observed.

We did not see any significant changes in monsoon onset,

retreat or duration, thus suggesting that rainfall decrease in

the eastern part of the region is less likely to be caused by

changes in its monsoon activities.

In East Asia, one of the significant rainfall changes from

observations is its significant upward trend near the

Yangtze River region in central-east China (Yang and Lau

2004). Here, we analyse monsoon activities in this region

associated with such rainfall increases. Different from the

downward trend of monsoon onset dates in northwest

Australia (Fig. 9a), the onset dates in this region (115–

125�E and 28–33�N) shows only a moderate decrease. It is

the monsoon retreat which exhibits a significant upward

trend (Fig. 10b). This leads to a significant upward trend in

(a) (b)

(c) (d)

Fig. 8 As Fig. 7 but for Asian monsoon
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the monsoon duration (Fig. 10c). Much of the increase

occurred in the first half of the period, which is consistent

with observed rainfall interannual variations in Yang and

Lau (2004), who showed that much of the increased rainfall

also happened in the early half of the period too. Although

the data issues in the reanalysis product (Ma et al. 2008)

may have contributed to such a trend, results presented

here suggest that understanding the reason why the summer

monsoon experiences prolonged duration is a key to

understand its rainfall variations.

The influence of ENSO on Australian-Asian monsoon

system has been heavily investigated in a large number of

studies, as summarized in details in several monsoon

monographs (e.g., Chang and Krishnamurti 1987; Chang

2004; Wang 2006). Drosdowsky (1996) did extensive

analysis of how summer monsoon in Darwin was affected

by ENSO and recent study of Smith et al. (2008) also

documented the relationship between Australian rainy

seasons with SOI. Here, we examine how the interannual

variation represented in our analysis is related to ENSO.

Figure 11 shows correlations between SOI and onset

and retreat dates in the Australian region. In the

calculations, we have de-trended all the data to remove

artificial correlations caused by trend. As in the studies of

Drosdowsky (1996) and Smith et al. (2008), we have used

pre-monsoon SOI values in September–October–Novem-

ber in the calculations. To obtain meaningful correlation

results with a reasonable sample size, we only perform

such calculations over locations where there are at least 20

monsoon occurrences in the 43-year period. Similar to the

results from those two earlier studies, the onset dates are

overwhelmingly negatively correlated to SOI in nearly all

of the locations, suggesting later monsoon onsets during El

Nino years (with negative SOI). Statistically significant

correlations are seen in the Timor Sea, Coral Sea and part

of the northern Australian regions. Such results can be

explained by relatively cooler SSTs in these regions and

the shift of deep convection centers from the maritime

continent to the west Pacific associated with ENSO. Both

represent unfavorable conditions for monsoon develop-

ment. Nevertheless, the correlations for retreat dates are

much weaker and less coherent, with most of them not

passing the significance test. This is consistent with the

results of Drosdowsky (1996). Smith et al. (2008) also

report no significant correlations of rainy season retreat

with the SOI. The combined results from both onset and
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Fig. 9 Area-averaged onset, retreat and duration results for a region

in northwest Australia (20–12.5�S and 120–135�E) for the 43-year

period
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Fig. 10 As Fig. 9 but for results in the Yangtze River Region in

central-east China (28–33�N and 115–125�E)
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retreat correlations with SOI are such that the monsoon

duration is positively correlated to the SOI, meaning

shorter summer monsoon durations in El Nino years

(Fig. 11b).

Differing to the results in the Australian monsoon

region, the monsoon–ENSO relationship becomes much

more complicated in the Asian monsoon system (see Wang

2006 for a comprehensive description). We have examined

correlations of monsoon onset/retreat with SOI in boreal

winter and spring (December to May) and no significant

correlations can be found before the Spring barrier, a well

known phenomena in ENSO–Monsoon interactions

(Webster and Yang 1992). Only after April, do some sta-

tistically significant correlations occur. Figure 12 shows

the simultaneous correlations between May–June–July SOI

and monsoon onset/retreat in our analysis. There is no

coherent structure to suggest that the onset in the overall

Asian monsoon region can be significantly affected by

ENSO. Although there are generally negative correlations

between Asian monsoon onset dates with SOI (Fig. 12a),

they are much weaker than results in the Australian mon-

soon region, except for regions near the Bay of Bengal and

the northwest part of the Indochina Peninsula. Over these

regions, monsoon onset can be potentially delayed during

the El Nino years. For the monsoon retreat (Fig. 12b), there

are larger areas with significant correlations with SOI than

for its onset. In the East China Sea, South China Sea,

northwest part of the Indochina Peninsula, southern India

and Arab Sea regions, statistically positive correlations are

obtained which suggest El Nino (negative SOI phase) can

shorten the duration of monsoon in these region. Such

results in the East China Sea and South China Sea are

likely caused by cooling SSTs in this region during typical

ENSO years. The shortened monsoon duration in the

Indian and Indochina Peninsula can also be explained by

the westward shift of Walker circulation. This is often

accompanied by a downward circulation anomaly over this

region which imposes unfavorable dynamical conditions.

As documented extensively in Wang (2006), there are

many dynamical and physical processes governing the

Asian monsoon system such as the influence of the Tibetan

Plateau, continental land-surface processes (e.g., Zhang

and Frederiksen 2003). All these can significantly modulate

the Asian monsoon responses to tropical SST forcing and

lead to weaker ENSO influence, particularly over the land

shown in Fig. 12.

(a)

(b)

Fig. 11 a Correlations between monsoon onset dates in the Austra-

lian region with SOI in September–October–November. The calcu-

lations are only for the locations with more than 20-year occurrence

and statistically significant correlations at 95% confidence levels are

shaded. Digit numbers are values of correlation 910; b as a but for

retreat dates

(b)

(a)

Fig. 12 As Fig. 11 but for Asian monsoon correlations with SOI in

May–June–July
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4 An example of its application for climate change

studies

Throughout this study, we have emphasized that the reason

we want to develop this revised monsoon onset/retreat

approach is to investigate if we can use the two large-scale

variables (moisture and circulation) to study some detailed

monsoon features in current climate models which have

coarse resolutions and poor skills in simulating rainfall.

The detailed evaluation of our method against Darwin

(a) (b)

(d)(c)

Fig. 13 a Australian summer monsoon onset climatology using 10-

year model results from a version of GFDL climate model’s IPCC

20C3M experiment (representing current climate); b as a but for

retreat dates; c as a but for its 10-year model results in the model

IPCC A2 experiment (representing a future climate change scenario).

d As c but for retreat dates
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monsoon onset dates of Drosdowsky (1996) in Sect. 2 and

the analysis of results over Australia and Asian monsoon

regions in Sect. 3 provide confidence that this is a viable

approach which can be applied to GCMs. As one example,

in this manuscript, we apply our approach to the daily

output from one of the IPCC AR4 models which were

available to us when the study was commenced. In a sep-

arate study, we shall do a comprehensive analysis of all the

IPCC AR4 model results, including diagnosing changes of

monsoon circulation and moisture conditions simulated by

such models and corresponding changes in monsoon onset/

retreat, etc.

Figure 13 shows monsoon onset and retreat mean

climatology in the Australian region simulated by GFDL-

CM2.0 model (Delworth et al. 2006) participating in the

IPCC AR4 (http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php).

As huge daily data have to be acquired and processed from

IPCC AR4 data website, we have only been able to use

10-year daily data in our current preliminary analysis.

Results from two sets of experiments are analyzed: one

from the 20C3M run (representing current climate) for the

period of 1986–1995 and the other from its A2 run (rep-

resenting future climate with a high emission scenario) for

the period of 2086–2095. The reason for selecting the last

10 years of data from a high emission scenario run is to get

large signals (if any) first before analyzing changes in

different periods and under different scenarios.

Although we have directly taken the 850 hPa wind data

and integrated precipitable water data from the model

outputs, using the two large-scale variables simulated by

the global model, the pattern of Australian summer

monsoon onset, retreat and durations are, by and large,

satisfactorily reproduced. A large part of the features

derived from ERA-40 data (Fig. 7) has been successfully

simulated by the model, such as the location around the

Timor Sea where the Australian summer monsoon first

occurs, the roughly semi-radial expansion of the summer

monsoon onset and the geographic extension influenced

by summer monsoon. There are some discrepancies

between the results from the model 20C3 M run and

reanalysis data, such as overall earlier onset (by

10–20 days) and longer duration (by 10–20 days) in the

model simulation. Given that successfully simulating

Australian monsoon rainfall is still a challenge to most

climate models (e.g., Zhang et al. 2007; Kim et al. 2008),

the results in Fig. 13a and b are encouraging and they

show that by analyzing large-scale variables, which can

be potentially simulated by current climate models with

skill and which are important factors in determining the

monsoon system, one can derive meaningful results about

some detailed monsoon characteristics, such as onset and

retreat dates, and how they can be potentially affected by

future climate change.

Indeed, by comparing the onset and retreat dates from

the model 20C3 M and A2 runs (Fig. 14), one can see

under a warmed climate, the Australian summer monsoon,

in general, tends to start earlier in a large part of the region,

particularly over its northwest. The difference between

onset dates is around 10–15 days (Fig. 14a). This contri-

butes to the increase in monsoon duration by about 15–

20 days (Fig. 14b). In contrast, the overall monsoon

duration is decreased in its northeast and some inland area.

It is worth noting that the spatial pattern of such changes, to

some extent, resembles the observed rainfall trend in the

last half century. Such analyses are valuable for assessing if

such observed rainfall changes are associated with mon-

soon responses to global warming after more IPCC AR4

models are analyzed to confirm the results from this par-

ticular model. Figure 14 also illustrates that the area

influenced by monsoon is extended from about 25 to 30�S

and the region with strong monsoon features in the low-

latitudes extends to a larger domain (Fig. 13c, d).

(a)

(b)

Fig. 14 a Averaged changes in Australian summer monsoon onset

(unit: day) between GFDL model A2 and 20C3M results; b as a but

for duration (unit: day)
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The derived model onset/retreat pattern in the Asian

monsoon region is also very promising (Fig. 15) when

compared this with reanalysis results. Figure 15a and b

show the onset and duration results in present day condi-

tion, while Fig. 15c and d display the results under the A2

climate change scenario. The northwest and northeast

penetrations of the Asian monsoon towards the Indian

Peninsula and East Asia are clearly seen in the model

results. The time evolution of the Asian monsoon is also

satisfactorily captured by the model. Under global warm-

ing, the model simulates earlier onsets (by about 10 days)

of Asian summer monsoon in most of the region (Fig. 16),

particularly over the Indian Peninsula, Southeast Asia,

South China Sea and nearby areas. The north-eastward

penetration of monsoon is further enhanced (Fig. 15c, d).

The changes in duration have some notable regional fea-

tures (Fig. 16b). For instance, it is increased by 15–20 days

over the Indian Peninsula and Southeast Asia regions, but

the summer monsoon duration in a large part of east and

northeast Asia is decreased. These features need to be

confirmed by analyzing more AR4 model results in future.

Although results from this particular IPCC AR4 model

are not conclusive enough to allow us to make a statement

about how the Australia-Asian monsoon onset and retreats

will respond to future climate change, the most important

conclusion from this section is that by using large-scale

variables from global models, one can get meaningful

results about monsoon activities in the region and this

(a) (b)

(d)(c)

Fig. 15 As Fig. 13 but for Asian monsoon
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makes it feasible to further explore such important issues as

how monsoon responses to global warming. Again, more

thorough analysis of IPCC AR4 models will be fully pur-

sued in a separate study to be reported in the future.

5 Conclusion and discussions

In this study, we have developed an objective method for

defining monsoon onset/retreat in the Australia-Asian

monsoon region and assessed its application for investi-

gating the likely responses of monsoon activities to future

climate change based on current climate model simula-

tions. For this purpose, the method is designed such that it

not only captures significant monsoon rainfall and circu-

lation seasonality but also can be reasonably simulated by

current climate models. Bearing this in mind, in this study

we have revised the monsoon onset/retreat index from

Zeng and Lu (2004) to include variations in monsoon cir-

culation as emphasized in Li and Zeng (2003).

In the revised method, after meeting certain atmospheric

moisture conditions, it further requires the establishment of

the monsoon circulation, including the establishment of

monsoon westerlies in the tropical monsoon region and

southerly flow in the East Asian monsoon. In this study, we

have used ERA-40 reanalysis data for the period of 1958–

2001 and the resolution of the data is similar to the one

used in global climate models. Following the revision, we

have conducted detailed evaluations of summer monsoon

onset/retreat in Darwin derived from our study using ERA-

40 daily PW and 850 hPa wind against the results from

Drosdowsky (1996) which used observed daily rainfall and

wind vertical profile data. Overall, these results have

offered satisfactory agreement with the onset/retreat dates

from Drosdowsky (1996). We found that by adding con-

ditions reflecting monsoon circulations, it has improved the

agreement between our analysis and the observational

study.

Using the reanalysis data, we have been able to inves-

tigate geographic features of summer monsoon temporal

and spatial evolution in the region. For the Australian

monsoon, the roughly semi-radial penetration of the sum-

mer monsoon and its southward extension has been illus-

trated. The north-westward and north-eastward penetration

of the Asian monsoon towards the Indian Peninsula and

East Asian region from this study are also in good agree-

ment with published results (e.g., Chen et al. 1991; Wang

and LinHo 2002), including its sudden withdrawal from

East Asia.

In this analysis, we have investigated features of mon-

soon interannual variations. The significant increase in

summer rainfall in the northwest Australian region corre-

sponds to earlier onset and much longer (about 80%

increase) duration of summer monsoon in this region. They

are in good agreement with the rainy season analysis of

Smith et al. (2008). Similarly, we have explored changes in

monsoon activities in central-east China associated with

upward trend in rainfall in observational analysis (Yang

and Lau 2004). Despite of some issues related to trends

derived from reanalysis data (e.g., Uppala et al. 2006; Ma

et al. 2008), results from our studies are valuable in helping

to better identify reasons of observed rainfall trends in

these regions. As seen from Drosdowsky (1996) and Smith

et al. (2008), our results showed the influence of ENSO on

the Australian monsoon activities, with ENSO leading to

delayed monsoon onset with shortened duration. In con-

trast, with a complex ENSO–monsoon relationship in the

Asian monsoon region, the correlations between SOI and

Asian monsoon onset and retreat were not strong as in the

Australian region (e.g., Webster and Yang 1992; Wang

2006).

Finally, in this study, by analyzing the GFDL model

IPCC AR4 experiments, we have demonstrated that based

upon large-scale variables, it is viable to conduct some

detailed studies on monsoon features simulated by current

global climate models in current and future climate.

Results from this particular model have been promising in

capturing a large part of the fundamental features of

(a)

(b)

Fig. 16 As Fig. 14 but for Asian monsoon
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observed monsoon activities such as its onset/retreat pat-

terns, time evolution and distinct regional characteristics.

Furthermore, it has suggested that global warming could

potentially modify such monsoon characteristics. It has

shown overall earlier summer monsoon onset in the

domain but the changes in monsoon durations have dif-

ferent regional features. In the Australian region, its dura-

tion is increased in the northwest but decreased in the

northeast and some inland regions. In this particular model,

the Australian summer monsoon also exhibits further

southward penetration under global warming. With further

analysis in the future, such information will be very valu-

able in understanding and attributing observed rainfall

changes in the region. While we have only analyzed results

from one AR4 model, a more comprehensive assessment,

using the techniques described here, is certainly warranted.
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