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Abstract. Long-term changes in rainfall and associated trop-rainfall decreased over the last 60 years in India, while no
ical cyclone (TC) activity in transition seasons between theclear signal was found over China. The long-term trends in
wet and dry seasons in South and Southeast Asia, namelsainfall varied seasonally and regionally.

boreal spring and fall, were examined, using gridded rain- Rainfall over South and Southeast Asia is strongly affected
fall, TC tracks, and reanalysis datasets, the focus of discusby tropical cyclone (TC) activity over the north Indian Ocean
sion being the long-term changes in coastal regions. It wasnd western north Pacific/South China Sea. For example,
found that long-term changes in rainfall during the transition Singh et al. (2000) showed that the frequency of TCs over
seasons in South and Southeast Asia were closely associatéte north Indian Ocean has increased in May and November
with those in TC activity over the north Indian Ocean and and weakened in September over the last 100 years, which
South China Sea. Rainfall in May increased in the last 40was likely to affect long-term changes in rainfall. Taka-
years over and around Myanmar, which indicates an earliehashi and Yasunari (2008) and Takahashi et al. (2009) an-
monsoon onset over the western Indochina Peninsula. Rairelyzed observational data and proposed that the long-term
fall over and around northern Vietnam also increased in thedecrease in September rainfall over Indochina in the second
last 40 years during October, which is known as the mon-half of the twentieth century, which was found by Kanae et
soon retreat period. These increases were associated witd. (2001), could be explained by the weakening of TC ac-
the long-term changes in TC activity. Furthermore, althoughtivity over the South China Sea and Philippine Sea regions
linear trends have been previously suggested, monotonicallin September. In addition, Takahashi et al. (2009) found
increasing or decreasing trends in these long-term change®at the long-term decrease in rainfall over the Indochina
were not found over the last 60 years. Peninsula was most significant along the eastern coast of
Vietnam, where rainfall is strongly affected by TC activity.
Takahashi and Yasunari (2008) also estimated the contribu-
tion of TCs including typhoons, tropical storms, tropical de-
pressions, westward-moving intraseasonal disturbances, and
Long-term changes in rainfall are a major issue of climateresidual lows to the total rainfall amount, finding that 70% of

change and could influence global circulation, through trop-the rainfall was associated with TC activity. _

ical latent heating, as well as agriculture and human health, Most studies have focused on the long-term changes in
Many studies have discussed long-term changes in rainfall if@infall during a rainy season over South and Southeast Asia.
the last 100 years over tropical monsoon Asia. The Intergov.However, seasonal transition periods have a significant im-
ernmental Panel on Climate Change (IPCC, 2007) reported?@ct on !ocal people, m_flue_)ncmg both a_gnculture and health.
the regional distribution of observed rainfall changes in sum-The timing of the beginning of the rainy season or mon-

mer, winter, and annually. That study, focused on the Soutt$00Nn onsetis a particularly important issue. Thus, better un-

Asian and East Asian monsoon regions, found that annuadierstanding of the long-term changes in rainfall in the sea-
sonal transition periods is also required. In addition, most

_ previous studies have investigated the long-term changes in
Correspondence td. G. Takahashi seasonal-mean precipitation, even though rainfall can vary
BY (hiroshid@jamstec.go.jp) within a season. In association with recent anthropogenic
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global warming, long-term changes in TC activity over the is appropriate for estimating the energy of mid-latitude cy-
whole globe have been discussed (e.g., Emanuel, 2005; Welglones. Thus, the PKE indicates the TC activity over the trop-
ster et al., 2005). However, although rainfall variations areics, and the extra-tropical cyclone and frontal activity over
associated with TC activity, the relationship between long-mid-latitudes.
term changes in TC activity and those in rainfall over the The 57-year study period was divided into three sub-
Asian monsoon regions has not been discussed. periods (1951-1969, 1970-1988, and 19892007, referred
This study investigated recent long-term changes in rainto as P1, P2, and P3, respectively) to facilitate the exami-
fall the South and Southeast Asian monsoon regions and astation of long-term changes in rainfall and in TC activity.
sociated TC activity over the north Indian Ocean and SouthCoastal regions are the main area of focus, because the num-
China Sea over the last 60 years. Because the rainfall in seders of rain-gauge observation used for the gridded precipita-
sonal transition periods between wet and dry seasons is asstien data over inland regions were much less compared with
ciated with TC activity over South and Southeast Asia, thisthe coastal regions. Thus, one has to keep in mind that the
study focused on these periods. gridded precipitation data over inland might not be regionally
representative.

2 Data and method

3 Results

Rainfall data were obtained from the Global Precipitation
Climatology Centre (GPCC; Schneider et al., 2008) Ver-This study focused on the transitional periods between dry
sion 4 dataset, which is a gridded precipitation product onand wet seasons, namely boreal spring and fall. March,
a 0.5x 0.5 global grid over land. This study used precipita- April, and May are considered transitional period months
tion data from 1951 to 2007. from the dry season to the wet season because the summer

Changes in atmospheric circulation were investi- monsoon starts in May or June and continues to September
gated using the National Centers for Environmentalover South and Southeast Asia (e.g., Takahashi and Yasunari,
Prediction/National Center for Atmospheric Research2006). Conversely, September, October, and November are
(NCEP/NCAR) reanalysis data (Kalnay et al., 1996). Thesetransitional period months from the wet season to the dry
data provided zonal and meridional winds v) at 850hPa  season. To understand the long-term changes in the seasonal
on a 2.5x 2.5 global grid. TC track data were provided by marches of rainfall and associated TC activity, all six months
the Joint Typhoon Warning Center (JTWC). were investigated separately. The long-term changes in rain-

The rainfall amount associated with TCs can partly be un-fall from P1 to P2 and from P2 to P3 are shown in Fig. 1.
derstood using TC track data. However, weaker TCs, in-Figure 2 presents changes in TC activity estimated by PKE,
cluding tropical depressions and residual lows, can also bringvhile Fig. 3 shows the TC tracks for the three sub-periods.
rainfall. Takahashi and Yasunari (2008) showed that weakeThe differences in PKE are statistically significant at a 90%
TCs also contribute to the total rainfall. To estimate TC ac-confidence limit, as determined using Student’s t-test. Be-
tivity including that of weaker TCs, the perturbation kinetic cause interannual variations of TC activity are generally very
energy (PKE) of the low level winds was defined using high large, the differences in PKE in some months were not sig-

frequency components afandv, i.e., nificant.
PKE w242 3.1 Transition period from dry to wet seasons
T2

A decrease in rainfall was observed from P1 to P2 over In-
where the overbar denotes the time mean, and the primdochinain March (Fig. 1). Although this decrease was some-
is the high-frequency component. To reduce the effect ofwhat consistent with the changes in TC activity (Fig. 2), the
the seasonal and sub-seasonal components in the wind fieldelationship was not clear. From P2 to P3, rainfall increased
the high-frequency component was used. A 25-day runningover the whole of Indochina in March. This increased rain-
mean of zonal and meridional components was subtracteéall was associated with TC activity or extra-tropical cy-
from the daily mean time series. An examination of the re-clone (frontal activity) over the South China Sea and Bay
lationship between PKE and TC tracks suggested that PK©f Bengal, because rainfall in March, which is called the pre-
is sensitive to the frequency of TCs. The estimation of TC summer monsoon rainfall, is associated with extra-tropical
activity using low-level winds suggested that PKE may be cyclones or frontal activity (Kiguchi and Matsumoto, 2005).
similar to the accumulated cyclone energy (ACE; Bell et al., Thus, pre-summer monsoon rainfall appears to be increasing
2000) calculated at a grid point. in the last 40 years.

In this study PKE was also used to estimate the activity An increase in rainfall from P1 to P2 was found over north-
of TCs. Fortunately, this quantity is derived from an esti- ern Vietham and southern China, while a decrease in rainfall
mation of the eddy kinetic energy over mid-latitudes, which over southern China from P2 to P3 was observed in April.
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Fig. 1. Spatial distribution of long-term changes in monthly rainfall over South and Southeast Asia for March, April, May, September,
October, and November from P1 to P2 and from P2 to P3. These differences plotted in this figure are statistically significant at a 90%
confidence limit, as determined using Student’s t-test. Unit is mm ndnth

The long-term changes in rainfall could not be explained bytivity or extra-tropical cyclone activity in the northern spring.
those of the TC activity in April. Thus, the changes may have been a local phenomenon. The
Over and around Myanmar, rainfall increased over the lascause of the long-term changes in southern China is a subject
40 years from P2 to P3 in May (Fig. 1). The increase indi- for further study.
cated that the monsoon rainfall during P3 started earlier than
during P2. Over the northern Bay of Bengal, TC activity was 3-2  Transition period from wet to dry seasons
enhanced from P2 to P3 (Fig. 2). Therefore, the recent in-A decrease in rainfall over the eastern coast of the Indochina
crease in rainfall in May or earlier onset of the summer mon-peninsula from P1 to P2 in September (Fig. 1) is consistent
soon over and around Myanmar was associated with the engith the long-term change in rainfall uncovered by Takahashi
hancement of TC activity over the Bay of Bengal. However, et al. (2009), although that definition of the sub-period dif-
the long-term weakening of TC activity over the head of Bay fers from the one used here. Another long-term decrease in
of Bengal from P1 to P2 was not associated with an increaseainfall from P1 to P2 was found along the coast around the
in rainfall over Bangladesh. In addition, rainfall increased head of the Bay of Bengal (from the Indian subcontinent to
over southern China from P1 to P2, whereas a decrease ifMyanmar) in September (Fig. 1). The decrease in rainfall
rainfall over southern China was observed from P2 to P3 infrom P1 to P2 in September was observed along the longitu-
May. Along the eastern coast of Vietnam, an increase in raindinal band about 18N. Interestingly, that longitudinal band
fall was found from P2 to P3 in May. There, the increase in corresponded to a band of frequent TC activity of September
rainfall was explained by the increase in TC frequency fromfrom the South China Sea to the Bay of Bengal. Associated
P2to P3. with the decrease, a drastic weakening of TC activity from
The long-term changes in TC and extra-tropical cycloneP1 to P2 was observed over the South China Sea, the Bay of
activity can partly explain the observed long-term changesBengal, and northern India (Figs. 2 and 3). Along the western
in rainfall in northern spring over and around the Indochina coast of Indochina, a September rainfall increased from P2 to
Peninsula. However, over southern China, the observed longP3, while a decrease in rainfall was observed over northern
term changes in rainfall could not be explained by the TC ac-Vietnam and southern China (105-2H) 20-30 N) from
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Fig. 2. Spatial distribution of long-term changes in PKE over South and Southeast Asia for March, April, May, September, October, and
November from P1 to P2 and from P2 to P3. Differences significant at the 90% level are indicated by black + marks, as determined using
Student's t-test. Unit is fs—2.
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Fig. 3. Long-term changes in JTWC TC tracks for September, October, and November during the three sub-periods, P1, P2 and P3.

P2 to P3 (Fig. 1). Long-term change in TC activity over the and TC tracks from P2 to P3 in September were not clear and
Bay of Bengal may explain the observed long-term changesot statistically significant, the long-term changes in TC ac-

in September rainfall over and around Myanmar from P2 totivity cannot always explain the cause of long-term changes
P3. However, because the long-term changes in TC activityn rainfall from P2 to P3 in September.
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A long-term increase in rainfall over northern Vietnam and fact that few rain-gauge data were available over long time
Philippines from P1 to P2 was observed in October (Fig. 1),periods, except for coastal regions. In addition, although
which was associated with the enhancement of TC activitymost previous studies (e.g., IPCC, 2007) discussed linear
over and around the South China Sea (Fig. 2). In additiontrends in rainfall and other meteorological variables, long-
TC tracks increased over the South China Sea from P1 tderm changes in rainfall over the South and Southeast Asian
P2 (Fig. 3). Thus, from P1 to P2, TC activity and rain- monsoon regions are difficult to interpret as monotonically
fall around northern Vietnam decreased in September anéhcreasing or decreasing functions.
increased in October. On the other hand, rainfall in Octo-
ber decreased over Myanmar from P1 to P2, which was also )
associated with the decline of TC activity over the Bay of © Conclusions
Bengal (Fig. 2). Over the Bay of Bengal, northeastward TC

activity declined from P1 to P2 (Fig. 3). Moreover, rain- In this paper, long-term changes in rainfall during transitional

fall decreased in northern Vietnam and southern China fromDerIOds were described along with the associated TC activity

: ; . . ver the north Indian Ocean and the South China Sea over the
Pz. to P3in Ogtober (Fig. 1), associated with the sogthwarq%st 60 years, using the GPCC gridded precipitation, JTWC
shift of the major courses of TCs over the South China Se

(Fig. 3) %c tracks, and NCEP/NCER reanalysis data.
g.2). : . The results indicate that long-term changes in rainfall in
An increase in November rainfall was observed over

) . he South and Southeast Asian monsoon regions are strongly
Myanmar from P1 to P2, associated with the enhanced Técontrolled by the TC activity over the north Indian Ocean

actmty etst|m2t?rcé|: from PtEE B(F'g' f2|)3 and Ithg_ mgrea;ed "N and South China Sea, particularly in northern fall. Over and
northwestwar s over the Bay of Bengal (Fig. 3). € around Myanmar, the rainfall in May increased over the last

crease in rainfall n November was found over the Western40 years, which was responsible for the enhancement of TC
part of the Indochina Peninsula and southern China from P

. X ctivity over the Bay of Bengal. Therefore, the monsoon on-
to P3. The decrease in November rainfall around the Bay et over western Indochina has become earlier. On the other

tla;leengz;vg?sBecggzsi:Stent with the decrease in TC activity V€hand, a weakening gf TC activity and a decrease in rainfall
. ' L over western Indochina were observed over the last 40 years

In this manner, most of the I.on'g—term changes in rainfall in November, which is a major TC month over the north In-
over Sogth and So_u_theast Asia in northern fall were aSS03ian Ocean. In the last 60 years over northern Vietnam, the
ciated with TC activity. Although the datasets used were oineallin September (the peak in the annual cycle) has de-

nhot Of. hc'jgh qudahty c'jn some parts .Of tlhe study period, the geased, whereas the rainfall in October (the monsoon retreat
three independent datasets were in close agreement régargs ooy has increased. Hence, the rainy season has become

ing the long-term changes. Therefore, the observed IOngkﬂﬂlger over northern Vietham due to TC activity changes.

term changes in these datasets can be tentatively considered ;o noteworthy that the long-term changes in rainfall var-

real phenomena for now. However, contm_uous analysis an(fled seasonally and regionally. In addition, the long-term
cross-check studies are necessary to confirm the changes. anges in rainfall and TC activity were nonlinear. Hence,

general, long-term changes in rainfall cannot all be respony  ther detailed analysis with a focus on the physical pro-
sible for the changes in the eddy components of Iarge—scaltéesses is required

circulation, such as TC activity. Hence further investigation
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some artificial trends and bias. Thus, the long-term changes

were carefully studied, particularly in rainfall. Despite the

fact that GPCC Version 4 datasets were used to investi-

gate the long-term changes in rainfall over the South and

Southeast Asian monsoon regions, a cross-check was also

performed, using APHRODITE (Yatagai et al., 2009) Ver-

sion 1003R1 datasets. The long-term changes in rainfall

described in the previous section were also found in the

APRHODITE datasets. However, it is difficult to confirm

whether the long-term changes in rainfall over inland regions

of monsoon Asia are due to an artificial error or due to the
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