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ABSTRACT

The variation of the summer monsoon onset over South Asia was investigated by using long-term data of the
onset over Kerala, India, during the 64-yr period from 1948 to 2011. It was found that the onset over Kerala
shows variation on a multidecadal scale. In early-onset years, the sea surface temperature (SST) anomaly over
the northern Pacific Ocean was very similar to the negative Pacific decadal oscillation (PDO). The stationary
wave train related to the negative PDO reaches into central Asia and generates a warm anomaly, thereby
intensifying the land-sea thermal contrast, which promotes summer monsoon onset over South and Southeast
Asia. The correlation between the onset date over Kerala and the PDO has strengthened since 1976. Analysis of
zonal wind in the upper-level troposphere for the period 1958-2002 indicates that the change in the correlation
is related to the change in the wave train path. The wave train propagating from the northern Pacific Ocean to
western Russia could propagate eastward more easily in 1976-2002 than in 1958-75.

1. Introduction

The onset phase of the South Asian summer monsoon is
characterized by an abrupt increase in precipitation and
a development of low-level westerly and upper-level east-
erly wind. Because the variation of this monsoon has con-
sequences for natural resources, such as water resources,
renewable energy, and agricultural products, its onset is of
great interest and importance.

The onset of the South Asian summer monsoon can be
defined in several ways. Wang and LinHo (2002) defined
the summer monsoon onset by using pentad-mean pre-
cipitation data reconstructed with the long-term mean and
first 12 temporal harmonics. Their criterion for determining
the summer monsoon onset date is that the reconstructed
precipitation data exceeds 5Smmday ! above the climato-
logical January (July) mean in the Northern (Southern)
Hemisphere. This simple and objective method enables
discussion of the characteristics of global monsoon rainy
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seasons (Zhang and Wang 2008). The India Meteorological
Department (IMD) annually determines the date of the
summer monsoon onset over Kerala, a state in southwest-
ern India. As mentioned by Joseph et al. (2006), the IMD
used subjective estimates of wind field, precipitation, and
humidity as criteria to determine monsoon onset before
2005. However, in 2006, the IMD shifted to an objective
method that includes a criterion for outgoing longwave
radiation. Fasullo and Webster (2003) determined the on-
set and withdrawal of the South Asian summer monsoon by
using an index based on the hydrological cycle of areas
affected by the South Asian monsoon. Their index is de-
fined as the area average of vertically integrated moisture
transport over the Arabian Sea. Joseph et al. (2006) pro-
posed an objective method for determining monsoon onset
over Kerala by using a combination of several criteria.
Their method checks the structure and strength of the low-
level westerly jet and convection. Although the precise date
differs in some cases according to method used, these dif-
ferent methods adequately capture the summer monsoon
onset.

Researchers have suggested that the advance of the
South Asian summer monsoon onset in recent decades
(Kajikawa et al. 2012; Kajikawa and Wang 2012; Xiang
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and Wang 2013). Kajikawa et al. (2012) demonstrated the
advanced onset of the monsoon over the Bay of Bengal
and the western Pacific Ocean during the 30 years from
1979 to 2008, as determined using the method of Wang
and LinHo (2002). They suggested that the advanced
monsoon onset is due to intensification of thermal con-
trast between the Asian landmass and the tropical Indian
Ocean in May, and is primarily caused by a warming
trend over land. Kajikawa and Wang (2012) pointed out
the advance of the summer monsoon onset over the
South China Sea for the last 30 years. Xiang and Wang
(2013) researched the mechanism of this advance through
data analysis and a numerical experiment, and suggested
that a shift to a La Nina-like mean state has promoted the
advanced monsoon onset in recent decades. Whether
such a trend can be observed before these three decades
or for a longer term is an interesting question.

There have been some studies of long-term variation of
the South Asian monsoon. Kumar et al. (1992) and Pal
and Al-Tabbaa (2011) show long-term variation and
change of seasonal- and monthly-mean precipitation over
South Asia. Their results showed significant trends over
some regions in India, but their results do not always
agree, partly because the periods of their data differ. The
recent study by Krishnamurthy and Krishnamurthy
(2014) showed the relation between the strength of the
South Asian summer monsoon and the Pacific decadal
oscillation (PDO) using observed data and coupled nu-
merical model data. They suggested that the warm (cold)
phase of the PDO is associated with deficit (excess)
rainfall over India in June-September and that the PDO
modified the relationship between the Indian monsoon
rainfall and El Nino-Southern Oscillation (ENSO).
However, they did not discuss the variation of the sum-
mer monsoon onset. Previous studies have shown that the
relation between the variation of the South Asian mon-
soon onset and ENSO is weak (e.g., Fasullo and Webster
2003; Adamson and Nash 2014). There is a need for more
detailed investigation of the onset variability. For this
purpose reliable long-term data are necessary, but only
limited data are available.

In this study, we use long-term onset data from the
IMD to investigate the variation of the summer mon-
soon onset over South Asia. We seek to answer three
main questions: 1) What is the variation of the monsoon
onset date over the long term? 2) How is the variation of
the onset date related to variations in atmospheric cir-
culation and SST? 3) What is the mechanism of such
variation? We used monthly-mean reanalysis data and
SST data to analyze large-scale atmospheric features so
that synoptic-scale disturbance, which can function as
a trigger for the onset, can be ignored (Krishnamurti
et al. 1981).
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This paper is organized as follows. Section 2 describes
the data used. Section 3 discusses the variation of the
monsoon onset over Kerala determined by the IMD and
examines whether the monsoon onset over Kerala is re-
lated to the summer monsoon onset over other regions.
Section 4 describes the meteorological mean state in re-
lation to the variation of the onset over Kerala and shows
a suggestive relationship between the onset over Kerala
and the decadal-scale variation over the North Pacific
Ocean. Section 5 discusses this relationship in detail.
Section 6 is a discussion section. Section 7 summarizes
this work.

2. Data

Our interest is in long-term variation of the South
Asian summer monsoon onset. Long-term data of the
onset date are necessary for this investigation, but only
limited data are available. To compensate, we performed
both statistical and meteorological analyses. Monthly-
mean reanalysis and observational data were used to seek
the mechanism for variation of the summer monsoon
onset. We chose four datasets, listed below.

1) Monthly mean reanalysis data, provided by the 40-yr
European Centre for Medium-Range Weather Forecasts
(ECMWEF) Re-Analysis (ERA-40; Uppala et al. 2005) on
a 2.5° X 2.5° grid, were used for May and June in the
period between 1958 and 2002. 2) The pentad mean of the
Climate Prediction Center’s (CPC) Merged Analysis of
Precipitation (CMAP) data, on a 2.5° X 2.5° grid, was
used for 1979-2010 (Xie and Arkin 1997). 3) The
monthly-mean extended reconstructed SST provided by
the National Oceanic and Atmospheric Administration
(version v3b), on a 2° X 2° grid, was used for 1958-2002
(Smith et al. 2008). 4) The long-term record of the sum-
mer monsoon onset date from 1948 to 2011 as determined
by the IMD was collected. The record from 1948 to 2003
was taken from Joseph et al. (2006) and the record from
2004 to 2011 was taken from the IMD’s official web site.
As mentioned in the introduction, the IMD’s onset data
have been researched and evaluated in previous studies.
The long-term onset date determined by the IMD is
thought to be useful and suitable for this study, although
a few errors were discovered.

3. Summer monsoon onset over Kerala

First, we examined the long-term variation of the South
Asian summer monsoon onset over Kerala (see rectangle,
Fig. 2) provided by the IMD. Figure 1 shows time series of
deviation of the onset date from the climatological data
between 1948 and 2011. The median climatological onset
date from 64 years of data is 31 May, and its standard
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FIG. 1. Time series of the deviation of the IMD’s monsoon onset
date over Kerala from climatological data. The filled and unfilled
bars represent the raw and the 6-yr low-pass-filtered time series,
respectively. Positive and negative values indicate later and earlier
onset than normal, respectively.

deviation is 7 days. Examining time series in only the most
recent three decades, a trend toward early onset is iden-
tified, which is in agreement with previous studies (e.g.,
Kajikawa et al. 2012). However, the onset date is delayed
from the 1960s to the 1970s. There are no long-term
trends over the whole period. It is worth noting that the
onset over Kerala shows variation on a multidecadal time
scale. Early- and late-onset years were respectively de-
fined as years when the onset date was 3 or more days
earlier (before 29 May) or 3 or more days later (after 2
June) than the climatological onset date (31 May). A total
of 20 early-onset years and 16 late-onset years are se-
lected from among the years between 1948 and 2011 in
the IMD onset (Tables 1 and 2).

To examine the extent to which the onset over Kerala
is representative of the South Asian summer monsoon
(i.e., whether it is related to the onset over other re-
gions), we objectively determined the onset pentad date
over Asia in early- and late-onset years over Kerala on
the basis of CMAP pentad data following the method of
Wang and LinHo (2002). Eleven early years and 10 late
years were chosen between 1979 and 2010, the range for
which pentad CMAP data are available [years marked
with a plus sign (+) in Tables 1 and 2]. Two composites
for pentad-mean precipitation were made for early- and
late-onset years. Then, applying the method of Wang
and LinHo (2002), the onset pentad date of the Asian
monsoon in early- and late-onset years was determined.
We mainly focused on areas where the climatological
onset occurred within the May-June period (25th-36th

TABLE 1. List of early-onset years. The plus signs (+) and asterisks
(*) represent the year selected for compositing in section 3 and 4,
respectively.

1960* 1961%* 1962* 1965*
1969* 1970%* 1971 1974
1978 1985* 1988+ * 1990+ *
1993* 19947* 1999+ 2001**
2004* 2006™ 2007* 2009*
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TABLE 2. List of late-onset years. The plus signs (+) and asterisks
(*) represent the year selected for compositing in section 3 and 4,
respectively.

1958* 1964+ 1967+ 1968+
1972% 1973 1979%* 1983%*
1986 1989* 1992+ 1995%*
19967 1997%* 2003" 2005*

pentads) (Fig. 2) because variations in such areas ap-
peared to be closely related to the monsoon onset over
Kerala.

The onset pentad and its anomaly for each grid when
the onset over Kerala is early and late are shown in
Figs. 3a and 3b, respectively. In early-onset years, the
summer monsoon onset over the region from the south-
ern Arabian Sea to southwestern India and over the re-
gion from the southern Bay of Bengal to the Indochina
Peninsula is early. These two regions extend in the
southwest—northeast direction. Earlier onset is also seen
over the western North Pacific Ocean but, conversely,
late onset is seen over southern China, Taiwan, and the
northern Philippine Sea. In late-onset years, the variation
of the onset over these regions shows an opposite sign
(Fig. 3b). The onset over these regions varies in accor-
dance with that over Kerala, and thus the onset over
Kerala is representative for these regions (Fig. 3c).

The regional means of precipitation over the region
from the Arabian Sea to southwestern India (7.5°-15.0°N,
60.0°~77.5°E) and Southeast Asia (10.0°-22.5°N, 97.5°-
105.0°E) show an abrupt increase between mid-May and
mid-June, and between late April and mid-May, re-
spectively (Figs. 4a,b). The regional means of pre-
cipitation in Fig. 4a successfully show the difference of
start-of-summer monsoon rainfall in early- and late-onset
years, indicating that IMD onset is useful for the study
and definition of early- and late-onset years.
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FIG. 2. Climatological onset pentad for the period between 1979
and 2011. Number represents the onset pentad date obtained using
the method by Wang and LinHo (2002). Unnumbered grids in-
dicate that the summer monsoon onset could not be determined.
The red bold rectangle over the southwest Indian subcontinent
corresponds to grids including the state of Kerala.
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FI1G. 3. Onset pentad for (a) the early-onset years and (b) the late-
onset years. Shading indicates anomaly of the onset pentad date
from climatology. (c) Difference in onset pentad date between the
early- and late-onset years. Number shows the difference in the onset
pentad date. The red bold rectangles over the region from the
Arabian Sea to the southwest Indian subcontinent and Southeast
Asia indicate regions where the regional mean precipitation in Fig. 4
is defined.

The monthly- and seasonal-mean precipitation aver-
aged over the region from the Arabian Sea to the
southwestern Indian subcontinent and over Southeast
Asia are summarized in Tables 3 and 4. Precipitation in
May of early-onset years is greater than that of late-
onset years over both regions, but the difference over
Southeast Asia is not significant with 95% confidence.
Differences of seasonal-mean (May-September) pre-
cipitation are not confirmed over either region, which
indicates that the timing of the summer monsoon onset
is not associated with the intensity of precipitation in the
summer monsoon season over these regions.
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(a)

FIG. 4. Time series of the regional mean of pentad-mean pre-
cipitation (mmday ') over (a) the region from the Arabian Sea
to the southwest Indian subcontinent (7.5°-15°N, 60°-77.5°E) and
(b) Southeast Asia (10.0°-22.5°N, 97.5°-105.0°E). Circles and triangles
indicate early- and late-onset years, respectively. Arrows indicate
pentad dates where the difference between early- and late-onset years
is significant with 95% confidence.

4. Atmospheric and oceanic states related
to the variation of the onset over Kerala

To find the mechanism of the variation of the onset, we
investigated the mean state’s relationship with the vari-
ation of the Kerala onset using composite analysis. The 10

TABLE 3. Monthly-mean precipitation (mm day ') over the re-
gion from the Arabian Sea to the southwestern Indian sub-
continent. The asterisk (*) indicates that the difference between
early- and late-onset years is significant with 95% confidence.

May-
May June July August September September
Early years 6.3* 89 6.2 3.9 4.1 59
Late years 2.1* 114 6.8 43 4.0 5.7
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TABLE 4. Monthly-mean precipitation (mm day ') over South-
east Asia. Differences of all monthly and seasonal means between
early- and late-onset years are not significant (p = 0.05).

May-
May June July August September September
Early years 69 70 74 79 7.5 7.3
Lateyears 52 7.1 8.0 8.9 8.0 7.4

earliest-onset and 10 latest-onset years over Kerala were
chosen between 1958 and 2002 [years marked with an
asterisk (*) in Tables 1 and 2]. Then, composites were
made for various fields. As the climatological onset over
Kerala is 31 May we examined the monthly mean state in
May and June.

Figures 5a and 5b show composites for horizontal wind
at 850hPa in May in early- and late-onset years, re-
spectively. The westerly over the northern Indian Ocean
between 5° and 10°N in early-onset years is stronger than
that in late-onset years and is located over the southern
Indian subcontinent, including Kerala. The difference is
shown in Fig. Sc. Cyclonic circulation anomalies are seen
over the Arabian Sea and the Bay of Bengal. Southwest-
erlies accompanied by anomalous circulation intensify
water vapor transport from the Arabian Sea to the Indian
subcontinent and from the Bay of Bengal to Indochina.
These regions correspond with the earlier-onset regions in
early-onset years, as seen in Fig. 3. The early establish-
ment of monsoon westerlies over the northern Indian
Ocean is related to the early onset of the summer mon-
soon over Southeast and South Asia. Figure 5d shows the
composite difference for horizontal wind at 850 hPa in
June, showing the anomalous westerlies from the Arabian
Sea to the Philippines.

Global atmospheric circulation anomalies related to the
timing of onset of the South Asian summer monsoon were
examined. Figure 6 shows the composite difference in
geopotential height at 300 hPa in May, as well as wave
activity flux (Takaya and Nakamura 2001). The figure
shows a stationary wave train from the northern Pacific
Ocean to central Asia (from the Iranian Plateau to the
western Tibetan Plateau), which generates an anticyclonic
anomaly over central Asia.

To examine the tropospheric temperature, the com-
posite difference of thickness between 300 and 500 hPa
and the surface temperature in May are shown in Fig. 7. A
positive-temperature anomaly is seen over central Asia.
This warm anomaly causes a strong land-sea thermal
contrast, which likely promotes summer monsoon onset
over South and Southeast Asia. The warm temperature
anomaly from the upper troposphere to the surface is
generated by the anticyclonic anomaly over central Asia
(Zhang et al. 2004; Tamura et al. 2010; Watanabe and
Yamazaki 2012).
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FIG. 5. Composite related with variation of the onset for hori-
zontal wind at 850 hPa in May in (a) early-onset years and (b) late-
onset years. Arrows represent horizontal wind vectors (ms™').
Shading indicates horizontal wind speed (ms™!). Also shown is
the composite difference of horizontal wind (ms™') at 850 hPa in
(c) May and (d) June. The composite difference is defined as the
composite for early-onset years minus that of late-onset years. An
arrow is plotted on the grid where the difference is confident at the
95% level.
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FI1G. 6. Asin Fig. 5c, but for geopotential height at 300 hPa in May.
The contour interval is 20m. Color shading indicates that the dif-
ference (orange, positive; blue, negative) is statistically significant
with 95% confidence. Arrows represent wave activity flux calculated

from composite difference for streamfunction and are plotted at

only grid cells where magnitude is greater than 1m?s 2.

To visualize divergent wind field-related convective
activity on a large scale, the composite difference of ve-
locity potential and associated divergent wind field at 300
and 850 hPa in May are shown in Fig. 8. The difference
indicates enhanced convection over South and Southeast
Asia in May, and its maximum is around the region from
the Arabian Sea to the southwest Indian subcontinent.
The enhanced convection seems to be related to an earlier
start-of-summer monsoon rainfall over the region (Figs. 3
and 4). The upper-level divergent wind coincides with
convergence over central Asia and the Arabian Peninsula.
This result is in agreement with previous studies (Rodwell
and Hoskins 1996; Hsu et al. 1999; Zhang et al. 2004;
Tamura et al. 2010). Watanabe and Yamazaki (2014)
showed that heating in the middle troposphere over the
northern Indian Ocean (centered at 5°N, 90°E) generates
an anticyclonic anomaly over central Asia in May—June by
a numerical experiment using the linear baroclinic model.
The anticyclonic anomaly over central Asia, as seen in Fig.
6, appears to be related not only to the stationary wave
train in the middle latitudes but also to strong convection
over South and Southeast Asia. It seems that anomalous
convection related to the timing of the onset feeds back
into the development of the anticyclonic anomaly over
central Asia.

The composite difference of near-surface temperature
shows an interesting distribution over the northern and
tropical Pacific Ocean (Fig. 7b). A high-temperature
anomaly is seen over the middle and the western part
of the North Pacific Ocean and a negative-temperature
anomaly is seen over the eastern part of the North Pacific
Ocean in early-onset years. At the same time, a negative-
temperature anomaly is seen over the central region
of the tropical Pacific Ocean. This distribution over the
northern Pacific Ocean is similar to that seen in the
negative phase of the PDO (Mantua and Hare 2002).
The composite difference for SST in May shows negative
PDO-like distribution over the northern Pacific Ocean
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FIG. 7. (a) As in Fig. 5c, but for thickness between 300 and
500 hPa in May. Contour interval is 5m. (b) As in Fig. 5c, but for
temperature at a height of 2m in May. Contour interval is 1 K.
Color shading indicates that the difference (orange, positive; blue,
negative) is statistically significant with 95% confidence.

(Fig. 9b) as well. This negative PDO-like distribution is
also seen in April and June, even in winter (January—
March; not shown). The SST anomaly over the tropical
Pacific Ocean in early-onset years corresponds to a La
Nina pattern, which agrees with the findings by Fasullo
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FIG. 8. As in Fig. 5c, but for velocity potential at (a) 300 and
(b) 850hPa in May. Contour interval is 5 X 10°m®s~!. Color
shading indicates that the difference (orange, positive; blue, neg-
ative) is statistically significant with 95% confidence. Arrows rep-
resent divergent wind, and are plotted at only grid cells where the
magnitude exceeds 0.2ms L.
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FIG. 9. (a) As in Fig. 5c, but for sea surface temperature in
(a) April, (b) May, and (c) June. Contour interval is 0.5 K. Color
shading indicates that the difference (orange, positive; blue, neg-
ative) is statistically significant with 95% confidence.

and Webster (2003). This suggests that the PDO and
ENSO control the timing of the South Asian summer
monsoon onset. Results of composite analysis related
with IMD onset suggest a relation between the variation
of monthly-mean SST over the North Pacific Ocean and
variation of circulations over Asian monsoon regions.

In addition to PDO- and La Nina-like patterns, a warm
SST anomaly is seen over the northern Arabian Sea in
April and May (Fig. 9). Together with the warm anomaly
over central Asia and the surrounding land area (Fig. 7),
this warm SST enhances north-south temperature
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contrasts in early-onset years. This enhanced heat con-
trast causes the early onset. After the onset (i.e., in June)
(Fig. 9c), the SST in the northern Arabian Sea becomes
cooler, probably because strong low-level winds (Fig. 5)
enhance oceanic evaporative cooling.

Judging comprehensively from the results of composite
analysis related with IMD onset, it is thought that varia-
tion of the SST over the North Pacific Ocean influences
summer monsoon onset over South Asia, and that the
stationary wave train plays an active role in connecting
both regions. This raises the following question: How are
the PDO and La Nina related to the monsoon onset? In
the next section, we focus on these relationships and their
possible cause.

5. Relationship between the PDO and monsoon
onset over Kerala

The PDO is the interdecadal variability observed in the
northern Pacific Ocean and shows two periodicities: 15-25
and 50-70yr. The PDO index is defined as the leading
principal component of monthly-mean SST over the North
Pacific Ocean (Mantua and Hare 2002). The positive PDO
index represents the warm phase when a cold SST anomaly
is seen over the central North Pacific and a warm SST
anomaly is seen along the eastern North Pacific; the nega-
tive PDO index represents the opposite distribution. The
PDO index used in this study was obtained from the Joint
Institute for the Study of the Atmosphere and Ocean
(http://jisao.washington.edu/pdo/).

Figure 10a shows the time series of the PDO index for
the period 1948-2011, together with the onset date
anomaly over Kerala from the climate data shown in
Fig. 1a. Figure 10b shows the same data, but using 6-yr
low-pass-filtered data (Duchon 1979). The PDO index
is a 3-month average from March to May. The corre-
lation between the PDO index and the monsoon onset
date at Kerala for the 64-yr span is +0.199, which is not
statistically significant at the 90% confidence. How-
ever, since 1976, the periods and phases of the two time
series coincide well. The correlation coefficients are
—0.038 for the period from 1948 to 1975 and +0.410 for
the period from 1976 to 2011. The +0.410 value of the
correlation coefficient for the recent period is statisti-
cally significant at the 98% confidence.

The 30-yr moving correlation coefficients between the
PDO index and monsoon onset date rapidly increase after
about 1973 and become about +0.4 after 1976 (Fig. 11). A
considerable negative correlation is seen in some years
before 1975, such as in 1966 and 1972, and no correlation
is observed before 1975. However, an abrupt increase of
the 30-yr moving correlation coefficient is seen following
1976. This suggests that the advance of monsoon onset
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FIG. 10. (a) Raw and (b) 6-yr-filtered time series of the PDO index
together with anomaly of onset date over Kerala shown in Fig. 1.
Unfilled and filled bars correspond to the PDO index multiplied by
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scaled for convenience to compare both time series.
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over the Arabian Sea and the Bay of Bengal in recent
decades is related to the multidecadal variation caused by
the PDO.

The relationship between the monsoon onset and
ENSO was also examined using the SST anomaly data
over the Nino-3 region (not shown). The 30-yr moving
correlation coefficients between SST over the Nino-3
region and monsoon onset date increased after around
1970, which is statistically significant with 95% confi-
dence, but some correlation coefficients are only mar-
ginally significant. Although the summer monsoon onset
has become more closely related to both the PDO and
ENSO in recent decades, this increase of correlation
between the monsoon onset and the PDO is noticeably
abrupt.

We investigated why the relationship between the
monsoon onset over Kerala and the PDO changes before
and after 1975 using composites for both separate periods.
The earlier period was defined as the 18 years from 1958 to
1975, and the later period was the 27 years from 1976 to
2002. The one-third highest and the one-third lowest PDO
index years based on 6-yr low-pass-filtered data, shown
in Fig. 10b, were selected separately for both periods. As
aresult, 6 positive and 6 negative PDO years were selected
from the earlier period, and 9 positive and 9 negative
PDO years were selected from the later period. Then,
composites were made in each period separately. Note
that the average PDO index in the earlier period is mostly
negative and in the later period is mostly positive.

To examine the upper-level circulation pattern and
wave propagation associated with the PDO, the com-
posite difference in 300-hPa geopotential height between
positive and negative PDO years for each period is shown
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F1G. 11. 30-yr moving correlation coefficient between the PDO

index and the onset date over Kerala. Horizontal axis represents
the starting year of each 30-yr period.

in Fig. 12, together with wave activity flux. The wave train
propagates from the North Pacific Ocean to Greenland
and generates an anticyclonic anomaly on the positive
PDO phase in both periods (Fig. 12). However, paths and
intensities of wave trains in both periods diverged at
a point downstream from Greenland. The wave train in
the earlier period propagated southeastward and gen-
erated another anticyclonic anomaly over the Black Sea
(40°N, 40°E), but did not clearly propagate farther
downstream (Fig. 12a). In contrast, during the later period,
the wave train propagated eastward, reaching into western
Russia (55°N, S0°E) (Fig. 12b), after which it tended to
propagate southeastward and eastward. As a result, the
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F1G. 12. Composite difference related with the PDO of geo-

potential height at 300 hPa between positive and negative PDO

years for (a) the earlier period from 1958 to 1975 and (b) the later
period from 1976 to 2002. The composite difference is defined as
the negative PDO composite minus the positive PDO composite.

The contour interval is 10 m. Color shading indicates that the dif-

ference (orange, positive; blue, negative) is statistically significant

with 95% confidence. Arrows indicate wave activity flux (m*s~?)
calculated from the composite difference of the streamfunction at
300hPa, and are plotted at only grid cells where the magnitude

exceeds 1m?s 2.
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FI1G. 13. (a) Climatological data on zonal wind at 300 hPa for
(a) the earlier period from 1958 to 1975 and (b) the later period
from 1976 to 2002. Contour interval is 10ms ™’ (c) Difference of
climatological data on zonal wind at 300 hPa between the earlier
period and the later period. Contour interval is 2ms™'. Dark and
light gray colors indicate difference is statistical significance with
the 95% and 90% confidence, respectively.

negative (positive) geopotential anomalies were gener-
ated over central Asia during the positive (negative) PDO
phase. The strength of this anomalous geopotential height
in the later period was stronger than that in the earlier
period, which is assumed to partially reflect the difference
of propagation of the wave activity.

We speculate that the different atmospheric responses
to the PDO between earlier and later periods are due
to their different mean flows (Fig. 12). Figure 13 shows
300-hPa zonal winds for each period and their differences.
Zonal wind speeds at 300hPa in both periods differed
between the northern Atlantic Ocean and the Eurasian
continent. The westerly wind is weaker around 55°N and
stronger between northern Africa and central Asia along
40°N in the later period. Applying the Rossby ray path
theory (Hoskins and Ambrizzi 1993), Rossby waveguides
in two periods are compared. The wavenumber of the
stationary Rossby wave was calculated from the mean
state in each period (Fig. 14), revealing the difference in
Rossby waveguides between periods. The waveguide from
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FIG. 14. Wavenumber of stationary Rossby waves at 300 hPa for
(a) the earlier period 1958 to 1975 and (b) the later period 1976 to
2002. The white grid is where the stationary Rossby wave is not
defined. (c¢) Wavenumber calculated from zonal-mean zonal wind
at 300 hPa from 20°W to 60°E for the earlier period (solid line with
triangle) and the later period (dotted line with circle). Line breaks
indicate that the wavenumber is undefined at that latitude.

Europe to western Russia was narrow in the early period
but broader in the later period (Figs. 14a,b). Figure l4c
shows the difference clearly. The distribution of wave-
number centered at 60°N between 50° and 67.5°N in the
later period is typical of the waveguide. The stationary
Rossby wave, whose wavenumber is 3 or 4, tends to be
trapped in this waveguide. In contrast, the waveguide is
confined to the narrow area centered at 52.5°N in the
earlier period. Additionally the wavenumber around
42.5°N is not defined. The stationary Rossby wave is dif-
ficult to maintain there in the earlier period.

6. Discussion

In this study, we identified a relation between the Asian
summer monsoon onset and the PDO by data analysis,



5172

and a mechanism for such a relation. However, many
questions and considerations remain.

The present study focused on the influence of wave
trains through the subtropics, associated with the PDO on
the summer monsoon onset, but the South Asian mon-
soon onset seems to be related to other variations over the
tropical Pacific, the northern Indian Ocean, and the South
China Sea. The relation to SST variations over the trop-
ical Pacific and the northern Indian Ocean are mentioned
briefly in sections 4 and 5. Some studies showed a relation
between summer monsoons over South Asia and over the
South China Sea (Hsu et al. 1999; Zhang et al. 2004),
emphasizing a relation between the onset over the Bay of
Bengal and over the South China Sea. Figures 3c and 5c,
which are related to the variation of the onset over Ker-
ala, do not show significant signals over the South China
Sea. This suggests that monsoon onset over western South
Asia is not directly related to monsoons over the South
China Sea.

We showed one reason for the change in atmospheric
responses to the PDO in section 5 by using the Rossby ray
path theory. As mentioned by Hoskins and Ambrizzi
(1993), waves of all wavenumber are reflected over the area
where the wavenumber is not defined. However, some re-
searchers have shown wave trains propagating from Europe
and western Russia into the Asian subtropical jet through
undefined areas (i.e., areas with an undefined wavenumber)
over central Asia (Hoskins and Ambrizzi 1993; Ambrizzi
et al. 1995; Ding and Wang 2005; Watanabe and Yamazaki
2014). The undefined areas are seen around the Black Sea
and Caspian Sea in both periods (Fig. 14). The undefined
area in the earlier period is thicker and broader; by com-
parison, the undefined area in the later period is thinner and
had some openings, so the Rossby wave could easily pen-
etrate or leak southeastward toward central Asia. The
waveguides in both periods agree well with the directions
indicated by wave activity (Fig. 12). It is suggested that
difficulty in propagation of the wave train through central
Asia modulates the relation between the South Asian
monsoon and the PDO, although details of the mechanisms
remain unclear.

The trend toward early onset over the past three decades
seems to be related to the shift from positive to negative
PDO (Fig. 10), but we could not judge whether the trend in
recent decades is significant because periods of data used
in this study are equal to one or two PDO cycles. In-
teresting open questions include whether there is a re-
lation between summer monsoon onset and the PDO in
longer-term data, and whether the signals of decadal-scale
variation and any trend toward early onset can be sepa-
rated out. It is also unclear what processes are responsible
for the mean climatic zonal flow change that occurred in
the mid-1970s, where the low-frequency PDO (50-yr time
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scale) changed from negative to positive. Is there any
possibility that a strong PDO-monsoon onset relationship
exists for only the positive phase of the PDO, and will this
relationship continue in the future? How and to what
extent does global warming play a role in the change of
the PDO-onset relationship, or in the recent advancing
trend of South Asian summer monsoon onset? These
subjects are beyond the scope of the present paper and
should be studied in the future.

7. Summary

We investigated the variation of the South Asian sum-
mer monsoon onset for 19482011 by using the long-term
onset data over Kerala, India. We found that decadal-scale
variation of South Asian summer monsoon onset is related
to the PDO, and that the relation has strengthened over
the past three decades. Our conclusions are listed below.

1) The monsoon onset date shows a trend toward early
onset in the most recent three decades, although the
trend is not recognized over a long-term period. It is
worth noting that the monsoon onset shows variation
on a multidecadal time scale.

2) With regard to early-onset years over Kerala, the
summer monsoon onset was early over the following
regions: the region from the southern Arabian Sea to
southwestern India, the region from the southern Bay
of Bengal to the Indochina Peninsula, and the western
North Pacific Ocean. On the other hand, the onset was
late over southern China, Taiwan, and the northern
Philippine Sea.

3) The low-level westerly was strengthened in early-
onset years. At the same time, the stationary wave
train was located in the northern Pacific Ocean to
central Asia and induced formation of an anticyclonic
anomaly over central Asia. The stationary wave train
is related to the variation of SST in the Pacific Ocean.
A warm anomaly from the upper troposphere to the
surface was generated by the anticyclonic anomaly
and intensified thermal contrast between land and sea.
The land-sea thermal contrast over central Asia pro-
moted the summer monsoon onset over South and
Southeast Asia.

4) The negative PDO- and La Nina-like distribution of
SST anomaly appeared in early-onset years. In con-
trast, a similar distribution but with opposite sign is
seen in late-onset years. Although the correlation
coefficient between the monsoon onset over Kerala
and the PDO from 1948 to 2011 is not statistically
significant, the relationship strengthens after 1976. The
30-yr moving correlation coefficient abruptly increases
around 1976 and reaches about +0.4 after 1976. The
correlation between the onset over Kerala and the SST
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anomaly over the Nino-3 region also increased after
about 1970.

5) The change of the relationship between the monsoon
onset over Kerala and the PDO seemed to be related
to the change of path of the wave train. Through
analysis of the Rossby waveguide in the period 1958 to
2002, it was found that the wave train could propagate
eastward and southeastward over western Russia
more easily in the period 1976-2002 than in the period
1958-1975.
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