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We analyzed rainfall during the pre-monsoon season from 1979 to 2002 over the
Indochina Peninsula. Our multi-year analysis confirmed that the passage of the upper
trough and moisture convergence in the lower troposphere produce intermittent rainfall
events during the pre-monsoon season. From this result, three questions are raised.
First, what are the characteristics of the upper trough? Second, what is the cause
of the significant amount of moisture during the pre-monsoon season over inland
Indochina? Third, what is the relationship between the intermittent pre-monsoon rainfall
and monsoon onset? Our study suggests the following answers to these questions:
(1) The upper trough is associated with the cyclone over the Yangtze River basin. This
cyclone is baroclinic, so the upper trough over the study area is produced by the
mid-latitude regime. (2) A significant amount of moisture over the Indochina Peninsula
is produced by both intermittent rainfall associated with the passage of the upper trough
and continuous rainfall occurred over a wide region associated with the equatorial
southwesterly. (3) We found no clear relationship between rainfall amount during the
pre-monsoon period and timing of monsoon onset over the Indochina Peninsula.

Keywords: Asian monsoon, precipitation, mid-latitude westerly, upper trough, intermittent rainfall

INTRODUCTION

A number of studies have reported the appearance of strong convection over the Indochina
Peninsula, indicative of the early start of the summer monsoon over the Asian continent (e.g.,
Lau and Yang, 1997; Webster et al., 1998; Wang and LinHo, 2002). According to these studies,
the monsoon begins over the Indochina Peninsula in early or mid-May and migrates northward
from the southern part of the Bay of Bengal. However, Matsumoto’s (1997) analysis of rainfall
data indicated that rainy season onset occurs earlier in late April over the inland region of the
Indochina Peninsula, even though this region is still in a mid-latitude westerly regime at that time.
Zhang et al. (2002) defined the annual monsoon onset in Thailand, located in the central part of
the Indochina Peninsula, using a rainfall index. The mean onset date over 46 years (1951-1996) is 9
May. One pentad later, Thailand is covered by a southwesterly that progressed from the equatorial
Indian Ocean. This result also showed that the monsoon onset determined by the rainfall index
occurs before the monsoon circulation is established. Yoshimura et al. (2004) found that, before
monsoon onset, moisture over the Indochina Peninsula originates not from the Indian Ocean but
from the Pacific Ocean. In other words, the wind system is important in determining monsoon
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onset. Hereafter, rainfall before the monsoon onset is referred
to as “pre-monsoon rainfall.” This phenomena is not only
meteorological impact but leaf-out onset and soil moisture
(Yoshifuji et al., 2014).

Qian and Yang (2000) examined that regional features of the
different summer monsoon components over the South China
Sea (SCS). The effect of convection over the southern SCS in
the monsoon onset is not clear. It was suggested that the early
precipitation over the northern SCS and South China is provided
by subtropical fronts separated from the tropical monsoon
rainfall. Kodama et al. (2005) analyzed lightning and echo top in
tropical monsoon region using TRMM-PR and LIS observations.
It was indicated that pre-monsoon rainfall is characterized
high echo tops and lightning activity. Kiguchi and Matsumoto
(2005) investigated pre-monsoon rainfall in Indochina in 1998
as part of the intensive observation period (IOP) of the Global
Energy and Water Cycle Experiment (GEWEX), Asian Monsoon
Experiment (GAME). They found that the intermittent rainfall
during the pre-monsoon season is produced by the passage of
an upper tropospheric trough and moisture inflow in the lower
troposphere. However, because the analysis was performed for
only three cases in 1998, the results should be verified in other
years. In particular, three questions require further clarification.

First, what are the characteristics of the upper trough?
Matsumoto’s (1997) noted that mid-latitude westerlies are located
over the Indochina Peninsula from early May in a mean
field. Also from a 1998 case study, Kiguchi and Matsumoto
(2005) reported that the upper trough migrates eastward in
the mid-latitude westerlies along the southern periphery of the
Tibetan Plateau. However, it is not known whether this upper
trough passes over the Indochina Peninsula in other years.
Moreover, the vertical characteristic of this upper trough are
not clear.

Second, what is the origin of the significant amount of
moisture during the pre-monsoon season over the inland
Indochina Peninsula? Previous studies showed convergence in
the lower troposphere around the Indochina Peninsula in mean
fields. In the monthly mean field, Thompson (1951) reported
that the airflow convergence at 10,000 ft (about 700 hPa) is
located over the Indochina Peninsula in May. Matsumoto (1992)
indicated that boundary between the westerlies and easterlies
at 850 hPa migrates southward from the northern Indochina
Peninsula to the maritime continent in the transitional phase
between the dry and wet season. Such mean-field convergence
exists over the Indochina Peninsula from the dry to rainy seasons.
However, this convergence field is not maintained during the pre-
monsoon season. The moisture increase in the lower troposphere
when the convergence field is dominant was shown in the case
study of Kiguchi and Matsumoto (2005). However, moisture
increase in the lower troposphere has not previously been
examined for other years.

Finally, what is the relationship between the intermittent pre-
monsoon rainfall and monsoon onset? The most fundamental
driving mechanism of a monsoon system is differential heating
of land and ocean (e.g., Webster, 1987). Hsu et al. (1999)
noted that the maximum heating near 100°E between 10°N
and 20°N corresponded to the deep convection that appeared

before monsoon onset. Recently, Fu and Li (2004) showed
that convective activity just before rainy season onset in the
Amazon region can change the rainy season wind circulation.
In the Indochina Peninsula, this issue was addressed using
reanalysis data and a numerical model. Ishizaki and Ueda
(2006) used reanalysis data from 1998 to show that the
rainfall during the pre-monsoon season produces an atmospheric
heat budget via the release of latent heat. Kanae et al.
(2002) used a numerical model to reveal that monsoon onset
requires warm sea surface temperature (SST) surrounding the
Indochina Peninsula as part of the global asymmetric SST
field. However, the relationship between SST surrounding the
Indochina Peninsula and rainfall over the Indochina Peninsula
was not clarified. Furthermore, pre-monsoon rainfall was not
expressed in their model. Xue et al. (2004, 2006) analyzed the
changes in surface sensible heat and circulation in monsoon
onset and the start of the monsoon mature stage using
numerical simulations with/without vegetation in East Asia,
West Africa, and South America. They pointed out that
difference of land surface produced sensible head gradient at the
surface influences the moisture transportation low troposphere.
While they did not mentioned the influence of pre-monsoon
rainfall on the monsoon onset. It remains to be seen whether
rainfall phenomena during the pre-monsoon season affect the
monsoon onset.

In this paper, we revisit the study of Kiguchi and Matsumoto
(2005) and expand it to include pre-monsoon rainfall during
the period 1979-2002. Section Data describes the data used
in this study. Section Definition of Monsoon Onset defines
monsoon onset in the individual years. The climatologies before
and after monsoon onset over the long period are described in
Sections Convection Activity to Bring Rainfall and Continuous
Rainfall Occurred over a Wide Region (Type B) during the Pre-
Monsoon. In Section Discussion we investigate the following: (1)
the characteristics of the upper trough; (2) the source for the
significant amount of moisture during the pre-monsoon season;
and (3) the relationship between the intermittent rainfall during
the pre-monsoon season and the monsoon onset.

DATA

In the National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis
project, a state-of-the-art analysis/forecast system was used to
perform data assimilation using data from 1948 to the present
day (Kalnay et al, 1996). Before 1979, the data used for
assimilation varied enormously. The principal difference between
the data before and after 1979 is that satellite observations
of Earth were available after 1979. Hence in this study, the
reanalysis dataset for the period 1979-2002 are utilized. As an
indicator of the convective activity, the daily mean interpolated
Outgoing longwave radiation (OLR) data (Liebmann and Smith,
1996) provided by the National Oceanic and Atmospheric
Administration (NOAA) are utilized. The spatial resolution for
both data is 2.5 degree. Station-observed rainfall data obtained
from local meteorological departments is also used for the period
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1979-2002. The distribution of observation stations is shown in
Figure 1.

RAINFALL DURING THE PRE-MONSOON
SEASON

Definition of Monsoon Onset

Many studies tried to decide monsoon onset using various
meteorological elements. As meteorological elements for
determination of monsoon onset, they used wind (e.g., Cheang
and Tan, 1988; Wang et al., 2004; Li and Zhang, 2009), rainfall
(e.g., Matsumoto’s, 1997; Wang and LinHo, 2002; Htway and
Matsumoto, 2011; Nguyen-Le et al., 2015), precipitable water
(e.g..Zeng and Lu, 2004; Uang-aree et al., 2015), precipitation
isotope (e.g., Yoshimura et al., 2004; Yang et al., 2012), and so on.

First, the monsoon onset date in each year was determined
from the wind circulation in the lower troposphere, as described
by Kiguchi and Matsumoto (2005). In this study, monsoon onset
was defined as the first day when the zonal wind components at
both 850 hPa and 700 hPa become positive and stayed positive
for at least 20 days (e.g., Cheang and Tan, 1988). The monsoon
onset determined using this definition was compared with the
equatorial southwesterly over the central area of the Indochina
Peninsula using the pentad-averaged wind field at 850 hPa layer
(not shown). In some years, it was difficult to divide the field into
the equatorial flow and the mid-latitude westerly jet from the
time series of the zonal wind in the lower troposphere. In such
cases, the onset date was determined using the pentad-averaged
wind field in the 850 hPa layer.

According to the above definition, monsoon onset dates for
each year were determined (Table 1). The mean onset date of
monsoon circulation over 24 years is found to be 17 May.
This is consistent with existing results for mid-May reported
by Orgill (1967). The year with the earliest onset of monsoon
circulation is 2001, when the circulation began on 3 May. The
year of latest onset of monsoon circulation (14 June) is 1996. The

0 200 ‘1000 1500

105° 110°

115°

FIGURE 1 | Map of the study area. Light and dark shadings indicate
elevations greater than 200 and 1000 m, respectively. Open circles are the
rainfall stations used in this study.

standard deviation is approximately 10.8 days. For comparison,
the standard deviations in Kerala (Indian monsoon region) and
Darwin (Australian monsoon region) are 7.8 days from 1901 to
1980 and 15 days from 1952 to 1983, respectively (Holland, 1986;
Joseph et al., 1994).

To test this definition of monsoon onset, we created a pentad
wind field based on the onset dates. The symbols “—” and “+”
show the field prior to and after monsoon onset day, respectively.
The pentad mean fields prior to the monsoon onset date
were obtained with pentad “—2” representing the average from
days —10 to —6 and pentad “—1” representing the average from
days —5 to —1. Similarly, the pentad mean fields after monsoon
onset day were obtained with pentad “+2” representing the
average from days 46 to +10 and pentad “+1” representing the
average from days +1 to +5. In Figures 2A,B, we can see that the
easterly from the western Pacific Ocean is dominant before the
monsoon onset. In contrast, it is clear that southwesterly becomes
dominant after the monsoon onset day (Figures 2C,D). Hence,
this method to determine the monsoon onset date expresses a
global field. Figure 3 shows the seasonal march of OLR along
12.5-17. 5°N and the onset date of monsoon circulation for the
period 1979-2002. It is clear that the convective activity greatly
increases after the monsoon onset.

Zhang et al. (2002) determined the monsoon onset date using
the rainfall index in Thailand (dotted line in Figure 4). The
mean monsoon onset date (1979-1996) is 10 May. In this study
(solid line in Figure 4), the mean monsoon onset date for the
same year (1979-1996) is 20 May. The difference between these
monsoon onset dates is 10 days. The correlation between the
monsoon onset date in each year determined by the rainfall index
in Thailand and that determined by the zonal wind in the central
area of the Indochina Peninsula is almost 0. This shows the
weakness in the definition of monsoon onset using the rainfall
index. Pre-monsoon rainfall occurs intermittently, as shown
in Figure 3. Unless pre-monsoon rainfall is separated from
continuous rainfall occurred over a wide region, this definition of
monsoon onset may lead to an incorrect result. Wang et al. (2004)
determined the monsoon onset pentad using the zonal wind at
850 hPa over the South China Sea (dashed line in Figure 4). They
found a mean monsoon onset date (1979-1996) of 21 May, i.e.,
only 1 day from our result. However, the correlation between

TABLE 1 | The onset date of the monsoon circulation over the Indochina
Peninsula for the period 1979-2002.

Year Onset date Year Onset date Year Onset date
1979 10 May 1988 21 May 1997 17 May
1980 5 May 1989 21 May 1998 14 May
1981 9 May 1990 16 May 1999 12 May
1982 26 May 1991 7 Jun 2000 8 May
1983 18 May 1992 16 May 2001 3 May
1984 11 May 1993 20 May 2002 12 May
1985 26 May 1994 28 May

1986 9 May 1995 8 May Mean 17 May
1987 6 Jun 1996 14 Jun
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FIGURE 2 | Composite of evolution of pentad mean field at 850 hPa in
units of m s~ 1. (A) Pentad “~2,” (B) pentad “—1,” (C) pentad “+1,” and (D)
pentad “+2.” The symbols “—,” and “+” denote that the field is prior to and
after the monsoon onset day, respectively. The contour interval is 5m s 1
zonal wind. Light and dark shadings are less than —5m s~ and more than
5ms~1, respectively. Map of the study area. Light and dark shadings indicate
elevations greater than 200 and 1000 m, respectively. Open circles are the
rainfall stations used in this study.

the monsoon onset dates in each year as determined by Wang
et al. (2004) and by our study is weak. From 1985 to 1992, on
the other hand, correlation between the monsoon onset found by
Wang et al. (2004) and by our study is 0.73, exceeding significance
at a 99% confidence level. Hence we suggest that the pattern
of northward progression of the equatorial westerly is different
before and after 1992.

Convection Activity to Bring Rainfall

To investigate rainfall phenomena during the pre-monsoon
in multiple years around the central area of the Indochina
Peninsula, time series of rainfall were analyzed using rainfall
amount data in the region shown in Figure 1. This region (12.5-
17.5°N, 100-105°E) was selected as representative of the central
part of the Indochina Peninsula. In this study, we selected stations
for which there were no missing data during March to May from
1979 to 2002. As a result, 35 stations in Thailand were used in the
period 1979-2002.

According to the time series of area-averaged precipitation
for the period from March to May, intermittent rainfall events
(referred to as Type A; when the ratio of the stations observing
rainfall was greater than 10% and the area-averaged OLR was less
than 240 W m~2) during the pre-monsoon are observed in all
years (not shown). In some years, continuous rainfall occurred
over a wide region. This rainfall is brought by a southwesterly,
a phenomenon that was identified in this study (see Table 2).
Such rainfall events (referred to as Type B) are noted in Section
Continuous Rainfall Occurred over a Wide Region (Type B)
during the Pre-Monsoon.

To elucidate the spatial properties of the intermittent
convective activity, we performed a composite analysis.
Figures 5A,B show composite maps of Type A and non-rainy
days (when no station observed rainfall) during March and
April, respectively. Figure5C shows the difference between
the composite maps for Type A and non-rainy days, exceeding
significance at a 99% confidence level. In case of Type A
(Figure 5A), the region of OLR less than 240 W m~2 cover the
Indochina Peninsula. In contrast, the Indian subcontinent, the
Bay of Bengal, and the southern part of the South China Sea
have higher OLR values, indicating suppressed convection. The
difference shown in Figure 5C can more clearly indicate the
properties shown above. A negative area where strong convective
activity covers the Indochina Peninsula is shown. This result was
similar to that of Kiguchi and Matsumoto (2005).

On the basis of these findings, we came to the following
conclusions. First, monsoon onset should be defined using the
wind in the lower troposphere (Figure 2). Second, intermittent
rainfall during the pre-monsoon season occur every year from
1979 to 2002. The region of convective activity is located over
the Indochina Peninsula from the tropics to mid-latitudes. By
our multiple-year composite analysis, we confirmed the synoptic
conditions near the monsoon onset indicated by Kiguchi and
Matsumoto (2005).

Continuous Rainfall Occurred over a Wide
Region (Type B) during the Pre-Monsoon

In Section Convection Activity to Bring Rainfall, we noted that
rainfall occurred when the southwesterly dominant from the
equatorial zone into the inland region of Thailand. In south
Asia, this kind phenomena was explained by previous studies
(Flatau et al., 2001; Romatschke and Houze, 2011; Xing et al.,
2015), and false monsoon onsets was tried to reduce (Stiller-
Reeve et al., 2014). Flatau et al. (2001) indicated the development
of such kind of phenomena (they called “bogus onset”) depends
on intraseasonal oscillation in the Indian Ocean and propagation
of convective activities in the western Pacific Ocean.

We mapped the distributions of the convective activity
and mean field in the lower troposphere. Figures 6A,B show
composite maps of case of Type B and the monsoon season
from monsoon onset to the end of June, respectively, obtained
using OLR data. Figure 6C shows the difference between (a)
and (b), exceeding significance at a 99% confidence level. In
Figure 6A, convection is active from the Indochina Peninsula to
the equatorial zone. After monsoon onset (Figure 6B), however,
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FIGURE 3 | The time-longitude cross section of the daily mean OLR along 12.5-17.5°N between January and June from 1979 to 2002. Unit is W m=2.
Shading is less than 240 W m~2. Contour interval is 40 W m~2. Dashed line indicates the summer monsoon onset date of the study area.

convective activity is shown widely over the region from the Bay
of Bengal to the South China Sea. The pattern of convective
activity is different in Type B (Figure 6A) and monsoon
(Figure 6B) rainfall situations over the Indochina Peninsula. The
distribution of convective activity during the period when Type
B events occur (Figure 6A) is similar to that during the period
when Type A events occur (Figure 5A).

We can see a difference in wind fields in the lower troposphere
between the two periods. During the period when Type B events
occurred, easterlies from the west Pacific Ocean reach the South
China Sea. At the same time, southwesterlies from the equatorial

region and northwesterlies from the northern Bay of Bengal
flow over the Indochina Peninsula (Figure 7). As also noted in
Section Moisture in the Pre-Monsoon Season, easterlies from
the west Pacific Ocean reach the central part of the Indochina
Peninsula when Type A occur (Figure 8). After monsoon onset,
southwesterlies reach the South China Sea. According to the
composite distribution of the wind field in the upper troposphere
of Type B and monsoon rainfall (Figure 9), when Type B events
occur, the mid-latitude westerly is strong and located in the
northern part of the Indochina Peninsula. Such Type B rainfall
is not seen over the South China Sea.
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mean the onset date by our result, Zhang et al. (2002), and Wang et al. (2004),
respectively.

TABLE 2 | Continuous rainfall occurred over a wide region (Type B) from
March to April for the period 1979-2002.

Year Period Year Period Year Period
1979 - 1988 - 1997 12-16 Mar
1980 21-25 Apr 1989 21-30 Apr 6-10 Apr
1981 16-20 Apr 1990 11-20 Apr 1998 -
1982 21-30 Apr 1991 26-30 Apr 1999 11-25 Apr
1983 - 1992 - 2000 21-30 Apr
1984 26-30 Apr 1993 26-30 Apr 2001 22-26 Mar
1985 - 1994 - 2002 -
1986 - 1995 -

1987 - 1996 26-30 Apr

DISCUSSION

Upper Trough in the Pre-Monsoon Season
To understand the reasons for convective activity during the pre-
monsoon season, we analyzed the synoptic conditions using daily
mean NCEP/NCAR reanalysis data for the period 1979-2002.

Troughs in the upper troposphere and moisture convergence
in the lower troposphere are regarded as factors for pre-monsoon
rain events in 1998, as described by Kiguchi and Matsumoto
(2005). To ensure the generality of these factors for rain events,
trough passage in the upper troposphere and moisture fields in
the lower troposphere when rainfall occur are studied for a longer
period (1979-2002).

To reveal the trough passage in the upper troposphere in case
of Type A, we performed a composite analysis of the wind field at
300 hPa. Figure 10 shows a composite map of the wind field at the
300 hPalayer in case of Type A (a), on non-rainy days (b), and the
difference between the two (c), exceeding significance at a 99%
confidence level using Welch’s t-test (Welch, 1947). The period
in case of Type A using the composite analysis is the period when
the area-averaged OLR value was less than 240 W m~2, indicating
strong convection.

According to composite analysis of the wind field at 300 hPa,
we observed that a weak jet westerly is located over Bangladesh in

A 300 OLR
20N
10N
EQ 240
B 30N 220
20N
10N
EQ
C 30N
20N
-20
| 4 | -40
10N |- y 9 —
EQ _/\\ i L—wﬂ'7E§§]R7R\ RO == Jhﬂ—T’T’T:
80E 100E 120E 140E
FIGURE 5 | Composites of OLR on (A) the rainy days (when the ratio of
the stations observed rainfall exceeding 0 mm is exceeding 10% and
the area averaged OLR value is less than 240 W m‘2) and (B) the
non-rainy days (when there is no observed station) from March to
April. The bottom panel (C) shows that the difference of the composite OLR
distribution between on the rainy days (A) and on the non-rainy day (B),
exceeding significance at a 99% confidence level. The difference is calculated
to subtract (B) from (A). The unit is W m~2. The interval of contours is 20 W
m—2. Light and dark shadings of (A) and (B) are less than 240 and 220 W
m=2, respectively. Light and dark shadings of (C) are less than —20 and —40
W m~2, respectively.

case of Type A. This result is almost consistent with that obtained
for 1998 by Kiguchi and Matsumoto (2005). In Kiguchi and
Matsumoto (2005), the difference between the rainy and non-
rainy days shows a cyclonic anomaly centered over the Andaman
Sea, indicating the presence of a trough. On the other hand, it is
not clear about the presence of upper tropospheric trough in this
study.

According to Kiguchi and Matsumoto (2005), the pre-
monsoon rainfall events originate from the trough in the upper
troposphere. Here, we discuss the mean field as background
for trough passage in the upper troposphere and moisture
convergence in the lower troposphere. Trough passage in the
upper troposphere is provided by southward extension of the
mid-latitude westerly zone. It is not clear to us whether the
presence of cold air in the upper troposphere caused rainfall
events during the pre-monsoon season in the central part of the
Indochina Peninsula. However, it was clear that the presence of a
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FIGURE 6 | Composites of OLR on (A) the monsoon-like rainfall days
and (B) the monsoon days (from the monsoon onset to end day of
June. The bottom panel (C) shows that the difference of the composite OLR
distribution between on the monsoon-like rainfall days (A) and on the
monsoon day (B), exceeding significance at a 99% confidence level. The
difference is calculated to subtract (B) from (A). The unit is W m~2. The
interval of contours is 20 W m—2. Light and dark shadings of (A,B) are less
than 240 and 220 W m~2, respectively. Light and dark shadings of (C) are
less than —20 and —40 W m~2, respectively.

trough in the upper troposphere is associated with mid-latitude
westerlies. The uplift flow is possibly strengthened when troughs
in the upper troposphere advance southward to the Indochina
Peninsula, due to the meandering of mid-latitude westerlies.

No trough is found in the lower troposphere (see Figure 11).
According to the vertical structure of the trough along 15°N,
20°N, 25°N, and 30°N on +2 day, the trough in the north is
located more eastward than that in the south (Figure11). It
is suggested that the trough associated with the cyclone in the
Yangtze River basin, which may be similar to that described
by Murakami and Huang (1984), extends toward the Indochina
Peninsula. This suggestion is consistent with the band-like strong
convective activity from the Indochina Peninsula to the southern
coast area of China, as indicated by a composite analysis of the
migration of convective activity (Kiguchi and Matsumoto, 2005).

Moisture in the Pre-Monsoon Season
To assess quantitatively whether the direction of moisture inflow
contributed to the Type A events during the pre-monsoon
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FIGURE 7 | As in Figure 6 but for the 925 hPa wind vector and the
speed of zonal wind on (A) the monsoon-like rainfall days and (B) the
monsoon days (from the monsoon onset to end day of June). The
bottom panel (C) shows that the difference of the composite 925 hPa wind
vector and the speed of zonal wind between (A) and (B), exceeding
significance at a 99% confidence level. The difference is calculated to subtract
(B) from (A). Contour interval is 2m s~ 1. Light and dark shadings are less than
—2m s~ and more than 2m s~ respectively.

season, we performed a composite analysis of the vertically
integrated moisture inflow into the study area from each
direction for a 24-year period. Figure 12 shows a composite
map of the vertically integrated moisture inflow in case of Type
A (a) and non-rainy days (b) from March to April. According
to this composite analysis, the moisture convergence became
stronger in case of Type A. In contrast, Figure 12B indicates
that the moisture divergence occurs on non-rainy days. The
characteristics of inflow from the zonal direction are drastically
different for rainy (Type A) and non-rainy days. In case of Type
A, a convergence of zonal direction occurs. It is also indicated
for the 24-year period that strengthening of inflow from the
east produced moisture convergence when Type A events occur.
According to the above analysis, moisture inflow into the study
domain is consistent with the properties derived in the composite
analysis of moisture inflow by Kiguchi and Matsumoto (2005).
Furthermore, to investigate the atmospheric circulation field
related to strengthening of the easterly, a composite map of
the wind field in the lower troposphere containing a significant
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FIGURE 8 | As in Figure 5 but for the 925 hPa wind vector and the
speed of zonal wind on (A) the rainy days (when the ratio of the
stations observed rainfall exceeding 0 mm is exceeding 10% and the
are averaged OLR value is less than 240 W m~2) and (B) the non-rainy
days (when there is no observed station) from March to April. The
bottom panel (C) shows that the difference of the composite 925 hPa wind
vector and the speed of zonal wind between (A) and (B), exceeding
significance at a 99% confidence level. The difference is calculated to subtract
(B) from (A). Contour interval is 2m s, Light and dark shadings are less than
—2m s~ and more than 2m s~ respectively.

amount of moisture was constructed. Figure 8A shows the
wind field in the 925 hPa layer in case of Type A. The line
indicating a boundary between westerlies and easterlies is located
at approximately 100°E in case of Type A. Clearly, southeasterly
inflow occurs in the inland region of the Indochina Peninsula. In
contrast, a westerly from the northern part of the Bay of Bengal
is dominant over the Indochina Peninsula on non-rainy days
(Figure 8B). This feature of Type A was clarified by considering
the difference between (a) and (b), exceeding significance at a
99% confidence level (Figure 8C). We can see that in case of
Type A, an anomalous easterly covers the area from the northern
South China Sea to the Indochina Peninsula. Promchote et al.
(2016) analyzed the 2011 great flood in Thailand, and pointed
out that the great flood is caused by not only monsoon rain
and tropical cyclone frequency but high rainfall during pre-
monsoon. This high rainfall during pre-monsoon is provided
by northeasterly from East Asia using anomaly of climatological
wind field during the period from January to April. However, it
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FIGURE 9 | As in Figure 6 but for the 300 hPa wind vector and the
speed of zonal wind on (A) the monsoon-like rainfall days and (B) the
monsoon days (from the monsoon onset to end day of June). The
bottom panel (C) shows that the difference of the composite 300 hPa wind
vector and the speed of zonal wind between (A) and (B), exceeding
significance at a 99% confidence level. The difference is calculated to subtract
(B) from (A). Contour interval is 20m s~ Light shading is more than 20m
o

is not consistent with our study. The reason should be that their
result was included winter season.

We have already shown that moisture convergence in the
lower troposphere is caused by strengthening of the easterly
from the South China Sea. Next, we attempt to explain the
climatological seasonal march of the moisture field.

Let us consider the moisture inflow and convergence in our
study area. The monthly mean distribution of the vertically
integrated precipitable water from January to June in the
climatological field shown in Figure 13 was calculated using
the reanalysis data. In January, there is a significant amount of
moisture over the maritime continent, which lay in the boreal
winter monsoon region. In February, moisture over the southern
Indochina Peninsula and the South China Sea increase slightly.
In March and April, a considerable amount of moisture already
exists over the southern Indochina Peninsula, as much as that
over the maritime continent. Moreover, more moisture exists
over the southern Indochina Peninsula than over the Indian
subcontinent, which is located in same latitudinal zone as the
Indochina Peninsula. In contrast, the moisture is considerably
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FIGURE 10 | As in Figure 5 but for the 300 hPa wind vector and the
speed of zonal wind on (A) the rainy days (when the ratio of the
stations observed rainfall exceeding 0 mm is exceeding 10% and the
are averaged OLR value is less than 240 W m~—2) and (B) the non-rainy
days (when there is no observed station) from March to April. The
bottom panel (C) shows that the difference of the composite 300 hPa
wind vector and the speed of zonal wind between (A) and (B),
exceeding significance at a 99% confidence level. The difference is
calculated to subtract (B) from (A). Contour intervalis 10m s~ 1. Light and
dark shadings in (A,B) are more than 20m s~ and more than 40m s~ 1,
respectively. Light shading of (C) is less than Om s~ 1.

less in the Bay of Bengal. In addition, the moisture in the Bay
of Bengal is less than that in same latitudinal belt of the South
China Sea. In May, the wet region expands to the entire South
China Sea, and there is a considerable amount of moisture over
the southern coastal part of China. Although much moisture
exists over the southern part of the west coast of India, overall
moisture levels are much lower over the Indian subcontinent. It
is clear that the increase in moisture over the Indochina Peninsula
begin earlier than that over the Indian subcontinent, the Bay of
Bengal, and the South China Sea. Hence, we emphasize that the
moisture distribution in March and April is important for Type A
events during the pre-monsoon season. Type A events during the
pre-monsoon caused the moisture amount over the Indochina
Peninsula to increase earlier than that in other regions in the
same latitudinal zone. In addition, we suggest that the moisture
increase is produced by intermittent convergence in the lower
troposphere associated with the passage of the upper trough and
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FIGURE 11 | Composites of the vertical integration of zonal and
meridional moisture fluxes passing across boundaries of the box
(12.5-17.5°N, 100-105°E) and the precipitable water in this box on (A)
the rainy days and (B) the non-rainy day from March to April for the
period 1979-2002. Arrows indicate the positive direction of flux. The numeral
written in the center of the box is the precipitable water in the box. The unit of
the moisture flux and that of the precipitable water are 106 Kg s~ and 109 Kg

m—2, respectively.

inflow of a southwesterly from the equatorial region when the
Type B events occur.

We now discuss the difference due to the area of moisture
in greater detail. Moisture levels increase earlier over the South
China Sea than over the Bay of Bengal. During the pre-monsoon
season, the air above the South China Sea is more humid than
that above the Bay of Bengal. Figure 14 shows the vertical
profile of specific humidity over the Bay of Bengal (along
90°E, 10-15°N), the Indochina Peninsula (along 102.5°E, 10—
15°N), and the South China Sea (along 115°E, 10-15°N), from
March to May. In March and April, specific humidity in the
lower troposphere over the Bay of Bengal is less than that
over the Indochina Peninsula and the South China Sea. It is
important to emphasize that the specific humidity in the lower
troposphere over the Indochina Peninsula is greater than over
the surrounding sea in March and April. In May, the specific
humidity over the three regions is similar. We suggest that the
increase in moisture over the Indochina Peninsula results from
a strengthening of the upward flow associated with the trough
passage in the upper troposphere.

Effects of Pre-Monsoon Rainfall on

Monsoon Onset

Kiguchi et al. (2013) indicated that heat flux from land surface
is changed by Type A events during the pre-monsoon period.
Because a previous study (Ishizaki and Ueda, 2006) suggested
that convection during the pre-monsoon season affects monsoon
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FIGURE 12 | Daily evolution of the composite with reference to the first day of the strong convective activity periods (C-E, defined in Kiguchi and
Matsumoto, 2005) of the vertical-longitude cross section of height anomaly from the 30-day running mean value (contoured) and omega (shaded)
along each latitude (written in right side). Here “0” denotes the first day of the strong convective activity periods. “—” and “+” refer to prior to and after the first day
of the strong convective activity periods (C, D, and E), respectively. The unit of height anomaly and omega are m and 1072 Pas™!, respectively. Contour interval of
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FIGURE 13 | The climatological monthly mean distribution of the vertical integration of the precipitable water from January to June. The unit ismm. The
interval of contours is 3mm. Light and dark shadings are more than 30 and 33 mm, respectively. The region, which the surface pressure is under 925 hPa, is neglected.
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onset, we considered the effects of pre-monsoon rainfall events
over the Indochina Peninsula. Figure 15 shows the relationship
between early / late monsoon onset date and rainfall amount
during the pre-monsoon from March to the monsoon onset date
in each year from 1979 to 2002, as defined in Table 1. In addition,
Figure 15 presents the rainfall intensity per upper trough during
the pre-monsoon season. The rainfall amount during the pre-
monsoon period is large when the monsoon onset is late.
Correlation between the monsoon onset date and rainfall amount
during the pre-monsoon period is 0.73, exceeding significance
at a 99% confidence level. Rainfall amount per upper trough is
almost constant, indicating that the rainfall amount during the
pre-monsoon season is defined by the length of the pre-monsoon
season.

However, the sensible heat flux from the land surface over the
Indochina Peninsula is large in March and April in the mean field
(Tian and Yasunari, 1998). To reveal the relationship between the
rainfall activity during the pre-monsoon period and the start of
monsoon circulation, a heat budget analysis for the area above the
Indochina Peninsula during the pre-monsoon period is required.
Recently, Singhrattna et al. (2012) tried to forecast rainfall
amount over Thailand using statistical approach. Their model
presents better performance in pre-monsoon rainfall in dry years
compared to wet years, in particular, at the lead time of 5-6
months, and vice versa for monsoon rainfall. For the forecasting
of rainfall amount during pre-monsoon and monsoon season, the
understanding of relationship between pre-monsoon condition
and monsoon is necessary.

March

April

SH
May

Pressure

—— — Bay of Beangal
(10-15°N, 90°E)

Indochina
(10-15°N, 102.5°)

South China Sea
(10-15°N, 115°E)

10 15

SH

20
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CONCLUSION

We considered the following three problems, as described in
Section Introduction.

1. The characteristics of the upper trough.

2. The reason for the significant amount of moisture during the
pre-monsoon season.

. The relationship between the intermittent rainfall during the
pre-monsoon season and the monsoon onset.

First, our results indicated that the weak jet westerly in the west of
the Indochina Peninsula associated with the upper trough. This
cyclone has a mid-latitude structure rather than a tropical one. In
other words, its structure is baroclinic. The upper trough over the
study area is produced by the mid-latitude regime.

Second, it was suggested that a significant amount of moisture
over the Indochina Peninsula is relative to the intermittent
rainfall phenomena (Type A) associated with passage of the
upper trough and continuous rainfall occurred over a wide region
(Type B) events associated with equatorial southwesterlies.
In the climatology, a convergence zone is present over the
Indochina Peninsula. However, the most important aspects for
moisture convergence during the pre-monsoon are Type A
events produced by both convergence in the lower troposphere
and inflow of equatorial southwesterlies.

Third, an analysis of the correlation between rainfall amounts
during the pre-monsoon season and the monsoon onset date
suggested that no relationship exists between monsoon onset
and Type A events during the pre-monsoon season. Ishizaki
and Ueda (2006) indicated that latent heat is released by pre-
monsoon rainfall. In the future, the correlation should be studied
using the heat budget rather than the rainfall amount.

While the environmental field before monsoon onset should
be important. Kawamura et al. (2002) noted that the rapid
intensification of land-ocean thermal contrast during the pre-
monsoon season causes well-organized continental-scale shallow
vertical circulation over the Australian continent. This is
important for the enhanced convective instability required
for monsoon onset. In addition, the arrival of large-scale
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