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Abstract Detailed spatiotemporal structures for the sub-
monthly-scale (7-25 days) intraseasonal oscillation (ISO)
in summer monsoon rainfall and atmospheric circulation
were investigated in South Asia using high-quality rainfall
and reanalysis datasets. The Meghalaya—Bangladesh—coast
of the western Myanmar (MBWM) region is the predom-
inant area of submonthly-scale ISO in the Asian monsoon
regions. The distinct rainfall ISO is caused by a remarkable
alternation of low-level zonal wind between westerly and
easterly flows around the Gangetic Plain on the same
timescales. In the active ISO phase of the MBWM, a strong
low-level westerly/southwesterly flows around the plain
and a center of cyclonic vorticity appears over Bangladesh.
Hence, a local southerly flows toward the Meghalaya Pla-
teau and there is strong southwesterly flow towards the
coast along southeastern Bangladesh and western Myan-
mar, resulting in an increase in orographic rainfall. Rainfall
also increases over the lowland area of the MBWM due to
the low-level convergence in the boundary layer under the
strong cyclonic circulation. The submonthly-scale low-
level wind fluctuation around the MBWM is caused by a
westward moving n = 1 equatorial Rossby (ER) wave.
When the anticyclonic (cyclonic) anomaly related to the

H. Fujinami (X)) - T. Yasunari

Hydrospheric Atmospheric Research Center, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya 464-8601, Japan

e-mail: hatsuki @hyarc.nagoya-u.ac.jp

Present Address:
T. Yasunari
Research Institute for Humanity and Nature, Kyoto, Japan

A. Morimoto
Mitsubishi Electric Information Network Corporation,
Tokyo, Japan

ER wave approaches the Bay of Bengal from the western
Pacific, humid westerly/southwesterly (easterly/southeast-
erly) flows enhance around the Gangetic Plain on the
northern fringe of the anticyclone (cyclone) and in turn
promote (reduce) rainfall in the MBWM. Simultaneously,
robust circulation signals are observed over the mid-lati-
tudes. In the active phase, cyclonic anomalies appear over
and around the TP, having barotropic vertical structure and
also contributing to the enhancement of low-level westerly
flow around the Gangetic Plain. In the upper troposphere,
an anticyclonic anomaly is also observed upstream of the
cyclonic anomaly over the TP, having wavetrain structure.
The mid-latitude circulation around the TP likely helps to
induce the distinct ISO there in conjunction with the
equatorial waves. Thus, the distinct ISO in the MBWM is
strongly enhanced locally (~500 km) by the terrain fea-
tures, although the atmospheric circulation causing the ISO
has a horizontal scale of ~ 6,000 km or more, extending
across the whole Asian monsoon system from the tropics to
mid-latitudes.

Keywords Intraseasonal oscillation - Orographic effects -
Rainfall - South Asian monsoon - Tropical-midlatitude
interaction

1 Introduction

During the summer monsoon season (June—August), the
prevailing westerly/southwesterly winds bring abundant
moisture from the ocean to South Asia. A large amount of
precipitation is generated by the humid monsoon flow.
Land in South Asia possesses complex topographical fea-
tures (Fig. 1). The interactions between the prevailing flow
and the geographical features of South Asia give rise to a
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Fig. 1 a Geographic features around South Asia and climatological mean (1979-2007) vertically integrated (from the surface to 100 hPa) water
vapor flux vectors for June—August. b As in a, but for the magnified view of the region of interest

high rainfall area near the coastal and inland mountains.
Recent satellite observations, such as those by the Tropical
Rainfall Measuring Mission (TRMM)-Precipitation Radar
(PR), reveal that the mean distribution of the summer
monsoon rainfall is strongly influenced by the terrain dis-
tribution (e.g., Hirose et al. 2008; Romatschke and Houze
2011; Biasutti et al. 2012). Narrow mountain ranges (e.g.,
Arakan Mountains and Meghalaya Plateau) are important
in anchoring high rainfall on the windward side. The
monsoon rainfall plays an important role in forming and
maintaining strong monsoon circulation through the release
of latent heating due to condensation (e.g., Hoskins and
Rodwell 1995; Ose 1998; Xie et al. 2006).

Monsoon precipitation does not remain constant within
the summer monsoon season but exhibits clear intrasea-
sonal oscillation (ISO) with high and low precipitation
phases, referred to as active and break phases, respectively.
Submonthly-scale (7-25 days)/quasi-biweekly oscillation
(which are essentially the same phenomena with a spectral
peak of around 14 days) and 30-60-day oscillation are the
two main modes of ISOs in the Asian summer monsoon
(Krishnamurti and Bhalme 1976; Murakami 1976; Yasu-
nari 1979; Krishnamurti and Ardanuy 1980; Chen and
Chen 1993; Madden and Julian 1994; Annamalai and
Slingo 2001; Wang et al. 2006; Hoyos and Webster 2007,
Yokoi et al. 2007; Fujinami et al. 2011; Moon et al. 2013).

The area around Bangladesh, where a tremendous
amount of rainfall occurs in summer, predominantly
exhibits submonthly-scale ISO, but not 30-60-day ISO
(Ohsawa et al. 2000; Murata et al. 2008; Fujinami et al.
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2011). The ISO feature allows the submonthly-scale ISO to
modulate the total seasonal rainfall and the spatial patterns
of circulation and convection around Bangladesh (Fujinami
et al. 2011; hereafter referred to as FHY11).

The ISO provides different atmospheric environments in
active and break phases and causes a large difference in the
distribution of rainfall in each phase. However, few studies
have focused on the detailed precipitation distribution
related to the ISO around Bangladesh. Information about
variability in the detailed rainfall distribution and precipi-
tation characteristics during active and break phases could
improve understanding of precipitation mechanisms around
Bangladesh, from daily to seasonal timescales. In addition,
the large variation in precipitation area is accompanied by
changes in the location of the atmospheric heat source,
such as diabatic heating due to latent heating from con-
densation. Therefore, understanding the detailed rainfall
distribution and the processes underlying its variation is
important for understanding the processes of formation and
maintenance of the ambient atmospheric circulation.

Some previous studies have pointed out that the sub-
monthly-scale/quasi-biweekly ISO in South/Southeast Asia
is associated with a westward propagating n = 1 equatorial
Rossby (ER) wave (Chen and Chen 1993; Annamalai and
Slingo 2001; Yokoi and Satomura 2005; Chatterjee and
Goswami 2004; Kikuchi and Wang 2009). The ER wave
has periodicity of approximately the submonthly range
(Kiladis and Wheeler 1995; Masunaga 2007; Kiladis et al.
2009). However, in the submonthly-scale ISO around
northeastern India and Bangladesh, the connection with
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equatorial waves is not well known. Additionally, sub-
monthly-scale ISO is also observed over and around the
Tibetan Plateau (TP) during summer (Fujinami and Yasu-
nari 2001, 2004, 2009; Yang et al. 2010). However, the link
between the mid-latitude circulation (e.g., Asian subtropi-
cal jet and Tibetan high) and the ISO around Bangladesh is
also not well known.

FHY11 showed the features of low-level atmospheric
circulation and OLR fields related to the ISO in Bangladesh
for a limited area (5-35°N, 65-115°E) over the South
Asian monsoon domain. In this paper, we provide a
detailed picture of the rainfall distribution in the sub-
monthly-scale ISO in relation to topographical features
over South Asia. We also present a broader picture of
large-scale convection and three-dimensional atmospheric
structures, focusing on intraseasonal linkage between the
tropics and mid-latitudes.

Section 2 describes the datasets and analysis methods
used in this study. The detailed topographic features and
their dependent ISO signals around South Asia are pre-
sented in Sect. 3. Section 4 gives the spatiotemporal
structure of large-scale atmospheric circulation and con-
vection extending from the tropics to the mid-latitudes,
related to the distinct submonthly-scale ISO around the
Meghalaya (located in northeastern India near the Ban-
gladesh border)-Bangladesh—coast of the western Myan-
mar region. The dynamics that are likely to cause this
distinct ISO are discussed based on the observational evi-
dence in Sect. 5. Finally, the results are summarized in
Sect. 6.

2 Data and methods

We used the APHRODITE rainfall dataset to examine
rainfall fluctuations and spatial distributions around South
Asia from 1979 to 2007 (29 years). The APHRODITE
dataset is a state-of-the-art daily precipitation dataset with
high resolution (0.25° x 0.25°) grids for Asia covering the
land only (Yatagai et al. 2009, 2012). The datasets are
created primarily with data obtained from a dense rain-
gauge observation network with orographic effects taken
into account during interpolation. To support the rainfall
distribution based on APHRODITE and further elucidate
the detailed relationship between terrain features and
rainfall distribution including over the ocean area, we also
used TRMM PR 2A25 version 7 data (Iguchi et al. 2000)
from 1998 to 2010 (13 years). We compiled the TRMM PR
data into gridded data with a resolution of 0.05° x 0.05°.
We used the near-surface rain rate to examine the spatial
distribution of rainfall. Rainfall frequency and intensity
were also calculated using the near-surface rain rate. Daily
interpolated outgoing longwave radiation (OLR) data on a

2.5° latitude—longitude grid were used as a proxy for large-
scale convective activity from 1979 to 2010 (32 years)
(Liebmann and Smith 1996). We also used the Japanese
25-year (1979-2004) reanalysis (JRA25)/Japan Meteoro-
logical Agency (JMA) Climate Data Assimilation system
(JCDAS) datasets on a 1.25° latitude—longitude grid to
explore large-scale atmospheric circulation associated with
the rainfall ISO (Onogi et al. 2007). The JRA25 dataset
covers the period from 1979 to 2004. Since 2005 to the
present, JCDAS has provided data of the same quality as
JRA2S5 using the same assimilation system as JRA25. Thus,
we can conduct a diagnostic study with a homogeneous
dataset covering the period from 1979 to the present. These
reanalysis data with high spatial resolution can provide
detailed information on atmospheric structures in the ISO
evolution around South Asia, which cannot be discerned in
coarse reanalysis data. The dataset variables included
horizontal wind (u and v), specific humidity (q) and
streamfunction (). Vertically integrated water vapor flux
from the surface to 100 hPa was also calculated. The data
were daily-averaged before analysis.

Most of the data processing and analysis methods
employed here are similar to those used by FHY11. Daily
anomalies of rainfall, OLR, and the reanalysis data were
computed by subtracting the first three harmonics of the
annual cycle (about 120 days) for each year. To extract the
submonthly (7-25 days) variability signal, a Lanczos band-
pass filter was applied to the detrended daily anomalies
(Duchon 1979). The power spectrum of the unfiltered
detrended rainfall time series for the 29-year APHRODITE
rainfall around Bangladesh had dominant power in the
submonthly range with a peak at ~ 14 days (not shown),
similar to the findings of FHY1l (Fig. 3a of FHY11).
Hence we used the frequency range (i.e., 7-25 days) for
time filtering.

A composite method similar to that of FHY11 was used
to describe the mean behavior of the ISO. We chose a
reference time series of APHRODITE precipitation aver-
aged over the area including a part of northeastern India,
Bangladesh, and the coast of western Myanmar (20-26°N,
88-93°E), where submonthly signals are strongest in South
Asia (Fig. 3b, c¢). On the basis of the 7-25-day rainfall
anomalies, positive and negative extremes that exceeded
the 29-summer climatological 1.0 standard deviation
(~7.5 mm day ') were selected as active and break peaks
for the composites in atmospheric circulation, APHRO-
DITE precipitation, and OLR fields. In total, 110 peak
active and 105 peak break days were identified during the
29 summer monsoon seasons (June to August; JJA). Daily
lag composites of various fields were also constructed
relative to these peak active days, denoted by day 0. The
statistical significance of the composite differences and
anomaly fields at each grid point was estimated using
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«Fig. 2 Time series of rainfall averaged over the rectangular domain
of 20°-26°N, 88°-93°E from 1979 to 2007 (black bars; left axis) and
7-25-day filtered rainfall (solid line; right axis). Dotted lines in each
figure denote the 29-summers (JJA) climatological 1.0 standard
deviation. Closed circles and cross marks near the filtered time series
denote selected active and break peaks, respectively

Student’s ¢ test. In the composite of TRMM-PR data, a
7-25 day filtered area-averaged (20-25°N, 88.5-92.5°E)
OLR time series was used as a reference because the
APHRODITE rainfall dataset ended at 2007. The correla-
tion value between the reference time series of the APH-
RODITE dataset and the filtered OLR anomalies for the 29
summers (2,668 days) was ~0.7 in Bangladesh (figure not
shown), which exceeded the 99 % significance level.
Therefore, it is reasonable to use the filtered OLR anom-
alies instead of APHRODITE rainfall anomalies for the
composites of TRMM-PR. We confirmed that nearly
identical distributions of OLR and atmospheric circulation
fields were seen in the composites using both of the ref-
erences. The method used to choose active and break peaks
was similar to that used for APHRODITE rainfall, and 76
peak active and 67 peak break days were identified during
the 13 summer monsoon seasons. In order to present a
robust rainfall distribution associated with active and break
phases of the ISO from TRMM-PR, we used three con-
secutive days centered on the peak days as active phase and
break phases for the composites. In short, totals of 228
active days and 201 break days could be used to make the
composites. Some previous studies successfully showed
clear composite differences in rainfall distribution associ-
ated with active and break phases related to ISOs using
TRMM-PR data (Singh and Nakamura 2010; Shrestha
et al. 2012).

3 Regional-scale rainfall distribution related
to submonthly-scale ISO and topography

3.1 Climatological features

Our target area in this study is around northeastern India,
Bangladesh, and the coast of western Myanmar (Fig. 1).
The Gangetic Plain is characterized by an area of east—west
elongated flat lowland, south of the Himalayas/TP. The
eastern part of the Gangetic Plain faces the Bay of Bengal,
from which southerly moist winds can intrude into the
plain. In the easternmost part of the Gangetic Plain, the
Meghalaya Plateau stands at ~2,000 m above sea level
extending east to west, and the Chittagong Hill Tracts and
the Arakan Mountains extend north to south. These
regional-scale topographical features enhance the localized
area of high rainfall in the windward regions (Fig. 3a).
Previous papers have noted the localized high rainfall areas

arising from regional-scale topography in a climatological
sense using high-resolution TRMM-PR data (Hirose et al.
2008; Nesbitt and Anders 2009; Romatschke and Houze
2011; Biasutti et al. 2012).

Figure 2 presents the daily rainfall time series averaged
over the region 20-26°N, 88-93°E for the 29 summers. A
distinct submonthly-scale ISO appears in almost all of the
29 summers even in the unfiltered time series. The mean
spectrum for the 29-year rainfall time series shows that a
pronounced peak appears at a period of ~ 14 days that
exceeds the 95 % confidence level. A peak around the
30—40-day period can also be found but is not statistically
significant (not shown). The 7-25-day filtered time series is
also shown in Fig. 2. The active and break peaks of the
filtered time series represent those of the unfiltered time
series well. Thus, these results justify our choice of fre-
quency range for time filtering.

Figure 3b presents the percentage of the total variance
of rainfall explained by the 7- to 25-day band in summer.
Localized high values (>40 %) are observed around the
Meghalaya Plateau, the Chittagong Hill Tracts, and the
coast of western Myanmar. Furthermore, the area with
values greater than 35 % covers almost all of Bangladesh.
Thus, the Meghalaya—Bangladesh—coast of western
Myanmar (hereafter abbreviated to MBWM) region is the
most dominant area of the submonthly-scale ISO among
the onshore Asian monsoon regions. High percentage val-
ues extend westward from the MBWM along the Gangetic
Plain. Relatively high values are also observed around
southeastern China, the east coast of the Indochina Pen-
insula, the southern TP, and the Western Ghats. The per-
centage of total variance explained by 7-25 day OLR
anomalies reveals a comprehensive picture of the sub-
monthly-scale ISO, including regions over the oceans
(Fig. 3c), although a regional-scale structure cannot be
detected because of the coarse grid of the OLR data. Large
submonthly variances appear over the Bay of Bengal and
South China Sea, while large percentages of variance
appear around the MBWM, northeastern coast of Vietnam,
and the western TP. The highly localized strong signals of
the submonthly-scale ISO suggest the presence of unique
dynamics for enhancing the submonthly-scale ISO prefer-
entially around the MBWM.

Low-level wind variation is an important element nee-
ded to induce rainfall fluctuation. To indicate the preferred
locations of low-level horizontal wind variation, 925-hPa
perturbation kinetic energy (PKE) on the 7-25-day time-
scale is shown in Fig. 3d. PKE is defined by

1 -
PKE = 3 (u'2 T v’2) (1)

where the overbar denotes the time mean, and u’ and v’ are
the 7-25 day filtered zonal and meridional winds,
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Fig. 3 Climatological
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respectively, following the method used in Matthews and
Kiladis (1999). A local maximum extends zonally along
the Gangetic Plain, south of the TP. The zonal wind per-
turbation (u’) mainly contributes to form the PKE maxi-
mum over the plain. The enhanced zonal wind variation
provides a favorable environment for distinct submonthly-
scale ISO in rainfall around the MBWM.

3.2 Detailed rainfall distribution and its time evolution

To show in detail the spatial distribution of rainfall and its
relationship with topography, the rainfall distribution and
integrated water vapor flux vectors in active and break
phases of the MBWM are shown in Fig. 4. In the peak
active phase (Fig. 4a), high rainfall areas spread around the
MBWM, the southern slope of Himalayas, and the Western
Ghats. Westerly/southwesterly moisture flow prevails
around the MBWM. Note that a localized center of
cyclonic relative vorticity appears at 925 hPa over western
Bangladesh. Therefore, wind components normal to the
windward slopes of the Meghalaya Plateau, the Chittagong
Hill Tracts, and the western coast of Myanmar are
enhanced, and then high rainfall (>50 mm day ') is
observed over these regions probably due to oro-
graphic lifting of moist air. Relatively high rainfall
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(>20 mm dayfl) is also observed in the lowland area of
the MBWM away from the regional-scale mountains,
resulting from frictional convergence in the boundary layer
under strong low-level cyclonic circulation. In contrast, the
direction of moisture flow changes such that easterly/
southeasterly flow prevails along the Gangetic Plain in the
peak break phase (Fig. 4b). The easterly/southeasterly flow
can travel along the Gangetic Plain from northwestern
Bangladesh without orographic barriers. Thus, precipita-
tion decreases significantly along the Gangetic Plain on
peak break days. The composite difference highlights these
differences mentioned above (Fig. 4c). A significant posi-
tive difference in rainfall also appears along the southern
slope of the Himalayas and the southeastern TP, where
significant moisture flux vectors are also shown. Fig-
ure 4d—f from TRMM-PR datasets highlight and reinforce
the relationship between the locations of rainfall maxima
and regional-scale topographic features including over the
ocean. The composites from TRMM-PR can capture
overall features of those from APHRODITE datasets well,
although the absolute values of rainfall in TRMM-PR are
smaller than those in APHRODITE over land. In the active
phase (Fig. 4d), the southern slope of the Meghalaya Pla-
teau has a localized precipitation maximum. In contrast,
around the coast of western Myanmar, the high rainfall
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Fig. 4 Composites of a rainfall
(APHRODITE) and vertically
integrated (from surface to

100 hPa) water vapor flux
vectors in the peak active phase
of the 7-25-day ISO over the
MBWM. The contours of
925-hPa positive (i.e., cyclonic)
vorticity more than

2.5 x 107 s~ " are shown by
dotted lines. The contour
interval of vorticity is

0.5 x 107> s~". The unit of
water vapor flux is kg m~' s7".
The topographic contours of
500 and 3,000 m are also shown
as thin solid lines. b As in a, but
for peak break phase. ¢ As in a,
but for the difference between
peak active and peak break
phases. The thick solid line
indicates areas with 99 %
statistically significant
difference in rainfall. Only
water vapor flux vectors that
show 99 % statistically
significant difference are
plotted. d Composite of rainfall
obtained from TRMM-PR in the
active phase. e As in d, but for
the break phase. f As in d, but
for the difference between the
active and break phases
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area extends to the Bay of Bengal with highest rainfall
along the coastline. The break phase is characterized by the
increase in rainfall over the Bay of Bengal and central
India. The scattered high rainfall area spreads widely over
the Bay of Bengal (Fig. 4e). The difference shows a north—
south shift in the high rainfall area associated with the
submonthly-scale ISO (Fig. 4f).

Figure 5 shows the vertical latitude/longitude sections
of horizontal wind speed, specific humidity, and horizontal
water vapor flux. Rainfall, rain frequency, and rain inten-
sity derived from TRMM-PR are also displayed in this
figure. Selected latitudes and longitudes include high
rainfall areas over the Meghalaya Plateau (Fig. 5a, b, e, )
and the coast ranging from southeastern Bangladesh to
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Fig. 5 a Vertical-latitude
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western Myanmar, respectively, where the Chittagong Hill
Tracts and Arakan mountains are located to the east of the
coastline (Fig. 5c, d, g, h). In the active phase, high rainfall
appears around 25-26°N and its peak (=60 mm day ')
corresponds only to the southern slope of the Meghalaya
Plateau (Fig. 5a, b). The rainfall is characterized by high
rainfall frequency (~40 %) and relatively high rainfall
intensity (~7 mm hfl) (Fig. 5b). The rainfall peak around
21°N is a part of the rainfall distribution near the coast
from southeastern Bangladesh to western Myanmar. A
strong and humid low-level southwesterly/southerly flows
toward the Meghalaya Plateau with its maximum wind
speed around 900 hPa. In contrast, the low-level wind
speed toward the plateau in the break phase becomes sig-
nificantly weakened (Fig. 5e). Rainfall frequency reduces
greatly (<20 %), and in turn the rainfall amount decreases
around the Meghalaya Plateau (Fig. 4f). The difference in
the low-level specific humidity between active and break
phases is not so large; the value averaged from 1,000 to
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850 hPa at the same longitudes is less than 0.5 g kg™ . In
short, the change in the low-level wind speed mainly
contributes to the large difference in water vapor flux
between the active and break phases. The vertical stratifi-
cation in the peak active and break days (defined as the
vertical difference of equivalent potential temperature
between 1,000 hPa and 600 hPa) is 15.2 and 16.3 K,
respectively, at 22.5°N, 90°E. Thus, low-level atmosphere
exhibits slightly stronger convective instability on peak
break days than on peak active days. Recently, Sato (2013)
pointed out that the intensity of southerly/southwesterly
low-level wind around 900 hPa is a crucial factor in heavy
precipitation around the Meghalaya Plateau during the
active period of submonthly-scale ISO because stronger
low-level wind is sufficient to overcome the vertical
stratification barrier and can reach the lifting condensation
level. At latitudes of 20.5-21.5°N, a strong southwesterly
low-level wind is dominant over the head of the Bay of
Bengal in the active phase (Fig. 5c), whereas a weak
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southerly is observed in the break phase (Fig. 5g), indi-
cating that the wind component of the direction normal to
the coastline and mountains is enhanced in the active phase
and significantly decreases in the break phase. The coast-
line under examination here is located at ~92°E, and the
Arakan Mountains are found around 94°E. The Chittagong
Hill Tracts are in between. In the active phase, the low-
level wind speed decreases eastward, indicative of the low-
level convergence around the coast (Fig. 5c). An area of
rainfall of more than 20 mm day ™' spreads from 90.5 to
93.8°E with its peak (>40 mm day ') over the coastline
(i.e., ~92°E), which is broader than that around the
Meghalaya Plateau. In this region, the high rainfall is a
result of both high rainfall frequency and intensity
(Fig. 5d). A sharp decrease in rainfall appears on the lee-
ward side of the Arakan Mountains (i.e., the rain shadow
effect of mountains). In the break phase, both rainfall fre-
quency and intensity become weakened, and in turn the
rainfall amount decreases greatly (Fig. Sh).

To illustrate the phase relationship between rainfall and
topographical features, Fig. 6 presents daily-lag composites
of APHRODITE rainfall and vertically integrated moisture
flux vectors from day —5 to day 0. Active rainfall peaks over
MBWM are referred to as day 0 phases. The evolution from
day —5 to day O nearly completes a half-cycle because the
pattern at day O is similar to that at day —35, with opposite
signs. The next life cycle is almost a mirror image of the
aforementioned life cycle. At day —5, a negative rainfall
anomaly extends over the MBWM with minima in the
southern Meghalaya Plateau and the coastal areas of south-
eastern Bangladesh and western Myanmar. Southeasterly/
easterly moisture flux anomalies prevail along the Gangetic
Plain. In contrast, a positive rainfall anomaly appears over
central India where cyclonic circulation is observed. After
day —3, an anti-cyclonic circulation anomaly moves west-
ward from the Indochina Peninsula to the Bay of Bengal
along ~ 15N°. Southerly/southwesterly humid flow begins
to become enhanced in the MBWM, and in turn the rainfall
anomaly changes sign quickly from negative to positive
between day —3 and day —2. By day 0, the anticyclonic
circulation moves farther westward and reaches at 90°E over
the Bay of Bengal. Then, the westerly/southwesterly mois-
ture current is further enhanced over the MBWM. Wind
components toward the windward slopes of the Meghalaya
Plateau, the Chittagong Hill Tracts and the coast of western
Myanmar reach a maximum. The time sequence reveals that
the areas of large rainfall anomaly around the MBWM
remain stationary, although the anticyclonic circulation over
the Bay of Bengal that brings the westerly anomaly leading
to the active ISO phase moves westward. The stationary
feature of the rainfall anomaly suggests that the topograph-
ical features are essential to enhance rainfall and anchor it at
a fixed location in the MBWM.

4 Large-scale atmospheric circulation and convection
related to the submonthly-scale ISO

4.1 Three-dimensional structure of atmospheric
circulation in the active and break phases

In this subsection, we present the three-dimensional
structure of large-scale atmospheric circulation and the
distribution of convection with reference to the sub-
monthly-scale rainfall ISO in the MBWM region to show
a large-scale process that causes the distinct ISO in the
whole Asian summer monsoon system. Figure 7 shows
atmospheric circulation and OLR fields in the active and
break phases. In the peak active phase, a trough (i.e.,
monsoon trough) deepens over the Gangetic Plain, and a
center of convection is located over the MBWM where an
850 hPa westerly/southwesterly prevails (Fig. 7c). The
enhancement of the westerly/southwesterly corresponds to
the northward extension of large-scale monsoon westerly
flow. In the middle troposphere, the main axis of the
westerly jet is located around 40°N (Fig. 7b). A deep
trough is observed around the southern TP; a dominant
westerly blows around the MBWM, similar to that in the
low-level troposphere. Note that a part of the mid-latitude
westerly intrudes into South Asia along the southwestern
periphery of the TP, related to the deep trough. The
westerly intrusion from mid-latitudes and the westerly
over the MBWM are clearly observed in a layer from 700
up to 400 hPa in the active phase (figure not shown). The
upper-level troposphere is characterized by the Tibetan
high and its center is located to the west of 80°E (Fig. 7a).
A ridge is also observed from 40° to 60°E along the Asian
subtropical jet at ~40°N. In contrast, the monsoon trough
shifts southward in the break phase, and the center of
convection appears over the Bay of Bengal (Fig. 7f). The
strong low-level westerly appears up to 20°N, while a
weak easterly is observed over the MBWM. In the mid-
troposphere, there is a remarkable easterly over the
MBWM south of the TP (Fig. 7e). The center of the
upper-level Tibetan high is located around 25°N, 80°E,
and a stronger easterly is observed over the MBWM
compared to the active phases (Fig. 7d). Thus, the easterly
dominates in all layers of the troposphere over the
MBWM.

Figure 8 highlights the difference in streamfunction (1)
and wind vectors between the active and break phases at
each level. A striking feature in the 850 hPa difference is a
pair of anticyclonic anomalies along 85°E with centers
around 15°N and 5°S (Fig. 8c). The other important dif-
ference is the cyclonic circulation anomaly around the TP.
The strong low-level westerly wind, causing high rainfall
around the MBWM, is induced by the pressure gradient
between the anti-cyclonic anomaly and cyclonic anomaly
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Fig. 6 Composites of 7-25-day
filtered rainfall (APHRODITE;

shadings) and vertical
integrated moisture flux
anomalies from day —5 to day 0
based on 7-25-day rainfall
variation in the MBWM. Day 0
corresponds to the active
rainfall peak in the MBWM.
Only 99 % statistically
significant areas of rainfall are
shaded. Only 99 % statistically
significant moisture flux vectors
are plotted. The topographic
contours of 500 and 3,000 m are
shown as thin solid lines
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over the Bay of Bengal and areas to the south of TP,
respectively. Thus, there is a north—south tripole structure
of i anomalies ranging from the tropics to the mid-lati-
tudes. At 500 hPa, the horizontal structure of iy anomalies
is nearly identical to that at 850 hPa (Fig. 8b). A cyclonic
anomaly becomes apparent over the TP. The north—south
pressure gradient to the south of the TP results in the strong
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westerly anomalies from the western to southern periphery
of the TP. At 200 hPa (Fig. 8a), the anti-cyclonic anomaly
is located centered on 35°N, 50°E and extends to the
Indochina Peninsula zonally, as if to avoid the TP. A
cyclonic circulation anomaly is observed over the TP on
the downstream side of the center of the anticyclonic
anomaly.



Dynamics of distinct intraseasonal oscillation in summer monsoon rainfall

2157

Fig. 7 Composites of

) (a) 200-hPa ¥ and u,v
a 200 hPa streamfunction (1) ‘ —_—

Break phase

and wind vectors in the peak

B
.

active phase. The contour

interval for y is

1.0 x 10’ m* s~". Shading
denotes areas at an altitude of
more than 3,000 m. b As in

a but for 500 hPa. Shading
denotes areas of westerly flow
(i.e., u > 0). The contour
interval for y is

Sl
[
S5 S ANy

e
v /A/¢
2.0 x 10° m? s~'. Topographic 20E 30E 40E 50E 6OE 7 OE 101
contour for 3,000 m is shown as

a thick solid line. ¢ As in a, but (

[
0E 80E 90E 100E 11

20E 30E 40E 50E 60E 70E 80E 9OE 10OE 110E 120E 130E 140E 150E

T40(ms)
(e)

il
JOE 120E 130E 140E 150E

40 (ms")

Active phase

500-hPa ¥ and u,v Break phase

for 850 hPa. OLR values

<220 Wm™? are shaded. The 5°N'ff‘ -

2z >

==

contour interval for s is

3.0 x 10° m? s™". The
topographic contour for

3,000 m is shown as a thick
solid line. d—f As in a—c but for
the peak break days

. S

(¢ afs v A ‘ s o
20E 30E 40E 50E 6OE 70E BOE 9OE 100E 110E 120E 130E 140E 150E  20E 30E 40E 50E 60E 70E BOE 9OE 100E 110E 120E 130E 140E 150E
0 2 8 (ms) 10 (ms7) 0 2 8 (ms’) 10 (ms7)
(f) 850-hP Break phase

(c) 850-hPa

Y,u,vand OLR Active phase

S YE

ﬁ 50N- ;

30N+

116

! 5»\

2y

i o

208{7 7

v

10N>

3 v eeTes

x\ﬁﬁ&\: N N

— ST
L

170 190 200 210

4.2 Covariability between the tropics and mid-latitudes

To show the extent of important anomalies linked to the
submonthly-scale rainfall ISO over the MBWM, the vari-
ance in the composite life cycle from day —5 to day +35 is
shown in Fig. 9. Almost all grids in the shaded area of
Fig. 9 passed the 99 % level of significance in the daily
lag-composites at least once during the life cycle. The
distribution of OLR variance exhibits the two preferred
bands in convection along the latitudes of 15-30°N and
5-15°N from 50 to 140°E (Fig. 9d). The northern band
extends from southern China to Pakistan via the MBWM,
while the southern one extends from the western North
Pacific/the South China Sea to western Indian Ocean
through the Bay of Bengal. The y variances reveal inter-
esting signals that range widely from the tropics to the mid-
latitudes of the Northern Hemisphere across the Asian
summer monsoon region (Fig. 9a—c). At 850 hPa, an east—
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s
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20 (ms")
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west elongated area of large variance is evident along the
latitudes of 10-20°N from 50 to 160°E (Fig. 9c). To the
south of this area, along the latitudinal band from ~ 10°S
to the equator, there is a zonally elongated area of moderate
variance. Thus, the two bands of large variance are
remarkable in exhibiting a line-symmetric shape with
respect to ~5°N. As shown later, the two bands correspond
to the pathways of the westward propagating twin vortices.
As in the tropics, large variance is also observed in the
subtropics and the mid-latitudes, surrounding the TP except
in the eastern/southeastern area. At 500 hPa, the two zonal
bands of high variance also appear in the tropics (Fig. 9b).
A large variance maximum appears centered on the wes-
tern TP. The 200 hPa s variance shows local maxima at
50°E, 80°E and 110°E along ~40°N along the Asian
subtropical jet (Fig. 9a). A local center of large variance is
also found over the head of Bay of Bengal, extending
northwestward and connecting the large-variance area
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Fig. 8 Composite difference of a 200-hPa streamfunction (i) and
wind vectors between peak active and peak break days. Shading
denotes statistically significant areas at the 99 % level in the ¥
difference. The topographic contour for 3,000 m is shown as a thick
dashed line. The contour interval for  is 1.5 x 10°m? s~ b As in
a but for 500 hPa. The contour interval for ¥ is 1.0 x 10° m* s™".
¢ As in a but for 850 hPa. The contour interval for y is
0.5 x 10°m*s™"

around the Asian jet. No robust signals appeared in the
mid-latitudes of the Southern Hemisphere (figure not
shown).
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Fig. 9 a Variance in the 200-hPa streamfunction (shaded) in the
composite life cycle (from day —5 to day +5). Topographic contours
for 1,500 and 3,000 m are shown as a thick solid line. b As in a but
for 500 hPa. ¢ As in a but for 850 hPa. d As in a but for OLR

Figure 10 demonstrates the temporal sequence of the
composites for the 850 hPa streamfunction (1/gs50), wind
vectors, and OLR fields, based on the submonthly-scale
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Fig. 10 a—f Composites of the
850-hPa streamfunction (/gso;
contours), wind vectors, and

850-hPa v, wind vector and OLR anomalies

OLR (shaded) anomalies from
day —5 to day O with reference
to the 7-25-day rainfall
anomalies over the MBWM.
OLR anomalies less (greater)
than —5 (5) Wm™2 are shaded,
Shaded areas of OLR nearly
correspond to areas of 99 %
confidence. Only wind vectors
statistically significant at the
99 % level are plotted. The

contours of topographic
contours for 1,500 and 3,000 m
are shown as dashed lines. The

contour interval for yrgsg is
3.0 x 10° m? s™'. Zero
contours in g5 are omitted
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rainfall ISO over the MBWM. A striking feature of the
850 hPa atmospheric circulation is the westward propa-
gating twin vortices (i.e., twin lows or highs) with centers
around ~ 15°N and ~5°S (Fig. 10). In day —5, suppressed
convection appears over the MBWM where the easterly/
southeasterly anomaly dominates in the northern periphery
of a cyclonic anomaly over the east coast of central India.
Another cyclonic circulation is observed with a center
around 5°S, 80°E. Thus, the anomaly distribution exhibits a
twin-low structure. At day —4, the next twin-vortex
structure emerges from the South China Sea to the area
around the maritime continent. The easterly anomaly is
accelerated over the South China Sea along 5°-7°N
between the two anti-cyclonic vortices, and in turn con-
vection is suppressed there. From day —4 to day —2, the
northern vortex moves westward from the South China Sea
to the Bay of Bengal. On day —2, a strong low-level

;
20E 30E 40E 50E 60E 70E BOE OOE 100E 110E 120E 130E 140E 150E
3 (ms")

3 (ms?)

(W m?) -0 -1 R s 10 20 (Wm?)
southwesterly flows into the MBWM and convection
becomes enhanced there. Note that a northerly intrudes
from the mid-latitudes through a lowland area around
30°N, 60°E between the western TP and the Zagros
Mountains (thick dashed line from 40°N, 40°E to 30°N,
55°E) from day —1 to day 0. The enhanced northerly flows
into the northernmost part of the Arabian Sea. Then the
northerly changes direction into a westerly, merging with
the southwesterly along the northwestern periphery of the
anticyclone over the Bay of Bengal. On day 0, when
convection/precipitation reaches a maximum, the anticy-
clonic anomaly is centered on the Bay of Bengal. A narrow
cyclonic circulation deepens just south of the TP (Fig. 10f).
The anomaly structure forms a strong westerly/southwest-
erly anomaly around the MBWM.

The half zonal wavelength of these vortices is
~3,000-3,500 km  (Figs. 8c, 10f), approximately
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equivalent to zonal wavenumber 6 around the equator. The
wave has westward phase speed of about 6.5 m s~ around
the equator from the time sequence. The horizontal struc-
ture and propagation characteristics are consistent with
those found by Chen and Chen (1993), Yokoi and Sa-
tomura (2005), and Chatterjee and Goswami (2004) of
n = 1 equatorial Rossby waves with submonthly period.
The two vortices are not symmetric about the equator, but
appear to be shifted northward by ~ 5-7°N, consistent with
the results of Chatterjee and Goswami (2004). Figure 11
shows time—longitude sections of the OLR anomaly (with
only the seasonal cycle of OLR removed) and Rossby-
wave filtered OLR anomaly averaged from 10-20°N during
June to August 1988. The Rossby-wave filter is a bandpass
filter in the frequency-wavenumber domain to detect n = 1
equatorial Rossby (ER) waves (e.g., Masunaga 2007; Kil-
adis et al. 2009). Here, we adopted the ER wave filter used
by Masunaga (2007). The filter is defined for —10 <k <0
(k is the horizontal zonal wavenumber) and two dispersion
relations with an equivalent depth of 5 and 100 m. Note
that remarkable westward OLR anomalies were observed
in the summer of 1988 and these anomalies correspond
well with the ER-wave-filtered anomalies. When large-
amplitude ER waves with a positive (negative) OLR
anomaly pass over the area around 90°E from June to mid-
July, rainfall increases (decreases) remarkably over the
MBWM (Fig. 11b), consistent with the composites shown
in Fig. 10. Eastward shifts of large amplitude ER wave
filtered anomalies can also be observed during the same
period, which may be an eastward energy dispersion of the
ER wave (i.e., group velocity) (e.g., Kiladis and Wheeler
1995). After mid-July, the ER wave signals passing over
~90°E weaken and the amplitude of the ISO in rainfall
over MBWM becomes small but the same tendency can be
found even after mid-July.

The sequence of 500-hPa circulation anomalies shows
that the spatial structure and its evolution are quite similar
to that at 850 hPa in the tropics, and {y anomalies become
prominent in the mid-latitudes (Fig. 12). On day —4, an
anomalous low emerges centered on 40°N, 120°E. Simul-
taneously, the north—south twin-high structure becomes
obvious along approximately 115°E. From days —4 to —2,
although the twin-high anomalies in the tropics move
westward, the cyclonic anomaly to the east of the TP
remains almost stationary and contributes to form a wes-
terly anomaly over southern China. On day —1, the cyclonic
circulation appears to move into the TP rapidly and then
induces a strong westerly anomaly over the MBWM to the
south of the TP, in conjunction with the anti-cyclonic
anomaly over the Bay of Bengal. On day 0, the cyclonic
circulation becomes further strengthened over the TP.

In the upper troposphere, a notable feature of the Y/,
anomaly is a wavetrain structure along 40°N where the axis
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Fig. 11 a Time-longitude section of the OLR anomaly (shaded) and
Rossby-wave-filtered OLR anomaly (contours) averaged between 10°
and 20°N in 1988. b Time series of summer rainfall in 1988 in the
MBWM region. OLR anomaly is calculated by subtracting the
seasonal cycle from the raw time series. Contours of the filtered OLR
anomaly are shown from —3 and 3 Wm~2 at 6 Wm ™ intervals. Zero
contours are omitted. See the text for details of the Rossby wave filter

of the Asian jet is located (Fig. 13). From days —5 to —3, the
VY200 anomalies along the Asian jet move slowly westward.
An eastward development of the anomalies is also observed
(Fig. 13a—c). By day —2, the anticyclonic /59 anomaly over
the TP seen on day —5 moves to 40°N, 55°E and develops in
almost same position by day 0. From day —3 to day 0, the
cyclonic circulation to the east of the TP moves westward
slowly to the TP, accompanied with active convection sig-
nals to its south. The waves along the Asian jet (~40°N)
have a wavenumber of ~4.5, with a phase speed of ~—
2.7 ms™', as estimated from the composite sequence. The
zonal phase speed of the mid-latitude barotropic Rossby
wave relative to the background flow is given as

. p
C—uU=-— LR (2)
where c is the zonal phase speed, i is the background zonal
wind speed, k and [ are the zonal and meridional wave
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Fig. 12 As in Fig. 10 but for 500 hPa. The contour interval for y/sqg is 4.0 x 10° m? s~!

numbers, respectively, and f3 is the meridional gradient of the
Coriolis parameter. We can assume that the zonal and
meridional wavenumbers are of similar scale (k ~ [) (Holton
1992). The value of fis 1.75 x 107" m~' s~' at 40°N. The
zonal wavenumber is ~4.5. Hence, the Rossby wave speed
relative to the background flow calculated from Eq. (2) is —
10.6 m s~ . Here, the background zonal wind for the baro-
tropic Rossby waves is defined as the vertical mean zonal
flow in summer and is ~8.0 m s~ (Fujinami and Yasunari
2009). Hence, the phase speed of the waves relative to the
ground is ~—2.6 m s~! consistent with the observed
phase speed of the waves along the Asian jet. To the south
of the TP, a weak anticyclonic circulation covers the active
convection area over the MBWM. The anti-cyclonic cir-
culation is strengthened as the convection becomes stron-
ger in the MBWM. The upper-level convergence to the

south of the anti-cyclone covers the area of suppressed
convection over the Bay of Bengal. After day 0, an anti-
cyclonic anomaly develops rapidly to the east of the TP,
indicative of downstream development of the anomaly, and
then wholly moves westward (not shown).

The  anomaly over the Bay of Bengal at the peak phase
has a nearly barotropic vertical structure throughout the
troposphere, while the large i anomaly at 5°S is confined
to below 500 hPa (Figs. 10f, 12f, 13f). This feature is
similar to those reported by Chen and Chen (1993) and
Chatterjee and Goswami (2004). The vertical structure of
the i anomaly around the TP also displays a near baro-
tropic nature. Note that the vertical baroclinic structure is
evident in the yy anomaly just over the MBWM, probably
associated with diabatic heating due to the high rainfall
there. However, the zonal wind anomaly shows vertical
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Fig. 13 As in Fig. 10 but for
200 hPa. The contour interval
for Y00 is 6.0 x 10° m* s~

200-hPa v, wind vector and OLR anomalies
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in-phase structure over the MBWM throughout the tropo-
sphere (not shown).

5 Discussion

5.1 The dynamics of distinct submonthly-scale ISO
over the MBWM

The rainfall distribution and rainfall amount, related to the
ISO, are highly controlled by regional-scale topography
around the MBWM such as the Meghalaya Plateau and the
coastline from southeastern Bangladesh to western Myan-
mar, just to the west of the Chittagong Hill Tracts and
Arakan Mountains (Figs. 4, 5). These essential terrain
features lie on the easternmost part of the Gangetic Plain,
which is an east-west flat lowland area extending to the
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south of the Himalayas/TP. The plain is also surrounded by
the mountainous regions of India (e.g., Chota Nagpur
Plateau) to its south (Fig. 1). Thus, the plain and the sur-
rounding topography likely help to enhance low-level
zonal wind fluctuations along the plain, behaving like a
duct for the low-level atmospheric circulation (Fig. 3d).
Strong westerly/southwesterly flow enhances the oro-
graphic lifting of low-level moisture in the windward area
of the mountains, which results in a large increase in pre-
cipitation in the area. A region away from mountainous
area of the MBWM also gets high rainfall probably due to
the low-level convergence, associated with the large
cyclonic vorticity over Bangladesh. A recent study
revealed that a closed low pressure system of the horizontal
scale of ~600 km often appears centered on Bangladesh in
the active ISO phase over the MBWM and produces large

amounts of rainfall in both the plain and mountainous areas



Dynamics of distinct intraseasonal oscillation in summer monsoon rainfall 2163

(Hatsuzuka et al. 2013, submitted). The center of cyclonic
vorticity over Bangladesh seen in Fig. 4a reflects the
effects of the lows. The narrow cyclonic circulation
reaching a height of up to ~7,000 m just over the Gangetic
Plain in the active phase, along with the shape of the sur-
rounding regional mountains, likely provide favorable
environmental conditions for the genesis of such a meso-
scale vortex or low around the MBWM (Figs. 4a, 7b, c).
Thus, the MBWM region has environmental conditions
that concentrate a low-level moisture flux convergence
there in the active phase.

The n = 1 equatorial Rossby (ER) wave is a key agent
that regulates the low-level zonal wind on submonthly
timescales around the Gangetic Plain to the south of the TP
and controls the periodicity of the ISO around the MBWM.
Note that the rainfall over the MBWM is not directly
induced by the convection coupled with the ER wave, but
the westerly/southwesterly flow in the northern periphery
of the anticyclonic vortex over the Bay of Bengal provides
a suitable condition for enhancing precipitation around the
MBWM. In contrast, over the Bay of Bengal and central
India, the westward moving convection of the ER wave
brings rain. The twin-vortex structure of the ER waves
shifts northward by ~5°N relative to the equator. This
northward shift probably allows the northern part of the
northern vortex to interact with the regional-scale topo-
graphy around the MBWM efficiently. Chatterjee and
Goswami (2004) explained the reason for the northward
shift of the ER waves in the Indian Ocean in the Northern
Hemisphere summer using the ‘dynamic equator’ concept.
The mean flow over the Indian Ocean at low levels shows
that the ‘dynamic equator,” where ambient absolute vor-
ticity is zero, shifts to around 5°N during summer and
results in a shift of the ER waves towards the north by
about 5°. The ambient absolute vorticity fields are con-
trolled by the large-scale mean Asian summer monsoon
flow, which is induced by the north—south heat contrast
between the Eurasian continent and the Indian Ocean
(Fig. 7c, f). Thus, the strong Asian summer monsoon cir-
culation itself could help to displace the ER waves north-
ward. The shifted ER waves can effectively induce strong
horizontal fluctuations on submonthly timescales to the
south of the TP, and in turn rainfall increases distinctly on
the same timescales over the MBWM. Additionally, large
diabatic heating due to the high precipitation around the
MBWM contributes to maintain strong Asian monsoon
circulation.

Meanwhile, the mid-latitude atmospheric circulation
also seems to play an active role in enhancing the zonal
wind fluctuation to the south of the TP. The /509 anomaly
along the Asian jet (~40°N) has almost vertically baro-
tropic structure around the TP (Figs. 10, 12, 13). The
negative »oo anomaly to the east of the TP moves

westward to the TP from days —2 to —1 (Fig. 13d, e).
Concurrently, a negative /5oy anomaly appears over the TP
(Fig. 12e). The 500 anomaly increases an east-west
pressure gradient along the western periphery of the TP and
a north-south pressure gradient along the southern
periphery. A similar time sequence is also observed at
850 hPa; cyclonic circulation is strengthened from the
western through to the southern periphery of the TP
(Fig. 10e). This means that the monsoon trough just to the
south of the TP deepens. Thus, the westward moving
vertically barotropic cyclonic circulation enhances the low
and mid-level northerly to the west of the TP and the
westerly to the south of the TP (Figs. 10e, 12e).

In short, the equatorial wave and the mid-latitude wave
probably enhance the submonthly-scale low-level zonal
wind fluctuation to the south of the TP synchronously, and
the interaction between the zonal wind fluctuation and the
regional-scale topography causes a distinct rainfall ISO on
the same timescale over the MBWM.

5.2 Covariability of atmospheric circulation
between the tropics and mid-latitudes

The results demonstrate a robust connection between the
tropics and the mid-latitudes, associated with the distinct
rainfall ISO over the MBWM region. However, the
mechanism of this linkage remains unclear. A possible
interpretation is that diabatic heating related to the sub-
monthly-scale ISO may induce a Rossby-wave response
along the Asian jet in the mid-latitudes. Note that the
convection and low-level circulation anomalies over the
MBWM remain in almost the same location from the
initiation to termination of the active ISO phase (Figs. 6,
10), whereas convection and circulation anomalies over
the Bay of Bengal and central India clearly move west-
ward from the South China Sea to northwestern India
(Fig. 10). The anomalous active convection/rainfall over
central-northwestern India could excite or reinforce the
upper-level high to its north over the Asian jet through
Rossby response from days —5 to —3 (Figs. 6a—c, 13a—)
(e.g., Ambrizzi and Hoskins 1997; Krishnan and Sugi
2001; Ding and Wang 2007). The enhanced anticyclone
induces the downstream development of a wave train due
to eastward Rossby wave dispersion along the Asian jet
(Enomoto et al. 2003; Fujinami and Yasunari 2004).
Therefore, the cyclonic anomaly with barotropic structure
likely forms downstream of the anticyclonic anomaly as a
part of the wave train by day —4. The anticyclonic
anomaly over the western TP is elongated westward and
enhances rapidly at around 40°N, 55°E from day —3 to
day —2. Then, the cyclonic anomaly to the east of the TP
moves westward over the TP, accompanied by an active
convection band to its south. Meanwhile, the existence of
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the Himalayas/TP massif may transform the Rossby
response in the active phase of the MBWM because low-
and mid-level flow is highly restricted by topography. The
enhancement of the westerly in the low/middle tropo-
sphere to the south of the TP could be interpreted as a
response to diabatic heating due to high rainfall under
such restricted conditions. In the active ISO phase over the
MBWM, a trough lies just to the south of the Himalayas/
TP from the low level to 400 hPa (i.e., ~7,500 m). From
700 to 400 hPa, the airflow from the mid-latitudes directly
intrudes into the MBWM along the southwestern/southern
periphery of the TP (Fig. 7b). In contrast, the air flow of
mid-latitude origin in the break ISO cannot intrude into
the MBWM, as it is inhibited by a strong easterly to the
south of the TP (Fig. 7c). Thus, the mid-latitude circula-
tion can interact physically with the tropical circulation to
the south of the TP in the active phase of ISO in the
MBWM. The circulation anomalies between the area
around the TP and the Bay of Bengal are reflected by such
interactions (Fig. 8b). In any case, the horizontal structure
of the atmospheric circulation anomaly seems to be greatly
affected by the TP topography. The existence of the TP
may link submonthly-scale ISO between the tropics and
the mid-latitudes through the enhancement in vertically
barotropic circulation. Numerical modeling research is
needed to investigate the cause of the linkage between the
tropics and the mid-latitudes associated with distinct
submonthly-scale ISO over MBWM and the effects of the
Himalayas/TP on forming submonthly-scale circulation
signals around the TP.

6 Summary

The present study investigated the detailed rainfall distri-
bution related to the submonthly (7-25-day)-scale ISO
around the MBWM region. The associated three-dimen-
sional atmospheric circulation and time-evolution features
were investigated for the whole Asian summer monsoon
system from the tropics to the mid-latitudes using APH-
RODITE, TRMM-PR, and JRA25 reanalysis datasets.
The MBWM region, where a tremendous amount of
rainfall is observed in summer, is the most dominant area
of submonthly-scale ISO among the Asian summer mon-
soon regions. A distinct rainfall ISO is caused by the low-
level zonal wind fluctuations and its interaction with the
regional-scale topographical features around the MBWM,
with a remarkable alternation between westerly and east-
erly flow. In the active phase of the ISO over the MBWM,
a low-level westerly/southwesterly prevails over the
MBWM and a center of cyclonic vorticity appears over
Bangladesh. Therefore, the wind components normal to the
windward slopes of the Meghalaya Plateau, the Chittagong
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Hill Tracts, and the western coast of Myanmar are
enhanced; high rainfall (>50 mm day ") is then observed
over these regions due to the orographic lifting of moist air.
Relatively high rainfall (=20 mm day ') in the lowland
area of the MBWM away from the regional-scale moun-
tains is due to frictional convergence in the boundary layer
under strong low-level cyclonic circulation.

The distinct alternation of the low-level zonal wind
around the MBWM is caused by the westward propagating
vortex pair with zonal wavenumber ~6 and westward
phase speed of ~6.5 m s~ ' in the tropics, which is con-
sistent with the n = 1 ER wave. The centers of the vortices
propagate westward along ~ 15°N and 5°S. Thus, the twin-
vortex structure of the ER wave shifts northward by 5°,
likely due to the large north—south asymmetric nature of
the ambient Asian summer monsoon circulation in the
tropics. The northern vortex can affect the MBWM region.
As the anticyclonic vortex moves into the Bay of Bengal,
the westerly/southwesterly becomes strengthened around
the MBWM, which is covered by the northern fringe of the
anticyclonic vortex. Additionally, the MBWM region is
located in the easternmost part of the Gangetic Plain, an
east—west flat lowland that is surrounded to the north and
south by high-elevation areas (i.e., the Himalayas/TP and
the Chota Nagpur Plateau). The topographic features of the
Gangetic Plain enhance the zonal wind fluctuation, and
westerly/southwesterly flow brings high rainfall on sub-
monthly timescales around the MBWM.

Additionally, robust circulation signals relevant to the
ISO appear over the mid-latitudes over the MBWM. In the
upper troposphere, a wavetrain structure is evident along
the Asian subtropical jet. The waves have a Rossby wave-
like structure with a zonal wavenumber of ~4.5 and a
westward phase speed relative to the ground of
~2.7 m s, consistent with the theory of mid-latitude
barotropic Rossby waves in terms of the zonal phase speed
relative to the mean background wind. In addition to the
slow westward propagation, the eastward development of
the new center of action is observed along the Asian jet,
indicative of Rossby wave energy dispersion along the
waveguide of the Asian jet. The waves have barotropic
vertical structure around the TP. In the active phase of the
ISO over the MBWM, the cyclonic anomaly dominates
throughout the troposphere around the TP. This is associ-
ated with the deepening of the monsoon trough just to the
south of the TP. Thus, the cyclonic anomaly to the south of
the TP enhances the north—south pressure gradient and in
turn enhances the westerly flow in conjunction with the
anticyclonic anomaly over the Bay of Bengal.

The robust circulation and convection signals relevant to
the ISO extend across the whole Asian summer monsoon
system from the tropics to the mid-latitudes over the
MBWM region. The submonthly-scale ISO in rainfall
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around the MBWM becomes obvious on the local scale
(~500 km), although the atmospheric circulation causing
the ISO has a horizontal scale of ~6,000 km or more
extending across the whole Asian monsoon system.

Diurnal variation is also a dominant fluctuation in
rainfall/convection around the MBWM (Ohsawa et al.
2001; Hirose et al. 2008; Takahashi et al. 2010; Biasutti
et al. 2012). The relationship between the submonthly-
scale ISO and diurnal variation has been presented in
previous studies that analyzed a single year (e.g., Ohsawa
et al. 2000; Terao et al. 2006; Sato 2013). Sato (2013)
pointed out the importance of the nocturnal low-level jet
(LLJ) appearing around 900 hPa for enhancing orographic
rainfall around the Meghalaya Plateau. The direction of
the LLJ varies with the diurnal cycle, which accelerates
the pre-existing southwesterly flow (e.g., Fig. 5 a)
between 18 and 06 local time in the active ISO phase.
Thus, the diurnal variation in the LLJ causes the evening
to early morning maximum of precipitation. The change
in atmospheric circulation related to submonthly-scale
ISO around the MBWM provides different atmospheric
environments for the diurnal variation and meso-scale
disturbances. Further statistical analysis is needed to
clarify the multi-timescale interaction with the sub-
monthly-scale ISO. Establishing why the 30-60-day ISO
is so weak around the MBWM is also an important area
for future research.
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