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Abstract

Water isotopic composition (§'%0 and &D) in terrestrial proxies of past precipitation enable us to better understand
and interpret variation in the Indian Summer Monsoon (ISM). Previous studies have suggested that the origin of
precipitation is an important factor controlling the isotopic composition of precipitation around the Indian
subcontinent; however, it is difficult to quantify using the Lagrangian approach because the approach does
not satisfy the assumption of an adiabatic process over a convective area. We investigated the isotopic
composition of precipitation at three sites over Bangladesh in 2010 and estimated the origins of precipitation
by the Eulerian approach using an isotope-incorporating Atmospheric General Circulation Model. Our observations
showed similar seasonal and intraseasonal variations in the &'®0 values of precipitation among the sites, whereas the
temporal characteristics of the precipitation amount differed among the sites. The isotopic composition was linked to
the migration of organized convective activity around the region. The model showed that the pre-monsoon season
(from mid-March to early June) was characterized by high §'0 values of precipitation originating from the Bay of
Bengal and the Arabian Sea. In the ISM season (from mid-June to early October), the contribution of these sources to
precipitation gradually decreased, while the contribution from the Indian Ocean increased, resulting in decreasing 6'°0
values of precipitation due to the enhanced rainout process during the transportation. These moisture contributed less
to precipitation over Bangladesh in the post-monsoon season (from mid-October to November), whereas moisture
originating from the Pacific Ocean and land surface (i.e, recycling of water) contributed to precipitation in the season.
Because the recycling of water originated from past precipitation with low §'®0 values in the ISM season, its
contribution to precipitation reduced the 'O values of precipitation in the ISM and post-monsoon seasons.
These results suggest that the origins of precipitation and the migration of organized convective activity are
the dominant factors controlling the isotopic composition of precipitation in the region. These characteristics
can be used to identify monsoon onset and withdrawal based on water isotopic composition.

Keywords: Isotopic composition of precipitation, Bangladesh, Origins of precipitation, Isotope-incorporating
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Introduction

The Indian Summer Monsoon (ISM), which is charac-
terized by strong seasonality of rainfall and floods, af-
fects regional society and agriculture around the Indian
subcontinent. An understanding of the ISM is needed to
forecast its onset, withdrawal, duration, intensity, and
variation. To further understand and forecast the ISM,
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many studies have attempted to reconstruct paleo-ISM
variation from oxygen isotope (8'%0) variations in ter-
restrial proxies of past precipitation (e.g., stalagmites,
tree rings, and sediment) in the region (e.g., Fleitmann
et al. 2003; Wang et al. 2005; Yancheva et al. 2007; Wang
et al. 2008; Zhang et al. 2008).

The interpretation of paleo-ISM variation from §'*0
values of terrestrial proxies is mainly based on the
“amount effect,” i.e., the negative relation between the
amount and isotopic composition of precipitation, which
has been observed in tropical regions at monthly or daily
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time scales (e.g., Dansgaard 1964; Araguds-Araguds et al.
1998; Risi et al. 2008; Kurita et al. 2009). The amount ef-
fect is due to the increase in the removal of heavier
water isotopes (H,'®0 and HD*0) from cloud vapor, as
heavier water isotopes are preferentially removed from
cloud vapor (e.g., Dansgaard 1964). However, it has not
been observed at stations around the Indian subcontin-
ent (e.g., Datta et al. 1991; Araguds-Araguds et al. 1998;
Bhattacharya et al. 2003; Breitenbach et al. 2010;
Midhun and Ramesh 2016), except in the southeastern part
of peninsular India and Sri Lanka (Lekshmy et al. 2015).

Because the amount effect cannot be applied to recon-
struct §'®0 variation in terrestrial proxies around the In-
dian subcontinent, many studies have explored the
factors controlling the isotopic composition of precipita-
tion in the region (e.g., Datta et al. 1991; Bhattacharya et
al. 2003; Sengupta and Sarkar 2006; Breitenbach et al.
2010; Lekshmy et al. 2014, 2015; Chakraborty et al
2016; Midhun and Ramesh 2016). For example, Bhatta-
charya et al. (2003) investigated the isotopic composition
of precipitation in Bombay and New Delhi and con-
cluded that it reflected oceanic moisture, with low §'%0
values, during the ISM season and continental moisture,
with high 8'®0 values, during the winter monsoon sea-
son. In addition, Breitenbach et al. (2010) assessed the
isotopic composition of precipitation for every rainfall
event in the northeastern part of India and estimated the
travel distance of air parcels during their transport from
the vapor source regions to the observation site using
the Lagrangian approach (ie., backward trajectory ana-
lysis). They found that low 8'®0 values of precipitation
were associated with long-distance transport. Similarly,
Lekshmy et al. (2014) and Chakraborty et al. (2016)
found low 880 values of precipitation when air parcels
passed over a convective area over the Indian Ocean.
This finding was supported by a study based on multiple
simulations of isotope-incorporating Atmospheric Gen-
eral Circulation Models (AGCMs) (Midhun and Ramesh
2016), which showed that the inter-annual variability in
8'80 values of precipitation around the Indian subcon-
tinent was controlled by rainout in the upstream area of
the moisture flux. This suggests that the origins of mois-
ture and rainout in the upstream area are the dominant
controlling factors of the isotopic composition of pre-
cipitation in the region.

Although some studies have indicated that the recyc-
ling of water is an important factor for precipitation
variability around the Indian subcontinent based on
land—atmosphere coupling simulations (e.g., Guimber-
teau et al. 2012; Yamashima et al. 2014) and satellite ob-
servations (e.g., Ono and Takahashi 2016), the recycling
of water has not been discussed as a possible factor con-
trolling the isotopic composition of precipitation around
the region, as it is difficult in the Lagrangian approach
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to quantify the contribution of the recycling of water to
precipitation (Breitenbach et al. 2010). In the Lagrangian
approach, an individual air parcel trajectory can be ob-
served; however, the uncertainties of the method can be
large when an air parcel passes over a convective area
due to an unsatisfied assumption of the adiabatic
process. On the other hand, the Eulerian approach fo-
cuses on specific locations through which the fluid flows
as time passes. In addition, the Eulerian approach is eas-
ily combined with an isotope-incorporating AGCM. This
approach can be used to estimate the origins of moisture
and precipitation in many regions (e.g., Yoshimura et al.
2004; Ichiyanagi et al. 2005; Shinoda et al. 2005; Sato et
al. 2007; Hiraoka et al. 2011; Suwarman et al. 2013;
Kudo et al. 2014; Belgaman et al. 2016) and to evaluate
the atmospheric hydrological cycle in the model by com-
paring the simulated and observed isotopic composition
of precipitation. In this study, we estimated the origins
of precipitation using an isotope-incorporating AGCM
over Bangladesh. The dominant factors controlling sea-
sonal variation in the isotopic composition of precipita-
tion in the region were further investigated. Origins of
moisture estimated by the Eulerian and Lagrangian ap-
proaches were compared to understand the uncertainty
of both approaches in the region. The results of the
study will enhance our understanding of the atmos-
pheric hydrological cycle associated with the ISM over
Bangladesh and provide a way to identify the timing of
monsoon onset and withdrawal using water isotopic
composition.

Methods/Experimental

The isotopic composition of precipitation was ob-
served at three sites over Bangladesh. We used an
isotope-incorporating Global Spectral Model (IsoGSM,
Yoshimura et al. 2008) to simulate seasonal variation
in the isotopic composition of precipitation and then
estimated the origins of precipitation using the Euler-
ian approach based. The estimated origins of moisture
were compared to the estimation based on the La-
grangian approach.

Study area

We observed the amount and isotopic composition of
precipitation at three sites over Bangladesh: Sylhet (91.88°
E, 24.91°N), Dhaka (90.38°E, 23.78°N), and Chittagong
(91.81°E, 22.35°N) (Fig. 1). In Bangladesh, the precipitation
is high during summer, and it is low during winter. In this
study, we defined the dry winter (pentad 1-13, January to
early March), pre-monsoon (pentad 14—31, mid-March to
early June), ISM (pentad 32-56, mid-June to early Octo-
ber), and post-monsoon (pentad 57-67, mid-October to
November) seasons based on the analysis by Hoque et al.
(2011) and the observed seasonal variation in the isotopic
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Fig. 1 a Surface geo-potential height (contour) in this study. The solid and dashed contour intervals are 1000 and 200 gpm, respectively. Vapor
source regions were divided into seven regions: the Pacific Ocean (red), the Bay of Bengal (Yellow), the Arabian Sea (purple), northern part of the
Indian Ocean (light blue), southern part of the Indian Ocean (dark blue), land surface (green), and others (black). The dotted line indicates the
area of (b). b Locations of the observation sites over Bangladesh. The topographic data (GTOPO30) were downloaded from the United States
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composition of precipitation. The pre-monsoon season
was characterized by dominant westerly winds and
unorganized deep convection (Matsumoto 1997; Islam
and Uyeda 2008). In the ISM season, a southwesterly
moisture flux is dominant over Bangladesh, and precipita-
tion is caused by deep convection and cyclone activity
over the Indian Ocean and the Bay of Bengal (Islam and
Uyeda 2008; Hatsuzuka et al. 2014). In this season, a huge
amount of water vapor is transported from the Bay of
Bengal to Bangladesh (Hoque et al. 2011), and it precipi-
tates on the southern slope of the Meghalaya Plateau due
to orographic upward currents (e.g., Fujinami et al.
2017). Precipitation in the northeastern part of
Bangladesh (e.g., Sylhet) is relatively high in the coun-
try. In the post-monsoon season, dry northwesterly
and southwesterly winds are dominant in the region
(Hoque et al. 2011), and precipitation is frequently
caused by atmospheric disturbances over the Bay of
Bengal (Breitenbach et al. 2010).

Observation of precipitation samples and analysis
methods

We observed the amount and isotopic composition of
precipitation at Sylhet, Dhaka, and Chittagong at 3 h in-
tervals (0OUTC, 03UTC, 06UTC, 09UTC, 12UTC,
15UTC, 18UTC, and 21UTC) from January to Decem-
ber 2010. The Bangladesh Meteorological Department

operates a pluviometer with precipitation water and
reads the amount of precipitation every 3 h. We ar-
ranged for part of the collected precipitation water to be
transferred to a 15 ml bottle. We collected a total of
1416 precipitation samples. These samples were stored
in dark and cool locations prior to the analysis of iso-
topic composition.

The precipitation samples were analyzed by a mass
spectrometer (DELTA-V, Thermo Fisher Scientific,
Waltham, MA, USA) in the Graduate School of Science
and Technology, Kumamoto University, Japan. The equi-
librium of CO, and H, gases with precipitation samples
was prepared by H,—H,O (Horita et al. 1989) and H,O—-
CO, (Epstein and Mayeda 1953) equilibrium techniques,
respectively, with an automatic equilibration setup. The
automatic setup was connected to a dual-inlet system on
the DELTA-V instrument. We measured the isotopic ra-
tios of the CO, and H, gases and calculated the relative
difference between sample water and Standard Mean
Ocean water using two laboratory standards (AMW, 6D
=0.59%0 and §'°0 = - 0.262%o; CIW, 8D = - 89.88%0 and
80 = - 12.730%0). To validate the measurements of the
isotopic ratio of precipitation samples, we included one
laboratory standard (KTW, 8D = — 47.32%o and §'%0 = -
7.300%o) and checked the 8D and 8'®0 values every ana-
lysis. The analytical errors for 8D and §'®O were less
than +0.5%0 and + 0.05%o, respectively. The measured
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3 h isotopic composition of precipitation was averaged
to a daily value (from 00UTC to 21UTC) and weighted
by the precipitation amount to compare the simulation
results.

Description of IsoGSM

IsoGSM is based on the Scripps Experimental Climate
Prediction Center’s global spectral model with heavy
water isotopes (H,*®0 and HDO) as tracers. The major
physical processes included in the model are the relaxed
Arakawa—Schubert scheme (Moorthi and Suarez 1992),
the Noah land surface model (Ek et al. 2003), the Chou
radiation scheme (Chou and Suarez 1994), and a planet-
ary boundary scheme (Hong and Pan 1996). The phys-
ical schemes of water isotopes included in the model are
the parameterization of equilibrium fractionation among
vapor, liquid, and ice (Majoube 1971a, 1971b), kinetic
fractionation for surface evaporation from open water
(Merlivat and Jouzel 1979), condensation from vapor to
ice under super-saturated conditions at temperatures
lower than - 20 °C (Jouzel and Merlivat 1984), and evap-
oration and isotopic exchange between falling raindrops
and vapor in surrounding air (Stewart 1975). Midhun
and Ramesh (2016) validated the amount and 8'®0 value
of precipitation derived from multi-GCM simulations,
and IsoGSM showed good temporal and spatial varia-
tions in the simulations.

Simulation design

We selected the T62 horizontal resolution (approxi-
mately 180 km) and 28 vertical layers in this study. Al-
though the IsoGSM simulation was performed for the
period of 1979-2010, we used only the model output for
the year 2010. The simulation output was generated at
daily intervals and interpolated into 17 vertical pressure
levels (1000, 925, 850, 700, 600, 500, 400, 300, 250, 200,
150, 100, 70, 50, 30, 20, and 10 hPa).

Daily sea surface temperatures and ice distributions
were obtained from the National Oceanic and Atmos-
pheric Administration (NOAA) Optimum Interpolation
Sea Surface Temperature V2 (Reynolds et al. 2002) at
1.0°x 1.0° horizontal resolution. The National Centers
for Environmental Prediction/Department of Energy Re-
analysis 2 (NCEP/DOE R2), with a horizontal resolution
of 250 km (Kanamitsu et al. 2002), was used for the ini-
tial condition of the IsoGSM simulation.

IsoGSM applied a global downscaling technique,
which nudged temperature and wind speed at scales lar-
ger than 1000 km toward the NCEP/DOE R2 for every
6 h for all sigma levels (Yoshimura and Kanamitsu
2008). This method did not nudge the fields of isotopic
composition and humidity. Several validation studies
using this method for a limited number of observations
have shown that the nudging technique downscales
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global climate fields in the model reasonably well at vari-
ous time scales (e.g., Yoshimura et al. 2008; Uemura et
al. 2008; Frankenberg et al. 2009; Berkelhammer et al.
2011; Yoshimura et al. 2011).

The seven vapor source regions considered in this
study are shown in Fig. la: the Bay of Bengal (brown),
the Arabian Sea (purple), the northern part of the Indian
Ocean (light blue), the southern parts of the Indian
Ocean (blue), the Pacific Ocean (magenta), land surface
(green), and others (Black). These divisions were based
on the published literature regarding the origins of pre-
cipitation around the Indian subcontinent (Numaguti
1999; Yoshimura et al. 2004; Breitenbach et al. 2010).
We confirmed that the relative contribution of moisture
originating from these regions to precipitation over
Bangladesh was above 80%, indicating that the selected
vapor source regions were sufficient to represent the
dominant sources of precipitation in the region.

Backward trajectory analysis

We conducted a 10 day backward trajectory analysis to
estimate the probable origins of moisture over
Bangladesh. We assumed that air parcels transported at
a constant pressure level (850 hPa) and had the same
horizontal wind speed. The location of air parcel at the
next time step (A+4), ¢p+A¢) could be predicted by the
following equation:

A)L:u()t,([)) X 60 x 60 x 30
27(H + R) cos ¢

A, ) X 60 x 60 x 30

2n(H + R) ’

29 =4

where 1 and ¢ indicate the longitude and latitude of air
parcels, respectively, # and v indicate the horizontal and
meridional wind speed (m/s), respectively, R is the radius
of the earth (6.3773 x 10° m), and H is the geopotential
height at the constant pressure level. Horizontal and me-
ridional wind speed were taken from 6 h nudged
IsoGSM simulations and a Japanese 55 year reanalysis
(JRA-55) (Kobayashi et al. 2015; Harada et al. 2016) and
interpolated into 0.5° x 0.5° resolution and 30 min inter-
vals using a bilinear method. A backward trajectory ana-
lysis was used to estimate the general origin of moisture
at the synoptic scale, although it could not reflect local
moisture sources (i.e., the recycling of water) (e.g., Brei-
tenbach et al. 2010). In addition, this method assumes
an adiabatic process, which is not maintained when an
air parcel passes over a convective area. Trajectories
were calculated for the sampling days.

Data
We used the NOAA interpolated outgoing longwave ra-
diation (OLR) with a spatial horizontal resolution of
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2.5° x 2.5° at a daily time interval in the year 2010 to
compare organized convective activity with variations in
the isotopic composition of precipitation. A Hovmoller
diagram of the averaged OLR was calculated over 85—
97.5° E. We identified convective activity using the cri-
terion OLR <220 W/m>,

Results

Seasonal variation in the amount and isotopic
composition of precipitation

The temporal characteristics of the daily precipitation
were different among the three sites (Fig. 2). Heavy pre-
cipitation events (>50 mm/day) occurred frequently at
Sylhet from April to October, while they were less
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frequent at Dhaka and Chittagong. This difference re-
flects the precipitation system.

The 80 value of precipitation displayed a clear
and similar seasonal variation among the sites. The
8'80 values gradually decreased from mid-May and
increased from early October, corresponded to the
ISM season. In addition, intraseasonal variation
(about 2~ 4 weeks) was found, with depletion occur-
ring in mid-May, mid-June, early and late August,
and early October. Fujinami et al. (2011) and Murata
et al. (2017) showed that the intraseasonal variation
of precipitation was dominant around Cherapunji in
the northeastern part of India. These results indicate
that the 8'®0 value of precipitation over Bangladesh
can be controlled by seasonal and intraseasonal
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variations (e.g., the ISM and monsoon low-pressure
system).

Validation of IsoGSM simulation

The isotopic composition of precipitation reflects the
components of the atmospheric hydrological cycle,
including the rainout history of water vapor (e.g.,
Yoshimura et al. 2003; Ichiyanagi et al. 2005; Fudeyasu
et al. 2011) and phase changes in water (e.g., Pfahl et al.
2012). A comparison between the simulated and ob-
served isotopic composition of precipitation is used to
validate the atmospheric hydrological cycle in the
model, as well as to indirectly assess the reliability of
the Eulerian approach (Yoshimura et al. 2003, 2004).
Overall, the model successfully replicated the observed
seasonal and intraseasonal variations in the isotopic
composition over Bangladesh (Fig. 2). The correlation
coefficients between the observed and simulated §'%0
values of precipitation at Sylhet, Dhaka, and Chittagong
were 0.64, 0.61, and 0.61, respectively, with a signifi-
cance level exceeding 95%. The root mean square er-
rors (RMSEs) between the observed and simulated
8'80 values of precipitation at Sylhet, Dhaka, and Chit-
tagong were 3.09%o, 2.88%o, and 2.70%o, respectively.
This large RMSE was due to the overestimation of the
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simulated 8'®0 values in the depletion events, espe-
cially in mid-June, early and late August, and early
October.

Figure 3 shows the simulated and observed amount ef-
fect (i.e., the relation between the amount and 80
value of precipitation) at three sites. We did not find
amount effect, except in Chittagong, but the simulation
shows the amount effect at the three sites. The correl-
ation coefficients between the simulated amount and
8'80 values of precipitation at Sylhet, Dhaka, and Chit-
tagong were — 0.47, — 0.42, and - 0.26, respectively, with
a significance level exceeding 95%. This discrepancy is
due to the scale difference between the amount and iso-
topic composition of precipitation (Kurita et al. 2009).
Variation in the isotopic composition of precipitation
was mainly associated with large-scale disturbances,
whereas that in the local precipitation amount was asso-
ciated not only with large-scale disturbances but also re-
gional circulation (e.g., nocturnal jet). The model cannot
fully resolve the regional circulation due to the rough
horizontal resolution, resulting in the stronger simulated
amount effect.

A Hovmoller diagram of the NOAA interpolated and
simulated OLR are shown in Fig. 4. An organized con-
vective area (OLR <220 W/m?) was found at a latitude
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below 10°N until mid-May, after which it moved north-
ward (Fig. 4a). The convective activity frequently ap-
peared around Bangladesh and the Bay of Bengal in late
May, mid-June, mid-July, late August, mid-September,
and late October. The timing corresponded to depletion
events in the §'®0 values of precipitation (Fig. 2). The
IsoGSM displayed a similar migration of the organized
convective area, which appeared around Bangladesh and
the Bay of Bengal in mid-June, late August, early
September, and late October (Fig. 4b). However, some
discrepancies were found; for example, the convective
area failed to appear around Bangladesh and the Bay of
Bengal in late May and from late June to early
September. Moreover, the values derived from the
IsoGSM simulation were still underestimated at latitudes
below 24°N in the ISM season. The discrepancy and
underestimation cause a small convective precipitation
amount around Bangladesh, resulting in an overesti-
mation of the simulated §'%0 values of precipitation
because of a clear positive correlation between the
8'"%0 values of precipitation and the proportional
contribution of the convective precipitation amount
(Aggarwal et al. 2016).

Origins of moisture and precipitation
Figure 5 shows the spatial patterns of the vertically inte-
grated moisture flux and its divergence averaged for the

dry winter, pre-monsoon, ISM, and post-monsoon sea-
sons, as derived from the IsoGSM simulation. The west-
erly moisture flux was dominant over Bangladesh and
the northern part of the Bay of Bengal in the dry winter
and pre-monsoon seasons (Fig. 5a, b). A moisture diver-
gence zone appeared in the Bay of Bengal and the Ara-
bian Sea in these seasons, the divergence in the
pre-monsoon season was weaker than that in the dry
winter monsoon season. The convergence zone was lo-
cated in the region over the Bay of Bengal, the Indian
subcontinent, and the Indochina Peninsula in the ISM
season (Fig. 5¢). A large moisture flux from the southern
part of the Indian Ocean to the Indian subcontinent was
dominant. In the post-monsoon season, the convergence
zone returned to the southern part of the Bay of Bengal,
and a westerly moisture flux gradually became dominant
in the northern part of India (Fig. 5d). In the Indonesia
peninsula, an easterly moisture flux was dominant in
this season.

Figure 6 shows the daily variation in the simulated
total precipitable water (TPW) and its origins at Sylhet,
Dhaka, and Chittagong. The temporal characteristics of
the TPW and its origins were similar among the sites.
The TPW increased in mid-March and decreased in
mid-October. The oceans close to Bangladesh (the Bay
of Bengal and the Arabian Sea) were the dominant
source of moisture among the sites in the pre-monsoon
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season, contributing > 54% of the moisture in the TPW
(Table 1). These sources and the Indian Ocean contrib-
uted >61% of the moisture in the TPW in the ISM sea-
son. In the post-monsoon season, the contribution of
moisture originating from the Bay of Bengal, the Arabian
Sea, and the Indian Ocean to the TPW was abruptly re-
duced (< 12%), whereas moisture originating from the
Pacific Ocean and land surface (ie, the recycling of
water) were the main sources of moisture over
Bangladesh (> 42%).

The daily variations in the simulated amount and ori-
gin of precipitation are shown in Fig. 7. The simulated
amount of precipitation was overall underestimated
compared with the observed amount (Fig. 2); for ex-
ample, in the pre-monsoon season at Sylhet, the model
could capture heavy precipitation events in late June and
early October. Table 2 shows the relative contribution of
vapor source regions to precipitation at the sites. The
main sources of precipitation in each season were almost
identical among the sites. The main sources of precipita-
tion were moisture originating from the oceans close to
Bangladesh in the pre-monsoon season (49~60%). The
contribution of these moisture sources decreased in the
ISM season (36~39%), while the contribution of sources
originating from the Indian Ocean increased (26~30%).
In the post-monsoon season, the Pacific Ocean and
recycling of water were the main sources of precipita-
tion over Bangladesh, contributing approximately half

of the precipitation. The recycling of water was the
main source of precipitation in the inland region (Syl-
het). The contribution of the recycling of water to
precipitation seemed to increase from coastal to in-
land regions due to the high evaporation rate over
the Indian subcontinent in the ISM season (4 mm/d;
not shown). The contribution of the recycling of
water could not be neglected in the inland region,
even in the ISM season.

Discussion

We estimated the origins of precipitation using the
Eulerian approach combined with IsoGSM. Because the
model could capture the observed seasonal and intrasea-
sonal variations in the isotopic composition of precipita-
tion (Fig. 2), the simulated atmospheric hydrological
cycle was considered reliable. We summarized the §'0
values and origins of precipitation in each season. The
observed weighted mean of 8'®0 value and the total
amount of precipitation are summarized in Tables 3.
The pre-monsoon season was characterized by high
80 values of precipitation (- 3.45 to — 1.82%o) (Fig. 2),
with the Arabian Sea and the Bay of Bengal being the
main sources of precipitation (Fig. 7). The organized
convective activity moved northward and appeared
around Bangladesh in the ISM season (Fig. 4). In this
season, the 8'®0 values of precipitation decreased (-
849 to -7.28%) (Fig. 2), and the Indian Ocean
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contributed to precipitation over Bangladesh (Fig. 7). In Our results suggest that the origins of precipitation
the post-monsoon season, the convective activity shifted and migration of organized convective activity are the
southward (Fig. 4), and the §'®0 values of precipitation  main factors controlling the isotopic composition of pre-
were the lowest (- 15.94 to — 9.29%o) (Fig. 2). The Pacific  cipitation over Bangladesh. The observed amount effect
Ocean, the Bay of Bengal, and land surface were the was not significant (Fig. 3), indicating that the contribu-
main sources of precipitation in this season (Fig. 7). tion of the local precipitation amount to the variation in

Table 1 Relative contribution of vapor source regions to moisture in total precipitable water (TPW) for each season

Season Site LND BOB ARS NID SID PAC
Pre-monsoon Sylhet 26% 28% 10%
Dhaka 29% 28% 1%
Chittagong 31% 27% 11%
Indian Summer Monsoon Sylhet 14% 16% 16% 14% 15%
Dhaka 10% 18% 17% 15% 16%
Chittagong 20% 17% 17% 17%
Post-monsoon Sylhet 24% 23%
Dhaka 26% 10% 21%
Chittagong 17% 12% 25%

Values less than 10% were omitted. LND land surface (the recycling of water), BOB the Bay of Bengal, ARS the Arabian Sea, NID the northern part of the Indian
Ocean, SID the southern part of the Indian Ocean, PAC the Pacific Ocean
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the isotopic composition of precipitation was small. The  and the contribution of the recycling of water to precipi-
origin of precipitation was the main factor controlling tation. Long travel distances increase rainout, resulting
the isotopic composition of precipitation at the seasonal  in decreasing §'%0 values of water vapor and precipita-
scale. This indirectly represents the travel distance dur- tion along the trajectory (e.g., Breitenbach et al. 2010;
ing transport from the vapor source regions to the sites Midhun et al. 2013). High 8'®0 values of precipitation

Table 2 Relative contributions of vapor source regions to precipitation for each season

LND BOB ARS NID SID PAC
Pre-monsoon Sylhet 10% 34% 26% 11%
Dhaka 36% 24% 13%
Chittagong 28% 21% 15%
Indian Summer Monsoon Sylhet 19% 23% 16% 15% 14%
Dhaka 10% 20% 16% 13% 13%
Chittagong 22% 16% 15% 15%
Post-monsoon Sylhet 24% 12% 37%
Dhaka 19% 18% 26%
Chittagong 20% 11% 29%

Values less than 10% were omitted. LND land surface (the recycling of water), BOB the Bay of Bengal, ARS the Arabian Sea, NID the northern part of the Indian
Ocean, SID the southern part of the Indian Ocean, PAC the Pacific Ocean
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Table 3 Summary of the weighted mean of §'®0 value and the
total amount of precipitation at three sites in each monsoon
season

Season Site 880 %o Precipitation (mm)
Dry winter Chittagong - 0
Dhaka - 0
Sylhet -0.08 84
Pre-monsoon Chittagong  —345 454
Dhaka -182 311
Sylhet —2.56 2175
Indian Summer Monsoon  Chittagong  —7.62 1712
Dhaka -7.28 935
Sylhet — 849 2909
Post-monsoon Chittagong  —9.29 205
Dhaka =131 122
Sylhet — 1594 188

For calculation of the weighted means, weighted by the amount of
precipitation has been adopted

were observed in the pre-monsoon season, with the
main source being identified as the ocean close to
Bangladesh (i.e., the Arabian Sea and the Bay of Bengal).
In contrast, remote vapor source regions (i.e., the Indian
Ocean) contributed to precipitation over Bangladesh in
the ISM season. The effect of the travel distance contrib-
uted to a reduction in 8'®0 values of precipitation over
Bangladesh. Additionally, the recycling of water reduced
the 8'0O values of precipitation in the ISM and
post-monsoon seasons because the values in the recyc-
ling of water were lower than those in precipitation. This
effect resulted in a seasonally declining trend in the
8'80 values of precipitation (Fig. 2). The migration of
organized convective activity caused an intraseasonal
variation in the 8'80 values of precipitation around the
Indian subcontinent (e.g., Lekshmy et al. 2014, 2015).
The observed 8**0 values of precipitation dropped dras-
tically in mid-May, late June, late July, late August, late
September, and late October, with these events being
linked to the existence of convective activity over
Bangladesh (Fig. 4). Lekshmy et al. (2014) found similar
depletion events in the 8'®0 values of precipitation across
nine sites in southern India. The migration of the convect-
ive activity affected the 8'®0 values of precipitation
around the Indian subcontinent. The origins of precipita-
tion and migration of organized convective activity were
important factors for better understanding and interpret-
ing the terrestrial proxies of past precipitation around the
Indian subcontinent.

Our simulation showed drastic changes in the vapor
source regions in late March (pentad 17), early June
(pentad 32), and late September (pentad 54). To investi-
gate the factors that induce drastic changes around
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Bangladesh, Fig. 8 shows the spatial distribution of the
difference between the amount of moisture originating
from the ocean (the Bay of Bengal, the Arabian Sea, and
the Indian Ocean) and the land surface divided by the
TPW. Reddish shading indicated that ocean moisture
was dominant. In pentads before the first drastic change
event (pentad 16), the oceanic moisture was less than
the land moisture, but this increased due to the trans-
port of the oceanic moisture by a southerly moisture
flux in pentad 17. The second drastic change event oc-
curred in early June (pentad 32). The event corre-
sponded to the time when the strong southwesterly
moisture flux arrived in Bangladesh. The third drastic
change event occurred in late September (pentad 54),
when the land moisture gradually increased from pentad
53 to 55. The southwesterly moisture flux gradually
weakened, while the easterly moisture flux was enhanced
in pentad 55. These drastic change events were related
to changes in atmospheric circulation patterns.

Previous studies have determined the timing of the
monsoon onset and withdrawal using variations in the
local precipitation amount (e.g., Matsumoto 1997). How-
ever, determining this timing is difficult in Bangladesh,
especially in Sylhet (Fig. 2a). Some previous studies iden-
tified the onset and withdrawal of the monsoon using
the origins of moisture in the Asian monsoon region
(e.g., Yoshimura et al. 2004; Ichiyanagi et al. 2005;
Hiraoka et al. 2011). For example, Ichiyanagi et al
(2005) defined the monsoon withdrawal in Thailand to
be when the amount of moisture originating from the
Java Sea and the Pacific Ocean exceeded that originating
from the Indian Ocean. In Bangladesh, we found clear
seasonal variation in the origins of moisture and precipi-
tation (Figs. 4 and 5), and the timing of monsoon onset
and withdrawal could be identified by comparing the
amounts of the ocean and land moisture (e.g., Fig. 8). In
addition, seasonal variations in the isotopic composition
of precipitation also have the potential to identify the
timing of monsoon onset and withdrawal because the
ISM season is characterized by a seasonally declining
trend in the 8'%0 values of precipitation. Isotopic com-
position and the origins of precipitation are useful for
identifying the timing of monsoon onset and withdrawal
and for estimating its duration and long-term trend.

To compare the estimations of the origins of moisture
based on the Lagrangian and Eulerian approaches, we
conducted a backward trajectory analysis and investi-
gated the E-P distribution for each season (Fig. 9). The
trajectories of the IsoGSM simulation and JRA-55 were
generally similar in the pre-monsoon and ISM seasons.
In the pre-monsoon season, most trajectories originated
from the region around the Red Sea and passed over the
northern part of India or the south coast of peninsular
India (Fig. 9a). A positive E-P value was found at the
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Bay of Bengal, the Arabian Sea, and the southern part of
the Indian Ocean, while a negative E-P value was found
in the northern part of the Indian Ocean (Fig. 9b). The
main sources of moisture were identified as the Bay of
Bengal and the Arabian Sea in this season. In the ISM
season, air parcels transported from the western part of
the Indian Ocean passed over the Arabian Sea and the
Bay of Bengal (Fig. 9c). A positive E-P value was recog-
nized in the western part of the Arabian Sea and the
southern part of the Indian Ocean, and these oceans
were determined to be the main sources of moisture in
the ISM season (Fig. 9d). Because the value in the Bay of
Bengal was less than — 2 mm/day, this region was clearly
not the main source of moisture in the ISM season. In
the post-monsoon season, most trajectories originated
from East Asia and the Pacific Ocean in the JRA-55
simulation, whereas some trajectories originated from
the northern part of the Indian Ocean and the Bay of
Bengal in the IsoGSM simulation (Fig. 9¢). The Arabian
Sea and the western part of the Indian Ocean can be the
main source of moisture over Bangladesh because a high
positive E-P value was found in these regions, while the
south coast of Vietnam, the Indian Ocean, and the Pa-
cific Ocean are not the main vapor source regions over
Bangladesh because a negative E—P value was found in
these regions (Fig. 9f).

The origins of moisture estimated by the Eulerian and
Lagrangian approaches were almost identical, except for
the post-monsoon season. In the post-monsoon season,
the Eulerian approach identified the Pacific Ocean and re-
cycling of water as the main sources of moisture, while the
Lagrangian approach identified the Pacific Ocean and the
Indian Ocean as the main sources of moisture. Although
we could not directly identify the main sources of moisture
based on any observations, this discrepancy likely arose
from the inability of the Lagrangian approach to explain
the local moisture source. In addition, because the ap-
proach adopted the assumption of an adiabatic process, it
may be not adequate for analyzing the isotopic compos-
ition of precipitation. The Eulerian approach has the ad-
vantage of enabling investigation of the effect of recycling
of water on the isotopic composition of precipitation.

Although the model could capture the seasonal and
intraseasonal variations in the isotopic composition of pre-
cipitation reasonably well, there was room for improvement
in the calculation of simulated isotopic composition. For
example, the simulated precipitation amount was underes-
timated due to the insufficient horizontal resolution of
IsoGSM for capturing the local precipitation system over
Bangladesh. Recently, a regional isotope circulation model
was developed (Yoshimura et al. 2010), which can resolve
line-type precipitation systems over the western part of the
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USA (Yoshimura et al. 2010) and orographic winter pre-
cipitation patterns over Japan (Tanoue et al. 2016, 2017).
The Eulerian approach combined with a regional isotope
circulation model can obtain the origins of moisture and
precipitation at a fine horizontal resolution (10 to 180 km).
The RMSE between the observed and simulated isotopic
composition of precipitation in the coastal region (ie.,
Chittagong) was smaller than that in the inland region (i.e.,
Sylhet), with the large RMSE in the inland region likely
caused by the recycling of water. The IsoGSM assumes no
fractionation when water vapor is evaporated from the land
surface (Yoshimura et al. 2008). Assuming isotopic frac-
tionation, the isotopic values could be low because the iso-
topic enrichment of water during evaporation is lower than
that during transpiration. This suggests that understanding
the isotopic variation associated with the recycling of water
could improve the overestimation of the isotopic enrich-
ment of precipitation simulated by IsoGSM in the ISM and
post-monsoon seasons over Bangladesh.

Summary and conclusions
We observed the isotopic composition of precipitation
at three sites (Sylhet, Dhaka, and Chittagong) over

Bangladesh in 2010 and estimated the origin of pre-
cipitation using the Eulerian approach combined with
IsoGSM.

The temporal characteristics of the observed precipita-
tion amount differed among sites, while the observed
8'80 values of precipitation displayed clear and similar
seasonal variation. Across the region, the intraseasonal
variation in the 80 values of precipitation was found,
which was linked to the migration of organized convect-
ive activity. The model could capture seasonal and
intraseasonal variations in the observed 8'®0 values of
precipitation reasonably well; however, the overesti-
mation of the simulated §'®0 values was found in the
ISM and post-monsoon seasons, especially in the inland
region (i.e., Sylhet).

The main sources of precipitation were the Bay of
Bengal and the Arabian Sea in the pre-monsoon season.
In the ISM season, these sources gradually decreased,
while the Indian Ocean contributed more to precipita-
tion over Bangladesh. These oceanic moisture sources
contributed less to precipitation in the post-monsoon
season, as the Pacific Ocean, the Bay of Bengal, and land
surface were the main sources of precipitation at that
time.
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Our results indicated that the main sources of precipi-
tation and the migration of organized convective activity
were the dominant factors controlling the isotopic com-
position of precipitation over Bangladesh. The origins of
precipitation, particularly the Indian Ocean and land
surface, controlled seasonal variation in the isotopic
composition of precipitation. The migration of organized
convective activity controlled intraseasonal variation in
the isotopic composition.

Our results indicated that the isotopic composition
and origins of precipitation could be used to identify
monsoon onset and withdrawal. These variations dras-
tically changed in the timing after pre-monsoon, ISM,
and post-monsoon seasons over Bangladesh. These dras-
tic changes were found not only in Bangladesh but also
in the Asian monsoon region (e.g., Araguds-Araguds et
al. 1998; Ichiyanagi et al. 2005); we would investigate the
relation between these variations and the monsoon onset
and withdrawal for future study.

Abbreviations

AGCM: Atmospheric General Circulation Model; ISM: Indian summer
monsoon; IsoGSM: Isotope-enabled Global Spectral Model; NCEP/DOE

R2: National Centers for Environmental Prediction/Department of Energy
Reanalysis 2; NOAA: The National Oceanic and Atmospheric Administration;
OLR: Outgoing Longwave Radiation; TPW: Total precipitable water; USGS: The
United States Geological Survey

Acknowledgements

We thank Dr. Yusuke Yamane, Dr. Fumie Murata, Dr. Azusa Fukushima, Mr.
Sayeed Ahmed Choudhury, Mr. Quamrul Alam, and staffs of the Bangladesh
Meteorological Department for their assistance with our observations.

Funding

This study was supported by a Japan Society for the Promotion of Science
(JSPS) KAKENHI Grant Numbers 21403005 and 23231057, and the
Environment Research and Technology Development Fund (S-5) of the
Ministry of the Environment, Japan.

This work was conducted by the joint research program of the Institute for
Space-Earth Environmental Research (ISEE), Nagoya University, Japan.

Availability of data and materials
All of the data used in this study are available from the first author upon
request.

Authors’ contributions

MT carried out the analysis and wrote the manuscript. KI planned the
observations. MK, TT, and TH helped conduct the observations. KY supported
the model experiment. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details

'Department of Civil Engineering, Shibaura Institute of Technology, 3-7-5
Toyosu, Koto-ku, Tokyo 135-8548, Japan. “Faculty of Advanced Science and
Technology, Kumamoto University, 2-39-1, Kurokami, Chuo-ku, Kumamoto
860-8555, Japan. 3Institute of Industrial Science Chiba Experimental Station,
The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa-city, Chiba 277-8574,
Japan. “Institute of Industrial Science, The University of Tokyo, 4-6-1 Komaba,
Meguro-ku, Tokyo 153-8505, Japan. *Faculty of Education, Kagawa University,

Page 14 of 16

1-1, Saiwaicho, Takamatsu, Kagawa 760-8522, Japan. °Center for Southeast
Asian Studies, Kyoto University, 46, Shimoadachi-cho, Yoshida, Sakyo-ku,
Kyoto 606-8501, Japan.

Received: 4 August 2017 Accepted: 16 October 2018
Published online: 20 November 2018

References

Aggarwal PK, Romatschke U, Araguas-Araguas L, Belachew D, Longstaffe FJ, Berg
P, Schumacher C, Funk A (2016) Proportions of convective and stratiform
precipitation revealed in water isotope ratios. Nat Geosci 9:624-629. https://
doi.org/10.1038/nge02739

Aragués-Araguas L, Froehlich K, Rozanski K (1998) Stable isotope composition of
precipitation over Southeast Asia. J Geophys Res 103:28721-28742. https.//
doi.org/10.1029/98)D02582

Belgaman HA, Ichiyanagi K, Tanoue M, Suwarman R, Yoshimura K, Mori S, Kurita
N, Yamanaka MD, Syamsudin F (2016) Intraseasonal variability of §'%0 of
precipitation over the Indonesian maritime continent related to the
Madden-Julian oscillation. SOLA 12:192-197. https://doi.org/10.2151/sola.
2016-039

Berkelhammer M, Stott L, Yoshimura K, Johnson K, Sinha A (2011) Synoptic and
mesoscale controls on the isotopic composition of precipitation in the
western United States. Clim Dyn 38:433-454. https://doi.org/10.1007/500382-
011-1262-3

Bhattacharya SK, Froehlich K, Aggarwal PK, Kulkarni KM (2003) Isotopic variation
in Indian monsoon precipitation: records from Bombay and New Delhi.
Geophys Res Lett 30:2285. https;//doi.org/10.1029/2003GL018453

Breitenbach SFM, Adkins JF, Meyer H, Marwan N, Kumar KK, Haug GH (2010)
Strong influence of water vapor source dynamics on stable isotopes in
precipitation observed in southern Meghalaya, NE India. Earth Planet Sci Lett
292:212-220. https;//doi.org/10.1016/j.epsl.2010.01.038

Chakraborty S, Sinha N, Chattopadhyay R, Sengupta S, Mohan PM, Datye A (2016)
Atmospheric controls on the precipitation isotopes over the Andaman
Islands, Bay of Bengal. Sci Rep 6:19555. https://doi.org/10.1038/srep19555

Chou MD, Suarez MJ (1994) An Efficient Thermal Infrared Radiation
Parameterization for Use in General Circulation Models. NASA Technical
Memorandum No. 104606, Vol. 3, p. 85. http://citeseerx.ist.psu.edu/viewdoc/
download?doi=10.1.1.26.4850&rep=rep1&type=pdf

Dansgaard W (1964) Stable isotopes in precipitation. Tellus 16:436-468

Datta PS, Tyagi SK, Chandrasekharan H (1991) Factors controlling stable isotope
composition of rainfall in New Delhi, India. J Hydrol 128:223-236. https://doi.
0rg/10.1016/0022-1694(91)90139-9

Ek MB, Mitchell KE, Lin Y, Rogers E, Grunmann P (2003) Implementation of Noah
land surface model advances in the National Centers for Environmental
Prediction operational mesoscale Eta model. J Geophys Res 108:8851. https://
doi.org/10.1029/2002JD003296

Epstein S, Mayeda T (1953) Variations of the '®0/'°0 ratios in natural waters.
Geochim Cosmochim Acta 4:213-214

Fleitmann D, Burns SJ, Mudelsee M, Neff U, Kramers J, Mangini A, Matter A (2003)
Holocene forcing of the Indian monsoon recorded in a stalagmite from
southern Oman. Science 300:1737-1739. https://doi.org/10.1126/science.
1083130

Frankenberg C, Yoshimura K, Warneke T, Aben I, Butz A, Deutscher N, Griffith D,
Hase F, Notholt J, Schneider M, Schrijver H, Rockmann T (2009) Dynamic
processes governing lower-tropospheric HDO/H,0 ratios as observed from
space and ground. Science 325:1374-1377. https://doi.org/10.1126/science.
1173791

Fudeyasu H, Ichiyanagi K, Yoshimura K, Mori S, Hamada JI, Sakurai N, Yamanaka
MD, Matsumoto J, Syamsudin F (2011) Effects of large-scale moisture
transport and mesoscale processes on precipitation isotope ratios observed
at Sumatera, Indonesia. J Meteor Soc Japan 89A:49-59 https://doi.org/10.
2151/jmsj.2011-A03

Fujinami H, Hatsuzuka D, Yasunari T, Hayashi T, Terao T, Murata F, Kiguchi M,
Yamane Y, Matsumoto J, Islam MN, Habib A (2011) Characteristic
intraseasonal oscillation of rainfall and its effect on interannual variability
over Bangladesh during boreal summer. Int J Climatol 31:1192-1204 https.//
doi.org/10.1002/joc.2146

Fujinami H, Sato T, Kanamori H, Murata F (2017) Contrasting features of monsoon
precipitation around the Meghalaya plateau under westerly and easterly
regimes. J Geophys Res Atmos 122:9591-9610. https://doi.org/10.1002/
2016JD026116


https://doi.org/10.1038/ngeo2739
https://doi.org/10.1038/ngeo2739
https://doi.org/10.1029/98JD02582
https://doi.org/10.1029/98JD02582
https://doi.org/10.2151/sola.2016-039
https://doi.org/10.2151/sola.2016-039
https://doi.org/10.1007/s00382-011-1262-3
https://doi.org/10.1007/s00382-011-1262-3
https://doi.org/10.1029/2003GL018453
https://doi.org/10.1016/j.epsl.2010.01.038
https://doi.org/10.1038/srep19555
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.26.4850&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.26.4850&rep=rep1&type=pdf
https://doi.org/10.1016/0022-1694(91)90139-9
https://doi.org/10.1016/0022-1694(91)90139-9
https://doi.org/10.1029/2002JD003296
https://doi.org/10.1029/2002JD003296
https://doi.org/10.1126/science.1083130
https://doi.org/10.1126/science.1083130
https://doi.org/10.1126/science.1173791
https://doi.org/10.1126/science.1173791
https://doi.org/10.2151/jmsj.2011-A03
https://doi.org/10.2151/jmsj.2011-A03
https://doi.org/10.1002/joc.2146
https://doi.org/10.1002/joc.2146
https://doi.org/10.1002/2016JD026116
https://doi.org/10.1002/2016JD026116

Tanoue et al. Progress in Earth and Planetary Science (2018) 5:77

Guimberteau M, Laval K, Perrier A, Polcher J (2012) Global effect of irrigation and
its impact on the onset of the Indian summer monsoon. Clim Dyn 39:1329-
1348. https://doi.org/10.1007/500382-011-1252-5

Harada Y, Kamahori H, Kobayashi C, Endo H, Kobayashi S, Ota Y, Onoda H, Onogi
K, Miyaoka K, Takahashi K (2016) The JRA-55 reanalysis: representation of
atmospheric circulation and climate variability. J Meteor Soc Japan 94:269-
302. https://doi.org/10.2151/jmsj.2016-015

Hatsuzuka D, Yasunari T, Fujinami H (2014) Characteristics of low pressure
systems associated with Intraseasonal oscillation of rainfall over Bangladesh
during boreal summer. Mon Weather Rev 142:4758-4774. https://doi.org/10.
1175/MWR-D-13-00307.1

Hiraoka A, Kawamura R, Ichiyanagi K, Tanoue M, Yoshimura K (2011) Water
origins over central and southern Japan during the early summer rainy
season as simulated with an isotope circulation model. SOLA 7:141-144.
https.//doi.org/10.2151/501a.2011-036

Hong SY, Pan HL (1996) Nonlocal boundary layer vertical diffusion in a medium-
range forecast model. Mon Weather Rev 124:2322-2339. https://doi.org/10.
1175/1520-0493(1996)124<2322:NBLVDI>2.0.CO;2

Hoque R, Matsumoto J, Hirano J (2011) Climatological characteristics of monsoon
seasonal transitions over Bangladesh. Geogr Reports Tokyo Metrop Univ 46:31-41

Horita J, Ueda A, Mizukami K, Takatori | (1989) Automatic 8D and §'0 analysis of
multi-water samples using H,- and CO,- water equilibration methods with
common equilibration set-up. Appl Radiat Isot 40:801-805

Ichiyanagi K, Yoshimura K, Yamanaka MD (2005) Validation of changing water
origins over Indochina during the withdrawal of the Asian monsoon using
stable isotopes. SOLA 1:113-116. https.//doi.org/10.2151/50la.2005-030

Islam N, Uyeda H (2008) Vertical variations of rain intensity in different rainy
periods in and around Bangladesh derived from TRMM observations. Int J
Climatol 28:273-279. https://doi.org/10.1002/joc.1585

Jouzel J, Merlivat L (1984) Deuterium and oxygen 18 in precipitation: modeling
of the isotopic effects during snow formation. J Geophys Res 89:11749—
11757. https://doi.org/10.1029/JD089ID07p 11749

Kanamitsu M, Ebisuzaki W, Woollen J, Yang SK, Hnilo JJ, Fiorino M, Potter GL
(2002) NCEP-DEO AMIP-II reanalysis (R-2). Bull Am Meteorol Soc 83:1631-
1643

Kobayashi S, Ota Y, Harada Y, Ebita A, Moriya M, Onoda H, Onogi K, Kamahori H,
Kobayashi C, Endo H, Miyaoka K, Takahashi K (2015) The JRA-55 reanalysis:
general specifications and basic characteristics. J Meteor Soc Japan 93:5-48.
https://doi.org/10.2151/jms}.2015-001

Kudo T, Kawamura R, Hirata H, Ichiyanagi K, Tanoue M, Yoshimura K (2014) Large-
scale vapor transport of remotely evaporated seawater by a Rossby wave
response to typhoon forcing during the Baiu/Meiyu season as revealed by
the JRA-55 reanalysis. J Geophys Res Atmos 119:8825-8838. https;//doi.org/
10.1002/2014JD021999

Kurita N, Ichiyanagi K, Matsumoto J, Yamanaka MD, Ohata T (2009) The
relationship between the isotopic content of precipitation and the
precipitation amount in tropical regions. J Geochemical Explor 102:113-122.
https://doi.org/10.1016/j.gexplo.2009.03.002

Lekshmy PR, Midhun M, Ramesh R (2015) Spatial variation of amount effect over
peninsular India and Sri Lanka: role of seasonality. Geophys Res Lett 42:5500—
5507. https://doi.org/10.1002/2015GL064517

Lekshmy PR, Midhun M, Ramesh R, Jani RA (2014) 80 depletion in monsoon rain
relates to large scale organized convection rather than the amount of
rainfall. Sci Rep 4:5661 https://doi.org/10.1038/srep05661

Majoube M (1971a) Oxygen-18 and deuterium fractionation between water and
steam (in French). J Chim Phys Phys Chim Biol 68:1423-1436

Majoube M (1971b) Fractionation in O-18 between ice and water vapor (in
French). J Chim Phys Phys Chim Biol 68:625-636

Matsumoto J (1997) Seasonal transition of summer rainy season over land
adjacent monsoon region. Adv Atmos Sci 14:231-245

Merlivat L, Jouzel J (1979) Global climatic interpretation of the
deuterium - oxygen 18 relationship for precipitation. J Geophys Res 84:
5029-5033. https://doi.org/10.1029/JC084iC08p05029

Midhun M, Lekshmy PR, Ramesh R (2013) Hydrogen and oxygen isotopic
compositions of water vapor over the Bay of Bengal during monsoon.
Geophys Res Lett 40:6324-6328

Midhun M, Ramesh R (2016) Validation of §'%0 as a proxy for past monsoon rain
by multi-GCM simulations. Clim Dyn 46:1371-1385

Moorthi S, Suarez MJ (1992) Relaxed Arakawa-Schubert: a parameterization of
moist convection for general circulation models. Mon Weather Rev 120:978-
1002. https://doi.org/10.1175/1520-0493(1992)120<0978:RASAPO>2.0.CO;2

Page 15 of 16

Murata F, Terao T, Fujinami H, Hayashi T, Asada H, Matsumoto J, Syiemlieh HJ
(2017) Dominant synoptic disturbance in the extreme rainfall at Cherrapuniji,
Northeast India, based on 104 years of rainfall data (1902-2005). J Clim 30:
8237-8251. https://doi.org/10.1175/JCLI-D-16-0435.1

Numaguti A (1999) Origin and recycling processes of precipitating water over
the Eurasian continent: experiments using an atmospheric general circulation
model. J Geophys Res 104:1957-1972

Ono M, Takahashi HG (2016) Seasonal transition of precipitation characteristics
associated with land surface conditions in and around Bangladesh. J
Geophys Res Atmos 121:11190-11200 https;//doi.org/10.1002/2015JD024524

Pfahl S, Wernli H, Yoshimura K (2012) The isotopic composition of precipitation
from a winter storm-a case study with the limited-area model COSMOiso.
Atmos Chem Phys 12:1629-1648. https//doi.org/10.5194/acp-12-1629-2012

Reynolds RW, Rayner NA, Smith TM, Stokes DC, Wang W (2002) An improved in
situ and satellite SST analysis for climate. J Climate 15:1609-1625. https://doi.
0rg/10.1175/1520-0442(2002)015<1609:AlISAS>2.0.CO;2

Risi C, Bony S, Vimeux F (2008) Influence of convective processes on the isotopic
composition (5'%0 and 6D) of precipitation and water vapor in the tropics: 2.
Physical interpretation of the amount effect. J Geophys Res 113:D19306.
https://doi.org/10.1029/2008JD009943

Sato T, Tsujimura M, Yamanaka T, Iwasaki H, Sugimoto A, Sugita M, Oyunbaatar D
(2007) Water sources in semiarid Northeast Asia as revealed by field
observations and isotope transport model. J Geophys Res 112:D17112.
https://doi.org/10.1029/2006JD008321

Sengupta S, Sarkar A (2006) Stable isotope evidence of dual (Arabian Sea and
Bay of Bengal) vapour sources in monsoonal precipitation over North India.
Earth Planet Sci Lett 250:511-521. https://doi.org/10.1016/j.epsl.2006.08.011

Shinoda T, Uyeda H, Yoshimura K (2005) Structure of moist layer and sources of
water over the southern region far from the Meiyu/Baiu front. J Meteor Soc
Japan 83:137-152

Stewart MK (1975) Stable isotope fractionation due to evaporation and isotopic
exchange of falling water drops. J Geophys Res 80:1133-1146. https://doi.
0rg/10.1029/JC080i009p01133

Suwarman R, Ichiyanagi K, Tanoue M, Yoshimura K, Mori S, Yamanaka MD,
Syamsudin F (2013) The variability of stable isotopes and water origin of
precipitation over the Maritime Continent. SOLA 9:74-78. https://doi.org/10.
2151/s0la.2013-017

Tanoue M, Ichiyanagi K, Yoshimura K (2016) Verification of the isotopic
composition of precipitation simulated by a regional isotope circulation
model over Japan. Isotopes Environ Health Stud:52. https://doi.org/10.1080/
10256016.2016.1148695

Tanoue M, Ichiyanagi K, Yoshimura K, Shimada J, Hirabayashi Y (2017) Estimation
of the isotopic composition and origins of winter precipitation over Japan
using a regional isotope circulation model. J Geophys Res Atmos. https://doi.
0rg/10.1002/2017JD026751

Uemura R, Matsui Y, Yoshimura K, Motoyama H, Yoshida N (2008) Evidence of
deuterium excess in water vapor as an indicator of ocean surface conditions.
J Geophys Res 113:D19114. https://doi.org/10.1029/2008JD010209

Wang Y, Cheng H, Edwards RL, Kong X, Shao X, Chen S, Wu J, Jiang X, Wang X,
An Z (2008) Millennial- and orbital-scale changes in the East Asian monsoon
over the past 224,000 years. Nature 451:1090-1093. https;//doi.org/10.1038/
nature06692

Wang YJ, Cheng H, Edwards RL, He YQ, Kong XG, An ZS, Wu JY, Kelly MJ, Dykoski CA,
Li XD (2005) The Holocene Asian monsoon: links to solar changes and North
Atlantic climate. Science 308:854-857. https//doi.org/10.1126/science.1106296

Yamashima R, Matsumoto J, Takata K, Takahashi HG (2014) Impact of historical
land-use changes on the Indian summer monsoon onset. Int J Climatol 35:
2419-2430. https//doi.org/10.1002/joc4132

Yancheva G, Nowaczyk NR, Mingram J, Dulski P, Schettler G, Negendank JFW, Liu
J, Sigman DM, Peterson LC, Haug GH (2007) Influence of the intertropical
convergence zone on the East Asian monsoon. Nature 445:74-77. https//doi.
0rg/10.1038/nature05431

Yoshimura K, Frankenberg C, Lee J, Kanamitsu M, Worden J, Réckmann T (2011)
Comparison of an isotopic atmospheric general circulation model with new
quasi-global satellite measurements of water vapor isotopologues. J Geophys
Res 116:D19118. https.//doi.org/10.1029/2011JD016035

Yoshimura K, Kanamitsu M (2008) Dynamical global downscaling of global reanalysis.
Mon Weather Rev 136:2983-2998. https/doi.org/10.1175/2008MWR2281.1

Yoshimura K, Kanamitsu M, Dettinger M (2010) Regional downscaling for stable
water isotopes: a case study of an atmospheric river event. J Geophys Res
115:D18114. https.//doi.org/10.1029/2010JD014032


https://doi.org/10.1007/s00382-011-1252-5
https://doi.org/10.2151/jmsj.2016-015
https://doi.org/10.1175/MWR-D-13-00307.1
https://doi.org/10.1175/MWR-D-13-00307.1
https://doi.org/10.2151/sola.2011-036
https://doi.org/10.1175/1520-0493(1996)124<2322:NBLVDI>2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124<2322:NBLVDI>2.0.CO;2
https://doi.org/10.2151/sola.2005�030
https://doi.org/10.1002/joc.1585
https://doi.org/10.1029/JD089iD07p11749
https://doi.org/10.2151/jmsj.2015-001
https://doi.org/10.1002/2014JD021999
https://doi.org/10.1002/2014JD021999
https://doi.org/10.1016/j.gexplo.2009.03.002
https://doi.org/10.1002/2015GL064517
https://doi.org/10.1038/srep05661
https://doi.org/10.1029/JC084iC08p05029
https://doi.org/10.1175/1520-0493(1992)120<0978:RASAPO>2.0.CO;2
https://doi.org/10.1175/JCLI-D-16-0435.1
https://doi.org/10.1002/2015JD024524
https://doi.org/10.5194/acp-12-1629-2012
https://doi.org/10.1175/1520-0442(2002)015<1609:AIISAS>2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015<1609:AIISAS>2.0.CO;2
https://doi.org/10.1029/2008JD009943
https://doi.org/10.1029/2006JD008321
https://doi.org/10.1016/j.epsl.2006.08.011
https://doi.org/10.1029/JC080i009p01133
https://doi.org/10.1029/JC080i009p01133
https://doi.org/10.2151/sola.2013-017
https://doi.org/10.2151/sola.2013-017
https://doi.org/10.1080/10256016.2016.1148695
https://doi.org/10.1080/10256016.2016.1148695
https://doi.org/10.1002/2017JD026751
https://doi.org/10.1002/2017JD026751
https://doi.org/10.1029/2008JD010209
https://doi.org/10.1038/nature06692
https://doi.org/10.1038/nature06692
https://doi.org/10.1126/science.1106296
https://doi.org/10.1002/joc.4132
https://doi.org/10.1038/nature05431
https://doi.org/10.1038/nature05431
https://doi.org/10.1029/2011JD016035
https://doi.org/10.1175/2008MWR2281.1
https://doi.org/10.1029/2010JD014032

Tanoue et al. Progress in Earth and Planetary Science (2018) 5:77

Yoshimura K, Kanamitsu M, Noone D, Oki T (2008) Historical isotope simulation
using reanalysis atmospheric data. J Geophys Res 113:D19108 doi: 1029.10/
2008JD010074

Yoshimura K, Oki T, Ohte N, Kanae S (2003) A quantitative analysis of short-term
880 variability with a Rayleigh-type isotope circulation model. J Geophys
Res 108:4647. https://doi.org/10.1029/2003JD003477

Yoshimura K, Oki T, Ohte N, Kanae S (2004) Colored moisture analysis estimates
of variations in 1998 Asian monsoon water sources. J Meteor Soc Japan 82:
1315-1329

Zhang P, Cheng H, Edwards RL, Chen F, Wang Y, Yang X, Liu J, Tan M, Wang X,
Liu J, An C, Dai Z, Zhou J, Zhang D, Jia J, Jin L, Johnson KR (2008) A test of
climate, sun, and culture relationships from an 1810-year Chinese cave
record. Science 322:940-942. https.//doi.org/10.1126/science.1163965

Page 16 of 16

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1029/2003JD003477
https://doi.org/10.1126/science.1163965

	Abstract
	Introduction
	Methods/Experimental
	Study area
	Observation of precipitation samples and analysis methods
	Description of IsoGSM
	Simulation design
	Backward trajectory analysis
	Data

	Results
	Seasonal variation in the amount and isotopic composition of precipitation
	Validation of IsoGSM simulation
	Origins of moisture and precipitation

	Discussion
	Summary and conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Publisher’s Note
	Author details
	References

