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ABSTRACT: The water sources and their variability responsible for the South Asian summer monsoon precipitation were

analyzed using Lagrangian atmospheric water-mass trajectories. The results indicated that evaporated waters from the central

and south Indian Ocean are the major contributors to the South Asian summer monsoon rainfall, followed by the contribution

from the local recycling (precipitated water that evapotranspirated from the South Asian landmass), the Arabian Sea, remote

sources, and theBayofBengal. Itwas also found that although thedirect contribution originating from theBayofBengal is small,

it still provides a pathway for the atmospheric water that comes from other regions. This pathway is hence only crossing over the

Bay of Bengal. The outcomes further revealed that the evaporated waters originating from the central and south Indian Ocean

are responsible for the net precipitation over the coastal regions of the Ganges–Brahmaputra–Meghna Delta, northeast India,

Myanmar, the foothills of the Himalayas, and central-east India. Evaporated waters from the Arabian Sea are mainly con-

tributing to the rainfall over thewestern coast andwest-central India. Summermonsoon precipitation due to the local recycling is

primarily restricted to the Indo-Gangetic plain. No recycled precipitation was observed over the mountain chain along the west

coast of India (WesternGhats). Themonth-to-month precipitation variation over South Asia was analyzed to be linked with the

Somali low-level jet variability. The interannual variability of the South Asian summer monsoon precipitation was found to be

mainly controlled by the atmospheric waters that were sourced and traveled from the central and south Indian Ocean.

KEYWORDS: Conservation equations; Hydrologic cycle; Lagrangian circulation/transport; Mass fluxes/transport;

Meridional overturning circulation; Monsoons; Interannual variability

1. Introduction

The South Asian summer monsoon, which takes place dur-

ing the months from June to September (JJAS), is a major

component of the global monsoon system and associated with

the seasonal movement of the tropical convergence zone over

land (Sikka and Gadgil 1980). This migration of the conver-

gence zone initiates a moisture supply chain from the ocean

toward land and provides the summer monsoonal precipita-

tion. There is an ongoing debate about how this moisture

supply chain will change due to anthropogenic forcing. Most of

the climate models, investigated in phase 5 of the Coupled

Model Intercomparison Project (CMIP5), predict an overall

increase of the South Asian summer monsoon precipitation by

the end of the twenty-first century due to increased water vapor

in the atmosphere from the greenhouse gas warming despite a

weak/unalteredmonsoonal circulation (Christensen et al. 2013;

Mei et al. 2015). The observational datasets do not, however,

seem to be in agreement with this increase precipitation

statement (Roxy et al. 2015). The SouthAsian summermonsoon

affects agriculture, ecosystems, hydroelectricity production, and

water availability through spatial and temporal variability of

precipitation (Gadgil and Kumar 2006). Thus identification of

the sources andpathwaysofwater responsible for precipitation and

how it varies across spatial and temporal scales will be a key factor

for understanding the uncertainties involved in model predictions.

These results could also be beneficial for policymakers and billions

of people through improved quality of weather forecasting.

The origin of water available for precipitation over South

Asia is a challenging issue to address. Pisharoty (1965) was

among the first who investigated the origin of moisture that is

reaching India by analyzing a water vapor budget over the

Arabian Sea. His results indicated that the evaporation from

the Arabian Sea was a major source of moisture for India be-

cause water vapor flux from the eastern wall of his Arabian Sea

box was much higher than that through the southern boundary.

Later, Saha and Bavadekar (1973) used an improved dataset

and included the effects of the precipitation, which led to the

conclusion that the water vapor fluxes from the southern

boundary of the Arabian Sea are instead mainly responsible

for the moisture supply to the west coast of India. The diver-

gent component of the water vapor flux fields and subjective

analysis of the wind patterns could give an overall idea of the

moisture source regions and pathways. This would, however,

not provide any information about how much of the evapo-

rated moisture actually precipitates, how much each ocean

basin contributes to the South Asian summer precipitation,
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exact quantification of the atmospheric water transport values

and pathways, atmospheric water-residence times, and other

details. All of these issues, nevertheless, can be achieved with a

Lagrangian tracking approach.

Bosilovich and Schubert (2002) used water vapor tracers in a

3D atmospheric model and found that the west oceanic region

(equivalent to the Arabian Sea) was the primary contributor to

the South Asian monsoon precipitation followed by contribu-

tion from the south oceanic region (equivalent to the south

Indian Ocean), local recycling, and the east oceanic sector

(equivalent to the Bay of Bengal). Gimeno et al. (2010) iden-

tified six moisture source regions responsible for the Indian

subcontinent precipitation during the June to August months

using a 3D Lagrangian particle dispersion model, FLEXPART

(Stohl and James 2004), in which the particles were advected

by the operational European Centre for Medium-Range

Weather Forecasts (ECMWF) wind fields over a 5-yr time

period (2000–04). These locations were the Indian Ocean, the

Arabian Sea, the oceanic areas over the Zanzibar and Agulhas

Currents, tropical southern Africa, and the Red Sea. Ordóñez
et al. (2012), using FLEXPART and the ERA-40 reanalysis

dataset during 2000–04, revealed that the western and southern

Indian summer precipitation is mainly sourced from the

Arabian Sea and the IndianOcean, which is then advected with

the Somali low-level jet. This low-level jet is a southwesterly

flow off the coast of Somalia during the summer monsoon

months and is also the northern branch of the cross-equatorial

flow. Mei et al. (2015), using a 2D modified Lagrangian

Dynamic Recycling Model (Martinez and Dominguez 2014)

that was forced with both NCEP–NCAR Reanalysis I outputs

over the period 1965–2005 and CMIP5 climate model datasets

(1965–2005 for the historical simulation and 2010–99 for the

representative concentration pathway 8.5 scenario), reported

that remote sources (including the south Indian Ocean) of

moisture are the largest contributor to the South Asian summer

monsoon (46%), followed by the evapotranspirated moisture

from the South Asian landmass (30.4%), the Arabian Sea

(19.6%), and the Bay of Bengal (4%), respectively. Pathak

et al. (2017b), using the sameLagrangianmodel andERA-Interim

dataset during 1979–2013, found that the western Indian Ocean,

the central Indian Ocean, the upper Indian Ocean, the Ganges

basin, and the Red Sea are the five major moisture sources re-

sponsible for the Indian summer monsoon rainfall. The differ-

ence in results, despite using the same model, between the two

studies is probably due to their nonidentical ocean and land

region definitions, datasets, and time period investigated. The

majority of the Lagrangian studies regarding the South Asian

summer monsoon rainfall has been achieved by tracing humid

air and using 2D Lagrangian models. The specific humidity

change along an air-mass trajectory is then translated as

evaporation/precipitation. The advantage of a 2D Lagrangian

model is that it requires fewer computing resources and could

run for a longer period of time. However, it neglects the vertical

distribution of moisture and assumes a well-mixed atmosphere.

The directional wind shear could lead to a weak or incomplete

mixing of the moisture and in that case the well-mixed as-

sumptionwill fail (Van derEnt et al. 2013).A study byGoessling

and Reick (2012) found that the directional wind shear is

maximum over the tropical regions and thus the 2D moisture

tracking models are less accurate there. A major limitation in

the 3D Lagrangian FLEXPART model is that it traces air

with a more/less moisture in it rather than directly tracing the

atmospheric mass of water itself. The interpolation of the specific

humidity along the air trajectories could lead to nonphysical

fluctuations in the specific humidity field due to the interpolation

error and thus consequently will affect the evaporation minus

precipitation (E 2 P) values. Furthermore, it neglects the time

rate of change of water mass inside the grid box (Stohl and James

2004), which is not true for synoptic (and smaller) time scales

where the addition and removal of water plays an important

role to determine the evaporation minus precipitation.

A new method to trace atmospheric water with Lagrangian

trajectories was recently introduced (Dey and Döös 2020),

where the water-mass parcels are passively advected by the

3D atmospheric water transports instead of humid air. These

transports were computedwith awater-mass conservationmethod

(Dey and Döös 2019), where the vertical component includes

not only the advection of moisture but also the evaporation and

precipitation. This made it possible to trace the movement of the

atmospheric water from the evaporating to the precipitating sur-

faces, or vice versa, independent of in which phase the water is in.

This has previously not been achieved as most of the moist at-

mospheric Lagrangian models are based on moisture tracking al-

gorithms in contrast to the present approach, where the mass of

water is traced regardless of its phase. Theobjectives of the present

study, using this newmethodology, are to identify thewater source

regions responsible for the South Asian summer monsoon

rainfall and how they vary interannually. A detailed analysis

of the contribution from different ocean and land regions

(Fig. 1a) to the total precipitation over the South Asian landmass

was also performed.

2. Data and methods

a. Data used

The atmospheric water transports were calculated using the

surface pressure, specific humidity, and horizontal wind ve-

locities from the ERA-Interim reanalysis (Dee et al. 2011).

However, this water transport computation omits diffusive

moisture transports, specific cloud liquid water, specific cloud

ice water, specific rain, and snow water content. The datasets

were obtained for the years 2009–18 with 0.758 spatial resolu-
tion, 6-hourly temporal resolution (DtG), and 60 hybrid vertical

model levels. The present study uses Lagrangian trajec-

tory model TRACMASS (Döös 1995), which requires data on

model levels and not on interpolated pressure levels in order to

conserve mass. The recently released atmospheric reanalysis

product ERA5 (Hersbach et al. 2020) could therefore not be

used in the present study, since the ERA5 data on model levels

are vast in volume and slow to access due to higher spatial and

temporal resolution than its precursor ERA-Interim. However,

we acknowledge that using a finer-resolution (horizontal,

vertical, and temporal) reanalysis product is likely to modify

the quantitative results presented here. This is since the atmo-

spheric water needs to travel at least 79km in the ERA-Interim

dataset to be counted as the horizontal transport, while it is
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31 km for the ERA5. As the large-scale circulation and E 2 P

patterns will not change drastically across the reanalysis data-

sets, we believe the main conclusions reported in the present

study should not be sensitive to the product used.

b. Lagrangian trajectory model TRACMASS

The Lagrangian trajectory model TRACMASS (Döös et al.
2017) was employed in this study to investigate the sources of

atmospheric water and its variability responsible for the South

Asian summer monsoon precipitation. TRACMASS uses mass

transports rather than velocities (Vries and Döös 2001), which
makes it possible to track water-transport routes in the ocean

(Döös et al. 2008) and atmospheric air-mass pathways (Kjellsson

andDöös 2012). In addition, an extended version ofTRACMASS

was recently introduced, where atmospheric water-mass trajec-

tories (expressed in kg s21 of water) were computed based on a

water-mass conservation method (Dey and Döös 2020). It is im-

portant to note here that we are not tracingmoisture in the air but

the actual atmospheric mass of water itself. A detailed validation

of the atmospheric water-mass version of TRACMASS was un-

dertaken by Dey and Döös (2020). The unique characteristic of

TRACMASS is that it calculates the trajectory path through

each model grid box by solving the analytical solution of a

differential equation both in space and time. The differential

equation depends on the mass transport through the faces of a

grid box and not on the velocities. The solution to a differential

equation is unique and thus the trajectory calculation can be

integrated forward in time and then backward in time in order

to arrive exactly at the starting position as long as the stochastic

parameterizations are switched off. The TRACMASS trajec-

tory scheme is mass conserving within a grid box in the same

way as the general circulation model itself. A detailed de-

scription of the Lagrangian trajectory model TRACMASS in

general can be found in Döös et al. (2017).
In the present study the Lagrangian trajectories are calcu-

lated from the atmospheric water transports rather than just

FIG. 1. Water transport pathways of a few se-

lected trajectories in the (a) x–y and the (b) y–z

plane. The blue dots indicate net precipitation

points and black dots are the net evaporation

points. The selected studied regions are termed

as the Local, Arabian Sea (AS), Bay of Bengal

(BoB), central and south Indian Ocean (CSIO),

and Remote regions. (c) Mean wind vectors at

850 hPa for the June–September months during

2009–18.
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velocities through the faces of each model grid box. The ad-

vective water transports through the eastern (U) and northern

(V) faces of a grid box, which are bounded by the zonal (i),

meridional ( j), and vertical (k) faces at time step n,

Un
i,j,k 5 qn

i,j,ku
n
i,j,kDyi,jDp

n
i,j,k/g, (1)

Vn
i,j,k 5qn

i,j,ky
n
i,j,kDxi,jDp

n
i,j,k/g, (2)

where q is the specific humidity (kg kg21) and u and y are the

zonal andmeridional wind velocities (m s21), respectively. The

longitudinal and latitudinal grid lengths are given by Dx and

Dy (m), the gravitational acceleration is denoted g (m s22), and

Dp is the pressure level thickness (Pa). Thus the horizontal

water transports through the lateral faces of a model grid box

have the unit of kilograms per second (kg s21) of water. The

hydrostatic equation

Dpn
i,j,k 5 rni,j,k gDz

n
i,j,k (3)

has been used in Eqs. (1) and (2). Note that the diffusive

moisture transports and time correlations (due to the fluctua-

tions shorter than the model stored time interval) are omitted

in this computation. This is since the ERA-Interim product

does not provide publicly the diffusive moisture transport

along model levels and the output frequency for the analyses is

restricted to 6 h. Conservation of water mass yields that the

rate of change of the water-mass content of a box is equal to the

water transports though its faces:

›Q
i,j,k

›t
5U

i21,j,k
2U

i,j,k
1V

i,j21,k
2V

i,j,k
1W

i,j,k21
2W

i,j,k
,

(4)

whereQ is the water-mass content (kg) of amodel grid box and

W is the vertical water transport through its uppermost face. It

is important to emphasize here that the usage of the atmo-

spheric water-mass conservation and omission of the hori-

zontal advection of the cloud liquid and ice water will result in

an immediate transport of the condensed cloud waters at the

bottom of each grid box. Thus the calculated vertical water

transport at each level will consist of not only vertical advec-

tion of moisture but also the vertical water transport of cloud

liquid water and ice.

The quantity Q was calculated by multiplying the specific

humidity with the air mass which yields

Qn
i,j,k 5qn

i,j,kDxi,jDyi,jDp
n
i,j,k/g. (5)

Rearranging Eq. (4) and using the expression from Eq. (5)

results in

Wn
i,j,k21 5Wn

i,j,k 1

"
Un

i,j,k 2Un
i21,j,k 1Vn

i,j,k 2Vn
i,j21,k

1
(Dpn

i,j,kq
n
i,j,k 2Dpn21

i,j,k q
n21
i,j,k )

gDt
G

Dx
i,j
Dy

i,j

#
, (6)

where DtG is the time interval between model stored fields.

Equation (6) indicates that the values ofW at all vertical levels

can be computed by integrating the equation downward from

the top of the atmosphere, where the vertical water transport is

assumed to be zero. At the surfaceWn
i,j,0 should thus be equal to

the evaporation minus precipitation (E2 P), which was shown

to be the case by Dey and Döös (2020). This matching at the

sea surface validated the present method and the associated

approximations.

The zonal, meridional, and vertical water transport fields,

computed from Eqs. (1), (2), and (6) respectively, are used by

the TRACMASS model in order to calculate the atmospheric

water trajectories. A TRACMASS trajectory conserves its

mass transport throughout its entire journey, which makes it

possible to compute overturning streamfunctions between

source and sink regions. A Lagrangian overturning water-mass

streamfunction (Blanke et al. 1999) was calculated from the

trajectories (Fig. 2) to evaluate the water transport in the

meridional–vertical coordinates during the summer monsoon

months. This can be expressed as

c
j,k
5 �

kz

k05k
�
i
�
m

Ty
i,j,k0 ,m, (7)

where T
y
i,j,k0 ,m is the Lagrangian water transport by the trajec-

tory index m through the zonal–vertical grid box face. The

Lagrangian water transport integration both zonally and ver-

tically down from top of the atmosphere (k5 kz is the highest

vertical model level at 0.1 hPa) results in open streamlines at the

surface due to atmospheric water source (evaporation) and sink

(precipitation) regions. A transport weighted average atmo-

spheric water residence time (t) was also calculated andmapped

from the atmospheric water-mass trajectories according to

t
i,j
5
�
M

m51

[(tPm 2 tEm)T
z
i,j,m]

�
M

m51

Tz
i,j,m

, (8)

which shows how long masses of water stays in the atmosphere

after evaporating and before precipitating down over the South

Asian landmass. Here M is the total number of Lagrangian

water trajectories, tP is the time when the water trajectories

precipitate, tE is the time when they evaporate, and Tz
i,j,m is the

Lagrangian water transport (kg s21) of the trajectory indexed

m through the surface.

The vertically integrated atmospheric water flux was also

computed from the Lagrangian trajectories to describe the

water transport routes in longitude–latitude coordinates:

Fx
i,j 5

�
kz

k050
�
m

Tx
i,j,k0 ,m

Dy
i,j

, (9)

F
y
i,j 5

�
kz

k050
�
m

Ty
i,j,k0 ,m

Dx
i,j

. (10)

Here Tx
i,j,k0 ,m and Ty

i,j,k0 ,m are the Lagrangian water transports

by the trajectory index m through the meridional–vertical

8658 JOURNAL OF CL IMATE VOLUME 34

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 05/18/22 08:44 AM UTC



and zonal–vertical grid box face respectively. The ampli-

tude of the vertically integrated horizontal water flux

is thus

F
i,j
5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(Fx

i,j)
2 1 (Fy

i,j)
2

q
, (11)

which has the unit kg s21m21 or 1029 Svm21 (1 Sv[ 109 kg s21).

c. Lagrangian study design

To study the origin of the monsoonal precipitation, we have

followed water-mass trajectories backward in time from their

precipitation points to their evaporation points. To get a de-

tailed understanding of the monsoonal precipitation, the

Lagrangian water-mass parcels over the South Asian landmass

were started during the JJAS months every 6 h for 10 years

(2009–18). During the study period there were three summer

precipitation deficit years (2009, 2014, and 2015) and no ex-

cessive summer rainfall years over South Asia (Parthasarathy

et al. 1995). The atmospheric trajectories were initiated at the

surface only when precipitation (P) exceeded evaporation (E)

and traced backward until they reached the surface again,

where evaporation exceeded precipitation. The trajectories

were followed for a maximum of one year. Note that in

the present study, the atmospheric water is traced from the

net precipitation (E 2 P , 0) to the net evaporation points

(E 2 P . 0) and not from the total precipitation to the total

evaporation. Thus this should have lead to an underesti-

mation of the total rainfall. However, it was found that the

derived net precipitation is higher than the observed total

precipitation (Fig. S1 in the online supplemental material).

The computation of the vertical mass transport of atmo-

spheric water in the present study [Eq. (6)] omits diffu-

sive moisture transports, specific cloud liquid water, specific

cloud ice water, specific rain, and snow water content, thus

leading toward an overestimation of the net precipitation as

compared to the total precipitation. For instance, an evap-

orated water parcel during its ascent condenses, forms

cloud water, and stays in the atmosphere. This will be added

as a sink of atmospheric water in Eq. (6), while the re-

evaporation of this cloud water will act as a source. The

contribution from these sources and sinks will cancel each

other if an integration of the E2P values is performed over

the period where clouds form and evaporate (Fig. S2) but

separation of the net precipitation and net evaporation or

E 2 P integration over very short time periods will lead

toward an overestimation [Figs. S1 and S2 (top row)].

Additional reasons might also be related to the diffusive

moisture transports, which are omitted, and could transport

the water horizontally from high to low moisture regions.

This overestimation is more prominent over the Southern

Hemispheric westerlies and storm track regions of the

Atlantic and Pacific Oceans, and less noticeable over South

Asia (Fig. S1).

The contribution of oceanic regions and local recycling

to the South Asian summer monsoon precipitation was es-

timated by selecting five regions as shown in Fig. 1a. The

starting positions of the Lagrangian water-mass parcels

over the South Asian landmass (land points within 668–
998E, 6.758–398N) were denoted as ‘‘Local.’’ The ocean

basins were termed the Arabian Sea (AS), the Bay of

Bengal (BoB), and the central and south Indian Ocean

(CSIO). The contribution of the trajectories originating

from outside of these regions were classified as ‘‘Remote.’’

The local recycling is defined as a combination of processes

by which a fraction of the precipitation falls down over a

given area due to the evapotranspiration from the same

FIG. 2. The meridional Lagrangian water-mass streamfunction (Sv) computed from all the precipitated trajec-

tories over the South Asian landmass for June–September months over the 10-yr study period. The black arrows

indicate the direction of the water transport.
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area. In the present study, this area is the region denoted as

Local (Fig. 1a).

3. Results

The atmospheric water that precipitates over the South

Asian landmass tends to follow the Somali low-level jet as

shown by the representative trajectories in Fig. 1. To quan-

tify the atmospheric water transport and its pathways in the

meridional–vertical plane, a Lagrangian overturning water-

mass streamfunction was calculated using Eq. (7) and is

presented in Fig. 2. The atmospheric freshwater streamlines

represent the average atmospheric water transport pathway

and do not necessarily follow the same path as an individual

water trajectory would take. Note that the streamlines are

starting at the surface where evaporation exceeds precipitation

and terminating over the surface of the South Asian landmass

where the opposite holds true. The results revealed that most

of the atmospheric water that arrives at the SouthAsian landmass

as precipitation is transported at levels below 650 hPa. The

meridional water transport (Fig. 2) starts to increase from the

month of June and reaches its peak by July (’0.30 Sv. Then

it starts to reduce by August and onward. Note that in each

summer monsoon month there is a steep downward streamline

around 308N. This indicates an abrupt blocking of the atmo-

spheric water transport around this latitude, which could be

explained by the Himalayan mountain belt.

The Lagrangian backward-tracking simulation enabled us to

locate the water source regions during June to September over

the 10-yr study period (Fig. 3). The strongest signature of

the evaporative sources was identified during the month of

July and it starts to decay by August, which continues till

September. During the peak monsoon months of July and

August, the central and south Indian Ocean provide most of

the waters (43%, 40%), which is then followed by local re-

cycling (27%, 31%), the Arabian Sea (16%, 14%), remote

sources, and the Bay of Bengal (see Table 1 for exact values).

In June and September, local recycling processes become the

highest contributor. The atmospheric water percentage origi-

nating from the Bay of Bengal is always minimal with respect

to remaining source areas. The results further indicate that the

local recycled precipitation attains its maximum value in June

(’0.20 Sv; achieved by summing the net precipitation trans-

ports due to the local evaporative sources) and minimum in

September (’0.16 Sv). Although the local recycled precipita-

tion reaches its lowest value in September, its contribution to

the total rainfall remained higher (39%; Table 1) due to the

relatively lower contribution from other sources. However, a

previous study by Pathak et al. (2014) reported that in

September the highest contribution by the local recycled

rainfall to the South Asian precipitation is due to the enhanced

evapotranspiration. This dissimilarity might be related to the

use of a 2D moisture tracing model by Pathak et al. (2014) in

which the effect of the directional vertical wind shear is absent.

Jun Jul

Aug Sep

FIG. 3. Net evaporation (mm day21) computed from the Lagrangian backward water-mass trajectories, which are

responsible for net precipitation over the South Asian landmass during June–September.
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The residence time of the atmospheric water was mapped at

the evaporation points using Eq. (8) and is presented in Fig. 4.

Note that the residence times of the evaporated water from the

definedRemote sources were omitted in Fig. 4 in order to focus

on the primary evaporative sources of the SouthAsian summer

monsoon precipitation, although these sources were taken into

account while quantifying the spatial average residence time in

Table 1. It is evident that the increased transport of atmo-

spheric water from theCSIO during themonth of July (0.27 Sv)

as compared to June (0.16 Sv) is accompanied by a reduction in

the residence time (from 17 days in June to 15 days in July;

Table 1). This reduced time indicates a probable strengthening

of the atmospheric flow that carries the water from the CSIO

to the landmass. The increase in the atmospheric flow could

further act as an agent to enhance the evaporation if the air

parcel above the CSIO is relatively dry due to the strong

sweeping of the atmospheric water from that region. The res-

idence time of the evaporated water from the CSIO starts to

increase again from August (18 days) and continues until

September (21 days), illustrating a possible weakening of the

atmospheric water flow to the landmass, and might be one of

the contributing factors responsible for reduction in the water

transport during thosemonths (0.22 Sv inAugust and 0.14 Sv in

September; Table 1). The other possibility could be that the

majority of the atmospheric water transport from the CSIO is

heading toward other sectors and not precipitating down

over the South Asian landmass. A similar pattern in the at-

mospheric water transport and residence time can be seen

TABLE 1. Atmospheric water transport ( Sv) from different regions to the South Asian landmass. The contribution (%) of the various

defined sectors to the South Asian summer rainfall and the residence time (days) of the atmospheric water sourced from those regions is

provided in the parentheses. CSIO 5 central and south Indian Ocean; AS 5 Arabian Sea; BoB 5 Bay of Bengal.

Regions June July August September

CSIO 0.16 Sv (31%, 17 days) 0.27 Sv (43%, 15 days) 0.22 Sv (40%, 18 days) 0.14 Sv (33%, 21 days)

Local 0.20 Sv (39%, 2 days) 0.17 Sv (27%, 2 days) 0.17 Sv (31%, 2 days) 0.16 Sv (39%, 3 days)

AS 0.08 Sv (15%, 7 days) 0.10 Sv (16%, 6 days) 0.07 Sv (14%, 8 days) 0.05 Sv (11%, 10 days)

BoB 0.02 Sv (5%, 3 days) 0.01 Sv (2%, 3 days) 0.01 Sv (2%, 3 days) 0.01 Sv (3%, 2 days)

Remote 0.05 Sv (10%, 41 days) 0.08 Sv (12%, 41 days) 0.07 Sv (13%, 44 days) 0.06 Sv (14%, 48 days)

Jun Jul

Aug Sep

FIG. 4. The residence time (days) of the atmospheric masses of water that have precipitated over the SouthAsian

landmass during June–September. The defined Remote region was excluded here in order to focus on the primary

sources of the precipitation.
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for the Arabian Sea case during June to September (Table 1).

The Arabian Sea and the CSIO are linked through the Somali

low-level jet (northern branch of the cross-equatorial flow)

during the monsoon months (Fig. 1c) and thus it can be spec-

ulated that the variation in the contribution from these sources

during June to September is related to the strength of this flow

to a certain extent. It is noteworthy that the residence timemap

in Fig. 4 closely resembles with the strength of the Somali low-

level jet during themonsoonmonths. This flow reaches its peak

strength in July (thus reduced residence time) and deceasing

afterward (higher residence time). The residence time of the

evaporated waters from the South Asian landmass is found to

be very short (;2 days) and pointing toward a rapid recycled

precipitation time scale. The BoB waters that are responsible

for the monsoonal precipitation over South Asia stay around

3 days in the atmosphere, whereas it is more than a month for

the waters evaporated from remote sources.

In addition to the identification of the atmospheric water

origin, it is also beneficial to have knowledge of the actual

water transport routes. To infer the atmospheric water path-

ways, information about only water source regions can some-

time be misleading. Evaporative source areas responsible for

the summer rainfall cannot provide the pathways of the water

transport. To achieve this, we have calculated the vertically

integrated horizontal water fluxes using Eq. (11), which is

presented in Fig. 5. The results show that there are two regions

with strong fluxes (.1.5 3 1027 Svm21). The first one is along

the Somali coast and over the Arabian Sea, which clearly re-

sembles the Somali low-level jet, and the second region is over

the Bay of Bengal. This result is quite interesting in the sense

that even though the flux values are higher, there is only a very

small contribution of the water originating from the BoB to the

South Asian summer rainfall. Thus, the share of the Bay of

Bengal to the summer precipitation is indirect. It helps atmo-

spheric waters traveling from other regions by providing a

pathway.

The question is thus from where this water originates

(evaporates) and precipitates if it is only passing over the

BoB. Figure 6 shows the final destination (precipitation region)

of the water-mass parcels that have traveled at least once over

the BoB. During the monsoon months of June to September

the spatial pattern of the precipitation shows little month-to-

month variability. The precipitation is heavily concentrated

over the coastal regions of the Ganges–Brahmaputra–Meghna

(GBM) Delta, northeast India, and the Myanmar region. In

July and August, the precipitating region extends slightly

toward the foothills of Himalaya. Figure 7 depicts the loca-

tion of all the evaporative water sources that have crossed

over the BoB at least once and precipitated over the South

Asian landmass as shown by Fig. 6.

This shows that there is a small region in the northern part of

BoB with strong evaporation. This water is, however, not

traveling far but precipitates in the nearby coastal region (not

shown by the figures).

FIG. 5. The vertically integrated horizontal water flux (shaded; Sv m21) computed from all the Lagrangian

water-mass trajectories that have precipitated over the South Asian landmass during June–September. The flux

directions are given by the blue lines.
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The heavy rainfall over Myanmar and its nearby regions

from June to September (Fig. 6) is thus primarily fed by the

waters originating from the central and south Indian Ocean,

which have passed over the BoB (Fig. 7). The percentage

contribution of each specific basin to the South Asian summer

rainfall, when atmospheric water pass over the Bay of Bengal is

summarized in Table 2. It indicates that more than 50% of the

net precipitation that crosses over the BoB is primarily origi-

nating from the CSIO.

The role of each specific region for the spatial precipita-

tion variability over the South Asian landmass was esti-

mated by selecting backward trajectories terminating over

these locations (Fig. 8). The CSIO provides most of the

rainfall over the coastal regions of the GBM Delta, north-

east India, Myanmar, the foothills of the Himalayas, and the

southwestern coast of India during the months from June to

September. The precipitation over most of these locations

can be attributed to the BoB pathway. This is because we

have shown that more than half of the net precipitation that

crosses over the BoB is primarily originating from the CSIO

and fallen down over these locations. During the peak

monsoon months of July and August, the CSIO also con-

tributes to the precipitation over central-east India. Thus

the central-east Indian precipitation must have arrived from

some other pathways and not via the BoB pathway. The

evaporated water from the AS gives rainfall mostly over the

western coast of India throughout June–September. In July

and August, it also provides rainfall over west-central India.

The sharing from the local source is spatially invariable

during the four monsoon months. It generally provides

precipitation over the Indo-Gangetic plain. Note that the

contribution of the local recycling to the precipitation over

the western coast of India is almost nonexistent. This is

probably due to the fact that most of the evaporated water

from the western cost of India is pushed outside of the South

Asian landmass by the prevailing westerly flow [see Fig. 8 in

Pathak et al. (2014)].

The interannual variability of the precipitation over the

SouthAsian landmass was studied by decomposing it depending

on its origin. This was achieved by summing the mass trans-

ports of the water trajectories sourced from specific regions

and precipitated over the South Asian landmass between the

years 2009 and 2018 as shown by Fig. 9. Most of the total inter-

annual variability is found to be due to the nonlocal sources (i.e.,

water originating from outside the SouthAsian landmass). The

majority of this nonlocal variability is primarily determined

by the water originating from the CSIO. The local recycling

variability shows a rather different pattern than the nonlocal

with an almost constant value from 2010 to 2013 and a smooth

increase from 2013 and onward. The contributions from the

Arabian Sea, the Bay of Bengal, and remote sources to the

interannual precipitation variability are small. The year-to-year

atmospheric water residence time analysis was found to be

inadequate to explain the reported interannual precipitation

variation over South Asia (Fig. S3), unlike the month-to-month

rainfall variability.

FIG. 6. Net precipitation (mmday21) computed fromLagrangianwater-mass trajectories that have crossed over the

Bay of Bengal at least once and fallen over the South Asian landmass.
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4. Discussion and conclusions

Identification of the water sources and their role with regard

to summer monsoon precipitation variability over the South

Asian landmass has been investigated using atmospheric

water-mass trajectories. These trajectories were computed

using a new water-mass conservation method, which makes it

possible to trace the atmospheric water backward from the net

precipitation to the net evaporation surfaces. By doing so, we

were able to calculate the contributions of different ocean and

land regions to the total South Asian summer monsoon pre-

cipitation. The results indicate that the evaporated waters from

the central and south Indian Ocean are the major contributor

to the South Asian summer monsoon precipitation, followed

by contributions from the local recycling, the Arabian Sea,

remote sources (outside of the studied domain), and the Bay of

Bengal, in agreement with the earlier studies (Mei et al. 2015;

Pathak et al. 2017b). In contrary, using water vapor tracers in a

3D atmospheric model Bosilovich and Schubert (2002) found

that the west oceanic region (approximately same as the Arabian

Sea in our case) was the primary contributor to the SouthAsian

monsoon precipitation. Although the contribution of the at-

mospheric waters originating from the Bay of Bengal was

found to be small, the Lagrangian trajectories revealed that it

allows waters from the other regions to cross over it. It was also

shown that this Bay of Bengal pathway is mostly used by the

waters originating from the central and south Indian Ocean,

which were then precipitated over the coastal regions of the

GBMDelta, northeast India,Myanmar, and the foothills of the

Himalayas. The atmospheric trajectory analysis further re-

vealed that when waters from the central and south Indian

Ocean are not traveling through the BoB pathway, they pro-

vide rainfall over central-east India during the months of July

and August. Atmospheric waters from the Arabian Sea were

found to be responsible for precipitation over the western coast

of India during the summer monsoon months. In July and

August, it also extends from the western coast to the interior of

the Indian subcontinent. Summer precipitation due to local

recycling was estimated to be spatially invariable, mainly

confined to the Indo-Gangetic plain. The strength of the re-

cycled precipitation although changes, reaching its maximum

value in June and minimum in September. It was also found

that the percentage contribution from the local recycled

precipitation to the monsoonal rainfall remained higher in

September despite its lower strength. This is due to relatively

TABLE 2. Contribution of the different regions to the South

Asian summer rainfall when the atmospheric water passes through

the Bay of Bengal (%). CSIO 5 central and south Indian Ocean;

AS 5 Arabian Sea; BoB 5 Bay of Bengal.

Regions Jun Jul Aug Sep

CSIO 57 67 64 56

AS 11 7 6 8

BoB 11 4 5 6

Jun Jul

Aug Sep

FIG. 7. Net evaporation (mm day21) computed from Lagrangian water-mass trajectories that have crossed over the

Bay of Bengal at least once and are responsible for precipitation over the South Asian landmass.
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smaller contributions from the other sources and not associated

with the higher amount of evapotranspiration as suggested by

Pathak et al. (2014). Precipitation due to the local recycling

processes was found to be negligible along the western coast of

India (Western Ghats) and might be attributed to the pre-

vailing westerly flow. The reported spatial distribution and

quantification of the local recycled precipitation might vary if

irrigation is included in the ERA-Interim reanalysis dataset.

Irrigation enhances the transpiration from the land and thus

also the atmospheric humidity (Tuinenburg and de Vries

2017). Based on sensitivity experiments using a coupled

atmosphere–land model Devanand et al. (2019) demonstrated

that realistic representation of the irrigation process helps to

increase the rainfall during the month of September over

north-northwest India. It is important to mention that the

present study deals with the identification of the water sources

that are responsible only for the South Asian rainfall during

JJASmonths between 2009 and 2018 and does not separate the

short periods (3 days) of anomalously high (active) and low

(break) precipitation. Thus the prominent intraseasonal Indian

monsoon features, namely a north–south asymmetry in pre-

cipitation anomaly from the Indian subcontinent to the Indian

Ocean and an east–west imbalance from the central part of

India to the eastern Indian landmass (Pathak et al. 2017a), will

not be separable here. The investigation of the evaporative

transports and atmospheric water residence time at the defined

regions leads to the speculation that the month-to-month

precipitation variability to a certain extent is associated with

the Somali low-level jet that carries water to the landmass.

The Lagrangian analysis of the year-to-year precipitation

indicated that the local recycled precipitation has increased

since 2013. The role of the Arabian Sea, remote sources, and

the Bay of Bengal to the interannual variability of the South

Asian summer rainfall was found to be small. The interannual

precipitation variation over the South Asian landmass was

found to be mainly controlled by the atmospheric waters

originating and traveling from the central and southern Indian

Ocean. This variability of the atmospheric water transport is

either caused by the interannual variation of the evaporation

over the central and south Indian Ocean and/or due to the

year-to-year fluctuations of the winds that advect the water

toward the landmass. Thus a continuation of the present study

could be to trace the atmospheric water with Lagrangian tra-

jectories starting from the evaporation areas over the central

FIG. 8. (top) Total net precipitation (mm day21) for the months of June–September. In

addition, monthlymean net precipitation over the SouthAsian landmass due to the evaporated

water sourced from (second row) the central and south Indian Ocean (CSIO), (third row) the

Arabian Sea (AS), and (bottom) the Local region.
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and south Indian Ocean and follow them until they precipitate,

in order to quantify the relative importance of these two ef-

fects. Also it would be interesting to understand the effects of

the chosen time period and of horizontal, vertical, and tem-

poral resolution on the results reported in the present study. In

this regard it is important to mention that an Eulerian study

based on the JJAS horizontal moisture flux decomposition

indicated the domination of the dynamic component (circula-

tion variability) over the thermodynamic component (moisture

variation) in order to explain the interannual summermonsoon

variability over South Asia (Walker et al. 2015). The atmo-

spheric water residence time analysis is found to be insufficient

to explain the reported year-to-year precipitation variation

(Fig. S3), unlike the month-to-month rainfall variability. It

should be noted that the residence time does not always rep-

resent the strength of the flow. Consider a hypothetical situa-

tion in which the South Asian landmass experienced an excess

and a deficit rainfall year consecutively. The results from the

hypothetical case revealed that during those two years the total

evaporation over the CSIO remained the same but during the

deficit year majority of water was transported by the winds to

some other region. In this case the comparison of the atmo-

spheric water residence time will be inconclusive to explain the

variability of the flow as the major portion of the water trans-

port completely changed its direction. The lowest precipitation

was noticed in 2009, 2014, and 2015, of which 2009 and 2015

are El Niño–Southern Oscillation (ENSO) years. The inter-

annual rainfall variation over South Asia is believed to be

strongly associated with ENSO (Pant and Parthasarathy 1981;

Rasmusson and Carpenter 1982) and weakly with the Indian

Ocean dipole (IOD) (Ashok et al. 2004; Cherchi and Navarra

2013) and snow cover over Eurasia and the Tibetan Plateau

(Blanford 1884; Hahn and Shukla 1976). However, ENSO

cannot not explain more than half of the observed interannual

variability (Webster et al. 1998) and a relatively new mode

known as the equatorial Indian Ocean oscillation (EQUINOO)

emerges as a contributing factor (Gadgil et al. 2004). The in-

fluence of the ENSO, IOD, snow cover, and EQUINOO on

the year-to-year precipitation variability over South Asia has

not been studied here and lies outside the scope of the

present study.

The current research is not just restricted to identification of

the atmospheric water sources and their percentage contribu-

tion to the South Asian monsoon rainfall but goes beyond that.

There are large uncertainties looming over the role of the Bay

of Bengal to the South Asian summer precipitation. Previous

studies (Pathak et al. 2017b; Mei et al. 2015; Bosilovich and

Schubert 2002) and also the present analyses revealed that the

Bay of Bengal only provides 3%–4% of the total summer

rainfall over South Asia. However, Yoon and Chen (2005)

found that the monsoon depressions over the Bay of Bengal

responsible for 45%–55% of the total summer rainfall. These

results indicate that the masses of water in the monsoon de-

pressionsmust have been originated from somewhere else. The

3D novel Lagrangian approach used in the present study made

it possible to find an answer to this question. The atmospheric

water-mass trajectory analyses revealed that the Bay of Bengal

indirectly contributes to the South Asian summer monsoon

rainfall by providing its path primarily to the masses of water

originating from the CSIO. Additionally, the analyses pro-

vided the transport time scales that state how long the evapo-

rative water from the South Asian landmass, the central and

south Indian Ocean, the Arabian Sea, and the Bay of Bengal

stays in the atmosphere before precipitating down over various

sectors of South Asia during the June to September months.

For instance, in the month of July it was found that the evap-

orative water from the AS takes on an average 6 days to reach

west-central India. This connection from the evaporation-to-

precipitation regions and the transport time scales could signifi-

cantly improve accuracy and predictability of themonth-to-month

summer rainfall forecast for the different South Asian sectors.
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