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ABSTRACT: We present high-resolution sustained, persistent observations of the ocean around Sri Lanka from
autonomous gliders collected over several years, a region with complex, variable circulation patterns connecting the
Bay of Bengal and the Arabian Sea to each other and the rest of the Indian Ocean. The Seaglider surveys resolve sea-
sonal to interannual variability in vertical and horizontal structure, allowing quantification of volume, heat, and fresh-
water fluxes, as well as the transformations and transports of key water mass classes across sections normal to the east
(2014–15) and south (2016–19) coasts of Sri Lanka. The resulting transports point to the importance of both surface
and subsurface flows and show that the direct pathway along the Sri Lankan coast plays a significant role in the ex-
changes of waters between the Arabian Sea and the Bay of Bengal. Significant section-to-section variability highlights
the need for sustained, long-term observations to quantify the circulation pathways and dynamics associated with
exchange between the Bay of Bengal and Arabian Sea and provides context for interpreting observations collected as
“snapshots” of more limited duration.

SIGNIFICANCE STATEMENT: The strong seasonal variations of the wind in the Indian Ocean create large and
rapid changes in the ocean’s properties near Sri Lanka. This variable and poorly observed circulation is very important
for how temperature and salinity are distributed across the northern Indian Ocean, both at the surface and at depths.
Long-term and repeated surveys from autonomous Seagliders allow us to understand how freshwater inflow, atmo-
spheric forcing, and underlying ocean variability act to produce observed contrasts (spatial and seasonal) in upper-
ocean structure of the Bay of Bengal and Arabian Sea.

KEYWORDS: Indian Ocean; Monsoons; In situ oceanic observations; Interannual variability; Intraseasonal variability;
Seasonal variability

1. Introduction

Upper-ocean processes occurring in the Bay of Bengal
have strong impacts on Indian Ocean circulation. Large river-
ine freshwater (FW) discharge and excess precipitation into
the Bay of Bengal produce strongly stratified surface layers,
confining the impact of solar warming to relatively shallow
mixed layers and thus producing elevated sea surface temper-
atures (Rao and Sivakumar 2003; Murty et al. 1992). Flow
south of Sri Lanka, modulated by the monsoons and

equatorial dynamics, exports FW from the Bay of Bengal,
linking the basin with the rest of the Indian Ocean and bal-
ancing the large evaporative fluxes of the Arabian Sea (e.g.,
Schott and McCreary 2001; Vinayachandran et al. 2013).

There is strong meridional contrast in upper-ocean struc-
ture across the Bay of Bengal (Fig. 1; e.g., Vinayachandran
et al. 2012). Riverine FW input plays a greater role in the
north, where the barrier layer is more prominent than in
the south. The formation and evolution of barrier layers,
linked to the modulation of vertical mixing and entrain-
ment at the base of the mixed layer, play a major role in set-
ting SST and modulating ocean–atmosphere interactions on
a variety of time scales (Vinayachandran et al. 2002). Thin
surface mixed layers due to the presence of freshwater en-
hance the oceanic response to atmospheric forcing. Strong
atmosphere–ocean feedback in this region likely plays a
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critical role in determining the properties of water masses
exported from the Bay of Bengal and the dynamics of atmo-
spheric disturbances, in particular the monsoon intraseasonal
oscillations (MISO) (e.g., Pirro et al. 2020a; Roman-Stork et al.
2020b).

Because it is so variable, the average seasonal circulation
of the northern Indian Ocean has been difficult to describe
(Shankar et al. 2002; de Vos et al. 2014; Su et al. 2021). Mon-
soon forcing produces distinctive, seasonal circulation pat-
terns within the Bay of Bengal (Fig. 1). During the northeast
monsoon (winter), northeasterly winds drive equatorward
flow, carrying fresh Bay of Bengal water south within the East
India Coastal Current (EICC). Argo floats, ship-based meas-
urements, SSH, and models show that several eddies are typi-
cally positioned off the Sri Lankan coast, deflecting the bulk
of the EICC eastward (Fig. 1) to form the East Sri Lanka Jet
(ESLJ; Vinayachandran et al. 2005). This forces much of the
Bay of Bengal freshwater to take a circuitous eastward path
that eventually turns south and west to join the Northeast
Monsoon Current [NMC, sometimes referred to as the Winter
Monsoon Current (WMC)], the main wintertime communica-
tion pathway between the Bay of Bengal and the Arabian Sea.
The NMC is further modulated by both coastal Kelvin waves
propagating around the Bay of Bengal, and by Rossby waves
propagating westward across the Bay of Bengal from the
Sumatran coast after the collapse of the southwest (SW)
monsoon (Rao et al. 2010; Pirro et al. 2020b; Wijesekera

et al. 2016a). Regardless, the properties of fresher water
masses exported out of the Bay of Bengal depend strongly
on their exit pathways}whether it is the direct route follow-
ing the Sri Lankan coast or the more convoluted path
through the Bay of Bengal.

During the SW monsoon (summer), southwesterly winds
(Fig. 1) reverse the flow between the Arabian Sea and Bay
of Bengal (Summer Monsoon Current, SMC) and drive
coastal upwelling south of Sri Lanka forming a “mini cold
pool” (Vinayachandran et al. 2004; Rao et al. 2006; Pirro
et al. 2020a). The SMC entrains this upwelled water, carrying
it northeastward into the Bay of Bengal interior. Wind stress
curl associated with SW monsoon winds drives Ekman pump-
ing east of Sri Lanka, forming a cyclonic gyre, the Sri Lanka
Dome (SLD; Cullen and Shroyer 2019). While the summer
monsoon winds drive poleward flow east of India, the western
side of the SLD produces equatorward currents along the Sri
Lankan coast. Our knowledge of the summer monsoon circu-
lation has recently significantly improved from studies based
on direct observations from ship transects (Wijesekera et al.
2015), glider observations in the middle of the Bay of Bengal
(Webber et al. 2018), long-term moorings (Wijesekera et al.
2016a), and surface drifters (Hormann et al. 2019), all building
on past estimates based on sparse observations. The work pre-
sented here complements these snapshots.

Dynamics in the Bay of Bengal and northern Indian Ocean
are clearly not one dimensional. Regional numerical simulations
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FIG. 1. (top) Maps of surface absolute salinity (from SMAP; Meissner et al. 2018), (middle) temperature (from opti-
mally interpolated microwave and infrared satellites; Wentz et al. 2000), and (bottom) dynamical height and surface
currents (from AVISO; Ducet et al. 2000) for the (left) northeast and (right) southwest monsoons. Maps are the sea-
sonal averages for 4 years from 2016 to 2019. In winter, the Northeast Monsoon Current (NMC), East India Coastal
Current (EICC), and East Sri Lanka Jet (ESLJ) are labeled. In summer, the Southwest Monsoon Current (SMC) and
Sri Lanka Dome (SLD) are labeled.
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highlight the interactions of variable winds and currents with
local topography, in particular related to enhanced primary pro-
ductivity in the wake of landmasses (Su et al. 2021). The obser-
vations described in this paper describe the variability of the
ocean near Sri Lanka, a critical exchange point between the
Arabian Sea and the Bay of Bengal. Multiyear glider observa-
tions (section 2) are used to describe the seasonal circulation
around Sri Lanka including quantification of the mean, seasonal
and intra-annual variations of volume, freshwater, and heat
transport (section 3).

Discussion (section 4) focuses on understanding the con-
nections between the Bay of Bengal, Arabian Sea, and greater
Indian Ocean by tracing the dominant water masses. In par-
ticular, we focus on the freshwater exported from the Bay of
Bengal, mostly during the northeast monsoon (Fig. 1), which
is believed to play an important role in monsoon onset by
creating a freshwater pool between the Maldives and India,
modulating upper-ocean stratification, forming a barrier layer
and a “mini warm pool” that amplifies air–sea feedbacks (Rao
et al. 2015; Wijesekera et al. 2016a; Roman-Stork et al. 2020a).
Similarly, high-salinity waters from the Arabian Sea entering
the Bay of Bengal during the southwest monsoon influences
interior stratification and plays a critical role in modulating
atmosphere–ocean exchanges (Murty et al. 1992; Vinayachandran
et al. 1999, 2018).

2. Data

a. Seaglider

Through a partnership between the Applied Physics
Laboratory at University of Washington (APL-UW) and
Sri Lanka’s National Aquatic Resources Research and Devel-
opment Agency (NARA), 15 Seagliders were deployed in

joint operations that began in December 2013 (Fig. 2), con-
ducted as part of the ASIRI (Air–Sea Interactions in the
Northern Indian Ocean; Wijesekera et al. 2016b), NASCar
(Northern Arabian Sea Circulation–Autonomous Research;
Centurioni et al. 2017) and MISO-BOB (Monsoon Intraseasonal
Oscillations over the Bay of Bengal; Shroyer et al. 2021)
Department Research Initiatives from the Office of Naval
Research.

Seagliders are small, reusable, long-range autonomous under-
water vehicles designed to glide from the ocean surface to as
deep as 1000 m and back while collecting profiles of tempera-
ture, salinity, and other oceanic variables with a vertical resolu-
tion of about 1 m in the upper part of the water column
(Eriksen et al. 2001). Gliders steer through the water by con-
trolling attitude (pitch and roll) and can thus navigate between
waypoints to execute survey patterns. In the missions presented
here, successive dives (each with a down and up profile) from a
glider are generally separated by 4 km and 5 h. Typical horizon-
tal speed is about 20 km day21. Mission durations depend
largely on ambient stratification, profile depth, and instrument
power, sometimes extending to nearly a year. Because the ve-
hicles are relatively small and light, special handling gear is not
required and field teams typically consist of one or, at most, two
individuals. Standard sensor suites include pressure, tempera-
ture, and conductivity. Some of the missions near Sri Lanka
also included sensors to measure dissolved oxygen, chlorophyll
fluorescence, and optical backscatter, but these variables are
not discussed here. Seagliders surfaced at the end of every dive
cycle, downloading new commands and uploading data to a
base station located at the University of Washington via Iridium
satellite telemetry.

Initial processing is performed in near–real time. The dif-
ferent responses of temperature and conductivity sensors are
accounted for and corrected through an analytical physical
model (C. Eriksen 2018, personal communication; Morison
et al. 1994; Lueck and Picklo 1990) integrated into the base
station. A hydrodynamical flight model (Bennett et al. 2019)
uses data from the glider’s attitude sensors and from the envi-
ronment to estimate glider speed through the water, and thus
location during the dive. The hydrodynamical model provides
an estimate of the horizontal distance traveled through water
in an ocean at rest, which, when compared to the actual posi-
tions at the beginning and end of the dive, provides and good
estimate of the depth-averaged current (or, more accurately,
ocean current averaged along the underwater trajectory of
the glider). Repeated GPS fixes obtained during the surface
drift, before and after every call to the base station, provides
an estimate of ocean surface velocity.

Glider deployments and recoveries have taken place near
the coasts from R/V Samuddrika, NARA’s research vessel,
and small local chartered vessels.

b. Satellite remote sensing

Sea surface height products derived from altimetry (Ducet
et al. 2000), along with optimally interpolated sea surface tem-
perature (SST) and sea surface salinity (SSS) products, are
used for situational awareness during operations and for the
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FIG. 2. Map of the Seaglider tracks sampling the circulation
around Sri Lanka from December 2013 to December 2019 (yellow).
Boundaries of Exclusive Economic Zones are shown in white.
Background image from Google Earth.
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analysis presented here. Absolute dynamical topography is
obtained from averaging the sea level anomalies over a pre-
scribed period and adding the MDT_CNES_CLS18 mean dy-
namical topography (Mulet et al. 2021; also included in the
files from Copernicus). SST data are a blended microwave
and infrared optimally interpolated product (Wentz et al.
2000). Objectively mapped sea surface salinity from Aquarius
resolving features at scales of about 150 km (Melnichenko
et al. 2016) is used before June 2015, and from SMAP (Meissner
et al. 2018) after April 2015. For SMAP, we use the 40-km v4
product, with an additional running mean filter of 120 km to
create a product with similar scales as the Aquarius objec-
tive maps. Neither satellite captures the salinity near land,
but improvement in the retrieval algorithm for SMAP v4

allows estimates within 30–40 km from the coast (Fig. 3a;
Meissner et al. 2019). The general agreement between glider
estimates of near-surface absolute salinity (top 5 m, on a 10-km
horizontal scale) and satellite products (100-km scale) is en-
couraging. Direct comparison of the glider surface salinity
(top 10 m) and SSS from satellite remote sensing (Fig. 4a)
show little systematic bias (the linear regression, in black,
has a slope of 0.88 6 0.01), with a standard deviation of
0.32 g kg21.

c. Temperature, salinity, and velocity sections

Data collected by Seagliders operating near Sri Lanka can
be organized into two sets of sections:
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FIG. 3. (a) Map of SSS as a function of longitude and time along 88N, from the coast of Sri Lanka to 868E. Back-
ground colors are from satellite SSS (Aquarius until June 2015; SMAP after) and from the Seagliders in the black cir-
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• Eastern section (88N): A zonal section extending offshore at
88N from the east coast of Sri Lanka. Six missions, conducted
between December 2013 and January 2016, completed
17 full and partial occupations of this section, totaling
2243 dives, 433 glider-days (a complete day when a glider is
actively sampling) distributed over 751 calendar days, and
7312 km total track distance.

• Southern section (80830′E): A meridional section ex-
tending southward from the southern tip of Sri Lanka at
80830′E. Five missions, conducted between April 2016
and December 2019, completed 36 full and partial occupa-
tions of this section, totaling 3863 dives, 998 glider-days
(distributed over 1297 calendar days), and 12 964 km total
track distance.

Both sections are roughly 400 km in length, and nominally
require 3 weeks for a glider to traverse. Slow occupation
speed makes it likely that both temporal and spatial variabil-
ity contribute to patterns observed along any individual sec-
tion, necessitating careful choice of scales when interpreting
sections for temporal and spatial patterns of circulation and
water mass variability.

To facilitate analysis, standard eastern and southern
sections are defined as regular grids, with horizontal spac-
ing of 2 km and vertical spacing of 1 m, extending between
the nominal end points of each line. For each occupation,
temperature and salinity measured along the glider’s flight
path are mapped onto the standard grid by averaging all
observations collected within 10 km horizontally and 5 m
vertically of each grid point, effectively smoothing with decor-
relation length scales of roughly 10 km (horizontal) and 5 m
(vertical).

Geostrophic shear of the horizontal velocity component
perpendicular to sections is estimated from the thermal wind
equation, i.e., from the horizontal slope of density surfaces.
To estimate the absolute geostrophic velocity across the sec-
tion, careful considerations must be taken in deriving the

reference depth-averaged current. Since small-scale structures
are not expected to be in geostrophic balance, the density
fields are further smoothed with a 40-km running mean. The
uncertainty of individual estimates of depth-averaged currents,
typically about 0.1 cm s21 in the cross-track component (much
less affected by the parameters derived as part of the flight
model calculations, like drag or lift; Bennett et al. 2019) is
likely reduced by the spatial average of several dives. Surface
drifts, estimated from the glider positions recorded during the
15–20 min period when the glider is at the surface and trans-
mitting its data, and glider-estimated depth average currents
from the flight model are smoothed using the same horizontal
scale. As the mixed layer can be deep and have significantly
different speed than the stratified water, the reference abso-
lute geostrophic in the top 1000 m is calculated by removing
(smooth) surface drift over the depth of the mixed layer from
the (smooth) depth-averaged currents. The final velocity sec-
tions include that same estimate of the surface drift over the
depth of the surface mixed layer (assuming no vertical shear in
the mixed layer), smoothly transitioning to the interior geo-
strophic velocity over a depth of 50 m. The velocity estimates
are therefore not truly “geostrophic velocity,” but rather an
estimate of the “subinertial” velocity across the sections. This
technique is similar to adding an Ekman velocity component
to the surface (e.g., Centurioni et al. 2009) but does not de-
pend on knowledge of the wind or reanalysis products. Surface
velocities from these sections agree relatively well with satel-
lite altimetry products (Fig. 4). Glider estimates are often
larger than the satellite estimates, consistent with larger
smoothing scales used for the altimetry products. In Fig. 4b,
the slope of the regression is 0.53 6 0.01 for speed less than
1 m s21, but closer to 0.6 or even higher near zero (not shown),
indicating that satellite altimetry often fails to capture large
velocities because of the temporal and spatial scales used
in the processing (Chelton et al. 2011). Standard deviations
(calculated over sliding windows of width 0.5 m s21) are large,
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FIG. 4. Scatterplots of (a) glider vs satellite SSS and (b) glider vs satellite surface velocity. Colors provide a relative
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FIG. 5. (top) Upper-ocean temperature, (middle) absolute salinity, and (bottom) northward velocity as functions of longitude and depth
for the 17 sections along 88N. Only the top 200 m (out of 1000 m) are shown.
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on the order of 0.35 m s21. Comparisons with the Ocean
Surface Current Analyses Real-Time (OSCAR) surface velocity
product (Bonjean and Lagerloef 2002), which include a wind-
driven component and arguably a better representation of the
ocean surface velocity, lead to very similar results. We note
that when comparing the OSCAR velocities evaluated at the
glider locations with the same for AVISO, they agreement is
much higher with a slope of 0.9 and a standard deviation is
0.21 m s21. The mismatch between the gliders and both altimetry-
based estimates are therefore likely due to intrinsic differences
on how the fields are sampled by altimetry and gliders.

1) EASTERN SECTION

Sections along 88N (Figs. 3a, 5) capture the complex cir-
culation near Sri Lanka, including the narrow southward
advection of freshwater near the coast (e.g., September
2014 section) and the subsurface high-salinity water from
the Arabian Sea entering the Bay of Bengal (the salty sub-
surface northward current in fall of each year). Importance

of sampling near the coast is particularly obvious when
comparing surface glider observations with estimates from
satellites (Fig. 3), where the freshwater near the coast is of-
ten missed by remote sensing from space.

Between December 2013 and August 2015, a subsurface
mooring was deployed by the United States Naval Research
Laboratory at 88N, 85830′E, capturing upper-ocean velocity,
temperature, and salinity (Wijesekera et al. 2016a). While the
mooring provides great temporal resolution of the properties
at this location (Pirro et al. 2020a), it minimally contributes to
the spatial sections presented here (mooring data appear as a
line in Fig. 5, May 2014, October 2014, and November 2014,
mostly in temperature). Mooring data are included here for
completeness.

The long sampling gap in early 2015 is a direct consequence
of the difficulty to get sustained measurements in regions with
difficult access. Operations for the 88N were complicated by
the availability of R/V Samuddrika and access to the port of
Trincolamee for political reasons.
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FIG. 6. Upper-ocean absolute salinity as a function of latitude and depth for the 36 sections for the southern section along 80830′E. Only
the top 200 m (out of 1000 m) are shown. Isopycnals are plotted in white (every 1 kg m23, 24su in light gray).
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Glider sampling, completing each section in less than a
month, is well suited to capture the main modes of variability
seen in satellite sea surface salinity, with the direct observa-
tions extending closer to the coast in a region important for
freshwater export. There is significant seasonal and interan-
nual variability in all fields.

2) SOUTHERN SECTION

Seasonal sampling on the southern section along 80830′E
(Figs. 3b, 6) is more regular and spans a longer time period
than that at 88N. Some of the sections start near the shelf
break at 5850′N, but operationally the 40-km region between
5830′ and 5850′N was avoided because of heavy ship traffic
and fishing activity. Note that the continental shelf south of
Sri Lanka is less than 10 km wide (coastline along 80830′E is
located at 5856′N).

The southern section exhibits considerable variability
across individual occupations. For example, the 36 sections
of absolute salinity collected along the southern section
(Fig. 6) show strong interleaving of fresh and salty water
masses, and narrow filaments of freshwater particularly
near the coast, but also throughout the section. Changes

from section to section observed in the glider sections are
not unlike the variability observed between a series of ship-
based measurements obtained in the early 1990s (Schott et al.
1994).

3. Results

a. Seasonal average of upper-ocean sections

Glider sampling is not uniformly distributed in time,
with significant gaps in some seasons. For the southern sec-
tion, there are at least five complete sections during a given
3-month period, which allows us to calculate a good esti-
mate of the seasonal average from close to the coast of Sri
Lanka to 28N (Fig. 7). The seasonal cycle measured by the
gliders shows the freshwater concentrated near the coast
during the winter months, and a variable circulation comparable
to that described by numerical simulations of Su et al. (2021)
forced with reanalysis winds, emphasizing how reversing
monsoon winds and regional bathymetry are responsible for
setting up the seasonal circulation around Sri Lanka.

Sparser sampling along 88N makes the 3-month average
less representative and with more gaps (Fig. 7). Seasonal
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averages are consistent with previous observations and re-
mote sensing. Freshwater is generally present near the coast
of Sri Lanka, particularly in the winter months. Saltier waters
are present in the summer months across the whole southern
section and offshore in the eastern section, where the end of
our observations (near 868E) connect to where the sampling
of Webber et al. (2018) begin}this is where the core of the
high-salinity waters of the SMC are detected (Jinadasa et al.
2016).

Even in the seasonal average, sections show horizontal and
vertical variability. Velocity and water properties below the
surface make it difficult, or impossible, to infer the total trans-
ports from only surface properties. As with every individual
section, we note that the velocities often reverse at depth.
In particular, the undercurrent near the coast of Sri Lanka on
the 88N line, discussed in Anutaliya et al. (2017) based on
pressure-inverted echosounders (PIES), models, and a subset
of the glider observations presented here, is apparent in both

the seasonal average (particularly during the summer monsoon)
and several sections.

Currents are strong in the upper 100–200 m. Low-salinity
waters are often found near the coast of Sri Lanka, carried
southward in the summer across 88N and westward across
808E during almost all seasons. Surface salinities agree well
with seasonal averages from satellites, but the section empha-
sizes how the vertical profiles of salinity change at different
places and times.

Signatures of the Sri Lanka Dome, described in more detail
in de Vos et al. (2014) and Cullen and Shroyer (2019) and
Lozovatsky et al. (2019), are not obvious in the averaged sec-
tions (Fig. 7, JJA on the eastern section) due to poor sam-
pling. The upward doming of isopycnals associated with the
cyclonic Sri Lanka Dome is a bit clearer in the individual sec-
tions bracketing the southwest monsoon (e.g., Fig. 5, June and
September 2014 sections, with isopycnals being shallowest in
the middle of the sections).

Apr      Jul      Oct      Jan      Apr      Jul      Oct      Jan      Apr      Jul      Oct      Jan      Apr      Jul      Oct      
-10

-5

0

5

10

[S
v]

Southern Section
0-50m,  200 km (3.7 to 5.5°N)

Volume transport from Bay of Bengal

from Arabian Sea0.0 Sv

total
eastward
westward

Apr      Jul      Oct      Jan      Apr      Jul      Oct      Jan      Apr      Jul      Oct      Jan      Apr      Jul      Oct      
-0.15

-0.1

-0.05

0

0.05

0.1

[S
v]

Freshwater transport

-0.02 Sv

Apr      Jul      Oct      Jan      Apr      Jul      Oct      Jan      Apr      Jul      Oct      Jan      Apr      Jul      Oct      

-1

-0.5

0

0.5

1

[P
W

]

Heat transport

0.00 PW

2016 2017 2018 2019

a)

b)

c)

(0.2 Sv)

(-0.02 Sv)

(0.03 PW)

FIG. 8. Time series of the (a) volume, (b) freshwater, and (c) heat transport across the top 50 m
and the portion of the southern section within 200 km of the coast, separated by the direction of
the flow. Solid black lines indicate the seasonal average of all transports, and dashed lines the
transports of the seasonal averages. Annual averages are listed on the top-left corner (transports
of the mean sections in parentheses) in gray and illustrated by a constant gray horizontal line.

R A I N V I L L E E T A L . 2385OCTOBER 2022

Unauthenticated | Downloaded 09/24/22 01:06 AM UTC



b. Ocean transport

With the estimates of velocity derived from the glider
measurements, an observational estimate of volume, freshwa-
ter, and heat transports can be obtained from each section.
While salt balance is a fundamental concept for any fixed vol-
ume of ocean (or the global ocean, e.g., Talley 2008), several
past studies have discussed the concept of “freshwater
transport”:

TFW �
� �

u⊥
Sref 2 S
Sref

( )
dxdz,

which effectively the freshwater fraction transport across a
section (double integral) with salinity S (x, z) and velocity
component u‖ (x, z) perpendicular to the section, relative to a
reference salinity Sref. Reference here is 34.83 g kg21, corre-
sponding to the same reference salinity for the Indian Ocean
used by Roman-Stork et al. (2020a) for their freshwater flux
component. The absolute salinity value referred to above is
equivalent to 34.67 psu, the mean salinity of the basin. While
we acknowledge the limitations and arbitrary nature of the
freshwater transport (see, e.g., Schauer and Losch 2019), it is

a useful parameter to describe the net freshening impact of
both the northeast and southwest monsoon currents. A more
robust metric, namely, the volume transport of water matching
specific salinity and density criteria, is presented in section 4.

Along the southern section, positive volume transport indi-
cates water flowing eastward, from the Arabian Sea to the
Bay of Bengal. The strongest surface layer transport (Fig. 8a) is
negative during the NE monsoon (winter, JJA), and positive
during the SW monsoon (summer, JJA), in line with previous
observations. The transport estimates match previous estimates,
for example the eastward transport of 8 Sv (1 Sv ≡ 106 m3 s21)
estimated by Schott et al. (1994) during the SW monsoon north
of 3845′N along the same meridional section. Other estimates,
nicely summarized in Shankar et al. (2002), do vary quite a
bit but are consistent with our estimates. Anutaliya et al.
(2017) and Anutaliya et al. (2022) find great agreement be-
tween the direct (slow) estimates from gliders and those from
PIES deployed concurrently to our surveys.

These surface currents generally carry low-salinity waters
westward (Sref 2 S . 0, u , 0) during the NE monsoon, and
high-salinity water eastward (Sref 2 S , 0, u . 0) during the
SW monsoon, resulting in both cases into a negative freshwater
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transport (Fig. 8b). Heat transport (Fig. 8c) are large and follow
the volume transports. They are included here for complete-
ness. While interannual variations in the hear transport follows
that of the volume transports (e.g., strong eastward volume and
heat transport in JJA 2018 vs 2019), the interannual variability
of freshwater transport does not follow the same pattern, there-
fore largely due to salinity anomalies as opposed to current
anomalies. Note that transports shown in Figs. 8 and 9 are inte-
grated only in the first 200 km from the coast and any individual
section (displayed as a bar) is excluded if less than 75% of that
distance is sampled.

Surface transports for the eastern section (Fig. 9) similarly
are consistent with the expected seasonal circulation: aver-
aged flow is northward and carries salty waters northward
into the Bay of Bengal (negative FW transport, most evident
in the average, black line) during the SW monsoon (JJA).
Sections closer to the winter monsoon are generally south-
ward and fresh, hence also associated with a negative FW
transport. Note that the time span shown for the eastern sec-
tion (Fig. 9) is the same as for the southern section (Fig. 8)
but 3 years earlier, to illustrate how each line is sampled rela-
tive to the other and facilitate comparison.

The transports can be calculated for multiple layers, as the
gliders provide continuous measurements of the upper 1000 m.
Total volume and freshwater transport for several vertical
layers, integrated across the entire sections (400 km), are plot-
ted as functions of yearday in Fig. 10. Sections from different
years often overlap, and the 3-month average for each layer is

shown as the red line. Collapsing the data onto yearday ob-
scures interannual trends, instead emphasizing variability and
the seasonal cycle.

The vertical structure of the transports is striking (Fig. 10).
We note that these four layers have comparable transports
despite vastly varying thickness. Transports at depths below
250 m are often opposite to those of the upper ocean. Deeper
transports (500–1000 m) are generally in the same direction as
those in the 250–500 m depth range.

Both sections (Figs. 8, 9) were sampled for several years,
but sampling is uneven. As before, seasonal averages can be
calculated for each variable, and these mean salinity and mean
velocity sections are used to construct the “transport of the
mean sections,” shown as dashed lines in Figs. 8 and 9.
Arguably a more accurate measure of the mean transport
is obtained by seasonally averaging the transports (solid
lines in Figs. 8–10). Discrepancies are mostly due to poor
sampling of several seasons (e.g., JJA along eastern section,
Fig. 9), but also to the high variability of both salinity and
velocity (i.e., the cross terms are important). The net annual
volume and heat transports are small for the southern
section (Figs. 8a,c, solid gray line and the 0.1 Sv value listed
in the top-left corner), but large for the eastern section
(Figs. 9a,c), likely due to poor sampling in both monsoon
seasons. Throughout the paper, the seasonal mean and stan-
dard deviation are calculated from individual sections,
weighing the portion of each section that fall within a given
3-month period.
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Perhaps a simpler way to look at the transport is to average all
the transports from each season together. The seasonal average
of the volume transports in the top 250 m of the water column in
50-km bins (Figs. 11a,c) show the surface circulation described
earlier, where transports are generally westward near the coast
of Sri Lanka (southward on the eastern line) except during the
summer monsoon (JJA). Seasonal averages of the volume
transports also generally reverse direction with depth and
show a more complex vertical structure (Figs. 11b,d), most
notably during transition periods. Implications of the vertical
structure of the current for the import and export of water

masses from the Bay of Bengal and Arabian Sea will be dis-
cussed in section 4.

Finally, the total volume transport across the southern section,
both for the 200 km closest to Sri Lanka and for the entire
400-km section, are listed in Table 1 for the top 250 m and the
top 1000 m in each section. Both directions are integrated to
obtain the total transport (positive eastward). The number
of sections sampled in each season (over the entire 4-yr
period) is listed on the first line. Standard deviation is a measure
of the variability between these sections. While the average
transports are largest during the monsoon seasons, particularly
at the surface, the standard deviation is larger than the mean
during the transition period. It is particularly noticeable that
standard deviations grow significantly when the deeper depths
are included, particularly when the offshore part of the section
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TABLE 1. Seasonal average and standard deviation of depth-
integrated transports (Sv), over a range of depths and lateral
extent, for the southern section. Integral is from 3842′N to
5830′N for the 200-km extent and from 28 to 5830′N for the
400-km values.

Southern
section

DJF MAM JJA SON

5 sections 12 sections 12 sections 7 sections

0–250 m,
200 km

27.4 6 3.0 21.4 6 4.5 7.4 6 4.2 22.6 6 5.9

0–1000 m,
200 km

24.5 6 2.9 20.6 6 5.9 0.7 6 5.9 21.1 6 4.3

0–250 m,
400 km

212.1 6 3.4 1.6 6 7.0 5.2 6 6.1 21.1 6 5.6

0–1000 m,
400 km

24.4 6 8.2 1.2 6 8.1 24.2 6 14.1 5.2 6 7.9

TABLE 2. Seasonal average and standard deviation of depth-
integrated transports over a range of depths and longitudes, for the
eastern section. Integral is from 82.08 to 83849′E for the 200-km
extent and from 82.08 to 85838′E for the 400-km values. Values are
not listed if the coverage is not greater than 75%.

DJF MAM JJA SON

Eastern section 2 sections 5 sections 1 section 9 sections

0–250 m, 200 km 4.0 6 1.5 0.5 6 3.6 50.0 50. 6 8.8
0–1000 m, 200 km 5.8 6 2.6 11.8 6 7.1 21.8 3.1 6 10.4
0–250 m, 400 km } 0.4 6 3.9 21.0 5.6 6 10.0
0–1000 m, 400 km } 11.0 6 5.3 35.8 6.5 6 14.7
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is included. This points to the importance of equatorial dynam-
ics in modulating the circulation.

The equivalent seasonal mean and standard deviation of
transports across 88N are listed in Table 2. Positive values in-
dicate northward flow. The number of sections is significantly
smaller, so both mean and standard deviations are less well
defined, and some estimates are not possible to make. Gener-
ally speaking, the variability is larger than the mean, and indi-
vidual estimates made from ship-based sections or short-term
records are thus unlikely to be representative of the average.
While the sampling during summer monsoon is poor, the JJA
values are of the same order of magnitude as offshore trans-
port measured during the 2016 Bay of Bengal Boundary
Layer Experiment (BoBBLE) field campaign (a northward
transport between 16.7 and 24.5 Sv; Webber et al. 2018). At
that time the SMC was east of 85830′E, the limit of the
Sri Lankan Exclusive Economic Zone, where our measure-
ments end and those described by Webber et al. (2018) be-
gin. Unfortunately, the 88N line was not sampled during the
period covered by the BoBBLE field campaign. Although
there is no good estimate for the northeast (NE) monsoon,
transport magnitude and variability in late fall measured
by the glider is consistent with the estimates from numeri-
cal simulations and the snapshot obtained from a ship in
December 2013 at the beginning of the ASIRI program
(Wijesekera et al. 2015).

4. Discussion: Transport of specific water masses

Unless sampling defines a closed volume, freshwater and
heat transports are ill defined, with results highly dependent
on the choice of reference value (e.g., Schauer and Losch
2019). An alternative, as shown in this section, is to character-
ize exchanges between the basins by quantifying the transport
and property changes of individual water masses across the
glider sections.

Using 4 years of Argo data (2016–19; overlapping with the
sampling of the southern section), the properties of all profiles
collected in the Arabian Sea (Fig. 12, in red, shaded by the
density of points) overlaps slightly with those from the Bay of
Bengal (Fig. 12, in blue). We consider all profiles in the Indian
Ocean north of 58S, and separate the two basins at 808E
(black line in Fig. 12). Note that each T–S pair of the T–S dia-
gram has two juxtaposed colors}a shade of red and a shade
of blue, to show the distributions in both basins. Generally
speaking, floats stayed in the basin where they were de-
ployed}only 60 floats out of 455 floats with unique identifica-
tion numbers moved across 808E. In total, there are 34 429
profiles in the Arabian Sea (from 340 floats), and 17 385 pro-
files in the Bay of Bengal (from 175 floats).

While there is some overlap, the Bay of Bengal is generally
much less salty than the Arabian Sea. The temperature–salinity
diagram (Fig. 12a) shows a clear distinction between high-
salinity waters formed in the Arabian Sea (red) and the low-
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salinity waters of the Bay of Bengal (blue). Characteristics
of three distinct water masses originating from both basins
are defined by the density and salinity limits [Fig. 12a; note
Hormann et al. (2019) that these are similar to those defined
in Hormann et al. (2018), but they use practical salinity units
instead of absolute salinity]. Geographically, the fresh Bay
of Bengal waters (B1, 32 , S , 33.5 g kg21; B2, 33.5 , S ,

34.5 g kg21) are mostly present at the northern end of the
Bay of Bengal (Fig. 12), with connections on both sides of
the Bay. These waters are detected in only a few profiles in
the Arabian Sea, with distributions that suggest connections
immediately south of Sri Lanka and along the equator (black
arrows in Figs. 12b,c). B2 represent a more modified version of
the very fresh waters originating from the large rivers of the
northern Bay of Bengal, mixed during their transit, and eventu-
ally exported to the rest of the Indian Ocean. Similarly, the
high-salinity waters (A1, S . 35.25 g kg21) are present every-
where in the Arabian Sea, and gradually get deeper toward the
east side of the Indian Ocean along the equator and South of Sri
Lanka. In the Bay of Bengal, this water mass has been identified
as the high-salinity core (HSC), with various direct and indi-
rect links to the Arabian Sea High-Salinity Waters (ASHSW;
Jensen et al. 2016; Vinayachandran et al. 1999; Webber et al.
2018; Todd 2020). Locations of Argo profiles that contain
these water masses (Fig. 12d) suggest that the high-salinity
waters spread in two distinct bands, along the equator and
south of Sri Lanka, entering the central Bay of Bengal mostly
south of 88N, below the surface.

These three water masses can be identified directly in each
glider section, and its transport is calculated by multiplying
each water parcel (with vertical and horizontal extent) meet-
ing these characteristics by their cross-section velocities. Inte-
grating these transports over the whole 400 km sections, the
seasonal cycle of the exchange circulation between the basins
emerges (Fig. 13). Colors for plotting with each water mass
are kept consistent through this section.

A geographical representation of the seasonal transport of
these water masses, overlaid with seasonal averages of SSH
(Fig. 14), shows that the mean transports obtained by averag-
ing the transports over all sections (solid bars) agree well with
the seasonal circulation described above. The fresher water
masses (blue) at the surface are dominantly transported near
the coast and follow the (wind-driven) geostrophic circulation
inferred by altimetry, as does modified Arabian Seawater
(red) particularly during the SW monsoon. Estimates from in-
dividual sections often show transport in the opposite direc-
tion than the average.

The vertical structure of the transport of these three water
masses is plotted in Fig. 15. The fresh B1 and B2 water masses
are confined to the surface (top 25 m), which has allowed pre-
vious studies to obtain accurate estimate of freshwater trans-
ports from remote sensing (e.g., Roman-Stork et al. 2020b) or
surface drifters (e.g., Hormann et al. 2019). High-salinity wa-
ters from the Arabian Sea have a more complex vertical dis-
tribution, extending from the surface to over 100 m, often
with subsurface maximum.

Based on the analysis of particle release experiments in an
assimilation model, Sanchez-Franks et al. (2019) propose that
the high-salinity core in the Bay of Bengal is linked to the
Equatorial Undercurrent (EUC), originating in the western
Indian Ocean. Similar connections have been made using
data from surface drifters (Hormann et al. 2019) and gliders
(Todd 2020). While no mechanism has been identified to ex-
port this water out of the EUC and into the Bay of Bengal,
these studies suggest that the main pathways for Arabian Sea-
water entering the Bay is along the equator, i.e., not much
high-salinity water transits north of 28N along 808E in either
NEMO (Sanchez-Franks et al. 2019, their Fig. 2) or in surface
drifters coming from the Arabian Sea (Hormann et al. 2019,
their Fig. 3). In contrast, our observations, other models (e.g.,
Jensen et al. 2016), and earlier work (e.g., Vinayachandran
et al. 1999) suggest that the pathway closer to Sri Lanka is
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important. While the interannual variability of the EUC is likely
very important in controlling how and in what volume the high-
salinity waters from the Arabian Sea enter the Bay of Bengal, it
appears likely that filaments, instabilities, and other processes
happening near the Maldives and the southern tip of India play
a dominant role for salt transport into the Bay of Bengal. Even
in models, the relative importance of these pathways is unclear.
More work, including but not limited to the data presented
here, will provide insight in this broader circulation.

Interannual monsoon variability

Across the well-sampled 80830′E line south of Sri Lanka,
the transport across each section sampled by the gliders as

a function of time, for each of the three water masses
(Fig. 16), shows interannual, seasonal, and intraseasonal
variability are well captured. As seen above and in Fig. 16,
the general monsoon circulation can be deciphered from all
the sections: there is enhanced transport of high-salinity
waters by SMC in the SW monsoon (season marked with
the orange background), and westward transport of low-
salinity waters by NMC during the NE monsoon (periods
with green background).

The probability density functions (PDFs) of salinity in the
top 150 m (Fig. 17) show the presence of low-salinity water in
all seasons. Different colored lines in the figure show different
years. The freshwater transports (B1, B2) emphasized above
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are associated with the very low-salinity waters (found near
the coast of Sri Lanka), which are quickly advected westward,
primarily during the NE monsoon (DJF). The PDFs show
that there is proportionally more freshwater in the transition
seasons (MAM in particular), but it is more distributed and ad-
vected in both directions (see Fig. 14).

There is significant interannual variability. The distributions
of both low-salinity waters (blue box in Fig. 17) and high-
salinity waters (red box in Fig. 17) changes from year to year,
suggesting that the water observed south of Sri Lanka has
taken different paths and been modified by different pro-
cesses. For example, focusing on the last two SW monsoon
periods (Fig. 16), there are larger transport of high-salinity
waters in 2018 relative to 2019, despite the PDF showing a bit
more of salty waters in 2019 (Fig. 17c). This interannual vari-
ability is not surprising, particularly given that the ocean con-
ditions around Sri Lanka respond to both local winds (e.g., de
Vos et al. 2014) and the timing of annual Rossby waves,
linked to Kelvin wave propagating along the equatorial ocean
waveguide (Shankar et al. 2002; Rao et al. 2010), both of
which are highly variable from year to year.

While a full interpretation of the interannual variability of
the circulation presented here requires a much broader perspec-
tive, it is worth noting that in 2019 the Sri Lanka Dome was
much smaller relative to other years, as seen by the time series
of SSH in middle of the mean location of the SLD (Fig. 16e).
The SLD is a large cyclonic circulation that develops east of Sri

Lanka during the summer months. Strength and evolution have
been linked to the local wind stress, regional forcing and Rossby
wave propagation (Vinayachandran and Yamagata 1998; Cullen
and Shroyer 2019; Pirro et al. 2020a). The seasonal SSH mini-
mum centered in July (Fig. 16e) is the signature of the SLD.
SSH anomalies are negative in 2018 (strong SLD, and large
transport of high-salinity water) but positive in 2019 (weak
SLD). The data presented here, along with measurements
from other sources (e.g., Anutaliya et al. 2017; Hormann et al.
2019; Anutaliya et al. 2022) can be used to explore potential
connections between SMC transport south of Sri Lanka and
Sri Lanka Dome strength.

5. Summary

Six years of repeated observations, with autonomous gliders
collecting over 12000 profiles along two sections extending south
and east from the Sri Lankan coast quantify seasonal variability
in the boundary circulation and exchange between the Bay of
Bengal and Arabian Sea. The boundary currents within a few
hundred kilometers of Sri Lanka carry significant fresh and high-
salinity waters between the Arabian Sea and the Bay of Bengal.
In addition to reversing with the monsoon winds, this circulation
is highly variable at seasonal and interannual time scales, with
significant vertical structure (Jensen et al. 2016)

Currents are surface intensified, as observed previously
(e.g., Schott et al. 1994), but also show significant vertical
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structure. Flows often reverse with depth, such that subsur-
face transports of high-salinity waters oppose those in the sur-
face layer. This introduces uncertainty to transports inferred
from surface currents and water mass properties. The region
south of Sri Lanka, but north of the Equatorial Undercurrent
(roughly 28N) appears to be a dominant pathway for high-sa-
linity Arabian Sea waters entering the Bay of Bengal. While
this differs from the pathways recently proposed by Sanchez-
Franks et al. (2019), it suggests that circulation in the south-
east Arabian Sea (e.g., Lakshadweep eddy, upwelling near
the Maldives; de Vos et al. 2014; Pirro et al. 2020b) likely
plays an important role in modulating the import of high-
salinity water into the Bay of Bengal. The glider estimates of
transport are a good step toward quantifying the relative im-
portance of the various pathways of water exchange in the
northern Indian Ocean.

As noted previously, the freshwater export during the NE
monsoon and spring (MAM) from the Bay of Bengal plays an
important role in setting up the upper-ocean stratification
in the southeast Arabian Sea (mini warm pool between the
Maldives and India; Fig. 7), which is linked to SST and the onset
of the SW monsoon (e.g., Roman-Stork et al. 2020a). Irregular
sampling and the relatively short 3-yr period covered by gliders
make it difficult to draw conclusions from glider data alone, but
the results presented should be used to better understand the
connections between upper-ocean variability in the southeast

Arabian Sea and the circulation pattern near Sri Lanka. A com-
prehensive analysis can be conducted by combing with model
outputs in future studies, but it is out of the scope of the present
paper.

The extensive time series of glider-based observations pre-
sented here were one component of a sequence of broad, col-
laborative, international programs supported by the U.S.
Office of Naval Research. These programs provide an unprec-
edented wealth of sustained observations and focused pro-
cess studies (Wijesekera et al. 2016b; Centurioni et al. 2017;
Anutaliya et al. 2017; Hormann et al. 2019) which, when
combined with remotely sensed sea surface height, temperature,
and salinity, offer new opportunities to advance understanding
of the variability and underlying dynamics of circulation around
Sri Lanka.
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