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ABSTRACT: Boundary currents along the Sri Lankan eastern and southern coasts serve as a pathway for salt exchange
between the Bay of Bengal and the Arabian Sea basins in the northern Indian Ocean, which are characterized by their con-
trasting salinities. Measurements from two pairs of pressure-sensing inverted echo sounders (PIES) deployed along the Sri
Lankan eastern and southern coasts as well as satellite measurements are used to understand the variability of these
boundary currents and the associated salt transport. The volume transport in the surface (0-200-m depth) layer exhibits a
seasonal cycle associated with the monsoonal wind reversal and interannual variability associated with the Indian Ocean
dipole (IOD). In this layer, the boundary currents transport low-salinity water out of the Bay of Bengal during the north-
east monsoon and transport high-salinity water into the Bay of Bengal during the fall monsoon transition of some years
(e.g., 2015 and 2018). The Bay of Bengal salt input increases during the 2016 negative IOD as the eastward flow of high-
salinity water during the fall monsoon transition intensifies, whereas the effect of the 2015/16 El Nifio on the Bay of Bengal
salt input is still unclear. The time-mean eddy salt flux over the upper 200 m estimated for the April 2015-March 2019 period
along the eastern coast accounts for 9% of the salt budget required to balance an estimated 0.13 Sv (1 Sv = 10° m* s™') of
annual freshwater input into the Bay of Bengal. The time-mean eddy salt flux over the upper 200 m estimated for the
December 2015-November 2019 period along the southern coast accounts for 27% of that same salt budget.

SIGNIFICANCE STATEMENT: In the northern Indian Ocean, the highly saline Arabian Sea undergoes extreme
evaporation while the Bay of Bengal (BoB) receives excess freshwater input. The focus of this study is the role of the
observed time-variable circulation around Sri Lanka that permits the exchange between these basins to maintain their
salinity distributions. The circulation fluctuates seasonally following the monsoon wind reversal and interannually in re-
sponse to large-scale climate modes. The BoB freshwater export around Sri Lanka occurs during the northeast mon-
soon, whereas saline water import occurs during the fall monsoon transition of some years. However, rapid changes in
both water volume transport and salt exchange can occur. The circulation over 0-200-m depth transports ~9%-27% of
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the BoB salt budget.
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1. Introduction

The Bay of Bengal (BoB), a semienclosed ocean basin in
the northeastern Indian Ocean (IO), gains ~0.13 Sv (1 Sv =
10° m® s~ ') of freshwater annually from precipitation and
river runoff minus evaporation as estimated from observations,
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reanalysis products, and numerical simulations (Rao and
Sivakumar 2003; Sengupta et al. 2006; Wilson and Riser
2016). The large freshwater input into the BoB often cre-
ates a barrier layer that occurs between a haline-controlled
pycnocline and a deeper thermocline, promoting decoupling
between the surface and deeper layer beneath (e.g., Sprintall
and Tomczak 1992; Vinayachandran et al. 2002; Thadathil et al.
2007; Girishkumar et al. 2011). The shallow barrier layer re-
sults in a highly responsive SST that is found to directly affect
rain events during the monsoon (Krishnamohan et al. 2019;
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FIG. 1. (a) Map of the observing area and the dominant currents during the southwest monsoon (red), northeast
monsoon (blue), spring monsoon transition (gray), and fall monsoon transition during some years (e.g., 2015 and
2018; green dashed). Black contour lines are the 1000-m isobaths. EICC is the East Indian Coastal Current, WMC is
the Winter Monsoon Current, SMC is the Summer Monsoon Current, SLD is the Sri Lanka Dome, AE is the sea-
sonal anticyclonic eddy, and NEC is the North Equatorial Current. (b) The inset shows the bathymetry of the Indian
Ocean around Sri Lanka with the location of the historical shipboard (orange) and Argo (green) hydrographic pro-
files, nominal glider tracks (maroon lines), and PIES instruments (yellow triangles) where EL, EO, SIL, SO denote dif-
ferent PIES sites: EI eastern inshore; EO eastern offshore; SI southern inshore; SO southern offshore.

Weller et al. 2016) as the warmer SST encourages deep atmo-
spheric convection, particularly during the summer monsoon
(Shenoi et al. 2002). In addition, using the wind—evaporation-SST
feedback (Xie and Philander 1994) the subsequent rainfall loca-
tion over the BoB can be predicted when the location of warm
SST is identified. Thus, understanding the intensity and fluctua-
tion of the surface salinity layer in the BoB could improve our
understanding of the ocean—atmosphere coupling that promotes
convection associated with monsoon rainfalls in the northern 10.

One pathway of freshwater export from the BoB is via the
seasonal East India Coastal Current (EICC) that occurs dur-
ing the northeast monsoon (Fig. 1). The EICC extends south-
ward from the eastern coast of India to the eastern coast of
Sri Lanka (Shetye et al. 1996). The current then turns west-
ward to merge with the Winter Monsoon Current (WMGC; ap-
proximately November—February) (Schott et al. 1994; Hacker
et al. 1998; Reppin et al. 1999; Rao et al. 2008) that flows along
the southern coast of Sri Lanka transporting low-salinity water
out of the BoB (Han and McCreary 2001; Wijesekera et al.
2015). The WMC exhibits a similar structure to the EICC in
that it intensifies near the coast and in the upper 100-200 m of
the water column, although it can extend to 1000-m depth
(Schott et al. 1994; Schott and McCreary 2001).

During the southwest monsoon, the eastward Summer Mon-
soon Current (SMC) transports high-salinity water originating
in the Arabian Sea (AS) into the BoB at ~85.5°E (Han and
McCreary 2001; Vinayachandran et al. 2013; Wijesekera et al.
2016a; Sanchez-Franks et al. 2019). A seasonal anticyclonic
eddy trapping upwelled water off the southern coast of India
and Sri Lanka is present to the east of the SMC (Pirro et al.
2020). Along the Sri Lankan eastern coast, the Sri Lanka Dome
(SLD), a seasonal cyclonic eddy, dominates the regional circula-
tion (Vinayachandran and Yamagata 1997; Vinayachandran et al.
1999; Shankar et al. 2002; de Vos et al. 2014). Numerical simula-
tions by Jensen (2001) show the intrusion of the AS-originated
water into the BoB at the end of the southwest monsoon;
Jensen (2003) attributed this to northward Ekman transport
arising from the monsoon wind reversal. Analyses using multi-
ple numerical simulations and reanalysis products show that
the depth-integrated salt transport across 6°N into the BoB
reaches its maximum in July at ~84°E, whereas the maximum
salt transport out of the BoB across the same transect reaches
its maximum in January at ~82°E (D’Addezio et al. 2015).

Although the WMC and SMC are still found along the south-
ern coast of Sri Lanka during the spring and fall monsoon transi-
tions, respectively (Schott et al. 1994; Schott and McCreary 2001),
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the altimetry-derived surface geostrophic flow is northward dur-
ing both monsoon transitions (Eigenheer and Quadfasel 2000;
Durand et al. 2009; Lee et al. 2016). In addition, a seasonal op-
posing undercurrent below the surface layer is present in boreal
spring along the eastern coast (Anutaliya et al. 2017). To date,
there have been few continuous or simultaneous measurements
of flows off the Sri Lankan eastern and southern coasts to dem-
onstrate the regional circulation and its contribution to BoB
freshwater export.

In this study, we use continuous measurements from nearly
simultaneous 4-yr deployments of seafloor pressure-sensing
inverted echo sounders (PIES) from 2014 to 2019 off the Sri
Lankan eastern and southern coasts and surface velocity from
satellite altimetry to estimate the volume transport within
these boundary currents and understand the regional circula-
tion. Together with remotely sensed sea surface salinity (SSS),
we use the PIES measurements to estimate eddy salt fluxes
along the Sri Lankan eastern and southern coasts. In addition
to the seasonal monsoon, we also examine the impact on
this circulation from interannual climate modes, such as the
Indian Ocean dipole (IOD) and El Niflo—Southern Oscillation
(ENSO). The datasets and method are described in sections 2
and 3, respectively. Section 4 presents the observed velocity,
volume transport, and eddy salt flux across the Sri Lankan
eastern and southern sections. Section 5 contains the summary.

2. Datasets
a. In situ measurements

The PIES were deployed on the seafloor to measure bot-
tom pressure and acoustic travel time. The bottom pressure
fluctuation captures the barotropic flow fluctuation while the
acoustic travel time reflects baroclinic flow, mainly contrib-
uted by temperature variations in the water column plus the
effect of sea surface height changes (e.g., Meinen and Watts
2000; Lee et al. 2016). As suggested by altimeter data and also
Seaglider measurements (Rainville et al. 2022), the boundary
currents extend from the coasts to approximately 170 km off-
shore, although the location and width of the flow along the
southern coast varies seasonally (Schott et al. 1994). A pair of
PIES were deployed off the eastern coast [8.00°N, 81.75°E:
site EI (eastern inshore) and 8.00°N, 83.40°E: site EO (eastern
offshore)] and off the southern coast of Sri Lanka [5.85°N,
80.50°E: site SI (southern inshore) and 4.25°N, 80.50°E: site
SO (southern offshore)], spaced ~180 km on each section to
bracket the expected position of the boundary currents along
each of the Sri Lankan coasts (Fig. 1). The eastern pair were
deployed from November 2014 to March 2019, and the south-
ern pair were deployed from December 2015 to November
2019. Both inshore PIES were at ~600-m depth (24 km off
the eastern coast and 8 km off the southern coast), and both
offshore PIES were at ~4000-m depth. PIES bottom pressure
was processed to eliminate the known exponential-linear in-
strument drift and tidal signals (Kennelly et al. 2007). The re-
sulting pressure fluctuations resolve variability shorter than
the deployment period (~4 years). Acoustic travel time data
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off the southern coast at the inshore location (SI) are missing
because of instrument issues.

A priori in situ measurements of the water column structure
are necessary to estimate water transport from the PIES travel
time and bottom pressure. Local conductivity—temperature—
depth (CTD) profiles from historical shipboard hydrography,
autonomous gliders, and Argo floats (Anutaliya et al. 2017)
were used to establish a relationship [see section 3a(1)] be-
tween the integrals of the baroclinic flow relative to a bottom
reference (i.e., the PIES bottom pressure) and a linear combi-
nation of PIES acoustic travel time and satellite altimetry.
There were 281 profiles (30 profiles from shipboard hydrogra-
phy and 251 profiles from Argo floats) sampled within the
eastern box and 185 profiles (39 profiles from shipboard hy-
drography and 146 profiles from Argo floats) sampled within
the southern box (see inset of Fig. 1). The CTD profiles sam-
pled to depths between 600 and 2000 m. All temperature—
salinity profiles were used to simulate the acoustic travel time
signal for the inshore PIES (~600-m depth), but only those
that sampled to 2000 m (214 profiles off the eastern coast and
136 profiles off the southern coast) were used to simulate the
acoustic travel time signal for the offshore PIES (~4000-m
depth). The available CTD profiles only sample to 2000-m
depth, but the potential temperature and salinity between
2000- and 4000-m depth over the region do not vary much
(Shetye et al. 1993; Garternicht and Schott 1997; Beal et al.
2003). Therefore, temperature and salinity were extrapolated
from 2000 to 4000 m by assuming that potential temperature
and salinity remained constant below 2000 m.

Seagliders were deployed nominally along these same sec-
tions as the PIES because they were part of larger observational
programs: Air-Sea Interactions Regional Initiative (ASIRI;
Wijesekera et al. 2016b) and Monsoon Intra-Seasonal Oscil-
lations in Bay of Bengal (MISO-BoB; Shroyer et al. 2021).
The Seagliders repeatedly sampled temperature and salinity
from the surface to ~1000-m depth from December 2013 to
January 2016 off the Sri Lankan eastern coast and from
April 2016 to December 2019 off the southern coast (Lee
et al. 2016; Rainville et al. 2022; Fig. 1). Although the glider
sections extend farther to the east or south than the offshore
PIES locations considered here, there is significant overlap be-
tween the PIES and glider sections (by design). Gliders take
1-2 weeks to travel the distance between the PIES. There are
14 crossings, with 6 of the glider crossings overlapping with the
PIES observing period, at the eastern section and 36 crossings,
with 32 of the glider crossings overlapping with the PIES ob-
serving period, at the southern section. In this study, the
glider-derived geostrophic velocity and salinity measurements
are primarily used to calibrate and validate the time series of
volume transport and eddy salt flux as estimated by the PIES
and satellite measurements. In addition, the typical vertical
structure (modes) calculated from the glider velocity profiles
were used to retrieve details of the velocity structure once to-
tal transports in the surface and subsurface layers were deter-
mined from PIES and satellite altimetry data. In addition,
errors associated with the eddy salt flux estimation method
based on PIES, satellite altimetry, and SSS at the sections are
estimated using simulations of the method with salinity and
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velocity measurements from the Seagliders. Water properties
and transports estimated from gliders are discussed in detail
elsewhere (Rainville et al. 2022).

b. Remotely sensed data

The gridded SLA is available over the 1993-2019 period on
a 1/4° grid at daily resolution (Ducet et al. 2000). The satellite
SLA measures expansion of the water column due to both
temperature and salinity variations plus mass changes. The
SLA was linearly interpolated onto the 8.00°N eastern and
80.50°E southern sections (Fig. 1) to combine with the PIES
acoustic travel time and estimate baroclinic flow across the
sections.

Remotely sensed SSS is derived from Soil Moisture Active
Passive V4.0 (SMAP; Meissner et al. 2018). The product is an
8-day running average with 40-km spatial resolution interpo-
lated onto a 1/4° grid and is available from April 2015 to
December 2019. The SSS is linearly interpolated onto the
8.00°N eastern and 80.50°E southern sections (Fig. 1) and is
used to estimate the eddy salt flux carried by the boundary
currents.

3. Method
a. Volume transport calculation

1) VOLUME TRANSPORT FLUCTUATION FROM PIES
AND SATELLITE ALTIMETRY

PIES provide acoustic travel time and bottom pressure
measurements. Traditionally, acoustic travel times can be re-
lated to the existing historical CTD temperature and salinity
profiles of the measured water column to create lookup tables
for each variable; the technique is referred to as the gravest
empirical mode (GEM) method (Meinen and Watts 2000;
Watts et al. 2001). From the lookup tables, the temperature
and salinity structure of the water column can be inferred
from the measured acoustic travel time. Thus, the baroclinic
volume transport can be calculated over the depth layer being
investigated. However, the water column structure is highly
variable. As a result, the GEM method does not work well in
the region.

Instead of parameterizing temperature and salinity profiles,
we developed a technique that directly relates the quantity
of interest (integral of the geopotential, referenced to the
bottom, over the target layer; G’) to known quantities,
which are the PIES acoustic travel time and the satellite
SLA. The quantity G is combined with the geopotential
fluctuation at the reference depth, that is, the bottom, ® de-
rived from the PIES bottom pressure (i.e., ® = p’/p, where
p represents mean density at the PIES depth) to obtain
the total (absolute) geopotential integral G over the surface
or subsurface layer with a thickness of Az:

G =G + ®Az, @
where Az is 200 m for the surface layer and 400 m for the sub-

surface layer. This new technique gives a more robust rela-
tionship of the measured quantities with the quantities of
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interest since G’ is a double integral of specific volume anom-
aly over the desired pressure range. The relationship between
G’ and a combination of acoustic travel time and satellite SLA
is found empirically through multivariable linear regression
and it is determined separately for each PIES site. At each
PIES site, the PIES acoustic travel time is simulated from the
nearby historical hydrography (see inset Fig. 1) adjusted for
the height of the water column using collocated (in both space
and time) satellite SLA. The height adjustment is required to
accurately calculate the travel time integral from the PIES
depth to the actual sea surface. Because historical hydrogra-
phy shows that the boundary current is concentrated in the up-
per 200 m of the water column (Anutaliya et al. 2017), the
integral of geopotential was estimated over the upper 200 m of
the water column (surface layer) separately from that over the
200-600-m-depth (subsurface) layer.

To obtain the accuracy of the G’ estimates, a scatterplot
between the surface-layer G’ that is directly computed from
historical hydrography (CTD G’) and G’ that is determined
from the empirical relationship based on the travel time and
satellite altimetry (model G”) at each PIES location is exam-
ined (Fig. 2). For the surface layer (sfc), the correlation be-
tween CTD G, and model G, is very high (>0.7) at all four
locations and is significant at the 95% confidence level. Since
the travel time is missing at the SI site, only SLA is used to
linearly regress against G, and this yields the lowest correla-
tion coefficient of 0.74 between CTD G, and model G . In
the 200-600 m subsurface layer (sub), the correlation between
CTD G.,, and model G, is significant at the 95% confidence
level at the EI, EO, and SO sites, with correlation coefficients
ranging from 0.75 to 0.83. The correlation at the SI site is only
0.13 and is not significant at the 95% confidence level because
the acoustic travel time at this site is missing and altimetry
SLA apparently does not constraint the 200-600-m dynamic
height. To examine whether bottom pressure alone can con-
strain the subsurface layer dynamic height, the barotropic
component [P(f)Az; Eq. (1)] is estimated by calculating bot-
tom pressure from historical CTD measurements adjusted for
the surface height using collocated satellite SLA. The result
shows that the barotropic contribution from the PIES bottom
pressure dominates the subsurface absolute geopotential fluc-
tuation at this site; calculating the absolute geopotential inte-
gral fluctuation (both baroclinic and barotropic contributions)
using G/ estimated without the acoustic travel time results
in only ~8% root-mean-square (rms) difference from that
computed using G;{"{, estimated using both satellite SLA and
acoustic travel time.

From the geopotential estimated separately at the inshore
and offshore locations, the temporal fluctuations of the vol-
ume transport Q’ at each time step ¢ in the surface layer can
be calculated as

1
(D) = f[Ggﬁf(l) - GR), @
where f is the Coriolis parameter at the midsection location

(8.00°N for the eastern section and 5.05°N for the southern
section). The superscript denotes the location of the inshore
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FIG. 2. Scatterplots of the vertical integral of the geopotential Gy over the 0-200-m layer ref-
erenced to the PIES depths calculated from historical CTD profiles (y axis) vs that obtained
through a linear regression model against the CTD-simulated acoustic travel time and satellite
SLA (x axis) at the (a) EI, (b) EO, and (d) SO sites. Only satellite SLA was used for the model
Gy at the (c) SI site. The corresponding correlation coefficients are shown in the lower-right
corners of each subplot. The Gy is calculated with reference levels at the PIES depths, i.e., 600-m
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depth for the inshore location and 4000-m depth for the offshore location.

(In) and offshore (Off) PIES. Volume transport fluctuations
in the 200-600-m subsurface layer are calculated correspond-
ingly, but by using Gy, instead of Ggy..

2) ABSOLUTE VOLUME TRANSPORT AND ACROSS-
SECTION MEAN VELOCITY PROFILE CONSTRUCTION

The geostrophic transports obtained with the above ap-
proach have an unknown time-mean offset that corresponds
to the unknown absolute levelling of the two PIES bracketing
each section. To estimate the mean offset, we use volume
transport calculated from the Seaglider measurements over
the section spanned by the PIES and over the surface (0-200-m
depth) and subsurface (200-600-m depth) layers. There are
6 and 32 glider crossings that overlap with the PIES/altimetry
volume transport off the eastern and southern coasts, re-
spectively. For each Seaglider transect crossing, the PIES/
altimetry-derived volume transport fluctuation Q’ is averaged
over the time period of the glider crossing, and Q’ is computed
separately in the surface and subsurface layers. The time-mean
adjustment to the PIES transports is the average of the differ-
ences between Seaglider absolute volume transport and the
PIES/altimetry-derived transport fluctuation over all of the
Seaglider crossings. This time-mean offset of —0.3 Sv was
added to the PIES/altimetry surface-layer volume transport
fluctuation, while that of —2.8 Sv was added to the subsurface-
layer fluctuation across the eastern section. In addition, this

time-mean offset of —2.2 Sv was added to the PIES/altimetry
surface-layer volume transport fluctuation, while that of 0.5 Sv
was added to the subsurface-layer fluctuation across the south-
ern section. The adjusted volume transport will be referred to
as PIES/altimetry absolute volume transport. Although there
is some uncertainty in these offsets because of the small num-
ber of overlapping glider crossings, the main focus of this study
is on the fluctuating component of the flow, and thus our anal-
ysis is not sensitive to the offset choice.

For the salt transports (see section 3b), we need to construct
the vertical structure of the across-section mean velocity in
the upper water column from our continuous PIES/altimetry
volume transport estimates in the surface and subsurface
layers. Vertical empirical orthogonal functions (EOFs) from
the Seaglider velocity profiles sampled along the PIES section
were calculated and used to serve as a priori information about
the vertical structure. At each time step, the PIES/altimetry-
derived volume transports in the surface and subsurface layer
were projected onto the two most dominant EOFs calcu-
lated from Seaglider measurements to obtain the velocity
profile (Fig. 3; Anutaliya et al. 2019).

3) UNCERTAINTY ASSOCIATED WITH THE CALCULATED
VOLUME TRANSPORT

Uncertainties associated with the PIES/altimetry-based
volume transport are mainly contributed by two sources:
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FIG. 3. Across-section mean geostrophic velocity (m s~ 1) estimated from the PIES/altimetry surface and subsurface

volume transport for the (a) eastern and (b) southern sections. Color contour intervals are 0.05 m s~
. Note the expanded y axis over the 0-200-m-depth layer.
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instrument accuracy and the calculation technique [Egs. (1)
and (2), together with the regression relationships derived from
Fig. 2]. At the eastern and southern sections, uncertainty in the
surface-layer volume transport of 0.6 and 0.8 Sv, respectively,
is associated with the instrument accuracy as the instrument
error is ~0.01% of the pressure range. The error associated
with the acoustic travel time measurement is included in un-
certainty of the calculation technique (Meinen and Watts
1998), which is shown in the scatterplot (Fig. 2); the uncer-
tainty is 3.9 and 6.4 Sv at the eastern and southern sections,
respectively. The total uncertainties, calculated as the sum of
variances produced by both components, are 4.0 and 6.4 Sv for
the surface volume transport across the eastern and southern
sections, respectively. The PIES/altimetry surface-layer absolute
volume transport at the southern section agrees with the glider
transport within the uncertainty (rms difference is 4.5 Sv). At
the eastern section, however, the rms difference between the
PIES/altimetry and glider surface-layer volume transport is
7.9 Sv, larger than the estimated uncertainty, which is likely
a consequence of fewer overlapping measurements by the
PIES and the glider [section 3a(2) above]. For the subsurface
layer, the uncertainty for the flow along the eastern coast is
7.1 Sv, of which 7.0 Sv is from the calculation technique and
1.2 Sv is from the instrument accuracy, and the uncertainty
for the flow along the southern coast is 10.0 Sv, of which
9.9 Sv is from the calculation technique and 1.6 Sv is from the
instrument accuracy. The uncertainty due to the calculation
technique is very high for the subsurface flow along the
southern coast because the acoustic travel time measurement
at the SI site is missing; hence, the subsurface G’ cannot be
accurately estimated, as noted above.

b. Eddy salt transport estimation

The eddy salt flux component is then determined as the
product of the temporal fluctuations of salinity [S(s,z,#)] and
velocity [¥(s,z,f)] at each section, where a tilde denotes the
temporal fluctuation relative to the mean vertical profile X(z)
[the overbar denotes averages over the section (section mean)
and over the observing period (time mean) of a quantity x];
that is, ¥(s,z,f) = x(s,z,t) — X(z). The time series will be

! and gray con-

hereinafter referred to as the eddy salt transport Fy(t), and
the time-mean of the eddy salt transport is the eddy salt
flux F . The eddy salt transport is calculated as follows:

200
ro =] [ p@Sezontzn dsdz )

where s and s° represent the location of PIES at the inshore
and offshore sites, respectively, and p(z) is the time-mean
density that is determined from the historical hydrography
averaged over each section. The v(z) is derived from the re-
construction based on the PIES/altimetry volume transport
and Seaglider EOFs [section 3a(2); Fig. 3], and S(z) is from
the local hydrography. At the surface, the SMAP mean SSS
is 33.4 and the mean SSS from local hydrography is 33.8 at
the eastern section whereas the SMAP mean SSS is 34.1 and
the mean SSS from local hydrography is 34.5 at the southern
section. The different time-mean SSS from the hydrography
and from the satellite SSS is likely a result of the combina-
tion of the different sampling periods, the extrapolation of
the hydrographic salinity profile to the surface, and poten-
tial biases in the satellite product (Tang et al. 2017; Qin et al.
2020). Therefore, the hydrography-derived S(z) used for the
eddy salt flux estimation is scaled and shifted (linearly trans-
formed); constants for shifting and scaling are determined so
that S(z) passes through the satellite time-mean SSS while salin-
ity at 600-m depth remains the same. From Eq. (3), S(s,z,7) and
¥(s, z,) are needed but cannot be directly obtained from either
the PIES measurements or satellite SMAP SSS. Thus, these
quantities have to be inferred from available information as de-
scribed in the following sections.

1) SALINITY PROFILE CONSTRUCTION

To calculate eddy salt transport, a salinity profile at loca-
tions along the section at each time step [S(s, z, )] is required;
however, satellite measurements can only provide the time
series of salinity at the surface along the section [S(s, 0, #)].
Therefore, we used the local historical CTD measurements to
estimate the salinity structure below the surface at each time
along each section based on either altimetry-derived surface
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velocity or SMAP SSS. The details of the salinity profile con-
struction can be found in the appendix.

Because there is no continuous measurement of 200-600 m
salinity available for the salinity profile construction, we are not
confident of the estimated salinity over the deeper subsurface
layer. Therefore, eddy salt transport will only be calculated for
the upper 200 m of the water column. Also, both observations
and numerical simulations show that the eddy salt flux below
200 m is likely small (Anutaliya et al. 2017; Rainville et al. 2022).

2) VELOCITY PROFILE CONSTRUCTION

While the time series of velocity profiles (PIES/altimetry
volume transport with Seaglider EOFs) were constructed as
along-section means [section 3a(2); Fig. 3], the velocity profile
at locations along each section [v(s, z, f)] is needed for the
eddy salt transport estimation [Eq. (3)]. This quantity is esti-
mated by projecting the altimetry-derived surface velocity at
each section onto the two leading modes of the Seaglider
EOFs, constrained by the total across-section transports in
the surface (0-200 m) and subsurface (200-600 m) layers from
the PIES. Among the possible solutions, the one with the small-
est rms velocity in the subsurface layer is chosen, which we
found to give results resembling the actual flow distributions.

3) SECTION-MEAN AND SECTION-VARYING COMPONENTS
OF EDDY SALT TRANSPORT

The F;(f) can be decomposed into two components: the first
component results from the section-mean salinity fluctuation,
5%(z, 1) defined as (S(s,z,£)), and velocity fluctuation, v*(z, )
defined as (9(s,z,t)), where the angle brackets indicate the
section-mean, and the second component is the departure from
the section-mean (spatially fluctuating) parts [e.g., S'(s, z, £)]. By
decomposing S(s,z,f) and ¥(s,z,f) into the section-mean and
spatially fluctuating part, Eq. (3) can be rewritten as follows:

JOff

200 s
ro=[" [ #@sGovreo
+ p(2)S (s, 2, )V’ (s, 2, 1) ds dz. 4)

We can compute the first component of Eq. (4) from the
time-varying section-mean velocity (i.e., Fig. 3) and the sec-
tion-mean salinity profile constructed from the section-mean
SMAP SSS and the local hydrography (see the appendix). In
situ measurements of salinity and velocity profiles from the
Seaglider can be used to evaluate the percentage of variance
in eddy salt transport captured by the calculation using only
the section means, that is, the first term in Eq. (4). In addition,
Seaglider measurements allow the estimation of uncertainties
associated with the eddy salt transport calculation using solely
the first (section mean) component as compared with the total
eddy salt transport (section-mean and spatially fluctuating com-
ponents). Thus, we can determine the appropriate technique
for the eddy salt transport calculation at each section. Simula-
tions with the Seaglider measurements show that the section-
mean eddy salt transport alone [first component; calculated on
the basis of S™(z, #) and v*(z, £)] accounts for 62% of the total
eddy salt transport variability at the eastern section. At the
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TABLE 1. Uncertainties associated with time series mean and
annual mean (in parentheses) salt flux estimation (x10° kg s™1)
using section-mean and section-depth velocity v and salinity S at
the eastern and southern sections. The estimated mean salt flux
values (X10° kg s~ ') at the eastern section are based on the section-
depth v and S, whereas the mean salt flux values (X10° kg s~ ")
at the southern section are based on the section-mean v and
S [(v(s, z, 1)) and (S(s, z, 1))].

Uncertainty (X10° kg s™")

(v(s, z, 1)) Estimated time
and Section-depth series mean salt
(S(s, z, 1)) vand § flux (X10° kg s 1)
East 0.20 (0.39) 0.08 (0.17) 0.42
South 0.16 (0.31) 0.21 (0.42) 1.29

southern section, the section-mean eddy salt transport accounts
for 83% of the total eddy salt transport variance. The uncertain-
ties in eddy salt flux are 0.20 X 10° and 0.16 X 10° kg s~ ! at the
eastern and southern section, respectively (Table 1). Thus, the
eddy salt flux component derived from S*(z, #) and v*(z, #) alone
approximately represents the total eddy salt flux for the sec-
tions, particularly off the southern coast.

For a more accurate estimate of the total eddy salt trans-
port [Eq. (4)], both section-mean [S*(z, r) and v*(z, )] and
spatially varying salinity and velocity profiles [S'(s, z, ) and
v’(s, z, t)] are required. Each PIES section is divided into four
equally spaced (~45 km) grid cells beginning at the coast
(81.75°E for the eastern and 5.75°N for the southern section).
To obtain the along-section/depth distribution of salinity,
SMAP SSS is linearly interpolated to the center of each grid
cell where subsurface salinity structure is separately deter-
mined based on the historical hydrography (see the appendix).
The along-section/depth distribution of velocity is estimated
according to section 3b(2), where surface velocity calculated
from satellite altimetry is also linearly interpolated to the cen-
ter of each grid cell. Again, the Seaglider measurements were
used to simulate the additional variance of the eddy salt trans-
port captured by including both section-mean and spatially fluc-
tuating components in the calculation. Then, we compare the
resulting eddy salt transport from the simulated sections with
that calculated from the full Seaglider salinity and velocity pro-
files. At the eastern section, the eddy salt transport calculated
from the section-depth salinity/velocity [both S'(z, £), v*(z, f)
and S’ (s, z, £), v'(s, z, t)] explains a higher percentage of variance
(88%) of the eddy salt transport. The uncertainty in eddy salt
flux also decreases to 0.08 X 10° kg s~ (Table 1). However, on
the southern section the Seaglider measurements show that both
S*(z, 1), v*(z, 1) and S'(s, z, £), v'(s, 2, £) together only explain
53% of the total eddy salt transport variance, decreasing the skill
in estimating the eddy salt transport in comparison with the sec-
tion-mean salinity/velocity. Also, the uncertainty in eddy
salt flux estimation increases to 0.21 X 10° kg s ™! (Table 1).
The higher uncertainty at the southern section reflects the
inability of the constructed along-section/depth distributions of
salinity/velocity to adequately replicate the vertical structure of
the salinity and velocity along the section. Indeed, the glider
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FIG. 4. Volume transport (Sv) across the section off the Sri Lankan (a) eastern and (b) southern coasts over the
0-200-m-depth (surface; blue) and 200-600-m-depth (subsurface; red) layers. Results from the PIES measurements
and satellite SLA are shown as lines, with the associated uncertainties shaded. Results from the Seaglider measure-
ments are shown as dots. Background shading denotes the seasons of northeast monsoon (blue), spring monsoon tran-
sition (green), southwest monsoon (yellow), and fall monsoon transition (brown).

measurements along the southern section show that the salinity
and velocity in the upper 200 m of the water column are com-
plex; a subsurface salinity maximum is sometimes present be-
tween 40- and 120-m depth, while the velocity section often
shows subsurface reversing flow (Rainville et al. 2022). There-
fore, F(t) across the eastern section is determined from both
components in Eq. (4) [S"(z, 1), v*(z, t) and §'(s, z, £), v’ (s, 2, )],
whereas that across the southern section is determined from the
section [only the first component in Eq. (4): S”(z, £) and v*(z, 7)].

4. Results and discussion

a. Overall description of the circulation along Sri Lankan
eastern and southern coasts

The volume transports along the eastern and southern
coasts of Sri Lanka have similar mean values and ranges in
both the surface (0-200-m depth) and subsurface (200-600-m
depth) layers. In the surface layer, volume transport along the
eastern coast ranges from —22.6 to 27.8 Sv with a mean of —0.1 Sv
over the whole observing period of November 2014-March
2019 and volume transport along the southern coast ranges
from —26.8 to 24.2 Sv with a mean of —0.2 Sv over the whole
observing period of December 2015-November 2019 (Fig. 4). A
positive sign designates northward flow along the eastern coast
and eastward flow along the southern coast. The mean surface-
layer volume transport along the eastern coast over the full 4-yr
period from the beginning of 2015 to the end of 2018 is —0.2 Sv.
Along the southern coast, the PIES observations do not cover
the whole 4-yr period; data from most of November and the
first half of December, when the flow is seasonally westward,
are missing. Thus, we expect the full 4-yr mean to be lower than
—0.2 Sv (i.e., stronger westward). The estimated mean volume

transport along the southern coast is roughly consistent with
previous mooring transport observations where the volume
transport is not significantly different from 0 over a 3.75°-5.87°N
section in the 0-300-m-depth layer (Schott et al. 1994). In the
subsurface layer, the mean volume transport along the eastern
coast is —2.7 Sv, ranging from —27.3 to 21.5 Sv, and the mean
volume transport along the southern coast is 0.5 Sv, ranging
from —25.6 24.2 Sv. At the eastern section, the 2015-18 mean
subsurface volume transport is —3.0 Sv (Fig. 4). Along both
coasts, the volume transports in the surface and subsurface
layers are correlated with correlation coefficient of 0.74 and 0.68
at the eastern and southern sections, respectively; the correla-
tions are significant at the 95% confidence level.

Along the Sri Lankan eastern coast, the geostrophic veloc-
ity time series confirm the surface circulation variability found
by previous observational studies (e.g., Hacker et al. 1998;
Shankar et al. 2002; de Vos et al. 2014; Wijesekera et al. 2015;
Lee et al. 2016); the surface current reverses its direction
twice a year flowing southward during the monsoon seasons
and northward during transition periods (Figs. 3a and 4a).
The PIES-altimetry volume transport also shows a subsurface
current that occasionally flows in the opposite direction to the
surface current (Fig. 3a). The timing of these appearances
generally corresponds to previously identified periods during
the spring monsoon transition and southwest monsoon when
a subsurface countercurrent is present (Anutaliya et al. 2017).
Along the Sri Lankan southern coast, the velocity derived
from the PIES-altimetry observations exhibits a strong sea-
sonal cycle in the surface layer consistent with observations of
the surface current based from satellite altimetry and moor-
ings (Fig. 5; Eigenheer and Quadfasel 2000; Durand et al.
2009; Schott et al. 1994). The dominant surface current along
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FIG. 5. Monthly mean SMAP sea surface salinity for April 2015-December 2019 (color contours) and geostrophic

sea surface velocity derived from satellite altimetry (gray arrows) for the months representing (a) the spring monsoon

transition corresponding to green shading in Figs. 4 and 6 (March), (b) the southwest monsoon corresponding to
yellow shading in Figs. 4 and 6 (June), (c) the fall monsoon transition corresponding to brown shading in Figs. 4 and 6

(September), and (d) the northeast monsoon corresponding to blue shading in Figs. 4 and 6 (December).

the southern coast is eastward in June—October and westward
in November-May; however, the subsurface flow does not
show a distinct seasonal cycle. The PIES and altimetry pro-
vide the first set of nearly simultaneously observations along
the Sri Lankan eastern and southern coasts that continu-
ously capture the regional circulation as well as the eddy
salt transport, which will be described in the next sections
(sections 4b-d).

b. Overall eddy salt transport by the boundary currents

The estimated salt transport [F; ()] across the eastern sec-
tion in the upper 200 m of the water column has a mean of
0.42 X 10° kg s~ ! over the April 2015-December 2018 period
(when the SMAP SSS is available). At the Sri Lankan south-
ern coast, the salt transport is mainly positive over the ob-
serving period (Fig. 6b) yielding the mean eddy salt flux of
1.29 X 10° kg s~ ! over the period of December 2015-November
2019 (Table 1). A positive time-mean eddy salt flux indicates
that either fresher water is being transported southward or
more saline water is being transported northward along the Sri
Lankan eastern coast and either fresher water is being trans-
ported westward or more saline water is being transported east-
ward along the Sri Lankan southern coast; both conditions result
in an increase of the salinity in the BoB. Note that the estimated
eddy salt transport is missing from 19 June 2019 to 23 July 2019

because of an interruption of the SMAP instrumentation sam-
pling. The estimated salt transport [F; (¢)] based on PIES, satel-
lite altimetry, and SMAP SSS exhibits high seasonal and year-to-
year variability and agrees with that estimated from Seaglider
measurements at both sections when they overlap (Fig. 6). Any
inconsistency is likely a consequence of the subsurface salinity
profile that shows large variability and so cannot always be suc-
cessfully replicated through our simple construction (see the
appendix).

Previous estimates, from climatology, reanalysis products,
and numerical simulations, give an overall long-term freshwa-
ter input into the BoB of ~0.13 Sv annually (Rao and Sivakumar
2003; Sengupta et al. 2006; Wilson and Riser 2016), which trans-
lates into ~4.5 X 10% kg s~ ! of salt input to maintain the salinity
balance in the BoB. Our measurements show that the mean
eddy salt flux along the eastern coast of Sri Lanka contributes ap-
proximately 9% while that along the southern coast contributes
about 27% to the estimated BoB annual salt budget (Table 1).
The year-to-year changes in the boundary current eddy salt flux
can be 12%-28% of the BoB total salt budget (Table 2). Also,
the eddy salt transport is highly variable on the seasonal time
scale (Fig. 6).

The seasonal cycle in Fy(t), constructed as the sum of the
annual and semiannual harmonics, explains 21% and 23% of
the total variance at that the eastern and southern sections,
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FIG. 6. Estimated eddy salt flux across the Sri Lankan (a) eastern and (b) southern sections.
Values in (a) are computed from section-depth velocity and salinity, whereas values in (b) are
computed from section-mean velocity and salinity. Glider results are shown in red, and results
from PIES, satellite altimetry, and SMAP SSS are shown in black. The lengths of the red sym-
bols represent the time it took the glider to complete the crossing bracketed by the PIES. The
seasonal cycles, constructed as the sums of the annual and semiannual harmonics, are plotted in
blue. Background shading denotes monsoon seasons as in Fig. 4.

respectively (Fig. 6). The seasonal cycle of eddy salt flux off
the Sri Lankan eastern coast exhibits a maximum in October
and minimum negative salt transport at the end of June. Off
the southern coast, the seasonal cycle is roughly equally influ-
enced by the annual and semiannual harmonics and consists
of a maximum seasonal eddy salt flux at the beginning of
December with a secondary lower maximum at the beginning
of July and a minimum in March. The low-frequency (>120 days)
component of Fy(f) explains 15% of the total eddy salt trans-
port variability at the eastern section, whereas it explains
4% of the total variability at the southern section.

TABLE 2. Annual-mean eddy salt flux (X10° kg s~') computed
from the section-depth velocity and salinity at the eastern
section and from the section-mean velocity [(«(s, z, f))] and
salinity [(S(s, z, #))] at the southern section. Note that the average
value along the eastern coast in 2015 only includes the eddy salt
transport from April to December and that the average value
along the southern coast in 2019 only includes the transport from
January to November.

East South
2015 1.05 —
2016 -0.23 1.51
2017 0.47 1.48
2018 0.62 1.17
2019 — 0.98

c¢. Seasonal variability of the regional circulation
1) SOUTHWEST MONSOON (MAY-AUGUST)

Off the Sri Lankan southern coast, the eastward SMC domi-
nates during the southwest monsoon (yellow shading in Fig. 4)
with a maximum surface transport of 13.4-21.5 Sv in June
(Fig. 4b). The eastward flow is surface intensified but can ex-
tend to the deepest analyzed depth of 600 m (Fig. 3b). The
PIES-altimetry and SMAP SSS show that the SMC transports
saline water originating in the AS along the Sri Lankan south-
ern coast during the southwest monsoon in agreement with
findings from prior studies based on hydrographic surveys, cli-
matological salinity, and model simulations (Vinayachandran
etal. 2013, 1999; Han and McCreary 2001; Sanchez-Franks et al.
2019). However, this eastward transport of the AS water is not
necessarily contiguous around the Sri Lankan eastern coast
due to the presence of the SLD that arises from westward-
propagating Rossby waves and Ekman pumping over the BoB
(Vinayachandran et al. 1999; Wijesekera et al. 2016a; Fig. 5b).

Our PIES measurements show that the southward-flowing
flank of the SLD is very strong in this season and usually ex-
tends to the deepest analyzed depth of 600 m; it transports
14-20 Sv in the upper 200 m of the water column (Fig. 4a).
The occasional opposing subsurface flow is only briefly appar-
ent at the eastern section in June of each year (Fig. 3a). As
Anutaliya et al. (2017) suggested, the core of the undercurrent
in June is very deep with the maximum speed typically
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occurring at 900 m, and so is below the depth resolved by our
observations. Satellite altimetry shows that the saline water
during the southwest monsoon is often wrapped around the
eastern flank of the SLD (around ~85.5°E) and thus flows
northward farther from Sri Lanka (Fig. 5b). The imported sa-
line water is sometimes recirculated southward along the eastern
coast by the SLD resulting in convergence at the southeastern
coast of Sri Lanka (Fig. 5b). The recirculation can also produce
negative eddy salt transport along the Sri Lankan eastern coast,
for example like that observed in 2015 (Fig. 6a).

2) FALL MONSOON TRANSITION (SEPTEMBER—OCTOBER)

Along the Sri Lankan southern coast, the SMC often contin-
ues into the fall monsoon transition (brown shading in Fig. 4).
With the exception of 2016 [when a strong negative IOD
(nIOD) occurs], surface northward flow is present along the
Sri Lankan eastern coast in this season, suggesting a continuous
pathway of volume transport along the Sri Lankan eastern and
southern coasts during these years (Figs. 3 and 4). Also, satellite
altimetry patterns confirm the connection of these boundary
currents at the surface during the fall monsoon transition of
2017 and 2018 similar to the monthly mean (Fig. 5c). The recon-
structed velocity profile shows that the northward flow off the
Sri Lankan eastern coast is not only present at the surface but
can also extend over the 0-600-m-depth layer (Fig. 3a).

In 2017, the altimetry-derived circulation maps show the
northward flow of the SMC at the eastern section more off-
shore, centered around ~83.5°E (farther offshore than pre-
sented in the monthly map; Fig. 5¢). This may be the reason
that the northward current through the eastern PIES section
in 2017 transports much fresher water with a salinity of
33.1-33.2, as compared with that along the southern coast
where the salinity is 34.6-34.8. During the fall monsoon transi-
tion of 2018, satellite measurements show a strong eastward
surface current associated with the saline water from the low-
latitude region (to the south of 5°N) of the central or western
AS (to the west of 70°E) occurring off the southern coast. The
eastward current turns sharply around the southeastern coast
of Sri Lanka centered around ~82°E (closer to the coast than
shown in the monthly mean map; Fig. 5c) to transport saline
water into the BoB producing a positive eddy salt flux along
both the southern and eastern Sri Lankan coasts (Fig. 6). Sim-
ilarly, during the 2015 fall monsoon transition, the PIES at the
eastern section, satellite altimetry, and satellite SSS also sug-
gest the import of saline water into the BoB along the south-
ern and eastern coasts of Sri Lanka. This BoB salt import
around Sri Lanka originating in the western equatorial 10
during the fall monsoon transition is consistent with previous
numerical studies (Jensen 2001, 2003; Sanchez-Franks et al.
2019). Thus, the PIES observations highlight the role of saline
water imported into the BoB via the boundary currents dur-
ing the fall transition of some years.

3) NORTHEAST MONSOON (NOVEMBER-DECEMBER)

During the northeast monsoon (blue shading in Fig. 4), the
southward EICC off the Sri Lankan eastern coast observed in
previous studies (Shetye et al. 1996; Wijesekera et al. 2015) is
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apparent for ~1-2 months between October and January
(roughly the northeast monsoon season) in every year of the
PIES record (Fig. 4a). The EICC is strongest near the surface
and extends to the deepest observed depth of 600 m (Fig. 3a),
which is comparable to that derived from a single hydro-
graphic survey at 11°N (Shetye et al. 1996). Off the southern
coast, the WMC occupies the region; thus, the flow is predom-
inantly westward particularly in the surface layer (0-200-m
depth; Figs. 3b and 4b). Southward flow along the Sri Lankan
eastern coast occurs at the same time as westward flow along
the southern coast every year, strongly suggesting a connec-
tion between the EICC and the WMC (Figs. 1, 3, 4, 5d). The
satellite surface geostrophic velocity also confirms the west-
ward pathway of the surface EICC around the Sri Lankan
southern coast during these periods (Fig. 5d). The PIES-satellite
observations provide the first observation-based estimate of
simultaneous eddy salt flux showing the export of freshwater by
the EICC and the WMC along the Sri Lankan eastern and
southern coasts over multiple years. Although the continuous
flow along the two coasts persists over only a relatively short
period (1-2 months), 4 X 10°-6 X 10° kg s~ ! of eddy salt trans-
port is present (Figs. 5d and 6).

The relatively short duration of the continuous flow along
the Sri Lankan eastern and southern coasts is likely a result of
a westward-propagating Rossby wave radiated from the east-
ern boundary of the BoB during the northwest monsoon that
often affects the circulation off the Sri Lankan southeastern
coast. The westward propagation of the Rossby wave from
the eastern boundary of the BoB is also apparent in satellite
altimetry (Sreenivas et al. 2012). The Rossby waves arriving
offshore of Sri Lanka cause bifurcation of the southward
EICC with one branch flowing southward or southeastward
leaving a weaker westward flow along the southern coast.

The surface velocity derived from satellite altimetry indi-
cates that the EICC and the WMC usually do not fully extend
over the width of the PIES section (Fig. 5d; Wijesekera et al.
2015; Rainville et al. 2022). Thus, with only two PIES de-
ployed at the section end-points, the true EICC width and the
associated eddy salt transport may not always be accurately
represented as the section may also include recirculation in
the interior of the BoB. Also, the SMAP SSS product within
~50 km off the eastern coast and ~20 km off the southern
coast is unavailable because the satellite-measured SSS is highly
contaminated in the land-sea transition region (Grodsky et al.
2018; Fig. 5). Since the low-salinity water is often transported
out of the BoB along the Sri Lankan eastern and southern
coasts in a narrow alongshore current during the northeast
monsoon, the calculated eddy salt transport might underrepre-
sent the role of the EICC and the WMC in the BoB freshwater
export. Thus, the estimated values should serve as a lower
bound of the volume transport and actual eddy salt transport,
particularly during the northeast monsoon season.

4) SPRING MONSOON TRANSITION (MARCH—-APRIL)

During the spring transition (green shading in Fig. 4), the
westward-flowing North Equatorial Current (NEC) is present
in the southern BoB at 5°-8°N (Cutler and Swallow 1984;
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FIG. 7. (a) Volume transport anomalies (Sv) in the surface layer (0-200-m depth) along the
Sri Lankan eastern (black) and southern (gray) coasts, and (b) section-mean SMAP SSS anom-
alies at the eastern (black) and southern (gray) coasts, with the same 120-day low-pass-filtered
DMI (magenta) and Nifio-3.4 index (maroon) being depicted in both panels. The anomaly val-
ues are calculated by removing the seasonal cycles and frequencies higher than 120 days.

Wijesekera et al. 2016a; Fig. 1) and bifurcates at the south-
eastern coast of Sri Lanka (Fig. 5a; Shetye et al. 1993; Hacker
et al. 1998). The bifurcation produces the observed northward
surface flow along the eastern coast (Eigenheer and Quadfasel
2000; Durand et al. 2009; Anutaliya et al. 2017) and westward
flow along the Sri Lankan southern coast where the westward-
flowing WMC is still present (Figs. 3, 4, 5a). The reconstructed
velocity profile shows that the northward current at the east-
ern section is usually confined to the upper 150-250 m of the
water column (Fig. 3a). Below the northward surface layer, a
southward-flowing spring undercurrent is apparent along the
Sri Lankan eastern coast in March and April throughout the
PIES observing period, consistent with the previous study of
Anutaliya et al. (2017) that is based on sporadic observations
and numerical simulations. As the water being transported by
the NEC originates in the southern BoB, the salinity does not
deviate much from the mean salinity; thus, eddy salt transport
during the spring monsoon transition is often small. Still, the
northward flow along the Sri Lanka eastern coast sometimes
yields weak positive eddy salt flux, e.g., in 2018 (Fig. 6).

5) SUMMARY ON SEASONAL VARIABILITY

The PIES observations highlight periods of high positive
F(t) along the eastern coast of Sri Lanka that occur not only
during the northeast monsoon season, as found in previous stud-
ies (Han and McCreary 2001; Wijesekera et al. 2015), but posi-
tive F(t) also occurs during the fall monsoon transitions in some
years, e.g., 2015 and 2018 (Fig. 6). Despite the continuous eddy
salt transport between the south and east sections that mainly oc-
curs during the fall monsoon transition and the northeast mon-
soon, the correlation between salt fluxes along the eastern and
southern coasts is only 0.34 (significant at the 95% confidence
level) over the overlapping observed period (Figs. 5a and 6).

d. Year-to-year variability of the regional circulation
1) YEAR-TO-YEAR VARIABILITY OF EDDY SALT FLUX

At the eastern section, the mean eddy salt fluxes for
the individual years over the observing period vary from

—0.23 X 10° to 1.05 X 10° kg s~! with the 2015 annual-mean
eddy salt flux calculated only from April to December due
to because of the limited availability of the SMAP SSS dur-
ing that year (Table 2). Still, the time-mean eddy salt flux
over the missing months (January—March) is usually small
(Figs. 5a and 7a). The uncertainty associated with the an-
nual-mean salt flux estimation is 0.17 X 10 kg s ' (Table 1).
The eddy salt flux across the southern section averaged over
each individual year ranges from 0.98 X 10° to 1.51 X 10° kgs™"
with an uncertainty of 0.31 X 10° kg s™! (Tables 1 and 2), gener-
ally higher than that at the eastern section. Note that the low
value of mean annual eddy salt flux in 2019 is simply due to the
observing period that ends at the beginning of November, and
thus does not fully capture the seasonally high eddy salt trans-
port during the northeast monsoon (Fig. 6b).

2) ROLE OF THE 2016 NIOD EVENT ON THE BOUNDARY
CURRENTS

To examine year-to-year variability of the boundary currents
and salt being transported, the low-frequency components
(anomaly) of the volume transport and SSS are calculated by
removing the 4-yr seasonal cycle and signals with period shorter
than 120 days (Fig. 7a). The anomalies are compared with the
low-frequency component of the dipole mode index (DMI) that
indicates IOD activity (Saji et al. 1999) and the mean sea sur-
face temperature in the Nifio-3.4 region (Nifio-3.4 index). The
correlation between the transport anomaly off the eastern coast
and the DMI is 0.65, suggesting an anomalous southward flow
during an nlOD event, and likewise the correlation between
the transport anomaly off the southern coast and the DMI is
—0.52, suggesting an anomalous eastward flow during an nIOD
event (Table 3); the correlation is significant at the 95% confi-
dence level. Negative IOD events are often associated with
weakening of the easterlies over the equatorial 10 in August—
September (Saji et al. 1999; Schott et al. 2009), which results in
the development of strong downwelling Kelvin waves at the
eastern boundary of the IO and around the coastal rim of the
BoB, that is, equatorward flow anomaly. The Kelvin waves



DECEMBER 2022

TABLE 3. Correlation coefficients r between the low-frequency
components of the climate mode indices [dipole mode index
(label DMI) and mean sea surface temperature in the Nifio-3.4
region (label Nino-3.4)] and the low-frequency components of
volume transport, section-mean SSS, and eddy salt transport at
the eastern and southern sections. Asterisks denote values that
are not significant at the 95% confidence level.

East South
DMI Nifio-34 DMI  Nifio-34

Volume transport 0.65 0.02" —0.52 —0.38
Section-mean SSS 0.31 0.76 013" —0.06"

(entire period)
Section-mean SSS 0.07" 0.32 — —

(July 2016 onward)
Eddy salt transport 0.67 0.44 —0.40 —0.52

have seemingly little impact off the southern coast (Sreenivas
et al. 2012). Also, the seasonal Rossby waves radiated from the
eastern BoB are modified by changes in the equatorial winds
during IOD events. This usually affects the circulation off the
eastern coast of Sri Lanka more than that off the southern coast
(Sreenivas et al. 2012). Thus, the volume transport along the Sri
Lankan eastern coast is anomalously southward during negative
IOD in agreement with findings from previous numerical stud-
ies (Thompson et al. 2006; Dandapat et al. 2018), while that
along the southern coast exhibits little deviation from its sea-
sonal cycle during the 2016 nlOD event (Figs. 3 and 4). As
the nIOD event in 2016 reached its peak in October 2016, the
anomalous southward flow along the eastern coast opposed the
seasonal northward boundary current during the fall monsoon
transition and obscured it.

Negative eddy salt transport along the Sri Lankan eastern
coast, corresponding to BoB freshwater import or saline wa-
ter export, is likely during an nIOD event as suggested by the
positive correlation (Table 3). To determine how SSS at the
section fluctuates during IOD events, correlation between
section-mean SSS and DMI is calculated. Although the corre-
lation between the DMI and the mean SSS off the eastern
coast is positive, it is mainly dominated by the anomalously
high SSS during the second half of 2015 when a weak positive
IOD event and the 2015/16 El Nifio simultaneously occur
(Fig. 7a). The SSS deviation is in fact small and the SSS in-
creases as the 2016 nIOD develops, hence this is not consis-
tent with the calculated positive correlation for the entire
period. Correlation between the low-frequency DMI and low-
frequency SSS from July 2016 onward, when the 2015/16 El
Nino no longer dominates, is near zero and is not significant
at the 95% confidence level (Table 3). The evidence suggests
no connection between the IOD variability and the surface sa-
linity pattern at the eastern section even though a previous
study indicates low BoB freshwater input during nIOD events
(Durand et al. 2011). Therefore, the positive correlation be-
tween the low-frequency DMI and eddy salt transport at the
eastern section (Table 3) is likely caused by the anomalous
volume transport alone (Figs. 4a and 7). The deviation of the
SSS at the eastern section does not significantly contribute to
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the variation of the eddy salt transport under the influence of
the IOD events. Similarly, the DMI only significantly corre-
lates with the volume transport anomaly and does not corre-
late with the section-mean SSS at the southern section (Fig. 7;
Table 3). Thus, the significant anticorrelation there between
the low-frequency eddy salt transport and the DMI is likely
caused by the anomalous volume transport along the southern
coast of Sri Lanka.

During the 2016 nIOD event, the anomalously southward
flow along the Sri Lankan eastern coast and anomalously east-
ward flow along the southern coast cause an anomalous con-
fluence of flow at the southeastern coast slightly after the
event is fully developed, during the fall monsoon transition.
The confluence is associated with southward flow of saline wa-
ter yielding a negative eddy salt transport along the Sri Lanka
eastern coast and anomalously eastward flow along the south-
ern coast yielding a positive eddy salt transport (Figs. 3, 4, 6;
Table 3). Thus, the lowest annual-mean eddy salt transport at
the eastern section and highest annual-mean eddy salt trans-
port at the southern section are found in 2016 (Table 2). How-
ever, the anomalous confluence of saline water tends to
continue northeastward into the BoB at ~85.5°E. The circula-
tion pattern is similar to that observed during the southwest
monsoon of a neutral year (Fig. 5b). Thus, the overall eddy
salt transport into the BoB is expected to increase during the
2016 nIOD event.

3) ROLE OF THE 2015/16 EL NINO EVENT ON THE
BOUNDARY CURRENTS

Along the Sri Lankan eastern coast, El Nifio conditions po-
tentially strengthen the northward flow during the fall mon-
soon transition and weaken the southward-flowing EICC
during the northeast monsoon (Pant et al. 2015) due to the
suppression of seasonal downwelling Kelvin waves (Sreenivas
et al. 2012). However, the eastern-section transport anomaly
does not exhibit such strong deviation from the seasonal cycle
during the 2015/16 El Nifo (Fig. 7a). The correlation of the
transport anomaly with the Nino-3.4 index is near zero and
not significant at the 95% confidence level (Table 3). Off the
southern coast, weak negative correlation is found between
the volume transport anomaly and the low-frequency compo-
nent of the Nifio-3.4 index (r = —0.38), suggesting anoma-
lously westward volume transport during El Nifio conditions,
and vice versa. A previous study based on satellite measure-
ments found that the eastern equatorial wind is anomalously
westward during an El Nifio causing suppression of the sea-
sonal downwelling Kelvin waves during the northeast mon-
soon (Sreenivas et al. 2012). As a result, the boundary current
along the Sri Lankan southern coast is anomalously westward.

A correlation between the SSS anomaly at the Sri Lankan
eastern section and the Niflo-3.4 index suggests anomalously
saline water during an El Niflo event (r = 0.76; Fig. 7b; Table 3).
However, interannual SSS variability in other parts of the BoB,
e.g., the northeastern and central BoB, has shown to be unrelated
to ENSO variability (Chaitanya et al. 2015; Pant et al. 2015). As
the correlation between volume transport along the eastern coast
and the Nifio-3.4 index is not significant at the 95% confidence
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level at low-frequency time scales, the increase in eddy salt
transport along the eastern coast during an El Nifio event is
mainly dominated by the presence of anomalously saline water
(Table 2; Fig. 7b). In contrast, the significant anticorrelation
between the low-frequency components of eddy salt transport
off the southern coast and Nifio-3.4 index likely contributes
from the presence of anomalously westward flow during an
El Nino event as correlation between the Nifo-3.4 and the
section-mean SSS is not significant (Table 3).

The PIES observations during the 2015/16 El Nifio event show
the largest annual eddy salt flux along the Sri Lankan eastern
coast in 2015 when highly saline water, up to 10.6 X 10° kg s~ ! of
salt originating from the AS, is transported northward by the sea-
sonal current during the fall monsoon transition (Figs. 3a, 4a, 5c).
The anomalously saline water occurs shortly before the 2015/16
El Nifio is fully developed (Fig. 7b). The satellite-derived surface
geostrophic current and SSS show that the northward flow of sa-
line water along the eastern coast is a part of an anticyclonic
eddy and does not effectively result in a net transport of saline
water into the BoB. Off the Sri Lankan southern coast, the
PIES were unfortunately not yet deployed during the 2015/16 El
Nifio. The altimetry-derived surface current in fall of 2015,
however, does not deviate from the seasonal mean (not shown),
despite the significant anticorrelation between the volume trans-
port anomaly and the low-frequency Nifio-3.4 (Table 3). There-
fore, the impact of an El Nino on the BoB eddy salt transport is
still unclear.

5. Summary

This study provides the first observations of high-frequency
continuous volume transport and eddy salt transport mea-
sured simultaneously off both the eastern and southern coasts
of Sri Lanka. The results provide a better understanding of
the regional circulation as well as its contribution to the salt
budget in the BoB and the variability on seasonal and interan-
nual time scales. In addition, the PIES measurements to-
gether with the vertical structure derived from the Seaglider
velocity measurements resolve the temporally varying section-
mean velocity of the boundary currents providing the vertical
structure of the regional currents, such as the EICC, SLD,
WMC, and SMC (e.g., McCreary et al. 1996; Han and McCreary
2001; Wijesekera et al. 2015; Schott et al. 1994). High-frequency
variability of the vertical structure of currents occurring during
monsoon transitions, that has previously only been examined via
numerical simulations (e.g., Jensen 2001; Anutaliya et al. 2017),
is also revealed.

Together with the satellite SSS, the PIES measurements
and satellite altimetry allows a continuous estimation of the
eddy salt transport with reasonable accuracy at these sections.
Glider measurements indicate that both velocity and salinity
structures are more complex at the southern section and our
integrated technique produces an estimated eddy salt trans-
port that has higher uncertainty at that section. Despite this
higher uncertainty, the eddy salt transports across both
sections compare well to values independently computed
from the Seaglider measurements while permitting a view of the
higher-frequency component of the transports. The observations
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reveal that large sudden changes in eddy salt transport often oc-
cur, thus high-frequency and continuous monitoring of the eddy
salt transport is required to achieve accurate estimates. The
high-frequency observations are also valuable for obtaining a
better understanding of intraseasonal events, such as those asso-
ciated with rainfall events during the monsoon season. The eddy
salt transports also show high seasonal and interannual variabil-
ity. The interannual changes in the boundary current eddy salt
flux can be as large as 12%-28% of the entire salt budget of the
BoB, while the mean eddy salt flux contributes 9%-27% to the
BoB salt budget. As mentioned above, this should be viewed as
a lower bound.

The estimates of volume transport and eddy salt transport
presented here can be further improved with additional PIES
and mooring measurements. The deployment of only two
end-point PIES does not always capture the lateral extent of
the boundary currents as the width of the boundary current
can vary within the section covered. When the boundary cur-
rent is narrower than the region between the PIES, the esti-
mated volume transport within the section length could
include opposing currents resulting in an underestimation of
the boundary current transport. Simulations using glider ve-
locity measurements along each PIES section show that an
addition of one or two more PIES between the two existing
PIES would significantly reduce the transport uncertainty as-
sociated with the varying width of the boundary current. With
an additional two PIES, the transport uncertainty would be
reduced from 3.7 to 0.7 Sv. In addition, neither SMAP nor
the Seaglider measures the salinity very close to the coast
where a strong salinity signal is expected, particularly during
the northeast monsoon. The average innermost salinity mea-
surement taken at the eastern section by the gliders is ~50 km
offshore, and the innermost measurement taken by the SMAP
satellite is ~50 km offshore. Likewise, the average innermost
salinity measurement taken at the southern section by the
gliders is ~40 km offshore, and the innermost measurement
taken by the SMAP satellite is ~20 km offshore. Additional in
situ salinity measurements nearer to the coast, such as might
be obtained from a simple shelf mooring, would provide the
missing salinity signal and likely improve the accuracy of the
eddy salt transport estimation.

Acknowledgments. This work was supported by the U.S.
Office of Naval Research (ONR) as part of three ONR
Departmental Research Initiatives: Air-Sea Interactions
Regional Initiative (ASIRI), Northern Arabian Sea Circulation—
Autonomous Research (NASCar), and Monsoon Intra-Seasonal
Oscillations in Bay of Bengal (MISO-BoB) through ONR
Grants N00014-14-1-0629, N00014-17-1-2655 (authors A. Anu-
taliya and U. Send); N00014-15-1-2189 (author J. L. McClean);
N00014-16-1-2313 (author J. Sprintall); and N00014-13-1-0478,
N00014-15-1-2231, and N00014-17-1-2718 (authors L. Rainville
and C. Lee).

Data availability statement. PIES measurements are freely
available on OceanSITES (https://dods.ndbc.noaa.gov/thredds/
catalog/oceansitess DATA_GRIDDED/SLBC/catalog.html).


https://dods.ndbc.noaa.gov/thredds/catalog/oceansites/DATA_GRIDDED/SLBC/catalog.html
https://dods.ndbc.noaa.gov/thredds/catalog/oceansites/DATA_GRIDDED/SLBC/catalog.html

DECEMBER 2022
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APPENDIX

Salinity Profile Construction

At each section, local historical hydrography was used to
create two salinity lookup tables; the first table has the
CTD salinity profiles arranged as a function of surface ve-
locity, while the second table has the profiles arranged as a
function of SSS. Satellite-derived surface velocity or salinity
at a time and location of interest is used to determine sub-
surface salinity structure on the basis of the first or second
lookup table, respectively. The vertical structure obtained
from the lookup table is then scaled such that it passes
through the SMAP SSS at the corresponding time and loca-
tion and through 35.0 at 600-m depth (which is the histori-
cal mean salinity at 600-m depth at both sections). The two
lookup tables provide us with two options for the section-
depth salinity estimation and were used to assess the skill
of this method.

To test the lookup tables for the subsurface structure of
salinity at the eastern and southern sections, Seaglider salin-
ity measurements were compared with those derived from
each lookup table. In most cases, the salinity profiles de-
rived from the two lookup tables are similar. However, the
second lookup table arranged as a function of SSS generally
provides results that agree better with the Seaglider salinity
profiles at the eastern section. At the southern section, the
first lookup table with salinity profiles sorted as a function
of surface velocity generally gives profiles that agree better
with Seaglider salinity profiles. Therefore, the following cal-
culation is based on these “best” salinity lookup tables de-
termined accordingly for each section.
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