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ABSTRACT

The Bay of Bengal (BoB) surface layer receives approximately 0.13 million m%/sec (0.13 Sv) of freshwater through a combination of precipitation and river runoff
minus evaporation, which then is exported to neighboring seas. Quasi-stationary salinity is established by the import of salty water from the Arabian Sea (AS),
primarily within the pycnocline as an estuarine type of circulation. The BoB pycnocline is also affected by low salinity export from the southern Andaman Sea (AndS).
We use Argo observations and GODAS reanalysis products to trace the spreading of AS and AndS water within BoB pycnocline during the summer monsoon when the
bulk of AS water is imported. We use relative freshwater content (RFWC), which is zero for pure AS water and 1 for pure AndS water. We find significant interannual
variability of the RFWC pattern, which relates to the Indian Ocean Dipole, as defined by the Dipole Mode Index (DMI). The position of the Sri Lanka Dome (SLD) off
the east coast of Sri Lanka varies with DMI: the SLD is farther east during negative DMI, which directs the AS water farther to the east in BoB; whereas during the

positive DMI, the AS water is directed to the north.

1. Introduction

The surface layer of the Bay of Bengal (BoB) receives an immense
amount of freshwater. The combined annual precipitation and river
runoff minus evaporation (P + R-E) for the BoB is +0.13 Sv, inducing
low sea surface salinity (SSS). West of India, the Arabian Sea (AS) is in
sharp contrast to BoB. With the removal of freshwater, P + R-E of the AS
is —0.11 Sv, inducing SSS >3 ppt above that of the BoB (Gordon et al.,
2019). Additionally, the AS pycnocline receives salty inflow from the
Persian Gulf and the Red Sea. The low salinity surface layer within BoB
forms a barrier layer inhibiting vertical mixing (Jampana et al., 2019),
resulting in a pycnocline reflective of inflow from neighboring seas.
Notable is the salinity maximum near 100 m, drawn from the AS pyc-
nocline via the southern rim of Sri Lanka, predominately during the
summer monsoon (Gordon et al., 2016; Hormann et al., 2019).

In addition to the salty AS water spreading within the BoB pycno-
cline, low salinity water derived from the Andaman Sea (AndS) spreads
westward into the BoB through three gaps in the Andaman archipelago
(Fig. 1). The AndS, with a SSS of near 31 psy, receives freshwater inflow
from rivers, notably the Irrawaddy River (Varkey et al., 1996; Chatterjee
et al., 2017). Inflow from the ~900 km long Strait of Malacca links the
AndS to the South China Sea. The Malacca Strait is about 30 m deep and
35 km wide, deepening to ~100 m at the AndS (Wyrtki, 1961). Wibowo
et al. (2022) found that surface currents within the Strait of Malacca
have an average current speed of ~0.13 m/s towards the AndS during
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the winter months, weakening to ~0.003 m/s in summer. Important
attributes of the AndS are strong tides and solitons boosting downward
mixing of the low salinity surface layer into the pycnocline and deep
water, which then spreads westward through a few channels into the
BoB pycnocline, countering the salty AS input (Osborne and Burch,
1980; Jithin et al., 2020).

Hormann et al. (2019), using sea surface drifters, find two pathways
through which low salinity surface layer of the Bay of Bengal (BoB) is
exported into the tropical Indian Ocean and AS. The western route is
located along the east coast of India and feeds into the westward
Northeast Monsoon Current (NMC) around the southern rim of Sri Lanka
during the winter monsoon. Relatively saline AS surface water is injec-
ted into BoB by the eastward flowing Summer Monsoon Current (SMC)
around the southern rim of Sri Lanka. An eastern path for year-round
export of BoB low salinity surface layer is located along the western
margin of Sumatra. Herron et al. (2022) found that eddies are the
dominant factor in exporting freshwater mainly in the upper ~50 m,
within the central BoB.

Cullen and Shroyer (2019) detail the interannual variability of the
Sri Lanka Dome (SLD), an upwelling feature with cyclonic circulation
occurring during the summer monsoon, east of Sri Lanka. The SLD acts
as a gatekeeper directing the AS water injected in the BoB pycnocline
into the interior of BoB. The SLD position and size is directly related to
the local wind stress curl east of Sri Lanka, which is closely related to the
Indian Ocean Dipole (IOD). The IOD, characterized by large-scale sea
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Fig. 1. Summer climatology (June-September 2004-2021) of GODAS currents within the 75-100 m depth interval. Gray contours show bathymetry. This clima-
tology highlights the major circulation features we will be analyzing, including the SLD as cyclonic flow in the southwest, SMC as eastward flow in the southwest, and

EICC as southward flow in the northwest.

surface temperature anomaly patterns in the tropical Indian Ocean, is a
primary forcing mechanism driving interannual variability in the sum-
mer monsoon. El Nino Southern Oscillation (ENSO) is linked to the IOD
(Meyers et al., 2007). While positive IOD events have been found to
offset the effects of El Nino events, model studies find that ENSO events
do not necessarily enhance the strength of the IOD (Ashok et al., 2004;
McKenna et al., 2020).

Using Argo profiles, we investigate the spatial pattern and interan-
nual variability of the relative freshwater content (RFWC), which is zero
for pure AS water (salty end member; Fig. 2b) and 1 for the AndS water
(fresh end member; Fig. 2b), during the summer monsoon when AS
water injects salt into the BoB pycnocline (75-100 m depth slab; Fig. 2c).
Our goal in this paper is to determine the relationship between the IOD,
quantified by the Dipole Mode Index (DMI), and the spatial distribution
of salty and fresh end members in the BoB pycnocline.

2. Data and methods
The study region within the BoB is 4-20°N and 80-96°E. Tempera-

ture and salinity observations were retrieved from the International
Argo Program and the national programs that contribute to it (htt

ps://argo.ucsd.edu, https://www.ocean-ops.org). The Argo Program is
part of the Global Ocean Observing System. Since 1999, it has collected
and made freely available over two million vertical temperature and
salinity profiles around the world which, after quality control adjust-
ments, are accurate to 0.002 °C for temperature, 2.4 dbar for pressure,
and 0.01 PSS-78 for salinity (Wong et al., 2020).

We selected Argo profiles with at least 20 measurements between 10
and 300 m for the summer period, June through September 2004-2021.
There were 3892 profiles that met these criteria within the study region.
We highlight profiles representative of the AS (Fig. 2a, red profile;
Fig. 2¢, red X) and AndS (Fig. 2a, blue profile; Fig. 2c, blue X) in order to
demonstrate the large difference in pycnocline salinity between these
water sources. We define the pycnocline as 75-100 m because this depth
interval falls within the upper pycnocline where the AS and AndS pro-
files fall on opposite ends of a relatively large salinity range. We
calculate conservative temperature, absolute salinity, and sigma-density
for the upper 300 m, along with the relative freshwater content (RFWC)
of each measurement relative to 0.1 kg/m?> density surfaces. We consider
the freshest water on each density surface (RFWC = 1) to have origi-
nated from the AndS and the saltiest water (RFWC = 0) drawn from the
AS.
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Temperature (°C) Salinity (9/kg) g5 (kg/m?3) Fig. 2. A) Profiles, b) T-S diagram, and c¢) map of
a) Argo observations in the Bay of Bengal from
June-September 2004-2021. Red and blue profiles
represent water from the Arabian Sea (AS) and
Andaman Sea (AndS), respectively. The AS (AndS)
\\ profile location is highlighted by a red (blue) X on the
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map. The pycnocline is defined by the 75-100 m
depth interval marked by gray dashed lines. Points in
the T-S diagram (b) and map (c) are color coded for
relative freshwater content (RFWC), calculated with
10 respect to 0.1 kg/m® density surfaces. RFWC is zero
for pure AS water and 1 for pure AndS water.
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Fig. 3. Summer climatologies (June-September 2004-2021) of GODAS currents and Argo observations color coded for relative freshwater content (RFWC), which
measures freshwater relative to 0.1 kg/m® density surfaces. RFWC is zero for pure Arabian Sea water and 1 for pure Andaman Sea water. Data is averaged over
75-100 m, for positive DMI (a) and negative DMI (b) conditions.
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Fig. 4. Summer GODAS zonal (u-currents; top panel) and meridional (v-currents; bottom panel) currents averaged over 75-100 m for positive DMI (pDMI; left) and
negative DMI (nDMI; middle) conditions. Regions where the difference of means between pDMI and nDMI currents are statistically significant (@ = 0.05) are shown in

(e) and (f).

National Centers for Environment Prediction (NCEP) Global Ocean
Data Assimilation System (GODAS) is a reanalysis product that provides
monthly mean subsurface currents (u and v) in 10 m intervals from 5 to
225 m (https://www.psl.noaa.gov/data/gridded/data.godas.html), and
a spatial resolution of 1/3 x 1/3° latitude and 1 x 1° longitude (Beh-
ringer and Xue, 2004). GODAS has been used in several studies to study
the subsurface characteristics of the IOD (Lu and Ren, 2020; Wang et al.,
2020; Chen et al., 2023). In the present study, we use GODAS to relate
the regional current field to the Argo freshwater spatial distribution in
BoB pycnocline.

Monthly Dipole Mode Index (DMI) data is retrieved from the Na-
tional Oceanic and Atmospheric Administration’s Physical Sciences
Laboratory (https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/). The
DMI quantifies SST anomalies associated with the IOD, calculated as the
difference in area-averaged monthly-mean SST deviations between the
tropical western Indian Ocean (10°S-10°N, 50-70°E) and the south-
eastern tropical Indian Ocean (10°S-Equator, 90-100°E; Saji et al.,
1999). SST deviation is based on linear extrapolation with respect to the
30-year sliding mean of each month. We divided our Argo and GODAS
data into two groups: positive DMI (pDMI) when DMI >0, and negative
DMI (nDMI) when DMI <O0.

We use the GODAS reanalysis data to investigate whether the DMI
groups differ with respect to regional velocity patterns in the BoB, which
includes the Summer Monsoon Current (SMC), East India Coastal Cur-
rent (EICC), and the Sri Lanka Dome (SLD). Argo RFWC is used to

evaluate the relationship between DMI and freshwater distribution. We
compare the velocity patterns and freshwater distributions of the posi-
tive and negative DMI groups using a Welch’s t-test. This test is robust
against differences in variance and sample size, and it determines
whether there is a significant difference in the mean values of two
populations. We use a significance level of a = 0.05, so a ‘significant
difference’ indicates there is less than a 5% chance that the difference is
due to random variability in the groups.

3. Results and discussion

There were 2111 Argo profiles recorded when DMI >0 (pDMI;
Fig. 3a) and 1781 profiles recorded when DMI <0 (nDMI; Fig. 3b). In
both the pDMI and nDMI summer climatologies, the strongest currents
occur in anticyclonic gyre in the southern bay from 4 to 9°N. The EICC is
strongest at 20°N, and the middle BoB is relatively quiet, likely due to
the dominance of mesoscale activity in this region (Herron et al., 2022).
In the nDMI map, the SMC extends farther east and there are southward
currents along the east coast of Sri Lanka, while on the pDMI map these
currents flow northward.

We calculated the difference in pDMI and nDMI currents at each grid
point and identified regions where this difference is statistically signif-
icant. In Fig. 4e, green (purple) shading indicates there is a stronger
(weaker) westward current during pDMI events. Similarly in Fig. 4f,
green (purple) shading indicates there is a stronger (weaker) northward
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Fig. 5. Relative freshwater content (RFWC) distribution in two boxes in the southern BoB (7-10°N) for the positive (top) and negative (bottom) DMI groups. Box 1
contains RFWC values from 82 to 85°E. Box 2 contains RFWC values from 86 to 89°E. Histograms show the number of observations in RFWC bins of width 0.1. RFWC
measures freshwater relative to 0.1 kg/m® density surfaces. RFWC is zero for pure Arabian Sea water and 1 for pure Andaman Sea water.

current during pDMI events. SMC, EICC, and outflow from the AndS do
not show any major differences. East of Sri Lanka, the position of
northward flow is shifted to the west during nDMI events.

In the southern BoB, from 4 to 10°N, freshwater increases with
longitude in both the positive and negative DMI groups. However, the
correlation between RFWC and longitude is much stronger during pDMI
(R = 0.45; p = 0) than it is during nDMI (R = 0.03; p = 0.001). We
investigate the extent of AS water spreading by analyzing two 3 x 3°
boxes in the southern BoB from 7 to 10°N (Fig. 5). Box 1 covers the
eastern portion from 82 to 84°E, and Box 2 covers the central portion
from 86 to 89°E. The mean RFWC in each box differs significantly be-
tween the pDMI and nDMI groups. Box 1 is saltier during pDMI condi-
tions, but Box 2 is saltier during nDMI conditions. These differences in
freshwater distribution are illustrated as histograms in Fig. 5, showing
the number of Argo observations in each RFWC bin of width 0.1.

4. Conclusions

We combine GODAS reanalysis and Argo observational data to
investigate the relationship between the IOD, quantified by DMI, and the
spatial distribution of salty and fresh end members in the BoB. We find
significant differences in the regional currents and freshwater distribu-
tion of the southern BoB related to the influx of AS water during positive
and negative DMI events. Cullen and Shroyer (2019) attribute interan-
nual variability of SLD position to local wind stress curl and DMI. When
wind stress curl is strongly positive, as occurs during nDMI events, the
SLD expands eastward, as shown in Fig. 4. RFWC distribution derived
from Argo data is consistent with this GODAS regional velocity pattern,
as salty AS water is also shifted farther to the east during nDMI events
(Fig. 5). When the SLD is more restricted to the east coast of Sri Lanka
during pDMI events, AS water spreads northward closer to the east coast
of Sri Lanka. While our findings support this association, further
research is needed to establish a causal relationship between SLD posi-
tion and the observed freshwater distributions during pDMI and nDMI
conditions.
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