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2020 and 2021 based on SMAP
satellite observations
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A narrow strip of low salinity water that hugs the western Bay of Bengal (BoB) is

known as a “river in the sea” (RIS). During the autumns of 2020 and 2021, Soil

Moisture Active Passive (SMAP) identified an intensification of the RIS that was

characterized by a continuous, uniform strip of low salinity water (<31 psu) that

was 100 km wide extending along the western BoB coast to south of Sri Lanka.

The analysis shows that the La Niña events in 2020–2021 were responsible for

this intensification. During the La Niña events of 2020 and 2021, cyclonic

circulation anomalies were generated along the BoB coast, causing a stronger

Eastern Indian Coastal Current (EICC). Meanwhile, the northern BoB received

increased river discharge during the summer monsoons of the two years. The

stronger EICC and increased river discharge together led to anomalous

freshwater transport that contributed to the intensification of the RIS.

Notably, the RIS extended far southward during La Niña events of 2016 and

2017. However, the spatial structure of the RIS differed sharply between 2016–

2017 and 2020–2021. The results indicate that pairs of eddies in the western

BoB steered the freshwater offshore by several hundred kilometers. As a result,

offshore extending tongue-shaped freshwater plumes were formed that

inhibited the formation of an organized RIS structure along the western BoB

coast during 2016–2017. This study highlights that the year-to-year variability

of the RIS was significantly influenced by the La Niña events and modulated by

mesoscale processes.

KEYWORDS

Bay of Bengal, river in the sea, SMAP, La Niña, Eastern Indian Coastal Current,
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1 Introduction

The Bay of Bengal (BoB) is a semienclosed basin in the

Northern Indian Ocean (NIO), with reversing winds that blow

from the southwest during the summer monsoon and from the

northeast during the winter monsoon. During the summer

monsoon, the BoB receives substantial amounts of freshwater

from precipitation and river runoff (Papa et al., 2010; Papa et al.,

2012; Chaitanya et al., 2014; Li et al., 2021b). These freshwater

influxes lead to a lower sea surface salinity (SSS) in the BoB than

its western counterpart, the Arabian Sea (Figure 1). The low SSS

in the BoB causes strong stratification in the upper layer,

favoring the formation of a barrier layer between the bottom

of the mixed layer and the top of the thermocline (Sprintall and

Tomczak, 1992; Vinayachandran et al., 2002; Thadathil et al.,

2007). Moreover, the freshwater in the BoB is transported to the

Arabian Sea and equatorial Indian Ocean (EIO), playing an

important role in the water and salt balances in the NIO

(Sengupta et al., 2006; Trott et al., 2019).

Based on in situ and satellite data, many studies have

observed freshwater plumes along the western BoB coast

(Murty et al., 1992; Shetye et al., 1993; Shetye et al., 1996;

Fournier et al., 2017; Sree Lekha et al., 2018; Li et al., 2021a).
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It was reported that the Eastern Indian Coastal Current (EICC)

transports the river freshwater southward to form freshwater

plumes along the coast (Han and McCreary, 2001; Jensen, 2001;

Durand et al., 2009; Akhil et al., 2014; Akhil et al., 2016).

Recently, based on salinity data collected by fishermen,

Chaitanya et al. (2014) identified a narrow (~100 km wide)

strip of low salinity water along the western BoB coast as a “river

in the sea” (RIS). As a striking hydrographic feature in the BoB,

the RIS has attracted attention from several investigators (Akhil

et al., 2014; Fournier et al., 2017; Suneel et al., 2020). These

studies confirmed the existence of the RIS from the evolution of

the SSS averaged over a coastal strip box along the western BoB

coast. However, the spatial and temporal variability of the RIS

has not been well studied and the formation processes of the RIS

remain unclear.

Influenced by the El Niño-Southern Oscillation (ENSO) and

Indian Ocean Dipole (IOD), the BoB exhibits strong year-to-

year variability (Saji et al., 1999; Webster et al., 1999; Thompson

et al., 2006; Grunseich et al., 2011; Subrahmanyam et al., 2011;

Du and Zhang, 2015; Pant et al., 2015; Sherin et al., 2018;

Subrahmanyam et al., 2018). When an ENSO or IOD event

occurs, remote equatorial waves propagate into the BoB to cause

sea surface height anomalies (SSHAs) along the boundary. For
A B

C

FIGURE 1

(A) November climatology of SMAP SSS in the northern Indian Ocean during 2015–2021. The black line denotes the coastal strip extending 1°
away from the western BoB boundary to characterize the RIS. The black circle indicates the Ganges-Brahmaputra (GB) and the triangles
represent the RAMA buoy at station B15 (15°N, 90°E) and B12 (12°N, 90°E). (B) Latitude–time plot of the climatological SMAP SSS in the strip
shown in (A). (C) Climatological monthly discharge of the GB river.
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example, during La Niña or negative IOD (nIOD) events,

positive SSHAs were observed off the western BoB coast

(Grunseich et al., 2011; Aparna et al., 2012). The positive

SSHAs (cyclonic circulation anomalies) contribute to a

stronger EICC during October–December (OND), causing the

RIS to extend farther southward along the coast (Akhil et al.,

2016; Fournier et al., 2017; Suneel et al., 2020; Li et al., 2021b).

For example, the RIS extended far southward along the western

BoB coast in 2016, which was attributed to the influence of the

nIOD in 2016 (Fournier et al., 2017; Suneel et al., 2020).

However, the 2016 was a combination event of a nIOD and a

La Niña, and the influences of the La Niña on the southward

extension of the RIS still remain unclear in the studies of

Fournier et al. (2017) and Suneel et al. (2020).

Launched in 2015, NASA’s Soil Moisture Active Passive

(SMAP) satellite provides a better SSS retrieval compared with

that of other satellite data, especially in coastal regions (Tang

et al., 2017; Bao et al., 2019; Fore et al., 2020). The SMAP data

have been successfully used to study the freshwater extension in

the BoB (Fournier et al., 2017; Akhil et al., 2020; Roman-Stork

et al., 2020; Sree Lekha et al., 2020; Suneel et al., 2020; Li et al.,

2021a; Paul et al., 2021). During the autumns of 2020 and 2021, a

continuous, narrow strip of low salinity water extended

southward along the western BoB coast to south of Sri Lanka,

indicating the intensification of the RIS during these two years.

However, the processes responsible for the intensification of the

RIS during 2020–2021 remain unclear. In this study, we

investigate the intensification of the RIS during 2020–2021

based on the SMAP satellite observations. We show that the

two consecutive La Niña events of 2020 and 2021 were

responsible for the intensification of the RIS.

The rest of this paper is organized as follows. In Section 2,

the data used in this study are described. In Section 3, we use the
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SMAP SSS to quantify the spatial and temporal variability of RIS

and the influences of the La Niña and mesoscale eddies on the

year-to-year variability of the RIS are investigated. In Section 4, a

discussion is provided. A summary and conclusion are given in

Section 5.
2 Materials

We use the monthly and daily SMAP L3 V5.0 SSS produced

by NASA’s Jet Propulsion Laboratory (Fore et al., 2020).

Although the goal of the SMAP mission is to measure soil

moisture, its radiometer-radar instrument enables SMAP to

provide estimates of SSS (Entekhabi et al., 2010). The SMAP

data have a spatial resolution of 0.25° x 0.25° and are available

from April 2015 to present. The data can be downloaded from

the Asia-Pacific Data-Research Center of the International

Pacific Research Center (IPRC). We use the daily SSS

measured by the Research Moored Array for African-Asian-

Australian Monsoon Analysis and Prediction (RAMA) moored

buoys (McPhaden et al., 2009) at 15°N, 90°E (B15) and 12°N, 90°

E (B12) in the northern BoB. The RAMA data are provided by

the Global Tropical Moored Buoy Array Project Office of the

National Oceanic and Atmosphere Administration and the

Pacific Marine Environmental Laboratory (https://www.pmel.

noaa.gov/). The RAMA data are smoothed with a 10-day

running mean for analysis. Then, the RAMA SSS is used to

validate the accuracy of the SMAP data. At both stations, the

SMAP SSS shows reasonably good agreement with the RAMA

SSS (Figure 2). At station B15 (15°N, 90°E), the correlation

coefficient between the SSS of the two datasets is 0.76, and the

root mean square error (rmse) is 0.45 psu. At station B12 (12°N,

90°E), the correlation coefficient between the SSS of the two
A

B

FIGURE 2

Comparison of SSS between RAMA and SMAP at station B15 (A) and (B) B12. The correlation coefficient and root mean square error is estimated
for the period both data are available.
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datasets is 0.66, and the rmse is 0.42 psu. This demonstrates the

good ability of the SMAP SSS in studying the SSS variability in

the BoB.

We use the monthly and daily maps of sea surface height (SSH)

and geostrophic current obtained from the Copernicus Marine and

Environment Monitoring Service (CMEMS). The SSH indicates the

residual of the mean dynamic topography from the absolute

dynamic topography. The IOD is indicated by the dipole mode

index (DMI), which is defined as the difference of area-averaged sea

surface temperature anomaly (SSTA) between the western (50°E-

70°E, 10°S-10°N) and eastern (90°E-110°E, 10°S-0°) tropical Indian

Ocean (Saji et al., 1999). The ENSO is characterized by the Oceanic

Niño Index (ONI), which is defined as the area-averaged SSTA in

the Niño 3.4 region. The monthly ONI and DMI indices can be

accessed from the Ocean Observations Panel for Climate (https://

stateoftheocean.osmc.noaa.gov/). Papa et al. (2010; 2012) used the

altimetry-derived river discharge, based on the empirical regression

curves of the altimetry-measured river water height and observed

river discharge, to retrieve the variations in the Ganges-

Brahmaputra (GB) River freshwater flux into the BoB. We use

the updated satellite-derived monthly GB river discharge products,

now available for 1993–2021 (Papa et al., 2012).
Frontiers in Marine Science 04
3 Results

3.1 Year-to-year variability of the RIS
along the western BoB coast

To characterize the year-to-year variability of the RIS along

the western BoB coast, a time–latitude plot of the 7-year (2015–

2021) monthly SMAP SSS averaged over a coastal strip box is

shown (Figure 3A). A common feature of the 7-year SMAP SSS

is that very low salinity water (<25 psu) was present in

the northern BoB during the summer monsoon, reflecting the

freshwater input from rivers and precipitation. During the

following autumn and winter, this low salinity water extended

southward and formed an RIS structure along the western BoB

coast. Meanwhile, the RIS exhibited a clear year-to-year

variability in terms of the southward extension, indicated by

the position of 32 psu SSS contour. Specifically, the 32 psu SSS

contour extended southward to approximately 13.5°N, 13°N,

and 12.5°N in 2015, 2018, and 2019, respectively, reflecting that

the southward extension of the RIS was weakened during these

years. In 2016, 2017, 2020, and 2021, the southward extension of

the RIS along the western BoB coast was substantially intensified.
A

B

C

FIGURE 3

(A) Time–latitude plot of SMAP SSS averaged over the coastal strip Box 1, and (B) monthly Oceanic Niño Index (ONI) and (C) Dipole Mode Index
(DMI) during April 2015 to December 2021.
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The 32 psu SSS contour extended southward to approximately 8°

N in 2016 and 2017. In particular, the southward extension of

the RIS was the strongest in 2020 and 2021, which was

characterized by the 32 psu SSS contour extending to south of

Sri Lanka (Figure 3A).

The ENSO and IOD are two modes that influence the

interannual variability in the BoB (Saji et al., 1999; Webster

et al., 1999; Thompson et al., 2006; Pant et al., 2015; Sherin et al.,

2018; Subrahmanyam et al., 2018; Li et al., 2021b). ENSO and

IOD events can co-occur with each other: a positive IOD (pIOD)

co-occurs with an El Niño event and a nIOD co-occurs with a La

Niña event (Hong et al., 2008; Gnanaseelan et al., 2012; Stuecker

et al., 2017). Li et al. (2021b) demonstrated that ENSO/IOD

events can cause anomalous freshwater transport during the

autumn and winter, contributing to the interannual variability of

the SSS in the BoB. This motivates us to examine the

relationships between the ENSO/IOD events and the year-to-

year variability of the RIS during 2015–2021.

Considering that both the ENSO and IOD develop to a

mature phase during the boreal autumn, an ENSO or IOD event

is identified only when the ONI or DMI is larger than 0.5°C

during September–November. Namely, an El Niño (La Niña)

event corresponds to the ONI >0.5°C (<–0.5°C) and a pIOD

(nIOD) event corresponds to the DMI >0.5°C (<–0.5°C).

According to this criterion, El Niño/pIOD events were

identified in 2015, 2018, and 2019, and La Niña/nIOD events

were identified in 2016, 2017, 2020, and 2021 (Figures 3B, C). In

detail, co-occurrences of El Niño and pIOD were identified in

2015 and 2018, and a pure pIOD event was identified in 2019. A

co-occurrence of La Niña and nIOD was identified in 2016, and

pure La Niña events were identified in 2017, 2020, and 2021.

Therefore, these results indicate that the southward extension of

the RIS along the western BoB coast was weakened during the El

Niño/pIOD events of 2015, 2018, and 2019, and intensified

during the La Niña/nIOD events of 2016, 2017, 2020, and 2021.
3.2 Composite analysis

It has been reported that the EICC played an important role

in influencing the southward extension of the RIS (Akhil et al.,

2014; Chaitanya et al., 2014; Akhil et al., 2016; Fournier et al.,

2017; Li et al., 2021a). The EICC flows southward along the

western BoB coast with a maximum speed in November (Jensen,

2001; Durand et al., 2009; Das et al., 2019). Thus, composite

November SSHA for 2015, 2018, and 2019 (Figure 4A) and 2016,

2017, 2020, and 2021 (Figure 4B) are shown to investigate the

influences of the El Niño/pIOD and La Niña/nIOD events on the

EICC during these years. During the composite El Niño/pIOD

events of 2015, 2018 and 2019, a negative SSHA was observed in

the eastern EIO and the boundary of the BoB, forming

anticyclonic circulation anomalies along the western BoB coast

(Figure 4A) that led to a weaker EICC during these years. An
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organized southward EICC cannot be identified along the

western BoB coast in 2019. Instead, the current in the western

BoB was characterized by various cyclonic eddies (CEs) and

anticyclonic eddies (ACEs) (Figure 4D). During the composite

La Niña/nIOD events of 2016, 2017, 2020, and 2021, the SSHA

indicated cyclonic circulation anomalies along the western BoB

coast (Figure 4B) that led to a stronger EICC during these years

(Figures 4E–H).
3.3 Local freshwater flux

During the summer monsoon (June–October), the GB River

inputs a large amount of local freshwater into the BoB that

influences the extension of the RIS (Han et al., 2001; Papa et al.,

2010; Papa et al., 2012; Pant et al., 2015). Therefore, it is

necessary to examine the contribution of the local freshwater

flux to the year-to-year variability of the RIS during 2015–2021.

The monthly evolution of the GB River discharge exhibits

evident seasonal cycles, with large values occurring during the

summer monsoon (Figure 5A). Meanwhile, a year-to-year

variability of the river discharge was also observed during the

7 years. To better quantify the year-to-year variability, we use the

accumulated river discharge during the summer monsoon for

analysis (Figure 5B).

During the 7 years, the accumulated GB River discharge

exhibited relatively smaller values in 2015 and 2018 and larger

values in 2016, 2017, 2019, 2020, and 2021. This means that the

BoB received less freshwater from the GB River during the

summer monsoons of 2015 and 2018. Therefore, the reduced

river discharge and weaker EICC together contributed the RIS to

extending less southward along the western BoB coast during the

two years. In contrast, the BoB received more freshwater from

the GB River during the summer monsoons of 2016, 2017, 2020,

and 2021. The increased river discharge and stronger EICC

together led the RIS to extending farther southward along the

western BoB coast during these four years (Figure 3A). In

addition, the BoB received a substantial amount of freshwater

during the summer monsoon of 2019. However, the RIS did not

extend southward significantly along the western BoB coast in

2019 (Figure 3A). This is due to the absence of an organized

southward EICC during that year (Figure 4D).
3.4 Spatial variability of RIS during 2015–
2021

In the following, the November SSS distributions in the BoB

are shown to characterize the spatial structure of the RIS during

2016, 2017, 2020, and 2021. During 2020–2021, the SMAP SSS

exhibited low salinity water along the entire western BoB coast,

with the 31 psu SSS contour reaching south of Sri Lanka.

Moreover, the low salinity water comprised a uniform strip
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that was approximately 100 km wide (Figures 6A, B). These

features indicate an organized RIS structure along the western

BoB coast during these two years. During 2016–2017

(Figures 6C, D), however, the low salinity water along the

western BoB coast showed distinct features from those during

2020–2021. During 2016–2017, the low salinity water was

discontinuous along the western BoB coast, and its width was

non-uniform. For example, the SSS distribution indicated two

separate freshwater plumes in the western BoB in 2016; one

plume was located approximately between 8°N–17°N and

another one was located in the BoB north of 17°N (Figure 6C).
3.5 Formation processes of RIS during
2020–2021

It has been reported that the EICC plays an important role in

the formation of the RIS (Akhil et al., 2014; Chaitanya et al.,

2014). The magnitudes of the EICC during 2016–2017 and
Frontiers in Marine Science 06
2020–2021 were comparable (Figures 4E–H). Thus, the

differences in the spatial structure of the RIS between 2016–

2017 and 2020–2021 cannot be fully attributed to the EICC. This

suggests that other processes influenced the formation of the RIS

in the BoB, as shown below.

Figure 7 shows the consecutive snapshots of the weekly

SMAP SSS in the BoB in 2020 and 2021, respectively. In both

two years, the SMAP SSS provided good insights into how the

freshwater in the northern bay extended southward to form an

organized RIS structure along the western BoB coast. For 2020,

the formation process of the RIS can be divided into three stages.

During the first stage, substantial freshwater was distributed in

the northern bay (Figure 7A). However, no evident southward

extension of the freshwater could be recognized during this stage

(Figures 7B, C). During the second stage, the freshwater

extended southward quickly to form a narrow strip of low

salinity water along the entire western BoB coast, namely the

RIS (Figures 7D–G). During the third stage, the organized RIS

gradually dissipated (Figure 7H).
A B

D

E

F

G

H

C

FIGURE 4

Composite November SSHA for 2015, 2018, and 2019 (A, B) 2016, 2017, 2020, and 2021. The red (blue) arrow indicates the cyclonic
(anticyclonic) circulation anomalies along the western BoB coast. Weaker EICC in 2015 (C, D) 2019, stronger EICC in 2016 (E), 2017 (F), 2020
(G, H) 2021. The EICC is represented by the surface geostrophic current associated with the SSH during October–December (OND).
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In contrast, the formation process of the RIS in 2021 can be

roughly divided into four stages. During the first stage, the

freshwater in the northern bay extended southward quickly and

formed a narrow strip of low salinity water along the

northwestern BoB coast (Figures 7I, J). During the second

stage, the southward extension of the freshwater ceased, and

substantial freshwater accumulated off the BoB coast.

Interestingly, a bulge structure of freshwater was formed off

the BoB coast (Figures 7K–M). During the third stage, the bulge

structure disappeared, and the accumulated freshwater extended

southward, forming an organized RIS along the entire western

BoB coast (Figures 7N, O). During the fourth stage, the

organized RIS gradually weakened (Figure 7P).

Figure 8 shows the representative snapshots of the weekly

SSH and associated geostrophic currents in the BoB during the

formation processes of the RIS, similar to that in Figure 7.

During early September 2020, several eddies (one ACE and two

CEs) in the western BoB and a high level of SSH in the northern

BoB were prominent. However, an organized southward current

along the western BoB coast is not visible (Figure 8A). The

absence of a southward coastal current can explain why the

freshwater in the northern bay did not extend southward along

the coast (Figures 7A–C). In the following October, the high

level of SSH in the northern BoB propagated southward to favor
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a southward EICC along the coast (Figure 8B). As a result, the

EICC transported the freshwater in the northern BoB southward

to form a narrow strip of freshwater (namely the RIS) along the

BoB coast (Figures 7D, 8B). By November, an organized RIS

along the entire western BoB coast could be clearly recognized

(Figures 7G), corresponding to the strong EICC during this

period (Figure 8C).

Similar features were found in 2021. For example, when a

southward EICC was present (Figures 8D, F), it transported the

freshwater to form an organized RIS along the western BoB coast

(Figures 7J, N–P). The freshwater stopped extending further

southward along the coast and formed a bulge structure off the

BoB coast during late September to October (Figures 7K–M)

because of the following reasons. First, a large ACE (centered at

14°N, 83.5°E) induced a strong anticyclonic current in the

southwestern BoB (Figure 8D); Second, the high level of SSH

in the central northern bay propagated westward to the BoB

coast, causing the organized EICC in the northwestern BoB to be

destroyed. Both aspects inhibited the southward extension of

freshwater along the western BoB coast (Figure 7K). Notably,

several CEs in the central BoB combined with the ACE (off the

southwestern BoB coast) to induce an offshore current (white

arrow in Figure 8E). This current steered the accumulated

freshwater offshore, forming a bulge structure off the BoB
A

B

FIGURE 5

(A) Monthly and (B) accumulated GB River discharge during the summer monsoon from 2015 to 2021.
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coast (Figures 7L, M). As indicated in Figures 7, 8, the EICC was

a key factor forming the RIS structure along the western BoB

coast. Meanwhile, the freshwater extension was also modulated

by pairs of eddies off the western BoB coast.
3.6 Offshore extending tongue-shaped
freshwater plumes during 2016 and 2017

Figure 9 shows the representative snapshots of the weekly

SMAP SSS in the BoB from September to November of 2016 and

2017. In both years, tongue-shaped freshwater plumes extending

from the coast to the central bay were particularly noticeable. For

example, an offshore extending tongue-shaped freshwater plume

with a double-branch structure could be clearly observed for

September 2016 (Figure 9A). The length of this plume (distance

from the front of the plume to the coastline) was approximately

700 km. Several weeks later, the double-branch structure of the

plume could still be found, although its shape was slightly varied

(Figure 9B). By November 2016, the two branches of the

freshwater plume evolved into two separated freshwater

plumes (Figure 9C). Similar offshore extending tongue-shaped
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freshwater plumes could also be found in 2017 (Figures 9D–F).

The formation and evolution of the offshore extending tongue-

shaped freshwater plumes during the two years are

explained below.

During September of both years (2016 and 2017), several

eddies formed a cyclonic circulation pattern in the northern BoB

(white arrows in Figures 10A, D). The offshore/onshore currents

associated with the cyclonic circulation steered the freshwater to

the central northern BoB, leading to the formation of the tongue-

shaped freshwater plumes that extended offshore (Figure 9A).

Differently, an ACE (centered at 17.5°N, 89°E) divided the

cyclonic circulation into two parts (green arrows in

Figure 10A), leading the tongue-shaped freshwater plume

exhibiting a double-branch structure in 2016 (Figure 9A). In

the following October of each year, the position and shape of

these eddies varied (Figures 10B, E), and the offshore extending

freshwater plumes also evolved, while the spatial shape basically

remained unchanged (Figures 9B, E). By November, the western

BoB was characterized by a southward EICC in the southern part

(white arrows in Figures 10C, F) and an anticyclonic current in

the northern region (green arrows in Figures 10C, F). As a result,

the offshore extending freshwater plume evolved into two
A B

DC

FIGURE 6

November SMAP SSS in the BoB for 2020 (A), 2021 (B), 2016 (C), and (D) 2017. The white line indicates the SSS contour of 31 psu.
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separate freshwater plumes along the western BoB

(Figures 9C, F).
4 Discussion

4.1 Important role of La Niña in the
intensification of the RIS

The southward extension of the RIS along the western BoB

coast exhibited clear year-to-year variability during 2015–2021.

Especially, the RIS extended far southward in 2016, 2017, 2020,

and 2021, reflecting the intensification of the RIS during these

years (Figure 3). Fournier et al. (2017) and Suneel et al. (2020)

attributed the intensification of the RIS in 2016 to the occurrence

of a nIOD event during that year, while the La Niña’s role was

neglected. In this study, an intensification of RIS was observed in

2017, 2020, and 2021, which were three pure La Niña years
Frontiers in Marine Science 09
without the co-occurrence of nIOD events (Figure 3). In

particular, the RIS extended southernmost during 2020–2021,

reaching south of Sri Lanka (Figures 6A, B). This strongly

suggests that the La Niña events of 2017, 2020, and 2021 were

responsible for the intensification of the RIS during these years.

For the combination event of 2016, although the nIOD’s role

cannot be excluded, we argue that the La Niña’s role in the

intensification of the RIS must be considered. Our analysis

demonstrates that during the autumns of 2016, 2017, 2020,

and 2021, westerly anomalies favored positive SSHAs that

cyclonically propagated from the eastern EIO into the BoB as

coastal waves (Figure 4B). This agrees with the findings of

Aparna et al. (2012) that positive SSHAs occurred off the

western BoB coast during a La Niña event. The positive

SSHAs associated with the coastal waves formed a stronger

EICC along the western BoB coast (Figure 4), which was

demonstrated in several previous studies (Grunseich et al.,

2011; Akhil et al., 2016; Fournier et al., 2017).
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FIGURE 7

Consecutive snapshots of weekly SMAP SSS in the BoB for 2020 (A–H) and 2021 (I–P), respectively. The white line indicates the SSS contour of
31 psu, and the purple ellipses represent the bulge structure of freshwater off the BoB coast.
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To clarify the anomalies during the La Nina years, the GB

River discharge for the years 1993–2021 is presented in

Figure 11. It shows that the river discharge anomaly was

positive during nine of the ten La Nina years (except 2005)

(Figure 11C). This indicates that a positive GB River discharge

anomaly occurred during the summer monsoons of La Niña

years (Figures 11D). This is consistent with the findings of

Webster et al. (1998) that the Indian Summer Monsoon

Rainfall strengthens during La Niña years. This may explain

why anomalous increased river discharges occurred in 2016,

2017, 2020, and 2021 (Figure 5). The influences of precipitation
Frontiers in Marine Science 10
minus evaporation (P−E) anomalies on the RIS are not

considered in this study, although the P−E also shows a

prominent year-to-year variability (Behera et al., 1999; Pant

et al., 2015). This is because the influences of P−E (integrated

over the ocean only) on the RIS is much smaller than that of the

GB River discharge because the horizontal scale of the RIS is

only approximately 100 km wide. Consequently, we argue that

the intensification of the RIS during 2016, 2017, 2020, and 2021

were the result of anomalous freshwater transport along the

western BoB coast. The stronger EICC and increased river

discharge both played important roles.
A
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FIGURE 8

Snapshots of weekly SSH and associated geostrophic currents in the BoB during September to November of 2020 (A–C) and (D–F) 2021. The
white arrow represents the eddy-induced current and the EICC in the western BoB.
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4.2 Year-to-year variability of the RIS
modulated by mesoscale processes

It is interesting that the RIS also extended far southward

during the La Niña events of 2016–2017 (Figure 3A). However,

the spatial structure of the RIS differed sharply between 2016–

2017 and 2020–2021 (Figure 6). During 2020–2021, the

November SSS distribution showed a continuous, uniformly

narrow (~100 km wide) strip of freshwater along the western

BoB coast, which corresponds well with the representative

features of the RIS proposed by Chaitanya et al. (2014).

However, the November SSS distribution during 2016–2017 in

the BoB indicated that such an organized RIS almost “did not

exist”. Combining the SMAP SSS and satellite altimeter data, we

find that during the autumns of 2016 and 2017, pairs of eddies in
Frontiers in Marine Science 11
the western BoB steered the freshwater offshore, extending

several hundred kilometers, forming tongue-shaped plumes to

the central bay (Figures 9, 10). The offshore extending freshwater

plumes significantly affected the RIS through two aspects. First,

the offshore extending freshwater plumes inhibited the

formation of an RIS structure (narrow strip of freshwater)

along the western BoB coast. This can explain why the spatial

structures of the RIS were different between 2016–2017 and

2020–2021. Second, because the freshwater was transported

offshore to the central bay, less freshwater remained to be

transported southward along the coast. This can explain why

the RIS did not extend as far southward during 2017 than during

2021, although the EICC and river discharge were comparable

during the two years. Notably, such substantial offshore

extending freshwater plumes were not formed during 2020–
A
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FIGURE 9

Snapshots of weekly SMAP SSS in the BoB during September to November of 2016 (A–C) and (D–F) 2017. The white lines indicate the SSS
contours with an interval of 1 psu, and the SSS contour of 31 psu is bold. The purple ellipses highlight the offshore extending tongue-shaped
freshwater plumes, with the red line indicating their lengths.
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2021. Therefore, an organized RIS structure along the western

BoB coast was observed during 2020–2021 (Figure 7).

By examining the 7-year SMAP SSS (2015–2021), offshore

extending tongue-shaped freshwater plumes in the northern

BoB were also found in 2015 (Figure 12). We attribute the

formation of these plumes to the GB River freshwater modulated

by pairs of eddies, which is consistent with the results of Li et al.

(2021a). The western BoB is characterized by various ACEs and

CEs (Chen et al., 2012; Cheng et al., 2013; Chen et al., 2018;

Cheng et al., 2018; Lasitha Perera et al., 2019), and the influences

of the pairs of eddies on the freshwater extension in the BoB

need more consideration. We find that these tongue-shaped

freshwater plumes can extend to the central northern BoB,

which influence the stratification in the central bay. Moreover,

the tongue-shaped freshwater plumes exhibit a strong SSS
Frontiers in Marine Science 12
gradient (Figures 10D, E, 12A, B), which can further

contribute to a large density gradient. The thermal–wind

relationship indicates that a strong density gradient causes a

vertical shear of velocity. Thus, the tongue-shaped freshwater

plumes can influence the vertical structure of circulation in the

BoB. In the future, eddy-resolving numerical models are

necessary to simulate the formation of offshore extending

tongue-shaped freshwater plumes in the BoB.
4.3 Advantages of SMAP SSS in
quantifying the RIS

A narrow strip (~100 km) of freshwater hugs the western BoB

coast, referred to as a “RIS” (Chaitanya et al., 2014). Limited by the
A

B

D
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FIGURE 10

Snapshots of weekly SSH and associated geostrophic currents in the BoB during September to November of 2016 (A–C) and (D–F) 2017. The
white arrows represent the cyclonic currents, and the green arrows indicate the ACE induced anticyclonic currents. The purple line indicates the
SSS contour of 31 psu to represent the boundary of the freshwater plumes.
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spatial sampling, in-situ salinity measurements are unable to

capture the RIS in the BoB (Fournier et al., 2017). The SMAP

provides a better SSS retrieval than other satellite observations,

such as the Soil Moisture and Ocena Salinity (SMOS) (data quality

in the northern BoB) and Aquarius missions (data are unavailable

in coastal regions) (Akhil et al., 2016; Fournier et al., 2017), even if

Akhil et al. (2020) recently show significant improvements in

using SMOS to capture salinity variations close to the eastern

coast of India. This motivates us to use the SMAP data to quantify

the RIS in this study. Our results indicate that the SMAP data have

significant advantages in quantifying the spatial and temporal

variability of the RIS. First, the SMAP SSS shows a continuous,

uniform strip of low salinity water that was 100 km wide hugging

the entire western BoB coast (Figures 6A, B), confirming the

findings of Chaitanya et al. (2014). To our knowledge, this is the

first time that an organized RIS structure has been identified using
Frontiers in Marine Science 13
the SSS distribution in the BoB. Second, the SMAP SSS can

properly characterize the year-to-year variability of the RIS in

terms of the southward extension. In the future, the long-term

SMAP SSS opens new possibilities to study the interannual

variability of the RIS in the BoB. Third, the SMAP SSS provides

unprecedented views into the formation process of the RIS on

short time scales of several weeks, which demonstrates that the

mesoscale eddies profoundly modulate the spatial structure of the

RIS (Figures 9, 10).
5 Summary and conclusion

In this study, we investigate the RIS along the western BoB

coast using the SMAP satellite observations for 2015–2021. The

SMAP data exhibit significant advantages in quantifying the
A

B

DC

FIGURE 11

Monthly Oceanic Niño Index (ONI) and Dipole Mode Index (DMI) (A) and (B) GB River discharge during 1993–2021. (C) GB River discharge
anomaly averaged over the summer monsoon during 10 La Niña years. (D) Composite GB River discharge anomaly averaged over the 10 La
Niña years. In the composite analysis, the La Niña years are 1995, 1998, 1999, 2000, 2005, 2010, 2016, 2017, 2020, and 2021.
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spatial and temporal variability of the RIS in the BoB. During the

autumns of 2020 and 2021, SMAP SSS clearly identified a

continuous, uniform strip of low salinity water (<31 psu) that

was 100 km wide extending along the western BoB coast to south

of Sri Lanka, reflecting the intensification of the RIS during these

two years. Combining the SMAP SSS and satellite altimeter data,

the processes responsible for the intensification of the RIS during

2020–2021 were explored.

The analysis indicates that the La Niña events of 2020–2021

were responsible for the intensification of the RIS. During these

La Niña events, cyclonic circulation anomalies were generated

along the boundary of the BoB to cause a stronger EICC.

Meanwhile, the northern BoB received anomalous increased

river discharge during the summer monsoons of the two years.

The combination of the stronger EICC and increased river

discharge led to anomalous freshwater transport along the

western BoB coast that contributed to the intensification of the

RIS. The SMAP SSS shows that the RIS extended far southward

along the BoB coast during the La Niña events of 2016–2017.

However, the spatial structures of the RIS differed sharply
Frontiers in Marine Science 14
between 2016–2017 and 2020–2021. During 2016–2017, pairs

of eddies in the western BoB steered the river freshwater

offshore, extending several hundred kilometers, forming

tongue-shaped freshwater plumes to the central bay. These

offshore extending freshwater plumes inhibited the formation

of an organized RIS structure along the western BoB coast

during these two years. This study shows that the year-to-year

variability of the RIS was significantly influenced by the La Niña

events and modulated by mesoscale processes. In the future,

eddy-resolving numerical models with high resolution are

necessary to simulate the RIS in the BoB.
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FIGURE 12

Distributions of SSS (A, B) and SSH and associated geostrophic currents (C, D) in the BoB for 7 August 2015 to 13 August 2015 (left) and (right) 8
September 2016 to 14 September 2015. The white lines indicate the contours of SSS with an interval of 1 psu. The purple line represents the SSS
contour of 31 psu to highlight the boundary of the tongue-shaped freshwater plumes. The white arrows indicate the eddy-induced currents.
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