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Abstract An extremely low salinity anomaly was observed in the Bay of Bengal (BoB) by various

in situ and satellite observations during 2012 spring and ranked as the strongest anomaly in the last two
decades. By analyzing various observational and reanalysis datasets, we find that the reversing circulation
anomalies caused by a rare co-occurrence of positive Indian Ocean Dipole (plOD) and La Nifia in

2011 were the main cause of this extreme event. In the fall of 2011, the plOD favored an anticyclonic
circulation anomaly flowing from the BoB into the equatorial Indian Ocean, whereas the La Nifia event,
which matured in the following winter, sharply reversed the circulation anomaly to a cyclonic pattern. As

a result, these reversing circulation anomalies inhibited the southward freshwater transport along the two
sides of the BoB and trapped substantial freshwater to the northern bay by the end of winter. Thereafter,
the strong seasonal anticyclonic circulation transported this freshwater into the central and southern

bay from the northeastern BoB coastal area, forming the extremely low salinity anomaly during 2012
spring. The key process in forming the extremely low salinity anomaly was the modulation of the seasonal
monsoon by interannual processes, specifically the rare combination of plOD and La Nifia in 2011. Our
results highlight the important role of the oceanic circulation in the sea surface salinity (SSS) variability in
the BoB. This study provides some new perspectives on the SSS interannual variability in the BoB and the
freshwater exchange between the BoB and Arabian Sea.

Plain Language Summary The Bay of Bengal (BoB) is a unique semienclosed basin in the
tropical ocean that is characterized by a large amount of freshwater fluxes from rivers and a positive
residual of precipitation minus evaporation. This freshwater is transported by large-scale circulation,
causing strong seasonal variation in the sea surface salinity (SSS) in the BoB. Influenced by the Indian
Ocean Dipole (I0OD) and El Nifio-Southern Oscillation, the SSS in the BoB also shows clear interannual
variability. Uncommonly, an extremely low salinity anomaly was observed in the BoB from various
observations during 2012 spring. The extreme anomaly was characterized by large-scale, long period
and deep depth features and ranked as the lowest springtime SSS in the BoB in the last two decades.
The analysis shows that anomalous freshwater transport in the BoB played a major role, while the local
freshwater fluxes played a minor role. The key process was the seasonal freshwater transport modulated
by reversing circulation anomalies in the BoB and eastern equatorial Indian Ocean during a rare co-
occurrence of positive IOD and La Nifia in 2011. This work has implications for the SSS interannual
variability in the BoB and freshwater exchange between the BoB and the Arabian Sea.

1. Introduction

The Bay of Bengal (BoB) is a semienclosed basin in the northern Indian Ocean with a feature of a dis
tinct region of low sea surface salinity (SSS) (Figut@). The low SSS distribution is maintained by a pos
itive residual of precipitation minus evaporation (P-E) and excessive runoff (R) from several major riv
ers during the summer monsoon (Figuredb and 1c) (Han et al., 2001, Papa et al.201Q 2012 Sengupta

et al.,2006 Zhou & Murtugudde, 2014. For example, the Ganges-Brahmaputra (GB) and Irrawaddy rivers
are among one of the world's largest rivers and discharge substantial continental freshwater into the BoB
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Figure 1. Annual mean WOA18 SSS (a) and P-E (b) based on the GPCP precipitation and OAFlux evaporation from 1979 to 2018. The white asterisks represent
the RAMA buoys at stations B15 (15°N, 90°E) and B12 (12°N, 90°E) in the BoB. The red arrow denotes the southward EICC during fall to winter, and the blue
arrows indicate the anticyclonic circulation in the BoB during spring. The circles indicate the locations of the GB and Irrawaddy rivers and their sizes are
proportional to the magnitudes of the annual mean discharge. (c) Climatological monthly evolution of R (black) from BG and Irrawaddy rivers and P-E (red) in

the BoB north of 10°N (integrated over the ocean only).

(Figure 1a). The freshwater causes strong near-surface stratification and a thick barrier layer in the BoB,
thus playing an important role in local mixed layer thermodynamics and air-sea interactions (Girishkumar
etal.,2013 2017 Li, Han, Ravichandran, et al.2017 Li, Han, Wang, et al.2017 Sprintall & Tomczak,1992
Thadathil et al.,2007 2016 Vinayachandran et al.2002).

The freshwater in the BoB is transported by large-scale circulation, leading to strong seasonal SSS varia
tions. Previous studies proposed two pathways of the freshwater: one pathway is the East Indian Coastal
Current (EICC), which transports freshwater along the eastern Indian coast during the fall to winter (Akhil

et al., 2014 Chaitanya et al.,2014 Fournier et al.,2017 Murty et al., 1992 Sengupta et al.2016 Shetye

et al., 1996, and the other is the anticyclonic gyre, which transports freshwater from the northeastern BoB
into the Arabian Sea (AS) during spring (Han & McCrear002, Jensen, 2001, 2007. It is worth noting

that the second freshwater pathway was found only based on model simulation, and evidence from in situ
observations is still missing.

The SSS in the BoB also exhibits strong interannual variability which is primarily associated with the
Indian Ocean Dipole (IOD) and the El Nifio-Southern Oscillation (ENSO; Du & Zhan@015 Grun-
seich et al.,201%, J. Li et al.,2016 Pant et al.,2015 Saji et al.,1999 Sherin et al.,2018 Subrahmanyam
etal.,2011 2018 Thompson et al. 2006 Webster et al.1999. Moreover, IOD and ENSO can co-occur with
each other (Saji & Yamagat&2003 Stuecker et al.2017. For example, positive IOD (plOD) can co-occur
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with El Nifio and negative IOD (nlOD) can co-occur with La Nifia (Cai et al2009 Gnanaseelan et al2012
Hong et al.,2008. During plOD years, an anticyclonic circulation anomaly is formed in the BoB and trans
ports freshwater from the eastern bay into the equatorial Indian Ocean (EIO; Du et &02Q Grunseich
etal.,201% Lian et al.,2014 Subrahmanyam et al.2011, Thompson et al.2006 Zhang et al. 2018. During

La Nifia years, the anomalies in the BoB and EIO are opposite to those during plOD events (Gnanaseelan
etal., 2012 Stuecker et al.2017).

Uncommonly, an extremely low salinity anomaly was observed in the BoB in the spring of 2012. However,
the spatial characteristics and reasons for its formation are not well studied, and the associated processes
are still unclear. In this study, we explore the underlying dynamics of this event using various in situ and
satellite data. We show for the first time that this extreme event was associated with the reversing circula
tion anomalies caused by a rare co-occurrence of plOD and La Nifia in 2011. The rest of the manuscript is
organized as follows. The data and method used in this study are described in Se@idrhe characteristics

and formation mechanisms of the extremely low salinity anomaly in the spring of 2012 are investigated in
Section3. A discussion is provided in Sectiod, and a summary is provided in Sectiof.

2. Data and Method
2.1. Salinity Data

Daily salinity, temperature and potential density data measured by the Research Moored Array for Afri
can-Asian-Australian Monsoon Analysis and Prediction (RAMA) moored buoys (McPhaden et 2009 at
15°N, 90°E (B15) and 12°N, 90°E (B12) in the northern BoB are used. 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 Laboratoryt{ttps://www.pmel.noaa.gov/). The original data are ver
tically linearly interpolated into 1 m intervals and then smoothed with a 10-day running mean for analysis.

We use the global, 1° 1° monthly salinity gridded Argo dataset from the Grid Point Value of the Monthly
Objective Analysis using Argo float data (Hosoda et a2008, which are provided by the Japan Agency for
Marine-Earth Science and Technology (JAMESTittp://www.jamstec.go.jp). This Argo product combines
data from Argo floats, Triangle Trans-Ocean Buoy Network and available conductivity-temperature-depth
casts. The Argo dataset has a horizontal resolution of 11° at each standard pressure level, and the data
are available from January 2001 to December 2018. We nominally consider the salinity at 10 m (first level)
as that from the sea surface.

In June 2011, NASA launched the Aquarius/SAC-D mission with the primary goal of measuring SSS on a
global scale from space. Based on the 12° Aquarius SSS data distributed by NASA's Physical Oceanegra
phy Distributed Active Archive Center, the Asia-Pacific Data-Research Center of the International Pacific
Research Center produced an optimal interpolation of SSS (OISSS) with a resolution of 0&%° (Me}t
nichenko et al.,2014 2019 (http://apdrc.soest.hawaii.edy. The OISSS data are available from August 27,
2011 to May 28, 2015 on a weekly scale and from September 2011 to May 2015 on a monthly scale.

The L3 V5.0 Soil Moisture Active Passive (SMAP) SSS produced by NASA's Jet Propulsion Laboratory (Fore
et al., 2020 is used. The SMAP SSS data have a spatial resolution of 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 at the University of Hawaliitp://apdrc.soest.hawaii.edy).

We also use the climatological monthly World Ocean Atlas 2018 (WOA18) objective analyzed salinity field.
The WOA18 data have a spatial resolution of 0.25° and are available at the National Centers for Environ
mental Information.

2.2. Altimeter and Wind Data

We use the global, 0.25° 0.25° sea surface height (SSH) and reanalysis surface current for 1993-2018
from the Copernicus Marine and Environment Monitoring Service (CMEMSttp://marine.copernicus.

eu/). The CMEMS global gridded Level-4 data are produced using measurements from all available satellite
altimeters. The SSH is obtained by removing the mean dynamic topography from the absolute dynamic
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topography. We use the monthly surface winds during 1993-2018 from the cross-calibrated multiplatform
(CCMP) version 2.0 dataset (Atlas et aR011 Wentz et al.,2015. The anomalies are obtained by subtracting
the monthly climatology from the data.

2.3. 10D and ENSO Indices

The IOD is characterized by the dipole mode index (DMI), which is defined as the difference of area-aver
aged 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 all.999. The ENSO is characterized by the Oceanic
Nifio Index (ONI), which is defined as the area-averaged SSTA in the Nifio 3.4 region. The DMI and ONI in
dexes are provided by the JAMESTEC and the National Oceanic and Atmospheric Administration Climate
Prediction Center (NOAA-CPC), respectively.

2.4. Freshwater Fluxes Data

Papa et al. 201Q 2012 used altimetry derived river discharge, based on empirical regression curves be
tween altimetry measured river water height and observed river discharge, to retrieve variations in the GB
and Irrawaddy river freshwater fluxes into the BoB. We use the updated satellite-derived monthly river
discharge products, now available from 1993 to 2020 for the GB and from 1993 to 2016 for the Irrawaddy
(Papa et al., 2012. We use the 1° 1° gridded monthly Objectively Analyzed Air-sea Fluxes (OAFIlux) for
evaporation (Yu & Weller,2007 and the 2.5° 2.5° gridded monthly Global Precipitation Climatology Pro

ject (GPCP) version 2.3 dataset for precipitation (Adler et 2003 Huffman et al.,2009 to build a monthly

P-E product covering 1979—2018. We use linear interpolation to regrid the 2.%2.5° GPCP data onto the

1° 1° grid of the OAFlux data.

2.5. Mixed Layer Salt Budget

A salt budget is estimated in the BoB in order to determine the dominant processes responsible for the
salinity variability in the mixed layer. The mixed layer salt budget is estimated using the following formula
according to R. Rao and Sivakuma2003 and Pant et al. 2015:

@)

The terms of Equationl represent (a) salinity tendency, (b) local freshwater fluxes due to P-E, (c) horizontal
advection, and (d) residual, where is the mixed layer depth (MLD) and and are the salinity and
horizontal velocity vertically averaged in the mixed layer.

To calculate these terms in Equatiod, we use the monthly Ocean ReAnalysis System 5 (ORAS5) products
(including the salinity, MLD, horizontal velocity) from the European Center for Medium-Range Weather
Forecasts (Zuo et al2019. ORASS has a spatial resolution of 0.259.25° and 75 layers vertically. A clima
tological state is built by using the ORAS5 products from 1979 to 2018.

2.6. SSS Product Intercomparison/Validation

To validate the accuracy of the SSS data, we make a comparison between the Argo, Aquarius, SMAP and
WOA18 SSS. We linearly interpolate the Aquarius OISSS to the grid of the SMAP SSS to build a combination
of satellite-based products from 2011 to 2018 (Figuzb). The Argo, WOA18 and combination of Aquasi

us and SMAP dataset show similar spatial distributions: freshwater in the BoB, salty water in the AS and
tongue-shaped salty water extending from the southern AS to the eastern EIO. To quantify the comparison,
two boxes are selected in the BoB (box 1, 6°N-23°N, 79°E 99°E) and central EIO (box 2, 2.5°S-2.5°N,
70°E 90°E). The Argo area-averaged SSS in the two boxes compares well with the Aquarius and SMAP
data. In box 1 (Figure2c), the correlation coefficient between the Argo SSS and Aquarius OISSS is 0.91, and
the root mean square difference (RMSD) is 0.16 psu. The correlation coefficient between the Argo SSS and
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Figure 2. Annual mean SSS (psu) from Argo (a) and (b) combination of Aquarius and SMAP data. Comparisons between the time series of the Argo (black),
Aquarius (red) and SMAP (blue) area-averaged SSS in box 1 (c) and box 2 (d). The correlation coefficients and RMSDs between the two time series are estimate!

for the period both data are available.

SMAP SSS is 0.96, and the RMSD is 0.43 psu. The relatively larger RMSD between the Argo SSS and SMAF
SSS is because the Argo data are unavailable in coastal regions where the SMAP SSS is very low. In box 2
(Figure 2d), the correlation coefficient between the Argo SSS and Aquarius OISSS is 0.90, and the RMSD is
0.09 psu. The correlation coefficient between the Argo SSS and SMAP SSS is 0.95, and the RMSD is 0.1 psu
Overall, these comparisons indicate good agreement between the Argo SSS and other datasets.
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Figure 3. 10-day smoothed daily salinity and the anomaly measured by the RAMA buoys at stations B15 (a, ¢) and B12 (b, d). The black dashed line indicates
the year 2012 and the red triangle highlights the extremely low salinity anomaly in the spring of 2012.

3. Results
3.1. An Extremely Low Salinity Anomaly During 2012 Spring
3.1.1. RAMA Buoy Observations

Figure 3 shows the 10-day smoothed daily salinity and the anomaly measured by the RAMA buoys at sta
tions B15 (15°N, 90°E) and B12 (12°N, 90°E) since 2007. From an overall view, the RAMA buoy salinity is
much lower at station B15 than station B12. At station B15, frequent low salinity events were observed dur
ing the whole observational period (Figur&a). Most of these low salinity events occurred during summer

to winter and were attributed to river freshwater modulated by the basin-scale circulation and mesoscale
eddies (Fournier et al.2017 Z. Li et al.,2021, Parampil et al.,201Q S. Rao et al201% Sengupta et al.2016
Sree Lekha et al.2018 Suneel et al.2020. For example, two significant low salinity events were recognized

LI ET AL. 6 of 24



Journal of Geophysical Research: Oceans 10.1029/2021JC017361

Figure 4. Snapshots of weekly Aquarius OISSS during the early and late winter of 2013. The white asterisks indicate the RAMA buoys at stations B15 and B12,
and the red ellipses highlight the freshwater plumes extending offshore from the eastern BoB coast. The numbers in the upper right of the panels indicate the

date from December 9, 2012 to January 29, 2012 (a—f) and (g-I) from November 12, 2013 to December 17, 2013.

in the early and late winter of 2013. It is confirmed from the snapshots of weekly Aquarius OISSS that these
two low salinity events during 2013 winter were directly related to freshwater plumes extending offshore
from the eastern BoB coast (Figurd). The Aquarius OISSS maps show that the fronts of the freshwater
plume reached the station B15 and caused a sharp decrease in SSS there.
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Figures3c and 3d show the salinity anomaly measured by the RAMA buoys at the two locations. In particu
lar, an extremely low salinity anomaly was clearly identified in the spring of 2012 at both stations, especially
the station B15. The extremely low salinity anomaly has a period of 3 months and a depth of approximately
60 m. Compared with the low salinity events that frequently occur during summer to winter, such an-ex
tremely low salinity anomaly during spring is uncommon (Figures8a and 3c). However, this extremely
low salinity anomaly is poorly reported, although it is the most significant anomaly throughout the whole
observational period (Figure8c and 3d). In the following, we use the Argo SSS and Aquarius OISSS data to
further characterize the spatial pattern of this extremely low salinity anomaly in the spring of 2012.

3.1.2. Spatial Pattern

The spatial distribution of the extremely low salinity anomaly is shown in Figurb. The Argo data show

a low spring SSS throughout the whole BoB in 2012, with the lowest center at the east of the station B15
(Figure 58). The spring SSSA shows that significant negative values (< 0.5 psu) can even reach south of
the station B12 (Figurebb). The maximum negative SSSA reached 1.0 psu and spanned more than 60 m
in depth (Figures5b and 5¢). Interestingly, the salinity anomaly even reached 100 m in depth near 80°E
(Figure 5¢). The Aquarius OISSS shows similar features as the Argo SSS, confirming the low spring SSS in
the BoB in 2012 (Figure§c and 5d). The time series of the spring SSSA averaged over the northeastern BoB
(red box in Figure5b) confirms that the extremely low salinity anomaly in 2012 was ranked as the lowest
springtime SSS in the last two decades (Figusg. Such a long time, large-scale, and deep salinity anomaly
implies that a large-scale circulation anomaly may have contributed to the formation of this extremely low
salinity anomaly.

3.2. A Rare Co-Occurrence of plOD and La Nifia in 2011
3.2.1. Composite Analysis

As mentioned above, the SSS interannual variability in the BoB is primarily associated with the IOD
and ENSO (Akhil et al.,2016 Fournier et al., 2017 Grunseich et al.,2011, Pant et al.,2015 Thompson

et al., 2006 Vinayachandran & Nanjundiah,2009. Figures6a and 6b show composites of the SSS and
surface wind anomalies during fall (September-November, SON) in plOD and La Nifia years, respectively.
In plOD years, a strong easterly wind anomaly is noted in the EIO, which causes upwelling Kelvin waves
propagating from the eastern EIO into the BoB and forms an anticyclonic circulation anomaly in the bay.
Therefore, a negative SSSA is identified in the northern BoB that extends from the eastern bay into the EIO.
This negative SSSA pattern reflects an anticyclonic freshwater transport from the BoB into the EIO. In La
Nifia years, the overall patterns of these variable anomalies are comparable in magnitude but opposite in
sign with those in plOD years (Figuresb). Figures6c and 6d show composites of the spring SSSA in the
BoB after a plOD and La Nifia year. It clearly shows that the spring SSSA in the BoB in 2012 (Fisirevas
much stronger than those in Figure$c and 6d. This indicates that the SSSA in the BoB during the fall to
winter of 2011 was different from those in normal plOD and La Nifa years.

3.2.2. Surface Wind, SSH and SSS Anomalies in 2011

Figure 7ashows the evolution of the DMI and ONI indexes in 2010-2011. Following a strong nlOD 2010, a
plOD developed in April-May of 2011, peaked in August-September and then quickly attenuated after ©cto
ber of 2011. A strong La Nifia event occurred in mid-2010 and persisted until the early spring of 2012. Thus,
a rare co-occurrence of plOD and La Nifia was identified in 2011 (Figufe). The scatterplots of the DMI
and ONI indexes indicate that such a co-occurrence of plOD and La Nifia in 2011 was rare in the last four
decades (Figurerc). Another case of co-occurrence of plOD and La Nifia was found in 2007 (Figuc,

as shown by Behera et al2008 and Cai et al. 009. However, the two cases differ in terms of the IOD
variability: the plOD 2011 followed a nlOD 2010 (Figuréa), while the plOD 2007 was a consecutive event
after a plOD 2006 (Figurerb). As a result, the circulation anomalies during the combination event 2007
were different from those during the combination event 2011, which will be shown in the discussion part.

Although the plOD and La Nifia worked against each other in changing the SSS in the BoB, the peak phase
of the plOD led the La Nifia by about 2 months in 2011 (Figui&). Figure 8 shows the monthly SSHA
in the BoB and eastern EIO from August 2011 to January 2012. The circulation anomaly (associated with
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Figure 5. (a—c) Extremely low salinity anomaly in the spring of 2012 based on the Argo data (a—c) for SSS (a), SSSA (b) and (c) salinity anomaly along section
15°N in the BoB. The white asterisks indicate the RAMA buoys at stations B15 and B12, and the red box (11°N-18°N, 87°E 95°E) highlights the area with the
maximum negative SSSA. (d—e) Same as a-b but for Aquarius data. (f) Time series of Argo spring SSSA averaged over the box in the northeastern BoB.

the SSHA) can be divided into three stages: during August-September, it showed an anticyclonic pattern
flowing from the BoB into the eastern EIO (Figure8a and 8b). These features are consistent with the eir
culation anomaly during the mature phase of normal plOD years (Du et a202Q Gnanaseelan et al2012
Thompson et al.,2006§. From October-November, the anticyclonic circulation anomaly was still present
in the BoB. However, the current anomaly in the eastern EIO weakened significantly (Figu&sand 8d).
These features reflect the influences of the mature La Nifia on the circulation anomaly in the eastern EIO.
From December 2011 to January 2012, the anticyclonic circulation anomaly reversed to a cyclonic pattern
flowing from the eastern EIO into the BoB (Figure8e and 8f). These features correspond to the circulation
anomaly during the mature phase in La Nifia years (Gnanaseelan et 2D12 Hong et al.,2008, reflecting
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Figure 6. Composites of the SON CCMP surface wind (vector) and Argo SSS (color) anomalies in plOD (a) and (b) La Nifia years, and of the spring SSSA in the
BoB after a plOD (c) and (d) La Nifia year. In the composite analysis, the plOD (La Nifia) year indicates a single plOD (La Nifia) event or combination of plOD
and El Nifio (nIOD and La Nifia). Thus, the plOD years are 1994, 1997, 2006, 2012 and 2015 according to the Australian government Bureau of Meteorology,
and the La Nifia years are 1995, 1998, 1999, 2000, 2005, 2010, 2016 and 2017 according to the NOAA-CPC.

the dominant role of La Nifia during this period. These reversing circulation anomalies in the BoB and east
ern EIO reflect the alternating roles of plOD and La Nifia during the fall to winter in 2011.

We further examine the influences of these reversing circulation anomalies on the SSS variability in the
BoB. Figure9 presents the circulation, SSS and surface wind anomalies during the fall to winter in 2011.
The fall season is from August to October, when the plOD is the maximum. In the fall of 2011, the wind and
circulation anomalies showed a wind-driven effect: a strong easterly wind anomaly generated upwelling
Kelvin waves in the eastern EIO (Chen et aR015 2016 Huang et al.,2021), which propagated into the BoB
and formed an anticyclonic circulation anomaly pattern in the bay (Figur@a). Thus, the anticyclonic circu
lation anomaly transported freshwater from the BoB into the eastern EIO. Then, the freshwater was further
transported to the central EIO by the easterly jet anomaly there (Figu®e). These features are consistent
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Figure 7. Evolution of the DMI (bar) and ONI (blue line) indexes in 2010-2011 (a) and (b) 2006—2007. The red (green) bars indicate the DMI index during July-
December in 2011 (2007). (c) Scatterplots of the DMI and ONI indexes (July-December) during 1982-2018 with the rare co-occurrences of plOD and La Nifia in
2011 (red) and 2007 (green). The shaded gray color indicates that the absolute values of the DMI and ONI indexes are smaller than 0.5°C.

with the anomalies in normal plOD years (Figure$a; Du et al.,202Q Gnanaseelan et al2012 Grunseich
etal., 2011 Subrahmanyam et al.2011 Thompson et al.2008.

In the winter of 2011, the westerly wind anomaly related to La Nifia favored downwelling Kelvin waves
propagating from the eastern EIO into the BoB and then formed a cyclonic circulation anomaly in the bay
(Figures 9b and 9d). Therefore, a positive SSSA extended eastward to the eastern EIO and then extended
into the BoB (Figure9d). Notably, a large negative SSSA (< 1.0 psu) was noted in the northern BoB. These
SSSA features reflect that the cyclonic circulation anomaly transported salty water into the eastern EIO and
BoB and transported freshwater from the eastern BoB to the northern bay.

The circulation and SSS anomalies during the fall to winter in 2011 can be explained as follows. In the fall of
2011, the anticyclonic circulation anomaly led to a weakened EICC that inhibited the southward freshwater
transport along the eastern Indian coast. In the following winter, the cyclonic circulation anomaly prevent
ed the transport of freshwater from the eastern BoB into the EIO. Thus, the freshwater in the BoB received
during the summer monsoon of 2011 was inhibited from being transported out of the western bay during
fall, and from being transported out of the eastern bay during winter. As a result, substantial freshwater was
trapped and confined to the northern BoB by the end of winter (Figug).

3.2.3. P-E and River Discharge Anomalies in 2011

During the summer monsoon (June-September, JJAS), local freshwater fluxes from P-E and river discharge
contribute to low salinity values in the northern BoB (Akhil et al.2014 Han et al.,2001 Pant et al.,2015
Papa et al.2012. Therefore, it is necessary to investigate the contributions of P-E and river discharge anom
alies to the extremely low salinity anomaly in the BoB during 2012 spring. To achieve this goal, the P-E and
river discharge anomalies in the northern BoB during the summer of 2011 are quantified first. Then, the
freshwater fluxes and SSS anomalies in 2011 are compared with those in a normal plOD year, 2006.

Figures10aand 10cshow the P-E and SSS anomalies in the BoB during the summer of 2011. A positive P-E
anomaly was noted in the northern BoB (Figur&0g), which can be attributed to the excess rainfall asseci
ated with the plOD 2011. The rainfall anomaly was characterized by a slanting structure from the Myanmar
to the northeastern Indian continent (FigureS13. This particular anomaly pattern reflects the influence of
the plOD 2011 on the rainfall, as shown in comparison with that in 2006, a normal plOD year (Fig@#),

and in several previous studies (Ashok et aR001 Behera et al. 1999 Pant et al.,2015. Consequently, a
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Figure 8. Monthly CMEMS SSHA in the BoB and eastern EIO from August 2011 to January 2012. The red (blue) arrows schematically indicate the anticyclonic
(cyclonic) circulation anomaly.

negative SSSA was noted in the northern BoB (Figut8¢). This reflects that the plOD 2011 caused a posi
tive P-E anomaly that contributed to a negative SSSA in the northern BoB during summer.

Figures10band 10d show the P-E and SSS anomalies during the summer of 2006 for comparison with those
in 2011. In the normal plOD year 2006, the P-E anomaly shows a similar spatial pattern with that in 2011
although their magnitudes are different. Quantitatively, the area-averaged P-E anomaly over the northern
BoB (north of 15°N) was 0.95 mm/day in 2011 and 1.63 mm/day in 2006. This can explain why the nega
tive SSSA in the northern BoB during the summer in 2006 was lower than that in 2011 (Figleg). It is
confirmed from the anomalies in 2006 and 2011 that the extremely low salinity anomaly in the BoB during
2012 spring cannot be mainly attributed to the P-E anomaly during the summer of 2011. This is explained
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Figure 9. Anomalies of CMEMS SSH (color) and surface current (vector) and CCMP surface wind (vector) and Argo SSS (color) during the fall to winter in

2011.

as follows: if the spring SSSA in the northern BoB is mainly dominated by the P-E anomaly during the
summer of a previous year, a lower negative SSSA should have occurred during 2007 spring. However, the
spring SSSA in the northern BoB was much lower in 2012 than in 2007 (Figbfg This strongly suggests
that other processes were responsible for forming the extremely low salinity anomaly during 2012 spring.

In addition to P-E, the discharge from the GB and Irrawaddy rivers also influences the SSS in the BoB. We
investigate the river discharge anomaly in 2011 (Figufigl) to quantify its contribution to the extremely low
salinity anomaly during 2012 spring. The sum of discharge from the GB and Irrawaddy rivers shows clear
interannual variability. In 2011, however, we cannot recognize an evident enhancement in river discharge
compared with the other years (Figurel1g. Quantitatively, the river discharge averaged during JJAS in
2011 was only 6.5% more than the climatological state (Figurk). Pant et al. 015 showed that the sum

of discharge from the major rivers in the BoB shows no significant difference between the plOD years and
the climatology. Thus, we argue that the river discharge during the summer of 2011 played a small role in
forming the extremely low salinity anomaly in the BoB during 2012 spring.

3.3. Seasonal Freshwater Transport During 2012 Spring

As shown in Figure9d, substantial freshwater was confined to the northern BoB by the end of the winter
in 2011. How was this substantial freshwater in the northern BoB transported into the central and southern
bay that formed the extremely low salinity anomaly in the spring of 2012? Figut2a presents the stand

ard deviation (STD) of the SSS, which reflects the freshwater transport in the BoB. The STD of the weekly
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Figure 10. P-E anomaly in the BoB averaged from July to September in 2011 (a) and (b) 2006 based on the GPCP and OAflux data from 1979 to 2018. Argo
September SSSA in the BoB in 2011 (c) and (d) 2006.

Agquarius OISSS data clearly shows large values in the northern BoB and southeastern AS. Interestingly, a
strip of high SSS STD values connecting the northeastern BoB coastal area to the south of Sri Lanka is no
ticeable (Section S1 in Figur&2g), reflecting the exchange of freshwater and salty water between the BoB
and AS as indicated by Han and McCrear200]) and Jensen 2001). The monthly Aquarius OISSS and
CMEMS surface current averaged during February to April show that an organized anticyclonic circulation
transports freshwater from the northeastern BoB coastal area into the central and southern bay and then
into the AS (Figure12b). Consequently, the large SSS STD along Section S1 reflects the second freshwater
pathway in the BoB during spring as indicated by Han and McCrear2Q0J1) and Jensen 2001, 2007).
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Figure 11. (a) Monthly evolution of river discharge from the BG and Irrawaddy rivers from 1993 to 2016. (b) Time
series of monthly river discharge for the climatology (black) and 2011 (red).

This indicates that the extremely low salinity anomaly is due to the clockwise freshwater transport in the
northern BoB by the anticyclonic circulation during spring. This freshwater transport is clearly evidenced
from the SSS along Sectid®1 (Figuresl2cand 12d). The freshwater transport started in January 2012 and
ended in April. In particular, the SSS reached the minimum in March 2012 near 15°N, thus forming the ex
tremely low salinity anomaly observed by the RAMA buoy at station B15. This freshwater transport can be
further illustrated from the consecutive snapshots of weekly Aquarius OISSS, which clearly show clockwise
freshwater transport in the northern and western BoB in the spring of 2012 (Figut8).

3.4. Mixed Layer Salt Budget in the BoB

To illustrate the dominant processes controlling the mixed layer salinity variability in the BoB, the salt
budget terms in Equationl are estimated using the climatology ORASS5 products (Figuitd). To better
understand the spatial patterns of these terms, the annual cycle of ORAS5 current and salinity vertically
averaged in the mixed layer are shown (Figur8?. The current and salinity show strong seasonal varia
tions in the BoB, especially in the western side. One of the most prominent features of the current is the
reversal of the EICC along the western boundary of the BoB. During October to December, the EICC flows
southward along the eastern Indian coast (FigureS2j—S2). Then, it reverses to northward during Feb
ruary to April, forming an anticyclonic gyre in the northern and western BoB (FigureS2b—S2yl For the
salinity, the most striking feature is that low salinity freshwater occurs in the northern BoB during summer
(Figures S2h). Then, the freshwater spreads southward along the eastern Indian coast during fall to winter
(Figures S2i-S2).

From an overall view, the salt budget clearly shows that the tendency term (Figuidsal—14aXand horizon

tal advection term (Figuresl4cl-14c}have the largest magnitudes throughout the whole year. Moreover,
these two terms have very similar spatial patterns, indicating an overwhelming balance between each other.
In contrast, the local freshwater flux term has a much smaller magnitude. A relatively larger magnitude
of the local freshwater flux term can only be seen in the northern BoB during summer (Figuréb3. This
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Figure 12. (a) STD of weekly Aquarius OISSS from August 27, 2011 to May 28, 2015. The black line indicates Section S1 from the northeastern BoB coastal are:
to the south of Sri Lanka. (b) Monthly Aquarius OISSS (2012-2015) overlapped with CMEMS surface current (1993-2018) averaged during February to April
(FMA). Time-latitude plots of monthly Argo SSS (c) and Aquarius OISSS (d) along Section S1 from September 2011 to August 2012.

indicates that the local freshwater flux term contributes to the mixed layer salinity variability only during
summer (Figures14bl, 14bZand 14b4). In summary, the salt budget analysis confirms that the horizontal
advection plays a dominant role in controlling the mixed layer salinity variability in the BoB, which is cen
sistent with the findings in previous studies (Akhil et al.2014 Pant et al.,2015 R. Rao & Sivakumar2003

Roman-Stork et al.2020.
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Figure 13. Consecutive snapshots of weekly Aquarius OISSS from February 5 to April 22, 2012. The black line denotes the SSS contour of 32 psu.

4. Discussion
4.1. Freshwater Transport in the BoB During Spring

The BoB receives a large amount of freshwater during the summer monsoon (Figlige This freshwater

is transported by the basin-scale circulation, leading to strong seasonal SSS variability in the BoB (Akhil
et al., 2014 Fournier et al.,2017 Z. Li et al.,2021, Murty et al., 1992 R. Rao & Sivakumar2003 Sengupta

et al., 2016 Shetye et al.1996 Suneel et al.2020. The RAMA buoys at stations B15 (15°N, 90°E) and B12
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Figure 14. Spatial patterns of the tendency term (al-a4), local freshwater flux term (b1-b4) and horizontal advection term (c1-c4).

(12°N, 90°E) provide high quality, vertically resolved data over long time periods that are important to
understand the freshwater movements in the BoB. Uncommonly, an extremely low salinity anomaly was
observed from the two RAMA buoys in the spring of 2012 (FiguB. Our observational results show that
the extremely low salinity anomaly in the spring of 2012 was caused by the clockwise transport of substan
tial freshwater in the BoB that can further trace back to strong seasonal anticyclonic circulation (Figut@s
and 13), which verifies the model results proposed by Han and McCrear3001) and Jensen 2001, 2007.
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