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Abstract The Bay of Bengal receives large amounts of freshwater from the Ganga-Brahmaputra (GB) river
during the summer monsoon. The resulting upper-ocean freshening influences seasonal rainfall, cyclones,
and biological productivity. Sparse in situ observations and previous modeling studies suggest that the East
India Coastal Current (EICC) transports these freshwaters southward after the monsoon as an approximately
200 km wide, 2,000 km long ‘‘river in the sea’’ along the East Indian coast. Sea surface salinity (SSS) from the
Soil Moisture Active Passive (SMAP) satellite provides unprecedented views of this peculiar feature from
intraseasonal to interannual timescales. SMAP SSS has a 0.83 correlation and 0.49 rms-difference to 0–5 m
in situ measurements. SMAP and in stu data both indicate a SSS standard deviation of �0.7 to 1 away from
the coast, that rises to 2 pss within 100 km of the coast, providing a very favorable signal-to-noise ratio in
coastal areas. SMAP also captures the strong northern BoB, postmonsoon cross-shore SSS contrasts (�10
pss) measured along ship transects. SMAP data are also consistent with previous modeling results that
suggested a modulation of the EICC/GB plume southward extent by the Indian Ocean Dipole (IOD). Remote
forcing associated with the negative Indian Ocean Dipole in the fall of 2016 indeed caused a stronger EICC
and ‘‘river in the sea’’ that extended by approximately 800 km further south than that in 2015 (positive IOD
year). The combination of SMAP and altimeter data shows eddies stirring the freshwater plume away from
the coast.

Plain Language Summary The Bay of Bengal receives large quantity of freshwater from the
Ganges-Brahmaputra river during the monsoon. The resulting low-salinity sea surface has strong
implications for the regional climate and living marine resources. In situ observations are too sparse to
provide salinity maps in this basin, even every 3 months. In contrast, the SMAP satellite provides maps at
40 km resolution, every 8 days, opening great perspectives for studying salinity in the Bay of Bengal. In this
article, we show that SMAP compares well with in situ data, even close to the coast. The Ganges
Brahmaputra freshwater plume is transported over 2000 km by the East Indian Coastal Current. We further
show that climate variability and mesoscale variability induce strong year-to-year variations in the way this
freshwater plume expands along the east coast of India.

1. Introduction

Monsoonal rains feed several powerful rivers that flow into the Bay of Bengal (BoB), with largest discharge during
and shortly after the southwest monsoon. The Ganga-Brahmaputra (GB) River located in the very northern end
of the BoB is the largest by far, accounting for two-thirds of the total river discharge into the BoB (1,300 km3 cli-
matologically during June–September) (Dai & Trenberth, 2002; Papa et al., 2012). Oceanic rainfall also contributes
in equal proportion to the total freshwater received by the northern BoB (Chaitanya et al., 2014). Consequently,
the BoB stands out as the freshest marginal sea in the tropics (Chaitanya et al., 2014), with SSS being as low as 25
pss (Wijesekera et al., 2016) and displaying sharp horizontal gradients (Sengupta et al., 2016).

These low SSS can impact air-sea interactions in the BoB by maintaining a thin mixed layer and favoring the
formation of an isothermal salinity-stratified layer between the surface mixed layer and colder thermocline
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water, known as the barrier layer (Rao & Sivakumar, 2003; Vinaychandran et al., 2002). This strong salinity
stratification inhibits vertical mixing between the surface mixed layer and subsurface colder, nutrient-rich
water (Thadathil et al., 2016; Vialard & Delecluse, 1998). This maintains high climatological surface tempera-
tures, above the 288C threshold necessary for deep atmospheric convection, contributing to the climatolog-
ically strong rainfall during the southwest monsoon (Shenoi et al., 2002). This also limits cooling below
tropical cyclones (Neetu et al., 2012; Sengupta et al., 2008), which can favor their intensification (Cione &
Uhlhorn, 2003). Finally, the strong salinity stratification could be one of the reasons for the rather low BoB
biological productivity compared to the Arabian Sea (Prasanna Kumar et al., 2002). Previous studies have
shown that there is a strong seasonal (Akhil et al., 2014) and interannual (Akhil et al., 2016b; Chaitanya et al.,
2015) SSS variability in the BoB. It is hence necessary to better monitor the BoB SSS, in order to improve the
understanding of salinity impacts on regional climate, tropical cyclones, and biological productivity.

Ocean currents play a prominent role in the BoB SSS space-time variations. In particular, the BoB hosts a
western boundary current known as the East Indian Coastal Current (EICC). The EICC reverses seasonally (Yu
et al., 1991) in response to the combined influence of local BoB and remote equatorial monsoonal winds
(McCreary et al., 1996). It flows southward with a speed of approximately 0.5 m s21 during the October–
December period (Durand et al., 2009) due to the combined effect of northeasterlies associated with the
winter monsoon and remote forcing from intermonsoon equatorial westerlies (McCreary et al., 1996). The
EICC is confined to the western boundary, with a narrow climatological width of less than 50 km north of
108N, although frequent occurrence of eddies in this region often induces wider �150–200 km recirculating
loops (Durand et al., 2009).

The EICC flows past the GB River mouth. This is expected to transport the GB-induced freshwater southward
along the east coast of India (Chaitanya et al., 2014). Shetye et al. (1996) documented such a narrow coastal
freshwater plume southwest of the GB mouth based on in situ observations collected during a cruise in
December 1991, with an 8 pss drop over 100 km toward offshore at 128N near the Indian coast. Hareesh
Kumar et al. (2013) also used in situ measurements to highlight a strong thermohaline front off the east
coast of India in December 1997, with an offshore meandering due to mesoscale eddies. Recently, Chaita-
nya et al. (2014) used in situ observations collected by fishermen along the east coast of India to demon-
strate that this �200 km wide freshwater tongue (referred to as a ‘‘river in the sea’’) is a seasonally recurring
feature, whose expansion is coincidental with the development of the southward-flowing EICC. The model-
ing study by Akhil et al. (2014) confirmed that the ‘‘river in the sea’’ expands southward due to advection of
low salinities from the GB outflow region by the EICC, while its decay is due to erosion through vertical
mixing.

In addition to seasonal variations, the BoB climate also exhibits strong precipitation and runoff interannual
variations (Papa et al., 2012). This led Akhil et al. (2016b) to investigate the causes of the SSS interannual var-
iability in the BoB. They found that interannual variations in GB runoff only contribute to interannual SSS
variations locally near the river mouth in the northern BoB. In contrast, the southward expansion of the
‘‘river in the sea’’ is strongly influenced by circulation changes associated with the Indian Ocean Dipole
(IOD). The IOD arises from air-sea interactions in the tropical Indian Ocean, peaks in fall and typically lasts
for about 6 months. A positive IOD is associated with anomalous easterly equatorial winds (opposite for
negative IOD) that force equatorial upwelling Kelvin waves. Upon reaching the eastern equatorial Indian
Ocean, some of this wave energy propagates into the BoB as coastal upwelling Kelvin waves, inducing a
negative sea level anomaly (SLA) along the rim of the bay in fall, and an anomalously weak EICC during fall
and winter months (Jensen, 2007; Shankar, 1998; Subrahmanyam et al., 2011). Akhil et al. (2016b) showed
that this weak EICC transports less water from the GB outflow toward the south, resulting in a weaker south-
ward expansion of the ‘‘river in the sea’’ and a positive SSS anomaly along the coast of India.

Despite the increasing amount of in situ observations, they are still too sparse to provide a systematic and
routine monitoring of the spatiotemporal variability of this �200 km wide ‘‘river in the sea’’ (Chaitanya et al.,
2014) and more generally of the BoB SSS variability, even at the seasonal scale (Figure 1a). Spaceborne SSS
observations from recent satellite missions are unique opportunities to significantly enhance these capabili-
ties. These missions include the European Space Agency (ESA) Soil Moisture and Ocean Salinity (SMOS)
(Mecklenburg et al., 2012) and National Aeronautics and Space Administration (NASA) Aquarius/Sac-D mis-
sions (Lagerloef et al., 2008) launched in 2009 and 2011, respectively. SMOS has a 33 km spatial resolution
that is in principle sufficient to monitor this ‘‘river in the sea.’’ Unfortunately, while SMOS SSS data are
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amenable for open ocean applications, the current SMOS SSS retrievals are of poor quality in the BoB due
to significant contamination by Radio Frequency Interference (RFI) and land signals (Akhil et al., 2016a; Bou-
tin et al., 2012; Subrahmanyam et al., 2013). In comparison, Aquarius performs much better for monitoring
large-scale SSS patterns in the BoB (Akhil et al., 2016a), but is however not suitable to monitor the GB fresh-
water plume due to its lower (�110 km) spatial resolution and because measurements within 150 km of the
coast are usually contaminated by land signals (Aquarius User Guide, 2015). The Aquarius mission also
ended in June 2015 due to a power failure of the SAC-D spacecraft carrying the Aquarius sensor.

Launched on 31 January 2015, NASA’s Soil Moisture Active Passive (SMAP) satellite provides SSS observa-
tions at a similar spatial resolution to SMOS (40 km) but with a better SSS retrieval close to the coast as it is
less sensitive to RFI than SMOS (Reul et al., 2013). Fournier et al. (2016) indeed demonstrated that SMAP SSS
compares better to in situ data than SMOS in the Gulf of Mexico (a runoff-impacted marginal sea), especially
in coastal areas. SMAP thus has the potential to provide the first synoptic views of the ‘‘river in the sea’’ at
the scale of the BoB, and to monitor its seasonal and interannual variations.

Figure 1a shows that in situ data collected in the top 5 m of the BoB over a representative 3 months period
(September–November 2015), cover only a small fraction of the BoB. The average SSS from SMAP during
the same period is shown in Figure 1b. SMAP has complete coverage of the global ocean every 8 days, an
interval over which the coverage by in situ data is even more sparse than that shown in Figure 1a. There-
fore, SMAP has much better spatiotemporal coverages than in situ observations. Previous studies of the
‘‘river in the sea’’ either used models, or in situ data with this very limited spatiotemporal coverage. Here,
we will characterize its spatial and temporal variations from satellite SSS data for the first time. We will in

Figure 1. (a) September–November 2015 in situ SSS measurements averaged within 18 pixels and (b) September–
November 2015 average map of SMAP SSS.

Figure 2. (a) April 2015 to December 2016 SMAP versus in situ SSS for the entire BoB. (b) April 2015 to December 2016 SMAP (blue) and in situ (red) SSS standard
deviation and RMS of the differences between SMAP and in situ SSS (black) as a function of the distance from the coast (per bin of 40 km), for the entire BoB. For
each pixel of the BoB, we compute the distance from the coast as the distance between the pixel and the closest coast of the BoB. (c) April 2015 to December
2016 mean SMAP-in situ SSS differences (continuous line) as a function of the distance from the coast (40 km bins), for the entire BoB. The black-dotted lines show
the 90% confidence interval for the SMAP minus in situ SSS differences.
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Figure 3. (continued)
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particular verify the influence of IOD-driven EICC anomalies or eddies on the variability of the plume, pro-
posed by previous modeling studies. The present study is the first demonstration of the capability of satel-
lite SSS to monitor the spatial and temporal distribution of low salinity surface waters in coastal regions of
the BoB, which is an essential step to improve our understanding of their impacts on the regional climate,
tropical cyclones, and biological productivity.

2. Data and Methods

Our analysis is carried out using satellite and in situ measurements, which are briefly described below. All
these data sets were averaged to produce monthly values.

We used the Level-3 SMAP SSS version-3 data set produced by the Jet Propulsion Laboratory (Yueh et al.,
2013, 2014) at 0.258 horizontal resolution and 8 day running average time window from 31 March 2015 to
31 December 2016. Using SSS retrieval by Remote Sensing Systems (REMSS) yields very similar results (not
shown). The horizontal resolution of SMAP SSS is 40 km. However, the data within 40 km of the coasts are
often heavily contaminated by land signals due to leakage of signals from the sidelobes of the satellite
antenna into the main lobe. Therefore, SMAP data within 40 km of the coasts are excluded. The ‘‘river in the
sea’’ hugging the east coast of India has a typical width of 200 km. In the following, we will refer oceanic
regions from 40 to 200 km of the coast as coastal regions.

In situ salinity measurements from the World Ocean Database (WOD) over the BoB from April 2015 to
December 2016 were extracted using the WOD select tool (https://www.nodc.noaa.gov/OC5/SELECT/
dbsearch/dbsearch.html) for validating the satellite SSS. This includes all the data included in the WOD13
product (Boyer et al., 2013), as well as more recent data (largely from Argo profilers) with limited quality
control. We only considered data further than 40 km from the coast, where SMAP SSS data are available.
Satellite SSS measures the salinity in the top centimeter of the ocean while in situ salinity measurements
are typically deeper than 1 m. We used all in situ measurements from the WOD located in the 1–5 m depth
range. The implications of the difference in sampling depth between satellite and in situ measurements are
discussed in the next section.

We also used in situ data at about 1 m depth from bucket samples collected by the National Institute of
Oceanography (Goa, India) on an approximately bimonthly basis along two repeated merchant ship tracks
between the Andaman Islands in the southeast Bay of Bengal and Kolkata (near the GB River mouth) and
Chennai (at about 128N along the Indian coast; Chaitanya et al., 2015). The relatively high spatial sampling
of this data set allows resolving the strong SSS gradients across the ‘‘river in the sea.’’

We used the Ssalto/Duacs SLA and near-surface ocean current estimates from AVISO to highlight the influ-
ence of the regional ocean circulation on SSS variability. Comparisons with in situ data and specifically proc-
essed along track altimeter data suggest that this product captures the EICC seasonal variations as close as
�40 km away from the coast (Durand et al., 2008; their figure 3). The Level-3 SLA and Level-4 geostrophic
velocities products are obtained from multisatellite observations at daily interval on a 1/48 3 1/48 grid, from
1993 to present. To better highlight interannual and shorter time scales, the nonnegligible linear trend
observed in the Northern Indian Ocean over the 1993–2016 period (Thompson et al., 2016) has been
removed.

Figure 3. (a)–(d) SMAP SSS on the first day of the transects represented in (e)–(h), respectively, on the (a) 16 August 2016
(first day of the transect showed in blue on plot e), (b) 14 October 2016, (c) 20 October 2016, and (d) 22 October 2015.
The black dots represent the in situ measurement locations. (e) SMAP (continuous line) and in situ SSS (dashed line) along
the Kolkata-Port Blair transect for the 17–23 May 2016 (magenta for SMAP and red for in situ) and 16–20 August 2016
(blue for SMAP and black for in situ). In situ (black dots connected by dashed lines) and colocated SMAP SSS (blue dots)
along each transect as a function of (f) longitude from 14 to 17 October 2016, (g) longitude from 20 to 22 October 2016,
and (h) latitude from 22 to 25 October 2015. The SMAP SSS along each transect (one value every �40 km) is represented
in blue. An offset of 4.4 pss has been applied to in situ data in Figure 3h to correct a calibration problem on the salinome-
ter. Regardless of the causes for the time-mean difference between SMAP and the (in situ) transect data (e.g., calibration
issue for the water samples), the spatial variation of the transect data are still useful to evaluate SMAP data. This is the
point we are emphasizing in Figure 3h when we remove the time-mean offset in comparing SMAP and the transect data.
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The Dipole Mode Index (DMI) defined by Saji et al. (1999) is an indicator of the anomalous east-west tem-
perature gradient across the tropical Indian Ocean, which reflects the IOD variability. In this study, we used
the average September–October–November (SON) DMI provided by the Japan Agency for Marine-Earth Sci-
ence and Technology (JAMSTEC) (http://www.jamstec.go.jp/frcgc/research/d1/iod/HTML/Dipole%20Mo-
de%20Index.html). The SON DMI has been detrended over 1993–2016 and then normalized. We compute a
lead-lag regression of the monthly SLA to the normalized SON DMI, gIOD. For each year, the monthly SLA
signal can then be partitioned into:

g x; y; yr;monthð Þ5gSC x; y; yr;monthð Þ1 DMISON yrð Þ � gIOD x; y; yr;monthð Þ1gRES x; y; yr;monthð Þ;

where gSC represents the mean seasonal cycle, the second term the IOD signal, and gRES the residual, which
largely reflects mesoscale oceanic eddy variability. The same approach is used for current signals.

Figure 4. (a) Monthly map of SMAP SSS for October 2015. (b) Northern and (c) Western Bay of Bengal (see plot Figure 4a) mean seasonal SSS cycle (computed
over April 2015 to December 2016) of available in situ (red) and collocated SMAP (blue) data.

Figure 5. (a), (c), and (e) SMAP SSS for September, October, and November in 2015 and (b), (d), and (f) 2016. Monthly AVISO currents are represented on top, only
one vector in three is represented and currents below 10 cm s21 are not displayed. Thick arrows highlight eddies which are discussed in the text. The frames out-
line the zooms shown on Figure 11.
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3. Results

Figure 2a provides a scatterplot between SMAP and available in situ
SSS data from April 2015 to December 2016. SMAP is on average 0.1
pss saltier than the colocated in situ measurements, with a root-
mean-squared difference (RMSD) of 0.49 pss and a correlation of 0.83.
Figure 2b shows this RMSD as a function of the distance from the
coast. The RMSD values within 200 km of the coast (approximately 0.6
pss) are slightly larger than those further offshore (approximately 0.4
pss). These values are much smaller than the standard deviation (i.e.,
amplitude) of the SSS signals derived from either SMAP or in situ data.
Therefore, the SMAP SSS have good signal-to-noise ratio. Similarly, the
approximately 0.1 pss bias of SMAP SSS relative to the in situ data
does not increase within 200 km of the coast (Figure 2c). Figure 2 is
meant to validate the SMAP SSS data in the whole Bay of Bengal for
completeness. More specific comparisons of SMAP SSS with in situ
data along specific transects that intersect the ‘‘river in the sea’’ in the
east coast are presented in Figure 3. The comparisons in Figure 2 sug-
gest that SMAP SSS are accurate enough to monitor the large salinity
signals within 100–200 km of the coast in the BoB.

Despite this good overall agreement, SMAP SSS can display large fresh
biases (up to 4 pss) for a couple of points in the lower salinity range.

These large differences may arise from the very strong near-surface stratification often found in the BoB
(i.e., the satellite represents the top millimeter while we use in situ data within 1–5 m depth; Akhil et al.,
2016a). A reviewer also pointed out that a potential cause for the saltier Argo salinity measurements in the
upper 5 m is Argo CTD mixing near-surface (shallower than 5 m) waters with waters from 4 to 5 m depth,
which might be the depth when Argo floats shut off the pumping.

In addition to this, the spatiotemporal sampling differences between satellite SSS (averaged within satellite
footprint at 8 day intervals) and point-wise instantaneous in situ measurements can result in substantial
RMSD between satellite and in situ SSS in regions with strong horizontal gradients and eddy variability
(Boutin et al., 2015), as the northern BoB (Figure 1b). Potential contamination by land signals may also con-
tribute to the fresh biases of SMAP SSS relative to in situ measurements.

We now evaluate SMAP SSS through comparisons with in situ salinity from two transects between the
Andaman Islands and Kolkata, near the GB estuary (Figures 3a and 3e). In May 2016, before the southwest
monsoon onset, SMAP and in situ measurements display relatively homogeneous SSS around 32–33 pss,
except very close to the GB estuary, where SSS drops to �30 pss in SMAP. In August 2016 (i.e., after the
monsoon onset), SMAP SSS reveals the GB plume spatial extension (with salinities below 28 pss, Figure 3a).
In situ data along the transect sample the strong salinity contrast between the GB freshwater plume and
saltier interior BoB water. SSS starts decreasing from about 33 pss at 188N to �20 pss (a 13 pss drop) 40 km
offshore of the GB estuary (Figure 3e). SMAP SSS retrievals capture this SSS decrease relatively well, except

Figure 6. May 2015 to December 2016 latitude-time sections of average
monthly alongshore currents within 200 km of the East Indian coast (region
delimited by a magenta contour on Figure 5a). The average SSS are repre-
sented as contours (contour interval: 1 pss; bold 32 pss contour). Currents are
shown as positive when they flow toward the North of the bay.

Figure 7. (a) Monthly map of SMAP SSS for October 2015. (b) Time series (8 day resolution) of SMAP SSS within the six
boxes along the western Bay of Bengal, (see plot Figure 7a) from April 2015 to January 2017.
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at one point near 208N, close to a large horizontal gradient (Figure 3a). Figure 3 also provides comparisons
along three additional selected transects that cross sharp SSS gradients. SMAP retrievals capture the general
shape of salinity variations along these transects, including those relatively close (within �50–200 km) to
the coast and those fresher than 28 pss. Finally, we constructed a mean SSS seasonal cycle from all the avail-
able in situ data within two regions selected for their strong SSS variations, i.e., the northern and western
BoB (see frames on Figure 4a for the definition of each box), and compared it to the collocated SMAP data
(Figures 4b and 4c). The excellent comparison between in situ and collocated SMAP data (correlations> 0.9)
shows that SMAP captures the large-scale signals in those two boxes. The largest freshening in the northern
box occurs in October, and reaches the western box one month later in November, consistent with the
results of Chaitanya et al. (2014). However, the short data set duration and poor in situ sampling in these
regions imply that the time series shown on Figure 4b,c may not be representative of the long-term SSS
seasonal cycle in those boxes.

We now focus on the September–November period, that follows the GB River peak discharge (Papa et al.,
2012), to document the southward extension of the ‘‘river in the sea’’ in 2015–2016. Monthly maps of satel-
lite SSS and surface currents for 2015–2016 are provided in Figure 5. In September of both years, the EICC
has not yet developed and the GB plume remains confined to the northern BoB (Figures 5a and 5b). The
development of the southward-flowing EICC starts transporting this fresh plume southward to �158N in
October (Figures 5c and 5d). The ‘‘river in the sea’’ extends further south in November 2016, with SSS below
31 pss reaching Sri Lanka in association with an EICC flowing southward at 0.7 m s21 (Figure 5f). In contrast,
it remains confined north of 138N in November 2015 in association with a far weaker southward-flowing

Figure 8. (a and b) Monthly maps of SLA and currents anomalies from the climatology in October 2015 and (b) 2016. (c)
Monthly maps of SLA and current vectors anomalies with respect to the seasonal cycle associated with the IOD in October
2015 and (d) 2016. Those are obtained through a regression of the aforementioned fields to the normalized SON DMI
(Dipole Mode Index). Only one vector in three is represented in all the maps. SLA has been detrended over the period
1993–2016. Thick arrows highlight eddies which are discussed in the text.
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EICC (Figure 5e). This difference between the 2015 and 2016 in terms of the southward expansion of the
‘‘river in the sea’’ is confirmed by Figure 6, which shows a latitude-time section of alongshore currents (col-
ors) and SSS (contours) within 200 km of the eastern coast of India (within the magenta contour on Figure
5a). The GB freshwater plume (highlighted by the bold 32 pss contour) clearly extends further south in 2016
than in 2015, reaching 88N in December 2016 against only 13.58N in November 2015. Similarly, the south-
ward alongshore surface currents are stronger in 2016 (0.6–0.7 m s21) than they are in 2015 (0.2–0.3 m s21),
especially south of 148N. Figure 7 shows time series of SMAP SSS in several boxes along the east Indian
shelf, wherein the freshening southward progression is clearly more visible in the fall of 2016 (SSS is 2–3 pss
lower at 168, 148, and 118N).

Based on model results, Akhil et al. (2016b) suggested that the IOD-related wind anomalies remotely control
the SSS interannual variations along the east coast of India. Positive IOD events induce easterly equatorial
wind anomalies and anticyclonic anomalies in the BoB. These wind anomalies force coastal upwelling Kelvin
waves that propagate anticlockwise around the BoB rim. The induced negative sea level anomalies along
the eastern coast of India weaken the EICC, hence limiting the southward transport of freshwater. Here we
investigate this further using observations. Figures 8a and 8b illustrate the differences in SLA and current
anomalies (relative to the mean seasonal cycle) in October 2015 and 2016. While positive SLA anomalies are
prominent in most of the BoB in October 2016, negative SLA anomalies dominate in October 2015. The
SON DMI detrended and normalized value is 10.97 in 2015 and 20.99 in 2016, i.e., 2015 is a moderate posi-
tive IOD event while 2016 is a negative one (opposite IOD polarities are often found in alternate years due
to the strong biennial IOD tendency, Saji et al., 1999). Figures 8c and 8d further provide the SLA and current

Figure 9. (a and b) Monthly SLA and currents anomalies from the climatology in September (a) 2015 and (b) 2016. (c and
d) Monthly SLA and current vectors anomalies with respect to the seasonal cycle, associated with the IOD in September
(c) 2015 and (d) 2016. Those are obtained through a regression of the aforementioned fields to the normalized SON DMI
(Dipole Mode Index). Only one vector in three is represented in all the maps. SLA has been detrended over the 1993–
2016 period Thick arrows highlight eddies which are discussed in the text.
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Figure 10. (a and b) Monthly SLA and currents anomalies from the climatology in November (a) 2015 and (b) 2016. (c and
d) Monthly SLA and current vectors anomalies with respect to the seasonal cycle associated with the IOD in November (c)
2015 and (d) 2016. Those are obtained through a regression of the aforementioned fields to the normalized SON DMI
(Dipole Mode Index). Only one vector in three is represented in all the maps. SLA has been detrended over the
1993–2016 period. Thick arrows highlight eddies which are discussed in the text.

Figure 11. Zoom into the frames shown on Figure 5. All current vectors are shown on this plot except currents below 10 cm s21.
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anomalies attributable to the IOD in October 2015 and 2016 (obtained through a linear regression to the
normalized DMI, see section 2). Consistent with the model results from Akhil et al. (2016b), the 2015 positive
IOD event is responsible for a large part of the large-scale negative SLA anomalies observed in October
around the rim of the BoB (Figures 8a and 8c). This results in an anticyclonic circulation with particularly
strong northward current anomalies along the eastern coast of India (Figure 8c), leading to an anomalously
weak southward EICC and freshwater transport in fall relative to the seasonal climatology. The negative IOD
event in 2016 also explains most of the positive SLA and current anomalies (Figures 8b and 8d), resulting in
an anomalously strong southward EICC and freshwater transport. Anomalous maps similar to Figure 8 are
shown in supplemental materials for September and November 2015 and 2016 (Figures 9 and 10), illustrat-
ing that similar but weaker anomalies were also present those months.

The results above clearly demonstrate the large-scale remote IOD influence on postmonsoon coastal freshen-
ing along the east coast of India. However, Figure 5 also reveals smaller-scale SSS features in regions of strong
gradients, which were previously linked with mesoscale oceanic eddies (e.g., Babu et al., 1991; Hareesh Kumar
et al., 2013; Murty et al., 1992). To relate these smaller-scale SSS features with mesoscale eddy variability,

Figure 12. (a) October 2016 SMAP SSS. (b–d) Average SMAP SSS (black), large-scale (blue), and eddy-induced (red) cross-shore currents standard deviation along
(b) section 1, (c) section 2, and (d) section 3 materialized by the black solid lines on plot Figure 12a. The large-scale currents are obtained by adding the mean sea-
sonal cycle and anomalies with respect to the seasonal cycle associated with the IOD, obtained through a regression of the current fields to the normalized SON
DMI (Dipole Mode Index). The eddy-induced currents are obtained as a residue, by subtracting the large-scale currents to the total altimetric currents observed.
SLA has been detrended over the 1993–2016 period.
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Figures 8a and 8b display the SLA anomalies with respect to the mean seasonal cycle in October 2015 and
2016 (Figures 9 and 10 for September and November months, and Figure 11 for a zoom of SSS and currents).
Many mesoscale eddies are clearly visible, and those coinciding with strong SSS gradients were reported by
thick black arrows. For instance, a cyclonic eddy around 188N carries the freshwater plume further south in
September 2016 than in September 2015, when an anticyclonic eddy prevents the transport (Figures 5a, 5b,
9a, 9b, 11a, and 11b). A cyclonic and anticyclonic eddy pair induces an offshore meandering of the freshwater
plume around 178N, 868E in October 2015 (Figures 5c, 8a, and 11c). In contrast, saltier water is transported
from the interior BoB to the coast in association with another eddy pair, around 198N in October 2016 (Figures
5d, 8b, and 11d). In November 2015, an eddy pair brings saltier interior BoB water to the coast near 198N (Fig-
ures 5e, 10a, and 11e). These few examples illustrate that eddies tend to bring salty water to the coast and
export freshwater offshore. This is supported by Figure 12, which shows the mean salinity and contributions of
large-scale versus mesoscale eddy to cross-shore current variability along three sections perpendicular to the
Indian coast. Eddies generally display larger cross-shore current variability than large-scale currents. They are
hence important contributors to the offshore freshwater transport (i.e., they tend to increase SSS close to the
coast and to increase it further away). Finally, it should be noted that the good correspondence between the
completely independent altimeter surface currents and SMAP SSS (Figure 11) cannot be coincidental, and is a
testimony of the ability of both data sets to capture fine-scale salinity structures in the BoB.

4. Concluding Remarks

In this study, we demonstrate the unprecedented capability of SMAP SSS to provide intraseasonal to inter-
annual synoptic views of the sharp cross-shore SSS variations during the postmonsoon season in the BoB.
SMAP SSS compares well with in situ data over the period of study with an overall correlation of 0.83 and
RMSD of 0.49 pss. There is in particular no degradation of the SMAP performance within 40–200 km of the
coast, where the SSS variability is particularly large, providing a favorable signal to noise ratio for monitoring
SSS there. SMAP thus provides synoptic, intraseasonal to interannual monitoring of the ‘‘river in the sea,’’ a
capability not afforded by in situ data (Figure 1). SMAP SSS also presents an advantage over existing satellite
SSS retrievals from SMOS, which excluded data from much of the northern BoB due to data quality issues,
and Aquarius/SAC-D, which did not have sufficient resolution to resolve coastal signals (Akhil et al., 2016a).

SMAP satellite data are able to capture the GB freshwater plume carried by the southward-flowing postmonsoon
EICC along the east coast of India, down to Sri Lanka, creating a narrow tongue of freshwater that hugs the east
coast of India. In addition to capturing the seasonal variability of the BoB SSS signals, the short SMAP record
along with ancillary data, such as altimetry, enable an illustration of some features of intraseasonal and interan-
nual SSS variability. On interannual timescales, we were able to confirm the modulation of the EICC/GB plume
southward extent by the IOD suggested by Akhil et al. (2016b). There was a positive IOD event in fall 2015 and a
negative one in fall 2016. This led to a stronger southward EICC in 2016, especially south of 148N. The GB fresh-
water plume hence extended further south in 2016, all the way down to the coast of Sri Lanka, while it did not
flow past 148N in 2015. On intraseasonal timescales, our results reveal a clear stirring of the SSS field by BoB
mesoscale eddies associated with EICC recirculations that export freshwater from the coast to the BoB interior, as
suggested by Hareesh Kumar et al. (2013) from in situ data and Benshila et al. (2014) from modeling.

Due to strong salinity stratification, the BoB is less productive than the neighboring Arabian Sea (Prasanna
Kumar et al., 2002). The salinity stratification could also contribute to climatologically strong rainfall during
the southwest monsoon (Shenoi et al., 2002) and to hurricane intensification (Neetu et al., 2012; Sengupta
et al., 2008). Despite this potential importance of salinity, available in situ salinity measurements are inade-
quate for a comprehensive study of salinity variability and the associated processes in the BoB. SMAP, with
its 8 day temporal repeat, opens a new avenue to improve the understanding of BoB salinity balance, the
contribution of horizontal salinity gradients to the EICC, the offshore freshwater transport by eddies, and
the exchanges of freshwater between the BoB and saltier Arabian Sea.
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