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SALINITY MEASUREMENTS
COLLECTED BY FISHERMEN
REVEAL A “RIVER IN THE SEA”
FLOWING ALONG THE
EASTERN COAST OF INDIA

BY A. V. S. CHAITANYA, M. LENGAIGNE, J. VIALARD, V. V. GOPALAKRISHNA, F. DURAND,
C. KRANTHIKUMAR, S. AMRITASH, V. SUNEEL, F. PAPA, AND M. RAVICHANDRAN

Measurements of salinity by fishermen
in knee-deep water reveal a seasonal
“river in the sea” flowing along the
eastern coast of India

that is entirely bounded by a landmass to
the north. In boreal summer, this unique
geographical setting allows for a large differ-
ential heating between the Asian subcontinent
and the ocean to the south that drives the most
dramatic monsoonal wind system in the world.
The southwest monsoon roughly lasts from June
to September. During these four months, water
vapor collected at the ocean surface by the pow-
erful southwesterly winds is flushed over India
and the Bay of Bengal (BoB; see Fig. 1a).
Monsoonal rains feed several large river
basins over the Indian subcontinent (Fig. la). A
large fraction of the runoff to the ocean occurs
during or shortly after the southwest monsoon
and contributes to the freshwater flux into the
BoB in equal proportion with rainfall over the
ocean (Fig. 1b). The largest rivers that flow into
the BoB are the Ganges-Brahmaputra and the
Irrawaddy, whose long-term average discharges
at the river mouths during July-September
amount to approximately 8.7 x 10* m* s™' and
3.4 x 10* m® s7!, respectively (Papa et al. 2012;

T he Indian Ocean is the only tropical ocean
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(a) Rainfall and runoffs during monsoon
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Fic. 1. (a) Average climatological rainfall from Jul to Sep
(mm day') from Tropical Rainfall Measuring Mission
(TRMM) 3B42 data. The major rivers in the northern BoB
are drawn on the map and their average river discharge
during Jul-Sep (10* m?® s') is indicated. (b) Average fresh-
water flux into the BoB (10* m® s*') north of 14°N from rain-
fall over the ocean (blue curve) and the major rivers (red
curve) indicated in (a). Refer to the online supplement for
a complete description of the datasets used in this article.
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FiG. 2. Annual average SSS in the tropics from the Chatterjee

et al. (2012) climatology.

Daiand Trenberth 2002). Three other smaller rivers
on the eastern Indian coast (Mahanadi, Godavarim,
and Krishna) together contribute approximately
10* m*s™'. As a result, these five river systems bring
on average a total of approximately 1100 km?* of
continental freshwater into the BoB between July
and September.

This very intense freshwater flux into a relatively
small and semienclosed basin results in an intense
dilution of the salt contained in seawater. While
most of the tropics display annual average sea surface
salinities (SSS) in excess of 34 g kg™ (this salinity
scale is referred to as the practical salinity scale;
Millero et al. 2008), the BoB stands out as the largest
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Pss area of SSS below 33 units anywhere in
ar  the tropics (Fig. 2). The freshest surface
water is found in the northern BoB, where

35 most of the river runoff and rainfall occur
(Fig. 1a). The diluting effect of rainfall and

33 river runoff is concentrated within the

upper 40 m in the BoB, resulting in a stark
> contrast between surface freshwater and
" subsurface saltier water below and hence

a sharp near-surface haline stratification
(Figs. 3a,b).

This very strong salinity stratification
in the BoB is thought to have important
implications for the regional climate. The
enhancement of near-surface ocean stability by salin-
ity stratification could be part of a positive feedback
loop that maintains high sea surface temperature
(SST) and rainfall over the BoB (Shenoi et al. 2002).
The salinity stratification indeed contributes to
maintain a shallow mixed layer in the BoB that is
efficiently warmed by surface heat flux and hence
the SST remains above 28.5°C (de Boyer Montégut
et al. 2007), a necessary condition to maintain deep
atmospheric convection and rainfall (e.g., Gadgil
et al. 1984). Similarly, this salinity stratification may
also influence the intensity of the tropical cyclones
that form over the BoB; the intense salinity stratifica-
tion in the BoB after the monsoon inhibits vertical
mixing and SST cooling below cyclones (Sengupta
et al. 2008; Neetu et al. 2012), promoting an intense
evaporation at the ocean surface and hence eventu-
ally the intensification of cyclones (e.g., Schade and
Emanuel 1999). Last but not least, salinity could act as
a marker of changes in the water cycle associated with
anthropogenic forcing (e.g., Durack and Wijffels 2010;
Terray et al. 2012). Monitoring salinity in the BoB, a
small semienclosed basin that collects large quantities
of freshwater from monsoonal rain and river runoffs,
may hence be an efficient way to monitor long-term
changes in monsoonal rain intensity. These climatic
implications call for an improved description and
understanding of the BoB salinity structure.

Most of the early descriptions of salinity in the
BoB relied on sparse hydrographic salinity data issued
from oceanographic cruises and shipping lanes (see
“Salinity observations in the Bay of Bengal” for more
details). Compiling these data, Rao and Sivakumar
(2003) reported a marked seasonal cycle of salinity,
with the largest signals occurring along the rim of
the bay. While surface salinity remains relatively high
before the monsoon onset (Fig. 3a), existing salinity
climatologies compiled from available sparse hydro-
graphic data (Chatterjee et al. 2012; Antonov et al.
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Ocean salinity measurements are less frequently available
than temperature measurements. This is partly due to
scientific reasons: temperature variations often dominate
density variations in the ocean, especially in the tropics. But
the main reason is of a technical nature: measuring salinity

is nowadays accomplished by measuring the conductivity of
seawater which depends upon both its temperature and salin-
ity. Conductivity sensors are more expensive, more fragile,
and more prone to systematic drift than temperature sensors.

Historically, most of the salinity measurements were
collected from scientific cruises (green dots in Fig. SBla).
Salinity was originally measured from the analysis of water
samples collected at standard depths. There are about 4,600
such salinity profiles for the entire BoB in the World Ocean
Database 2009 (WODO09; Boyer et al. 2009). More recently,
conductivity—temperature—depth (CTD) casts operated
from research vessels allow collecting higher-resolution pro-
files of salinity (about 1,000 profiles in the BoB in WODO09).
The number of available salinity measurements in the BoB
has increased astronomically with the advent of the Argo
(http://wo.jcommops.org/cgi-bin/VWebObjects/Argo) and
the Research Moored Array for African—Asian—Australian
Monsoon Analysis and Prediction (RAMA; McPhaden et al.
2009) international research programs. RAMA is an effort
to develop a moored buoy array in the tropical Indian Ocean
similar to those that already exist in the Pacific and Atlantic
Oceans. There are now three such moorings in the BoB at
8° 12° and I5°N along 90°E (red squares in Fig. SBla) that
transmit daily-average salinity profiles in near—real time
(4,380 profiles available in total in WODO09). The Argo pro-
gram is a coordinated effort to deploy autonomous profilers
that remain parked near 1000-m depth and that perform a
0—2000-m CTD cast every 10 days while ascending vertically
to the surface, before transmitting their data via satellite
communication and returning to their parking depth. The
number of Argo profiles really began to rise after 2002 in
the Indian Ocean, and there are now about 13,000 such
available profiles for the BoB in the WOD09 dataset (pink
dots in Fig. SBla).

In situ measurements of salinity have recently been
complemented by the development of remote sensing capa-
bilities of ocean surface salinity. The SMOS (Kerr et al. 2010)
and Aquarius (Levine et al. 2007) satellites measure microwave
radiations emitted from the Earth’s surface, at wavelengths
where surface emissivity is most sensitive to ocean surface
salinity. If corrected accurately from the other effects that
modulate this emissivity (sea surface temperature, atmo-
spheric composition, sea state, etc.), this allows for estimating
the surface ocean salinity. SMOS and Aquarius surface salinity
products are still very new and have not yet been thoroughly
evaluated in many regions of the world. Preliminary studies,
however, point out that, while remotely sensed salinity is
rather accurate in the equatorial Indian Ocean (Durand et al.
2013; Shinoda et al. 2013), it is of poorer quality in the BoB
(Ratheesh et al. 2013), partly due to strong radio interference
with radars close to the coast (Reul et al. 2012).

AMERICAN METEOROLOGICAL SOCIETY

SALINITY OBSERVATIONS IN THE BAY OF BENGAL

Remote sensing of salinity near the eastern coast of India
is hence currently challenging. In addition, there are also
many fewer available in situ data within 50 km of the coast
than in the open ocean (Fig. SBIb). This is partly because
Argo profilers, with a parking depth of 1,000 m, cannot
access the Indian continent shelf, which is typically shallower
than 200 m. Most of the data very close to the Indian coast
hence consist of historical cruise data, like the December
1991 cruise along the eastern coast of India described in
Shetye et al. (1996).

(a) Map of available in-situ observations from WODO09
1 | | 1 1 | | 1 1 1 1 |

1 ® ARGO data i
B RAMA mooring )
@ Other data

80°E 88°E
(b) Number of observations as a distance to the coast
w 200

B Argo floats

150 [ Otherdata
100

50
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Fic. SBI. (a) Map of available SSS observations in the
WODO09 (Boyer et al. 2009) from Argo profilers (pink),
RAMA moorings (red squares), and other datasets
(green). The blue and red contours indicate ocean
depths of 200 and 1000 m, respectively. The black
contour delineates the area for which statistics are
computed from (b) the number of observations in the
western BoB as a function of the distance to the coast
(in 10-km bins). Argo data are shown in pink and other
datasets are shown in green.
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Fic. 3. Climatological map of SSS from Chatterjee et al. (2012) in (a) Apr and
(b) Nov (the contours show the surface salinity minus the salinity at 50-m
depth). (c) SSS measured during the Dec 1991 cruise described in Shetye
et al. (1996) along the transect indicated by the black dashed line offshore of
Paradeep displayed in (d). (d) Map of SSS in Dec 1991 derived from in-situ
measurements performed during an oceanic cruise (adapted from Shetye et al.
1996). The colored circles in (d) indicate the location of the eight salinity coastal
measurements stations used in that study (i.e., Paradeep, Visakhapatnam,
Perupalem, Chennai, Nagapattinam, Rameshwaram, Tiruchandur, and
Colachal) when following the coast from the northern BoB toward the western
coast of India. The Chennai-Port Blair transect is indicated by the black
continuous line, while the transect in (c) is indicated by the black dashed line.
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(Fig. 3¢). Shetye et al. (1996)
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further suggested that the
southward expansion of
: the freshwater tongue
5 following the monsoon
i was the result of transport
by the narrow seasonal cur-
rent that flows southward
(- along the eastern coast
of India from October to
December (see “The East
Indian Coastal Current”).
SSS measurements

98°E
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SSS offshore structure |
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1(d) December 1991 cruise

close to the eastern coast
of India are currently not
widely available because
satellite remote sensing
observations of salinity
do not perform well in the
region and autonomous
profilers cannot access
the shallow Indian conti-
nental shelf (see “Salinity

T

o] Colachel @ 82°E

2010) depict a strong freshening after the monsoon
in the northeastern part of the bay (Fig. 3b) that has
been clearly attributed to the monsoonal freshwater
forcing from rainfall and rivers (e.g., Shetye et al.
1996; Rao and Sivakumar 2003; Sengupta et al. 2006).
These low-salinity waters further expand southward
as a fresh tongue along the coast of India down to
Sri Lanka in the following months (Fig. 3b). These
salinity climatologies depict this freshening along
the eastern coast as a rather broad offshore extent
(~400 km wide) with SSS remaining above 31 units.
Two Indian oceanographic cruises in December 1991
(Shetye et al. 1996) and December 1997 (Hareesh
Kumar et al. 2013), however, offer a more contrasted
picture, with a narrow—approximately 50-100-km-
wide—freshwater strip that hugs the coast of India
(Fig. 3d) with SSS as low as 23.5 units off Paradeep

| BANS DECEMBER 2014

90°E

observations in the Bay of
Bengal” for more details).
Most of the observations
located very close to the
Indian coast were col-
lected during historical
cruises, like the cruises
of Shetye et al. (1996)
and Hareesh Kumar
et al. (2013). Until recent-
ly, there was no dataset
that allowed resolving
the seasonal march of this
freshwater tongue along the eastern coast of India.
Over the past eight years, the Council of Scientific
and Industrial Research’s National Institute of
Oceanography (CSIR-NIO, Goa, India) has devel-
oped an innovative observing system to monitor
the salinity evolution along the east Indian coast
in which fishermen collected seawater samples
at eight stations along the Indian coastline. The
remainder of this paper is organized as follows.
We first describe this program funded by India’s
Ministry of Earth Sciences and present evidence
that this simple, cost-effective sampling strategy
is representative of offshore salinity evolution,
revealing a “river in the sea” (a narrow strip of very
freshwater that hugs the coast) flowing southward
along the eastern coast of India shortly after the
southwest monsoon. We then describe the seasonal

98°E
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march of this river in the sea and discuss the
mechanisms driving its evolution. We finally sum-
marize the main findings of this paper and discuss
the relevance and possible future developments of
this observing system based on local fishermen.

INDIAN FISHERMEN MEASURING
ONSHORE SALINITY. Modern technologies offer
innovative ways of monitoring salinity along the Indian
coast. A series of moorings, or repeated sections with
expandable conductivity-temperature-depth probes
or gliders (autonomous vehicles that can perform high-
resolution temperature and salinity sections) could,

THE EAST INDIAN COASTAL CURRENT

he The East Indian Coastal Current (EICC) is the western
boundary current of the BoB. The EICC reverses twice
a year under the influence of alternating monsoons (e.g.,
Shankar et al. 1996; McCreary et al. 1996; Durand et al.
2009): it flows northward from February to September and
southward from October to January (see Fig. SB2). The EICC
does not always flow in the direction expected from the
local winds, and sometimes it opposes local winds because
of a strong influence of remote forcing. This remote forcing
manifests under the form of coastal Kelvin waves (coastally
trapped waves that travel counterclockwise around the
BoB at a speed of approximately

for example, provide a monitoring of salinity along
the coast, but at a high cost. Such a coastal observing
system does not exist at present. Since May 2005, CSIR-
NIO conducts a very cost-effective program operated
by fishermen to measure salinity at stations scattered
along the Indian coastline. In this section, we describe
this simple measurement strategy and show that it
accurately captures the variations of the narrow strip
of very freshwater that hugs the eastern coast of India.

Local fishermen were recruited at eight stations
along the eastern coast and near the southern tip
of India. Those stations (see Fig. 3d for their loca-
tions and “Velipalaiyam, a fishermen’s village,

of deformation”—that is, the typical offshore scale of coastal
Kelvin waves (e.g., Gill 1982)—which depends on latitude

and the density profile, and varies from roughly 150 km in the
southern BoB to about 50 km in the northern BoB (Chelton
etal. 1998). The difference between western boundaries (with
narrow coastally trapped currents) and eastern boundaries is
due to planetary wave dynamics: long Rossby waves are char-
acterized by westward phase and energy propagation. Sea level
anomalies on the eastern side of the BoB can hence propagate
westward into the basin, while anomalies on the western side
“cannot escape,” and remain trapped at the coast.

2.5-3 m s7'). These Kelvin waves
can be forced by alongshore wind
variations along the northern and
eastern boundaries of the bay or
even originate from the equatorial
region. Wind fluctuations in the
interior of the BoB also force
westward-traveling Rossby waves,
which travel to the eastern coast

(Ib} Oct:

- A e
2 o,
~ ~aa
et

-
5 ———

of India and also contribute to the
EICC variations. During the period

85°E

of southward flow from October
to January, the EICC is mostly
driven by local winds and wind
fluctuations in the BoB’s interior
(McCreary et al. 1996).

Sitting on a western ocean
boundary, another noticeable
feature of the EICC is its very
narrow structure (Figs. SB2b,c;

Shetye et al. 1996) as compared 75°E 85°E 95°E
to eastern boundary currents (the m

i SIS
western coasts of India and Burma, 0.2 01 b 03 o

e.g., display much broader coastal

currents). Durand et al. (2009)
indeed showed that the typical
offshore scale of the EICC is com-
mensurate with the “Rossby radius

AMERICAN METEOROLOGICAL SOCIETY

Fic. SB2. Surface currents and absolute dynamic topography from the Geo-
strophic and Ekman Current Observatory (GEKCO) product (see the online
supplement for a description of the datasets used in this paper) in (a) Sep,
(b) Oct, (c) Nov, and (d) Dec.

DECEMBER 2014 BANS | 1901

Unauthenticated | Downloaded 01/14/21 06:24 AM UTC



near Nagapattinam” for a brief description of the
fishermen community at one of the stations) were
selected all along the coastal region hugged by the
East India Coastal Current (EICC) in such a way
that there are no rivers, water, or sewage outlets
within several kilometers. Every 5 days, except during
intense rainfall events, the fishermen collect a water
sample in knee-deep to shoulder-deep water in a
clean bottle that is thoroughly rinsed with seawater.
Those bottles, marked with the date of collection,
are routinely collected and brought back to CSIR-
NIO headquarters in Goa, where the salinity of each
sample is then measured using a salinometer.

The salinity signals measured along the coast
are typically on the order of several units, and
hence much larger than the salinometer accuracy of
0.002 units. While the salinometer-derived salinity
measurements are very accurate, the possibility of
human errors (e.g., reporting a wrong date on the
bottle) or of outliers (e.g., a sample collected during
or just after very heavy rainfall) needs to be checked.
A simple quality control procedure (described in the
supplementary material available at http://dx.doi
.org/10.1175/BAMS-D-12-00243.2) allows rejecting
values that are abnormally different from the neigh-
boring measurements. The percentage of discarded
values differs for each station but never exceeds 12%.

When this program was initially started, it was
not evident that water samples collected at the beach
would reflect offshore salinity variations rather than
the more local effects of rainfall or groundwater
resurgence. We have hence compared the data col-
lected at the beach with an offshore surface salinity
dataset collected by CSIR-NIO about 50 km offshore
along a passenger ship track between Chennai, India,
and the Andaman Islands (see Fig. 3d for the track,
and the supplementary information for a detailed
description of all the data sources in this article).
The presence of a narrow freshwater tongue hugging
the coast of India in the aftermath of the southwest
monsoon depicted by Shetye et al. (1996) and Hareesh
Kumar et al. (2013) cruise data is confirmed by the
November long-term average of the salinity data
along the ship track, which displays a 5-unit drop in
SSS within 100-150 km of the coast (Fig. 4a). Neither
the state-of-the-art Chatterjee et al. (2012) salinity
climatology nor the Antonov et al. (2010) salinity cli-
matology captures the offshore extent and amplitude
of the freshening (Fig. 4a). The much wider spatial
scale of the coastal freshening seen in these gridded
datasets is probably due to the undersampling of
surface salinity very close to the coast (see “Salinity
observations in the Bay of Bengal”) and to the
spatial smoothing that is used during the objective

VELIPALAIYAM, A FISHING VILLAGE NEAR NAGAPATTINAM

he water sample collection site

near Nagapattinam is on the beach
of a fishing village called Velipalaiyam
(Fig. SB3), a couple of kilometers north
of Nagapattinam city, in a region that
was severely affected by the December
2004 tsunami. This village has about
2,000 inhabitants, most of which belong
to the fishing community. The fisher-
men generally use small, mechanized
boats and no big trawlers, which prevent

them from going out at sea during the
monsoon. None of the boats is equipped
with global positioning system receivers,
which also prevents the collection of
water samples at precise locations from
the boats. It is for these reasons that the
collection of water samples from the
beach itself was favored, because it can
be done year-round.

The best fish catches are gener-
ally made in May—June and October—

November. There is no cold storage
facility in the village, and the fish is
generally sold to brokers that trans-
port it to nearby city markets to sell
it. The average monthly income in the
village is about 160 U.S. dollars, mostly
from selling the fish to brokers but also
occasionally from construction labor.
The village has one government high
school, which is attended by most of
the children from the village.

Fic. SB3. (left) Velipalaiyam village, near Nagapattinam, from the shore. (middle) A fisherman collecting
seawater. (right) Fishermen sorting the catch before sending it to the local market.
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interpolation to map unevenly distributed salinity
observations onto a regular grid [a smoothing with
a 444-km horizontal scale is applied in the case of
the Chatterjee et al. (2012) and Antonov et al. (2010)
climatologies]. While the coastal data are about 2.5
units fresher than the shipborne data within about
25 km of the coast, its amplitude is consistent with
the near-exponential structure of the salinity section
close to the coast (see the blue line in Fig. 4a). In addi-
tion to the offshore structure, the temporal phasing of
the seasonal salinity evolution at the Chennai coastal
station agrees well with the climatological seasonal
cycle of the shipborne SSS data measured about 25 km
from the coast, with a large salinity drop after the
southwest monsoon (Fig. 4b). At this location, the
data collected at the beach therefore appear to be
representative of offshore salinity, with an intense
coastal freshening consistent with the Chennai-Port
Blair transect data.

The narrow offshore extent of this river in the sea
is consistent with a dominant role of advection by
the EICC suggested by Shetye et al. (1996). The EICC
starts flowing southward in September (Fig. SB2),
as a coastally trapped current (Shankar et al. 1996;
McCreary et al. 1996). Around that time, the BoB
shows a rather zonally uniform salinity distribution
with very fresh (SSS ~26) water in the northern BoB
and saltier water (SSS ~33) in the central and south-
ern BoB. Figure 5a shows the salinity distribution
in an idealized model starting from this state, and
transporting salinity under the effect of a coastally
trapped current with the idealized offshore structure
of the EICC. The most intense currents at the coast
result in a faster advection of the low-salinity water
there and create a very narrow fresh strip at the coast
that flows southward along the coast and resembles
the salinity structure observed in Shetye et al. (1996,
Fig. 3d). In the real ocean, oceanic turbulence will,
of course, create recirculations and filaments of the
coastal freshwater in the offshore saltier water as
observed by Hareesh Kumar et al. (2013) in December
1997, and modeled in the eddy-resolving numerical
simulations of Benshila et al. (2014; Fig. 5b).

THE RIVER-IN-THE-SEA SEASONAL
MARCH. Figure 6 shows the 2005-13 time series
of SSS evolution for the eight stations of the coastal
surface salinity monitoring network. The stations
located in the northern part of the BoB display very
large salinity drops (up to 20 units) during and after
the summer monsoon. This monsoonal freshening
signal generally becomes smaller and occurs later
while progressing toward the southern tip of India

AMERICAN METEOROLOGICAL SOCIETY

(a) November SSS climatology off Chennai

34 —
32 B s
//
w 30 - /
g J Chennai-Port Blair transect
28 // Exponential fit
2 4/ @ Chennai coastal data
-1/
. ==~ Chatterjee et al. (2012) climatology
24 - T T T T . -
0 100 200 300 400 500 600 700
Distance from Chennai (km)
{b) SSS seasonal cycle close to Chennai
84| T s, e N
32
o 30 -
1%}
w28
26 Chennai coastal data
Chennai-Port Blair transe
24 {--- Chatterjee et al. (2012) climatology
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Fic. 4. (a) Nov climatological SSS along the Chennai-
Port Blair transect from the coastal station at Chennai
(red dot), offshore bottle measurements from the
passenger ship (yellow), and the Chatterjee et al.
(2012) climatology (dashed black). Also shown is the
exponential fit to the data from the coastal station
and Chennai-Port Blair transect (blue). (b) Seasonal
evolution of climatological SSS near Chennai from
the coastal station (red), the first measurement on
the Chennai-Port Blair shipping line (yellow, 25 km
away from the coast), and the Chatterjee et al. (2012)
salinity climatology (first available value about 50 km
away from the coast; dashed black). Measurements
along the Chennai-Port Blair transect are collected
from bucket samples every 50-100 km by a scientific
observer on board a passenger ship that repeatedly
plies between the eastern Indian coast line and the
Andaman Sea. This dataset spans the Sep 2006-Jan
2013 period with typically a monthly frequency.

(Rameswaram, Tiruchendur), and it is almost
nonexistent at Colachel. At most stations along the
eastern coast of India, the decrease in salinity occurs
rather abruptly, while the return to higher salinity
values after the monsoon is generally more gradual.

Figure 7a displays the mean seasonal cycle of
SSS at each station. The salinity signal has a very
large amplitude all along the eastern coast of India
(typically more than 10 units), and it decreases as one
travels southward. Figure 7b shows the local clima-
tological rainfall at each station. The stations in the
northern BoB experience the largest rainfall during
the southwest monsoon (June-September), while the
stations in the southern BoB (Chennai and farther
south) receive most of the seasonal rains during
the northeast monsoon (October and November).
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a specified constant current (displayed by vectors) with an idealized offshore structure that mimics the coastally
trapped EICC. The salinity structure in () is displayed after 90 days of integration (i.e., toward mid-Dec).

The massive freshening at
the northernmost station
(Paradeep) closely follows
the seasonal maximum of
the Brahmaputra-Ganges
discharge (Fig. 7c), indicat-
ing the dominant role of
river runoff in the north-
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that local precipitation can only explain about 10%
of the freshening observed for all coastal stations
located south of Paradeep (not shown). These results
are clear indications that factors other than local rain-
fall or runoff from nearby rivers induce this abrupt
freshening along the eastern coast, with the apparent
southward propagation being consistent with advec-
tion by the EICC.

Figure 8 provides a qualitative assessment of
the role of advection by the EICC in the southward
expansion of the river in the sea, as diagnosed from
the coastal stations’ network. This figure shows the
satellite-derived alongshore sur-
face flow (Sudre et al. 2013) within

of coastal salinity after the maximum freshening
starts while the EICC is still flowing southward
along the eastern coast of India, 2-3 months before
it reverses and becomes northward. This new in situ
dataset hence suggests that northward advection of
Arabian Sea saline water into the BoB by the EICC is
not the main process that restores SSS to its premon-
soon values, although this process may still contribute
to some extend to the steady rise in coastal salinity
in January-April at the southernmost stations (e.g.,
Rameswaram, Tiruchendur). Processes other than
alongshore advection, such as shoreward advection of

(a) Climatological SSS evolution at the coastal stations

75 km of the coast, along the Indian

[
l‘!l

coast from the mouth of the Ganges
to the southern tip of India. The
dashed line in this plot indicates the
trajectory of a hypothetical drifter
traveling at the speed of the EICC
flow along the eastern coast and
down to the southern tip of India.
The onset of the freshening date
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(b) Climatological rainfall evolution at the coastal stations

various stations (Visakhapatnam,
Perupalem, Chennai, Nagapattinam)
roughly matches the timing expected
from advection by the EICC. The
decrease in the amplitude of the SSS
freshening as one progresses south
(Fig. 7a) is probably an indication
of the mixing with saltier water
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from below the surface (e.g., Shetye
et al. 1996; Benshila et al. 2014) and

(c) Climatological evolution of major river discharges
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from offshore (e.g., Hareesh Kumar
etal. 2013). The only clear exception
to that rule occurs in Perupalem,
where a slightly larger freshen-
ing signal is observed compared
to Visakhapatnam, farther north
(Fig. 7a): this may reflect the influ-
ence of freshwater discharge from
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While the coastal freshening sig-
nal is qualitatively consistent with
transport by the narrow EICC (in
agreement with previous studies,
e.g., Hanetal. 2001, Jensen 2001, Rao
and Sivakumar 2003, and Benshila
etal. 2014), the conspicuous increase
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FiGc. 7. Seasonal climatology of (a) coastal SSS, (b) local rainfall at
each of the eight stations of the coastal SSS measurement network,
and (c) discharge of the major rivers along the eastern coast of India.
The vertical dashed lines in (a) indicate the dates of the coastal fresh-
ening onset (determined as the first date for which salinity is lower
than the previous Apr-Jun average minus 3 units), while diamonds
indicate the withdrawal dates (determined as the first date when
salinity exceeds the lowest salinity plus 3 units).

DECEMBER 2014 BAMS | 1905

Unauthenticated | Downloaded 01/14/21 06:24 AM UTC



saltier waters by eddies or entrainment of subsurface
saltier water into the mixed layer, are hence prob-
ably responsible for the erosion of the coastal river
in the sea.

SUMMARY AND DISCUSSION. Being the only
tropical ocean bounded by a continent to the north,
the Indian Ocean is home to the most powerful mon-
soon system in the world. Monsoonal rain and winds
induce strong coastal currents and very large river
discharges in the northern BoB. To date, the paucity
of salinity data has prevented a thorough description
of the spreading of this freshwater into the bay. The
potential impact of the BoB salinity distribution on

cyclones and regional climate, however, is a strong
incentive for a better description of the water cycle in
this region. Since May 2005, the CSIR-NIO conducts a
program in which fishermen collect seawater samples
every 5 days in knee-deep water at eight stations along
the Indian coastline. Comparison with open-ocean
samples shows that this simple, cost-effective sampling
strategy is representative of offshore salinity evolu-
tion. This new dataset reveals a salinity drop of more
than 10 g kg™ in the northern BoB at the end of the
summer monsoon. This freshening signal propagates
southward as a narrow (~100 km wide) strip along the
eastern coast of India, and reaches the southern tip of
India after 2.5 months. Satellite-derived alongshore-

May Jul Sep Nov Jan Mar
1 1 1 1 1 1 1 1 [ 1 1 1
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Fic. 8. Alongshore time plot of the seasonal cycle of alongshore
currents averaged within 75 km from the coast. A negative value
indicates a southward-flowing current. Names of the coastal SSS
measurement network stations are indicated to the left of the y
axis, and the distance (km) from the Ganges—-Brahmaputra mouth
is indicated to the right. The colored dots and squares represent the
coastal SSS freshening onset and withdrawal dates, respectively, at
each station. The dotted line indicates the trajectory of a virtual
surface drifter transported by the alongshore currents and released
at Paradeep at the time of the freshening onset.
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current data show that the southward
propagation of the freshwater along
the coast is consistent with transport
by the EICC, a narrow coastally
trapped current that flows southward
from October to December. On the
other hand, high salinities reappear
along the eastern coast of India
before the EICC turns northward,
suggesting that processes other than
alongshore advection are responsible
for the ensuing erosion of the coastal
freshening.

The occurrence of this river in the
sea along the eastern coast of India
is probably not a generic feature that
can be observed in many locations
in the world. Here, it arises from the
peculiar geography of the northern
Indian Ocean that results in both a
massive inflow of freshwater into
the semienclosed northern BoB and
in strong coastally trapped currents
along the eastern coast of India. In
other regions of the world where
both the freshwater input from rivers
and coastal currents are not as strong
and variable as in the BoB, the large-
scale offshore signal may be smaller
and blurred by local signals associ-
ated with rainfall or groundwater
resurgence.

This study demonstrates the
possibility to build a scientifically
usable observational network at low
cost by relying on local communities
from around the Indian Ocean. Our
duty as oceanographers is to produce
knowledge about the Indian Ocean
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that can be translated into benefits for the society. In
return citizens collect the data that help scientists in
building that knowledge.

The description of this river in the sea allowed
by this innovative program calls for a perpetuation
or an expansion of this observing system that may
help to monitor salinity variations along the Indian
coastline at seasonal and longer time scales. While
we have so far focused on salinity measurements,
this coastal seawater sampling program could also
be used for regular monitoring of other quantities of
interest, such as phytoplankton or bacteria. One more
potential application of our coastal network concerns
the monitoring of seawater composition that could be
used to investigate the origins of the freshwater in the
river in the sea, since continental water presents a dif-
ferent chemical/isotopic composition than rainwater
or open-ocean seawater, for example.
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