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MORE DETAILS ON THE COASTAL SSS 
DATASET. As a component of the long-term 
monitoring of upper-ocean temperature and salin-
ity structure, a research project supported by the 
Ministry of Earth Sciences (MoES), the National 
Institute of Oceanography (NIO, Goa, India) has 
initiated the collection of seawater samples at 
eight different coastal stations (colored circles in 
Fig. 3c) along the eastern Indian coastline. From 
north to south, the stations along the eastern coast 
of India are located at Paradeep (20°03ʹN, 86°55ʹE), 
Visakhapatnam (17°41ʹN, 83°18ʹE), Perupalem 
(16°25ʹN, 81°44ʹE), Chennai (13°36ʹN, 80°28ʹE), and 
Nagapattinam (10°46ʹN, 79°50ʹE), just north of Sri 
Lanka. Rameswaram (09°17ʹN, 79°22ʹE) is located 
just south of the shallow strait that separates India 
from Sri Lanka. Tiruchendur (08°30ʹN, 78°11ʹE) and 
Colachel (08°01ʹN, 77°08ʹE) are located close to the 
southern tip of India. 

Since May 2005, seawater samples have been 
collected simultaneously at 5-day intervals at all 

these stations. Sampling tests at higher rates (2-day 
sampling in 2007–08 at Tiruchendur and hourly 
measurements in April 2006 at Visakhapatnam) 
suggest that there is no strong aliasing from higher-
frequency variability. Seawater collection points have 
been selected in such a way that there are no rivers, 
water, or sewage outlets within several kilometers. 
Local fishermen are responsible for the water collec-
tion at each station and collect the water sample with 
a bottle provided by CSIR-NIO, in knee- to shoulder-
deep water. A CSIR-NIO staff member regularly 
collects all samples at every station. The samples are 
brought back to the CSIR-NIO headquarters in Goa. 
The salinity of each sample is then measured using 
an 8400B Autosal from Guild Line, with an accuracy 
of ±0.002 PSS.

The salinity measurements themselves are very 
accurate. An automatic quality control, however, 
is performed to remove possible outliers resulting 
from human errors (e.g., when labeling the bottles) 
or geophysical noise (e.g., extreme rainfall event). 
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As indicated in the main text, available large-
scale climatologies do not capture the very intense 
freshening signals at the coast and hence cannot be 
used as a reference value, as is often done in auto-
matic quality control procedures. Rather, we only 
rely on the existing series at each site and adapted 
a very popular method termed  “Tukey fences” 
(Hoaglin et al. 1983, p. 39, 54, 62, and 223) to reject 
values that strongly differ from the preceding and 
following values (in time). The salinity Sn at time 
step n is discarded if

 

where q1 and q3 are the lower and upper quartiles of 
the |Sn – Sn–1| distribution, respectively. As illustrated 
in Fig. ES1 for three selected stations, this quality 
control procedure allows for eliminating values that 
unusually differ from the preceding and following 
values. The dataset used in the present study spans 
the period from May 2005 to January 2013 (i.e., a 
total of 5,644 samples). Applying the quality con-
trol procedure described above results in rejecting 
6% of the values in total (12% at Paradeep, 6% at 
Visakhapatnam, 7% at Perupalem, 10% in Chennai, 
6% at Nagapattinam, 3% at Rameswaram, 3% at 
Tiruchendur, and 2% at Colachel). 

After this quality control has been applied, we 
have constructed the time series of sea surface salinity 
(SSS) at each site shown in Fig. 6 by applying a 15-day 
average. The 15-day climatology shown in Fig. 7 was 
constructed by taking the mean value of the salinity 
distribution for that period of the year for all available 
years (with at most eight values from 2005 to 2012 
available for each 15-day average).

SSS DATASET ALONG THE CHENNAI–
PORT BLAIR SHIP OF OPPORTUNITY 
ROUTE. CSIR-NIO has also been deploying ex-
pendable bathythermographs (XBTs)/expendable 
CTDs (XCTDs) along several shipping lanes in the 
seas around India under the Indian Ships of Oppor-
tunity Program, a research program supported by the 
Ministry of Earth Sciences (government of India). 
The Chennai–Port Blair shipping lane (black line in 
Fig. 3d) is one of those shipping lanes. The dataset 
spans the September 2006–January 2013 period at a 
monthly frequency. During each cruise, an onboard 
scientific observer collects surface seawater samples 
(bucket samples) every 50 km. The samples are subse-
quently brought back to CSIR-NIO and measured for 
salinity in the same manner as for the beach stations 
samples described above. 

We use the SSS data along the Chennai–Port Blair 
XBT transect to verify that the coastal SSS measure-
ments presented in this study are representative of 
open-ocean sea surface salinity. The closest measure-
ment to the shore is generally taken at about 25 km 
from the Chennai water sample collection station. 

OTHER DATASETS USED IN THAT PAPER. 
Chatterjee et al. (2012) salinity climatology. One of 
the most widely used global ocean temperature 
and salinity climatology is the World Ocean Atlas 
(Antonov et al. 2010; Locarnini et al. 2010). This 
atlas is based on a dataset that gathers vast amounts 
of historical ocean data, as well as more recent data 
sources such as Argo program profilers and data from 
moored buoys. This database does not, however, con-
tain a lot of data from the Indian exclusive economic 
zone (EEZ). To provide a more reliable estimate of 
the temperature and salinity climatology within 
the northern Indian Ocean, Chatterjee et al. (2012) 
used a similar methodology to Antonov et al. (2010) 
and Locarnini et al. (2010) but added a considerable 
amount of historical Indian cruises within the EEZ. 
They show that the addition of these new data has a 
considerable impact within the Bay of Bengal. Being 
constructed from the most complete database for the 
northern Indian Ocean so far, Chatterjee et al. (2012) 
is undoubtedly the most reliable estimate of the Bay 
of Bengal large-scale salinity structure to date. 

To obtain a smooth climatology over the entire 
domain, despite the numerous spatial gaps in the 
available data, a fair amount of spatial smoothing 
is needed. The final step of the spatial interpolation 
procedure used in Chatterjee et al. (2012) uses a 4° 
(roughly 444 km) Gaussian smoothing. It is most 
likely because of this spatial smoothing that the 
Chatterjee et al. (2012) climatology does not resolve 
the approximately 100-km-wide freshwater coastal 
strip hugging the coast that is seen from measure-
ments along the Chennai–Port Blair shipping lane, 
or from the cruises described in Shetye et al. (1996) 
and Hareesh Kumar et al. (2013).

River freshwater discharge into the Bay of Bengal. 
The monthly Ganges–Brahmaputra river discharge 
into the Bay of Bengal is obtained from the satellite 
altimeter–derived estimates of Papa et al. (2010, 
2012). In situ river discharge data are combined with 
altimetry water-level heights to estimate the Ganges–
Brahmaputra continental freshwater f lux into the 
Bay of Bengal. Here, the climatological values for 
the period July–September are estimated using the 
monthly dataset spanning the period 1993–2012. A 
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similar approach is used 
to estimate the Irrawaddy 
River discharge and its 
freshwater f lux into the 
Bay of Bengal.

For the other large rivers 
located on the eastern 
coast of India—that is, 
Mahanadi, Godavari, and 
Krishna (Fig. 1a)—the cli-
matological discharge into 
the Bay of Bengal is ob-
tained using in situ obser-
vations from the Central 
Water Commission, New 
Delhi, India.

TRMM 3B42 rainfall data. 
For the rainfall data that 
were used in Figs. 1 and 
7, we extracted the 0.25° 
× 0.25° × 3-hourly grid-
ded produc t  f rom t he 
Tropical Rainfall Measur-
ing Mission (TRMM) 3B42 
product (Huffman et al. 
2007) for the 2005–13 period. This product merges 
rainfall estimates from several satellite sensors and 
rain gauge data.

The time series in Fig. 1b shows the TRMM 3B42 
climatological rainfall over the ocean within the 
14°–23°N, 80°–94°E domain. The rainfall time series 
at each station shown in Fig. 7b are obtained from a 
2° × 2° average around the station location.

GEKCO: Estimates of surface currents remotely sensed. 
The Geostrophic and Ekman Current Observatory 
(GEKCO) product is an estimate of surface oceanic 
currents derived from remote sensing (Sudre et al. 
2013). The long-term mean circulation is derived 
from the Archiving, Validation, and Interpretation of 
Satellite Oceanographic data (AVISO) mean absolute 
dynamic topography using geostrophy. Anomalies of 
the circulation with respect to this long-term mean are 
also derived from sea level anomalies using geostro-
phy. Finally, the Ekman flow component is obtained 
from the Centre d’Exploitation et de Recherche Sat-
ellitaire (CERSAT) Quick Scatterometer (Quikscat) 
wind stresses following van Meurs and Niiler (1997).

Correlations between the GEKCO- and surface-
drifter-derived currents are typically on the order of 
0.75 or more in the northern Indian Ocean (Sudre 
et al. 2013). One can, however, wonder if the GEKCO 

product is accurate to capture the seasonal cycle of 
the East India Coastal Current close to the Indian 
coast. To verify this, we compared the timing of 
the seasonal cycle of the East India Coastal Current 
(EICC) obtained from GEKCO and from an updated 
version of the alongtrack altimeter data described in 
Durand et al. (2009) (including Jason-1 and Jason-2 
altimetric datasets). The tracks used to perform this 
comparison are displayed in Fig. ES2a.

Figure ES2b is similar to Fig. 8 (the average along-
shore current within 75 km of the 200-m isobaths is 
plotted, as an alongshore time section). The stars on 
this plot indicate the coastal current reversal dates 
from the alongtrack altimetric data. The temporal 
mismatch in the reversal dates indicated by the two 
products is always less than one month, a reassurance 
that the GEKCO product captures reasonably well the 
seasonal cycle of the coastal current. 

MODEL OUTPUTS. Idealized model of salinity 
transport by the EICC. Figure 5a shows the salinity 
structure obtained after 90 days of integration of the 
salinity transport equation, with specified coastal 
currents with the idealized offshore structure of a 
coastal Kelvin wave. We provide details on this ideal-
ized model here. In the idealized model, the current 
horizontal structure is imposed and the model 

Fig. ES1. Raw SSS data evolution at the three coastal stations for the 2005–13 
period. Blue portions of the curves indicate outliers that have been removed 
by the quality control procedure, while red portions of the curves indicate 
data that were retained as valid.
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predicts only salinity evolution. The initial salinity 
distribution (Fig. ES3a) is zonally uniform and mim-
ics the observed climatological salinity distribution in 
September (Fig. ES3b). The model coastlines mimic 
the eastern and northern rims of the Bay of Bengal 
(see Fig. ES3a). The salinity horizontal transport 
equation is then integrated for 90 days, to produce 
an estimated salinity structure in mid-December:

 

where u and v are the specified, 
constant zonal and meridional 
components of the surface currents, 
respectively. Those surface currents 
are obtained from the rotation of the 
following idealized structure for the 
alongshore currents u*:

 

where u0 is the alongshore current 
at the coast (0.2 m s–1 westward, 
southwestward, or southward cur-
rent for the numerical application 
in the paper), y* is the distance from 
the coast, and R1 is the first Rossby 
radius of deformation (computed as 

c1/| f |, where c1 = 2.5 m s–1 
is the first baroclinic mode 
phase speed and f is the 
Coriolis factor). There is 
no flux of salt through the 
coasts and at the domain 
eastern boundary, and salt 
f luxes go freely out of the 
computational domain at 
the southern boundary. 
This equation is solved nu-
merically on an Arakawa 
C grid.

This much idealized 
model neglects important 
processes like freshwater 
input from rain and rivers, 
exchanges with the subsur-
face through turbulent pro-
cesses and upwelling, spe-
cific shelf dynamics, and 
uses an extremely idealized 
and constant current struc-
ture. It nonetheless pro-
vides a simple explanation 

for the narrow freshwater strip that is seen after the 
monsoon in much more sophisticated numerical 
experiments (e.g., Benshila et al. 2014) and in observa-
tions (Shetye et al. 1996; Hareesh Kumar et al. 2013). 

Eddy-resolv ing ocean general circulat ion model 
experiment . Figure 5b shows the 15 December 
2006 snapshot of SSS from the 1/12° ocean general 
circulation model simulation of Benshila et al. (2014). 

Fig. ES3. (a) Idealized salinity distribution at the beginning of the 
integration of the idealized model of salinity transport by the EICC. 
(b) Chatterjee et al. (2012) climatological SSS for the month of Sep.

Fig. ES2. (a) Absolute dynamic topography from the GEKCO product in Dec. 
Black lines display a layout of the portions of altimetric track used to validate 
EEIC reversal from Sudre et al. (2013) data. (b) Alongshore time plot of the 
seasonal cycle of alongshore GECKO currents averaged within 75 km of the 
coast. Positive values indicate a southward-flowing current. The distance 
(km) from the Ganges–Brahmaputra mouth is indicated on the right axis. 
The red and blue stars indicate the alongshore current reversal date from 
northward to southward and southward to northward, respectively, derived 
from alongtrack altimeter data using the tracks shown in (a).
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The model is based on a Bay of Bengal regional con-
figuration of the Nucleus for European Modelling 
of the Ocean (NEMO) model (Madec 2008). It is 
forced by European Centre for Medium-Range 
Weather Forecasts interim reanalysis (ERA-Interim; 
Dee et al. 2011) for heat and momentum f luxes, 
and TRMM Microwave Imager (TMI; Wentz et al. 
2000) for precipitation. River runoff values are taken 
from Bourdalle-Badie and Tréguier (2006), with the 
exception of the interannually varying Ganges–
Brahmaputra discharge from Papa et al. (2010). SSS 
in the model is not restored to any climatology. The 
model is started from rest and uses the World Ocean 
Atlas 2005 (WOA05) temperature and salinity clima-
tology on 1 January 2002. Further details, including 
a thorough validation of the model SSS, can be found 
in Benshila et al. (2014). 

REFERENCES
Antonov, J. I., and Coauthors, 2010: Salinity. Vol. 2, 

World Ocean Atlas 2009, NOAA Atlas NESDIS 69, 
184 pp.

Benshila, R., F. Durand, S. Masson, R. Bourdallé-Badie, 
C. de Boyer Montégut, F. Papa, and G. Madec, 2014: 
The upper Bay of Bengal salinity structure in a 
high-resolution model. Ocean Modell., 74, 36–52, 
doi:10.1016/j.ocemod.2013.12.001.

Bourdalle-Badie, R., and A.-M. Tréguier, 2006: A cli-
matology of runoff for the global ocean-ice model 
ORCA025. Mercator-Ocean Rep. MOO-RP-425-365-
MER, 8 pp. [Available online at www.drakkar-ocean 
.eu/publications/reports/runoff-mercator-06.pdf.]

Chatterjee, A., and Coauthors, 2012: A new atlas of 
temperature and salinity for the north Indian Ocean. 
J. Earth Syst. Sci., 121, 559–593, doi:10.1007/s12040 
-012-0191-9.

Dee, D. P., and Coauthors, 2011: The ERA-Interim re-
analysis: Configuration and performance of the data 
assimilation system. Quart. J. Roy. Meteor. Soc., 137, 
553–597, doi:10.1002/qj.828.

Durand, F., D. Shankar, F. Birol, and S. S. C. Shenoi, 
2009: Spatiotemporal structure of the East India 
Coastal Current from satellite altimetry. J. Geophys. 
Res., 114, C02013, doi:10.1029/2008JC004807.

Hareesh Kumar, P. V., B. Matthew, M. R. Ramesh Kumar, 
A. R. Rao, P. S. V. Jagadesh, K. G. Radhakrishnan, 
and T. N. Shyni, 2013: ‘Thermohaline front’ off the 
east coast of India and its generating mechanism. 

Ocean Dyn., 63, 1175–1180, doi:10.1007/s10236 
-013-0652-y.

Hoaglin, D., F. Mosteller, and J. Tukey, 1983: Under-
standing Robust and Exploratory Data Analysis. John 
Wiley & Sons, 447 pp.

Huffman, G. J., and Coauthors, 2007: The TRMM 
Multisatellite Precipitation Analysis: Quasi-global, 
multiyear, combined-sensor precipitation estimates 
at fine scales. J. Hydrometeor., 8, 38–55, doi:10.1175 
/JHM560.1.

Locarnini, R. A., A. V. Mishonov, J. I. Antonov, T. P. 
Boyer, H. E. Garcia, O. K. Baranova, M. M. Zweng, 
and D. R. Johnson, 2010: Temperature. Vol. 1, World 
Ocean Atlas 2009, NOAA Atlas NESDIS 68, 184 pp.

Madec, G., 2008: Ocean dynamics. NEMO ocean en-
gine, version 3.0, IPSL Note du Pôle de Modélisation 
27, 81–100. [Available online at www.nemo-ocean.
eu/content/download/5302/31828/file/NEMO_book 
.pdf.] 

Papa, F., F. Durand, W. B. Rossow, A. Rahman, 
and S. K. Bala, 2010: Satellite altimeter-derived 
monthly discharge of the Ganga-Brahmaputra 
River and its seasonal to interannual variations 
from 1993 to 2008. J. Geophys. Res., 115, C12013, 
doi:10.1029/2009JC006075.

—, S. K. Bala, R. Kumar Pandey, F. Durand, V. V. 
Gopalakrishna, A. Rahman, and W. B. Rossow, 
2012: Ganga-Brahmaputra river discharge from 
Jason-2 radar altimetry: An update to the long-term 
satellite-derived estimates of continental freshwater 
forcing flux into the Bay of Bengal. J. Geophys. Res., 
117, C11021, doi:10.1029/2012JC008158.

Shetye, S. R., A. D. Gouveia, D. Shankar, G. S. Michael, 
and G. Nampoothiri, 1996: Hydrography and circu-
lation of the western Bay of Bengal during the north-
east monsoon. J. Geophys. Res., 101, 14 011–14 025, 
doi:10.1029/95JC03307.

Sudre, J., C. Maes, and V. Garçon, 2013: On the global 
estimates of geostrophic and Ekman surface cur-
rents. Limnol. Oceanogr. Fluids Environ., 3, 1–20, 
doi:10.1215/21573689-2071927.

van Meurs, P., and P. P. Niiler, 1997: Temporal variability 
of the large-scale geostrophic surface velocity in the 
northeast Pacific. J. Phys. Oceanogr., 27, 2288–2297, 
doi:10.1175/1520-0485(1997)0272.0.CO;2.

Wentz, F. J., C. Gentemann, D. Smith, and D. Chelton, 
2000: Satellite measurements of sea surface tem-
perature through clouds. Science, 288, 847–850, 
doi:10.1126/science.288.5467.847. 

ES245DECEMBER 2014AMERICAN METEOROLOGICAL SOCIETY |

http://dx.doi.org/10.1016/j.ocemod.2013.12.001
http://www.drakkar-ocean.eu/publications/reports/runoff-mercator-06.pdf
http://www.drakkar-ocean.eu/publications/reports/runoff-mercator-06.pdf
http://dx.doi.org/10.1007/s12040 -012-0191-9
http://dx.doi.org/10.1007/s12040 -012-0191-9
http://dx/doi.org/10.1002/qj.828
http://dx.doi.org/10.1029/2008JC004807
http://dx.doi.org/10.1007/s10236-013-0652-y
http://dx.doi.org/10.1007/s10236-013-0652-y
http://dx.doi.org/10.1175/JHM560.1
http://dx.doi.org/10.1175/JHM560.1
http://www.nemo-ocean.eu/content/download/5302/31828/file/NEMO_book.pdf
http://www.nemo-ocean.eu/content/download/5302/31828/file/NEMO_book.pdf
http://www.nemo-ocean.eu/content/download/5302/31828/file/NEMO_book.pdf
http://dx.doi.org/10.1029/2009JC006075
http://dx.doi.org/10.1029/2012JC008158
http://dx.doi.org/10.1029/95JC03307
http://dx.doi.org/10.1215/21573689-2071927
http://dx.doi.org/10.1175/1520-0485(1997)0272.0.CO;2
http://dx.doi.org/10.1126/science.288.5467.847

