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Upwelling in the southeastern Arabian Sea as evidenced by Ekman mass
transport using wind observations from OCEANSAT–II Scatterometer
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Monthly Ekman mass transport in the southeastern Arabian Sea using scatterometer data from Oceansat-II
satellite were estimated in the present study. Seasonal variability of Ekman mass transport has been analyzed to study
the occurrence of coastal upwelling in this region. Prominent region of upwelling along the southwest coast of India is
between 8o and 14oN. Strong offshore Ekman mass transport of about -2000 kg/m/s was observed during August due to
the favorable wind conditions. Very weak offshore Ekman transport was observed during the pre-monsoon months when
the wind is weak and variable. Moderate offshore transport was observed along the southwest coast between December
2009 and February 2010.
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Introduction

Upwelling is an oceanographic phenomenon that
involves wind-driven motion of dense, cooler, and
usually nutrient-rich water towards the ocean surface,
replacing the warmer, usually nutrient-deplete surface
water. Arabian Sea is one of the highly productive
seas in the Indian Ocean region due to its boundaries
and the open ocean processes which manifest as
upwelling during summer monsoon (June–
September) and cooling during winter in the northern
Arabian Sea. Coastal areas of the Arabian Sea are
major zones of upwelling during the southwest (SW)
monsoon. Phytoplankton blooms are observed in the
coastal waters of India under favourable conditions
of sea surface temperature (SST) and nutrients. Off
the SW coast of India, upwelling starts even before
the onset of the summer monsoon and continues till
it ends in September. Major features of the upwelling
are the upward displacement of the 20oC isotherm by
nearly 100 m, the invasion of the shelf off the west
coast by nutrient-rich waters and the reduction of SST
by 4-5oC with the development of rich plankton
blooms1,2,3,4.

This Oceanic phenomenon was studied by many
a marine scientists using in-situ measurements,
mathematical modelling and satellite observations5,6,7.
From these studies, it was established that upwelling
along SW coast of India formed by February/March;
however, the chlorophyll concentration and the
intensity of upwelling in this region strengthened with
the onset of SW monsoon emphasising the importance
of wind in the entrainment of subsurface nutrients
towards the surface. As the west coast of India is
oriented along the meridional axis with an angle of
24o with north8, it is imperative to estimate the
meridional Ekman transport for coastal upwelling.
Also wind direction during the SW monsoon is north-
northwesterly along the coast line to the south of 15oN.
Wind stress parallel to the coast line is the driving
factor for upwelling during the monsoon, as
conceptually understood.The objective of this study
is to monitor and understand the seasonal variability
of coastal upwelling as revealed by Ekman mass
transport in southeastern Arabian Sea using the
recently launched OCEANSAT–II Scatterometer
data.
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Abstract— The purpose of this study is to forecast Southwest 

Indian Monsoon rainfall based on sea surface temperature, sea 

level pressure, humidity and zonal (u) and meridional (v) winds. 

With the aforementioned parameters given as input to an 

Artificial Neural Network (ANN), the rainfall within 10x10 grids 

of southwest Indian regions is predicted by means of one of the 

most efficient clustering methods, namely the Kohonen Self-

Organizing Maps (SOM). The ANN is trained with input 

parameters spanning for 36 years (1960-1995) and tested and 

validated for a period of 9 years (1996-2004). It is further used 

to predict the rainfall for 6 years (2005-2010). The results show 

reasonably good accuracy for the summer monsoon periods 

June, July, August and September (JJAS) of the validation years. 

 

Index Terms— South West Monsoon, Clustering, Artificial 

Neural Networks, Self-Organizing Map. 

 

I.  INTRODUCTION 

Monsoon is an outstanding tropical phenomenon of the 

Indian sub-continent. The forecast of the Indian summer 

monsoon rainfall (JJAS) has been very crucial and 

advantageous for farmers. The south-west winds (often 

known as the southwest monsoon) blowing from the 

Indian Ocean onto the Indian landmass during the months 

of June through September is generally rain bearing 

winds that bring rainfall to most parts of the subcontinent. 

They split into two branches, namely, the Arabian Sea 

Branch and the Bay of Bengal Branch near the 

southernmost end of the Indian Peninsula. On the other 

hand, oceanographically, the Indian Ocean is the least 

explored of the major oceans. The Indian monsoon 

depends on many pre-monsoon factors of the Indian 

Ocean [1-3]. The empirical forecasting of the Indian 

monsoon has been achieved using a combination of 

climatic parameters, including the atmospheric pressure, 

the wind, the Sea Surface Temperature (SST), the snow 

cover and the phase of the El Niño–Southern Oscillation 

ENSO [4, 5]. Regression models based on these and other 

empirical correlations have been able to predict 60% – 

80% of the total seasonal Indian rainfall by the month of 

May preceding the summer monsoon [6]. SST has been 

recognized as an important oceanic parameter because it 

directly influences the air-sea exchange of heat. The other 

parameters of interest are the Sea Level Pressure (SLP), 

the Humidity, and the U- and V-winds. 

The initial work on Asian monsoon prediction was 

conducted by Walker [7] followed by several attempts [8-

10] leading to the development of better models towards 

long range forecast of summer monsoon rainfall over 

India. For instance, the parametric and power regression 

models used [10] gave reasonably accurate results. These 

models are used by the India Meteorological Department 

(IMD) for long range forecasts for India. But these 

statistical models have some limitations. So attempts 

were made to develop better, alternate techniques for long 

range forecasts of Indian Summer Monsoon Rainfall 

(ISMR). The 8 parameter Hybrid Principal Component 

Model was developed [11] by using a 30-year (1958-87) 

training period and a 10-year (1988-97) verification 

period. An artificial intelligence approach for regional 

rainfall forecasting for Orissa (Indian state), on monthly 

and seasonal time scales was attempted [1]. In that study, 

the possible relation between regional rainfall over Orissa 

and the large scale climate indices like EL- Niño 

Southern oscillation (ENSO), Equatorial Indian Ocean 

Oscillation (EQUINOO) and a local climate index of 

ocean – land temperature contrast were first studied and 

then used to forecast monsoon rainfall. The time series of 

all India summer monsoon rainfall was generated by area 

weighting the rainfall at 306 rain gauges across the 

country [12, 13] and the empirical modeling approaches 

were used to forecast ISMR. [14] gives a general 

overview of forecasting models for ISMR. Later, [15] and 

[16] presented reviews on such empirical models. 
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    Annual and interannual variation of Indian Ocean Warm Pool (IOWP) was studied using satellite and in 

situ ocean temperature data. IOWP surface area undergoes a strong annual cycle attaining a maximum of 24 
x 106km2 during April and minimum of 10 x 106km2 in August. Unlike surface area, warm pool was deeper 
(90m) during August than in April. Higher vertical extent was found both at eastern equatorial Indian Ocean 
and south-eastern Arabian Sea. Frequency distribution of temperatures at one degree interval (28-29, 29-30, 
30-31) exhibited independent seasonal variations. The interannual variation of IOWP was found to be 
associated with ENSO events. 
 
[Keywords:  Warm Pool; Sea Surface Temperature; Indian Ocean; IOWP] 

Introduction 

    Warm oceanic waters are often called as warm 
pools1. Researchers have used different criteria to 
define warm pool based on the lower limit of 
temperature. For example, Wyrtki1 had used 28oC 
as the lower limit whereas Chacko et al2 used 
30oC. The selection of lower temperature limit 
depends on the spatial scale of the warm pool of 
interest. For the study of warm pools on a larger 
scale, 28oC was considered as a better choice 
whereas for small scale warm pools (‘mini warm 
pool’), higher cut off values can be adopted. Since 
the focus of our study is on a basin scale warm 
pool of Indian Ocean, we follow Wyrtki’s criteria 
of 28oC to define the warm pool. 

    Warm pools are features of tropical oceans and 
are an important entity for the climate3-8. Warm 
pools are identified as areas of strong atmospheric 
convection, convergence of surface wind, and 
high precipitation9-16. Among the warm pools, 
Pacific warm pool has been studied extensively 
over the last two decades due to its close 
association with the formation of El Nino. Recent 
studies on IOWP now confirm its role on the 
climate of Indian Ocean and Indian monsoon 
rainfall. Vinayachandran and Shetye17 studied the 
climatological aspect of IOWP. Joseph18 found 
that the monsoon vortex which is essential for the 
onset of summer monsoon rainfall over India, 
forms over the warmest part of IOWP in Arabian 
Sea. Zhang et al19 identified the role of Indian 
Ocean Dipole on IOWP variability. 

    Present study consists the evolution and 
features of IOWP on seasonal and interannual 
time scales.  Climatological evolution of IOWP 
studied earlier used Levitus data which had a 
spatial resolution of 1o x 1o. In this study, we also 
use satellite data which had a better resolution and 
accuracy than Levitus data.  

Material and Methods 
     The data used in this study consist of Sea 
Surface Temperature (SST) data (monthly and 
climatology) from Tropical Rainfall Measuring 
Mission (TRMM) Microwave Imager (TMI) and 
Levitus World Ocean Atlas subsurface 
temperature data20.  TMI SST has a spatial 
resolution of 0.25o×0.25o.  Climatological version 
of this data was used to study the annual 
evolution of IOWP. IOWP surface area for a 
month was obtained by computing the number of 
grids having SST greater than 28oC and then 
multiplying it with unit grid area (27.5 x 27.5 
km2).  Levitus climatology was used to estimate 
the depth of warm pool by locating the 28oC 
isotherm (D28) in the vertical. Monthly TMI SST 
data for the period 1998 to 2009 was used to 
study the interannual variations in IOWP surface 
area. 
 
Result and Discussions 

Climatological variability 

     Figure 1 shows the climatological variation of 
IOWP surface area. It showed a simple annual 
cycle with one minimum and one maximum.  
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With extensive use of satellite-measured climatology, the present study investigated the upwelling along the entire west
coast of India and authenticated the differences in upwelling along the SW and NW coasts. During May and September,
the entire west coast of India was characterized by weak offshore surface mass transport. During June, July, and August,
offshore surface mass transport was limited to SW coast of India, and onshore transport was observed along NW coast,
except at 168 N and 178 N, where very weak offshore transport was observed, compared with SW coast. Analysis of the
Sea Surface Height Anomaly, depth of 268 isotherms, and Local Temperature Anomaly revealed the role of remote forcing
on the upwelling along the west coast of India, especially during the peak summer monsoon months. The observations on
the Local Temperature Anomaly at different depth levels exposed that, at the surface, the upwelling features was limited
to the SW coast of India during the summer monsoon. Upwelling, however, was clearly evident at the 10-m depth along
the NW coast during May and September. The main difference in upwelling along the SW and NW coastlines during
June to August was that vertical excursion of upwelled water along the NW coast was limited to the 30-m depth and
along the SW coast; the upwelled water replaces the surface water. From Local Temperature Anomaly it was also evident
that the intensity and south to north propagation speed of upwelling was more at deeper level than at the surface.

ADDITIONAL INDEX WORDS: Remote forcing, Kelvin waves, Ekman transport, Local Temperature Anomaly, SW
monsoon, alongshore wind stress, 268-isotherm depth.

INTRODUCTION
Upwelling along the SW coast of India is an annually

recurring phenomenon during the SW monsoon and is the

dominant mechanism in the Arabian Sea for its summer

cooling (Jayaram et al., 2010). The slow and persistent rising of

nutrient-rich subsurface water toward the ocean surface is

referred as upwelling and, off the SW coast of India, is indicated

by rapid upward movement of isotherms, surface cooling, and

an associated fall in sea level occurring during the SW monsoon

months of May to September (Smitha et al., 2008). The region

off the west coast of India is one of the most biologically

productive regions of the world’s oceans, contributing to large

fishery volumes because of the well-known upwelling process

during the summer monsoon season (Gopalakrishna et al.,

2008; Madhupratap et al., 1994, 1996, 2001). The upwelling

first appears in the southern latitudes along the SW coast of

India and progressively advances poleward during the summer

monsoon. Along the SW coast of India, the upwelling is

modulated by both local and remote forcing (Gopalakrishna et

al., 2008). Alongshore wind stress and wind stress curl have

been identified as the two most important local forcing events

responsible for the occurrence of upwelling through Ekman

dynamics during the summer monsoon season (Jayaram et al.,

2010; Shetye 1985; Shetye and Shenoi, 1988). Remote forcing is

characterized by coastally trapped propagating Kelvin waves

that reach South Eastern Arabian Sea (SEAS), triggered by

both the equatorial zonal wind stress and the alongshore wind

stress off the west coast of India (Gopalakrishna et al., 2008).

Along the equator, during the year, two pairs of upwelling and

downwelling Kelvin waves propagate alternatively eastward.

After hitting the Sumatran coast, they bifurcate and propagate

as two coastally trapped Kelvin waves, one northward and the

other southward. The northern branch propagates over varied

distance along the coastal wave guide of the Bay of Bengal (Rao

et al., 2009). Between these two pairs of Kelvin waves, only the

downwelling Kelvin wave generated during October to No-

vember reaches the SW coast of India. This substantiates the

theory of little influence from equatorial forcing on the

upwelling dynamics off SW coast of India. The modeling

studies by Shankar, Vinayachandran, and Unnikrishnan

(2002) and the observational studies by Gopalakrishna et al.

(2008) have clearly revealed that the alongshore wind stress of

the SW coast of India and remote forcing from the south of Sri

Lanka are more important than the equatorial forcing is in

influencing the upwelling signal in the Lakshadweep Sea

during the summer monsoon.

Many studies on upwelling have been carried out to

understand the upwelling phenomenon along the west coast

of India (Banse, 1958, 1968; Johannessen, Subbaraju, and

Blindtheim, 1987; McCreary and Chao, 1985; Shankar, 2005;

Sharma, 1968; Shetye et al., 1990). The studies were limited to

explaining the general phenomenon of upwelling along SW

coast and its interannual variability. Studies on upwelling
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Abstract The summer monsoon contributes to about 75 % of mean annual rainfall over

the various meteorological subdivisions of India. The role of ocean–atmosphere phe-

nomena such as Indian Ocean Dipole (IOD) and El Nino–Southern Oscillation (ENSO) on

the Indian monsoon activity is intriguing. The impacts of ENSO, IOD and Equatorial

Indian Ocean Oscillation on monsoon are distinct. The ENSO (IOD) in general affects the

monsoon negatively (positively). The present study aims to understand the role of different

types of IOD such as early IOD (EIOD), normal IOD and prolonged IOD (PIOD) on Indian

Summer Monsoon Rainfall (ISMR). We find that an EIOD, which peaks in the mid-

monsoon months (July and August), plays a significant role like PIOD in enhancing ISMR

even though it has a medium Dipole Mode Index amplitude value compared to other IODs.

During an EIOD, the combined effect of excess evaporation from Arabian Sea and the

stronger cross-equatorial flow leads to the enhanced monsoon activity. In addition, there is

a substantial decrease in the number of break spells during EIOD years.

Keywords Monsoon � Break � Indian Ocean Dipole � Indian Ocean

1 Introduction

The IOD is a coupled ocean and atmosphere phenomenon in the Indian Ocean (IO) that

affects the seasonal climate of countries that surround the Indian Ocean (Saji et al. 1999).

The intensity of IOD is represented by an index called Dipole Mode Index (DMI), which is
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ABSTRACT
Ocean–atmosphere interactions in the North Indian Ocean play a vital role in the onset, progression
and withdrawal of the Indian monsoon. This paper describes the Ocean Observation System (OOS),
an operational observational programme of the Earth System Science Organization and the
National Institute of Ocean Technology (ESSO-NIOT) under India’s Ministry of Earth Sciences
(MoES). Since 1997 it has provided oceanographic and surface meteorological data in real time
for weather forecasting, climate research and several other applications. The programme focuses
on understanding the phenomenon of the mean seasonal cycle of the Indian monsoon, the
intra-seasonal to intra-decadal oscillations of air–sea interactions, trends that are related to
tropical cyclones and the annual cycle balance in the exchange of waters between the two limbs
of North Indian Ocean, i.e. the Arabian Sea and the Bay of Bengal. In situ observations are also
used to develop, initialise and validate regional forecast models that provide high resolution
data. There is also a growing need to understand the spatial phenomenon of oceans using
satellite observations, wherein the quality of data needs to be validated and verified carefully.
This paper also provides an overview of the scientific and societal impact of the Indian moored
buoy network over two decades of operation.
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1. Introduction

The North Indian Ocean circulation and Indian
monsoon are two inter-related and important dynamical
processes for which oceanic and atmospheric coupling
plays a key role. The western and eastern areas of the
North Indian Ocean are the Arabian Sea and the Bay
of Bengal, respectively; they demonstrate contrasting
physical oceanographic conditions with respect to
thermo-haline structure and circulation, primarily due
to the differences they experience in boundary forcing
that is caused by the monsoons. The Summer Monsoon
Current (May to September) and Winter Monsoon Cur-
rent (November to February) maintains balance over an
annual cycle by exchanging waters between the Arabian
Sea and the Bay of Bengal. Among the world’s oceans,
the Bay of Bengal is one region that is very strongly influ-
enced by freshwater forcing, which is caused by large
amounts of rainfall from monsoons and tropical
cyclones in combination with the associated river dis-
charges from the surrounding landmasses. Marginal
seas such as the Red Sea and the Persian Gulf exhibit a
significant influence on the Arabian Sea. The Indonesian
Throughflow brings waters from the south-western tro-
pical Pacific Ocean, which has an impact on the heat

and salt budgets of the tropical Indian Ocean – and
hence on the monsoon climate. The Indian Ocean
Dipole (IOD) is a unique phenomenon that occurs in
the tropical Indian Ocean periodically, with contrasting
anomalies in the near-surface thermo-haline structures
of the eastern and western equatorial Indian Ocean.
The hallmark of Indian Ocean properties and processes
is time dependency, which needs to be understood for
the improved prediction of the monsoon–ocean coupled
system. In-situ observations play an important role in
providing information about the monsoon onset, propa-
gation, withdrawal and its active/break spells. This paper
describes the importance of the ocean observation net-
work in the North Indian Ocean, which provides oceanic
and atmospheric time series real-time data from fixed
stations.

2. Scientific observations in the North Indian
Ocean

Historically, ocean surface measurements have been
made via ships of opportunity, cargo vessels that sail
the oceans to conduct maritime trade. These measure-
ments were made for the safety of the ships’ navigation,
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 Shallow part of the seafloor adjoining the coast of Kerala is mostly covered by silty clay and clayey silt, from north of 
Quilon to Kasaragod.  Sand dominate the shallow seafloor south of Quilon as well as the deeper part of inner shelf from 
Vizhinjam to Ponnani. Concentrations of Rare Earth Elements were determined in the surface sediments within the inner 
shelf off the coast of Kerala. ΣREE content in surface sediments varies between 9.15 mg. kg-1  and 319.66 mg. kg-1  .  
Distribution pattern suggests higher concentration of REE in the inner shelf sediments off southern Kerala, between Ponnani 
and Vizhinjam.  Sediments off northern Kerala have lower REE.  ΣLREE ranges between 5.61 mg. kg-1  and 306.31 mg. kg-1  

and is more in the southern sector. ΣHREE in inner shelf sediments is very low ranging between 2.91 mg. kg-1  and 36.8 mg. 
kg-1  .  REE in coastal sediments off Kerala is closely related to heavy mineral content.  LREE is mostly contributed by 
detrital monazite, apatite and sphene in the fine fractions and HREE by detrital zircon, garnet, amphibole and pyroxene.  
Sediments from southern and central sectors show enrichment in ΣLREE compared to PAAS. There is a depletion in La, Ce 
and Pr in the shelf sediments from the northern sector and remaining LREE in this sector show enrichment. HREE is 
enriched in the central and northern sectors and depleted in the southern sector compared to PAAS.  

[Keywords: Rare Earth Elements (REE), LREE, HREE, Kerala, Eu, Ce, Marine Sediments, West Coast, India.] 

 

Introduction 

Rare Earth Elements (REE) are a group of 
15 elements of the Periodic Table that have 
similar ionic radii and valency state. The REE 
are relatively plentiful in the Earth’s crust 
having an overall crustal abundance of 9.2 mg. 
kg-1  1.  Crustal abundance of individual REE 
varies widely from Ce, the most abundant at 
43 mg. kg-1 to Tm, the least abundant, at 0.28 
mg.kg-1  2.  

 
REE are usually grouped as Heavy Rare 

Earth Elements (HREE) and Light Rare Earth 
Elements (LREE) 3. La, Ce, Pr, Nd, Pm, Sm 
and Eu are grouped as LREE while Gd, Tb, 
Dy, Ho, Er, Tm, Yb and Lu form the HREE4.  
REE have decreasing ionic radii with 
increasing atomic weight from La (1.016 Å) to 
Lu (0.85 Å) 5. They are mainly trivalent, with 
the exception of Ce and Eu which are also 
stable in the tetra and divalent oxidation states. 

      
               
The decreasing ionic radii from La to Lu cause 
different fractionation patterns in various 
phases during geochemical processes6.  

 
Due to their chemical coherence, the REE 

are widely used as tracers of sources and 
processes controlling trace element 
distribution in marine sediments7-12 and for 
determining depositional processes and 
sediment provenance2. REE present in 
terrigenous grains are largely unreactive13 and 
reflect the signature of hinterland source rocks.  
REE distribution in sediments is largely 
controlled by scavenging processes by Fe-Mn 
oxides14-17, redox conditions of the overlying 
water column18, composition of the terrigenous 
source19-20 and anthropogenic inputs21.  

 
In coastal areas, sediments deposited in 

zones of oxidation with relatively higher 
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Abstract The Andaman coral reef region experienced
mass bleaching events during 1998 and 2010. The pur-
pose of this study is to investigate the role of the El Niño
in the coral reef bleaching events of the Andaman re-
gion. Both Niño 3.4 and 3 indices were examined to find
out the relationship between the mass bleaching events
and El Niño, and correlated with sea surface temperature
(SST) anomalies in the Andaman Sea. The result shows
that abnormal warming and mass bleaching events in
the Andaman Sea were seen only during strong El Niño
years of 1997–1998 and 2009–2010. The Andaman Sea
SST was more elevated and associated with El Niño
Modoki (central Pacific El Niño) than conventional El
Niño (eastern Pacific El Niño) occurrences. It is sug-
gested that the development of hot spot patterns around
the Andaman Islands during May 1998 and April–May

2010 may be attributed to zonal shifts in the Walker
circulation driven by El Niño during the corresponding
period.

Keywords Coral reefs . Bleaching . Sea surface
temperature . Hot spot . El Niño . IndianOcean

Introduction

Coral reef bleaching associated with increase in sea
surface temperature (SST) has been reported worldwide
(Brown 1997; Glynn 1991, 1993; Hoegh-Guldberg and
Salvat 1995; Jokiel and Coles 1990; Winter et al. 1998).
Glynn (1993) indicated that 70 % of the reports of coral
bleaching at that time were associated with reports of
warmer than normal conditions. Goreau et al. (1993)
examined the long-term satellite SST records and indi-
cated that coral bleaching across the Caribbean region
occurred when the SST reached 1 °C above average in
the warmest month. Winter et al. (1998) compared a 30-
year (1966–1995) record of SST, inferring that the rela-
tionship between threshold temperature and bleaching is
most likely site dependent. In 1998, more than 16 % of
the world’s tropical coral reefs were seriously degraded
by mass bleaching events (Wilkinson 2002). A large
scale coral bleaching occurred in Southeast Asia during
2010, which was more severe than in 1998, resulting in
18 % mortality of the bleached coral (Tun et al. 2010).

In the Indian Ocean, the coral reefs around the
Andaman Islands suffered bleaching events during
1998, 2002, 2005 and 2010 (Krishnan et al. 2011; Pet-
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The Indian summer monsoon rainfall during the months June, July, August and September (JJAS) has been classified into seven 
climatic zones, according to standard precipitation index. Prediction of rainfall within the six hydrological zones of India was 
attempted with the oceanic predictors, which highly influence the terrestrial precipitation, such as Sea Surface Temperature 
(SST), Sea Level Pressure (SLP), Humidity and zonal and meridional components of Surface Wind (u and v) to quantify the 
rainfall amounts by clustering based artificial neural networks for the distinguishable dry and wet years. In the present analysis, 
we have used data for the period 1960 – 2012, which incidentally had several extreme events (of drought and flood conditions) 
over the Indian subcontinent. Next, the results indicate that the predicted values are well comparable with the actual measured 
values proving the usefulness of this approach. In addition, this approach has improved upon the past and recent attempts to 
model rainfall (including extreme cases) which in turn will have a significant impact on farmers and agriculturists.  
 
[Keywords : Hydrological Zones, Monsoon Rainfall, Clustering, Artificial Neural Networks, Self-organizing Map, Standard 
Precipitation Index] 
 
Introduction 

The Indian monsoon is of historical importance 
to both people of the Indian subcontinent and to 
the ecosystem of Indian Ocean1. Krishna Kumar 
et al. have made a detailed review on seasonal 
forecasting of Indian summer monsoon rainfall 
(ISMR)2. Many attempts were thenceforth 
carried out towards improved understanding of 
this phenomenon in totality with the aid of 
advanced regression and parametric models 
aimed at long range prediction. Once the 
limitations of these statistical methods were 
recognized, attempts were made to develop 
better models using tools like - Artificial Neural 
Networks (ANN), which have the capability to 
capture the patterns hidden in data sets and 
therefore are applied for classification and 
prediction. Guhathakurta et al. developed a 
hybrid principal component model using 8 
parameters3. They used 30 years data (1958-87) 
for training and 10 years (1988-97) for 
validation and the resulting RMSE was found to 
be 4.93%. Nagesh Kumar et al. developed an 

artificial intelligent model for rainfall 
forecasting of Orissa state on monthly and 
seasonal bases4. The empirical method based on 
time series analysis on the other hand uses only 
the past rainfall data and does not use any 
predictors5. Venkateswan et al. have predicted 
Indian monsoon rainfall with the help of certain 
predictors and compared the results with linear 
regression techniques6. Sahai et al. applied 
ANN techniques to the monthly time series 
rainfall data of June, July, August and 
September and observed that ANN gave better 
results than regression models7. Iyengar and 
Raghunath too used ANN for predicting ISMR 
wherein they first divided the whole time series 
into linear and nonlinear parts and then applied 
ANN to the nonlinear part8. These attempts 
were mostly carried out for the whole of India 
and have led to limited predictive results.  
During 1965 and 1966, major parts of India 
were under prolonged and severe drought 
conditions due to deficient monsoon rainfall. 
The Drought Research Unit (DRU) of India 
started conducting studies on different aspects 

mailto:balchand@rediffmail.com
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A threefold rise in widespread extreme rain events
over central India
M.K. Roxy1, Subimal Ghosh 2, Amey Pathak2, R. Athulya1,3, Milind Mujumdar1, Raghu Murtugudde 4,

Pascal Terray5,6 & M. Rajeevan 1,7

Socioeconomic challenges continue to mount for half a billion residents of central India

because of a decline in the total rainfall and a concurrent rise in the magnitude and frequency

of extreme rainfall events. Alongside a weakening monsoon circulation, the locally available

moisture and the frequency of moisture-laden depressions from the Bay of Bengal have also

declined. Here we show that despite these negative trends, there is a threefold increase in

widespread extreme rain events over central India during 1950–2015. The rise in these events

is due to an increasing variability of the low-level monsoon westerlies over the Arabian Sea,

driving surges of moisture supply, leading to extreme rainfall episodes across the entire

central subcontinent. The homogeneity of these severe weather events and their association

with the ocean temperatures underscores the potential predictability of these events by

two-to-three weeks, which offers hope in mitigating their catastrophic impact on life, agri-

culture and property.

DOI: 10.1038/s41467-017-00744-9 OPEN

1 Centre for Climate Change Research, Indian Institute of Tropical Meteorology, Pune 411008, India. 2 Department of Civil Engineering, Indian Institute of
Technology Bombay, Mumbai 400076, India. 3 Department of Physical Oceanography, Cochin University of Science and Technology, Kochi 682016, India.
4 Earth System Science Interdisciplinary Center, University of Maryland, College Park, MD 20742, USA. 5 Sorbonne Universites (UPMC, Univ. Paris 06)-
CNRS-IRD-MNHN, LOCEAN Laboratory, 4 Place Jussieu, F-75005 Paris, France. 6 Indo-French Cell for Water Sciences, IISc-IITM-NIO–IRD Joint
International Laboratory, IITM, Pune 411008, India. 7Ministry of Earth Sciences, Government of India, Lodhi Road, New Delhi 110003, India. Correspondence
and requests for materials should be addressed to M.K.R. (email: roxy@tropmet.res.in)

NATURE COMMUNICATIONS |8:  708 |DOI: 10.1038/s41467-017-00744-9 |www.nature.com/naturecommunications 1

http://orcid.org/0000-0002-5722-1440
http://orcid.org/0000-0002-5722-1440
http://orcid.org/0000-0002-5722-1440
http://orcid.org/0000-0002-5722-1440
http://orcid.org/0000-0002-5722-1440
http://orcid.org/0000-0002-3307-7114
http://orcid.org/0000-0002-3307-7114
http://orcid.org/0000-0002-3307-7114
http://orcid.org/0000-0002-3307-7114
http://orcid.org/0000-0002-3307-7114
http://orcid.org/0000-0002-3000-2459
http://orcid.org/0000-0002-3000-2459
http://orcid.org/0000-0002-3000-2459
http://orcid.org/0000-0002-3000-2459
http://orcid.org/0000-0002-3000-2459
mailto:roxy@tropmet.res.in
www.nature.com/naturecommunications
www.nature.com/naturecommunications


ORIGINAL RESEARCH
published: 12 December 2017

doi: 10.3389/fmars.2017.00386

Frontiers in Marine Science | www.frontiersin.org 1 December 2017 | Volume 4 | Article 386

Edited by:

Catherine Jeandel,

Centre National de la Recherche

Scientifique (CNRS), France

Reviewed by:

Hubert Loisel,

Université du Littoral Côte d’Opale,

France

David Antoine,

Curtin University, Australia

*Correspondence:

Shubha Sathyendranath

ssat@pml.ac.uk

Specialty section:

This article was submitted to

Ocean Observation,

a section of the journal

Frontiers in Marine Science

Received: 30 March 2017

Accepted: 15 November 2017

Published: 12 December 2017

Citation:

Shafeeque M, Sathyendranath S,

George G, Balchand AN and Platt T

(2017) Comparison of Seasonal

Cycles of Phytoplankton Chlorophyll,

Aerosols, Winds and Sea-Surface

Temperature off Somalia.

Front. Mar. Sci. 4:386.

doi: 10.3389/fmars.2017.00386

Comparison of Seasonal Cycles of
Phytoplankton Chlorophyll, Aerosols,
Winds and Sea-Surface Temperature
off Somalia
Muhammad Shafeeque 1, 2, Shubha Sathyendranath 3*, Grinson George 1,

Alungal N. Balchand 2 and Trevor Platt 1, 4

1 Fishery Resources Assessment Division, Central Marine Fisheries Research Institute, Kochi, India, 2 School of Marine

Sciences, Cochin University of Science and Technology, Kochi, India, 3National Centre for Earth Observation, Plymouth

Marine Laboratory, Plymouth, United Kingdom, 4 Plymouth Marine Laboratory, Plymouth, United Kingdom

In climate research, an important task is to characterize the relationships between
Essential Climate Variables (ECVs). Here, satellite-derived data sets have been used to
examine the seasonal cycle of phytoplankton (chlorophyll concentration) in the waters
off Somalia, and its relationship to aerosols, winds and Sea Surface Temperature
(SST). Chlorophyll-a (Chl-a) concentration, Aerosol Optical Thickness (AOT), Ångström
Exponent (AE), Dust Optical Thickness (DOT), SST and sea-surface wind data for a
16-year period were assembled from various sources. The data were used to explore
whether there is evidence to show that dust aerosols enhance Chl-a concentration in
the study area. The Cross Correlation Function (CCF) showed highest positive correlation
(r2 = 0.3) in the western Arabian Sea when AOT led Chl-a by 1–2 time steps (here, 1
time step is 8 days). A 2 × 2◦ box off Somalia was selected for further investigations.
The correlations of alongshore wind speed, Ekman Mass Transport (EMT) and SST
with Chl-a were higher than that of AOT, for a lag of 8 days. When all four variables
were considered together in a multiple linear regression, the increase in r2 associated
with the AOT is only about 0.02, a consequence of covariance among AOT, SST,
EMT and alongshore wind speed. The AOT data show presence of dust aerosols
most frequently during the summer monsoon season (June–September). When the
analyses were repeated for the dust aerosol events, the correlations were generally
lower, but still significant. Again, the inclusion of DOT in the multiple linear regression
increased the correlation coefficient by only 2%, indicating minor enhancement in
Chl-a concentration. Interestingly, during summer monsoon season, there is a higher
probability of finding more instances of positive changes in Chl-a after one time step,
regardless of whether there is dust aerosol or not. On the other hand, during the
winter monsoon season (November–December) and rest of the year, the probability
of Chl-a enhancement is higher when dust aerosol is present than when it is absent.
The phase relationship in the 8-day climatologies of Chl-a and AOT (derived from
NASA’s SeaWiFS and MODIS-A ocean colour processing chain) showed that AOT
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Introduction
Information on ocean surface waves which is often referred to as 

the ‘sea-state’ is most essential for naval operation/warfare, offshore 
operations, rescue operations, ship routing (OTSR-Optimum Tracking 
of Ship Routes), design/development of harbors, coastal protection/ 
engineering, wave climate assessment, recreation etc. During the last 
twenty years or so, the third generation wave model WAM, Cycle-4 
[1] has become a standard for routine operational wave prediction 
purpose, besides the ongoing research and engineering applications. 
The quality of wave prediction and analysis is also being continuously 
improved mainly due to the availability of high quality input wind 
fields for sea-state prediction with the advancement of satellite 
measurements/oceanography. In the Indian context, there are many 
reported important research contributions on wave prediction/
hindcasting using third generation wave models [2-9]. 

In this study, the state-of-the-art third generation wave models 
such as WAM and WWIII (WAM: Cycle-4.5.3, and WAVEWATCH-
III [10]: WWIII V3.14) have been implemented for the globe over 1° x 
1° resolution (deep water) for wave hindcasting using OSCAT winds. 
Although, since the launch of OCEANSAT II, wind analysis studies 
using OSCAT winds are reported, there are no studies available for 
wave hindcasting in the North Indian Ocean using OSCAT wind 
inputs. In the context wherein wave models require analysed wind 
fields as input, and input winds are the determining driving forces 
for realistic wave model outputs, the study is unique and of its first 
kind reporting the application of interpolated scatterometer winds to 
hindcast waves over the globe using two deep-water models WAM and 
WWIII. The study aims to demonstrate the utility of Oceansat-2 winds 
for the simulation or prediction of wave parameters in the North Indian 

Ocean and comparison of two wave models in the simulation of wave 
characteristics. The output from these models such as significant wave 
height and mean wave period are validated with buoy measurements in 
the global oceans and in the Bay of Bengal and further the skill of these 
models is assessed with an extensive statistical error analysis. 

Wave Models: WAM and WWIII
The WAM, a third-generation wave prediction model solves the 

following spectral energy balance equation for describing the two-
dimensional wave spectrum:

( )g in nl ds
F C F S S S
t

∂
+∇ ⋅ = + +

∂
                   (1)

where F(f, ;θ
 x ,t) is the spectral wave energy density; depending on 

wave frequency (f), wave direction (θ), position ( x ), and time (t) and 
deep-water group velocity Cg= Cg (f, θ). The source functions, on the 
right hand side of Equation 1, describe the wind input (Sin), nonlinear 
transfer (Snl), and dissipation due to white-capping (Sds). 

Wave Hindcasting Using WAM and WAVEWATCH III: A Comparison Study 
Utilizing Oceansat-2 (OSCAT) Winds
Swain J1, Umesh PA1,3*, Balchand AN2 and B. Prasad Kumar3

1Naval Physical and Oceanographic Laboratory, Kochi-21, India
2Department of Physical Oceanography, Cochin University of Science and Technology, Kochi-16, India
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Abstract
In this study, the state-of-the-art third generation wave models WAM and WAVEWATCH-III (WWIII) have been 

used to predict waves for the North Indian Ocean over 1°× 1° (lat × long) grid resolutions utilizing six-hourly processed 
winds which was possible with the launch of OCEANSAT-2 (OSCAT) by ISRO, on 23 September 2009. The study 
demonstrates the application of interpolated OSCAT winds to hindcast waves across the globe using two deep-water 
models WAM and WAVEWATCH III (WWIII) and to compare the skill of the models using error analysis. In this context, 
the wave models WAM and WWIII were forced using OSCAT winds for the year 2011 over the global domain as well as 
for the North Indian Ocean (regional domain) using appropriate boundary conditions/inputs. The output from the models 
such as significant wave height (Hs) and mean wave period (Tc) were validated with an NDBC buoy measurement during 
January to December 2011 in the North Atlantic Ocean and for few selected buoys in the Bay of Bengal for the month 
of July 2011 (peak southwest monsoon). The comparisons of OSCAT winds with NDBC wind measurements reveal that 
the overall trend and dominant directions are consistent with the observational data. The validation of significant wave 
parameters of the selected buoy in the North Atlantic ocean revealed very high correlation (R>0.9) with percentage error 
<20% for Hs and Tc. The comparisons between the observed and predicted wave parameters in the Bay of Bengal 
showed that percentage error ranged between 9 to 24% for Hs and within 10% for Tc. It is noted that WAM describes the 
variability of wave heights realistically with smaller error estimates and better correlation coefficients than WWIII. Such 
validation studies are proven to be useful in quantifying the performance of these wave models which are being utilized 
or yet to be further explored for routine operational applications as well as for long-term wave hindcasting in the strategic 
areas of importance in deep as well as shallow waters by nesting with suitable near-shore models in the littoral zone.
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     Present study indicates the extension of upwelling to the northern part of the west coast of India. Upwelling along 

the southwest coast of India starts at the southern tip during April, propagates northward as the summer monsoon 

progresses and ends by September. However along the northwest coast, the upwelling intensifies during August and 

continues till October. The southwest coast is characterized by downwelling during October to March, whereas 

along the northwest coast upwelling comes to an end by November and sinking occurs during December to March. 

Compared to the northwest coast, both upwelling and downwelling are stronger along the southwest coast of India. During 

the peak southwest and northeast monsoon, magnitude of the mean vertical velocity with respect to 100m depth is 2.15 × 

10-5m/s and 0.76 × 10-5m/s along the southwest and northwest coast, respectively.  

[Keywords: upwelling, downwelling, isotherms, west coast of India, chlorophyll-a] 

 

Introduction 
      During the summer monsoon (May- 

September), both eastern and western boundaries 

of the Arabian Sea witness upwelling
1
. Although 

the stronger upwelling regimes are located in the 

western boundary, about 70% of fishery 

production is derived from the eastern Arabian 

Sea
2
. Recent findings of Shankar et al.

3
 and Vijith 

et al.
4
 revealed that primary productivity over the 

eastern Arabian Sea is not only driven by 

upwelling but can also be influenced by 

downwelling  favorable coastal Kelvin waves by 

inhibiting the  convective mixing over the north 

eastern Arabian Sea during the north-east 

monsoon (November- February). Hence, 

improved understanding of the timing, duration 

and locations of upwelling and downwelling over 

the eastern Arabian Sea is of great scientific 

importance for the design of fishery management 

strategies to provide maximum sustainable yields. 

      

 Over the last 50 years, several studies on 

upwelling have been carried out along the west 

coast of India. Upwelling is an ascending motion, 

of some minimum duration and extent, by which 

water from sub surface layers is brought into the 

surface layer and is removed from the area of 

upwelling by horizontal flow
5,6

, the reverse 

happens in downwelling. According to previous 

studies, upwelling along the west coast of India 

sets in during March- April and is strengthened by 

the peak southwest monsoon
7-16

.       

      Coastal upwelling along the west coast of 

India is driven by both local and remote forcing. 

Local forcing arises from the Ekman dynamics 

induced by the action of local wind that happens 

during the southwest monsoon
17-19

. Upwelling can 

also be forced by remote winds by the radiation of 

upwelling favorable coastal Kelvin waves. 

Modelling studies by Shankar et al.
20

 and 

observational studies by Gopalakrishna et al.
21
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A field experiment in the southern Bay of Bengal was developed to generate new  

high-quality in situ observational datasets of the ocean, air–sea interface, and  

atmosphere during the summer monsoon.

BoBBLE
Ocean–Atmosphere Interaction and  

Its Impact on the South Asian Monsoon

P. N. ViNayachaNdraN, adriaN J. Matthews, K. ViJay KuMar, aleJaNdra saNchez-FraNKs, 
V. thushara, JeNsoN GeorGe, V. ViJith, BeNJaMiN G. M. weBBer, BastieN y. Queste, raJdeeP roy, 
aMit sarKar, dariusz B. BaraNowsKi, G. s. Bhat, Nicholas P. KliNGaMaN, siMoN c. PeatMaN, 
c. Parida, KareN J. heywood, roBert hall, BriaN KiNG, elizaBeth c. KeNt, aNooP a. NayaK, 
c. P. NeeMa, P. aMol, a. lotliKer, a. KaNKoNKar, d. G. Gracias, s. VerNeKar, a. c. d’souza, 

G. ValluVaN, shriKaNt M. ParGaoNKar, K. diNesh, JacK GiddiNGs, aNd MaNoJ Joshi

T he Bay of Bengal (BoB) holds a prominent place  
 in the science of monsoons owing to its impacts  
 on the South Asian summer monsoon rainfall 

and its variability over the countries located along 

the rim of the BoB, which is home to over a billion 
people. Maximum rainfall during the summer 
monsoon is received in the northeastern BoB and 
the adjoining land area (Xie et al. 2006). Weather 
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Abstract
Upper layer circulation, hydrography, and biological response of Andaman waters during winter monsoon are assessed based on
the observations carried out onboard FORV Sagar Sampada during January 2009 and November–December 2011. Cool and dry
air carried by the moderate winds (6 m/s) from north and northeast indicates the influence of northeast monsoon (NEM) in the
area during the observation time. The characteristics of physical parameters and the water mass indicate that the southeastern side
is dominated by the less saline water from South China Sea intruded through the Malacca Strait, whereas the northeast is
influenced by the freshwater from Ayeyarwady-Salween river system. The western side of the Andaman and Nicobar Islands
exhibits similar properties of Bay of Bengal (BoB) water as evidenced in the T-S relation. Circulation pattern is uniform for the
upper 88 m and is found to be more geostrophic rather than wind driven. Magnitude of the current velocity varies between 100
and 900 mm/s in November–December 2011 with strong current (900 mm/s) near Katchal and Nancowry islands and 100 and
1000 mm/s in January 2009 recording strong current (1000 mm/s) near the Little Nicobar Island. The Andaman waters are
observed as less productive during the season based on the satellite-derived surface chl-a (0.1–0.4 mg/m3) and column-integrated
primary productivity (PP) (100–275 mgC/m2/d).

Keywords Hydrography . Upper layer circulation . VGPM .Geostrophy and Ekman

1 Introduction

The Andaman waters (surrounding the Andaman and Nicobar
Islands) occupy the area between 6°–14°N and 91°–95°E in
the eastern part of the North Indian Ocean. The northern part
of the islands has got the wide continental shelf (170–200 km)
and the continental slope along the eastern part of the islands
is steeper than the western part (Murthy et al. 1981) and has
erratic bottom topography. Sills are observed in the eastern
side due to the sediment accumulation of Ayeyarwady River
system (Ramaswamy et al. 2004). The abyssal plain (3000–
4180 m) with an even floor is situated along the west coast of
Andaman and Nicobar Islands. Preparis Channel (between

Cape Negrais and North Andaman) in the north (200 m,
285 km wide), Ten Degree Channel (150 km wide) between
Andaman and Nicobar Islands (1800 m), and Great Channel
between Great Nicobar Island and Sumatra (> 1800 m and
189 km wide) connect the sea with Bay of Bengal (Sengupta
et al. 1981; Kamesh Raju et al. 2004). The sea is also linked
with South China Sea and Pacific Ocean through Malacca
Strait at southeast. The main sources of freshwater to the
northeast of Andaman and Nicobar Islands are Ayeyarwady
(13.6 × 103 m3/s), Salween rivers (6.69 × 103 m3/s), and minor
contributions from Sittang (1.59 × 103 m3/s) and Tavoy rivers
(Robinson et al. 2007). The other minor rivers in the Islands
are Kalpong in North Andaman and Alexendra, Dagmar and
Galatheariver in Great Nicobar.

The Andaman waters experience the seasonally reversing
Asian monsoons (Wyrtki 1973), summer monsoon during
May–September, and winter monsoon during November–
February. During northeast monsoon, the low saline water
spread over the eastern side of the islands originates from
the river discharge at north and the intrusion of low saline
water from the South China Sea through the Malacca Strait
at south (Ibrahim and Yanagi 2006). In addition, during the
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ABSTRACT

The strong stratification of the Bay of Bengal (BoB) causes rapid variations in sea surface temperature

(SST) that influence the development of monsoon rainfall systems. This stratification is driven by the salinity

difference between the fresh surface waters of the northern bay and the supply of warm, salty water by the

Southwest Monsoon Current (SMC). Despite the influence of the SMC on monsoon dynamics, observations

of this current during the monsoon are sparse. Using data from high-resolution in situ measurements along an

east–west section at 88N in the southern BoB, we calculate that the northward transport during July 2016 was

between 16.7 and 24.5 Sv (1 Sv [ 106m3 s21), although up to 2/3 of this transport is associated with persistent

recirculating eddies, including the Sri Lanka Dome. Comparison with climatology suggests the SMC in early

July was close to the average annual maximum strength. TheNEMO1/128 oceanmodel with data assimilation

is found to faithfully represent the variability of the SMC and associated water masses. We show how the

variability in SMC strength and position is driven by the complex interplay between local forcing (wind stress

curl over the Sri Lanka Dome) and remote forcing (Kelvin and Rossby wave propagation). Thus, various

modes of climatic variability will influence SMC strength and location on time scales from weeks to years.

Idealized one-dimensional ocean model experiments show that subsurface water masses advected by the

SMC significantly alter the evolution of SST and salinity, potentially impacting Indian monsoon rainfall.

1. Introduction

The monsoon depressions that originate over the Bay

of Bengal (BoB) provide the majority of the monsoon

rain that falls over northern and eastern India (e.g.,

Gadgil 2003). The active–break cycle of the Indian

monsoon is largely driven by variations in the boreal

summer intraseasonal oscillation (BSISO; Wang and

Xie 1997). The propagation of the BSISO and the

evolution of the active–break cycle over the BoB are

strongly influenced by local air–sea interaction, dependent

on ocean mixed layer dynamics and stratification

(Girishkumar et al. 2013).

The Southwest Monsoon Current (SMC; sometimes

referred to as the Summer Monsoon Current) is a sea-

sonal current that, during June–September, comprises a

broad eastward flow that advects warm salty Arabian

Sea high-salinity water (ASHSW) from the Arabian Sea

into the southwest BoB (Murty et al. 1992; Vinayachandran

et al. 1999; Jensen 2001; Jensen et al. 2016; Jain et al. 2017).

As the SMC flows north, it subducts under the fresher
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Remote Sensing of Upwelling
in the Arabian Sea and Adjacent
Near-Coastal Regions

K. Ajith Joseph, Chiranjivi Jayaram, Archana Nair,
Mary Swapna George, A. N. Balchand and Lasse H. Pettersson

Abstract Upwelling is a dominant mechanism in the Arabian Sea that occurs
annually during southwest monsoon summer season. This results in abundance of
phytoplankton and zooplankton in the region and has profound influence on the
coastal fisheries. During the southwest monsoon, an intense low-level wind jet blows
diagonally across the Arabian Sea generating coastal upwelling along the coasts of
Somalia, Oman and the southeastern Arabian Sea. In this study, a synergy of dif-
ferent parameters like sea surface winds, chlorophyll (chl-a), sea surface tempera-
ture (SST) and sea level anomaly (SLA) retrieved from remote sensing were used to
make a more detailed analysis on upwelling features for the summer seasons of the
years 1982–2015. From the analysis, it is observed that upwelling in the Arabian Sea
is not homogeneous across the basin despite being driven by monsoon winds.
During the study period, Ekman transport, SLA and SST anomaly showed positive
trend, whereas chlorophyll showed negative trend of varying strengths. Increased
Ekman transport has not generated increased productivity indicating the role of other
governing mechanisms on the availability of nutrients in the region.

Keywords Coastal upwelling � Arabian sea � Sea surface temperature (SST)
Sea level anomalies (SLA) � Ekman transport
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A B S T R A C T

In this work we present the inter-comparison of wave hindcasts using third generation models WAM and
WAVEWATCH (WWIII) for the North Indian Ocean at a 1° × 1° (lat× long) grid resolutions and we show a
first assessment of their relative performance by inter-comparing the model results to observational data at
selected points in the Arabian Sea and Bay of Bengal. WAM and WWIII inter-comparison studies are carried
out for the year 2000 and for the period June 2008 to June 2009. Overall, the inter-comparison shows that
both wave models are rather skillful in predicting the integral wave parameters; with lesser PE of the range
8.9–26.7% using WAM than WWIII. It is also quite evident that the WWIII model has a tendency to over-
estimate mean wave periods, while the opposite is true for WAM model. Further, the validation results using
altimeter measurements are quite promising in the Arabian Sea and Bay of Bengal. The study further suggests
that, it would be wise to use long-term measurements both in deep and coastal waters of North Indian Ocean
to validate and inter-compare WAM and WWIII further, and they may also be coupled with SWAN for the
nearshore waters.

1. Introduction

The wind-induced surface gravity waves in the ocean are important
in the air-sea interaction process of the coupled ocean-atmosphere
system. The knowledge of the ocean waves and their temporal and
spatial variabilities are essential for various defence as well as civilian
applications (Swain, 1997; Richard et al., 2002; Umesh et al., 2007).
The ocean as such is a dynamic system where there are a number of
processes which take place simultaneously so that it becomes too
complex to predict them. However our understanding of the ocean
environment is constantly improving, which enables us to predict its
variability well in advance. Forecasting surface waves in the ocean is a
problem of great practical interest, as the sea-state conditions influence
virtually all most all aspects of naval operations at sea, as well as a
variety of commercial and maritime activities. For example, accurate
ocean wave forecasting is a key prerequisite for enabling optimum
tracking of ship routes and ensuring the safety of lives and property at
sea onboard various fixed and floating platforms. Thus, ocean wave
forecasting has been a priority for all research and maritime organi-
zations, those who have pioneered the application of operational ocean
wave models, dating all the way back to the 1960s.

Considering the variety of applications of sea-state as mentioned
above, accurate and extended wave information, including waves of
extreme weather events is very essential for a wide range of research
and engineering applications. Wave statistics derived from point mea-
surements were considered for obtaining reliable local wave climate in
the past. However, these measurements are not sufficient to describe
the regional wave patterns over a long period of time. This emphasizes
the need to work on wave models driven by wind fields obtained from
satellites measurements or/and models. The present day third-genera-
tion wave models are capable of predicting the waves reasonably well,
and their accuracies can be still improved with appropriate re-
presentation of extremely complex physical processes of wind gener-
ated waves (Vledder, 2001; Polnikov et al., 2007). The scientific com-
munity has developed a series of models called as Third Generation
wave models such as WAM (WAve Modeling: WAMDI Group, 1988),
WAVEWATCH III (WWIII: Tolman, 2009; Tolman et al., 2002) and
SWAN model (Simulating Waves Nearshore: Booij et al., 1999 and Ris
et al., 1999) which are being widely applied for global as well as re-
gional ocean state forecasts up to the nearshore zone. The components
of source function are used without any prior restrictions on the spec-
tral shape (Tolman and Chalikov, 1996). The shallow water or
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Abstract
A linear coastal-trapped-wave (CTW) model is used to examine the effects of large-scale winds, with time scale ranging
from a few days to a few weeks, on the West India Coastal Current (WICC), particularly on the shelf off the central west
coast of India. We show that unlike the seasonal cycle of WICC, which is primarily forced by the winds along the east coast
of India, the high-frequency WICC is mostly driven by the west-coast winds. Nevertheless, the influence of winds as far
as Sri Lanka and east coast of India cannot be neglected. Simple numerical experiments with the CTW model show that
the strong current observed at Goa (15◦ N) compared to Bhatkal (13◦ N) and Jaigarh (17◦ N) is due to two factors: (1) the
superposition of local and remote CTWs and (2) the widening of shelf width north of Goa, which decreases the amplitude of
the currents poleward of Goa. If the local winds are weak, the amplitude of current decreases poleward due to friction, and
the current at the south leads the north. We also note that the observed phase difference between sea level and alongshore
current at Goa could be attributed to the propagation of remotely forced higher-order modes of CTWs.

Keywords Trapped waves · Current observations · Shelf dynamics · Wind-driven currents · West India coastal current ·
Arabian Sea

1 Introduction

Though the effect of remote forcing is ubiquitous to the
circulation around the world, the West India Coastal Current
(WICC) is one of the current systems where this effect
is perhaps more palpably observed. The alongshore winds
off the west coast of India are uni-directional throughout
the year, whereas the alongshore currents reverse direction
once a year. Model studies (McCreary et al. 1993; Shankar
and Shetye 1997; Shankar et al. 2002) have shown that
this switch in the direction of the slope WICC is primarily
caused due to the strong seasonal cycle of alongshore
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winds along the east coast of India. These east-coast
winds generate Kelvin waves, which travel equatorward
along the east coast of India, turn around Sri Lanka, and
further propagate poleward along the west coast of India.
Depending on the season of the year, the annual cycle of
the east-coast winds changes the WICC from upwelling
favourable (during summer monsoon) to downwelling
favourable (during winter monsoon) and vice versa. A
detailed description of the observed circulation and the
theoretical background of currents along the coast of India
can be found in Amol et al. (2014) and Mukherjee et al.
(2014).

On the shelf, however, the dynamics differ. The remote
information, at sub-inertial time scales, is carried by a
special class of waves known as the coastal-trapped waves
(CTWs)—generated as a consequence of a change in
topography and stratification. The first evidence, for such
waves along the west coast of India, was shown by Shetye
et al. (2008) using a set of current-meter measurements
off the central west coast of India. They had noted that
at periods greater than 10 days, the local winds were
unidirectional, but the currents reversed direction. The
source of this reversal was traced to southern tip of India
where the winds reversed direction along with the currents.
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A B S T R A C T

We use available data and model simulations to make a case for physical forcing of the spatial variation in the nature of fisheries off the west coast of India in the
eastern Arabian Sea (EAS). The approach is heuristic, but builds the case on the basis of model simulations and well-established implications of specific physical
processes for the marine ecosystem. We address three questions.
First, we show that it is differences in the physical forcing lead to a carnivore-dominated fishery in the northeastern Arabian Sea (NEAS) and a planktivore-

dominated fishery in the southeastern Arabian Sea (SEAS). In the NEAS, the growing season for phytoplankton is longer because the upwelling during the summer
monsoon (June–September) is followed by convective mixing during the winter (November–February) monsoon. Detrainment, again leading to a phytoplankton
bloom, follows the convective-mixing season. The long duration of the growing season permits the existence of a longer food chain, leading to a carnivore-dominated
fishery. In the NEAS, the phytoplankton also tend to be small owing to weaker upwelling during the summer monsoon and limitations imposed by silicates,
turbulence, and light during the winter monsoon. In the SEAS, the stronger upwelling implies larger phytoplankton that can be directly fed on by fish like the oil
sardine. The growing season in the SEAS is also limited to the summer monsoon, predisposing the ecosystem towards a shorter food chain.
Second, we show that it is the differences in physical forcing that lead to the weaker fishery in the central-eastern Arabian Sea (CEAS) compared to the SEAS.

Though the growing season in both SEAS and CEAS is comparable, the upwelling is weaker in the CEAS, implying a limitation of nitrate and a dominance of small
phytoplankton in contrast to the SEAS, where large phytoplankton dominate. Hence, the phytoplankton biomass is less in the CEAS compared to the SEAS and the
region cannot support a fishery comparable to the SEAS.
Third, we show that it is the difference in physical forcing that leads to a sharp decline in the catch of oil sardines from the SEAS to the CEAS even as the catch of

mackerel does not change much. Not only does the stronger upwelling in the SEAS compared to the CEAS imply a larger size of the phytoplankton in the former, but
the phytoplankton biomass is also higher in the SEAS. The zooplankton standing stock, as estimated using the backscatter measured by the acoustic Doppler current
profilers (ADCPs) deployed on moorings, is determined more by the vertical movement of the depth of the 20 °C isotherm (D20). Hence, the standing stock of
zooplankton tends to be lowest when upwelling peaks, i.e., during the summer monsoon. This is also the time when the phytoplankton biomass peaks. The
phytoplankton surplus is greater in the SEAS compared to the CEAS because of the stronger upwelling, which implies higher primary productivity and a shallower
D20, in the SEAS. This phytoplankton surplus can be fed on by the oil sardine, which prefers diatoms. In contrast, the higher zooplankton standing stock in the CEAS
competes with the oil sardine off Karnataka and Goa, where the mackerel, which feed on zooplankton, is the dominant fishery. The weaker upwelling implies lower
primary productivity and a deeper D20 (higher zooplankton standing stock) in the CEAS.
This limitation of the mature habitat by the physical forcing and the seasonal reversal of the currents limits the spawning regimes of these fish because the

carnivorous (planktivorous) fish like the Bombay Duck (oil sardine) can spawn only in those regions from where they can make it to their mature habitat in the NEAS
(SEAS).

1. Introduction

India has a coastline ∼7517 km long, of which ∼5423 km is for the
Indian mainland and ∼2094 km for the island territories (http://
iomenvis.nic.in/index.aspx?langid=1). The Indian exclusive eco-
nomic zone (EEZ) extends over 2× 106 km2, of which
∼0.86×106 km2 is in the eastern Arabian Sea (EAS; off the west coast
of India), ∼0.56×106 km2 is in the western Bay of Bengal (BoB; off the

east coast of India), and the rest, ∼0.6× 106 km2, is around the
Andaman and Nicobar Islands in the southeastern BoB (Fig. 1a). Fishing
constitutes a major economic activity in the Indian EEZ, and, with a
fisherfolk population over 3.5× 106 (CMFRI, 2007a), India is among
the largest marine fishing and fish-exporting countries of the world
(FAO, 2016). The fish catch estimates in India are based on landings
data, which show that the average landings have increased from
0.83×106 tonnes during 1961–1970 to 2.44× 106 tonnes during
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ABSTRACT
An attempt has been made to develop a holistic understand-
ing of upwelling and downwelling along the south-west coast
of India. The main objective was to elucidate the roles of dif-
ferent forcings involved in the vertical motion along this coast.
The south-west coast of India was characterized by upwelling
during the south-west monsoon (May to September) and by
downwelling during the north-east monsoon and winter
(November to February). The average vertical velocity calcu-
lated along the south-west coast from the vertical shift of the
26 �C isotherm is 0.57m/day during upwelling and 0.698m/
day during downwelling. It was concluded that upwelling
along the south-west coast of India is driven by offshore
Ekman transport due to the alongshore wind, Ekman pump-
ing, horizontal divergence of currents and by the propagation
of coastally trapped waves. Whereas downwelling along the
coast is driven only by convergence of currents and the
propagation of coastally trapped Kelvin waves. Along the west
coast of India, the downwelling-favorable Kelvin waves come
from the equator and upwelling-favorable waves come from
the Gulf of Mannar region.

ARTICLE HISTORY
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KEYWORDS
Coastally trapped waves;
downwelling; Ekman
transport; Ekman pumping;
equatorial Indian Ocean;
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India; upwelling

Introduction

Identifying the location of upwelling and downwelling zones in coastal
waters is important because their vertical motions have significant influence
on the environmental conditions in which the pelagic ecosystem is
embedded. Vertical motions are a strong determinant of biological product-
ivity in the sea. Since the west coast of India is the principal eastern
boundary of the Arabian Sea, the upwelling and downwelling along the
west coast of India determine the major part of biological production over
the eastern Arabian Sea. Growth of fishes depends on food supply;
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ABSTRACT

During the Bay of Bengal (BoB) Boundary Layer Experiment (BoBBLE) in the southern BoB, time series

of microstructure measurements were obtained at 88N, 898E from 4 to 14 July 2016. These observations

captured events of barrier layer (BL) erosion and reformation. Initially, a three-layer structure was observed:

a fresh surface mixed layer (ML) of thickness 10–20m; a BL below of 30–40-m thickness with similar tem-

perature but higher salinity; and a high salinity core layer, associated with the Summer Monsoon Current.

Each of these three layers was in relative motion to the others, leading to regions of high shear at the in-

terfaces. However, the destabilizing influence of the shear regions was not enough to overcome the haline

stratification, and the three-layer structure was preserved. A salinity budget using in situ observations sug-

gested that during the BL erosion, differential advection brought high salinity surface waters (34.5 psu) with

weak stratification to the time series location and replaced the three-layer structure with a deepML (;60m).

The resulting weakened stratification at the time series location then allowed atmospheric wind forcing to

penetrate deeper. The turbulent kinetic energy dissipation rate and eddy diffusivity showed elevated values

above 1027Wkg21 and 1024 m2 s21, respectively, in the upper 60m. Later, the surface salinity decreased

again (33.8 psu) through differential horizontal advection, stratification became stronger and elevatedmixing

rates were confined to the upper 20m, and the BL reformed. A 1D model experiment suggested that in the

study region, differential advection of temperature–salinity characteristics is essential for the maintenance of

BL and to the extent to which mixing penetrates the water column.

1. Introduction

The Bay of Bengal (BoB) is a semi-enclosed sea in the

north Indian Ocean characterized by strong surface

layer stratification (Shetye et al. 1991, 1996; Shenoi et al.

2002). The strongest stratification occurs during the

summer monsoon in the northern BoB where heavy

rainfall and river influx result in a low salinity surface

layer (Vinayachandran et al. 2002; Rao and Sivakumar

2003; MacKinnon et al. 2016). In contrast to the north-

ern BoB, the southern BoB receives less rainfall and

therefore surface salinity is higher (Matthews et al. 2015;

Das et al. 2016). The Summer Monsoon Current (SMC)

flowing from the Arabian Sea to the south of Sri Lanka

carries high salinity water to the southern BoB (Murty

et al. 1992; Vinayachandran et al. 1999; Jensen 2003;

Webber et al. 2018). Arabian Sea High Salinity Water

(ASHSW) entering the southern BoB subducts below

the BoB surface water and flows northward. This sub-

ducted ASHSW creates a subsurface salinity maximum

in the upper thermocline region (Vinayachandran et al.

2013; Jain et al. 2017).

A strong halocline associated with the presence of a

freshened surface layer over a saline subsurface layer

results in the formation of a barrier layer (Lukas

and Lindstrom (1991); Vinayachandran et al. (2002);

Thadathil et al. (2007); Sengupta and Ravichandran

(2001)). The barrier layer is defined as the regionCorresponding author: P. N. Vinayachandran, vinay@iisc.ac.in
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A B S T R A C T

The northern Bay of Bengal receives a large amount of fresh water through river runoff and rainfall during the
Indian summer monsoon (June–September). This fresh water spreads offshore and can modulate the upper-
ocean chlorophyll via two processes: advection of river nutrients and inhibition of vertical supply of subsurface
nutrients by increasing the stratification. We address these two processes during the summer monsoon of 2012
using hydrographic observations and a coupled physical-biogeochemical model. The observations show an in-
crease in surface chlorophyll associated with the advection of a freshwater plume on the shelf. Near the slope,
but over a cross-shore distance of ~70 km, a thin layer separates this elevated surface chlorophyll from the
subsurface chlorophyll maximum layer (SCML). This separation disappears as the freshwater plume reaches the
open ocean. The SCML shoals toward the coast and is absent on the shelf. Time-series observations from the open
ocean also show an increase in chlorophyll in concurrence with the arrival of a freshwater plume. Simulations
with a coupled physical-biogeochemical model show, however, that it is the wind-induced vertical processes that
cause the increase in chlorophyll in the open ocean and not the nutrients brought by the horizontal advection of
freshwater plumes. The increase in stratification only limits and does not completely inhibit the vertical supply
of nutrients from the subsurface layers.

1. Introduction

The Bay of Bengal (BoB) is a semi-enclosed tropical basin bounded
by the Asian landmass in the north (22° N) (Fig. 1). During the Indian
summer monsoon (June–September), the northern BoB receives a large
amount of freshwater from precipitation and river runoff (Fig. 2). The
rainfall peaks during June–July, a month or two before the river dis-
charge peaks (Rao & Sivakumar, 2003). The freshwater plume, gener-
ated as a consequence of the above two processes, flows equatorward
along the east coast of India against the alongshore wind (Shetye et al.,
1991). In the northwestern bay, the plume initially hugs the coast, and
as it spreads equatorward, it is pushed offshore and is separated from
land by upwelled saltier water (Shetye et al., 1991; Vinayachandran

and Kurian, 2007). The plume decreases the depth of the mixed layer
and can lead to the formation of a barrier layer (Vinayachandran et al.,
2002; Thadathil et al., 2007).

Unlike the rain-freshened plume, the river plumes carry a large
amount of terrestrial nutrients into the coastal water and could play a
significant role in the offshore spread of upper-ocean chlorophyll
blooms through transport of river nutrients. It is estimated that the
rivers from the Indian subcontinent could export almost 1.74 Tg yr−1 of
nitrate, 0.27 Tg yr−1 of phosphate, and 3.58 Tg yr−1 of silicate into the
BoB (Krishna et al., 2016). The rivers in the BoB contribute about 94%,
75%, and 93% of the total nitrogen, phosphate, and silicate fluxes re-
ceived by the northern Indian Ocean (NIO) and they account for about
17% of the total primary production in the BoB (Krishna et al., 2016),
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ABSTRACT 
 

Shafeeque, M.; Shah, P.; Platt, T.; Sathyendranath, S.; Menon, N.N.; Balchand, A.N., and George, G., 2019. Effect of 

precipitation on Chlorophyll-a in an upwelling-dominated region along the west coast of India. In: Jithendran, K.P.; 

Saraswathy, R.; Balasubramanian, C.P.; Kumaraguru Vasagam, K.P.; Jayasankar, V.; Raghavan, R.; Alavandi, S.V., 

and Vijayan, K.K. (eds.), BRAQCON 2019: World Brackishwater Aquaculture Conference. Journal of Coastal 

Research, Special Issue No. 86, pp. 218–224. Coconut Creek (Florida), ISSN 0749-0208. 

 

The South Eastern Arabian Sea (SEAS) is an upwelling-dominated region, where the seasonally-reversing winds and 

currents are the major physical forces driving primary production. The region is characterized by high primary 

productivity during the summer monsoon season (June to September), when the winds and currents favor upwelling. 

The coast is notable for the presence of monsoonal rivers. During summer monsoon, nutrient-rich riverine water is 

discharged in great quantity into coastal waters. The heavy inflow of turbid, nutrient-rich water into coastal regions 

during the summer monsoon facilitates primary production, augmenting phytoplankton biomass. In the present study, 

we investigated the relative roles of upwelling and precipitation that drive productivity along the south-west coast of 

India. The available remote sensing data sets for chlorophyll-a (Chl-a), precipitation, silicate and wind were used for 

the period 1998 to 2016. The Chl-a anomaly showed positive correlation with upwelling index and precipitation 

except during 2003 and 2012. During these years, negative anomalies for Chl-a and precipitation were observed even 

though the upwelling index showed positive anomalies. So the enhancement in Chl-a was nominal during those 

specific years even when the upwelling was very strong. This indicates the role of riverine nutrients from heavy 

precipitation during summer monsoon that contributes significantly to coastal productivity apart from upwelling in 

SEAS. 

 

ADDITIONAL INDEX WORDS: Ekman Mass Transport, productivity, rainfall, river discharge, South 

Eastern Arabian Sea, summer monsoon. 
 

 

 

 

INTRODUCTION 

The South Eastern Arabian Sea (SEAS) is one of the highly 

productive regions of the Indian Ocean. A suite of phenomena 

such as coastal upwelling, mesoscale eddies, Arabian Sea mini 

warm pool, monsoon onset vortex and propagation of planetary 

waves makes the region a natural laboratory for researchers. 

Since the International Indian Ocean Expedition (IIOE) in the 

early 1960s, researchers have been studying different aspects of 

the region, especially the upwelling phenomenon along the 

coast, using various approaches. Coastal productivity and 

associated Chlorophyll-a (Chl-a) variability along the south-

west coast of India are attributed mainly to wind-driven 

upwelling processes.  

Several studies in the past have examined the physical 

processes related to upwelling and its biological impact along 

the south-west coast of India (Banse, 1959; Gopalakrishna et al., 

2008; Hareesh Kumar and Anand, 2016; Jayaram et al., 2010; 

Johannessen, Subbaraju, and Blindtheim, 1987; Shah, Sajeev, 

and Gopika, 2015; Shah et al., 2018, 2019; Shalin and 

Sanilkumar, 2013; Sharma, 1973; Smitha et al., 2008). 

Generally, the coast is characterised by eutrophic upwelling 

during summer monsoon (June to September) and oligotrophic 

downwelling during winter monsoon (October to December). 

Hence, the Chl-a enhancement occurs only during the summer 

monsoon. During the remaining months, the coastal ecosystem 

is comparatively oligotrophic in nature. Even though previous 

studies have thoroughly analysed the upwelling-related Chl-a 

along the coast of SEAS, it remains to investigate the role of 

other mechanisms that influence Chl-a in this region. 

Fundamentally, the physical forcing during upwelling 

provides surface nutrient enrichment, which supports pelagic 

productivity. The pelagic fishery along the west coast of India 

depends greatly on the upwelling-driven, nutrient-rich habitat 

(Madhupratap et al., 1994, 1996). Also, the spawning seasons of 
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