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Evaluation of Three Soil Erosion Models for Small Watersheds 
Chandramohan Ta*. Venkatesh B.a &  Balchand A.Nb. 
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Abstract 

The present study aims at evaluating three soil erosion models; Modified Universal Soil Loss Equation (MUSLE); Unit Sediment 
graph (USG) and Water Erosion Prediction Project (WEPP). The models were tested on small watersheds within the Pamba 
River basin of Kerala, India, using the data on observed rainfall-runoff-sediment yield events. Three watersheds are selected with 
varying land use types, topography and drainage density. Three erosion models were applied for the same rainfall events and the 
results were compared with the observed sediment yield values. It was seen that the USG predicted the rate of sediment yield 
better than the other two models. Even though WEPP is a physically distributed model, the large and detailed data requirement, 
which is impractical in studies of this scale, affected its prediction accuracy. Application MUSLE gives the large errors compared 
to the observed sediment yield. Therefore, it was found from this study that the Unit Sediment Graph (USG) based approach is 
having better applicability for the prevailing climatic and geographical setup.  
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of organizing committee of ICWRCOE 2015. 

Keywords: Soil Erosion; USG; MUSLE; WEPP; GIS; Sediment Yield 
____________________________________________________________________________________________________________________ 
1. Introduction 
 

Various models are available for predicting sediment yield and deposition on hill slopes and small 
watersheds. Empirical solutions based on observations may be useful only for a particular site where the data were 
collected. In conceptual models, sediment producing factors such as rainfall and runoff are treated as inputs to the 
system and sediment yield is the output. Physically based models provide an understanding of fundamental sediment 
producing processes and having the capability to access the spatial and temporal variations of sediment entrainment, 
transport and deposition processes.  
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Utilizing satellite remote sensing data and 
oceanographic information for identifying cage 
aquaculture sites and scheduling the  
cage maintenance activities
Grinson George*, Phiros Shah, Mohammed Shafeeque, Trevor Platt and  
Shubha Sathyendranath 
ICAR - Central Marine Fisheries Research Institute, Ernakulam North P. O, Kochi - 682 018, Kerala, India 
*grinsongeorge@gmail.com
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Cage aquaculture relies on food artificially supplied to the cultured animals. Hence the local levels 
of primary production are not critical to the success of the enterprise. Rather, the risks to be 
avoided are those arising from severe weather; from toxic phytoplankton; and from accumulation 
of waste products of metabolism. Protection from severe weather requires analysis of local 
topography in the context of the prevailing wind and wave fields, as well of the vulnerability to 
extreme events such as the passage of cyclones. Protection from the toxic phytoplankton requires 
analysis of the spatial distribution of toxic blooms, such as could be established through remote 
sensing. Dispersal of toxic wastes is a function of local residence time (tides, currents, estuarine 
circulation where ever relevant) of the waters at the site under consideration. Here we propose a 
decision making protocol for site selection in cage aquaculture in accordance with the principles 
mentioned above.

Along the Indian coastal waters, marked asymmetry exists in the tidal ranges between the 
southern and northern latitudes. Over the west coast of India, the northwest (NW) coast shows 
a tidal range of 10.90 m in Gujarat and the southwest (SW) shows 1.34 m in Kochi. Hence, 
there is more mixing in the waters of NW coast, resulting in short residence times compared 
with SW coast. The east coast of India also shows similar variation in tidal ranges from south 
to north, but less pronounced than on the west coast. So in general the residence time is long 
over the southern latitudes and short over the northern latitudes along the coastal waters of 
India. However, the effect of tidal currents should also be considered for proper selection of sites 
for cage aquaculture and scheduling the cage related maintenance activities. Case studies have 
delineated the role of tidal currents along the west coast of India. Greater tidal currents were 
observed along the northern shelf compared with the southern shelf. The scope of open ocean 
cage aquaculture in north Indian Ocean is also discussed based on the analysis of residence time 
due to the shear-induced turbulent fluxes and other associated physical phenomena.
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Use of remote sensing in the context of cage 
aquaculture
Nandini Menon, Phiros Shah, Grinson George, Laura David, Shubha Sathyendranath 
and Trevor Platt*
ICAR - Central Marine Fisheries Research Institute, Kochi, Kerala, India 
*tplatt@dal.ca

Keywords: Cage aquaculture, Carrying capacity, Oceanography, Remote sensing

For the purpose of this brief essay, the defining characteristic of cage aquaculture is that food is 
provided to the cultured organisms, independently of the food available in the environment itself. 
When organisms are cultured on the food available in situ (for example, in the culture of filter 
feeding bivalves), an important consideration is the carrying capacity of the environment, which 
is readily accessible to remote sensing through the calculation of phytoplankton production. 
However in cage culture, estimation of carrying capacity based on food requirement is not 
relevant, and we have to look elsewhere to see where remote sensing, supported by oceanographic 
information, might be of help.

We shall find that the limitations relate mainly to the dispersal of toxic metabolites and 
unconsumed food; to cage damage by storms; to transient water masses of temperature outside 
the tolerance range of the cultured species; and to the incidence of harmful algal blooms. Another 
consideration is the availability of essential fatty acids, for which remote sensing methods have 
recently been developed.
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Site selection for open sea cage culture using spatial 
analytics 
Mini, K. G.*, Grinson George, Jayasankar, J., Sathianandan, T. V., Somy Kuriakose  
and Phiros Shah
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*minianish02@gmail.com 
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India possesses vast coastal water resources which can be ideally utilized for cage culture 
activities. Though, plenty of locations are available in coastal waters, the cage mariculture 
activities are not suitable at all available locations. It is essential to identify feasible mariculture 
sites for cage culture, for undertaking successful cage culture activities. The site selection primarily 
depends on the physio-chemical conditions which determine whether the species can thrive in an 
environment followed by weather, shelter, depth, substrate and other parameters. With advent 
of satellite remote sensing and the Geographic Information System (GIS) platform; we are now 
in a position to delineate spatially the best suited sites for cage mariculture. The marine GIS have 
the added dimension of depth alongside the latitude and longitude as compared to terrestrial 
GIS. Though cage mariculture in India is in initial phase, the geo-spatial delineation of potential 
cage aquaculture sites will be very useful for successful cage mariculture in the country. A few 
validations achieved for such site selection using above tools in Mandapam and Veraval region 
are illustrated.
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The upper oceanic response of Eastern Arabian Sea  
to the tropical cyclone Nanauk

Lix J. K1* and Sajeev R1

1 Cochin University of Science and Technology, Kochi, 682 016, India
* Corresponding author. Email: lixkollannoor@gmail.com, PH: +91 9495854846

Upper oceanic and surface meteorological time series observations 
from a moored buoy at 15oN and 68.9oE in the eastern central Arabian 
Sea were used to understand the upper oceanic response to the tropical 
cyclone ‘Nanauk’ during June 2014. Nanauk initially originated at 
east central Arabian Sea on 9 June 2014 and it intensified on 11 June 
2014 and finally weakened into a depression on 13 June 2014 over 
the west central Arabian Sea. The analysis shows that preconditioning 
of the Arabian Sea to the Nanauk with high Sea surface temperature 
(31.21°C) and Tropical Cyclone Heat Potential (90KJ/cm2). However, 
the passage of the cyclone caused for a sudden drop in both Sea surface 
temperatures (SST) and Tropical Cyclone Heat Potential (TCHP). The 
SST drop was around 2.5°C and the TCHP reduction was around 30 
KJ/cm2. The high vertical turbulent mixing associated with the cyclone 
leads to the deepening of both mixed layer depth and Isothermal layer 
depth. The increased latent heat loss associated with high wind speed 
and the upper ocean divergence through the Ekman pumping induced 
by the positive wind stress curl may be the primary reason for the 
observed cooling in the upper layers of the eastern Arabian Sea. 

Keywords: SST, TCHP, Mixed Layer Depth, Eastern Arabian Sea.
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El Niño and its impact on coral reef ecosystem in the Eastern Indian Ocean

Introduction

The coral reef bleaching associated with the elevated Ocean temperature has been
widely reported in the last three decades from different regions of the world.  The rising
temperature and acidification of Oceans makes a big challenge for the survival of reefs in
the world. The other important stresses for the reefs include increased UV radiation, sea
level variations, suspended sediments and increased turbidity of water. There are different
studies which relate bleaching events with global warming and climate change. However,
the increased frequency of mass bleaching events could not be sufficiently explained with
current warming rates of the Ocean. Stone et al., (1999) put forward a new theory that
recent increases in mass bleaching events were in response to the relative increase in El
Niño experienced over the last two decades. The bleaching threshold temperature is site
dependent and it may vary from one reef region to other. The threshold temperature for
the Indian reefs is approximately 31°C (Vivekanandan et al., 2008). In the Indian Ocean, the
coral reefs around the Andaman Islands suffered bleaching events during 1998, 2002, 2005,
2010 and 2016. In the Andaman Sea, the rise in temperature was abnormal during 1998 and
2010 and hence mass bleaching events were happened during that period (Krishnan et al.,
2011; Vivekanandan et al., 2008). The coral reef bleaching associated with warm water
anomalies in the Pacific Ocean during an El Niño period is well studied and documented.
However, the link between the massive bleaching events in the Indian Ocean and El Niño is
not straightforward as in the Pacific. For example, the massive bleaching event of 1998 in
the Indian Ocean was happened in May and that was a transition period from a strong El
Niño to a strong La Niña in the Pacific. Hence, in the Indian Ocean, the role of El Niño in the
mass coral reef bleaching event of 1997-98 was not clear (Wilkinson, 1999). Moreover, the
ocean temperature variability in the Indian Ocean can be significantly modulated by the
different regional processes in the Indian Ocean itself such as Indian Ocean Dipole, formation
of cyclone, early arrival of monsoon etc. However, a recent study shows that massive bleaching
events in the Andaman reefs of the Indian Ocean is directly linked with the strong El Niño
events in the Pacific Ocean (Lix et al., 2016). The atmospheric teleconnections between the
two Ocean basins is the primary reason for this link.
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C H A P T E R EL NIÑO AND ITS IMPACT ON CORAL REEF

ECOSYSTEM IN THE EASTERN INDIAN OCEAN
Lix J. K.1, Sajeev R.1, Grinson George2, Santosh K. M.1 and Phiros Shah2

1Cochin University of Science and Technology, Kochi
2ICAR-Central Marine Fisheries Research Institute



J o i n t  A s s e m b l y  2 0 1 7 ,  A b s t r a c t  B o o k                        P a g e  | 8 1  

 

 
 

 

Estimation of terms of temperature equation using in situ observations alone 

during  BoBBLE (Bay of Bengal Boundary Layer Experiment) 

Abstract ID : 915 

Conflict Declaration : None 

Content Motivation : None 

Additional Information : None 

 

Dr. V. Vijith ,vijithvnair@gmail.com ,(Assistant Professor) ,India ,Kochi ,Presenting
1
 

Prof. P N Vinayachandran ,vinay@caos.iisc.ernet.in ,(Professor) ,India ,Bengaluru ,Not Presenting
2
 

Dr. Ben Webber ,B.Webber@uea.ac.uk ,(None) ,United Kingdom , ,Not Presenting
3
 

Prof. Adrian Matthews ,a.j.matthews@uea.ac.uk ,(Professor of Meteorology) ,United Kingdom 

,Norwich ,Not Presenting
3
 

Dr. Jenson George ,jensonvgeorge@gmail.com ,(Post Doctoral Fellow) ,India ,Bangalore ,Not 

Presenting
2
 

Dr. K Vijaykumar ,kvkumar@nio.org ,(None) ,India , ,Not Presenting
6
 

Miss. V Thushara ,thushara@caos.iisc.ernet.in ,(None) ,India , ,Not Presenting
7
 

Dr. P. Amol ,prakashamol@gmail.com ,(None) ,India , ,Not Presenting
8
 

Dr. Aneesh Lotliker ,aneesh@incois.gov.in ,(Scientist-D) ,India ,Hyderabad ,Not Presenting
9
 

1 - School of Marine Sciences, Cochin University of Science and Technology, Kochi, India 2 - Indian 

Institute of Science 3 - University of East Anglia 4 - University of East Anglia 5 - Indian Institute of 

Science 6 - National Institute of Oceanography, Goa 7 - Centre for Atmospheric and Oceanic 

Sciences, Indian Institute of Science, Bangalore, India  8 - CSIR-National Institute of Oceanography 

Regional Centre, Visakhapatnam,  India 9 - Indian National Centre for Ocean Infromation Services 

(INCOIS) 

 

The determination of terms of the temperature equation for the ocean using in situ measurements 

alone is an earnestly desired task in oceanography, but none exists to the best of our knowledge, 

owing to the challenges involved, particularly with regard to measuring horizontal gradients of 

temperature. Typically, in situ time series observations at a single (ship) location are combined with 

satellite data sets, in order to obtain horizontal gradients in space. An "operation advection" (OA) 

strategy was employed during BoBBLE (Bay of Bengal Boundary Layer Experiment) to obtain all the 

terms of the temperature equation from the southern Bay of Bengal, in the midst of the summer 

monsoon. At a time series location (8°N, 89°E), shipboard CTD profiling was carried out for a period 

of 10 days at roughly 3-hourly intervals. In addition to the ship, two gliders were simultaneously 

deployed, one along-stream and the other down-stream, in order to obtain horizontal spatial gradients 

with respect to the ship-board observations. This method was complemented by daily north-south and 

east-west uCTD sections, each along a roughly 10 km long transect. Velocities were estimated using 

two ship-board ADCPs, surface fluxes using both eddy covariance measurements and bulk estimates, 

and the penetrating component of radiation using an underwater radiometer. Vertical mixing rates 

were obtained using a turbulence profiler and horizontal mixing using a uCTD - ADCP combination. 

The analysis presented here quantifies processes that contributed to the evolution of SST during a 

weak phase in the summer monsoon. Our preliminary comparison of terms of the temperature 

equation suggests that horizontal advection contributes significantly to the rate of change of 

temperature. Moreover, we have demonstrated that using state-of-the art instrumentation, it is 

possible to obtain high quality quantitative estimates of processes determining evolution of SST 

during the summer monsoon, based on in situ measurements. 
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Ecosystem modelling - Introduction to TOPAZ

1. Outline of the lecture

The lecture have three major sections. The first section will briefly discuss how important
physical processes influence the biological processes in the ocean. The two important physical
processes that will be discussed are upwelling and entrainment. I then briefly introduce an
ecosystem model named Tracers of Phytoplankton with Allometric Zooplankton. This model
is referred to using the acronym, TOPAZ [Dunne et al., 2010]. This ecosystem model has the
capability to be coupled to a physical Ocean General Circulation Model (OGCM) known as
Modular Ocean Model (MOM4p1). Both MOM and TOPAZ are developed by the Geophysical
Fluid Dynamics Laboratory. In the third section of this lecture, I’ll be presenting an example
of an application of the physical-ecosystem model based on MOM-TOPAZ to explain the
biological consequences of inhibition of deepening of mixed layer in the northeastern Arabian
Sea [Vijith et al., 2016].

2. TOPAZ

TOPAZ is a widely used ecosystem model. It has been used by several researchers to
address a variety of physical-ecosystem interaction that happens during large scale ocean
processes such as El Nino Southern Oscilaltion (ENSO), Indian Ocean Dipole etc. TOPAZ
includes carbon, nitrate, ammonium, phosphate, silicate, dissolved oxygen, iron, and calcium
and three phytoplankton groups: diazotrophs (cyanobacteria), small (picoplankton and
nanoplankton), and large (diatoms and algae) phytoplankton. The model also includes
biogeochemical processes such as the atmospheric deposition of iron, nitrification, and
denitrification. The parametrisation of growth rate of phytoplankton, limitation of nutrients
and light, and grazing will be described using simple schematic diagrams. I’ll also discuss
how size considerations of phytoplankton are dealt in the model.

3. Application of TOPAZ

The seasonally reversing monsoon winds over the north Indian Ocean produce seasonally
reversing currents that exchange water between the Arabian Sea and the Bay of Bengal.
One such current is the West India Coastal Current that takes low-salinity waters of the Bay
of Bengal into the Arabian Sea. As the current takes the waters poleward along the west
coast of India, the contrast between salinity of the waters of the current with ambient waters

30
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Bay of Bengal (BoB) has strong upper layer stratification owing to fresh water influx from both 

precipitation and terrestrial run off. To maintain the salinity of BoB, export of this fresh water and 

mixing with higher salinity water from Arabian Sea is necessary. During the BoBBLE (Bay of Bengal 

boundary layer experiment) campaign in Southern BoB, time series observations were carried out at 

8
0
N 89

0
E from 4

th
 July to 15

th
 July 2016 using a loosely tethered micro-structure profiler (VMP 250). 

The time series data captured a mixing event which lasted for 4 days. Prior to the event, the upper 

layer was characterized by relatively fresh surface layer and a 30- 35m thick barrier layer. As the 

winds strengthened from 1 - 10 m/s, the barrier layer eroded, stratification became weaker and mixed 

layer depth deepened from ~20m to ~70m. In addition, the mixing event eroded the 34.5 isohaline at 

60m depth and surface salinity increased by about 1psu. The turbulent kinetic energy (TKE) 

dissipation rate inferred from the micro-scale shear data showed high values (> 10
-7

 W/Kg) in the 

upper 60 m during this event. It was found that the winds alone were not responsible for causing the 

mixing event but by a change in the background stratification. Close proximity of the summer 

monsoon current to the time series location indicates possible modification of the stratification either 

by advection or by lateral mixing of high saline water from Arabian Sea to the measurement location. 
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The first expedition of IIOE-2, on board ORV Sagar Nidhi, sailed from Goa on 04 December 2015, 

made observations along 67°E from 12°N upto 5°S and reached at Port Luis, Mauritius on 22 

December 2015. The major objectives of this multi-disciplinary as well as multi-national observational 

expedition was: (a) to understand the structure of water masses in the western Indian Ocean along 

67°E and possibly assess the difference in their characteristics with respect to the measurements 

made during IIOE and (b) to understand the physical-chemical-biological characteristics in the 

equatorial Indian Ocean and their inter-relationships. The major observational objectives were to map 

the hydrography in the upper 1000m where the Red Sea, Persian Gulf and Arabian Sea High Salinity 

water are known to be present and collect water samples to determine chemical, biological and 

optical parameters. The cross-equatorial observations were made when the westerly winds and the 

eastward Wyrtki jets were strong. Ship-board ADCP profiles showed a 1 m/s strong eastward jet that 

was about 4 degrees wide but confined to a depth of just 75m. The mixed layer was deep at the 

equator, shallowing towards either side. The CTD profiles provided a latitudinal view of the water 

masses in the western Indian Ocean. Arabian Sea High Salinity Water (ASHSW) and Persian Gulf 

Water (PGW) water was present at almost all latitudes but Red Sea Water (RSW) was confined to the 

north of the equator. Between 12°N and 5°S, the ASHSW lost its salinity by abut 1.5, PGW by about 

0.7 and RSW by about 0.5. The RSW was found to mix with Australiasian Mode Water (AAMW) near 

the equator. The Indian Central Water was found to increase the oxygen concentration in the central 

Arabian Sea. Comparison with historical data sets suggest that variability in the structure of water 

masses are highly non-uniform across the section along which observations were made. 
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Meteorological variables and surface flux variables from five reanalysis products are compared and 

evaluated against in-situ data from the RAMA moored array. The reanalysis products, ERA-Interim 

(ERA-I), TropFlux, MERRA2, JRA-55 and CFSR are specifically assessed for their characterisation of 

air-sea fluxes during the southwest monsoon season (JJAS) in the Bay of Bengal. Results show that 

TropFlux and (to a slightly lesser extent) ERA-I perform best, with the highest correlations and 

smallest biases when compared to the observed meteorological parameters and the associated fluxes 

from the RAMA array. In contrast, MERRA2, CFSR and JRA-55 have lower correlations and much 

higher biases when compared to the observed data. In general, however, all products struggle to 

capture shortwave radiation flux (SWR) and latent heat flux (LHF), with non-negligible biases ranging 

from -6 W/m2 to 75 W/m2. Further analysis of the flux variables showed SWR and LHF to be the 

largest drivers of the observed net heat flux variability, thus highlighting the importance of the results 

from the reanalysis product comparison to the RAMA buoy. It was also found that mean fields were 

consistent with the findings at the buoy location, indicating confidence in the representation of 

variability across the basin. Finally, the representation of the intraseasonal variability was investigated 

through the boreal summer intraseasonal oscillation and it was shown that TropFlux and ERA-I 

perform best at capturing intraseasonal climate variability during the southwest monsoon season. 
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The Indian monsoon provides 80% of the annual rainfall total for over a billion people, and prediction 

of its variability is crucial to support Indian agriculture. Variability in sea surface temperature and 

salinity over the Bay of Bengal (BoB) influence the monsoon rainfall by altering the fluxes of heat and 

moisture on which storm systems feed as they propagate northwestwards over northern India. A key 

feature in the summertime BoB is the Southwest Monsoon Current (SMC), a relatively shallow (<500 

m) but fast (~1 m s-1) current which transports warm salty water into the BoB from the Arabian Sea, 

thus influencing the spatial pattern of surface temperature and salinity. 

 

Here we present results from an array of Seagliders deployed during the Bay of Bengal Boundary 

Layer Experiment (BoBBLE) project in June-July 2016, combined with ship observations and a high-

resolution numerical ocean model simulation for the same time period. These Seagliders were aligned 

along 8°N, between 85 and 90°E, and spanned the core of the SMC. For the first time we were able to 

quantify the high-frequency variability of this current, and relate this to surface forcing and the impact 

of ocean Rossby waves radiating from the eastern boundary of the BoB. As the Sri Lanka Dome 

weakens and moves westwards, the peak northwards flow of the SMC also shifts westwards and 

weakens, from 0.7 m s-1 around 87.5°E to 0.5 m s-1 at 86.5°E. This trend is evident down to at least 

400 m depth. 

 

The SMC transports a core of high-salinity and relatively high-oxygen water northeastwards. The 

high-resolution glider data shows that this water mass interleaves with fresher and more oxygen-

depleted water from the northern BoB, at times exhibiting very strong variability at time scales < 1 day 
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Eddies having a diameter between 10 to 300 Km and persisting for periods from days to months are commonly 

known as mesoscale eddies. In the northern hemisphere the counter clockwise (cyclonic) motions of eddies are 

called cyclonic eddies. The center of the cyclonic eddy is usually cooler and a lower in sea surface height than 

the surrounding waters and is called a cold core eddy. Sea Surface Temperature (SST) and Sea Surface Height 

(SSH) data‘s derived from satellite sensors now enable the detection of cold core eddies. During the pre 

monsoon season (March) of 2016 a cyclonic eddy with a warm core at the center was detected in the South 

Eastern Arabian Sea (SEAS) from AVHHR SST and AVISO Sea Level Anomaly data (SLA). In order to 

investigate this phenomena an oceanographic survey was carried out to identify and confirm the occurrence of 

such warm-core (~30.5ºC) cyclonic eddy in the SEAS during March 17–19, 2016. CTD data collected on board 

Indian Naval Ship Sagardhwani was used to characterize the subsurface features of the eddy. Satellite imagery 

revealed an eddy of size ~300 kilometer in diameter having a life cycle of ~45 days in the region as noticed in 

geostrophic currents generated from SLA data. The 26ºC isotherm just above the thermocline was vertically 

displaced from 120m to 90m revealing the presence of a sub surface cold core eddy. The high stratification in 

the upper layer caused by fresh water inhibits the eddy signal from being seen in the surface temperature and 

salinity fields. Consequently, it appears that the eddy is confined to a depth range of 50 to 120 m. This study 

unveils the role of Bay of Bengal watermass encapsulating the warm waters and inhibiting the cold core 

cyclonic to a subsurface cold-core eddy.  
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Estimation of underwater visibility is critical for understanding and monitoring of marine environment and in 

salvage operations. Optical Algorithms based on the radiative transfer theory are used to estimate vertical 

visibility from ocean colour satellite data of high spatial and temporal resolution. These algorithms could derive 

diffuse attenuation           and beam attenuation          coefficients from satellite data, and then 

transform to vertical visibility by giving appropriate coupling constants. As the value of coupling constants vary 

from 5 to 10 depends on sea types, optical algorithms need to be evaluated for regional waters. In earlier studies, 

off the south west coast of India, some empirical relations are established between the attenuation coefficients 

and ocean colour satellite data. However the need to establish estimation of vertical visibility from satellite data 

still exists. In this paper, implementation and evaluation of both semi analytical and empirical methods to find 

the underwater vertical visibility is discussed. After implementing these algorithms their validation was carried 

out by comparing with in-situ Secchi depth data collected during Nov-Dec 2016 onboard INS Sagardhwani and 

values are found to vary between 7 – 22m. The corresponding parameters for the algorithm, such as Remote 

Reflectance [         ,         ], Solar Zenith Angle and     were obtained from MODIS-Aqua (Moderate 

Resolution Imaging Spectrometer) and VIIRS (Visible Infrared Imaging Radiometer Suite) satellite sensors and 

estimated the visibility. These ocean colour data were downloaded from website http://oceancolor.gsfc.nasa.gov. 

Further, inter-sensor comparisons were also carried out. Vertical visibility derived from satellite sensors MODIS 

and VIIRS are agreed well with Insitu data with correlation coefficients (R
2
) of 0.6719 and 0.7415 respectively. 
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India having coastline of about 7500 km is facing severe problem of erosion threatening millions of lives. 

Development of planned ports, harbours, and industries being accelerate the erosion and degrade the 

environment along India‘s coastline. The rainfall has been reduced due to changes in the monsoon pattern over 

the years, which in turn reduced the sediment inflow into the oceans. This reduction in the sediment flow leads 

considerable erosion along the coastlines. Groins are generally built to stabilize a stretch of natural or artificially 

nourished beach against erosion that is primarily due to a net longshore loss of beach material. Puducherry, a 

Union Territory, is facing severe coastal erosion problems along some of the stretches, specifically north of the 

Puducherry harbour. In this study, the status and the impact of a 60m long groin constructed at Vaithikuppam, 

on the Puducherry coastline is studied. A coupled and fully integrated 2D model for waves, currents and 

sediment transport is developed for the assessment. The hydrodynamic processes and morphological stability 

near the groin are studied using field observations and bathymetric data.  The numerical model results were 

validated and found to be in good agreement with field data. The hydrodynamic conditions and sediment 

transport patterns are predicted using the model results and the impact of the groin on the morphological 

characteristics are established and presented. 
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Riverine ports are often elusive, being low cost harbours and traditional since ancient times. India hosts such 

ports both on western and eastern coast like Haldia on Hugli, New Mangalore on Gurpur, Krishnapatnam port 

on Penna, Magdalla on Tapi, Machalipatnam on Krishna etc. to name a few. Ports as such have become back 

bone of national economy and lifeline of domestic supplies. Sustainability of the units has reached its crux 

owing to the competition and globalisation. To withstand the economic pressure and survive the technological 

advancements, larger vessel operation is always desired. This in turn requires modifications to the existing 

navigation channels and port infrastructure. Any modifications to the natural systems have their own set of 

advantages and disadvantages. Most of them pose highly localised effect and anthropogenic activities affect the 

environment, both in short and long term. Hence, an integrated environmental hydraulics approach should be 

devised as a parameter of opportunity cost in the decision and policy making. In the present article, we 

investigate the scenario of Hazira, earlier an islet on the Tapi flood plains which boasts international credits for 

the rapid industrialisation (see timeline on nautical charts). The complexity in the problem primarily arises by 

the macro tidal oceanographic conditions persistent in the area and flash floods in the Tapti basin. The mouth of 

the said west flowing river is oriented in North to south direction, which directly faces the tidal water flooding 

from the Khambat. Though deeper channels are presumed to be carriers of large flux, aide faster discharge of 

storm runoff, it may be attracting more saline water mass by rising tides. Hence, the phase of the tide with 

respect to the discharge decides the discharge capacity. The Tapi River flows in the one of the most human 

controlled basins with multiple dams and barriers. The barrier at Surat is of multipurpose build, stagnate fresh 

water for ground water recharge and reduce salinity incursion inland by the tide. Studies were carried out to 

understand flood magnitude of about 12.5 m in the Tapti basin and flood discharge with numerical models, 
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Results shows that the gravity and infragravity waves are co-existent during the propagation of gravity waves 

with peak period (Tp) greater than 16 seconds. Whereas the wind sea portion has inverse relationship with the 

infragravity waves. This study pointing to the importance of infra gravity waves over nearshore regions along 

the Indian coast. 
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Waves generated by winds or storms become ocean swells when they leave their generation zone and travel long 

distances. Wind generated wave is the dominant forcing parameter for most of the near shore processes. 

Accurate and fine resolution (both spatial and temporal resolutions) wave information is very essential for 

offshore oil exploration, design of coastal/offshore structures and other marine activities. Numerical modelling 

is an essential tools for wave hindcast and to obtain wave data from large domains and inaccessible places like 

islands. Hence, the wave modelling community is ever on the task of understanding and applying the physical 

processes in wave models in order to increase its accuracy and performance. New generation spectral wind wave 

model, based on unstructured meshes are utilized primarily for hindcast experiments. The model simulates 

growth, decay, and transformation of wind generated waves in offshore and coastal areas of Indian Ocean. 

National Institute of Ocean Technology (NIOT) had commissioned desalination plants in Agatti, Kavarathy and 

Minicoy islands. And planning to commission in six more islands including Kadmat. The main objective of this 

study is to understand the wave transformations around the two islands of Lakshadweep viz. Agatti and Kadmat. 

The study includes the generation of waves by wind and propagation of it from offshore to nearshore. It 

comprises hindcast of wave climate for Indian Ocean and nearshore wave climate for Agatti and Kadmat and 

emphasizes on validating different wave parameters obtained from the modelling results with the observed data 

sets. 
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Longshore Sediment Transport (LST) plays a central role in understanding the beach morphology. Generally, 

there are two fundamental approaches for estimating LST rate.  One is the bulk sediment transport formulas, 

which are explicit equations based on simplified representations of physical processes and another one is 

process based models. Since it is very difficult to acquire data from the complex nearshore regions using 

instruments, bulk sediment transport formulas are widely used to estimate LST rates. Commonly used formulas 

are Coastal Engineering Research Centre (CERC) formula (1984) and Kamphuis formula. A study has been 

carried out to understand variations in LST rates alone Ganpatipule coast, west coast of India. The Delft3D-

wave module was used for obtaining the nearshore wave characteristics from the wave data measured using 

Data well directional wave rider buoy at 14 m water depth for a period of 4 years (2011-2015). Inter-annual and 

intra-seasonal variations in LST were examined using both equations. The study shows that breaker wave height 

at Ganapati ranged from 0.36 m to 0.67 m during the non-monsoon season and 0.85 m to 1.74 m during 

monsoon. Wave period ranged from 3 to 4 s during non-monsoon and monsoon respectively. The wave 
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estuarine environments including wind effects on the turbulent mixing as well as another three predictive 

models applicable for stream/river model were used for the estimation of depth averaged reaeration coefficient. 

Different models have been used based on the type of flow regime at a given station and tidal phase.  An 

appropriate dissolved oxygen saturation model has been chosen to predict the oxygen deficit using the 

measurements of dissolved oxygen levels at each station. Finally, the surface re-aeration coefficient and the 

dissolved oxygen fluxes have been estimated at all stations. 
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This study reports the shoreline changes of central zone beaches of Kerala coast using Digital Shoreline 

Assessment System (DSAS) for the stretch of ~148 km from Alleppey to Ponnani (9°25‘17.103‖ N to 

10°47‘15.42‖ N and 75° 4‘37.121‖ E to 76°20‘9.092‖ E).  Landsat satellite imageries for the years 1973, 1990, 

2000 and 2014 were also used to demarcate the shoreline features to quantify the erosion and accretion for the 

period from 1973 to 2014.  Shoreline change rates were estimated using Linear Regression Rate (LRR) method.  

The study area was classified into five Littoral Cells (LC) to represent different inlet systems falling in the 

study area.  Regression coefficient (R
2
) and Root Mean Square Error (RMSE) were used to calculate 

shoreline uncertainty and interpretation error.  The cross-validation of appraised past shorelines have been 

made statistically.  The study showed that 23.3% of the coast is eroding, 30.7 % of the coast is stable and 45.9 % 

of the coast showed accretional trend.  The simulation of past and future shoreline positions were assessed over 

short and long term periods.  About 67 % of transects showed lower RMSE values which, indicated that there 

is a good agreement between the estimated and satellite based shoreline positions.  Statistical and remote 

sensing coupled techniques could be the consistent method for shoreline variability studies.  
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A coupled atmosphere-ocean-wave model used to investigate storm surge and surface wave interactions in the 

coastal waters off the east coast of India. The coupled ocean-atmosphere-wave model as components of 

COAWST modelling system was configured over the Bay of Bengal (BoB), a semi-enclosed basin in the 

northern Indian Ocean. Numerical experiments with varied coupling configuration were performed to 

investigate the impact of oceanic waves on surges associated with a passing tropical cyclone in the BoB. When 

the wave model is included to the coupled model, the ocean circulation model included depth dependent wave 

stress terms, Stokes drift, and vertical transfer of wave-generated pressure transfer to the mean momentum 

equation. Details of fluxes exchanged between the component models are explained. Analysis of the coupled 
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remain unresolved. Governance failure in coastal management is the fundamental cause for resentment among 

stakeholders, pitfalls in CRZ implementation and shortcomings in the protection of coastal environment 

degradation. In spite of the existence of institutions like National and State Coastal Zone Management 

Authorities, District Coastal Management Committees and State Environmental Impact Assessment Authority, 

the governance system has failed to develop a collective and coordinated vision for all the stakeholders. Kerala 

has a Coastal Regulation Zone of about 500 km
2
 excluding, the waterbody part (CRZ IV). It is spread over 182 

gramapanchayats and 20 coastal municipalities and 5 municipal corporations. Coastal governance issues are 

examined with respect to three distinctly different coastal local bodies such as Kochi, Maradu and Alappad to 

understand the governance process. Kochi is a highly developed corporation while Maradu is a developing 

municipality, both in Eranakulam district. Both Kochi and Maradu consists of numerous backwater islands. 

Alappad is a grama panchayat in Kollam district. It is a barrier island sandwiched between the sea and the 

backwater. Kochi has 9.2 km
2 

CRZ while Maradu has 1.72 km
2
 out of which mangroves (CRZ IA) cover 0.49 

km
2
 and 0.41 km

2
 respectively in Kochi and Maradu. The entire land area of 7.38 km

2
 in Alappad is in CRZ out 

of which about 4 km
2
 is No Development Zone. The failures in coastal governance have resulted in discontent 

among local communities, entrepreneurs, and implementing officials which in turn caused damages to coastal 

ecosystems and morphology and blatant violations in CRZ. It is found that the governance mechanism lacks in 

the essential requirements such as (a) coordination (b) accountability (c) efficiency (d) knowledge base (e) 

transparency and (f) participation. The governance system has to improve on account of demographic, economic 

and climate changes. It should become ingrained at all levels, including designing policies, legislation, 

institutions and regulatory framework, enforcement and compliance. 
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The coast is continuously modified by natural and man-made processes. Shoreline is defined as the interface 

between the land and the sea and the immediate position of land-water line at one instant in time. Several factors 

are responsible for shoreline changes. The interaction of the wave climate with the shoreline orientation, 

coupled with nearshore currents and sediment transport pattern greatly influence behaviour of shorelines and 

their response to any engineering structure installed at that location. In the present study the behaviour of 

coastline of Tamil Nadu from Kovalam to Marakkanam over a stretch of 75 kms is analysed so as to investigate 

the interrelationship between the shoreline change patterns and the diverse morphological and dynamic factors 

controlling beach evolution in the area. The assessment is carried out by numerical modelling studies using 

Delft 3D which is found suitable for multi-disciplinary approach and 3D computations for coastal, river and 

estuarine areas. Finer grids are used in the nearshore area in order to model the nearshore processes such as 

sediment transport, wave action, man-made structures, etc. Wave data collected using wave rider buoys and also 

obtained from NIOT wave model [Wave Atlas] is used for this study. Bathymetry data collected by NIOT over a 

25 km stretch integrated with data obtained from GEBCO through Delft Dashboard is used. Astronomical 

constituents for tidal boundary conditions are obtained from Delft Dashboard. The model is set up with tidal 

boundary conditions along east and Neumann Boundary Conditions along north and south. Model is calibrated 

for tide using NIOT measured tide data. Also the shoreline change during Nilam cyclone from land survey is 

used for morphology calibration. The model is validated against accretion and erosion identified based on 

satellite imageries of the areas. Based on the study, erosion hotspots along the 75kms stretch are identified. The 

reasons for erosion/accretion such as manmade interventions, climate change, coastal processes etc are analysed. 

This result can be used to design sustainable shore protection measures along the coast. 
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Fisheries Oceanography- Established links in Eastern Arabian Sea

Introduction

Fish distribution along the western Indian coastal waters indicates a bias for pelagic-
planktivores to the southern coast and carnivores to the northern coast. Southwest coast of
India is an upwelling zone rich in
phytoplankton dominated by diatoms during
summer monsoon. The landing centre
observation data since 1985 clearly indicate a
dominance of Indian oil sardine (Sardinella
longiceps) in this upwelling zone. The
physiological activity of the fish is also tuned
to the arrival of summer monsoon. A resting
season is expected with the retrieval of
monsoon in this area. Further north of our
coastal waters, we see that the dominant
group of f ishes includes the Sciaenids
popularly known by the name ‘Ghol’
(Protonibea diacanthus), ‘Koth’ (Otolithoides
biauritus) and ‘Dhoma’ (Johnius dussumieri). These fishes seem to flourish on the winter
productivity in the northern coastal waters. The winter primary productivity in southern
waters is not good enough to support carnivores with physiological active season during
the winter. The productivity differences in the coastal waters in time and space and the
oceanographic features supporting these could be studied from a synoptic scale with the
help of satellite remote sensing and geographical information system. In this study, we
have utilized the various open sources remote sensing data to identify the oceanographic
responses and the physical forcing that govern the distributional preferences of some
dominant marine fish species.

Variability in fish biodiversity – north and south of eastern Arabian Sea

The tropical waters are often characterized by high species diversity. Along the west
coast of India, the number of species that contribute to the commercial fisheries is found to
be higher in tropical waters than temperate regions. India, being one of the most prominent
tropical fishing nations contribute about 3.5 million tons of fish annually. With a coastline
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Upwelling over the eastern Arabian Sea

Introduction

Upwelling is a vital oceanographic phenomena determining the biological productivity
of the coastal oceanic provinces in a greater extent. The annual pelagic fisheries of coastal
rim countries, adjacent to the eastern boundary of the Ocean, over the trade wind zone are
greatly dependent on upwelling. Over the North India Ocean (NIO), west coast of India,
adjacent to the eastern Arabian Sea is well known for its seasonal occurrence of upwelling
and downwelling annually. Over the past, several authors have studied upwelling along the
west coast of India (Banse 1959, 1968; Sharma 1978; Johannessen et al., 1987; Gopalakrishna
et al., 2008; Smitha et al., 2008; Jayaram et al., 2010: Shah et al., 2015). Smith (1962) provided
a generally accepted definition of upwelling in 1962 and as follows. “Upwelling is the
ascending motion of some minimum duration and extent by which water from the subsurface
layers is brought in to the surface layer and is removed from the area of upwelling by means
of horizontal flow”. Wherever they occur, upwelling was characterized by upward movement
of Isotherms/Isopycnals, lowering of sea surface height, cooling of sea surface temperature
than the surrounding areas and enhanced primary productivity.

According to the previous studies, upwelling sets in during April/May at deeper levels
along the southern tip of India (8ºN) and progressively advances to the northern latitudes
as the summer monsoon progresses. Surface manifestation of upwelling along the west
coast of India is less conspicuous towards north above 15ºN latitude. Most intense upwelling
was observed during July from 8ºN to 15ºN. Nevertheless summer monsoon winds are
conducive for upwelling over the eastern Arabian Sea.

Rest of this tutorial will discusses the several proxies used in the study of vertical
circulation and provided some insight on general phenomenon of upwelling and downwelling
with a special emphasis to the eastern Arabian Sea.

Indices used for the study of upwelling

Several proxies are used in the study of upwelling and downwelling, some of them are
based on the causative forces or the generation mechanisms, while the others are relies on
the aftermath of these vertical motions.
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Satellite ocean colour sensors

1. Introduction

The 70% of the earth’s surface is covered by the ocean and the life inhabiting the
oceans play an important role in shaping the earth’s climate. Phytoplankton, also known as
microalgae, are the single celled, autotrophic components of the plankton community and
a key part of oceans, seas and freshwater basin ecosystems. They are significant factor in
the ocean carbon cycle and, hence, important in all pathways of carbon in the ocean.
Phytoplankton contain chlorophyll pigments for photosynthesis, similar to terrestrial plants
and require sunlight in order to live and grow. Most of them are buoyant and float in the
upper part of the ocean, where plenty of sunlight is available. They also require inorganic
nutrients such as nitrates, phosphates, and sulphur which they convert into proteins, fats,
and carbohydrates. In a balanced ecosystem, phytoplankton are the base of the food web
and provide food for a wide range of sea creatures (NOAA). The measurement of
phytoplankton can be indexed as chlorophyll concentration and is important as they are
fundamental to understanding how the marine ecosystem responds to climate variability
and climate change.

In open ocean waters, the ocean colour is predominantly driven by the phytoplankton
concentration and ocean colour remote sensing has been used to estimate the amount of
chlorophyll-a, the primary light-absorbing pigment in all phytoplankton. The marine
ecosystem captures the visible part of the solar spectrum (400nm - 700nm) for
photosynthesis with the help of the pigment molecules (principally chlorophyll) contained
in phytoplankton. As they absorb and scatter light from the sun, phytoplankton exert a
profound influence on the submarine light field, including the flux upwards across the
water surface. As their concentration increases, the colour of the ocean changes from blue
to green. Such shifts in ocean colour and the abundance of phytoplankton (chlorophyll
concentration) can be mapped by measuring the light reflecting from the sea with optical
sensors on-board earth-orbiting satellites. The technique is called ocean-colour radiometry
or ocean colour remote sensing, and has proved to be one of the most fruitful of remote-
sensing technologies.

For the last few decades, satellite data was used to estimate large-scale patterns of
chlorophyll and to model primary productivity across the global ocean from daily to inter-
annual timescales. Such global estimates of chlorophyll and primary productivity have been
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Identifying Mesoscale eddies-relevance to mud banks and fishery

Mud bank fisheries - an introduction

The most popular fishing area during mud bank formation in Kerala is off Punnapra
coast in Alapuzha district. This place is equipped with unique crafts such as one-man operated
expanded polystyrene thermocol made gill netters, and several other traditional crafts. The
fishermen community along this coast is vigilant against any mechanized fishing during
mud bank period which falls in the southwest monsoon months when there is a ban on
mechanized crafts. There are comparable datasets, from mud bank vis-à-vis non mud bank
in this region, which indicate that, the catch per unit effort (CPUE) do not vary significantly.
Fishing in Thrissur and Malappuram districts are not restricted by the formation of mud
banks. In these districts modified outboard crafts such as pair trawlers operating double
net and the high horse power of the out board engines are generally on a look out for non-
mud bank resources also. In Malappuram district, the occurrence of the mud bank fishery is
for limited days and generally less reported. Therefore, the analysis of data sets indicated
better production and CPUE from non-mud banks in Malappuram. In general we can say
that there is no significant increase in abundance of fishes reported from the mud bank
regions. But the calm waters generated at certain pockets of the otherwise disturbed coastal
waters act as areas for seasonal landings of fish.

The pattern of occurrences of different fish species during the mud bank season is also
associated with the physical formations. A highly benthic fish Trypauchen vagina which is
not a commercial fishery is considered as an indicator of mud bank formation. The possible
triggering for the upward movement of this benthic fish is due to the physical presence of
anoxic or low oxygenated waters associated with upwelling which is setting along with the
physical formation of mud banks. There is a progressive succession of other benthic
crustaceans such as Metapenaeus dobsoni of higher size popularly known as ‘Poovalan
Chemmeen’ and Fenneropenaeus indicus, Indian white shrimp. During certain years there
are notable landings of Indian oil sardines in the mud bank which are the dominant pelagic
fishes in these regions. But during sardine deficient years, mackerel, lesser sardines and
anchovies tend to dominate in the pelagic fishery of mud banks.
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as it is difficult to get the homogenised water column for the inherent optical studies. 
Therefore, detailed studies are needed to design different algorithms for bloom and 
non-bloom situations, at least in Case 2 waters.

Keywords: Phytoplankton absorption, Remote sensing reflectance, South Eastern Arabian 
Sea (SEAS), Trichodesmium bloom.

Impacts of Indian Ocean Dipole on upwelling 
and downwelling along the west coast of India
Phiros Shah1*, Sajeev R.2, Grinson George1, Muhammad Shafeeque1, Akash 
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The characteristic property of the west coast of India is the seasonal reversal of west 
India coastal current (WICC) and also the seasonal evolution of upwelling and down-
welling. WICC feeds the upwelling zones along the west coast of India when it flows 
equatorward, during the south-west monsoon and feeds the down-welling zones during 
north-east monsoon and winter while moving poleward. The upwelling along the west 
coast of India is mainly driven by wind induced Ekman divergence, whereas down-welling 
along the coast is driven by the propagation of coastally trapped Kelvin waves. Annual 
primary productivity over the eastern Arabian Sea (EAS) is greatly dependent on the 
upwelling and down-welling along the west coast of India. During the Indian Ocean 
Dipole events, EAS exhibits significant dynamic as well as thermodynamic variability. 
Upwelling along the west coast of India was considerably decreased during the positive 
IOD years compared to negative IOD and normal years. Over the west coast of India, 
down-welling also decreased during the positive IOD years 1994, 1997 and 2006. During 
these years, westerly winds were replaced by easterlies over the equator in the northeast 
monsoon. This resulted in the collapse of propagation of down-welling favorable Kelvin 
waves from the equator. The inter-annual variability in upwelling and down-welling was 
evidently reflected in the Chlorophyll – a concentration along the west coast of India.

Keywords: Upwelling, Indian Ocean Dipole, Downwelling
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Physical and biological interactions during a 
cyclonic event in the Arabian Sea
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Tropical cyclones represent an extreme case of air-sea interaction. It is well known that 
Sea Surface Temperature (SST) is one of the key parameter that control the genesis and 
intensification of cyclones. The tropical cyclones are driven by air-sea heat fluxes from 
the ocean and are generally developed over warm ocean surfaces with temperature 
greater than 26°C. Tropical cyclone produces significant changes in the underlying 
ocean vertical thermohaline structure. Cyclone induced sea surface cooling and the 
enhanced biological productivity has been widely reported in the past. The cyclone 
induced near inertial oscillation and the resultant turbulent mixing can enhance the 
vertical nutrient flux from the thermocline region and cause phytoplankton blooms in 
the near surface water. The present study is focusing on the ocean mixing dynamics and 
its role on the surface chlorophyll-a variability during the passage of cyclone “Nanauk’ 
over the Arabian Sea. In-situ data sets from a moored buoy located at the Arabian Sea 
and remote sensing data sets such as SST, sea surface height anomaly, wind speed and 
chlorophyll are used for the analysis.

Keywords: SST, Wind, Chlorophyll, Arabian Sea

Fish identification app  -  a quick guide for the 
students
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New opportunities can emerge from combining mobile and advanced networking 
technologies. An app called Fish Id which is an Android Native, and works offline has been 
developed. It’s just a plug and play app, and could be used offline once it is installed.  Fish 
app supports up-to Android 7 (Nougat). Programmes and policies supporting further 
development of ICT in fishing communities and education sectors must effectively 
link the relevant stakeholders from local to international levels. The advancements 
should be designed to cater truly for the needs of the poor and lead towards more 
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Annual cycle of vertical structure of chlorophyll 
distribution in the northeastern Arabian Sea
Safin I. P.*and Vijith V. 
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Technology, Kochi, India 682016
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The northeastern Arabian Sea (NEAS) experiences two seasons of phytoplankton blooms. 
The first blooming season occurs during June–September, when the upwelling shallows 
the thermocline and advects nutrient rich water to the surface. The upwelling is weak 
compared to the southern part of the eastern Arabian Sea. The second blooming season, 
also known as the winter phytoplankton bloom occurs during November–February. This 
bloom is driven by turbulent entrainment mixing owing to sea surface cooling. The 
surface cooling is in turn forced by cold dry wind blowing over the sea surface. There 
occurs a short period of detrainment bloom, in early March, following the winter bloom.

Much attention has aroused on the impact of physical processes on phytoplankton 
distribution in the NEAS. After unraveling the fact that the advection of low-saline 
water by the West India Coastal Current (WICC) inhibits the entrainment mixing in 
the southern part of NEAS during winter months and the inhibition of mixing has its 
consequence on chlorophyll distribution based on monthly climatological atlases of 
chlorophyll, temperature, salinity and currents. This has motivated us to take a fresher 
look at the region using more fine resolution (in time) data available from ARGO floats. 
There are five floats in the NEAS which sample at a frequency of once in 10 days and 
each float has measurements of more than 50 profiles during 2015-2017. These floats 
are able to measure physical variables such as temperature and salinity, and chlorophyll. 
We present temporal variation of the annual cycle of vertical structure of these variables 
using the ARGO data. The findings are compared against fine resolution satellite derived 
chlorophyll data.

Keywords: Arabian Sea, ARGO, Chlorophyll, WICC
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The dynamics of the Southwest Monsoon Current in the Bay of Bengal
Ben Webber (1), Adrian Matthews (1), Pn Vinayachandran (2), Cp Neema (2), Alejandra Sanchez-Franks (3), Vv
Vijith (4), Amol Prakash (5), and Dariusz Baranowski (6)
(1) Centre for Ocean and Atmospheric Sciences, University of East Anglia, Norwich, United Kingdom, (2) Centre for
Atmospheric and Oceanic Sciences, Indian Institute of Science, Bangalore, India, (3) National Oceanography Centre,
Southampton, UK, (4) School of Marine Sciences, Cochin University of Science and Technology, Kochi, India, (5)
CSIR-National Institute of Oceanography, Visakhapatnam, India, (6) Institute of Geophysics, Faculty of Physics, University of
Warsaw, Poland

The Indian monsoon provides 80% of the annual rainfall total for over a billion people, and prediction of its vari-
ability is crucial to Indian agriculture. The high stratification of the Bay of Bengal, and thus the air-sea interaction
that influences monsoon rainfall, is driven by the salinity difference between the fresh surface waters of the north-
ern Bay and the supply of warm, salty water by the Southwest Monsoon Current (SMC). However, observations of
this current during the monsoon are sparse. Using data from high-resolution in-situ measurements along an E-W
section in the southern Bay of Bengal at 8˚N and numerical model data, we constrain the location, strength, vertical
extent and evolution of the SMC during July 2016 to a high degree of accuracy.

We find that the total northward transport during July 2016 was stable at 21 ± 4 Sv (1 Sv = 106 m3 s−1), asso-
ciated with a surface velocity of approximately 0.5 m s−1 and northward flow down to 500 m. Comparison with
climatology suggests the observed SMC was close to the average annual maximum strength. We show how the
SMC strength and location is driven by the complex interplay between local and remote forcing. Low sea surface
height in the Sri Lanka Dome is formed to the west of the SMC by local wind stress curl while high sea surface
height to the east of the SMC in the form of propagating Rossby waves can be traced back to the seasonal west-
erly wind burst at the equator. The exact timing of these features determines the strength of the SMC and various
modes of climatic variability will influence the SMC strength and location on time scales from weeks to years. In
2016, although strong local forcing over the Sri Lanka Dome was present early in the season and the downwelling
Rossby wave signal was also unusually strong, the Rossby wave arrived later than usual, resulting in a relatively
modest SMC. Further, idealised 1-D ocean model experiments show that the subsurface water masses advected
by the SMC can significantly alter the evolution of mixed layer temperature and salinity, suggesting that the SMC
influences the sea surface temperature variability across the Bay at intraseasonal time scales.
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Abstract. The present climate change has a warming impact on the Earth’s climate system, 

hence called as global warming. Study about oceans is relevant to the current scenario of 

changing climate and many studies show significant warming trends in the Sea Surface 

Temperature (SST) in the ocean during the past several decades. Extensive warming is found in 

deeper layers of oceans too. In this study, the monthly mean deep ocean temperature data which 

was spatially averaged over the tropical Indian Ocean (IO) during the period 1950 to 2012 was 

subjected to a statistical EMD analysis to estimate the impact of warming to deeper IO. The 

temperature signal is decomposed into components called as Intrinsic Mode Functions (IMFs) 

along with a residual part. The IMFs represent the temperature fluctuations resulting from inter-

annual oscillations such as ENSO (El-Nino Southern Oscillation) and the residual part can be 

considered as the long-term trend. The IMFs obtained at each depth showed variabilities in 

QBO, ENSO and tidal frequencies. Residual part of the signal too had significant magnitudes, 

indicating the impact of global warming signals at deeper oceans. 

1. Introduction  
Due to high heat capacity and vastness, oceans are huge reservoirs of heat and thereby play a crucial 

role in maintaining climate and life on Earth. However, gradual changes in ocean state can have a 

significant impact on the Earth’s climate. As an impact of global warming, the ocean temperature 

during the second half of the 20th century showed a gradual increasing trend, which is believed to be 

the reason for climate anomalies felt around the globe [1]. Levitus et al. [2] has shown that the world 

ocean is responsible for approximately 84% of the possible total increase of Earth’s heat content for 

the past 40 years. The studies conducted by Alory et al. [3] and Levitus et al. [2] on ocean warming 

have highlighted the warming in Indian Ocean(IO) particularly, and proposed a mechanism for the 

penetration of warming signals deeper into the oceans. They further demonstrated that the warming 

has unique vertical patterns in the Indian and Pacific Oceans, with increased warming rates at deeper 

ocean depths. 

Unlike Pacific, IO is greatly influenced by seasonally reversing winds and associated 

oceanographic processes. Inter-annual processes such as Indian Ocean Dipole (IOD) [4] and El-Nino 

Southern Oscillation (ENSO) are the two prominent forms of inter-annual variability that introduce 

additional variabilities at lower frequencies. Evidence for inter-annual warming anomalies is identified 


