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CHAPTERI
INTRODUCTION

General Introduction

The Ocean covers 71% of the earth’'s surface compare to 29% of land area. The maor
oceans are the Southern Ocean, the Atlantic Ocean, the Pacific Ocean, the Indian Ocean
and Aractic Ocean. The last four oceans ae clearly divided from each other by
landmasses, but the divison between the southern ocean and the others to its north are
determined only by the characters tics of the ocean water. The proportion of water to land
in the southern hemisphere is much greater (4:1) than in the northern hemisphere (1.5).
The Pacific Ocean occupied about 46% of the totd world ocean areg, the Atlantic Ocean
about 23% the Indian Ocean about 20%, the rest combined about 11%. Thus, the Indian
Ocean is the andlest of dl the oceans and it is adso the least explored one compared to
the Atlantic and the Pecific. The northern Indian ocean is didinctly different from the rest

of the wold ocean as it experiences seasond reversal of winds called monsoons.

Geography of the Arabian Sea

The Arabian Sea dtuated in the western part of the northern Indian Ocean is a tropicd
basin. It is bounded on the east by Indian peninsula, on the north by Bauchisgan and
Sindh provinces of Pekistan and on the east by the landmass of Arabia and Africa The
width of the Arabian Sea basin is aout 2,400 km and average depth is 4,652 meters. The
basin covers an area of 73,556,000 square kilometers including the Red Sea and the
Persan Gulf, while its volumeis estimated to be 292,131,000 cubic kilometers.



Hydrographic characteristics

The Arabian Sea experiences seasona reversal of winds, which changes semi-annudly.
During June to September strong, about 15mVs, winds from southwesterly drection blows
over the Arabian Sea and into the Indian subcontinent bringing heavy ranfdl. This
period is known as summer or southwest monsoon season. During November to
February, comparatively wesker winds, 5 m/s, from northeasterly direction blow over the
Arabian Sea from the continent. This period is known as winter or northeast monsoon
season. Between these two monsoons, winds are weak and variable. In response to this
semi-annual  amospheric  forcing, the hydrographic characteristics as wel as the
circulation of the Arabian Sea dso undergo seasona change. During summer monsoon,
srong upwelling occurs dong the coasts of Somaia, Arabia and dong the southern part
of the southwest coast of India This upwdling, in turn, supports a large fishery in the
Arabian Sea. In addition, Arabian Sea looses fresh water to the tune of ~1m annualy
through intense evgporation. Lack of fresh water runoff from any maor rivers, the
excessve evaporation over precipitation (E-P) as well as proximity to the Red Sea and
Persan Gulf makes the surface sdinity of Arabian Sea high, in excess of 36psu (practical
inity unit).

Motivation

Arabian Sea is one of the most productive regions of the world ocean. Biologica
productivity of a region is closdy related to the fisheries of tha region. India with its
population over a hillion people, most of which is located close to the coadt, have to
depend more and more up on the ocean for its food and nutrition needs. Hence it is very
important to understand the didribution and variability of the chlorophyll
(phytoplankton) and the factors respongble for it.

Study Domain

In order to undergand the environmnetal factors responshble for the distribution and
varigbility of chlorophyll in the Arabian Sea, the domain chosen for the study is bounded
by 40°E and 78°E Longitude, and Equater and 30°N Latitude.



CHAPTERII
TOOLSFOR STUDY

Remote sensing

Remote sengng is the tecnology of acquiring data through a device which is located a a
distance from the object without any physical contact, and anadyss of the data for
interpreting the physica attribute of the object. Both these aspects are intimately linked to
each other.

The basc principle of the Remote Senang method is that in different waveength range
of the dectromagnetic spectrum each type of object reflects or emits a certain intengty of
light. Remote sensing data could be either andog or digitd form of a phenomena in the
red world.  Data may be acquired through a variety of devices depending upon the
object or phenomena being observed. Most remote sensing techniques make use of
emitted or reflected eectromagnetic radiation of the object of interest in a certan
frequency domain (infrared, visble light, microwaves). This is possble due to the fact
that the examined objects (plants, houses, water surfaces, ar masses ...) reflect or emit
radiation in different wavdengths and in different intendty according to ther current
condition. Some remote sensng systems use sound waves in a Smilar way, and others

measure variations in gravitationa or magnetic fieds.

GI S (Geographic Information System)

A Geogrephic Information System (GIS) is an automated tool for assgting the capture,
dorage, management, andyds, display and retrievd of spatidly displaced informetion.
(Strelch et @, 1986).

GIS is defined as an information system that is used to input, store, retrieve, manipulate,
andyze and output geographicaly referenced data or geospatia data, in order to support
decison making for plaoning and management of land use, naurd resources,
environment, trangportation, urban facilities, oceanography, and other adminidrative
records. GIS can be adapted to the marine environment aso.
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Fig-1. Key Component of GIS

. Maine and Coastal Geographicad Information Systems focuses on the potentid and
progress of GIS research in the marine and coasta redm. GIS development enters into a
highly dynamic environment where amogt everything moves or changes. Maine GIS is
cdled upon to describe the intimate relations among the wind and sea current that trigger
certain oceanographic process and explain the impact of these processes to the behavior
of marine organism, taking species biology and ecology into consideration, as well.

GIS is a complex tool tha requires careful planning and design to be successfully
implemented. Choice in hardware, software and data must be based on evauation of
project objectives, andytical requirements, data avalability and daa development
consderations. Datasets must be evaluated and documented with metadata The various
gsepsin datatransformations and GIS data anadlysisis shown in fig. 2.
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Global Positioning System (GPS)

GPS dands for globd postioning system, a sysem tha has been edablished and is
managed by the U.SA in 1973 . The GPS system utilizes satdlites that have been put
into orbit that help people determine their exact pogtioning on the planet—whether it be
for the purposes of navigation, for the purposes of military uses, or any type of enterprise
that requires an exact globd pogtioning by laitude, longitude and dtitude. In fact,
sometimes GPS systems are indaled in vehicles, and some are inddled in fishing boats.
Findly, some GPS sysems ae fixed into podtion wherever they ae inddled, while

some are portable.

GPS tecnology is essentid for georeferencing. Attributing locetion to marine data is
mandatory to GIS andysis and gives a meaning to the term ‘geography’ of the oceans.
GIS conditutes the natura framework in which geospatid data could be stored and
andysed and it is GPS that provides that essentid information of geolocation to
Remotely Sensed data and surveyed data.



Applications of Remote Sensing , GIS & GPS

In the marine context, GIS development enters into a highly dynamic environment where
amog everything moves or changes. Marine GIS is cdled upon to describe the intimate
among the wind and sea current that trigger certain oceanographic process and explan
the Impact of these process to the behaviors of marine organism, teking species biology
and ecology into condderation, as wel. GIS contribute to the enhancement of naturd
resource monitoring and test the efficiency of currently applied management policies by
presenting integrated product that describe the relaion among biotic and abiotic
resources and their current management schemes.

Meaden (2000) identified three new mgor components that are added to fisheries GIS
goplication: 1. The verticd dimenson 2. The dynamics of marine processes (upweling,
gyres, fronts, etc,). 3. The dynamics of marine objects. (Species populations).

Marine GIS include a wide area of gpplications, in this fied it may be categorized as
coagtal, oceanographic and fisheries GIS, with a good ded of overlap among dl three
main kind of marine GIS,

Maine GIS mugt trandfer into its computerized environment exising knowledge from
many marine disciplines, such as marine geology, physcd and biologicd oceanography
and use data from related technologies, such as Remote Sensng (RS) and Globa
Pogtioning System (GPS).



CHAPTER I11

Data and M ethodology

Data used

Remote sensng daa on sea surface temperature (SST), chlorophyll  pigment
concentration, sea surface winds and sea surface height anomay from January 2002 to
December 2005 were used for the present study. Table 1 gives the details pertaining ©
each of the data used in this study.

Table 1. Details pertaining to the remote sensing data used for the study including sensor,

Resolution and data source.

Modis Agua Monthly data at http://oceancol or
Sea surface temperature 0.33-degree .gsfc.nasa.gov/,
(SST) resolution http://poet.jpl.na
sagov/

SeaWifs (Sea Monthly data at http://reason.gsf
Chlorophyll pigment Viewing wide 0.33-degree c.nasa.gov/OPY/
concentration fidd of view resolution Giovanni/ocean.
Sensor) seawifs.shtml

Quikscat (Quick Daily wind deta a http:/Avww.ssmi
Scatterometer) 0.25-degree .com/gscat/qgscat
Sea surface wind spatial resolution _browse.html,
http://poet.jpl.na
sagov/
Topex/Posidon 7-day snap-shots http:/las.aviso.o
Sea surface height (SSH)

and ERS-1/2 of the merged sea- ceanobs.com
sadlites level anomdlies at
0.33 degree
resolution




Sea surface temperature (SST)

Sea surface temperature is the water temperature at the surface. In practica terms, the
exact meaning of "surface’ will vary according to the messurement method used. A
sadlite radiometer "sees' a kin temperaiure representing the top millimeter; a
thermometer in the ocean would see gpproximately the top 1 meter below the sea surface;
the measurements routindy made from ships are often from the engine water intakes and
may be 5m below the surface.

Since the 1980s satellites have been increasingly utilized to measure SST and have
provided an enormous legp in our ability to view the spatid and temporal variaion in
SST. The sadlite measurement is recorded by sensing the ocean radiation in two or more
wavdengths in the infrared part of the dectromagnetic spectrum which can be then be
empirically related to SST. These wavelengths are chosen because they are,

1. within the pesk of the blackbody radiation expected from the earth and

2. dbleto transmit wdl through the atmosphere

The sadlite measured SST provides both a synoptic view of the ocean and a high
frequency of repeat views, dlowing the examination of basin-wide upper ocean dynamics
not possible with ships or buoys. In SST mesasurements, the radiation emanates from the
top "skin" of the ocean, gpproximately the top 0.1 mm or less, it may not represent the
bulk temperature of the upper meter of ocean primarily due to the effects of solar surface
heeting in the daytime, and back radiation and senshble heat loss & night as wel as from
the effects of surface evaporation. This makes it difficult to compare to measurements
from buoys or shipboard methods, complicating ground truth efforts. Secondly, the
satdlite cannot look through clouds, cregting a "fair weather bias' in the long term trends
of SST, these difficulties are samdl compared to the benefits in understanding gained from
satellite SST estimates.



Sensor for SST

MODIS Aqua

Aqua, Latin for water, is a NASA Eath Science sadlite misson named for the large
amount of information that the misson will be collecting about the Earth's water cycle,
including evaporation from the oceans, water vapor in the amosphere, clouds,
precipitation, soil moisture, sea ice, land ice, and snow cover on the land and ice
Additional varidbles dso being measured by Aqua that include radidive energy fluxes,
aerox0ls, vegetation cover on the land, phytoplankton and dissolved organic matter in the

oceans, and air, land, and water temperatures.

The Aqua mission is a pat of the NASA-centered international Earth Observing System
(EOS). Agqua was formerly named EOS PM, sgnifying its afternoon equatoria crossing
time. A timeine of Aqua onorbit progress through the initid 120-day checkout period
can be found here.

The MODIS (Moderate Resolution Imaging Spectroradiometer) ingrument provides high
radiometric sengtivity (12 bit) in 36 spectrd bands ranging in wavelength from 0.4 pm to
144 pum. The responses are custom talored to the individua needs of the user
community and provide exceptiondly low out-of-band response. Two bands are imaged
a a nomind resolution of 250 m at nadir, with five bands a 500 m and the remaining 29
bands at 1,000 m. A £55-degree scanning pattern a the Aqua orbit of 705 km achieves a
2,330-km swath and provides globa coverage every one to two days. The data will be
used to derive products ranging from vegetation, land surface cover, and ocean
chlorophyll fluorescence to cloud and aerosol properties, fire occurrence, snow cover on
the land, and sea ice cover on the oceans. The firs MODIS ingrument was launched on
board the Terra satellite in December 1999.

10



Table 2.showesthe characteristics of MODIS Aqua.

INSTRUMENT SPECIFICATIONS

Continuous global coverage every 1 to 2 days.
Daylight reflection and day/night emission spectrd
_ imaging.

General Properties Polarization sengtivity less than 2% out to 2.2 um.
Absolute irradiance accuracy of 5% for bands below 3
pm and 1% for longer wavelength bands.
Sgnd-to-noise ratios 838:1 (443 nm), 754:1 (531 nm),
and 516:1 (869 nm) at 70° solar zenith angle.

Swath dimensions 2300 km at 110° (x55°) from 705 km dtitude

Power: 162.5W (average), 225 W (peak)

Stability: 28 arcsec/sec

E)atr?t)r ate: 6.2 Mbps (average), 10.5 Mbps (day), 3.2 Mbps
nig

I nstrument I nstantaneous 250 m (2 bands), 500 m (5 bands), 1000 m (29
FOV bands)

MODI S home page: http://modis.gsfc.nasa.gov




Chlorophyll Pigment Concentration

Chlorophyll is a green photosynthetic pigment found in mogt plants, dgae, and
cyanobacteria. Its name is derived from ancient Greek: chloros = green and phyllon =
leaf. Chlorophyll absorbs most drongly in the blue and red but poorly in the green
portions of the eectromagnetic spectrum, hence the green color of chlorophyll-containing
tissues like plant leaves. The over al photosynthess processes may be represented by:

NCO,,2nH,0-visblelight T—— > n (CH,0)+n0,+nH,0

In coastd areas, runoff from rivers, resugpenson of sand and slit from the bottom by
tides, waves and storms and a number of other substances can change the color of the
near-shore waters. Some types of particles (in paticular, the cdls of phytoplankton, aso
referred to as agae) can dso contain substances that absorb certain wavelengths of light,
which dtersits characterigtics

Sadlite-borne radiometers dso measure surface  chlorophyll  concentrations. In  the
ocean, light reflects off particulates suspended in the water, and absorption of light is
mainly due to chlorophyll present in phytoplankton. Chlorophyll is very good a
absorbing blue light, thus a high levd of chlorophyll will reduce the avalability of blue
light. Radiometers measure radiance at different waveengths, and these measured
radiances may then be quantitatively related to various condituents in the water column.
The saelite can detect very smdl changes in the ocean color as a result of the
chlorophyll in phytoplankton. The basic principle behind the remote sensng of ocean
color from gpace is that the more phytoplankton in the water, the greener it is, the less

phytoplankton, the bluer it is.

12
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Fig-3. Schematics diagram showing the interrelationships between apparent optica properties

such as ocean color, in —water congtituents and inherent optical properties.

SeaWiFS

The purpose of the Seaviewing Wide Fdd-of-view Sensor (SeaWiFS) Project is to
provide quantitative data on globa ocean bio-optical properties to the Earth science
community. Subtle changes in ocean color Sgnify various types and quantities of marine
phytoplankton (microscopic marine plants), the knowledge of which has both scientific

and practical gpplications.

13



Table 3. Shows the characteristics of SeaW!|IFS.

| Sea-viewing Wide Field-of-view Sensor I
AGENCY NASA (USA)
SATELLITE OrbView2 (USA)
LAUNCH DATE 01/08/97
SWATH (km) 1100
RESOLUTION (m) 2806
#OF BANDS s ]
SPECTRAL COVERAGE (nm) 402-885

Sea Surface Wind

Average speed of the ar moving over the ocean surface, obtained by anayzing
the srength of returning radar pulses. Wind speed as measured from an dtimeter
is an indirect measurement based on the smal-scae roughness of the sea surface.
Wind speed is measured from the drength of the returned sgnd in the time
following the firg return from the surface. A windless sea is smooth on smal, say
a few centimeters, even if it is rough on the scde of swell; such a sea will have a
returned sgnd that is short in duration because it comes only from the enter of
the transmitted pulse. If there is a wind, the sea will be rough on the smal scdes,
and there will be sgnd returned from the parts of the ocean not directly beneath
the satellite; that is, as the outer part of the incident pulse dtrikes the ocean well
away from the point of first encounter, some sgnd is scattered, by the smal scae
waveles, back to the sadlite, and this energy arives dfter the first returns.
Consequently the drength of the sgnd following the main return is a messure of
the wind speed a the sea surface. There is a reliable reaionship between the
energy scattered from near nadir and the wind speed.

14



The QuikSCAT (Quick Scatterometer) is an earth-observing satdlite that provides wind
gpeed and direction information over oceans to NOAA.It is a "quick recovery” misson to
fill the gap created by the loss of data from the NASA Scatterometer (NSCAT) that was
logt in June 1997 It isin a sun-synchronous low-earth orbit.

NASA's Quick Scatterometer (QUIkSCAT) was lofted into space a vehide from
Space Launch Complex 4 West at Cdifornias Vandenberg Air Force Base. The
satelite was launched in a south-southwesterly direction, soaring over the Pacific
Ocean a sunset as it ascended into gpace to achieve an initid dlipticad orbit with
a maximum dtitude of about 800 kilometers (500 miles) above Eath's surface.
The Sea Winds indrument on the QUIKSCAT sadlite is specidized microwave
radar that measures near-surface wind speed and direction under dl weather and
cloud conditions over Earth's oceans. SeaWinds uses a rotating dish antenna with
two spot beams that sweep in a circular pattern. The antenna radiates microwave
pulses a a frequency of 134 gig hertz across broad regions on Earth's surface.
The indrument will collect data over ocean, land, and ice in a continuous, 1,800
kilometer-wide band, making approximately 400,000 measurements and covering
90% of Earth's surface in one day.

Table 4.showes the characteristics of QUikSCAT (Quick Scatterometer)

Product
Name

Ocean
Wind
Vectors

Product Product Units Spatial Temporal Coverage Period of

Definition Resolution Resolution Area Product
Availability

An estimate of Wind direction

the speed and units: degrees 25km Daily Global 1999-present

direction of Wind Speed

winds over the units: meters

global ocean per second

15



Sea Surface Height

Sea aurface height is defined as the distance of the sea surface above the reference
ellipsoid. The sea surface height is computed from dtimeter range and sadlite dtitude
above the reference dlipsoid. The "reference dlipsoid” is the first-order definition of the

Non-sphericd shegpe of the Earth as an dlipsoid of revolution with equatorid radius of
6378.1363 kilometers and a flattening coefficient of 1/298.257. Sea surface height is
often shown as a sea-surface anomaly or sea-surface devidion, this is the difference
between the sea surface height at the time of measurement and the average sea surface

height for that region and time of year.
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Fig-4 Schematic showing the principle of Radar atimetry
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Table 5.showes the characteristics of Topex/Posidon and ERS-1/2 satellites

Topex/Posidon and ERS-1/2 satellites

Lunch data August 10, 1992
Altitude, Km 1336
Inclination 066.0362°
Perigee Height: 1,331 km
Inclination 66.0
Period, min 112
Mean Anomaly at Epoch 093.0175°
Ground track equatorial spacing, Km, 316
L ongitude of equator crossing, deg 99.947
Cycle 1 start date September 23, 1992 (3:38 UTC)




M ethodology

The digital remotely sensed data on various oceanic parameter such as SST, chlorophyll
pigment concentrations, sea surface height and sea surface winds were extracted for

further processing using GI'S technique.

Processing of Remote Sensing Data in GI'S Environment

Various stepsinvolved in the processing of remote sensng datain the GIS environment
are listed below.

PARAMETERS

#=SST from Modis Aqua/Terra

= =SSH from Topex/Posidon andERS1/2
z=SSW from Quickscat

& &Chlorophyll Concentration from SeaWifs

GISENVIRONMENT
weAre View 3.3
2 zArcGIS 8

STEPS
= =Create Shape File
= eCreate Surface Area of Arabian Sea by Digitization
= #4Jsing Inverse Distance Weighting Method
& =Export to Vector Format
e eCreate Contour of SST, SSH, SSW, Chlorophyll Concentration

ANALYSIS
#zSeasonal Variation and Distribution
& zinter-annual variation and Distribution

RESULT
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GI S environment

ArcGlI Sisthe name of agroup of Geographic Information System software product lines
produced by ESRI., ArcGISisan integrated collection of GIS software products for
building a complete GIS. ArcGIS enables users to deploy GIS functiondity wherever it is
needed in desktops, servers, or custom gpplications; over the Web; or in the fidd.

ArcView dlows oneto view spatia data, create maps, and perform basic spatia
andyds ArcEditor which includes dl the functiondity of ArcView, includes more
advanced tools for manipulation of shapefiles and geodatabases; or Arcinfo the most
advanced verson of ArcGIS, which include added capabilities for data manipulation,
editing, and andyss. There are also server-based ArcGIS products, as well as ArcGIS
roducts for PDAS.

ArcGIS ArcGIS ArcGIS
Explams Eﬂg'-ﬂll rE"E"IhIE_E
Lrac
Web
WS
wr Arcis

Fig-5. Block diagram showing the platform of ArcGIS
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In genera, the processing using GIS can be divided into three parts - data conversion,

contour map generation and anadysis.

Data conversion - Inthis step, ASCII datais first converted in the dof formet for the GIS
environment anadlyssusng MS Access and MS Excdl.

Contour Map Generation

All the tasks such as generation of contour maps were carried out using ARC/GIS version
9.0 and Arc/View 3.3. Subsequently, point map (shape files) of each of the 4 parameters
were carried out in GIS environment. Inverse distance weighted method was used for the

cregtion of filled contour maps of al the parameters.

Shape File

Shapefile are asmple, non-topologica format for storing the geometric location and
attribute information of geographic festure. The Shape file format defines the geometry
and atribute of geographica — referenced fegture in as many with specific extensgon that
must be stored in the some project workspace.

Digitization

Digitizing is the process of encoding geographic feature in digital form as x, y
coordinates, and it is carried out in order to create spatia data from existing hard copy of
maps and documents.

I nver se distance weighting inter polation method (1DW)

IDW interpolation explicitly implements the assumption tha things that are close to one
another are more dike than those that are farther gpart. To predict a vaue for any
unmeasured location, IDW will use the measured vaues surrounding the prediction
location. Those messured vealues closest to the prediction location will have more
influence on the predicted vaue than those father away. Thus, IDW assumes that each
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measured point has a loca influence that diminishes with disance. It weights the points
closer to the prediction location grester than those farther away, hence the name inverse
Distance weighted.

Analysis
Andyss of the seasond and inter-annud varigbility of the Arabian Sea udng filled

contour maps was carried out and the parameters involved discussed
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CHAPTER IV

Result & Discussion

Study of Seasonal cycle

To underdand the seasond cycle, the monthly mean data for January, April, Jduly,
August, and October for the year 2002 was used.

Seasonal cycle of sea surface temperature

Sea surface temperature digtribution in January showed a pattern, which was more or less
uniform in the zond direction, but varied meridiondly. SST was coldet in the
northwestern Arabian Sea with a minimum of 20°C and increased steadily towards south
where the maximum was 28°C. Thus, the north-south SST gradient was 8C. In April, the
SST showed a rapid heating of 6C in the north, while it was 3C in the south compared
to winter. The spatia vaiation in April was #C, from 26°C in the north to 31°C to the
south. In July, as the summer monsoon sets in the pattern of SST digtribution changed
from zond to meridiona. Coldest waters of 26°C occurred adong the western margin off
Somdia and Arabia, while warmest waters of 30°C was encountered in the southeastern
region. Colder waters of 27°C occurred along the southern part of the west coast of India
This indicated the sgnd of upwdling. In August the western Arabian Sea as wdl as the
southern part of the west coast of India further cools increasing the therma gradient of
the basin to 4°C .which is 1°C colder, compared to July. This cooling is because of the
continued upwdling and off shore advection of upweled water with time. In October,
Arabian Sea becomes uniformly warmer with SST varying margindly from 29 to 30°C
.However, the coastd region of Somdia, Arabia and pat of the Gujarat and Pakistan
showed SST of 27-28°C.

In summary, the seasond cycle of SST in the Arabian Sea showed two periods of
warming during April and October and two periods of cooling coinciding with summer
and winter monsoons. The cooling of SST during summer was due to upwelling of colder

waters while cooling during winter was due to reduced solar heating.
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Seasonal cycle of chlorophyll pigment concentration

Chlorophyll pigment concentration during January varied from 0.2 to 0.5 mg/nt in the

Southern Arabian Sea, south of 12°N. Towards the north the chlorophyll pigment
concentration showed a steady increase from 05 to 1mg/nt. However, in the coastd
region aong the northern part of the west coast of India, coast of Pakistan, and Somalia
the chlorophyll concentrations increassed up to 5 mgnt. The vey high pigment
concentration of 10-15 mg/m3 was noticed in isolated pockets in the Gulf of Kutch. In
April dmogt the entire Arabian Sea showed very less chlorophyll concentration of 0.2
mg/nt. However, the northern Arabian Sea showed a gradua incresse from 0.3 to 5
mg/nt, the higher values were close to the coasta regions of India, Pakistan and Arabia
In Jduly, the chlorophyll digtribution showed a meridional pattern smilar to that of SST,
with very high concentrations aong the western and eastern margins of the Arabian Sea
The vaues increased from 0.5 mg/m3 in the off shore region to 15 mg/nT close to the
coast. The regions of high chlorophyll concentration coincide with the upweling region
such as Somdia, Arabia and the west coast of India In Augus, the chlorophyll
distribution pattern remained smilar to that of July, except that the region of ~0.5mgnT
chlorophyll  concentrations advected further offshore. The chlorophyll concentrations
dong the west coast of Indian during October were between 3 to 10 mg/nT very near to
the coas. Along the wesern boundary, in the offshore region the chlorophyll
concentrations showed a decrease compared to August with vaues between 0.3 to 0.5
mg/nt. However, very near to the Somdia coast the maximum concentration was 2
mg/nT while that near the Arabiawas 3 to 10 mg/n.

In summary, the chlorophyll concentrations were highest during summer and winter, and
lowest in April. The highest concentrations in summer, July-August, was due to the
upweling aong the coasts of Somdia, Arabia and the west coast of India, and the
advection of upwelled water offshore. As a result most part of the Arabian Sea becomes
biologicdly productive. In winter the high chlorophyll concentrations in the northern
Arabian Sea is due to the winter cooling and convective mixing. The lowest chlorophyll
in April is due to the high gratification because of high SST.
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Seasonal cycle of sea surface height (SSH)

The sea surface height (SSH) anomdy in January is podtive dong the coadta boundary
indicating a northward current aong the west coast of India and southward current aong
the coast of Arabia and Somaia .In the open ocean region the SSH anomdy was
negaive. But we aso notice a postive SSH anomdy extending from southern part of the
west coast of India, which is linked, to Rossby wave propagation. In April the postive
SSH anomay occupies the entire basin. In July negative SSH anomay occupies the
coadd regions dong the basin, except in the northern tip of Somdia, which has negative
SSH anomady of 20cm. The negative SSH anomdy aong the western boundary shows
that the currents are toward the north, that is the Somdi current, which will induce
upweling. The coagta current dong the west coast of India is towards south. The centrd
and southern Arabian Sea has podtive SSH anomaly. The SSH anomdy pattern in
Augus remains smilar to that of July but we see the offshore spreading of negative SSH
anomdy from the southern part of the west coast of India which is the sgnature of
Rosshy wave propagation. In October we see dternate bands of negative and postive
SSH anomdy in a zond direction in the south but becomes meridiona towards the north.
A drong podtive SSH anomay is seen off shore of the tip of Somdia indicates the
presence of Socotra eddy.

In summary, we see two types of circulation in the basn of Arabian Sea — a counter
clockwise circulation during winter with northward moving West Indian coastd current
(WICC) dong the Indian coast and southward moving current along the Arabia and
Somdia coast. In summer a clock wise circulation occurs in the Arabian Sea with grong
Somadi current moving towards north dong the western boundary and a southerly current
aong the west coast of India, the WICC. In both the seasons we notice a westward
extenson of pogtive (winter)/negative (summer) SSH anomdy from the southern part of
the west coast of Indiaindicating the propagation of Rosshy wave.
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Seasonal cycle of sea surfacewind

The winds during January are northeasterly with a speed of 56nmV/s in the entire basn of
Arabian Sea, except in a smdl region cdose to west coast of India where it is
northwesterly (Fig. Not presented). The wind in April was southwesterly in the
southwestern part of the Arabian Sea, while in northeasterly in the rest of the Arabian
Sea. But both the winds were weeker. In July strong southwesterly winds occupy most
part of the Arabian Sea except very near the southern part of peninsular Indian, where it
is northwesterly. The speed of southwesterly wind was about 15m/s. In August, the wind
pattern remains more or less same but change in the wind speed. In October the wind
pattern showed a zond digtribution with southwesterly winds in the north and south with
northeegterly wind in between them. Southwesterly winds in the south were srong, while
the northeasterly and southwesterly in the north were wesker.

In summary, winter monsoon was characterized by northeasterly winds of ~5-6 nvs while
the summer monsoon winds were southwesterly and strong ~15 nv/s. During April winds

were weaker and variable.
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Inter-annual variability during 2002-2005

To undergand the inter-annuad variability we sdected the month of January and August
during 2002 to 2005. The reason for sdecting January and August is the following. The
month of January represents the pesk winter, which is reflected in the property
digribution such as SST, SSW, SSH, and chlorophyll pigment concentrations. Similarly,
the andysis of seasond variability showed that Chlorophyll concentration, SST and SSH
showed maximum varigbility in the month of Augus, while SSW was drongest in July.
Since the wind being the forcing for oceanic variability, and there exigts time lag between
the forcing and response, we thought it may be a good idea to choose the month of
August to track inter-annua variability in chlorophyll concentration, SST and SSH while
July for SSW.

January 2002-2005

Sea Surface Temperature

SST digribution during January 2002 showed a progressve cooling from south to north
in the Arabian Sea from 28°C to 20°C. North of 15°N, SST was between 25°C to 22°C. In
January 2003, SST in genera was warmer in the Arabian Sea compared to January 2002
varying from 29°C in the south to 24°C in the north. The warming during 2003 was about
1°C in the south, while it was about 5C in the north. The SST digtribution during 2004
and 2005 were smilar but @mpared to 2003 the northern most part was colder in 2004
and 2005 January. In summary the Arabian Sea was coldest in January 2002 and warmest
in January 2003.
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Fig-10. Inter-annual cycle of Sea Surface Temperature




Chlorophyll pigment Concentration

In January 2002 the chlorophyll pigment concentration was least in the southeastern
Arabian Sea and showed steady increase towards west and north. North of 15°N,
concentrations were in excess of 0.5 mg/nT and in the coasta region adong the northern
pat of the west coast of India, coast of Pekistan, and Somdia the chlorophyll
concentrations increased up to 5 mg/n. The very high pigment concentration of 10-15
mg/nt was noticed in isolated pockets in the Gulf of Kutch. In January 2003, an overal
incresse in chlorophyll concentration was noticed in the northern as well as the western
Arabian Sea. In the north it ranged between 0.5 to 2 mg/nT where the 0.5 mg/nT contour
extends from western boundary into the central Arabian Sea In January 2004 the
chlorophyll concentration further increased in the north up to 3 mgnt, while the
concentration in the south decrease as could be seen from the contour of 0.5 mg/nT near
the western boundary which moved much closer. In January 2005, the chlorophyll
concentrations were the least. In the north it varied between 0.5 to 1 mg/nt, while in the
south it was between 0.2 to 0.5 mg/nT in most of the region. Very dose to the coast the
vaues did not show much variability.

In summary, the chlorophyll pigment concentrations during January 2003 were the
highest, while that in 2005 was the least.
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Fig-11. Inter-annual cycle of Chlorophyll pigment




Sea Surface Height

The sea surface height (SSH) anomdy in January is podtive dong the coasta boundary
indicating a northward current adong the west coast of India and southward current aong
the coast of Arabia and Somadia (Fig. 12). In the open ocean region the SSH anomaly was
negdaive. But we aso notice a postive SSH anomay extending from southern part of the
west coast of India, which is linked, to Rossby wave propagation. The sea surface height
(SSH) anomaly digtribution pattern in January 2003 is amilar to that of 2002, except the
magnitude, which was much less. In January 2004, the SSH anomdy once agan was
gmilar to 2002 both in pattern as well as in magnitude, but he path of +20 cm anomaly
from west coast of India extended much towards the wed, indicating the intense
propagation of Rossby waves. In January 2005 the SSH anomay pattern was much
different and showed negative anomdy in most pat of the Arabian Sea The pogtive
anomaly near the southern part of the west coast of India becomes much broader.

In summary, the SSH pattern during 2002 to 2004 was Smilar in ditribution, though the
magnitudes were different. But in 2005, the SSH anomay was negative in most part of
the Arabian Sea.
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August 2002-2005

Sea Surface Temperature

The SST didribution in August 2002 showed warmest temperature in the southesstern
region and showed a progressve decrease towards the western boundary. Western
boundary adlong Somadia and Arabia showed cold SST of 26°C. A smal patch of 26°C
was dso noticed adong the southern pat of the west coast of India This was the
indication of upwelled water, which is cold. In August 2003, the coldest waters were
found near the western boundary, which was 25°C. This was 1°C colder than that seen in
August 2002 indicating that upweling process must be intense in 2003. In August 2004
the SST was 24°C near the western boundary and this indicated that upweling in this
year must be more intense than the previous two years. In August 2005, coldest SST of
25°C was seen near the western boundary, while in the southeastern Arabian Sea SST
reduce by 1°C from previous years value of 30°C to 29°C.

In summary, the coldest SST aong the western boundary occurred in August 2004 while
the warmest SST was seen in August 2002.
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Fig-13. Inter-annual cycle of Sea Surface Temperature
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In August 2002, chlorophyll pigment concentrations varied between 3 tol5 mg/n? in
both Arabian upweling region as wdl as dong the southwest cost of India In the
Somdia upweling region it was 05 to 4 mgnt. Except in a smdl region in the
southeastern Arabian Sea, the chlorophyll pigment concentrations were in excess of 0.5
mg/nt. In August 2003, the chlorophyll distribution pattern was similar to that of 2002,
but dong the west coast of India it varied largdy from 1 to 10 mg/nT, dong Somdlia it
varied from 0.9 to 4 mg/n?, while in the Arabian upwelling region it was same as that of
the previous year. In August 2004, the chlorophyll in the upwdling region of southwest
coast of India was the highest varying between 0.7 to 10 mg/nt. Along the Arabian
upweling it varied from 4 to 15 mg/nT, while dong the Somdia region, very near the
coast it was between 4 and 5 mg/nT but in the offshore region the variation was from 0.5
to 1 mg/nT. In August 2005, the chlorophyll concentration in genera showed a decrease,
but aong the southwest coast of Indian concentrations were comparatively higher.

In summary, the chlorophyll pigment concentrations were highest during August 2005,
while the least was noticed in August 2004.
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Fig-14. Inter-annual cycle of Chlorophyll pigment concentration
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Sea Surface Height anomaly

In August 2002, the sea surface height anomay was negative aong both eastern and
western boundaries of the Arabian Sea, which was 10cm dong the west coast of India
and between 10 and 20cm dong the coasts of Somdia and Arabia. In the ret of the
Arabian Sea SSH anomaly was podtive. The wesward extenson of negative SSH
anomay from the southern pat of the west coast of India indicated propagation of
upwdling Rosshy wave. In August 2003, though the SSH didribution pattern remained
more or less amilar to that of August 2002, the extent of pogtive SSH anomdy was
consderably reduced. In August 2004, the distribution pattern of SSH anomay was more
gmilar to that of August 2002. But the westward extenson of negative SSH anomay
from the southern part of the west coast of India was much less. Again in August 2005,
the pattern of digribution of SSH anomay was sSmilar to that of 2004 and 2002. The
noticesble difference was the region of podtive SSH anomay off Somdi region
resembling the shape of an eddy with avaue of 40cm.
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Fig-15. Inter-annual cycle of Sea Surface Height anomaly




Summary and Conclusion

The Arabian Sea, dtuated in the western part of the northern Indian Ocean is a tropica
basin. It is bounded on the east by the Indian peninsula, on the north by Bauchistan and
Sindh provinces of Pakistan and on the west by the landmass of Arabia and Africa The
environmentd factors that influence this tropicd basn are the seasondly changing winds
from the northeast during winter (November-February) and southwest during summer
(June to September). Accordingly, the waters of the basn will experience seasond
vaiations. The present sudy ams a undersanding the seasond and inter-annud
variation of the Arabian Sea usng satellite derived data with the help of GIS technique.

The spatia domain sdlected for the present study is 40°E and 78°E longitude and eguator
to 30° N. The remote sensing data with respect to sea surface temperature (SST), sea
aurface wind, sea surface height (SSH), and chlorophyll pigment concentration during
January 2002 to December 2005 were used to understand the spatio-tempora variability
of the Arabian Sea. The monthly mean SST data was obtained from Modis agua, winds
from Quikscat and chlorophyll pigment concentration from SeaWiFS. The SSH anomdy
data was obtained from the merged product - Topex/Poseidon ERS %2 satellite which is 7
day snapshot. The spatiad resolution of these dataiis 0.3° latitude x 0.3° longitude.

Geographica information system (GIS) was used for processng and andyzing the above
parameters to determine the variability and detection of oceanic processes that are

respongible for such variahility.

The sudy showed a very drong inverse reation between SST and chlorophyll
concentrations. Arabian Sea undergoes seasond cooling during summer due to upwelling
and advection, and in winter due to surface cooling under reduced solar hesting.
Upweling aong the coasts of Somdia, Arabia, and the west coast of India brings cold



and nutrient rich sub-surface waters to the surface, which supports the observed high
chlorophyll concentrations. During winter the convective mixing in the northern Arabian

Sea supports high chlorophyll pigment concentrations. Due to strong solar heating, SST
was warmest in spring (April), which supported least chlorophyll concentration.

The SST, chlorophyll pigment concentrations and sea surface height showed large inter-
annud variability during the study period 2002 to 2005 during both winter (January) and
summer (August). Of the four years andyzed, the winter was coldest in 2002 and
warmest in 2003. In summer, the coldest temperature dong the western boundary
occurred in 2004 while the warmest was in 2002. However, the occurrence of chlorophyll
pigment concentrations did not exactly follow the variations in SST patern. The
occurrence of negative SSH anomay aong the eastern and western boundary showed
some variation from one year to the other. The extent to which the negative SSH moved
wesward is an indication of Rossby wave propagation, which aso showed some inter-
annud variability.
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