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Chapter 1. 



Introduction



(19)1.1  General Introduction


Oceans  cover  the  major  portion  o f the  earth’s  surface.  Despite  that,  immediate 
 human  interaction  with  the  marine  environment  occurs  in  coastal  water  bodies  that 
 dominate  the  daily  affairs  o f mankind.  Consequently,  anthropogenic  activities  in  the 
 coastal  regions  exert  high  pressure  on  the  coastal  and  estuarine  ecosystems 
 (Hallegraeff,  1993)  owing  to  transport  o f  material  through  the  estuarine  channels, 
 disposal o f effluents from the industries,  sewage dumping, coastal constructions, ports 
 and  oil  spills  from  ships  and  boats.  Globally,  most  of  the  human  settlements  are 
 situated along the banks o f the estuaries  and coasts (Miller et al.,  2005).  Over 50% o f 
 the human population lives in the coastal zones. Thus, the fact that coastal oceans and 
 estuaries  are  an  indispensable  part  o f human  life  renders  them  highly  vulnerable  to 
 pollution thereby disrupting the natural exchange process between freshwater and sea 
 water.  This necessitates regular and effective monitoring o f the coastal ecosystems  on 
 a  global  scale  (Kostadinov et  al.,  2007).  Concerns  about  increased  turbidity  and  its 
 impact  on  coastal  and  estuarine  environments  have  encouraged  efforts  to  relate 
 satellite  observations  to  in-situ  properties  o f  light  attenuation  in  the  water  column 
 (Stum pf and Pennock,  1991).  Resourceful monitoring tools  can thus be developed for 
 the estuaries and coastal zones using optical remote sensing (Siegel ei al.,  1999; Voss 
 et  al.,  2000).  Remote  sensing  technique  provides  a  synoptic  coverage  and  has  the 
 ability  to  monitor  large-scale  trends  and  variability  of  water  quality  parameters 
 through  optical  signatures  o f the  water  column  (Sathyendranath,  2000).  The  optical 
 signatures  in  the  visible  region  o f the  Electromagnetic  Radiation  (EMR)  from  the 
 open  ocean  are  simple  as  the  only  factor  affecting  them  is  the  phytoplankton,  which 
 possess  Chlorophyll-a  pigment.  However,  in  the  coastal  and  estuarine  waters  the


1



(20)optical  signature  is  a  complex  mixture  o f signals  from  optically  active  constituents 
 (OAC)  such  as  chromophoric  dissolved  organic  matter  (CDOM),  total  suspended 
 matter  (TSM)  (both  in-situ  and  land-derived)  and  phytoplankton  Clilorophyll-a.  The 
 composition o f such  waters  varies  from  region to  region  (Kratzer et al.,  2000).  This 
 necessitates the development o f site-specific algorithms to retrieve OAC from satellite 
 sensors with application limited for particular region (Sathyendranath,  2000;  Darecki 
 et  al.,  2003).  The  use  o f  remote  sensing  for  precise  studies  in  these  regions 
 necessitates  careful  delineation  of the  optical  signatures  leaving  the  water  column. 


Thus,  the  optical  characterization o f the  water column is vital  in facilitating retrieval 
 o f appropriate  information  from  remotely  sensed  data  o f  optically  complex  waters 
 (Sathyendranath et al.,  1989; Tassan,  1994).


1.2  Literature Review


Ocean  optics  or  optical  oceanography  has  long  since  gained  significance  as  a 
 special  branch  o f oceanography.  In-water  optical  measurements  date  back  to  1885 
 when  Fol  and  Sarasin  used  photographic  plates  in  the  Mediterranean  off the  Cote 
 d ’Azur (Jerlov,  1976).  Spectral radiances were measured at different depths in the sea 
 by  Knudsen  (1922).  Optical  technique  was  revolutionised  with  the  introduction  o f 
 photoelectric  cells  for  marine  observations  (Shelford  and  Gail,  1922).  In  1930’s, 
 substantial  pioneering  work  was  done  on  the  design  and  use  o f  radiance  and 
 irradiance meters  (Atkins  and Poole,  1933;  Clarke,  1933;  Jerlov and Liljequist,  1938; 


Takenouti,  1940;  Whitney,  1941).  Shuleikin  (1923,  1933)  correctly  explained  the 
colour o f the sea and carried out quantitative analysis of the structure o f the light field 



(21)transmission  o f light  and  colour of the  sea  were  obtained by  Kalle  (1938).  Gershun 
 (1936,  1939)  propounded  a  general  theory  for  the  light  fields  and  introduced  new 
 photometric  concept:  scalar  irradiance.  The  development  has  continued  and  highly 
 improved modem technology has introduced hyperspectral radiometers,  fluorometers, 
 scattering,  absorption  and  attenuation  meters.  Underwater  optics  has  wide 
 applications  in  oceanography  as  a  precursor  to  ocean  remote  sensing,  in  view  o f 
 which,  characterisation  o f  water  bodies  by  means  of  their  optical  properties  has 
 gained immense importance.


Optical properties o f a water body are largely determined by various dissolved 
 and particulate substances present therein.  Based on the above, the oceanic waters  are 
 broadly categorised as  Case  1  and Case  2 waters  (Morel and Prieur,  1977).  The  Case 
 1  waters  are typically the  open ocean waters.  By definition,  the  optical properties  o f 
 Case  1  waters  are  a  function  o f  phytoplankton  and  their  co-varying  derivative 
 products.  However,  this  does  not  rule  out  the  possibility  o f  substances  other  than 
 phytoplankton  affecting  the  optical properties  o f these waters.  In fact,  the  absorption 
 characteristics  can be  altered by biological  debris  generated by grazing and decay o f 
 phytoplankton  organisms  and  chromophoric  dissolved  organic  matter  (CDOM) 
 liberated  from  biological  particles,  thus  altering  the  optical  properties  o f  Case  1 
 waters  (Sathyendranath and Morel,  1983).  It is  also known that  small organisms  such 
 as  flagellates,  heterotrophic  bacteria  and viruses,  which co-exist  with phytoplankton, 
 play an important role in determining some optical properties o f Case  1  waters (Morel 
 and Ahn,  1991;  Stramski  and Kiefer,  1991;  Ulloa et al.,  1992).  Therefore,  it does  not 
 mean  that  phytoplankton  are  the  only  agents  responsible  for  the  colour  o f  Case  1 
 waters.  However,  contribution from other substances,  if present,  is  relatively small  in 
 Case  1  waters, and can be modelled as a function o f phytoplankton concentration.
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(22)The  Case  2  waters  include  the  coastal  and  estuarine  waters  wherein  the
 dominant  factor  affecting  the  optical  properties  of  the  water  column  is  not 
 phytoplankton but other particulate matter or dissolved organic matter or both make a 
 significant contribution to the optical properties  (Sathyendranath,  2000).  Furthermore, 
 these  contributions  are  not  linked to the  phytoplankton  concentration but they  act  as 
 independent variables.


A  pictorial  representation  o f  the  two  cases  adapted  from  Prieur  and 
 Sathyendranath (1981) is given below.


Fig.  1.1  Diagrammatic representation of Case 
 1  and Case  2  waters  adapted  from Prieur and 
 Sathyendranath  (1981)  (see  also  Morel  and 
 Antoine,  1997; Dowell,  1998). •


•  The  triangular  classification  o f oceanic  waters  into  Case  1  and  Case  2  (Fig. 


1.1)  is  based  on  relative  contribution  o f the  three  components  o f OAC  and  not  the 
 concentration of the  individual  component.  This  classification  scheme can be used as 
 a  simple  device  to  differentiate waters where phytoplankton-related  signals dominate 
 the signal from more optically-complex water bodies.


The  optical  signatures  acquired  from  either  the  optically  simple  or  complex 
 waters  can  be  used  to  gather  information  about  the  nature  o f the  OAC  prevailing  in 
 the water column.


Optical  remote  sensing  o f the  oceanic  waters  was  developed  as  a  science  by 
Gordon (Gordon and McCluney,  1975; Gordon and Morel,  1983;  Gordon et al.,  1988)



(23)by  using  the  Coastal  Zone  Colour  Scanner  (CZCS)  to  retrieve  Chlorophyll-a
 concentration  from  Case  1  waters.  The  CZCS  was  the  first  ocean  colour  sensor
 launched on Nimbus  7  satellite in  1978  with 4 bands in the visible spectrum of EMR.


This was the pioneering  step  in gathering information about oceanic waters remotely.


A  simple  blue  to  green  band-ratio  algorithm  was  used  to  deduce  Chlorophyll-a
 concentration  from  recorded water  leaving  radiance  values  (Morel  and Prieur,  1977;


Sathyendranath et al.,  1987). This paved the way for further research in optical remote
 sensing  o f oceanic  waters.  Significant  efforts  have  been  made  in  the  recent  past  to
 develop  ocean  colour  satellite  missions  with  improved  spectral  and  radiometric
 performance,  spatial  and  temporal  coverage,  and  quality  o f  data  products  (Morel,
 1988).  This  has  led  to  the  launching  o f various  ocean  colour  sensors  such  as  MOS
 (Marine  Observation  Satellite),  OCTS  (Ocean  Colour  and  Temperature  Scanner),
 POLDER  (The  POLarization  and  Directionality  o f  Earth  Reflectances),  SeaWIFS
 (Sea  viewing  W ide  Field  o f  view),  MODIS(MODerate  resolution  Imaging
 Spectroradiometer),  OCM   (Ocean  Colour  Monitor),  MERIS  (MEdium  Resolution
 Imaging  Spectroradiometer)  andOCM2  o f which,  SeaWIFS  and  MODIS  have  been
 immensely  used  to  map  Chlorophyll-a  concentration  on  a  global  scale  over  Case  1
 waters.  Over 90% o f the oceanic waters are Case  1  (Darecki and Stramski, 2004). The
 current  satellite  operational  algorithms  for  the  retrieval  o f pigments  and  other  bio-
 optical properties have been empirically derived from field data collected mainly from
 ocean waters that are  categorised as  Case  1  (O ’Reilly et al.,  1998,  2000;  Darecki and


♦


Stramski,  2004)  and  are  based  on  the  fact  that  the  optical  properties  behave  as  a 
function  o f phytoplankton  Chlorophyll-a.  However,  in  Case  2  waters,  the  OAC  vary 
independently  o f  phytoplankton  and  each  other  (Bouman  et  al.,  2000).  Such 
complexity  in  the  optical  properties  o f  Case  2  waters  results  in  inadequacy  in



(24)Chlorophyll-a based  single-variable optical models  and failure o f standard algorithms 
 used  for  Chlorophyll-a  retrieval  from  satellite  data  (Sathyendranath,  2000).  Hence, 
 new  algorithms  based  on  new  approaches  for  dealing  with  both  atmospheric 
 correction  (since  the  N IR  bands  in  the  Case  2  waters  receive  signal  from  the  water 
 column  in  highly  turbid  waters)  and  retrieval  o f  ocean  bio-optical  properties  from 
 water-leaving radiance in Case 2  waters  are required (Sathyendranath, 2000).  Remote 
 sensing o f Case 2 waters imposes additional demands on the sensor as the relationship 
 between the concentrations  o f aquatic  constituents  and ocean  colour is  nonlinear,  and 
 often  small  changes  in  the  signal  have  to  be  removed  to  retrieve  useful  information. 


This  implies  that  instruments  with  a  high  signal-to-noise  ratio  are  required.  The 
 proxim ity  to  land  and  the  possibility  o f encountering  highly-reflective  waters  raises 
 the  need  for  sensors  with  a  high  dynamic  range  (Sathyendranth,  2000).  Overall, 
 rem ote  sensing  o f  Case  2  waters  has  m ore  stringent  requirements  than  for  Case  1 
 waters.  Several  new  ocean-colour  sensors  (MODIS,  MERIS,  OCM  (1  and  2))  meet 
 the  requirements  for  Case  2  waters  to  a  m uch  higher  degree  than  the  CZCS.  The 
 improved prospects  for dealing with Case 2  waters have led to  studies  for developing 
 algorithms for remote sensing o f Case 2 waters.


One  o f the  m ajor  drawbacks  in  the  rem ote  sensing  o f Case  2  waters  is  that  a 
 single  algorithm  cannot  be  applied  over  different  regions.  A   greater  number  o f 
 variables  influence  the  measured  spectra  in  Case  2  waters  and  this  implies  the 
 necessity  o f  specific  algorithms  to  account  for  the  multivariate  characteristics. 


Because  o f overlapping  absorption  and  scattering  spectra  o f the  OAC,  variations  in 
radiance  (or reflectance)  cannot  be  related  directly to  any  one  component  and  hence 
all  components  have to b e solved simultaneously.  Inherent optical properties  (IOP)  o f 



(25)that  account  for the  local  and  seasonal  variations.  This  implies  that  no  single,  global 
 algorithm  for Case 2 waters would work equally well  in all regions. Another factor is 
 the  geographical  variability  in  the  species  o f the  OAC,  for  e.g.,  the  phytoplankton 
 species  vary  greatly  from   region  to  region.  Further,  mineral  particles  (their  source, 
 size and shape) play a m ajor role in altering the optical signatures o f the water column 
 (Morris  and  Howarth,  1998;  Ferrari et  al.,  2003).  It  is  thus  clear  that  Case  2  waters 
 require  m ore  complex  and  sophisticated  algorithms  than  those  developed  for  open- 
 ocean  (Case  1)  waters.  Recent  efforts  have  resulted  in  site-specific  algorithms  to 
 derive  OAC  (Froidefond et  al.,  1991;  Uncles et  al.,  2001;  Doxaran et  al.,  2002a, 
 2002b, 2003,2005; M enon et al., 2006; Petus et al., 2010).


1.3  Objectives


It  is  evident  from  the  above  that  a  detailed  study  of the  optics  o f the  Case  2 
 water  column  is  a  pre-requisite  for  developing  site-specific  algorithm.  The  study  o f 
 reflectance  offers  an  insight  on  the  optical  complexity  o f the  water  column  as  it  is 


affected by   all  the  OAC  (Doxaran et  al.,  2002a;  Schofield et a l,  2004;  Tzortziou et 
 a l,  2007).  In  India,  there  is  no  record  o f optical  properties  o f estuaries  until  recent 
 past.  Only  two  estuaries  in  Goa  along  the  west  coast  have  been  surveyed  once  for 
 optical properties in 2002 w ith a multi-spectral radiometer and covered a total  of only 
 10 stations in both Mandovi and Zuari estuaries  (Menon et al., 2005, 2006).  However, 
 a detailed seasonal and  spatial  study pertaining  to  optical complexity o f the  estuaries 
 has  not  been  documented  till  date.  Hence,  the  present  research  work  was  proposed 
 with the following objectives.
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(26)a)  To  study  the  inherent  and  apparent  optical  properties  (IOP  and  AOP)  o f  the 
 M andovi - Zuari  estuarine  system seasonally and to check the  feasibility of using the 
 data  to  develop  algorithm  to  retrieve  optically  active  constituents  (OAC)  through 
 optical sensor.


b) To analyse the variability o f aerosol optical characteristics over the study area so as 
 to apply atmospheric correction to remotely sensed data.


c)  To  study  the  hydrographic  characteristics  o f  Mandovi  -  Zuari  (.stuarine  system 
 during pre-monsoon and post-monsoon and to examine the feasibility o f analyzing the 
 estuarine dynamics through ocean colour analysis.


d)  To  examine  the  feasibility  o f using  CDOM  as  a  proxy  to  salinity  to  retrieve  it 
through an ocean colour sensor.



(27)
Chapter  2. 



Study Area and Data



(28)2.1  Study Area


The  Mandovi  -   Zuari  estuarine  system  (Fig.2.1)  o f Goa  along  Central  West 
 coast  o f India,  a  complex  system  affected  by  mining  transports  was  selected  for  the 
 study.
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Fig 2.1  Study Area map showing sampling stations and the three zones.


2.1.1  General Background


The west coast o f India is characterized by the Western Ghats  (the  Sahyadris). 



(29)made  o f horizontally bedded lavas  that run parallel  to  the coastline  and have taken a 
 distinctive  landing  stair  shape  (Wadia,  1975).  The  average  height  o f these  hills  is 
 about  900  m.  The  w estern  coastal  plain  and  the  western  slopes  o f  the  Sahyadris 
 receive m ore than 2  m  rainfall  and are  one o f the highest rainfall receiving regions in 
 India.  M ost  o f the  rain  is  received during  the  summer monsoon  (June  -   September). 


The estuarine network forms an important conduit to  carry the runoff that flows from 
 the  Sahyadris  and  the  coastal  plain  to  the  Arabian  Sea.  During  monsoon,  the  water 
 level in the upstream region o f the estuaries is controlled by fresh water, whereas tidal 
 influence  is  the  dominating  driving mechanism  for transport in the  estuarine network 
 in  the  non-monsoon  period.  The  oceanographic  processes  differ  between  monsoon 
 season,  when  the  freshwater  flow  is  high  and  the  dry  season,  when  the  runoff  is 
 negligible  and  tide  dominates  the  circulation  and  mixing  within  the  estuaries.  The 
 w ater  level  in  the  downstream  region  o f the  estuaries  is  always  under  tidal  control. 


Such monsoonal  estuaries  are  found all  along  the  W est coast  o f India.  The Mandovi 
 and  Zuari  estuaries  along  w ith  Cumbharjua  canal  form  one  such  estuarine  system 
 along the W est coast o f India.


2.1.2  M andovi -  Zuari Estuarine network


Mandovi  -   Zuari  estuarine  network,  situated  in  Goa  along  the  west  coast  o f 
 India,  is one  o f the m ost  complex ecosystems.  The  latitude  15°25' N to  15°31' N  and 
 longitude 73°45' E to 73°59' E form the geographic margins of this network (Fig. 2.1). 


Both the  rivers  originate  in the  Western  Ghats  and meet the Arabian  sea.  The  length 
 o f M andovi and Zuari rivers is 75 Ion and 70 km respectively. The Mandovi and Zuari 
 estuaries  are  coastal plain estuaries as they are  located on the  alluvial plains between
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(30)Sahyadris and the Arabian sea. The estuarine system  is characterized by  heavy rainfall 
 during  the  Southwest  m onsoon.  About  80%  o f   the. total  rainfall  received  by  Goa 
 (average  3000  mm)  occurs  during  the  Southwest  monsoon  (Qasim  and  Sengupta, 
 1981).  During  this  season,  both  the  estuaries  receive  large  volumes  o f land  runoff 
 from the catchment areas o f  M andovi basin (1895 Ion2;  Suprit and Slunkar, 2008) and 
 Zuari basin (550 km2; Qasim , 2003). Mandovi has many tributaries compared to Zuari 
 and  receives  greater  runoff.  The  catchment  area  is  mountainous  and  composed  of 
 W estern  Dharwar  Craton  w ith  gneissic  and  schistose  rocks  and  ferruginized  lateritic 
 cappings (Naqvi, 2005).


The  Cumbhaijua  canal  connecting  the  two  estuaries  is  about  17  km long  and 
0.5-0.7  km   wide.  The  w idth  at  the  mouth  o f  M andovi  is  about  3.2  Ion  and  at  the 
widest  region,  near  Aguada,  it  is  4  km.  Beyond  the  bay  region,  the  width  o f  the 
estuary decreases to  0.25  km  upstream.  The  w ider  segment at the  mouth o f Mandovi 
is know n as the Aguada bay and the average depth o f the bay is about 5  m. The width 
o f Zuari at the mouth is  about  5.5  km.  The  10 km  stretch upstream from the mouth is 
know n  as  the  Mormugao  bay  and is  approximately  5  km wide  and  5  m   deep.  At  the 
upstream   end  o f the  M orm ugao  bay,  the  w idth  decreases  to  less  than  1  km  and  the 
channel  narrows  further up  to  about 0.5  km.  The  depth o f the  main  channels o f both 
the  estuaries  varies  considerably  with  location,  and  their  cross-sectional  area 
decreases  rapidly in  the  upw ard  direction  (Shetye et al.,  2007a).  Such  channels  have 
been  described  as  ‘strongly  convergent’  (Friedrichs  and  Aubr  y,  1994).  The 
convergence  has  im portant  implications  for  dynamics  of  tides  in  the  estuarine 
channels.  The  spring  tides  are  higher  than  2  m  and  hence  both  the  estuaries  are 
macrotidal.  The  effect  o f  the  tide  is  seen  up  to  50  Ion  upstream  from  the  mouth 
(Shetye et al.,  1995).  The  hydrodynamics  o f both  the  estuaries  is  controlled by both



(31)river  runoff  and  tide  during  monsoon.  During  monsoon,  due  to  excess  runoff the 
 estuaries  get stratified and  exhibit salt-wedge type behaviour.  After the withdrawal o f 
 the monsoon, the runoff decreases rapidly rendering a partially mixed characteristic to 
 the  estuaries.  The  runoff reaches  negligible  levels  by November.  Consequently,  tidal 
 flow  at  the  mouth  o f the  channel  becomes  the  sole  driving  mechanism  for transport 
 into  the  estuarine  netw ork in the  pre-monsoon resulting  in fully mixed type  estuaries 
 (M urthy et al.,  1976;  Shetye e ta l.,  1995).


2.1.3  Salinity structure in  M andovi and Zuari estuaries:


Fig.  2.2  Vertical  sections  o f salinity  in  Mandovi  estuary  during  a)  pre-monsoon,  b) 
 monsoon and c) post-monsoon seasons
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(32)The vertical  section  o f salinity was  docum ented  for D ecem ber’97  in  Mandovi 
 and D ecem ber’98  for Zuari  (Shetye et al.,  2007b).  This  section  extended  up to  35  km 
 from  the  m outh  and  depicted  the  characteristic  o f  only  post-monsoon.  Menon et  al. 


(2011)  had  discussed  the  salinity variability  for  two  seasons  (pre-monsoon  and  post


monsoon)  up  to  12  km   and  14  km  from  the  mouth  o f  both  M andovi  and  Zuari 
 estuaries  respectively.  In  this  study,  the  salinity  sections  for  all  the  three  seasons  are 
 presented  to  an  extent  up  to  35  km  and  40  km   in  Mandovi  and  Zuari  estuaries 
 respectively.


Fig.  2.2a  shows  the  salinity  section  o f   the  Mandovi  estuary  during  pre


m onsoon  season.  The  salinity was  observed  to  increase  gradually from  11  PSU  at the 
 upper  reaches  o f  the  estuary  to  35  PSU  at  the  mouth.  This  range  itself  was  an 
 indication  o f  the  strong  m ixing  taking  place  in  the  estuary.  It  was  clearly  observed 
 that  the  estuary  is  vertically  homogeneous  up  to  station  12.  Towards  the  mouth 
 how ever,  the  partially  m ixed  waters  depicted  salt-wedge  type  structure.  The  fresh 
 w ater inflow  during the pre-m onsoon season is  very meagre.  Thus, the extent o f saline 
 intrusion was  greater in this  season as  compared to the monsoon  and post -  monsoon. 


It  is  also  interesting  to  note  that  the  salinity  contours  are  equally  spaced  throughout 
 the  region  covered.  This  was  an  indication  o f  the  seaward  m ixing  which  has  taken 
 place after monsoon.


Figure  2.2b  shows  the  salinity  distribution  in  Mandovi  estuary  for  monsoon 
season.  It was  well  evident  from  the figure that the estuary was transformed into  salt- 
w edge  type  as  large  am ount  o f  fresh  w ater  was  brought  into  the  estuary  due  to  the 
heavy monsoonal  rains  in  this  season.  It  was  observed that  the  Mandovi  estuary was 
filled  w ith  fresh  w ater  up  to  lower  zone,  beyond  which  the  mixing  takes  place



(33)forming  salt-wedge  in the  low er zone.  The  salinity increases  from  0  PSU  to 34 PSU. 


The surface salinity at the m outh was 20 PSU.


The  post-monsoon  season  again  showed  a  vertically  homogeneous  salinity 
 structure  (Fig  2.2c).  However,  the  salinity  (2  PSU  — 32  PSU)  was  lower than in  the 
 pre-monsoon  season.  This  was  the  effect  o f   the  fresh  water  flow  which  slowly 
 decreased from monsoon.  The salinity in the upper zone increased slowly as the fresh 
 w ater flow decreased and became negligible in pre-monsoon.


M i d d l e   Z o n e   U p p e r   Z o n e


Fig.  2.3  Vertical  sections  o f  salinity  in  Zuari  estuary  during  a)  pre-monsoon,  b) 
 monsoon and c) post-monsoon seasons.
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(34)Fig.  2.3 a  shows  the  salinity distribution  in the  Zuari  estuary for pre-monsoon 
 season.  A  vertically m ixed  characteristic  was  observed  throughout  the  Zuari  estuary. 


The  salinity increased  from   17  PSU  at the upper reaches  o f the  estuary to  34  PSU at 
 the  mouth.  The  Zuari  basin  at  the  mouth  composed  o f nearly  homogeneous  water 
 mass.  The  salinity  at  the  upper  region  o f  the  estuary  was  greater  than  that  o f the 
 M andovi estuary. This was due to lesser fresh water input in the Zuari estuary. Unlike 
 M andovi  estuary,  the  contours  are  unevenly  spaced.  The  salinity  contours  are  more 
 closely placed at the middle region as compared to the rest o f the estuary.


The  salt-wedge  observed in Mandovi  estuary was not  observed in Zuari  (Fig.


2.3  b), as it has lesser tributaries and the fresh w ater flow into the system is lesser than 
 in the Mandovi.  The  salinity varied from 4 PSU to 32 PSU in this season in the Zuari 
 estuary.  Post-monsoon  showed  a  sharp  gradient  in  salinity  in  the  n   ddle  zone  (Fig. 


2.3c)  from  15  PSU  to  26  PSU.  The  surface  value  at  the  mouth  was  observed  to  be 
 betw een 26 PSU and 30 PSU.


In  all  the  three  seasons,  the  salinity  values  in  Zuari  were  higher  than  in 
 M andovi. This can be attributed to less fresh w ater flow in the Zuari estuary, although 
 both  the  estuaries  lie  in  the  same  latitudinal  belt.  The  seasonal  difference  in  the 
 salinity  profiles  was  well  evident  and  the  difference  between  the  two  estuaries  was 
 also very clear.


Depending  on  the  salinity  structure  in  the  two  estuaries  in  p  >monsoon  and 
monsoon  seasons,  the  study  area  was  divided  into  three  zones  namely  upper-zone 
(stations M01-M06 and Z01-Z06), middle-zone (stations M07-M12 and Z07-Z12) and 
lower-zone (stations M 13-M18 and Z13-Z18).  Hereinafter each region o f the estuaries 
is referred as zone.



(35)2.2  Measurements and Analysis
 2.2.1  Sampling Details


Both  the  M andovi  and  Zuari  estuaries  were  surveyed  during  pre-monsoon, 
 monsoon and post-m onsoon seasons onboard a trawler along the fairway channel. The 
 sampling  was  carried  out  at  pre-determined  stations  in  the  two  estuaries  (Fig.  2.1). 


The  details  about the  dates  and duration  o f the  surveys  and in-situ  measurements  are 
 summarized in Table 2.1.


Table 2.1  Details o f the field survey and in-situ measurements in Mandovi -  Zuari 
 Estuarine region


(Observations  column  shows  measurements  (properties  derived  provided  in 
 parentheses))  Notation:  W   -   Water  Sample,  S  -   Sunphotometer,  C  -   CTD,  R  -  
 Radiometer,  IOP -   Inherent Optical Properties,  AOT -  Aerosol  Optical  Thickness,  T 
 -  Temperature, Sa -  Salinity, AOP -  Apparent Optical Properties.


E s tu a ry D ate No. o f 
 Stations


O bservations


M andovi -  Zuari 12-02-05 14 W  (IOP),  S (AOT), C (T,  Sa)
 M andovi -  Zuari 18-03-05 18 W  (IOP),  S (AOT), C (T,  Sa)
 M andovi -  Zuari 11-05-05 18 W  (IOP),  S (AOT), C (T,  Sa)
 M andovi -  Zuari 15-08-05 17 W  (IOP), S (AOT), C (T,  Sa)
 M andovi -  Zuari 17-09-05 16 W  (IOP), S (AOT), C (T,  Sa)
 M andovi -  Zuari 11-11-05 20 W  (IOP,  Sa), S (AOT)
 M andovi -  Zuari 13-12-05 22 W  (IOP,  Sa), S (AOT)


M andovi 29-02-08 17 W  (IOP), S (AOT), C (T,  Sa), R(AOP)
 Zuari 06-03-08 13 W  (IOP), S (AOT), C (T,  Sa), R(AOP)
 Zuari 28-08-08 15 W  (IOP),  S (AOT), C (T,  Sa), R(AOP)
 Mandovi 23-09-08 17 W  (IOP),  S (AOT), C (T,  Sa), R(AOP)
 Zuari 07-10-08 16 W  (IOP), S (AOT), C (T,  Sa), R(AOP)
 Mandovi 13-11-08 16 W  (IOP),  S (AOT),  C (T,  Sa), R(AOP)
 Zuari 22-02-11 18 W  (IOP), S (AOT), C (T,  Sa), R(AOP)
 Mandovi 24-02-11 18 W  (IOP), S (AOT), C (T,  Sa), R(AOP)
 Zuari 19-08-11 14 W  (IOP), S (AOT), C (T,  Sa), R(AOP)
 Mandovi 23-09-11 12 W  (IOP), S (AOT), C (T,  Sa), R(AOP)
 Zuari 25-12-11 18 W  (IOP), S (AOT), C (T,  Sa), R(AOP)
 Mandovi 27-12-11 16 W  (IOP), S (AOT), C (T,  Sa), R(AOP)
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(36)All  the  in-situ  observations  and  collection  o f water  samples  were  carried  out 
 during cloud-free days  (except during the m onsoon season where instances o f passing 
 clouds  cannot be  avoided).  The  sampling was  done  at locations where the total depth 
 o f  the  w ater  column  w as  greater  than  three  times  the  Secchi  disk  depth.  This 
 precaution  was  taken  to  avoid  radiance  from  the  bottom  o f the  station  (Muller  and 
 Austin,  1995) that would affect the satellite retrieval o f the data.


2.2.2  In-situ measurements


The  optical  data  w ere  recorded  with  a  Satlantic  hyperspectral  Radiometer 
 (HyperOCR)  with  138  bands  in  the  interval  o f  349-803  nm.  For  each  optical 
 measurement,  SeaBird  19plus  CTD  (Conductivity,  Temperature  and  Depth), 
 M icrotops  II  Sunphotometer  with  5  bands  (380,  440,  555,  765,  865  run),  hand-held 
 Global  Positioning  System  (GPS)  and  Secchi  disk  were  also  operated  and  water 
 sample  was  collected  using  Niskin  Sampler  to  analyse  Chlorophyll-a,  CDOM  and 
 TSM .  Atmospheric param eters  such as air temperature,  atmospheric pressure, relative 
 hum idity  and  wind  speed  and  direction  were  obtained  from  Automatic  Weather 


Station (AWS) installed at the Goa University during estuarine surveys.


The thesis  consists  o f chapters  dedicated to  different aspects related to optical 
properties,  atmospheric  correction  and  satellite  retrieval  o f salinity,  fo   analyse  each 
aspect,  the  data  sets  required  are  different.  Hence,  this  chapter  describes  the  general 
methodology,  while  the  methodologies  dealing  with  specific  components  have  been 
explained in the respective chapters.



(37)A.  In -w a te r R ad io m eter


The  HyperOCR  has  three  basic  sensors  for  measuring  profiles  o f upwelling 
 radiance (LU(X, z)), downw elling irradiance (Ed(X, z)) and solar irradiance reaching the 
 sea surface  (ES(X)).  It has  auxiliary sensors  for depth and temperature and an attached 
 W etLabs  fluorometer that  estimates  Chlorophyll-a  concentration using  Chlorophyll-a 
 fluorescence.  The  surface  irradiance  sensor (Es)  was tied on the deck o f the trawler at 
 a  position  unaffected  by   shadows  during  the  radiometer  operation.  The  radiometer 
 was operated from along the side o f trawler facing the sun to avoid the shadow cast by 
 the  traw ler itself.  In  addition,  care  was  exercised to  deploy it  as  far as possible  from 
 the  traw ler  to  avoid  the  shadow  from  the  trawler  bottom.  It  was  operated  up  to 
 euphotic  depth  (the  depth  at  which  1%  o f surface  PAR  is  encountered)  or the  total 
 depth  (minus  1-2 m  to  avoid  abrasion to  the  instrument), whichever was  encountered 
 first.  The  recorded  data  was  processed using  the  software  Prosoft  7.7.10  supplied by 
 the manufacturer.


Various parameters  derived from the  radiometric measurements  o f Lu,  Ed and 
 E s  were  photosynthetically  active  radiation  (PAR),  Remote  sensing  reflectance  (Rrs) 
 and diffuse attenuation coefficient (kd). The details are given in Chapter 3.


B.  S u n p h o to m eter m easu rem en ts


The spectral  aerosol optical thickness  (AOT) was measured using a hand-held 
 Microtops  II  Sunphotometer  during  the  field  surveys  at  all  the  cloud-free  stations.  It 
 has five bands (380, 440,  500,  675  and 870 nm) and measures AOT with a full field o f 
 view o f 2.5°.  The instrument calculates AOT  at each wavelength based on the energy
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(38)received  at  the  target,  its  calibration  constants,  atmospheric  pressure,  time  and 
 position  o f observation.  It  has  a  built-in  pressure  sensor to  measure  the  atmospheric 
 pressure,  which  is  m ainly  used  to  compute  Rayleigh  radiance.  A  band-held  GPS  is 
 interfaced w ith the  sunphotom eter to  give the  accurate  measure  o f time,  position and 
 solar zenith angle.


Through  spectral  analysis  o f AOT,  aerosol  size  index  (Angstrom  wavelength 
 exponent,  a)  and  A ngstrom   turbidity  factor  ((3)  were  derived.  Further,  aerosol  path 
 radiance  (La)  and  Rayleigh  path  radiance  (Lr)  were  estimated  using  AOT  and 
 atmospheric  pressure,  respectively.  The  La  and  Lr  were  used  to  apply  atmospheric 
 correction to OCM data.  The details are given in Chapter 4.


C.  C T D  m easu rem en t


A   SeaBird  SBE  19plus  CTD  was  used  to  obtain  temperature  and  salinity 
 profiles  at  each  station.  The  CTD  was  cast  till  the  maximum  depth  o f the  water 
 column and operated from  the  sunlit side o f the  sampling vessel. The data was binned 
 at an interval o f 0.25 m  and the contours were then plotted using Surfer version 8.4.


2.2.3  W a te r sam ple analysis a n d  generation  of inherent optical properties


The  Chlorophyll-a  was  estimated  as  per  Strickland  and  Parsons  (1972).  The 
CDOM   analysis  was  carried  out  as  per  Kowalczuk  and  Kaczmarek  (1996).  TSM 
analysis  for concentration was  carried out as per  Gardner et cri.  (1989)  and REVAMP 
protocols  (Tilstone et  al.,  2002),  and  the  absorption coefficient  analysis  was  carried



(39)out using  filter pad technique  (Cleveland  and Weidemann,  1993;  Tassan and Ferrari, 
 1995). The detailed procedure is explained in Chapter 3.


2.2.4  Satellite D ata p ro cessin g


The  satellite  data  used  for  the  present  study  was  the  IRS-P4-OCM  (Indian 
 Remote  Sensing  Satellite  -   PSLV 4  -   Ocean  Colour  Monitor)  data.  It  was  procured 
 from the National Rem ote  Sensing Centre (NRSC), Hyderabad.  The sensor OCM was 
 launched  onboard  IRS  — P4  satellite  in  1999  in  a  sun-synchronous  polar  orbit  at  an 
 altitude  o f 720  km.  It  passes  the  equator  at  local  noon  (±20  min).  This  nullifies  the 
 effect  o f the  sun  zenith  angle  in  the  recorded  data  for  which  correction  has  to  be 
 applied otherwise.  The OCM  has 8 bands,  6 in visible and 2 in NIR. The details o f the 
 sensor are summarized in the table below.


Table 2.2 Table showing specifications o f the Ocean Colour Monitor (OCM)
 P a ra m e te rs Specifications


Spatial Resolution 360 x  250 m


Swath 1420 km


No. o f Spectral bands 8


Spectral range 402 -  885 nm


Revisit time 2 days


S p ectral B and C en tral w avelength 
 (bandw idth) in n m


S aturation  radiance 
 (pW /cm2/sr/nm )


C l 412 (20) 35.5


C2 442 (20) 28.5


C3 489 (20) 22.8


C4 512(20) 25.7


C5 557  (20) 22.4


C6 670 (20) 18.1


C l 768(20) 9.0


C8 867  (20) 17.2
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(40)The  OCM  data  o f   12th  January,  12th  February,  18th  March,  13th April,  11th 
 May,  17th September,  9th  October,  11th N ovem ber and 09th December 2005  were used 
 in the present study.  The  data were processed using ERDAS  Imagine  8.4.  The  OCM 
 data  is  provided in  16-bit  binary  format.  In  addition to  the  above,  a  LEADER.OCM 
 file  is  supplied with the  data.  This  file  contains  data  infonnation  about  image  record 
 length,  num ber  o f rows  and  columns  o f the  image,  line header bytes  and  file header 
 bytes  required  to  import  data.  The  geometric  correction  was  then  performed  using 
 Ground  Control Points  (GCP).  The  scene  input and reference  coordinates were  taken 
 in  the  file  LEADER.OCM.  The  coordinates  were  given  in  terms  o f Longitude  and 
 Latitude  corresponding to  pixel  and scan  o f the  image.  The  geometric correction was 
 perform ed  as  polynomial  w ith  a  suitable polynomial  order and the  images were  then 
 projected  as  ‘Geometric  Lat  /  Long’.  Subsequently,  land  masking  was  done  to 
 highlight  ocean features.  For masking  the  land,  binary masking  scheme  was  adopted 
 (Assign,  Land=0  and  O cean=l).  Then,  the  digital numbers  (DN)  were  converted into 
 radiance by  dividing the  DN values by  different  constants  corresponding  to  different 
 bands.  The  unit  o f  radiance  values  was  pW /cm2/nm/sr.  Subsequently,  atmospheric 
 correction was  applied to  different pixels  o f each visible band by  subtracting aerosol 
 radiance  (La)  and  Rayleigh  radiance  (Lr)  computed  from  in-situ  measurements.  The 
 details are given in Chapter 4.  Further, the retrieval algorithm was applied to generate 


CDOM and salinity. The images were then classified and composed into a map.



(41)
Chapter  3.



Bio-optical properties of estuarine waters and the

associated light climate



(42)The  bio-optical  properties  o f a  water  column  consist  o f the  absorption  (a), 
 scattering  (b)  characteristics,  diffuse  attenuation  coefficient  (lqj)  and  remote-sensing 
 reflectance (R^) mainly due to the optically active constituents (OAC) (Chlorophyll-a, 
 chromophoric  dissolved  organic  matter (CDOM)  and total  suspended matter (TSM)) 
 (Sathyendranath et  al.,  2000).  The  presence  o f  the  three  OAC  with  overlapping 
 optical properties  led to  the  classification o f coastal  and estuarine waters  into  Case  2 
 waters  (Morel  and Prieur,  1977).  The  optical  characterisation  o f these  waters  can  be 
 dealt  with  more  accurately  if  the  optical  properties  are  available  in  high  resolution. 


These  parameters  can  either  be  derived  from  water  sample  analysis  or  from 
 radiometer  and  absorption-attenuation  meters.  The  downwelling  diffuse  attenuation 
 coefficient  (k<j)  can  be  considered  as  a  measure  o f  water  quality  as  attenuation 
 coefficients  do not vary much if the composition o f the water remains  fairly constant 
 (Baker  and  Smith,  1979).  Rrs,  an  AOP,  is  the  ratio  o f Lu  to  Ed  (two  AOP),  fairly 
 depends on two IOP, absorption (a) and back scattering (bj>)


The  remote  sensing  reflectance  helps  in  understanding  both  absorption  and 
 scattering and therefore,  can be used as a single property to characterise a water body. 


The  Remote  sensing  reflectance  (Rrs),  the  spectral  signature,  is  the  measure  of the 
 colour  o f the  water  column,  which  indicates  the  water  type  and  is  widely used  for 
 classification of the  water types  (Szekielda et al.,  2003).  It is  imperative  to  study the 
 IOP  derived  from  water  samples  to  enable  the  understanding  o f  its  effect  on  Rr


variability.  Hence,  this  chapter deals with the  results  of an attempt to  understand  the 
optical  nature  of the  water  using  the  data  derived  from  both  radiometer  and  water 
sample analyses.



(43)3.1  W ater  sample  analyses  and  generation  o f inherent  optical  properties  (IOP) 
 through spectrophotometric measurements


3.1.1  Chlorophyll-a estimation:


Chlorophyll-a was  estimated as per Strickland and Parsons (1972).  During the 
 field  survey,  the  samples  were  collected  and  filtered  on  the  trawler,  using  0.45 pm 
 M illipore glass fibre filters.  1  m l o f Saturated MgCC>3 was spread on the filter paper at 
 the  end  o f  the  filtration  to  prevent  biodegradation.  The  filter  pap v;  was  crushed, 
 soaked  in  90%  acetone  and  kept  in  dark  at  low  temperature  for  20-24  hours  for 
 pigment  extraction.  Subsequently,  the  chlorophyll-a  extract was  centrifuged  at  3000 
 r.p.m.  for  10-15  minutes  and its  volume was  made to  10 ml by adding  90% acetone. 


The  sample  optical  density  (OD)  was  then measured using Perkin Elmer Lambda 35 
 UV/Vis  Spectrophotometer using  1  cm cuvette in the  spectral range 400 nm - 700 nm 
 with an interval o f 1  nm against the cell containing 90% acetone as blank.


The  chlorophyll-a  concentration  was  then  calculated  (Strickland  and  Parsons,  1972) 
 as


Cc=   11.6*(ODc(665))-l .31 *( ODC(645))-0.14*(ODc(630))*v/V (ug/1)  (3.1)
 Where,


ODC(A)=OD(A)-OD(750)


Cc= concentration o f chlorophyll-a
 V  = volume of extract


V  = volume of water filtered


The absorbance for chlorophyll-a was calculated as


ac (A.) = 2.303  * ODc(A)  * 100 ( in 1)  (3.2)
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(44)(3.3)
 a*c(A,) =  ac (X)/ Cc


where a*c is the specific absorption coefficient o f Chlorophyll-a


3.1.2  Total Suspended M atter (TSM) estimation


The Total Suspended M atter (TSM)  estimation was carried out by filtering the 
 water samples in the laboratory using pre-weighed 0.45  pm Millipore membrane filter 
 papers  (Strickland and Parsons,  1972).  Subsequently, the  salts  collected on the filters 
 were  removed  by  rinsing  the  filters  with  50  m l  o f distilled  water  (Van  der  Linde, 
 1998).  These  filters  were  dried  in  hot  air  oven  at  70°  C  for  24  hours  (REVAMP 
 protocol,  Tilstone et al., 2002).  Subsequently, the filters were placed in desiccator for 
 cooling and weighed again to calculate the concentration (Cs) o f TSM as,


Cs = weight o f the filter after filtration -  weight o f the filter before filt.ation (mg/1).


The  sample  OD  (ODf)  was  measured  in  the  spectral  range  400  nm  -700  nm 
 with an interval o f 1  nm using filter pad technique (Cleveland and Weidemann,  1993; 


Tassan and Ferrari,  1995) with pre-combusted glass fibre filter as blank.


The  absorption  coefficient  o f  TSM  (as)  is  given  as  per  Cleveland  and 
 W eidemann (1993) and Tassan and Ferrari (1995).


a,(X,) = 2.303  ODs(A) / (V/f)  (3.4)


where, as(7) is the absorption coefficient o f TSM,  ‘V ’  is the filtration volume (m3) and 


‘f   is the filtration area (m2) and ODs is the corrected OD of TSM give, ', as 


ODs(7,) = 0.378ODf(X) + 0.523  [ODf(7)]2  (3.5)


W here, ODf (X) is the optical density of total suspended particulate matter. 


a*s (X) = as(A)/ Cs  (3.6)



(45)3.1.3  Chromophoric dissolved organic matter (CDOM) estimation


The  CDOM  estimation  from  the  water  samples  was  carried  out  according  to 
 the  method  suggested  by   Kowalczuk  and  Kaczmarek  (1996).  The  samples  were 
 collected  and  immediately  filtered  on  trawler  using  0.2pm  Whatman  membrane 
 filters.  0.5  M   HgC^  was  added  to  prevent biological  degradation  and then  stored  in 
 dark at low temperature. The OD for CDOM samples was then measured using Perkin 
 Elm er  Lambda 35  UV/Vis  Spectrophotometer over the  spectral range 400 nm to 700 
 nm  w ith  an  interval  o f  1  nm  against  distilled  water  as  blank.  The  absorption 
 coefficients were obtained as


acDOMiM = 2.303*OD(A.)  *100 (m4)  (3.7)


The spectral absorption coefficient was  calculated by normalizing with respect 
 to 440 nm (Kowalczuk and Kaczmarek,  1996) using the formula, 


scdom(^) = acDOM(440)*e s^x"44°) ( m !)  (3.8)


W here,


£Icdom(440)  is  the  CDOM  absorption  measured  at  440  nm  and  ‘s’  is  the  slope 
 coefficient.


The  slope  coefficient  was  determined  as  slope  o f linear  fit  to  the  function 
 ln[acDOMi(^)]  for the range 400 nm  - 700 nm.  Absorption coefficients were corrected 
 for backscattering o f small particles and colloids, which passes through filters (Green 
 and Blough,  1994).


UcDOMcorr {k) = ^CDOM (^) — 3CDOm(700)*(X, / 700)  (3-9)
 Where,


acDOMcorr(^) is the corrected absorption at wavelength (k) 
 acDOM(^) is the measured absorption at wavelength (k) and
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(46)acDOM(700) is absorption at 7 0 0  nm.


The  magnitude  o f aCDOM  (440)  is  the  index  o f concentration while  the  spectral  slope 
 (s) is the measure o f its composition (Stedmon and Markager, 2003).


Hence, the total absorption, a (X), by different OAC’s is calculated as 


a (X) =  aw (X) + a*c (X).  Cc +  a*s (X).CS + a CDOM (X)  (m'1]  (3.10)
 The  subscript  w>  c,  s  and Cd o m refer  to  water  molecule,  Chlorophyll-a,  TSM  and 
 CDOM,  respectively.  The  absorption coefficients  for water molecules  were  obtained 
 from Pope and Fry (1997).


3.2 Optically Active Constituents (OAC) concentration and absorption
 3.2.1  Chlorophyll-a


3.2.1.1 Temporal and spatial variability of Chlorophyll-a


In  Mandovi  estuary,  the  pre-monsoon  distribution  o f chlorophyll-a  revealed 
high concentration (4.69  p.g/1) in the upper zone with gradual decrease towards middle 
and  lower  zones.  However,  in  Zuari  estuary,  the  middle  zone  depicted  highest 
chlorophyll  concentration (11.15  pg/1 at Z10)  (Fig.  3.1b) and the lower zone depicted 
the  lowest  concentration  (0.9  jj.g/1  at  Z15).  This  result  was  in  accordance  with  the 
findings o f Prabhu M atondkar et al.  (2007) who attributed the distribution to presence 
o f freshwater  amenable  phytoplankton in  Zuari  estuary in  greater  abundance  than  in 
the Mandovi estuary.
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Fig.  3.1  Temporal  and  spatial variability o f Chlorophyll-a in a)  Mandovi  estuary and 
 b) Zuari estuary


The  distribution  pattern  was  different  during  monsoon  season,  wherein  the 
 maximum  concentration  (9.8  pg/1)  was  encountered  in  the  middle  zone  with  low 
 concentration  both  in  upper  (0.45  pg/1)  and  lower  (1.75  pg/1)  zones  in  Mandovi 
 estuary.  The  Zuari  estuary  depicted  high  concentration  in  the  upper  zone  (Z01,  8.1 
 pg/1),  decreased  at  the  middle  zone,  then  increased  at  Z09  and  remained  high 
 throughout lower zone  (~10  ju.g/1).  Here,  again the fresh water phytoplankton  showed 
 prominence  which  could  be  attributed  to  the  increased  freshwater  flow  during  this
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(48)season.  Although,  the  freshwater  flow  in  Mandovi  is  four times  greater  than  that  in 
 Zuari,  the  chlorophyll-a  concentration  is  low.  The  Mandovi  estuary  supports  more 
 euryhaline phytoplankton w hich displays increased chlorophyll-a with slight decrease 
 in  salinity (Prabhu M atondkar et al.,  2007).  However, that is not the  case here  as the 
 M andovi  basin  is  completely  filled with  fresh  water  (Fig.  2.2  b)  and  cannot  support 
 euryhaline phytoplankton.


During post-monsoon,  Chlorophyll-a concentration didn’t vary much between 
 the  different  zones  o f both M andovi and Zuari  estuaries.  However, the  Zuari estuary 
 exhibited higher concentration o f  Chlorophyll-a than the Mandovi  estuary in all three 
 seasons and all three zones.


3.2.1.2  M ean  and s ta n d a rd  deviation of absorption by Chlorophyll-a (ac(k)).


A)  Pre-m onsoon.


Fig.  3.2  shows  the  mean  and  standard  deviation  o f  the  absorption  by 
 Chlorophyll-a  during  pre-monsoon.  The  absorption  spectra  depict  two  absorption 
 peaks  o f  Chlorophyll-a  (primary  peak  at  438  nm  and  secondary  at  665  nm).  The 
 spectral  characteristics  remained  same  for  all  the  three  zones  in both  estuaries.  The 
 highest mean  was  observed  at  the  middle  zone  in both Mandovi  and Zuari  estuaries 
 (Fig.  3.2(ii)a  and  b)  and  the  lowest  mean  in  the  lower  zone  (Fig.  3.2(iii)a  and  b). 


However,  the  standard  deviation  was  highest  in  the  middle  zone  for  Mandovi  (Fig. 


3.2(ii)a) and lower zone for Zuari (Fig. 3.2(iii)b).



(49)(i)


Oi)


(iii)


Fig.  3.2  M ean  and  Standard  deviation  ofSpectral  variation  of absorption  coefficient 
 (ac(X,))  in  pre-monsoon  at  (i)  upper  (ii)  middle  and  (iii)  lower  zones  o f (a)  Mandovi 
 and (b) Zuari estuaries


B)  M onsoon


The  absorption  spectra  during  monsoon  season  were  the  same  as  in  the  pre


monsoon  season.  However,  there  was  a  large  difference  between  the  two  estuaries. 


The mean value  for Zuari  was  observed to be  two  to three times higher as  compared 
 to  that for Mandovi.  In Mandovi  estuary,  the absorption values were in a small range 
 between  0-0.15  m '1.  In  Zuari  estuary,  the  highest  mean  was  observed  in  the  middle 
 zone  (Fig.  3.3(ii)  b)  and  lowest  in  the  upper  zone  (Fig.  3.3(i)  b).  However,  the
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(50)standard deviation was found to be the highest in the upper zone (Fig.  3.3(i) b) and the 
 lowest in middle zone (Fig.  3.3(ii) b). To facilitate appropriate comparison, a uniform 
 scale was uniformly maintained. Hence, some graphs exhibited flat spectrum.


(i)


0 0


(iii)


Fig.  3.3 M ean and standard deviation o f spectral variation of absorption coefficient of 
 chlorophyll-a  (ac(A.))  in  monsoon  at (i)  upper,  (ii)  middle  and (iii)  lower zones  of (a) 
 M andovi and (b) Zuari estuaries.


C )  Post-m onsoon


The  spectral  characteristics  of  the  absorption  spectra  during  post-monsoon 



(51)similar in  both  the  estuaries  (Fig.  3.4).  In M andovi  and  Zuari,  the  highest mean was 
 observed  in  the  upper  zone  (Fig.  3.4(i)  a  and  b)  and  lowest  in  the  lower zone  (Fig. 


3.4(iii)a  and  b).  However,  the  standard  deviation  was  found to  be  th?  highest  in  the 
 middle zone (Fig. 3.4(ii) a and b) for both the estuaries.


(i)


(ii)


(iii)


Fig.  3.4 M ean and standard deviation o f spectral variation of absorption coefficient of 
 chlorophyll-a  ((ac(X)))  in  post-monsoon  at  (i)  upper  (ii)  middle  and  (iii)  lower zones 
 for (a) Mandovi and (b) Zuari estuaries


The  difference  in  the  magnitude  o f absorption  by  Chlorophyll-a  was  clearly 
 evident between the seasons and the zones.
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