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ABSTRACT

The  hydro-optical  properties  of  coastal  and  largely  off-
coastal waters of the Bay of Biscay are essentially non-case 
1  waters  due  to  a  wealth  of  factors  encompassing,  inter  
alia,  extensive  river  discharge,  wind-driven  bottom 
sediments  resuspension,  development  of  calcifying  algae, 
etc.  This  precludes  the  employment  of  standard  NASA 
(SeaWiFS,  MODIS)  or  ESA  (MERIS)  ocean  colour 
algorithms.  We  developed  an  array  of  new  dedicated 
algorithms for  assessing from SeaWiFS and MODIS the 
abundance and areal extent of suspended minerals, endemic 
non-harmful  algal  blooms,  as  well  as  identification  and 
mapping of areas of two harmful phytoplankton groups - 
Lepidodinium  chlorophorum and  Emiliania huxleyi. 
Through a thoroughly substantiated procedure of bridging 
of SeaWiFS and MODIS data on such optically complex 
waters, seasonal to decadal dynamics in the biogeochemical 
processes  and  specifically  algal  ecology  in  the  Bay  of 
Biscay is documented and related to intrinsic hydrological 
processes,  external  forcing and climatic tendencies  in the 
area. 

1. INTRODUCTION

The Bay of Biscay is a gulf of the northeast Atlantic Ocean 
lying along the western coast of France from Brest south to 
the Spanish border, and the northern coast of Spain in the 
Spanish Basque Country. Its limits are defined as a “line 
joining Cap Ortegal (43° 46’ N 7°52’W) to Penmarch Point 
(47° 48’  N 4°22’W) [1].  Extending far  into the bay,  the 
continental shelf causes rough seas for which the region is 
known,  being  home  of  the  Atlantic  Ocean’s  fiercest 
weather and the arena of severe storms, especially during 
late autumn-early spring. 
The ecosystem of  the  pelagic  region  of  the  bay  sustains 
numerous species of whales and dolphins as well as such 
fish as sardine or mackerel, which play a significant role in 
French  and  Spanish  fish  industry.  The bay’s  coastline  is 
highly diversified with estuaries, rias and wetlands, which 

all support extremely productive ecosystems. The main 
human activities  in  the  region include,  among others, 
tourism,  fishing  and  aquaculture,  shipping,  sand  and 
gravel extraction. and new developments of wave, tide 
and  wind  power  generation.  The  coastal  strip  has  an 
increasing high population density. Industries of various 
types, agriculture and land based activities are located 
along  the  coasts.Thus,  the  ecological  state  and  its 
dynamics are of significant importance for the riparian 
countries.
Large spatial dimentions, and frequently severe/stormy 
conditions  for  cruising  sensibly  hamper/encumber  the 
surveillance of  biogeochemical  processes  unfolding in 
the Bay of Biscay by means of tradional methods, such 
as  measurements  at  stations.  Satellite  monitoring as  a 
component of an integrated monitoring system can offer 
more opportunities, some of which are examplified in 
the sections below. 

2.  DATA SOURCES CHARACTERIZATION

We  employed the  extensive  in  situ data  sets  on  the 
concentration  of  phytoplankton  chlorophyll,  chl and 
total suspended matter ,  tsm performed by or with the 
participation  of  IFREMER  [2].  The  data  have  been 
collected  quasi-concurrently  with  the  overflights  of 
SeaWiFS and MODIS, from 409 (chl) and 213 (tsm) 
sampling stations for SeaWiFS and 261 (chl) and 155 
(tsm) for MODIS during 1998-2004 (for SeaWiFS) and 
2002-2007  (for  MODIS).  The  overall  number  of 
match-up  measurements  for  SeaWiFS  and  MODIS 
was,  respectively,  1236  and  886  for  chl and 
accordingly  625  and  361  for  tsm.  The  range  of  chl 
concentrations  determined  in  cruise  and  stationary 
measurements were 0.01-52.9 µg/l and 0.01-35.24µg/l 
for SeaWiFS and MODIS match-ups, respectively. For 
tsm the  respective  ranges  constituted  0.12-18.8  mg/l 
and 0.18-18.97 mg/l. In addition to match-ups, a large 
number of chl and tsm concentrations measured in situ 
were  used to  compare  the performance  efficiency  of 
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the developed   bio-optical algorithms (see sections below) 
for  SeaWiFS  and  MODIS  (about  9100  and  7100  for 
SeaWiFS and MODIS for chl and 2500 and 1710 for tsm).

The satellite L2 data (1998-2004 for SeaWiFS and 2002-
2007  for  MODIS)  as  spectral  normalized  water-leaving 
radiances at  1 km resolution were downloaded from the 
ocean  color  browser 
(http://oceancolor.gsfc.nasa.gov/cgi/browse.pl?sen=am). 
These  data  were  processed  at  NASA  with  5.2  and  1.1 
reprocessing  codes  for  SeaWIFS  and  MODIS, 
respectively,  that  include  the  NASA  atmospheric 
correction  procedures.  The  latter  automatically  switch 
from case 1 to case 2 water modes of operation. There data 
were  used to  calculate  the spectral  values  of  subsurface 
remote sensing reflectance,  Rrsw(λ) as defined in  [3, 4]. 
Only  match-up  measurements  were  employed  for  bio-
optical algorithm development. The rest part of the body 
of  spaceborne  measurements  was used for  assessing the 
performance  efficiency  of  the  eveloped  water  quality 
retrieval  algorithms  as  well  as  for  assessing  the 
compatibility of SeaWiFS and MODIS data.

3. METHODOLOGY

3.1 Algorithms for the retrieval  of  chl and  tsm in 
the coastal zone from SeaWiFS and MODIS data 

Gohin  et al. [2] have shown that the NASA standard  chl-
retrieving algorithms yield strongly inaccurate results when 
applied to the coastal zone of the Bay of Biscay. We had to 
develop algorithms specific for  this area. Algorithms are 
based on the neural network (NN) emulation technique [5] 
exploiting  the  SNNS  package  (ftp://ftp.informatik.uni-
stuttgart.de/pub/SNNS/).Through a series of trial and error 
experiments to attain an optimal configuration of the sought 
for  networks the following architecture  was employed:  6 
neurons  in  the  input  layer,  10  and  3  neurons  in, 
respectively, first and second hidden layers and one neuron 
in the output layer. The neurons in the input layers acquired 
Rrsw values  at  412,  443,  490,  510,  555  and  670  nm for 
SeaWiFS network and at 412, 443, 488, 531, 555 and 667 
nm for MODIS network.
In  the  final  stage  of  training and validation,  the attained 
root mean square error was 3.2  µg/l (SeaWiFS) and 2.50 
µg/l (MODIS) for chl and 2.9 mg/l (SeaWIFS) and 2.9 mg/l 
(MODIS) for tsm. 
Comparison with in situ match-up data was performed via 
assessing the coefficient of correlation R, the NN algorithm 
performance  for  chl proved  to  be  0.79  and  0.72  for  the 
SeaWiFS and MODIS match-up data, respectively. For tsm 
the R values were found to be 0.71 and 0.74, respectively. 
For comparison, the performance of the OC5 algorithm that 
retrieves only one parameter – chl [2] is characterized by R 
=  0.7  (RMSE  =  5.390  µg/l)  for  SeaWiFS  and  R~  0.6 
(RMSE = ~3 µg/l) for MODIS [6]. Thus, the performance 

of  the  NN  algorithm  prevails  over  that  of  the  OC5 
algorithm [although it  is our knowledge that the OC5 
look-up tables are being improved by Gohin et al., but 
we are unaware of the respective published results].

3.2 Algorithm for identification and mapping of 
Lepidodinium chlorophorum.

To  our  knowledge,  no  L.  chlorophorum-dedicated 
algorithms have  been  developed  so  far.  As  in  A,  the 
SNNS package   has been exploited in our study. The 
following architecture was employed: 6 neurons in the 
input  layer  (=  number  of  the  MODIS-Aqua  spectral 
channels)  (in  this  case  only  MODIS  data  were 
employed),  6  neurons  in  the  hidden  layer  and  one 
neuron in  the output layer.  Input data are  underwater 
remote  sensing  reflectance  [Rrsw(λ)]  in  the  MODIS 
visible  bands.  Input  values, Rrsw(λ)  in  6  channels  are 
inverted  by  the  network  and  the  result  is  a  number 
ranging  from  0  to  1.  0  indicates  the  absence  of  L.  
chlorophorum  blooming,  1  means  that  the  pixel 
confidently  belongs  to  L.  chlorophorum blooming. 
Results in between 0 and 1 were considered as transition 
from not blooming to blooming area. And were rounded 
either down to 0 or  up 1.
Another  algorithm  developed  by  us  is  based  on  the 
fuzzy c-mean (FCM) technique, in which fuzzy clusters 
are  described  by  a  matrix  of  fuzzy 
partitioning/fragmentation.  Fuzzy  partitioning  permits 
to easily solve the problem related to objects located on 
the  interface  of  two  clusters:  it  is  done  through 
attributing to them the degree of belonging equal to 0.5. 
Fulfillment  of  fuzzy  clusterization  is  based  on  non-
linear optimization, which in our case is the Lagrangian 
method  of  non-determined  factors/multiplies.  The 
algorithm  performance  is  effected  through  several 
sequential steps repeated iteratively [7].
For  processing  by  both  algorithms  (NN  and  FCM), 
satellite  data  were  subjected  to  a  preliminary 
processing:  Rrsw(λ)  spectra  with  a  minimum  (or  a 
downward inflexion) in the third MODIS channel (488 
nm) [due to  chl-b and peridinin absorption inherent in 
L.  chlorophorum ]  were  left  for  further  analysis.  The 
above criterion is not self-sufficient:  the identification 
efficiency of the two algorithms resides in the analysis 
of the spectral signatures in all channels of MODIS, but 
this criterion proves to be very helpful and instrumental 
for increasing their accuracy.
Using IFREMER in situ data, the performance of both 
algorithms has  been  assessed.  As Table shows,  in  all 
cases of high concentrations of L. chlorophorum, both 
algorithms  unmistakably  identify  the  presence  of  this 
species. However, when the concentration is low or this 
species is marginal  in the phytoplankton complex, the 
identification accuracy decreases due to suppression of 
L.  chlorophorum  spectral  signatures  in  the  resulting 
spectrum of , Rrsw(λ).
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The efficiency of the NN and FCM algorithm identification 
of L.  chlorophorum  assessed through comparison with in 
situ counts of L. chlorophorum cell number at two stations 
viz.  Ouest-Loscolo and Le-Croisic  (located 47° 27’N -2° 
32’W and 47° 18’N -2° 31’W  ) has shown that  67 % of 
blooming events are identified correctly by each algorithm 
and  75%,  when  both  algorithms  were  applied  conjointly 
(ensembled). Thus, though  the  developed  NN  and  FCM 
algorithms do not perform identically it can be seen from 
above  that the results yielded by them are very close: this 
assures employing them within an ensemble approach. 
 
3.3  Algorithm for the detection and quantification 
of Emiliniania huxleyi in the presence of coccoliths and 
coexisting diatoms 

Previously, Batch et al. [8] have developed an algorithm for 
determining in case I waters the concentration of E. huxley, 
chl  and  coccoliths  in  the  absence  of   other  co-existing 
species  of  phytoplankton.  In  the  Bay  of  Biscay  the  E. 
huxleyi blooms  are  accompanied  by  diatoms.  This 
necessitated  to  develop  a  dedicated  algorithm  for  this 
specific area. Our algorithm is based on a compiled hydro-
optical  model  embedded  into  the  Levenberg-Marquardt 
multivariate optimization code [9].

3.3.1  Description of the L-M procedure

It  relies  on  the  comparison  of  spaceborne  subsurface 
remote sensing reflectance,  Rrsw(λ,) [which is a function of 
both,  the  concentration  vector  C  encompassing  all 
coexisting major colour producing agents in water (CPAs) 
and the respective CPAs specific spectral absorption a*(λ) 
and  backscattering  b*

b (λ)  coefficients]  with  its 
calculated/modelled  counterpart   R*rsw(λ).   The 
multidimensional  least-square  solution  of  the  problem  is 
attained by minimizing the squares  of the residuals  gi(C) 
between R*  and  Rrsw:   f(C)=  ,  where  

gC =∑
j

R∗j λ −R rsw j
 λ,C 

Rrsw j
 λ,C 

.  The  absolute 

minimum  of  f(C) can  be  found  with  the  Levenberg-
Marquardt  finite  difference  algorithm  [10,  11],  which 
assures a rapid convergence of the iterative procedure. We 
employed the parameterization of R*(λ) as in [12]  for case 
2 waters that holds for a wide range solar zenith angles and 
viewing angles close to the nadir.

3.3.2 Hydro-optical model.

Coccolithophore  Emilinia  huxleyi is  known  to  develop 
mainly in the off-coastal water of the Bay of Biscay [13]. 
Cells of coccolithophores are covered with plates/scales of 
calcium  carbonate.  The  number  of  scales  per  cell  may 
significantly vary irrespective  of  E. huxleyi cells.  Hence, 
coccolithophore bloom areas  even in open marine waters 

should be subsumed under the category of case 2 waters 
[14].
We  tabulated  the  specific  spectral  backscattering 
(bb*(λ))  of  coccolithophore  cells  and  coccoliths 
following [15], and used the specific spectral absorption 
(a*(λ)) of coccolithophore reported by [16]. Coccoliths 
we assumed unabsorbing in  the visible.  According  to 
[14],  the  non-calcifying  phytoplankton  preceding  and 
eventually  co-existing  with  E.  huxleyi blooms  are 
predominantly  diatoms,  whose  a*(λ),  bb*(λ)  are 
reported  e.g.  in  [17].  Thus,  the  inherent  optical 
properties of the waters  prone to  E.  huxleyi blooming 
(off–coastal bay waters void of  cdom and terrigeneous 
sm,  see [18] can be given as follows (the wavelength 
dependence is dropped for simplicity reasons):
a=aw+a*php⋅Сphp+a*coc⋅Ccoc+a*cc⋅Ccc; 
bb=bbw+bb*d⋅Cd+bb*cocCcoc+bb*cc⋅Ccc ,
where subscripts  w,  d ,  coc,  cc stand for, respectively, 
for  water,  diatoms,  coccolithophores,  and  coccoliths 
(cc);  a*cc  can  be  assumed  zero  as  coccoliths  are 
practically non-absorbing in the visible.

3.4 Data merging procedure

Our  dedicated  research  [19]  on  compatibility  of 
SeaWiFS and MODIS data processed with our Bay of 
Biscay  specific  bio-optical  algorithms has  shown that 
that SeaWiFS and MODIS data spatially and temporally 
averaged  over  the  coastal  zone  as  a  whole  or  over 
selected areas  (of  a few thousand square km2) can be 
confidently  merged:  the  mean  absolute  error  and 
correlation coefficients for the overlapping time period 
(July  2002  –  December  2004)  proved  to  be, 
respectively, 18.42% and 0.91 for  chl,  and 8.63% and 
0.93 for tsm (Fig. 1).

4. RESULTS AND DISCUSSION: SEASONAL 
AND INTERANNUAL DYNAMICS OF THE 
BAY’S BIOGEOCHEMICAL PROCESSES

In full conformity with the historical  in situ data [20], 
the seasonal variations in chl in the coastal zone exhibit 
two  maxima:  a)  in  late  spring-midsummer,  and  in 
autumn (late September-October) with the prevalence of 
the  first  algal  outburst  intensity.  The  peeks  slightly 
displace  from  year  to  year,  the  reasons  of  these 
displacements are discussed below.
The peaks of tsm variations occur in January, which are 
generally accompanied by secondary peaks showing up 
in April-May and in autumn. This sequence is dictated 
by the perennial pattern of river discharge into the Bay 
of Biscay [20, 21]. In winter time, tsm plumes appear as 
a result of wind-driven resuspention, which is regularly 
seen in ocean colour serveillance data.  Application of 
our  NN  algorithms  permitted  not  only  accurately 



document  all  phases  of  this  phenomenon  (the  onset  and 
duration) [19], but also quantify the amount of sediments 
released  into  the  water  column  assuming  that  it’s 
completely mixed.
Decadal  variations  observed  from  space  indicate  a 
significant interannual variability in the hydrographic and 
biogeochemical  regimes  in  the  Bay  of  Biscay.  Fig.  1 
illustrates the time series (1997-2009) of variations in  chl 
(Fig. 1a) and  tsm (Fig.1b) within the coastal  zone. These 
data demonstrate that three periods might be identified with 
a  specific  behavior  of  chl variations:  1998-~2003;  2003-
2004 and 2005-2008. Of these three periods  the middle one 
is  characterized  by  an  appreciable  decrease  of  the  algal 
biomass (mean  chl is 0.86  µg/l). Thus we distinguish two 
patterns in the ecosystem functioning: the first (1998-2002) 
is characterized by a slow decline in primary productivity(- 
0.36 µgchl/l per decade), while during 2005-2008 the trend 
switches to positive a value of ~ +0.58 µgchl/l per decade.  
The  general  pattern  (Fig.  1b)  of  the  tsm time  series 
resembles  rather  closely that  of  chl (Fig.  1a):  during the 
period 1997-2009 there was a relatively short span of time 
(2004-2006) characterized by an appreciable ebbing in the 
input of tsm in the coastal zone. Further on, this feature was 
replaced by a rapid “climbing” of the plot, which, like in 
the  case  of  chl (Fig.  1a)  eventually  took  the  form  of 
building up seasonal oscillations. Based on these two time 
series,  it  can be suggested that  the period of  slow-down 
was  a  result  of  a  temporal  reduction  in  river  discharge, 
which entrained a decrease in  tsm and nutrients input into 
the coastal zone with a subsequent effect on phytoplankton 
growth.
Our investigation of seasonal and interannual variations in 
the onset  and duration of  chl blooms and  tsm plumes as 
well  as  their  off-shore  extent have  shown that  there  are 
several  cases/years,  when  these  features  differ  from  the 
pattern common for the coastal zone of the Bay of Biscay 
(Fig. 2).

a)

b)

Figure 1. Time series (1997-2009) of variations in chl,  
µg/l (a) and tsm, mg/l (b) 

Fiure 2. Time series of phytoplancton blooms with chl  
concentration higher than 7 µg/l in the northern part of  
the Bay of Biscay.

 Some of these variations can be explained by specific 
weather  conditions,  but  in  1999,  2007,  and  2008 the 
driving  mechanism  was  obviously  upwelling-driven 
replenishment of nutrients, which is illustrated in Fig. 3 
for 2008. Upwellings occur in the northern part of the 
bay  due  to  steady  (lasting  at  least  for  several  days) 
north-eastern winds blowing there [21]. 
The  aforementioned  reported  data  on  the  winter-time 
resuspension events and mid-summer upwelling-driven 
enhancements  and  areal  expansions  of  phytoplankton 
blooms  are  both  indicative  that  the  biogeochemical 
fields in the Bay of Biscay are significantly controlled 
by winds. 

Figure 3. Phytoplankton bloom in the first week of June  
2008 caused by upwelling.

Our  spaceborne  investigation  of  the  multi-year 
dynamics  of  L.  chlorophorum  blooms in  the  Atlantic 
French coastal zone has shown that there are two areas, 
where  such  blooms burst  out  rather  sporadically,  but 
each such event is spatially very extensive (see e.g. Fig. 
4a), whereas in other regions, predominantly adjacent to 
and directly in the deltas of inflowing rivers (see Fig. 
4b) this species growth occurs annually but with a rather 
limited spatial extent.  As Fig. 4 illustrates,  during the 
last decade the sporadic events have a tendency to be 
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more frequent, covering larger areas, which might be due to 
climate change in the region.

a)

b)
Figure 4. The intensity of L. chlrophorum blooms (relative  
area covered by the alga) in the D'Iroise Sea  (a) and in the  
vicinity of the Charente river (b). 

Fig. 5(a) illustrates a massive E. huxleyi blooming event in 
the central pelagic area of the Bay of Biscay revealed in the 
MODIS  image  processed  with  our  L-M  algorithm.  This 
blooming was preceded by a massive diatoms growth, the 
remains of which are discernible on the eastern periphery of 
the  E.  huxleyi bloom (Fig. 5b).The  aftermath  of  the   E. 
huxleyi  bloom is a massive release of coccoliths, which is 
demonstrated in Fig. 5c.

a)

b)

c)

Figure 5. Results of retrieval of concentrations of (а) -  
coccoliths  (10  9plates/l),  (b)  -   coccolithophores  
(µgchl/l),  (с)- diatoms (µgchl/l), from   MODIS on 5  
May  2005  making  use  of  the  Levenberg-Marquardt-
based  algorithm and the  hydro-optical  model  for  the  
open area of the Bay of Biscay described in the text. 

To  investigate  the  multi-year  dynamics  in  the 
occurrence  of  E.  huxleyi blooms  we  employed  RGB 
images  generated  from CZSC,  SeaWiFs  and  MODIS 
data (from 1997-2009 for  SeaWiFS and MODIS,  and 
1978-1986 for CZCS). In this analysis we assessed not 
only the number, but also the areal extent of blooms. In 
the CZSC /pre-SeaWiFS époque the  E.  huxleyi blooms 
were of relatively limited stretch and located south off 
la  Mer  d’Iroise  (Fig.6a).  Later,  the  coccolithophore 
blooms  extended  southwards  expanding  over  much 
larger areas (Fig. 6b). As  Fig. 6 illustrates, these more 
than decadal spaceborne observations are indicative that 
E.  huxleyi bloom  phenomenon  was  becoming 
progressively more extensive till 2005, covering (e.g. in 
2005, Fig. 5a) most of the off-coastal/pelagic part of the 
Bay of Biscay.
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a)

b)
Figure 6. Spatial extent of the  in the northern including  
D'Iroise Sea (a) and central (b) parts of the Bay of  Biscay.

5. CONCLUSIONS 

The developed algorithms for the retrieval  of some water 
quality  parameters  as  well   as  identification  of  harmful 
algae  together  with  the  obtained  solid  justification  of 
compatibility of SeaWiFS and MODIS data in the Bay of 
Biscay  provided  a  possibility   of  establishment  and 
temporal surveillance of numerous seasonal, inter-seasonal 
and   decadal  variations  in  biogeochemical  fields  in  the 
coastal and pelagic areas in this water body. A synergistic 
use  of  satellite  data  on  wind  force  and  direction,  SST, 
ocean  colour  data  and  reported  in  situ  data  permitted  to 
interpret the observed dynamics in biogeochemical fields in 
terms of the local hydrology and climate change impacts. 
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