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While mapping algal blooms from space is nona well-established, mapping undesirable algal 
blooms in eutrophicated coastal waters raises further challenge in detecting individual phytoplankton 
species. In this paper.; an algorithm is developed and tested for detecting Phaeocystis globosa blooms 
in the Southern .North Sea. For this purpose, we first measured the light absorption properties of 
two phytoplankton groups, B  globosa and diatoms, in laboratory-controlled experiments. The main 
spectral difference between both groups was observed at 467 nm due to the absorption o f the 
pigment chlorophyll c3 only present in B  globosa, suggesting that the absorption at 467 nm can be 
used to detect this alga in the field. -4 Phaeocystis-detection algorithm is proposed to retrieve chloro­
phyll c3 using either total absorption or water-leaving reflectance field data. Application o f this 
algorithm to absorption and reflectance data from Phaeocystis-dominated natural communities 
shows positive results. Comparison with, pigment concentrations and cell counts suggests that the 
algorithm can flag the presence o f B  globosa and provide quantitative information above a chloro­
phyll c3 threshold, o f 0.3 mg m J equivalent to a P  globosa cell density o f 3  x  IO6 cells L  1.
Finally, the possibility o f extrapolating this information to remote sensing reflectance data in these 
turbid waters is evaluated.

I N T R O D U C T I O N

In  recent years, several attem pts have been m ade to 
identify phytoplankton functional groups using ocean 
colour data. These studies seive different purposes such 
as (i) harm ful algal bloom  detection (Millie et ed., 1997; 
K ah ru  and Mitchell, 1998; S taehr and Cullen, 2003), 
(ii) accurate retrieval o f satellite-derived chlorophyll a 
concentrations in waters with different dominating 
phytoplankton populations (Sathyendranath et a i, 2004) 
or (iii) m apping the distiibution of phytoplankton groups 
(i.e. diatoms) at a global scale (Alvain et al., 2005).

Discrim ination and identification between phyto­
plankton groups is based on their inherent optical p rop­
erties, nam ely light absorption and backscattering 
(Stuart et al., 2000; Vaillancourt et al., 2004). T he inter­
species differences in these optical properties can be 
retrieved from rem ote sensing data provided they are 
distinct enough to alter the absorption/reflectance 
spectra at certain wavelengths and do not vary signifi­
cantly with the physiological state o f the phytoplankton. 
T he light absorption characteristics of phytoplankton 
groups depend on the pigm ent com position (Hoepffner
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and Sathyendranath, 1991) and on packaging (Morel 
and Bricaud, 1981). Pigm ent composition, and specifi­
cally the proportion of auxiliary pigm ents such as caro- 
tenoids relative to the total chlorophyll a content, varies 
w ith light or nutrient regimes (Johnsen et ed., 1994; 
H enriksen et al., 2002; S taehr et al., 2002).

C ertain bloom  form ing species with specific optical 
signatures have already been identified from rem ote 
sensing. W ith the notable exception of coccolithophores 
w hich can be detected from their veiy strong scattering 
(Smyth et al., 2002), taxa-specific algorithms are gener­
ally based on detecting the absorption of one or m ore 
pigm ents which are characteristic o f the target taxa. For 
example, the unique com bination of absorption features 
in the green (565 nm) caused by phycobilipigments of 
cyanobacteria, e.g. Trichodesmium, forms the basis of an 
algorithm  for the detection of this genus (Subram aniam  
et al., 1999). T he ultraviolet absorption characteristics of 
red-tide form ing dinoflagellates have been used by 
K ahru  and M itchell (K ahru and Mitchell, 1998) to 
differentiate them  from  other species. An algorithm  for 
m apping of cyanobacteria in inland waters was devel­
oped by Simis et al. (Simis et al., 2005), who detected 
phycocyanin based on red absorption (620 nm).

T he prym nesiophyte Phaeocystis globosa, referred here­
after as Phaeocystis, blooms each spring in the Southern 
Bight o f the N orth  Sea stimulated by nitrate enrichm ent 
(Lancelot, 1995; Lancelot et al., 1998). This species 
forms large ungrazed colonies (up to 3 m m  diameter) 
that accum ulate in the water and create, under windy 
conditions, thick layers of foul-smelling foam  on 
beaches, m aking it undesirable (Lancelot et al., 1987; 
Lancelot, 1995). At that time of the year, Phaeocystis and 
diatoms form  the bulk phytoplankton com m unity in the 
Belgian coastal zone (Rousseau, 2000; M uylaert et al., 
2006) and together can reach high levels o f chlorophyll 
a detectable from space (Peters et al., 2005). T he relative 
contribution of diatom  and Phaeocystis to the spring 
bloom  varies between years w ith most years being 
dom inated by Phaeocystis (Breton et al., 2006).

Satellite im agery provides useful inform ation on con­
centrations of chlorophyll a and can be used as a tool 
for m apping the m agnitude and the geographical 
extent of blooms in this area. However, the bulk chloro­
phyll a inform ation is not sufficient to identify w hether 
a bloom  consists o f the undesirable Phaeocystis. Recently, 
Lubac et al. (Lubac et al., 2008) proposed multispectral 
and hyperspectral approaches to detect Phaeocystis based 
on two reflectance ratios and the position of the 
m axim a and m inim a of second derivative analysis of 
reflectance spectra, respectively. These m ethods are 
essentially qualitative and are discussed in m ore detail 
later.

T he objective of this study is to identify an optical 
feature which could be used to discrim inate between 
diatoms and Phaeocystis on the basis of reflectance data 
and hence to develop an algorithm  for the detection of 
Phaeocystis in turbid coastal waters. As a first step, the 
differences in the absorption signature of cultured 
Phaeocystis and diatoms representative of the Belgian 
coastal zone are analysed under different light con­
ditions. T he differences in the water-leaving reflectance 
spectra are then analysed for samples dom inated either 
by diatoms or Phaeocystis. Finally, an algorithm  is devel­
oped and validated to detect the presence and quantify 
Phaeocystis in Southern N orth  Sea waters and the possi­
bility o f detecting Phaeocystis from space is assessed.

M E T H O D

Cultures
Pure strains o f the diatoms Thalassiosira rotula and Ditylum 
brightwellii were obtained from the Plymouth Culture 
Collection. T he Pgbbosa strain BCZ05 was isolated from 
the central Belgian Coastal Zone. Inoculates were grown 
in nutrient replete conditions in 0.2 p.m filtered seawater 
enriched with F20 m edium  in Nalgene polycarbonate 
flasks placed over stir plates in a culture room  at 8 -  10°C 
under a 12 h : 12 h light:dark cycle. Silicate was added to 
the diatom  cultures. Two different light intensities were 
applied to each species: 100 (HL) and 10 (LL) pm ol 
quanta m  " s 1 (Philips M aster T D D  30W /865).

Field sam p les
Sam pling was carried out in Belgian and adjacent 
coastal waters during 7 cam paigns covering spring, 
sum m er and late sum m er from 2004 to 2007 aboard 
the RV Belgica. T he area is characterized by high 
biomass phytoplankton blooms that, com bined with 
sediment resuspension (Fettweis and Van D en Eynde, 
2003) and dissolved m aterial from  riverine origin, result 
in an optically com plex type of water (Astoreca et al., 
2006). Sam pling stations are reported in Fig. 1. At all 
stations, water-leaving reflectance was m easured and a 
20 L seawater sample was taken at the surface for the 
m easurem ent of particulate, phytoplankton and 
coloured dissolved organic m atter (CDOM ) light 
absorption, high perform ance liquid chrom atography 
(HPLC) pigm ents and phytoplankton com m unity com ­
position. Filtration was perform ed im m ediately after 
sampling. Filters were kept in liquid nitrogen less than  1 
week and then stored at — 80°C until analysis. Both cul­
tures and field samples were sampled for light absorp­
tion, pigm ents and phytoplankton counts.
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Fig. 1. Sampling stations in the Belgian Coastal Zone and adjacent waters in the Southern N orth Sea. Borders o f the Belgian Coastal Zone are 
indicated as bold lines.

W ater-leaving reflectance m easurem en ts
W ater-leaving radiance reflectance p;t, was calculated 
from simultaneous above-water m easurem ents of down- 
welling irradiance É¿+, upwelling radiance and sky 
radiance L ^ y, using three TriOS-RA M SES hyperspec- 
tral spectroradiom eters m ounted on a steel fram e at the 
prow of the RV Belgica with zenith angles of the sea- 
and sky-viewing radiance sensors of 40°:

7 7  Z !
0 +

P skŷ sky
7T°+%

( 1)

where p^y is the reflection coefficient for the wave- 
roughened air-water interface. This corresponds to 
“M ethod 1” of the NASA protocols (Mueller et at., 
2000). M ore inform ation on this system and data proces­
sing can be found in Ruddick et al. (Ruddick et al. 2006).

Light absorption  determ ination

Phytoplankton, particle and total absorption measurements 
Seawater was filtered onto 25 m m  glass fibre filters 
(W hatm an G F/F). T he absorbance spectra o f particles 
ODpart(^) retained on each filter was determ ined

following the transm ittance—reflectance m ethod (Tassan 
and Ferrari, 1995). T he transm ittance and reflectance of 
each filter were m easured between 400 and 750 nm  
with a U V IK O N  930 dual beam  spectrophotom eter 
equipped with a 6 cm -integrating sphere for the 2 0 0 4 - 
2006 samples and with a Perkin E lm er L am bda 650 
spectrophotom eter equipped with a 15 cm -integrating 
sphere for the 2007 samples. T he absorbance spectrum  
of non-algal particles retained on the filter OD^/^QC) 
was m easured after particle bleaching with N aO C l 
(0.13% active chlorine) following Ferrari and Tassan 
(Ferrari and Tassan, 1999). Pathlength amplification was 
corrected using an algorithm  which has been validated 
for several phytoplankton species and non-algal p ar­
ticles (Tassan and Ferrari, 1998). A bsorbance values at 
each wavelength were converted into absorption 
coefficients by:

^part/NAp(4)
2.303* QDpalt/ N A p  (A)

A' (2 )

where A’ is the ratio o f filtered volume to the filter 
clearance area.

T he absorption spectra ffpart/NAP (k) were then cor­
rected for scattering in the near infrared by subtracting 
an average over 748 — 752 nm  from all the m easured
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spectra (Babin et al., 2003). T he «napM  spectra were 
corrected by fitting an exponential function to the data 
between 400 and 750 nm  (Babin et a l, 2003).

T he phytoplankton absorption coefficient aph (m ') 
was obtained from

(3 )

Absorption spectra o f aph were norm alized at 675 nm  
in order to remove the variations associated with chlor­
ophyll a and to highlight the differences in the blue- 
green part o f the spectrum.

C D O M  absorption measurements
Some 100 m L of seawater were filtered through a 
0.2 p.m Nuclepore polycarbonate m em brane, prefiltered 
with Milli-Q. water. This filtrate was used to rinse both 
a clean am ber bottle and the filtration flask and was 
then discarded. A second volume was filtered and kept 
in the bottle at 4°C. Absorbance of the filtered water 
was m easured in a U V IK O N  930 dual beam  spectro­
photom eter using a 10 cm  quartz cuvette (Tilstone et al., 
2002). A bsorbance values (0Z)CDOm) at each wave­
length were converted into absorption coefficients 
«CDOM using:

tfCDOM(A) —
2.303*OZ)c d q m (A)

I
(4)

where I (m) is the length of the cuvette.
A baseline correction was applied to the c i c d o m  

spectra by subtracting an average over 683—687 nm  
from all the spectral values (Babin et al., 2003).

T he total absorption coefficient a, was obtained from

ffi(A ) — ffpait(A ) +  í7c d o m (A )  +  úq ,(A ) (5 )

Detector) and a reverse-phase Waters Spherisorb 5 p m  
ODS2 column. T he linear solvent gradient included 
solvent A (80:20 m ethanol: 0.5 M  am m onium  acetate), 
solvent B (90:10 acetonitrile:water) and solvent C 
(100% ethyl acetate). Pigments were detected by 
absorption at 436 nm  and identified based on com pari­
son of retention tim e and spectra with standards 
(International Agency for 14C determ ination, 
Denmark). T he m ain pigm ents identified were the light 
harvesting pigments (LHP): chlorophyll c3 (chi c3), 
chlorophyll cl +2 (chi cl +2), chlorophyll a (chi ci) and 
fucoxanthin (fuco), and the photo-protective carotenoids 
(PPG): diadinoxanthin (diadino), diatoxanthin (diato) 
and betacaroten (beta-car).

Phytoplankton enum eration and b iom ass
Some 1 0 -5 0  m L of phytoplankton sub-sample, p re­
served with 1 %  lugol-glutaraldehyde solution and 
stored at 4° C in the dark, were analysed under inverted 
microscopy (Leitz Fluovert, G erm any) according to the 
U term öhl m ethod. At least 400 cells were enum erated 
in each sample. M agnification was chosen according to 
phytoplankton size: 40X  or 100X for Phaeocystis colo­
nies, and 100X or 200X  for diatoms. Phaeocystis colony 
cell density was determ ined based on colony volume 
m easurem ents (Rousseau et al., 1990). D iatom  carbon 
biomass was calculated on the basis of cell concen­
tration and specific biom etry using the size-dependant 
density relationship recom m ended by M enden-D euer 
and Lessard (M enden-D euer and Lessard, 2000). T he 
carbon biomass of Phaeocystis colonies was estimated 
by biovolume m easurem ent (Rousseau et al., 1990). 
Phaeocystis- and diatom -dom inance in a sample was 
defined on the basis o f a biomass contribution 
of >  70%.

where aw is the absorption of pure water obtained from 
Buiteveld et al. (Buiteveld et al. 1994).

Pigm ent determ ination
Subsamples were filtered onto 25 m m  glass W hatm an 
G F /F  filters for H PLC  chlorophyll a and pigm ent 
determ ination. Filters were kept at — 80°C until analy­
sis. H PLC  determ ination was carried out following 
W right et al. (Wright et al., 1991). C ut filters were soni­
cated in centrifuge tubes with 2 m L of 100% cold 
acetone for 30 s and then left at 4°C for 2 h before cen­
trifugation. P igm ent extracts were analysed using a 
Waters H PLC  system (Waters 600 Controller, Waters 
717 A utosam pler and Waters 996 Photodiode Array

D ata treatm ent and statistics
T he entire dataset comprises a total o f 85 m easure­
ments. From the 7 sampling cam paigns only those in 
bloom  condition reflected by healthy Phaeocystis colonies 
were considered. T he final dataset for the development 
and validation of the algorithm  consists then of 31 
samples.

T he second derivative of each absorption spectrum  
was com puted with the software Peakfit 4.12 to identify 
and resolve the position of the absorption m axim a 
attributable to photosynthetic pigments. T he second 
derivative analysis identifies portions of the absorption 
spectra that have the greatest curvature. In general, 
local m inim a in the second derivative correspond to 
spectral regions with enhanced absorption.
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T he M an n -W h itn ey  U  statistic was used to test the 
différences between two groups of samples at different 
wavelengths.

R E S U L T S

Identification o f  a unique spectral 
absorption  feature in P h aeocystis
Figure 2A —C com pares the norm alized phytoplankton 
absorption ffph spectra for the two diatoms and 
Phaeocystis each grown at two light levels. Differences in 
the m agnitude of the phytoplankton absorption ffph 
spectra are observed for both  phytoplankton groups
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w hen com paring growth conditions. T he two diatom  
species show an enhanced absorption between 400 and 
510 nm  at H L  and between 510 and 650 nm  at LL 
(Fig. 2A and B). Phaeocystis shows enhanced absorption 
between 400 and 490 nm  at H L  (Fig. 2C). No signifi­
cant differences in m agnitude and shape of the spectra 
were found when com paring phosphorus lim ited and 
phosphorous replete conditions for both diatoms and 
Phaeocystis (data not shown).

T he spectral shape of avh is similar between both 
diatoms and light conditions but different from that of 
Phaeocystis (Fig. 2A—C). T he spectral second derivative 
analysis of the two diatom  spectra identifies seven m ajor 
absorption m axim a for both  H L  and LL conditions, i.e. 
at 412, 437, 465, 500, 587, 637 and 675 nm  (Fig. 2D
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Fig. 2. Phytoplankton absorption spectra normalized to 675 nm  for the diatoms 7T rotula [A), D. brightwellii (B) and  the prymnesiophyte 
Phaeocystis (C) for HL and  LL conditions. Second derivative analysis calculated from the absorption spectra for the diatoms 7T rotula (D), 
D. brightwellii (E) and the prymnesiophyte Phaeocystis (F). HL (thick line): 100 p,mol quanta m  2 s l, LL (thin line): 10 p,mol quanta m  2 s l .
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Table I: M ann-W hitney U-test showing the variability in the normalized phytoplankton absorption fo r  
the two light conditions within each species (intra-species), between diatoms, and between diatoms and 
Phaeocystis (inter-species)

Species Conditions

W avelengths (nm)

412 437 467 500 588 637

T. rotula HL-LL U 6.0 6.0 6.0 6.0 0 0
P 0.08 0.08 0.08 0.08 0.08 0.08

D. brightwellii HL-LL U 6.0 6.0 6.0 3.0 1.0 0
P 0.08 0.08 0.08 1 0.24 0.08

Phaeocystis HL-LL u 9.0 9.0 5.0 - 0 0
p 0.05 0.05 0.83 - 0.05 0.05

T. rotula-D. brightwellii u 10.0 8.0 0.5 1.5 10.5 8.5
p 0.60 0.35 0.01* 0.02* 0.68 0.40

Diatoms- Phaeocystis u 4.0 3.0 0 - 3.0 12.5
p 0.005* 0.003* 0.001** - 0.003* 0.06

* P <  0.05, level of significance. 
* * P <  0.001, level of significance.

and E). T he second derivative spectrum  of Phaeocystis 
identifies only six m ajor absorption m axim a, i.e. at 412, 
438, 467, 588, 636 and 675 nm , the m axim um  at 
500 nm  being absent in Phaeocystis (Fig. 2F).

N orm alized phytoplankton absorption at the m axim a 
wavelengths identified by the second derivative analysis 
was used to characterize the intra- and inter-species 
variability of absorption spectra (Table I). No significant 
intra-species variability of phytoplankton absorption 
resulting from H L  and LL growth conditions was 
observed either for the two diatoms or for Phaeocystis 
(Table I). Com parison between both diatoms shows sig­
nificant differences at 467 and 500 nm  (P <  0.01 and 
P <  0.02 respectively; Table I).

Inter-species differences between diatoms and 
Phaeocystis are m uch m ore significant at all wavelengths 
except 637 nm , with the highest significant difference at 
467 nm  (P <  0.001; Table I).

T he absorption coefficient of phytoplankton results 
from the absorption of all pigments present in a sample 
(Hoepffner and Sathyendranath, 1991) and is affected 
by the pigm ent packaging (Morel and Bricaud, 1981). 
T he concentrations per cell for the m ain pigm ents of 
both diatoms and Phaeocystis, m easured during the 
different experiments, are shown in Table II. 
Com parison between the two groups shows that they 
share the same pigm ent com position except for chi c3 
w hich is only present in Phaeocystis.

T he effects of light conditions on pigm ents suggest 
that diatoms and Phaeocystis increase the synthesis of 
L H P at LL. T he PPC rem ain stable m  *77 rotula and 
Phaeocystis but increase in D. brightwellii at LL.

T he contribution of the different pigm ents to the 
observed m axim a of the phytoplankton absorption 
spectrum  (Fig. 2A -C )  was estimated on the basis of

Table II: Pigment concentrations normalized 
to cell number (pg cell ¡)  fo r  the different 
growth conditions o f the species

Pigm ents

T. rotula D. b rightw ellii Phaeocystis

HL LL HL LL HL LL

chi c3 0 0 0 0 0.65 0.64
chi c l +2 0.21 0.83 3.78 17.82 0.13 0.16
chi a 1.30 4.92 33.59 68.96 1.76 1.78
fuco 0.36 0.90 10.58 23.27 0.35 0.53
LHP 1.86 6.66 47.95 110.06 2.89 3.10
dladlno 0.10 0.10 5.17 4.59 0.08 0.07
dlato 0.06 0.02 0.62 1.55 0.06 0.04
Beta-car 0.05 0.09 0.84 2.50 0.002 0.02
PPC 0.21 0.21 6.64 8.63 0.14 0.13

HL: 100 nm ol quanta m 2 s ', LL: 10 nmol quanta m 2 s 7 
LHP: light-harvesting pigm ents, PPC: photo-protective carotenolds.

a correlation analysis perform ed between the absorption 
at m axim a identified by the second derivative analysis 
(Fig. 2 D -F ) and the absolute pigm ent concentrations 
(Table III). T he wavelengths of absorption m axim a of in 
vivo pigm ents were extracted from H oepffner and 
Sathyendranath (Hoepffner and Sathyendranath, 1991) 
and Johnsen et al. Johnsen  et al., 1994) for com parison 
with our wavelengths identified by second derivative 
analysis. Results show significant contributions of the 
different pigm ents at the following wavelengths: chi a at 
412 nm  and at 437 nm , chi c3 at 467 nm , fuco and 
beta-car at 500 nm , chi c3 and chi a at 588 m, and chi 
a at 637 nm  and at 675 nm  (Table III).

T he low significance of the intra-species variability of 
phytoplankton absorption av\, spectra for both  diatoms 
and Phaeocystis com pared to the higher differences 
observed between diatoms and Phaeocystis allows the use 
o f <7ph spectra averaged between light conditions to
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Table III: Corrélations betumi phytoplankton 
absorption aph (m at main wavelengths 

from the second derivative analysis and 
absolute pigment concentrations (mg m 3)

Pigm ents

W avelength (nm) chi c l  + 2 chi c3 fuco dladlno d I ato beta-car chi a

412 0.85*
437 0.62 0.53 0.05 0.05 0.85*
467 0.17 0.87* 0.57
500 0.92* 0.81 0.90 0.95*
588 0.22 0.86* 0.83*
637 0.40 0.74 0.92*
675 0.93*

Pigm ents related to th e se  w avelengths w ere  extracted from literature 
(Hoepffner and Sathyendranath, 1991; Johnsen  eta!., 1994).
* P <  0.05, level of significance.
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Z

0.0
400 450 500 550 600 650 700 750

0.004

0 .002 -

i  0.000- 
>

- 0 .0 0 2 -

-0.008
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Fig. 3. Average phy top lank ton  a bso rp tion  rrph spectra o f  d iatom s a n d  
o f  Phaeocystis n o rm alized  to 675 n m  from  cultures at different light 
grow th conditions (A) a n d  second derivative analysis (B).

highlight the differences between both  groups (Fig. 3). 
T he m ain differences in spectral shape observed 
between the m ean r7ph spectra o f diatoms and of 
Phaeocystis are found between 450 and 520 nm  and at

0 IO 20 30 40 50
Phaeocystis cell number, I061 1

Fig. 4. M easured  chi c3 (mg m  0  as a  function  o f Phaeocystis cell 
n u m b e r (IO6 L 6) fo r field B elgian C oastal Z one data . R egression line 
fo r this re lationship is shown.

587 nm  (Fig. 3A). T he second derivative analysis 
(Fig. 3B) shows clearly that the m inim um  observed at 
467 nm  is only present in Phaeocystis and is m uch m ore 
pronounced than  the slight m inim um  observed at 
465 nm  for diatoms. At 500 nm , the second derivative 
of flph for diatoms shows a local m inim um  that is not 
present in Phaeocystis. Statistical analysis suggests 467 nm  
as the wavelength at which the difference between 
diatoms and Phaeocystis is the most pronounced (Table I) 
and thus, could serve for the discrim ination between 
these groups. Phaeocystis absorption at 467 nm  corre­
sponds to the presence of chi c3 (Table III). T he use of 
chi c3 as a m arker of Phaeocystis cells is further supported 
by the good correlation (Pearson r — 0.95, P <  0.0001, n 
= 31) between chi c3 concentration and Phaeocystis cell 
density for data collected in Belgian waters during 
Phaeocystis blooms (Fig. 4).

D evelopm ent o f  a P h aeocystis-de tec tion  
algorithm  b ased  on retrieval o f  chi c3
T he Phaeocystis phytoplankton absorption <7ph at 467 nm  
is then used for the developm ent o f a Phaeocystis 
detection algorithm  which can be used with both 
total absorption a, and water-leaving reflectance p;t, 
data. This algorithm  is based on a i‘baseline,, concept 
where two blue bands are chosen on either side of the 
chi c3 absorption band, the third band  \ c3 =  467 nm.

Absorption algorithm
T he basic assumption of the algorithm  is that at at Xc3 
in the absence of chi c3, denoted as at_c3, can be suffi­
ciently well-approximated by an exponential in terp­
olation of a, between Xj and \ y

a t - c s f f  =  4,i(A i)|1~"’l*at (A2)w (6)
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where the interpolation weighting is given by:

( 7)

This exponential interpolation is preferred over a 
linear one because it will fit better the absorption spec­
trum  in the presence of particulate or dissolved yellow 
substance.

T hen  the deviation from the baseline that can be 
attributed to chi c3 at \ c3 (ac3), nam ely the "‘extra chi c3 
absorption” , can be calculated from:

d c s i K s )  =  c f l K s )  -  f f i (A i) 11 '"l * a t (A 2) (8)

T he wavelengths Xi and X2 are chosen at 450 and 
480 nm , respectively, because they are located at the 
extremes of the chi c3 absorption m axim um  (Fig. 3) and 
thus are not affected by chi c3 absorption.

T he algorithm  (8), given in its absorption version, 
can be used directly as a three-band algorithm  for 
retrieving ac3 from in situ m easurem ents of total absorp­
tion at( \ i), at( \ o) and at( \ 3), noting that these m easure­
m ents must include all absorbing com ponents, i.e.

phytoplankton, non-algal particles, C D O M  and pure 
water itself.

T he algorithm is demonstrated in Fig. 5A which shows 
two total absorption a, spectra measured for Phaeocystis- 
dom inated and diatom -dom inated samples. O ne spec­
trum  was m easured at station 130 on the 10 M ay 2004 
duiing  a bloom of Phaeocystis (chi a =  43.9 m g nr J, chi 
c3 =  2.97 m g m  J, ú,cdom (z142) =  0.36 nr '). T he other 
spectrum was recorded at station 230 the 30 June 2005 
duiing  a diatom  dom inated condition (chi a =  
7.44 m g nr J, chi <2? = 0.00 m g m  J, ú,cdom (z142) =
0.27 nr J .  T he principle of the baseline algorithm is 
shown in Fig. 5B which shows an enlargement of Fig. 5A 
between 440 and 500 nm. For the diatom-dominated 
sample June 2005), the m easured total absoiption a, 
coincides with the baseline at 467 nm, indicating no 
impact of the pigm ent chi c3. In contrast, for the 
.P/Meociirffi-dominated sample (May 2004), the m easured a, 
is noticeably higher than the baseline at 467 nm. This 
difference between the baseline and the m easured at, 
albeit small (equivalent to an absorption coefficient differ­
ence of about 0.1 m  J , is attributed to chi c3 absoiption.

Reflectance algorithm
For use with satellite data, this algorithm  must be 
expressed with water-leaving reflectance p;t, as input.

3.0

2 .5 -
2 .5 -

2 .0 -

2 .0 -c:
c"

0 .5 -0 .5 -

0.0 0.0
400  4 5 0  500  550 600  650  700 750 4 40  4 5 0  4 6 0  4 7 0  4 8 0  4 9 0  500
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0 .0 5 -

0 .0 4 - 5 0 -
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0 .0 2 - 4 0 -
■ P haeocystis  

 Diatoms
0 .0 1 -

0.00
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Fig. 5. Total absorption at (m ) spectra (A) and water-leaving reflectance pw (C) measured a t sea for Pkaeocystis-dominated (10 May 2004) and 
diatom-dominated (30 June 2005) samples. Enlargem ent o f  the region 440—500 nm  to show the principle o f the algorithm based on at (B) and 
reciprocal o f  water-leaving reflectance \ /p w for the spectra shown in (C) with enlargem ent o f the region 440—500 nm  (D). The baselines 
obtained by exponential interpolation between 450 and 480 nm  are superimposed as bold dotted lines (B and  D). The 467 nm  feature is shown 
as a  vertical dotted line.
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Since p;t, depends on both total absorption at, and total 
backscatter hh, it is necessaiy to use reflectance ratios to 
remove dependence on backscatter and isolate the 
absorption-related signal. This is achieved by using an 
extra fourth band  XnjR, chosen in the near infrared 
(NIR) and supposing that (i) a, ratios can be approxi­
m ated by the reciprocal o f the corresponding p;t, ratio,
i.e. at( \) /a t( \MR) «  Pw( \ mr) / pwQs) and 2) a, can be 
approxim ated by the pure water absorption coefficient 
in the N IR , ^(X-nir) ~  <UANIR) giving:

at(X¡) «  au,(Xm r T  for * =  1, 2, c3 (9)
( P » ( A0 )

In certain circumstances this approxim ation m ay be 
less accurate. For example, in Case 1 waters or in Case 
2 waters with significantly non-white particles or for 
extremely turbid waters there may be significant spectral 
variation of the product pa,(X) * at(\). Such cases are 
beyond the scope of the present study but m ay still be 
am enable to retrieval of chi c3 by appropriate modifi­
cation of equation (9) or redesign of this com ponent of 
the model.

Substituting from equation (9) into (8) gives the algor­
ithm  for retrieval o f chi c3 from reflectance data:

(  1Clcsiks) =

1 * 1 \
 / '  X f  ¡ T V "  * a w ( AN I R ) * P w ( ANIR)

Pw(A ^ 1 P Â A2) )

( 10)

H ere the N IR  band  XNIR =  700 nm  is chosen using 
data for aJJQQ) =  0.57 nr 1 reported by Buiteveld et al. 
(Buiteveld et al., 1994).

Thus, the chi c3 absorption at \ :3 given by ac3( \ :3) 
can be estimated from the reflectance m easurem ents at 
four bands p;t,(Xi), pa,(X.2)> PVVj) and P^X-nir)-

To illustrate this algorithm, Fig. 5C shows the two p;t, 
spectra m easured during the R/tffrocrrfif-dominated and 
diatom -dom inated bloom  conditions as in Fig. 5A. T he 
p;t, version of this algorithm  is shown in Fig. 5D, which 
corresponds to the reciprocal of the p;t, spectra from 
Fig. 5C. For the diatom -dom inated sample (June 2005), 
the m easured p;t, reciprocal is slightly below the baseline 
at 467 nm, indicating a negligible im pact of the pigm ent 
chi c3. In contrast, the m easured reciprocal of p;t, o f the 
/%fl(?ocr.rfif-dominated sample (May 2004) is noticeably 
higher than the baseline at 467 nm. This difference 
between the baseline and the m easured p;t, albeit small

(equivalent to a p;t, difference of only 0.0004), is attribu­
ted to chi c3 absorption. T he algorithm  (10) uses this 
difference, norm alized by the product o f p;t, and pure 
water absorption at a N IR  wavelength, to estimate the 
extra absorption from  chi c3. T he chi c3 absorption 
retrieved from  pa, is estimated as 0.022 nr 1 and 
— 0.0001 nr 1 for the Phaeocystis (May) and diatom  (June) 
spectra, respectively. In  this case, there is a clear distinc­
tion between the two taxa on the basis of p ;t, spectra at 
the 467 nm  chi c3 absorption peak.

Validation o f  the chi c3  retrieval algorithm
Figure 6A and B com pares the chi c3 absorption 
retrieved from total absorption and from reflectance 
data with m easured chi c3 concentrations. T he 
regression perform ed using total absorption data input 
( r  = 0.72, P <  0.0001, » = 31) gives m uch better 
results than  that perform ed using reflectance data input 
(r~ — 0.56, P <  0.0001, » = 31). T he relation between 
chi c3 and Phaeocystis cell num ber shown in Fig. 4 is 
then used for converting chi c3 concentration into 
Phaeocystis biomass (Fig. 6C and D) to allow the quantifi­
cation of the bloom. T he results o f the regressions give 
a higher regression coefficient for chi c3 absorption 
retrieved from total absorption a, with Phaeocystis cell 
num ber (r~ — 0.94, P <  0.0001, » = 31) than for chi c3 
absorption retrieved from p;t, and Phaeocystis cell num ber 
( r  = 0.57, P <  0.0001, » = 31).

D I S C U S S I O N  

Pigm ent com p osition  and absorption o f  
P h aeocystis  and d iatom s
In this paper, an algorithm  based on the absorption of 
chi c3 at 467 nm  is proposed to detect Phaeocystis in field 
samples. T he extent to which chi c3 is specific of 
Phaeocystis is discussed here based on the absorption 
characteristics o f Phaeocystis and diatoms.

T he characteristic «ph spectral shape shown by 
Phaeocystis with main peaks at 412, 440 and 467 nm  is 
also found for both P pouchetii (Stuart et ai, 2000) and for 
P  antarctica (Moisan and Mitchell, 1999) suggesting that 
these are characteristic of the family Phaeocystaceae. The 
diatoms investigated show an enhanced avh at 412, 440 
and 500 nm, as already reported for the diatoms 
Thalassiosira spp., Chaetoceros spp. and SMetonema costatum 
(Sathyendranath et al., 1987; Johnsen et al., 1994; Stuart 
et al., 2000; Stramski et a i, 2002). The «ph signature of 
diatoms and Phaeocystis results from their specific pigment 
composition. T he pigm ent composition obtained for our
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Fig. 6. (A) Chi c3 retrieval from total absorption at data using the algorithm developed in equation (8) and  (B) chi c3 retrieval from 
water-leaving reflectance pw data using the algorithm developed in equation (10), as a  function o f field chi c3 concentration. (C) Chi c3 retrieval 
from total absorption at data using the algorithm developed in equation (8) and (D) chi c3 retrieval from water-leaving reflectance pw data using 
the algorithm developed in equation (10), as a  function o f Phaeocystis cell number.

E  gbbosa strain (Table II) is similar to that found for 
another strain of the same species (Zapata et al., 2004) 
and also for E  pouchetii (Llewellyn and Gibb, 2000), 
and for E  antarctica (Moisan and Mitchell, 1999). The 
reported pigment composition for Ehaeocvstis includes 
chi a, chi cl +2, chi c3, 19,butanoyloxyfucoxanthin, 
19,hexanoyloxyfucoxanthin, fuco, diadino, diato and 
beta-car. In our Ehaeocvstis cultures, however, no 
19,butanoyloxyfucoxanthin or 19,hexanoyloxyfucoxanthin 
were detected. The absence of these two carotenoids has 
already been reported for E  gbbosa blooms in Belgian 
waters (Antajan et ai, 2004; M uylaert et ai, 2006) and in 
the English Channel (Breton, 2000) and constitutes a sig­
nificant difference between high-latitude and North Sea 
Ehaeocvstis species. O ur results for pigment composition of 
diatoms which include chi a, chi cl + 2, fuco, diadino, 
diato and beta-car agree with that reported for 10 species 
of diatoms of different size (Llewellyn and Gibb, 2000). 
T he highest pigment to chi a contiibution is m ade by 
fuco in diatoms and chi c3 followed by fuco in Ehaeocvstis 
(Table II). T he latter result is similar to that of Moisan 
and Mitchell (Moisan and Mitchell, 1999) who found that 
chlorophylls c are the m ajor contributors in piymnesio- 
phytes. As shown by pigment compositions, the main 
difference between Ehaeocvstis and diatoms is the presence 
of chi c3 in Ehaeocvstis which absorbs at 467 nm  and differs

from chi c l+2 present in diatoms and Ehaeocvstis which 
absorbs at 465 nm.

T he significant regression between retrieved chi c3 
absorption and Ehaeocvstis cell num ber suggests that the 
detection of chi c3 indicative of a Ehaeocvstis bloom  is 
possible w hen the phytoplankton com m unity is dom i­
nated by Ehaeocvstis, i.e. during the spring bloom. Chi c3 
is a m arker of Ehaeocvstis species (Claustre et al., 1990; 
Vaulot et al., 1994; Breton et al., 2000; A ntajan et al., 
2004), but its presence has been reported in most of the 
prymnesiophytes (Jeffrey and W right, 1994; Zapata 
et al., 2004) and in some diatoms such as Rhizosolenia seti­
gera or Thalassionema nitzchio'ides (Stauber and Jeffrey, 
1988: Llewellyn and Gibb, 2000). In the Belgian waters, 
however, Ehaeocvstis is the dom inant prym nesiophyte and 
the proportion of chi c3 containing diatoms is negligible 
during the year (Rousseau, 2000). Therefore, chi c3 has 
been found to be a good m arker for Ehaeocvstis in 
Belgian waters, as previously found for the English 
C hannel (Breton, 2000). However, the Ehaeocvstis cellular 
content o f chi c3 (0.10 pg chi c3 cell ) estimated from 
our field data, i.e. the slope of the regression line in 
Fig. 4, is higher than those previously reported for the 
English C hannel (0.06 pg  chi c3 cell 3; Breton et al., 
2000) and for Belgian waters (0 .05-0 .07  pg chi c3 
cell 3; A ntajan et al., 2004).
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Estim ation o f  the uncertainty in the 
retrieval o f  chi c3  from  absorption and  
w ater-leaving reflectance spectra
T he algorithm  developed in this work, defined by 
equations (8) and (10), can be used to flag the presence 
of chi c3 concentrations and to quantify Phaeocystis 
blooms in the field. T he algorithm  results can, however, 
be subject to interference from  other water com ponents, 
nam ely non-algal particles and C D O M , both of them  
usually referred to as yellow substance (YS), which are 
present in variable am ounts in Belgian waters (Astoreca 
et al., 2006). For example, in the multispectral approach 
proposed by Lubac et al. (Lubac et al., 2008) to detect 
Phaeocystis blooms using current ocean colour sensors in 
the Eastern English C hannel, two rem ote sensing reflec­
tance ratios (Rrs(490)/R rs(510) and R rs(442.5)/R rs(490)) 
were found to be successful. However, a sensitivity 
analysis showed that the behaviour o f the first ratio is 
highly sensitive to the relative contribution of C D O M  
and to the phytoplankton assemblage composition 
(Lubac et al., 2008).

To investigate w hether our algorithm  is affected by 
YS (non-algal particle+ C D O M  absorption), the algor­
ithm  was applied to absorption of non-chl c3 containing 
phytoplankton on the one hand  and of YS on the other 
hand  (Fig. 7). This corresponds to the error, expressed 
in absorption, caused by the baseline approxim ation for 
samples with no chi c3. T he absorption of non-chl c3 
containing phytoplankton (n =  29) and of YS (n =  85) 
were taken from field m easurem ents com prised in the 
entire database. T he non-chl c3 containing phytoplank­
ton includes different proportions of diatoms. T he YS 
absorption at 467 nm  varies from 0.08 to 2.16 nr 1 and 
the spectral slope varies from 0.010 to 0.018 nm  . As 
a reference, the variation in the optical constituents of 
these coastal waters is illustrated in Fig. 8 with phyto­
plankton absorption contributing from 14 to 73%; NAP 
from 2 to 67%  and C D O M  from 7 to 81%  to total 
absorption.
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Fig. 7. Baseline error results w hen applying the algorithm to non-chl 
c3 phytoplankton (open diamonds) and to YS data (filled diamonds).
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Fig. 8. Ternary plot illustrating the relative contribution o f  C D O M , 
phytoplankton and  NAP to total absorption a t 467 nm , for all samples 
in this study, including the chi c3 containing (filled circles) and  the 
non-chl c3 containing samples (open circles). T he relative contribution 
o f  a  given absorption com ponent for a  given sample can be read on 
the corresponding axis, where the com ponent label is positioned at 
the middle o f  the scale for that component.

Remarkably, because of the exponential baseline 
approach, the YS baseline error is nearly zero, showing 
that the algorithm  is not affected by YS absorption and 
thus can be used in turbid Case 2 waters, e.g. Southern 
Bight o f the N orth  Sea. T he baseline error for non-chl 
c3 phytoplankton has a m axim um  value of 0.006 nr 1 
m eaning that below this value the algorithm  is not able 
to detect extra chi c3 from Phaeocystis. This probably 
explains the scattering observed at low chi c3 concen­
trations in the relationship between retrieved extra chi 
c3 either from a, or p;t, with m easured chi c3 (Fig. 6). 
Thus, the limit from which the Phaeocystis bloom  can be 
detected is 0.3 m g chi c3 nr J equivalent to 3 x IO6 
cells L 1. Coincidentally, this value is close to the refer­
ence abundance of Phaeocystis cells from which the dis­
turbance from a well-balanced ecosystem in coastal 
.P/tfleocr.rffi-dominated ecosystems could be scaled 
(i.e. 4 X IO6 cells L -1 , Lancelot et al., 2008) suggesting 
that the ocean colour could be used for detecting unde­
sirable blooms of Phaeocystis in Belgian coastal waters 
provided all other sources of uncertainty can be 
sufficiently controlled.

A pplicability and lim itations o f  the 
chi c3  retrieval
Since the m agnitude of the chi c3 absorption is small, it 
is unlikely that accurate quantitative retrieval o f this
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pigm ent will be possible from rem ote sensing in the way 
that chi a is now routinely retrieved. However, the 
results show that the detection of Phaeocystis blooms 
would be possible for Phaeocystis cell concentrations 
higher than  3 X IO6 cells L -1 (Fig. 6C and D). Below 
this threshold, the large uncertainty precludes retrieval 
o f accurate Phaeocystis cell density. At this stage, the 
algorithm  described here m ay be used as a Phaeocystis 
flag and could supplem ent chi a im agery by providing 
basic inform ation on the presence of undesirable 
Phaeocystis. It is likely that this flag will be subject to a 
detection limit for chi c3 absorption retrieved from p;t, 
o f 0.006 nr 1 since only the higher chi c3 absorption 
conditions will noticeably affect the p;t, spectrum. 
Thanks to a careful design via a baseline technique 
which removes most of the interference from non­
phytoplankton absorption the present algorithm  is likely 
to provide reliable detection of chi c3 absorption (or 
concentration) even in the presence of non-algal particle 
and C D O M  absorption. Finally, the present version of 
the algorithm  is not suitable for high p;t, (e.g. above 
0.06) since the assumption «  pa(XNIR) /
p;t,(X) must then be modified to account for the 
non-linear increase of p;t, with backscatter.

Is rem ote sensing  o f  P h aeocystis  from  
space feasible?
In  the previous sections, various issues have been ident­
ified which add uncertainties when transform ing an 
algorithm  based on phytoplankton absorption to algor­
ithms based on total absorption and hence on recipro­
cal water-leaving reflectance. T he further problem  of 
atmospheric correction errors will affect the perform ­
ance of satellite algorithms for Phaeocystis detection. T he 
use of a baseline technique operating over a short wave­
length range will ensure that atm ospheric correction 
errors relating to the spectrally-correlated errors typical 
o f imperfect aerosol estimation or Rayleigh-aerosol 
coupling will have m inim al im pact on algorithm 
perform ance. T he absence of significant wavelength- 
specific gaseous absorption features near the wave­
lengths considered (450, 467 and 480 nm) is also a 
positive feature. However, the veiy small perturbations 
on the water-leaving reflectance spectrum  that need to 
be detected will impose a constraint on the radiom etric 
perform ance of the sensor and spectrally uncorrelated 
errors at the level o f 0.0001 or above arising from 
atmospheric correction or sensor calibration are likely 
to cause interference in attem pts to use chi c3 absorp­
tion as a way of detecting Phaeocystis blooms. T he 
present study provides a realistic perspective for taxon- 
specific detection and thus guides the design of future

sensors regarding wavelength requirem ents for chi c3 
detection (450 nm, 467 nm  and 480 nm , or preferably 
hyperspectral) and radiom etric accuracy required.
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