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[1] Identification of phytoplankton groups from space is essential to map and monitor
algal blooms in coastal waters, but remains a challenge due to the presence of suspended
sediments and dissolved organic matter which interfere with phytoplankton signal. On
the basis of field measurements of remote sensing reflectance (R(\)), bio-optical
parameters, and phytoplankton cells enumerations, we assess the feasibility of using
multispectral and hyperspectral approaches for detecting spring blooms of Phaeocystis
globosa (P. globosa). The two reflectance ratios (Rs(490)/Rs(510) and R4(442.5)/
R(490)), used in the multispectral inversion, suggest that detection of P. globosa blooms
are possible from current ocean color sensors. The effects of chlorophyll concentration,
colored dissolved organic matter (CDOM), and particulate matter composition on the
performance of this multispectral approach are investigated via sensitivity analysis. This
analysis indicates that the development of a remote sensing algorithm, based on the values
of these two ratios, should include information about CDOM concentration. The
hyperspectral inversion is based on the analysis of the second derivative of Rii(\) (dA\*Rys).
Two criteria, based on the position of the maxima and minima of d)\2Rrs, are established
to discriminate the P. globosa blooms from diatoms blooms. We show that the position of
these extremes is related to the specific absorption spectrum of P. globosa and is
significantly correlated with the relative biomass of P. globosa. This result confirms the
advantage of a hyperspectral over multispectral inversion for species identification and
enumeration from satellite observations of ocean color.

Citation: Lubac, B., H. Loisel, N. Guiselin, R. Astoreca, L. Felipe Artigas, and X. Mériaux (2008), Hyperspectral and multispectral
ocean color inversions to detect Phaeocystis globosa blooms in coastal waters, J. Geophys. Res., 113, C06026,

doi:10.1029/2007JC004451.

1. Introduction

[2] Since the first maps of chlorophyll concentration were
obtained from ocean color data collected by the Coastal
Zone Color Scanner (CZCS) onboard the Nimbus 7 satellite
(1978—1986) [Feldman et al., 1989], the oceanographic
community is in a permanent quest for novel ocean color
products to study and constrain physical, biological, and
chemical processes in the ocean. The identification of
phytoplankton taxonomic groups from space is a major
thrust for a variety of reasons. First, knowledge of the
global distribution of the main plankton functional types
may greatly enhance our understanding on the oceanic
carbon cycle and on the marine ecosystem [Platt et al.,
2003; Smith et al., 2002; Le Quéré et al., 2005]. Second,
mapping and monitoring of harmful algal blooms associated
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with specific phytoplankton can help prevent human health
threat, assist in fisheries management, and assist the tourism
industries [Cullen et al., 1997; Stumpf et al., 2003; Tomlison
et al., 2004; Craig et al., 2006]. Finally, episodic blooms
may also contribute to bias the remote sensing estimation of
various components of seawater, such as colored dissolved
organic matter (CDOM), suspended particulate matter (SPM),
and chlorophyll a concentration (Chl) [Sathyendranath et al.,
2001; Bouman et al., 2003; Alvain et al., 2006].

[3] During the last decade, several techniques were de-
veloped for remote detection and identification of phyto-
plankton blooms. Some of them use the spectral signature of
the phytoplankton inherent optical properties (IOPs), and in
particular of the phytoplankton absorption coefficient
(ag(N) [Johnsen et al., 1994; Millie et al., 1997; Staer
and Cullen, 2003; Sathyendranath et al., 2004; Westberry et
al., 2005]. For example, Sathyendranath et al. [2004] and
Westberry et al. [2005] developed semi-analytical models to
detect diatoms and the cyanobacterium Trichodesmium spp.,
respectively, from multispectral sensors. Other algorithms
directly exploit the multispectral or hyperspectral patterns of
the remote sensing reflectance (R()\)) without using an
explicit inversion. For example, Alvain et al. [2005] devel-
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oped multispectral classification schemes to assess four
different groups of phytoplankton (haptophytes, Prochlor-
ococcus, Synechococcus, and diatoms) from space. Craig et
al. [2006] explored the hyperspectral approach and devel-
oped a method to detect Karenia brevis from R()). This
method is based on the similarity index analysis of the a4(\)
spectrum [Millie et al., 1997], this last being derived from
R(\) using a quasi-analytical algorithm.

[4] Most of the studies dedicated to remote detection and
characterization of phytoplankton blooms were principally
developed for “case 17 waters; that is for waters where
IOPs variations are mainly due to phytoplankton and its
covarying material [Morel and Prieur, 1977]. Only a few
algorithms deal with coastal waters in which the presence of
suspended sediments and dissolved organic matter of ter-
restrial origin interfere with the phytoplankton attributed
radiometric signal. Subramaniam et al. [2002] demonstrated
that their semi-empirical classification scheme may be
applied to coastal waters. In a similar way, Craig et al.
[2006] showed that their method is not significantly affected
by varying CDOM concentration. Despite all this progress,
identification of taxonomic groups in coastal waters remains
a challenge, in particular in waters where SPM, CDOM and
phytoplankton all vary independently as in western Euro-
pean waters.

[5] In the eastern English Channel and southern North
Sea, a region characterized by typical coastal processes,
blooms of the prymnesiophyceae Phaeocystis globosa (P.
globosa) occur nearly every spring, generally following a
first bloom of diatoms. P. globosa is characterized by a
complex polymorphic life cycle alternating free living cells
(3—9 pum in diameter) and gelatinous colonies (100 pm up
to 3 mm), which can lead to accumulations of mucilaginous
aggregates (foam) at the sea surface and on beaches
[Rousseau et al., 1994; Schoemann et al., 2005]. P. globosa
blooms have a considerable impact on the ecosystem and
water quality [Hamm, 2000; Veldhuis and Wassman, 2005].
Recent research has shown that diatoms and prymnesio-
phytes can be partially discriminated from optical measure-
ments. Stuart et al. [2000] distinguished these two groups
from their spectral signatures in phytoplankton absorption,
ag(N), and they showed that the spectral dissimilarities were
directly related to their pigment composition. Astoreca et al.
[2005] and Astoreca [2007] showed that the second and
fourth derivatives of the absorption spectra of these two
algal populations present specific differences at 467 and
500 nm. Finally, Lubac et al. [2005] showed that the R ()
spectra and their second derivatives associated with P
globosa blooms have a sufficiently unique spectral signa-
ture to be detected from hyperspectral R.4(\) measurements.

[6] In this paper, we investigate the potential offered by
both hyperspectral and multispectral measurements of
Ri(N) to identify P. globosa blooms from remote sensing.
This study is based on a data set gathered in situ that
includes: R (\) spectra, bio-optical, and biogeochemical
parameters, as well as laboratory-based phytoplankton cell
enumerations. All data were acquired from field cruises
carried out in the eastern English Channel and southern
North Sea. The hyperspectral inversion method is based on
the analysis of the second derivative of R () to establish
two criteria to discriminate P. globosa from diatoms. Results
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are compared with those of a similarity index analysis
performed on the phytoplankton absorption spectra, ax(\).
The multispectral inversion is developed using the spectral
bands available on current ocean color sensors. A sensitivity
analysis is performed to test the effects of the different
optically significant parameters on the two reflectance ratios
used in this multispectral approach. This analysis is crucial
for providing guidance to when the inversion is likely to
work using ocean color.

2. Data and Methods
2.1. Description of the Field Campaigns

[7] Intensive field measurements were performed from
March to June 2004 in the inshore and offshore waters of
the eastern English Channel and southern North Sea. The
stations sampled during the cruise periods (15—18 March,
11-15 April, 10—-15 May, 25-30 June) are displayed in
Figure 1. The investigated area is affected by typical coastal
processes such as a large tidal range, sediment resuspension,
mixing of various water masses, freshwater inputs, and a
succession of intense spring blooms of diatoms and P,
globosa [Breton et al., 2000; Sazhin et al., 2007]. All these
processes are responsible for the high variability of IOPs
[Vantrepotte et al., 2007; Loisel et al., 2007] and R ()
[Lubac and Loisel, 2007] in time and space. Although the
algal community is very mixed in this region, Vantrepotte et
al. [2007] showed that the phytoplankton biomass is greatly
(from 80 to 90 %) dominated by diatoms and P. globosa
from March to June.

2.2. Remote Sensing Reflectance Measurements

[8] Hyperspectral (3 nm resolution) radiometric measure-
ments were performed in the 350—750 nm spectral range
with two TriOS radiometers. A full description of the
radiometric data processing is given by Lubac and Loisel
[2007]. The first radiometer (on the deck) measured the
above-surface downward irradiance (E4(0", \)) and the
second (in-water) measured the profile in the water column
of the upward radiance (L,(z, \)). Calibrated data for E4(0",
A) and L,(z, \) were interpolated to 2.5 nm intervals.
Remote sensing reflectance (R.()\)) was then calculated
from the in-water method, following the protocols pre-
scribed by Mueller [2003]:

Lw(N)

AR

(1)

where the water-leaving radiance (L.(\)) is obtained after
extrapolation of L,(z, \) just below the surface to determine
L,(0°, )\) and its transmission through the air-sea interface
(Lw(N) = 0.543 x L0, N). To limit impact of external
factors and to be of relevance to observation from space, 93
stations were selected for their favorable environmental
conditions (clear sky, low winds, and smooth water
surfaces). The sun zenith angle values range between 30°
and 80° for these selected stations (with a mean value of 51°
and a standard deviation of +16°). These measurements
were corrected for errors due to the instrument self-shading,
calculated as prescribed by Leathers and Downes [2004].
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Figure 1. Location of the different stations visited in March (15—18), April (11-16), May (10—15), and

June (25-30) 2004. The investigated area is bordered by (a) the mouth of the Seine river in the south and

(b) the mouth of the Escault river in the North.

2.3. Optical Parameters and Discrete Water Samples

[v] Simultaneously with the radiometric measurements, a
set of subsurface water samples was collected at each station
as well as optical parameters. The different biogeochemical
and optical measured parameters include chlorophyll a
concentration (Chl), absorption by colored dissolved organ-
ic matter (acpom()), and particulate scattering and back-
scattering coefficients at 650 nm (b,(650) and by,(650),
respectively). In situ optical parameters were measured from
an optical package (WET Labs, Inc.) including a chloro-
phyll fluorometer, a 10 cm path length beam transmissi-
ometer (at wavelength A = 650 nm), and a backscatter
sensor (at 650 nm, WET Labs ECO-VSF), which measures
the optical scattering at three distinct angles: 100, 125, and
150 degrees. The methods used to get 5,(650) and by,,(650)
from the beam transmissometer and the ECO-VSF, respec-
tively, are described by Loisel et al. [2007]. Measurements
of Chl were performed from particulate matter collected on
glass fiber filters (Whatman, GF/F), as described by Loisel
et al. [2007]. To determine acpom(), seawater samples
were filtered on 0.22-um Millipore membrane. Absorbance
of'the filtrates was then measured in a 10-cm quartz cuvette at
1 nm resolution between 350 and 750 nm using a dual beam
spectrophotometer. The mean value of the interval 680—
690 nm was subtracted from the spectrum (baseline correction,

Babin et al. [2003a]) and the absorbance was then converted
into an absorption coefficient. The spectral slope (Scpom) Was
calculated using a nonlinear exponential fit function on the
350—500 nm spectral range [Babin et al., 2003a]:

aCDOM()\) = aCDOM(443) . CXp(*SCDOM(/\ — 443)) (2)

[10] Algal population enumeration by microscopy is time
consuming and labor intensive. Therefore this enumeration
was performed only on preselected stations based on the
classification of the R, () spectra defined by Lubac and
Loisel [2007]. Fifteen stations were selected to encompass
waters where the phytoplankton community was mixed or
dominated by either P. globosa or diatoms. Five stations
were chosen from the class 1 and class 4 of Lubac and
Loisel [2007], which are associated with dominance of the
algal community by P. globosa and diatoms, respectively.
Five stations were chosen from the class 3 of Lubac and
Loisel [2007], which is considered as an intermediate class
between the two previous. For each station, a seawater
volume of 250 mL was preserved immediately with Lugol’s
solution for phytoplankton analysis. Cell counting was
performed under inverted microscopy (Nikon TE2000-S)
according to the Utermdhl method (1958). Cells sizes and
shapes were examined with a camera (Nikon DS5M) and
measurements were performed with specific software

30of 17



C06026

(Nikon NIS element). Individual volumes and surface areas
of each phytoplankton cell were estimated by assuming
simple geometric forms [Sun and Liu, 2003]. Diatom carbon
biomass was calculated on the basis cell concentration and
volume-specific cell carbon content [Menden-Deuer and
Lessard, 2000]. Only solitary stages of P. globosa (flag-
ellates and colonial cells) were identified in the samples,
because P. globosa colonies are disrupted by fixation. The
carbon biomass of P. globosa solitary cells was estimated
using cell concentration and a correction factor [Edler,
1979; Van Rijssel et al., 1997; Schoemann et al., 2005].

2.4. Derivative Analysis

[11] Derivative spectroscopy is commonly used in the
analysis of hyperspectral remote sensing reflectance data
[Dick and Miller, 1991; Philpot, 1991; Chen and Curran,
1992; Louchard et al., 2002]. Derivatives of second order or
higher are relatively less sensitive to variations in illumina-
tion intensity, as well as spectral variations of sunlight and
skylight [75ai and Philpot, 1998]. The derivative analysis,
which amplifies spectral inflections and enhances detection
of small spectral variations, is used to closely examine the
spectral reflectance patterns. This technique provides infor-
mation regarding the convexity and concavity of a given
reflectance spectrum. In this study, we examine the second
derivative of R () (d)\ZRrS) to indicate the center of the
secondary peak and trough of R (). dN\°R, is estimated
using a “finite difference approximation” as:

d’R

TS . Rrs()\i-H) - 2Rrs()\i) +Rrs()\l—1)
e |i =

(AN

3)

where the finite band resolution A\ = )\, — Ay is 2.5 nm.
Derivatives are very sensitive to noise in hyperspectral
analysis. In order to minimize random noise, a running
average filter is applied locally to smooth data prior to the
derivative analysis. The algorithm is given by:

Ru(n) - 21 @)

where # is the filter size (here n = 5) and i is the index of the
middle point of the filter.

2.5. Similarity Index Analysis

[12] This analysis was introduced in phytoplankton ecol-
ogy by Millie et al. [1997] and Kirkpatrick et al. [2000] to
compare the fourth derivative of measured phytoplankton
absorption spectra with that of a known phytoplankton
absorption spectrum for identification purposes. SI is deter-
mined by computing the angle between two spectra, con-
sidered here as vectors:

2 Are/' . Aunk ) >
SI =1— (- xarccos| —————— 5
(7" <|A"ff| X |Aunk | ®)

where A..r is the reference vector that encompasses the
fourth derivative of a given phytoplankton population
absorption spectrum obtained from laboratory cultures,
and A, is similar to A, but for an unknown
phytoplankton population. SI varies linearly between zero
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and one. Zero indicates no similarity between the reference
and the unknown vectors, one indicates complete similarity
between the reference and the unknown vectors.

2.6. Sensitivity Analysis

[13] To detect P. globosa blooms with multispectral
remote sensors, we use two ratios of R(\) taken in the
visible part of the spectrum. Because R()) is sensitive to
other optically significant components than phytoplankton,
a sensitivity analysis has to be performed to evaluate their
impacts on the R () ratios. We specifically test the effects
of Chl, CDOM, and the composition of the particulate
matter (through the by,,(650) to b,(650) ratio, by,/by,) on
the two R () ratios. Chl is selected as a variable parameter
to examine the effect of the intensity of the bloom on these
ratios. CDOM is chosen because its absorption at low
wavelengths may dominate the phytoplankton absorption.
Finally, by,/b,, is selected because of its fundamental role in
the ocean color variability in coastal waters [Lubac and
Loisel, 2007]. The Hydrolight radiative transfer model
(Hydrolight 4.2 [Mobley and Sundman, 2001]), which
computes radiances distributions in the ocean, is employed
to conduct the sensitivity analysis. The simulations are run
for a nearly flat sea surface with a wind speed fixed at 5 m
s~', a sun zenith angle at 50° corresponding to the mean sun
angle observed at the 15 selected stations, and an infinitely
deep ocean (no bottom reflection for the investigated
waters). The inherent optical properties fixed as input
parameters for the simulations are given below.

[14] A model with three components (seawater, particles,
and CDOM) is used to calculate the values of the absorption
(a(N)) and backscattering (b,(\)) coefficients for variable
Chl, CDOM, and byy/b, values. The backscattering and
absorption spectra are partitioned as follows:

bo(A) = bow(A) + bop () (6)

a() = aw(N) + ap(N) + acpom(N) (7)

where bpw()\) and ay(\) are the pure seawater back-
scattering and absorption coefficients, respectively. byp(\)
is the particulate backscattering coefficient, and a4(\) and
acpom(N) are the phytoplankton and dissolved absorption
coefficients, respectively. The nonalgal particles represent
less than 10% of the total absorption during the spring-
summer period of the investigated waters [ Vantrepotte et al.,
2007]. In addition, the absorption of the nonalgal particles
(@nap(N)) has a spectral shape similar to acpom()), and is
therefore not included in this sensitivity analysis. The values
of ay(N\) and by () are given by Pope and Fry [1997] and
Morel [1974], respectively. The nonwater IOP spectra are
then parameterized as:

ay(N) = Chl.aj(N), with af(N)
= (1 = W).aaeo(N) + W.aiao (N) (8)

aCDOM(/\) = aCDOM(443)~ exp(fSCDOM(/\ — 443)) (9)

brp(N) = bup/by.CHLES(N), with BE(X) = b%(650).(650/) (10)

4 of 17



C06026

Table 1. Values Adopted for the Different Parameters Used in
Each Scenario of the Sensitivity Analysis®

Chil, mg-m > bup/by acpom,(443), m™!
Scenario [ [5;30] =0.006 =0.15
Scenario II =10 [0.003;0.03] =0.15
Scenario IIT =10 =0.006 [10% of a(443);

60% of a(443)]
1

“Note that for each scenario, Scpowm is fixed at 0.016 nm™ ", and the w

parameter takes successively the 0.0, 0.5, and 1.0 value.

where afaeo (A), and aXiao (M) are the chlorophyll specific
absorption of P. globosa and diatoms, respectively. Their
spectral values were obtained from measurements per-
formed on cultures [Astoreca, 2007]. The specific absorp-
tion weighting factor (w) varies from 0 to 1. This parameter
represents the relative concentration in terms of chlorophyll
associated with each phytoplankton and allows the simula-
tion of an algal community either mixed or dominated by P.
globosa or diatoms. The values of the CDOM spectral slope
(Scpom) and of bj(650) (= b,(650)/Chl) are chosen to be
0.016 nm™ ', and 0.14 m* mg ™', respectively. These values
are based on our in situ measurements performed during
bloom conditions. The spectral dependence (v) of bi()) is
fixed at 0.5 [Babin et al., 2003b]. This value is also in good
agreement with in situ measurements reported by Loisel et
al. [2006] for Chl values greater than 10 mg.m™~ (see their
Figure 7b).

[15] Three computational scenarios, in which Chl, by/b,,
and acpom(443) vary independently, are examined (see
Table 1). For each scenario, w successively takes a value
of 0.0, 0.5, or 1.0 to simulate an algal population dominated
by P. globosa, mixed, or dominated by diatoms, respectively.
In scenario I, byy/b, and acpom(443) are held at 0.006 and
0.15 m™ ', respectively. These values correspond to the
mean values observed during P. globosa and diatoms bloom
conditions. Note that the extreme values of by,/b, (higher
than 0.019) are not taken into account in the calculation of
the mean (these values are associated with particular con-
ditions during which the nonalgal or mineral particulate
fractions are particularly high). Chl varies from 5 to
30 mg-m*3 . In scenario 11, acpom(443) and Chl are held
at 0.15 m ™' and 10 mg-m >, respectively. byp/by, is allowed
to vary from 0.003 to 0.03. This range of byy/b, values is
intended to encompass both realistic ranges observed in the
field and extreme values. In scenario IlI, by,/b, and Chl are
fixed at 0.006 and 10 mg-m >, respectively, while CDOM
varies from 10 to 60% of a(443), as observed by Vantrepotte
et al. [2007].

3. Results
3.1. R,() Spectra and Enumeration Results

[16] Figure 2a shows the R, () spectra collected during
the 4 cruises occurring in March, April, May, and June
2004. The R () spectra display great variability in both
magnitude and spectral shape. This is directly related to the
various and largely uncorrelated constituents that are sus-
pended or dissolved in the waters, and for which the relative
concentrations change according to different biological
(blooms formation, and degradation) and physical (resus-
pension, dilution, and aggregation) processes. This variabil-
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ity is analyzed by Lubac and Loisel [2007]. They stressed
that the variability of the R (\) spectra are, to first order,
related to variability in particulate backscattering, and, to
second order, by absorption associated with CDOM and
detritus. They also highlighted the role of the bulk partic-
ulate composition, through byy/b,, in the R (M) variability.
The variability of the spectral shape of R(\) was related to
the characteristics of the water constituents from a hierar-
chical cluster analysis. In particular, they showed that the
R(\) spectra associated with phytoplankton (P. globosa
and diatoms) blooms may be discerned from the others.
Figure 2b shows the R(\) spectra associated with the 15
stations preselected for the enumeration of the phytoplank-
ton species. The spectral shape of these R, () spectra is
typical of a phytoplankton bloom situation with low values
in the blue and high values in the green. The chlorophyll a
(chl-a) absorption peak at 660 nm and the chl-a fluores-
cence peak at 683 nm can clearly be discerned on the R4(\)
spectra. The high variability of the R()\) magnitude in the
green part of the spectrum may be directly related to the
variability of the by,/b, ratio values, which range from
0.005 to 0.021 (Table 2).

[17] The results of the laboratory-based cell enumeration
are displayed in Table 2. The abundance of P globosa
varies from 0 to 33.451 10° cells-l”, while the diatoms
abundance varies from 0.555 to 2.197 10° cells-1"'. These
high values of abundance highlight the extreme intensity of
the P. globosa and diatoms blooms, whose the bloom
condition threshold values are typically found to be around
10° and 10° cells- 17", respectively [Cadée, 1992; Schoemann
et al., 2005]. Here, the biomass of the algal population is
considered as the sum of the biomass of P. globosa (C,)
and diatoms (Cy), which greatly dominates the algal com-
munity from March to June (from ~80 to 90% according to
Vantrepotte et al. [2007]). P. globosa biomass ranged from
0 to 83% while diatoms biomass ranged from 17 to 100%.
Note that diatoms are dominated by Guinardia delicatula
and Rhizosolenia imbricate. From these laboratory-based
cell enumerations, three groups may be discerned. While
group 1 and group 3 correspond to an algal population
dominated by P. globosa (C, > 60% and Cy4 < 40%) and
diatoms (Cq > 90% and C,, < 10%), respectively, group 2 is
associated with a mixed algal community (40% < C, <
60%).

3.2. Hyperspectral Analysis

[18] Figure 3 shows the mean absorption spectra and their
second derivatives of P. globosa and diatoms measured by
Astoreca [2007] from cultures. Note that the diatoms
species used in the cultures correspond to those observed
in situ. The spectral shape of the two absorption spectra and
their second derivatives differ mainly in the 400—540 nm
spectral domain. The main differences between the second
derivatives of the two phytoplankton absorption spectra are
the position of the minimum within 460—470 nm and of the
maximum within 480—500 nm. Whereas the minimum is
observed at 465 nm for diatoms, it is observed at 469 nm for
P. globosa. Likewise, while the maximum is observed at
483 nm for diatoms, it is observed at 493 nm for P. globosa.
Figure 4a shows the R 4(\) mean spectra of group 1, group
2, and group 3, which are characteristic of a P globosa
bloom situation, mixed algal population, and a diatoms
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Figure 2.

(a) Hyperspectral measurements of R,(\) spectra (N = 93) obtained from field radiometric

measurements performed in the eastern English Channel and southern North Sea from March to June
2004. (b) R(\) spectra (N = 15) measured at the stations selected for the enumeration of the

phytoplankton species.

bloom situation, respectively. Figure 4b shows the second
derivative of the mean R (\) spectrum of each group in the
400—-540 nm spectral domain. A positive maximum in the
second derivative of R 4(\) corresponds to an inflexion point
in the R () spectra. Because R () is inversely propor-
tional to a()), a minimum (maximum) in the reflectance
spectrum corresponds to a maximum (minimum) in the
absorption spectrum. The shifts observed in Figure 3b for
the second derivative of the phytoplankton absorption
spectra are also observed on the second derivatives of
R(N). The labeled diatoms and P. globosa R.()\) second
derivative spectra are characterized by maxima around
462.5 and 472.5 nm, respectively. At 482.5 and 500 nm,
minima are observed for the diatoms and P. globosa R.(\)
second derivative spectra, respectively. Note that the min-
imum of the second derivative of R () (at 500 nm) for P,
globosa is significantly shifted in comparison to the max-

imum of the second derivative of ay(\) (at 493 nm)
obtained from cultures (see discussion).

[19] To characterize these shifts, the relationships be-
tween the proportion of the biomass of P. globosa (in %)
and the position of the maximum and minimum of the
R ()\) second derivative in the 460—480 nm and 480—
510 nm spectral domain, respectively, are displayed in
Figure 5. Figure S5a shows a significant relationship between
the biomass of P. globosa and the position of the maxi-
mum (r* = 0.92). This indicates that the maximum is
around 462.5 nm for a C;, close to 0% (Cyq ~ 100%) and
around 475 nm for a C, value close to 90%. Similarly, a
good linear relationship is observed (> = 0.95) between G
and the position of the minimum of the R (\) second
derivative in the 480—510 nm spectral range (Figure 5b).
When the C,, value is close to 0%, the minimum value of
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Table 2. Chlorophyll a Concentration (Chl, mg-m ), Backscattering Ratio (bup/bp), Abundance (N, 10° cell1™") and Biomass (C;, %) of
P. globosa and Diatoms Measured for Each Selected Station

P. globosa Diatoms
Group Station Month Chl, mg-m > byp/by N (10° cells1™") C, (%) N (10° cells-1) Cq (%)
1 33 5 333 0.005 33.451 77 1.303 23
1 37 5 20 0.005 21.982 83 0.896 17
1 38 5 17.6 0.005 15.489 66 0.954 34
1 39 5 17.2 0.005 18.296 81 0.731 19
1 50 5 9.4 0.009 8.157 71 0.463 29
1 64 4 20 0.007 18.322 64 2.197 36
1 65 4 9.2 0.020 14.803 60 1.563 32
2 38 4 10.4 0.010 2.024 40 0.569 60
2 42 4 12.2 0.006 4272 41 0.702 59
2 56 4 10 0.019 6.175 55 0.555 45
3 9 6 4.1 0.005 0 0 1.443 100
3 28 6 7.0 0.007 0.084 5 1.505 95
3 38 6 7.8 0.019 0.057 5 1.051 95
3 42 6 8.7 0.021 0.039 2 1.142 98
3 15 5 11.5 0.006 0.028 2 1.094 98
1.2
[ a — -+ diatoms
1.0 —— P. globosa

0.8

086

0.4

normalized specific absorption

0.2

0.0 " i i i L i " i i L i i " i L i i i " 'l i " i " ' i i " i
400 450 500 550 600 650 700
wavelength (nm)
0.004
b — - diatoms
—— P. globosa
0.002

0.000 \ LA //\\ \’./ /7(‘*&\1_

second derivative of the specific absorption

-
-0.002
-0.004 L 1 L 1 L 1
400 420 440 460 480 500 520 540

wavelength (nm)

Figure 3. (a) Normalized diatoms and prymnesiophyceae P. globosa absorption spectra obtained from
cultures and (b) their second derivatives (redrawn from Asforeca [2007]). The normalization is performed
using the absorption value of each spectrum at 442 nm.
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Figure 4.

(a) Mean and (b) second derivatives spectra of R.4()\) associated with the group 1 (P. globosa),

group 2 (mixed), and group 3 (diatoms) (see Table 1).

d\’R, is observed around 480 nm, and when C, tends
toward 90%, this minimum is observed around 510 nm.

[20] The method based on the shifts of the extremes in the
dX’R, spectra is chosen to identify the spectra corresponding
to a P. globosa bloom in our whole R () data set. On the
basis of the results presented above, we define two criteria
to discriminate the P. globosa blooms from diatoms blooms
(C, higher than 60%): the maximum of dN*R, in the 460—
480 nm spectral range has to be observed beyond 471 nm,
and the minimum of d\’R, in the 480—510 nm spectral
range has to be observed beyond 499 nm. The application of
these two criteria to our whole R ¢(\) data set provides 21
spectra associated with P. globosa blooms. This is in
agreement with a qualitative analysis based on our in situ
observations.

3.3. Comparison of the Rgs(A)-Hyperspectral Analysis
With the a, (A)-Similarity Index Analysis

[21] The classification of the R () spectra obtained from
the two criteria presented above, is compared to that

achieved by means of a similarity index analysis as
described by Millie et al. [1997]. This last method was
successfully applied for the detection and assessment of the
harmful alga, Karenia Brevis [Craig et al., 2006]. In the
present study, the similarity index (SI) is computed between
the second derivative of an in situ reference P. globosa
absorption spectrum (a{ﬁfaeo_in sie(N) and the second deriv-
ative of an in situ unknown phytoplankton population
absorption spectrum (@g.in sit(A)) in the 400-540 nm
spectral range. Then, based on a relationship between SI
and the P, globosa biomass, the absorption spectra identified
as P. globosa are selected. This study is performed in 400—
540 nm spectral range because, the spectral variability of
ag(A) is sufficiently high to discriminate a phytoplankton
community dominated by P. globosa from a phytoplankton
community dominated by diatoms. Indeed, the SI value
computed between the second derivative of the P. globosa
absorption spectrum and the second derivative of the
diatoms absorption spectrum, both obtained from culture,
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Figure 5. Variation of the P. globosa biomass (C,, expressed in %) as a function of (a) the position of

the maximum of the second derivative of R.i()\) in the range 460—480 nm (\(max(d’R,))), and (b) the
position of the minimum of the second derivative of R.4()\) in the range 480—510 nm (\(min(d’R,s))). The
black lines represent the linear regressions between Figure 5a C,, and A(max(d ’R,)), and Figure 5b G
and \(min(d* Rrs)) The regression equations, the number of observatlons (N), and the squared correlatlon

coefficient (%) are given.

is around 0.59 in the 400—540 nm spectral range, versus
0.78 in the 400—700 nm spectral range.

[22] Because of the lack of in situ phytoplankton absorp-
tion measurements, @, in si(A) 18 derived from R.¢()\) using
the quasi-analytical algorithm of Lee et al. [2002]. Figure 6a
shows the spectra of a,4(\) retrieved from our whole R ()
data set. a;ifam_in si(N) is then computed as the mean
spectrum of the retrieved @iy si(\) associated with P
globosa blooms (group 1 in Table 2). To verify the

consistency of the retrieval, the spectrum of afﬁ,taeo_in sitt(A)
and its second derivative are compared to those
obtained from P. globosa cultures by Astoreca [2007],
(@phaco-culture(AN)) (Figures 6b—6¢). A relatively good agreement
is observed between the field retrieved and laboratory measured
absorption spectra (Figure 6b). Importantly, the maxima and
minima of the second derivative of a;}elfmo_in siw(A) and
@phaco-culure(A) are observed at the same wavelengths
(Figure 6¢). The main sources of discrepancies between the

Figure 6. (a) Phytoplankton absorption spectra (N = 93) retrieved from R (\) using the quasi-analytical algorithm
developed by Lee et al. [2002]. (b) Field retrieved (ap}laeo -in sita (A)) and laboratory measured (@pnaco-cuiture(A)) normalized
absorption spectra of P. globosa (see text for details), and (c) their second derivatives.

9 of 17



C06026

LUBAC ET AL

normalized absorption of P. globosa . (m"") [Lee et al., 2002]

second derivative of the absorption of P. globosa

.. ALGAL BLOOMS DETECTION IN COASTAL WATERS

400 450 500 550 600 650 700
wavelength (nm)
1.2
b
1.0

0.8

06

04

0.2

L " 1 " 1 . Il L 1 " 1

ref,
7 dphaeo-in situ (%)

“phaeo-culture&)

0.0
400

0.003

420 440 460 480 500 520 540

wavelength (nm)

0.002 -

0.001

0.000

-0.001

-0.002 |

-0.003

400

420 440 460 480 500 520 540

wavelength (nm)

Figure 6

10 of 17

C06026



C06026

1.0

LUBAC ET AL.: ALGAL BLOOMS DETECTION IN COASTAL WATERS

C06026

06

04} .

similarity index

%21 noP. globosa bloom

=077 .

P. globosa bloom

|
|
|
|
|
|
|
|
|
|
|
|
1

il

00 " i PRy |
1.00e-2 1.00e-1

1.00e+0

1.00e+1 1.00e+2

abundance (10° cells.I')

1.0

0.8 -

04 |e

similarity index

02}

00

b *=053 @

0 20 40

60 80 100

P. globosa biomass (%)

Figure 7. (a) Similarity index magnitude as a function of the P. globosa cell abundance. The dashed line
represents the separation between a bloom and a no bloom situation. (b) Similarity index magnitude as a
function of the P. globosa biomass. The squared correlation coefficients (r?) are calculated for the

10 points associated with a bloom situation.

two spectra are due to the errors in the retrieval of ag.in sit(N)
from R()), owing to the assumptions and empirical relation-
ships used in the quasi-analytical algorithm; but also to the cell
properties which differ whether they grew in culture or in the
field.

[23] Figure 7a shows the relationship between the abun-
dance (in 10° cells-1™') and the similarity index of P
globosa. For the 10 points associated with a P. globosa
bloom, a good correlation between the two parameters is
observed (¥ = 0.77). A relatively good correlation (r* =
0.53) is also observed between the similarity index associ-
ated with the 10 points corresponding to a P. globosa bloom
and the biomass (Figure 7b). The similarity index value of
0.71, associated with a C, value higher than 60% (and
abundance higher than 8.000 10° cells-1""), is then taken to
characterize an algal population dominated by P. globosa.

The similarity index analysis applied to our R(\) data set
provides 18 spectra associated with a P. globosa bloom. The
comparison between the results obtained from the position
of the maximum and minimum of d\’R, and those obtained
from the similarity index analysis to select the stations
where P. globosa dominates the algal population is dis-
played in Figure 8. The two methods are in agreement with
17 stations dominated by P. globosa identified by both
methods (out of 21 for the hyperspectral approach and 18
for the similarity index analysis).

3.4. Multispectral Analysis

[24] Two different empirical approaches were tried to
detect the P. globosa blooms from multispectral data. The
first approach relates the biomass and relative abundance of
P. globossa with two possible configurations of R, ratios:
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Rrs()‘l)/Rrs()Q)n and (Rrs(>\1) - Rrs(/\2))/Rrs()‘3)a with >\i
between 400 and 700 nm, and a spectral resolution of
2.5 nm. Using this approach we did not find a significant
relationship. As an alternative approach, we tested all the
possible relationships between different R ratios (R(A;)/
Ris(A\2)). The best combination found to detect the blooms
of P. globosa uses the two following ratios: R.(475)/
R5(505) and R4(442.5)/R(495).

[25] To evaluate the potential of current multispectral
ocean color sensors for the remote detection of P. globosa
blooms, we have also tested all possible combinations of R
ratios from the set of SeaWIFS and MODIS wavelengths
(412, 443, 490, 510 (SeaWiFS), 532 (MODIS), 555, and

665 nm). The best combination has been found between the
R(490) to R.4(510) ratio (R) and the R(442.5) to R.(490)
ratio (R;). The R, versus R, relationship is significantly
different (at 90% confidence level) between the P. globosa
and diatoms plus unidentified data sets (Figure 9). The
performance in the use of R; and R, to discriminate P,
globosa from diatoms is very similar to that obtained from
the R(475)/R(505) and R,4(442.5)/R.s(495) ratios. A re-
gression analysis (Table 3) shows that the variability of R,
is mainly ruled by Chl (* = 0.52), while the variability of
R, seems to be regulated by by,,/b, (r* = 0.45), that is by the
nature of the bulk particulate assemblage [Loisel et al.,
2007]. As seen, the data points associated with P. globosa
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blooms are well separated from those associated with
diatoms blooms in the (R;, R;) phase space. For a given
R, value, the stations associated with P. globosa show the
lowest R; values. Given these encouraging results we need
to assess if this pattern is really due to the differences in the
phytoplankton composition and to evaluate the sensitivity of
each ratio to the variation in concentration of the other
optically significant components.

[26] Increasing the total chlorophyll concentration and
varying the w parameter to simulate an algal population
dominated by P. globosa (w = 0.0), mixed (w = 0.5), and
dominated by diatoms (w = 1.0), we find R; and R, to
decrease (Figure 10a). R; is more sensitive to the variations
of Chl than R,, decreasing twice as fast (0.16 versus 0.8 for
a P. globosa population) when Chl increases from 5 to
30 mg-m >. Ry seems more appropriate than R, to discrim-
inate waters dominated by P. globosa from those dominated
by diatoms. Indeed, for a constant Chl value, the difference
between the R, value associated with P. globosa and the
R; value associated with diatoms (R; = Ry|,,—90 — Ri|u=1)
is greater than 0.2, versus 0.05 for R, (R, = Ry|,—o —
RZ‘MFI)'

[27] For each algal population, when by,/b, increases
from 0.003 to 0.03, and acpowm(443) and Chl are held
constant (scenario II), R; and R, decrease (Figure 10b).
As for scenario I, P. globosa and diatoms are very well
discriminated from the R, ratio. For a constant by,,/b,, value,
the R; value calculated between the two phytoplankton
communities is found to be greater than 0.2, versus 0.05
for R,. R, is more sensitive to the variations of byy/b,, than
R;. Indeed, when the by,,/b, ratio increases from 0.004 to
0.03, R, decreases more quickly than R; for a P. globosa
population (0.8 versus 0.5). This trend conforms to the

results of the correlation analysis performed on our in situ
data set (presented in Table 2).

[28] In scenario III, acpom(443) varies from 10 to 60% of
a(443), while Chl and by,/b, are held constant. As for
scenarios I and II, the R; ratio is much more sensitive to
the type of phytoplankton (as indicated by the w parameter)
(Figure 10c). However, this sensitivity decreases as CDOM
increases. When CDOM increases, R, decreases for each
w value, whereas R decreases for a diatoms population, and
increases for a mixed and P. globosa population. Note that
we have also tested the sensitivity of R; and R, to the spectral
shape of CDOM, Scpom (results are not shown). When
Scpowm increases from 0.01 to 0.026 nm™ ', that is within
the range of values observed in situ, R, and R, decrease for
each wvalue, and R; stays constant (=0.22), as for scenarios |
and II. This result indicates that Scpop doesn’t affect the
discrimination between P. globosa and diatoms.

[20] The sensitivity analysis suggests that the composi-
tion of the algal community explains much of the behavior
of R; versus R, observed in situ (Figure 9). The discrim-

Table 3. Squared Correlation Coefficient (r*) Calculated Between
R; and R,, and the Discrete In Situ Bio-Optical Parameters, Chl,
acpom(443), bp(650), by, (650), and byy/bp(650)*

(N = 93) R] R2
Chl 0.52 0.04
depom(443) 0.07 0.08
bo(650) 0.55 0.09
bop(650) 0.12 0.45
Diy/by(650) 0.08 0.44

“The numbers in bold are significant for the null hypothesis at the 99%
confidence level.
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ination between P. globosa and diatoms is not significantly
affected by the intensity of the bloom (i.e., the Chl value),
and by the nature of the bulk particulate assemblage (i.c.,
the byy/b, value). The presence of CDOM is much more
problematic for this discrimination, as the behavior of R;
with CDOM depends on w, that is on the phytoplankton
assemblage.

4. Discussion and Conclusions

[30] In this paper, we explore the multispectral and
hyperspectral approaches to detect P. globosa blooms from
in situ R(\) spectra. The multispectral approach suggests
that two reflectance ratios (Rs(490)/R.(510) and R.(442.5)/
R(490)) may be used to detect the presence of P. globosa
blooms from current ocean color sensors. A sensitivity
analysis performed on these two ratios shows that Ch/ and
byy/b, seem to have no effect on the discrimination of a P
globosa bloom from a diatoms bloom. In contrast, CDOM
seems to reduce significantly the ability to distinguish
between the two species. Therefore the development of a
future remote sensing algorithm, based on the use of these
two reflectance ratios, should also include information
about CDOM (e.g., by including bands in the near-UV, or
in situ observations). More radiometric data collected dur-
ing diatoms and P. globosa blooms are needed for the
development and validation of such algorithms.

[31] The results of the hyperspectral approach show that
P. globosa blooms may be distinguished from the second
derivative of R () in the 400—540 nm spectral range. The
analysis of d)’R, allows the establishment of two criteria to
discriminate P. globosa blooms from diatoms blooms.
These criteria are based on the position of the maxima
(around 471 nm) and minima (around 499 nm) of d\’R,,
which shift depending on the presence or absence of P,
globosa blooms. We postulate that these spectral patterns
may be directly related to the spectral characteristics of
ag(N). Indeed, the CDOM and detritus absorption spectra
are monotonically decreasing function of wavelength as are
the water and particulate backscattering spectra, with the
spectral inflexions of the water absorption known and
negligible for values of Chl greater than 5 mg-m > (note
that for such Chl values the by,()\) spectrum can be
considered as nearly flat). The phytoplankton absorption
coefficient depends on the intracellular pigment composi-
tion, but also on the pigment packaging effect of the algal
population [Kirk, 1975; Morel and Bricaud, 1981]. The
packaging effect is due to the fact that pigments are not in
solution but are packaged within cells, and inside cells,
within chloroplasts. This effect, which depends on cell size
and intracellular pigment concentration, is function of the
wavelength and tends to flatten the phytoplankton absorp-
tion spectrum.
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[32] The first criterion established to discriminate P.
globosa from diatoms is based on the position of the
maximum of d\’R,s within 460—480 nm. The spectral
shape of d\’R,s presents a maximum centered at 462.5 nm
in presence of diatoms, whereas this maximum shifts toward
472.5 nm in presence of P. globosa. We suggest that this
pattern, also observed on the second derivative of phyto-
plankton absorption spectra (Figure 3b), can be explained
by differences in the intracellular pigment composition. A
positive maximum in the dA\’R,s spectrum, which corre-
sponds to an inflection pomt in the Rrs()\) spectrum should
correspond to a negatlve minimum in the d\’ ags(X) spec-
trum, and then to a maximum in a,(\). The chlorophyll-c;
(chl-c5) is reported as the biomarker of P globosa in the
eastern English Channel and southern North Sea, as it
appears at generally much higher concentration during P
globosa blooms, than during diatom blooms [Breton et al.,
2000; Antajan et al., 2004; Schoemann et al., 2005]. While
in solvent absorption peaks of chlorophylls-cii, (chl-ci2)
and chl-cy are centered around 446—450 nm and 452 nm
[Jeffrey and Vesk, 1997], respectively, in vivo absorption
maxima of chl-ci4, and chl-c3 are found around 460 and
467 nm, respectively [Bidigare et al., 1990]. Therefore the
shift of the maximum of d\’R,s toward longer wavelengths
in the presence of P. globosa is consistent with a greater
proportion of chl-c; in P. globosa than in diatoms.

[33] The second criterion established to discriminate P.
globosa from diatoms is based on the position of the
minimum of d\°R,, within 480—510 nm. This minimum
characterizes the presence of an inflexion point in the
absorption spectrum. We suggest that the position of this
inflexion point varies as a function of the relative proportion
of chl-c; and carotenoid pigments in the phytoplankton
cells. A higher chl-cs/chl-a ratio and a lower carotenoids/
chl-a ratio were observed for a P. globosa population than
for a diatoms population [Muylaert et al., 2006]. While chl-
c3 absorbs around 467 nm, the carotenoid pigments absorb
at a higher wavelength around 500 nm [Bidigare et al.,
1990]. Therefore when the proportion of carotenoid pig-
ments decreases (i.e., relatively more P. globosa), the
position of the inflexion point shifts toward 510 nm. In
the same way, when the proportion of chl-c; decreases (i.e.,
relatively less P. globosa), the position of the inflexion point
shifts toward 480 nm. This shift may also be intensified
during an intensive bloom of P. globosa, due to the photo-
adaptation of the phytoplankton cells, which leads to a
decrease of the carotenoids/chl-a ratio [Jonhsen et al., 1994,
Stuart et al., 2000; Llewellyn and Gibb, 2000; Schluter et
al., 2000; Bricaud et al., 2004]. The photoadaptation may
also partly explain the shift observed between the position
of the maximum of the second derivative of @pnaco-cutture()
(at 493 nm) and the maximum of the second derivative of
a]r)ehfaeo -in 51tu(>\) (at 500 nm).

Figure 10. Variation of R; as a function of R, obtained from numerical simulations performed for the three sensitivity
analysis scenarios as, described in the text. (a) Scenario I: acpom(443) and byy/b,, are held constant and the Chl values vary

from 5 to 30 mg.m~

(b) Scenario II: Chl and acpom(443) are held constant and the by,/b,, values vary from 0.003 to 0.03.

(c) Scenario IlI: Chl and by,/b, are held constant and the acpom(443) values vary from 10 to 60% of a(443). For each
scenario, w takes successively the 0, 0.5, and 1 value to simulate an algal population dominated by P. globosa, mixed, and

dominated by diatoms, respectively.
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[34] This study confirms the advantage of a hyperspectral
over a multispectral approach to detect different phyto-
plankton taxonomic groups from remote sensing. The main
difference between these two approaches is that, while
qualitative information can be provided from the two
methods, hyperspectral resolution is needed for quantitative
assessment and monitoring of phytoplankton blooms (see
Figures 5a, 5b, and 7).
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