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Abstract The light absorption properties of phytoplankton (aph(k)) and nonalgal particles (anap(k))
associated with phytoplankton pigments were analyzed across the Red Sea, in the upper 200 m depth,
between October 2014 and August 2016. The contribution by nonalgal particles to the total particulate light
absorption (aph(k) 1 anap(k)) was highly variable (23 6 17% at 440 nm) and no relationship between
anap(440) and chlorophyll a concentration, [TChl a], was observed. Phytoplankton-specific phytoplankton
absorption coefficients at 440 and 676 nm for a given [TChl a], aph*(440), and a�ph(676) were slightly higher
than those derived from average relationships for open ocean waters within the surface layer as well as
along the water column. Variations in the concentration of photosynthetic and photoprotective pigments
were noticeable by changes in phytoplankton community size structure as well as in a�ph(k). This study
revealed that a higher proportion of picophytoplankton and an increase in photoprotective pigments
(mainly driven by zeaxanthin) tended to be responsible for the higher a�ph(k) values found in the Red Sea as
compared to other oligotrophic regions with similar [TChl a]. Understanding this variability across the Red
Sea may help improve the accuracy of biogeochemical parameters, such as [TChl a], derived from in situ
measurements and ocean color remote sensing at a regional scale.

1. Introduction

Light absorption coefficients by suspended particles, ap(k), i.e., phytoplankton (aph(k)) plus nonalgal particles
(anap(k)), are key parameters that determine the optical signature of oceanic waters and affect the color of
the ocean. The natural variability of these coefficients in various oceanic regions has been studied to estab-
lish global bio-optical relationships. Based on these studies, algorithms for the retrieval of biogeochemical
products (e.g., [TChl a]) from in situ or ocean color remote sensing have been refined (Atlas & Bannister,
1980; Garver & Siegel, 1997; Kiefer & Mitchell, 1983; Maritorena et al., 2002; Morel, 1991; Morel & Bricaud,
1981; Morel et al., 2006; Morel & Maritorena, 2001; Roesler & Perry, 1995; Sathyendranath et al., 2001). Fur-
thermore, these coefficients, and the phytoplankton-specific phytoplankton absorption coefficient (aph*(k))
in particular, are also relevant for primary production models and for inferring phytoplankton size and taxo-
nomic composition (Bracher et al., 2017; Ciotti & Bricaud, 2006; Platt & Sathyendranath, 1988; Sathyendra-
nath & Platt, 1988; Tilstone et al., 2014; Uitz et al., 2010). Indeed aph*(k) is, at the first order, driven by the
concentration in phytoplankton biomass (Bricaud et al., 1998, 2010; Cleveland, 1995; Mitchell & Kiefer, 1988)
and, at the second order, by phytoplankton size and taxonomic structure as well as pigment composition
and proportions (Bricaud et al., 1995, 2004; Ciotti & Bricaud, 2006; Ciotti et al., 2002; Devred et al., 2006).
Thus, understanding the variability of aph*(k) with respect to [TChl a], phytoplankton community structure
and pigment composition is of primary relevance for biogeochemical studies and ocean color remote sens-
ing applications (Morel & Bricaud, 1981; Roesler & Perry, 1995; Sathyendranath et al., 2001).

While the variations in aph(k) and anap(k) have been extensively studied in various area of the global ocean
(Bricaud et al., 1995, 1998, 2010; Boss et al., 2013a; Devred et al., 2006; Lutz et al., 1996; Suzuki et al., 1998),
few studies have been performed in the Red Sea (Brewin et al., 2015, Organelli et al., 2017) during the last
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three decades. Recently, Brewin et al. (2015) suggested that the Red Sea waters and their optical character-
istics can be affected by its different hydrological, biological and environmental conditions (low precipita-
tion, little riverine input, and desert dust events), giving rise to distinct bio-optical relationships in some
subareas of this sea. Using field or ocean color remote sensing observations to infer biogeochemical param-
eters (e.g., aph(k), [TChl a]) from previously established bio-optical models, therefore, may introduce uncer-
tainties in the retrieved products (Organelli et al., 2017). When analyzing the bio-optical characteristics of
the Red Sea, Brewin et al. (2015) observed that the relationship established between the particulate back-
scattering coefficient and [TChl a] as well as the relationship between ap(k) and [TChl a] were similar to
those parameterized by Brewin et al. (2011) and Bricaud et al. (1998) for other clear waters, respectively.
Thus, they suggested that the overestimation of remotely sensed [TChl a] concentrations in the Red Sea, as
derived from standard bio-optical algorithms, could be due to an excess of colored dissolved organic matter
(CDOM) absorption per unit of [TChl a]. However, Organelli et al. (2017) did not observe bio-optical anoma-
lies in the Red Sea, when analyzing measurements of diffuse attenuation coefficient for downward irradi-
ance at those wavelengths used as proxies of CDOM and phytoplankton light absorption coefficients (Morel
et al., 2007). In these studies, measurements were only taken during a limited period of the year (fall-winter
season), either restricted to the surface layer or in a given subregion of the Red Sea. It is now well known
that changes in optical properties can depend on modifications of proportions between the optically signifi-
cant substances (CDOM, nonalgal particles and phytoplankton) observed over seasons (Devred et al., 2006;
Organelli et al., 2014; Sathyendranath et al., 1999). Therefore, further characterization of the bio-optical
behavior of the Red Sea is required.

The Red Sea is one of the most saline and warmest deep seas in the world (Belkin, 2009; Longhurst, 2007;
Raitsos et al., 2011, 2013) characterized by low precipitation, little riverine input (Patzert, 1974), and high
evaporation rates (Sofianos & Johns, 2003). The Red Sea displays pronounced south-north latitudinal gra-
dients in environmental conditions such as temperature, salinity, light intensity, and nutrients (Churchill
et al., 2014; Ismael, 2015; Neumann & McGill, 1962; Raitsos et al., 2013; Sawall et al., 2014; Sofianos & Johns,
2003). The Red Sea is considered as a large marine ecosystem (Belkin, 2009) and sustains coral reefs, man-
groves, and seagrass beds, which provide habitat for a large variety of marine organisms (Almahasheer
et al., 2016; Berumen et al., 2013). The Red Sea is known as an oligotrophic basin given the depletion of
nutrients in the surface layer (Racault et al., 2015; Raitsos et al., 2013, 2015; Triantafyllou et al., 2014).

Several studies showed that the seasonal variability of phytoplankton biomass in the Red Sea appears to be
controlled by physical processes (winter mixing, mesoscale eddies, horizontal advection, and intrusion of
water masses from Bab-el-Mandeb) that determine the availability of nutrients to the euphotic layer
(Dreano et al., 2016; Gittings et al., 2017; Racault et al., 2015; Raitsos et al., 2013, 2015; Triantafyllou et al.,
2014; Wafar et al., 2016). Recently, Pearman et al. (2016) and Kheireddine et al. (2017) showed that phyto-
plankton community structure (size and taxonomy) and its spatiovertical distribution appear to adapt in
response to changes in environmental conditions along the south-north latitudinal gradients. They
observed that picophytoplankton were generally the most abundant group at the surface along the whole
basin. Nanophytoplankton, such as pelagophytes and prymnesiophytes, mainly characterized the commu-
nity structure below the surface down to a depth of 150 m. In the Southern Red Sea, microphytoplankton
(diatoms) were more prominent at the bottom of the euphotic layer. Pearman et al. (2016) suggested that
this distribution correlated with increased nutrients found in this region, caused by the inflow of nutrient-
rich water from the Gulf of Aden. How this variability in phytoplankton size structure, and thus in photosyn-
thetic and photoprotective pigment concentrations, influences both aph(k) and a*ph (k) along the water col-
umn remains unknown.

A unique data set of high-performance liquid chromatography-derived phytoplankton pigments and spec-
tral light absorption coefficients of phytoplankton and nonalgal particles has been compiled for the upper
200 m water column across the Red Sea basin. This data set will increase the understanding of the bio-
optical properties of this region and, with a focus on surface waters, evaluate the feasibility to retrieve bio-
geochemical quantities with better accuracy from ocean color observations. In particular, this study aims to
(1) examine the relationships linking ap(k), aph(k), and anap(k) to phytoplankton biomass ([TChl a]), (2) assess
the influences of phytoplankton cell size and pigment composition on the variability in light absorption
properties, and (3) identify presence/lack of consistency between the bio-optical relationships established
in Red Sea waters and those parameterized for other oceanic areas around the world.
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2. Materials and Methods

2.1. Oceanographic Cruises and Sampling
Samples were collected during five research cruises performed across the Red Sea between October 2014
and January 2016 on board of the R/V Thuwal. Two cruises named as CRS-01, and CRS-04 took place in the

Figure 1. Map showing the locations of stations sampled during five cruises between October 2014 and January 2016 in the Red Sea (see Table 1). The delineation
of the Northern Red Sea (NRS), the Central Red Sea (CRS), and the Southern Red Sea (SRS) is indicated on the map. Map produced using ArcGIS.
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Central Red Sea (CRS) during fall and winter, specifically from 16 to 28 October 2014 and from 17 to 28 Jan-
uary 2016, respectively. Two cruises, Duba-01 and Duba-02 were conducted in the Northern Red Sea (NRS)
in spring during the periods of 17–28 April 2015 and 21 March to 2 April 2016, respectively. A cruise to
Jazan took place in the Southern Red Sea (SRS) in winter from 8 to 21 February 2015. A total of 40 stations
were sampled: 18 in the NRS, 14 in the CRS, and 8 in the SRS (Figure 1 and Table 1).

Discrete seawater samples for determining phytoplankton pigment concentrations and particulate
absorption spectra were collected using a rosette system equipped with 10 L Niskin bottles at typically 10
depths within the upper 200 m depth of the water column (5, 10, 20, 40, 50, 60, 70, 80, 150, and 200 m).
Temperature and salinity profiles were obtained using a SBE 9 (Sea-Bird Electronics) conductivity-
temperature-depth (CTD) probe. The data set consisted of 297 measurements of absorption spectra and
phytoplankton pigment concentrations. The first optical depth, that corresponds to the surface layer
observed by satellite ocean color sensors (Gordon & McCluney, 1975), was obtained as the euphotic
depth, Ze, divided by 4.6 (Morel, 1988). Ze is the depth at which PAR decreases to 1% of its value
(ln(1%) 5 24.6) just below the sea surface and was derived from [TChl a] concentration profiles (Morel &
Maritorena, 2001).

2.2. Phytoplankton Pigment Analysis
Seawater samples (with volume ranging from 2.3 to 2.8 L) were filtered through 25 mm diameter Whatman
GF/F filters (0.7 lm porosity), stored in liquid nitrogen during the cruise and subsequently at 2808C in the
laboratory until analysis. A total of 25 pigments were quantified using a high-performance liquid chroma-
tography (HPLC) complete 1260 Agilent Technologies system according to the protocol described in Ras
et al. (2008). Briefly, filters were ground in 3 mL of 100% methanol together with glass beads of 1 mm diam-
eter by cell homogenizer. The extract was centrifuged for 10 min at 7,500 rpm and cooled at 258C. Then
the supernatants were filtered through a Teflon syringe filter of 0.2 lm and the extracts were analyzed.

In this study, the sum of concentrations of chlorophyll a, divinyl chlorophyll a, chlorophyllide a, and phaeo
was used as an index of phytoplankton biomass and noted [TChl a 1 phaeo]. The term phaeo includes the
sum of phaeophytin a and phaeophorbide a pigments. The total chlorophyll b concentration, noted [TChl
b], and the total chlorophyll c concentration, noted [TChl c], were computed as the sum of the concentra-
tions of chlorophyll b and divinyl chlorophyll b and chlorophyll c1, c2 and c3, respectively. Photosynthetic
carotenoids (PSC) correspond to the sum of fucoxanthin (Fuco), peridinin (Peri), 190-
hexanoyloxyfucoxanthin (190HF), and 190-butanoyloxyfucoxanthin (190BF), while nonphotosynthetic carote-
noids (PPC) include zeaxanthin (Zea), alloxanthin (Allo), diadinoxanthin (Diadi), diatoxanthin (Diato), b-
carotene, lutein (Lut), violaxanthin (Viola), and neoxanthin (Neo).
2.2.1. Estimation of Phytoplankton Size Based on Pigments
Diagnostic accessory pigments considered as biomarkers of specific phytoplankton taxonomic groups and
size classes (Vidussi et al., 2001) were used to determine the relative proportions of picophytoplankton (<2
lm), nanophytoplankton (2–20 lm), and microphytoplankton (>20 lm). The biomass proportions associ-
ated with each size class were computed from pigment ratios following Uitz et al. (2006):

%micro51003ð1:41½Fuco�11:41½Peri�Þ=DP (1)

%nano51003ð0:6½Allo�11:27½190HF2Fuco�10:35½190BF2Fuco�Þ=DP (2)

Table 1
Location and Dates of the Five Sampling Cruises in the Red Sea

Campaign Platform Location Abbreviation Period
Number of

stations

Nutrient cycle cruise 1 RV Thuwal Central Red Sea CRS-01 16–28 Oct 2014 8
Jazan cruise RV Thuwal Southern Red Sea Jazan 8–21 Feb 2015 8
Duba cruise 1 RV Thuwal Northern Red Sea Duba-01 17–28 Apr 2015 10
Duba cruise 2 RV Thuwal Northern Red Sea Duba-02 21 Mar to 2 Apr 2016 8
Nutrient cycle cruise 4 RV Thuwal Central Red Sea CRS-04 17–28 Jan 2016 6
Total 40
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%pico51003ð0:86½Zea�11:01½TChl b�Þ=DP (3)

where DP is the sum of the seven diagnostic pigment concentrations:

DP51:41 Fuco½ �11:41 Peri½ �10:6 Allo½ �10:35½19¢BF2Fuco�11:27 190HF-Fuco½ �10:86 Zea½ �11:01 TChl b�½ (4)

This approach has notable limitations. Some diagnostic pigments are shared by several phytoplankton
groups and some groups may cover a broad size range, such as zeaxanthin containing Trichodesmium
(microphytoplankton), or 190BF and 190HF in some picoplankton prymnesiophytes. This approach is not
compared with others techniques such as flow cytometry, microscopy, and molecular analysis. However,
several previous studies demonstrated good performances of this method in providing the dominant
trends of the phytoplankton community size structure in other oligotrophic regions of the world’s oceans
(Organelli et al., 2013; Ras et al., 2008; Uitz et al., 2008, 2015).

The size index (SI) was derived from the proportions of picophytoplankton, nanophytoplankton, and micro-
phytoplankton to provide a single indicator of the dominant phytoplankton community size structure (Bri-
caud et al., 2004). SI was computed as follows:

SI5ð13½%pico�153½%nano�1503½%micro�Þ=100 (5)

where 1, 5, and 50 lm are taken as central size values for each phytoplankton class (Bricaud et al., 2004).

2.3. Particulate Absorption Measurements
Particulate absorption spectra, ap(k), were measured using a quantitative filter pad technique (Mitchell
et al., 2003). Seawater samples (2.3–2.8 L) were filtered on Whatman GF/F filters (0.7 lm porosity) and stored
in liquid nitrogen during the cruise and subsequently at 2808C in the laboratory until analysis. Particulate
absorption spectra were measured, with a Varian Cary 5000 double-beam ultraviolet-visible-infrared spec-
trophotometer equipped with an integrating sphere, in the 300–800 nm spectral range at 1 nm intervals. A
blank wet filter (pure water) was used as a reference. We used this equipment with samples placed inside
the integrating sphere, which allowed us to minimize the scattering error and to determine whether signifi-
cant absorption exists in the near infrared. All spectra were converted into ap(k) (in m21) and then corrected
for the path length amplification effect according to Stramski et al. (2015).

The respective contributions of phytoplankton (aph(k)) and nonalgal particles (anap(k)) to total particulate
absorption were determined by numerical decomposition (Bricaud & Stramski, 1990).

A few samples (N 5 21) were also analyzed using the method of Kishino et al. (1985), based on the pigment
extraction in methanol. Absorption ratios derived from these aph(k) spectra were found to be very close to
the standard ratios used in the numerical decomposition. In addition, the comparison between aph(k) and
anap(k) spectra obtained using the method of Kishino et al. (1985) and those estimated from numerical
decomposition was high (R2 5 0.96, slope 5 1.03; R2 5 0.88, slope 5 1.08; N 5 21, p< 0.0001, respectively)
confirming the validity of the method established by Bricaud and Stramski (1990) for Red Sea waters.

Pigment-specific values of phytoplankton absorption coefficients, aph*(k), were computed by dividing aph(k)
by [TChl a].

2.4. Estimation of Phytoplankton Size Based on the Phytoplankton Absorption Spectrum
An estimation of the phytoplankton size factor, Sf, was computed based on the shape of the phytoplankton
absorption spectrum as described by Ciotti et al. (2002). The model developed by Ciotti et al. (2002) recon-
structs the shape of any phytoplankton absorption spectrum (normalized by the mean in the 400–700 nm
range) using a linear combination of two spectra corresponding to pure picophytoplankton and microphy-
toplankton populations. Note that the picophytoplankton vector used here was provided by Ciotti and Bri-
caud (2006). The values of Sf vary from 0 to 1. Sf tends to 0 for a population composed exclusively of
microphytoplankton and to 1 for a pure picophytoplankton assemblage. Values of Sf comprised between 0
and 1 represent all possible conditions between these two extremes. The accuracy of the spectral fit was
assessed for each phytoplankton absorption spectrum by computing the coefficient of correlation, R2,
between all spectral values and those reconstructed by the model. Values of Sf corresponding to R2� 0.97
(RMSE 5 0.073 6 0.022) between measured and reconstructed phytoplankton absorption spectra were
retained (92% of the entire database).
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3. Results and Discussion

3.1. Particulate, Phytoplankton, and Nonalgal Particles Absorption Coefficients as a Function of
[TChl a]
Variations of ap(k), aph(k), and anap(k) as a function of [TChl a] are displayed in Figures 2 and 3 and are com-
pared with the global relationships established for oligotrophic waters using in situ measurements in vari-
ous regions of the global ocean. With reference to ocean color remote sensing, the analyses of ap(k), aph(k),
and anap(k) as a function of [TChl a] was also restricted to the first optical depth. The regression formula in
the form of a power law for each relationships between the parameter of interest and [TChl a] are presented
in Table 2.
3.1.1. Particulate Absorption Coefficients as a Function of [TChl a]
The ap values at 440 and 676 nm within the surface layer are significantly correlated to [TChl a] (R2 5 0.87
and 0.89, respectively, N 5 108, p< 0.0001) as well as when considering all samples from the upper 200 m
depth (R2 5 0.85 and 0.88, respectively, N 5 297, p< 0.0001) (Figures 2a and 2b). The ap(k) versus [TChl a]
relationships obtained using measurements limited to the first optical depth significantly differ from those
established when all depths were considered (p< 0.05 for all, ANCOVA test). We also found that our meas-
urements, which were collected both within the surface layer and in all depths, were slightly higher for a
given [TChl a] than those of Bricaud et al. (1998), for the global ocean, and Brewin et al. (2015), for the Red
Sea, over the whole range of our measurements ([TChl a] 5 0.006 to 1 mg m23) (Figures 2a and 2b).

The relationships obtained using measurements limited to the surface layer differ statistically with those
established when all depths were considered (p< 0.05 for all, ANCOVA test). We found that our

Figure 2. Variations of the particulate absorption coefficients (a) at 440 nm, ap(440) and (b) at 676 nm, ap(676), as a function of [TChl a]. The black and red solid
lines represent the best fit (power law function) between ap(k) and [TChl a] in all depths and within the first optical depth, respectively. The relationships from
Bricaud et al. (1998) (dashed line) and Brewin et al. (2015) (dotted line) are displayed. Variations of the phytoplankton absorption coefficients (c) at 440 nm,
aph(440), and (d) at 676 nm, aph(676), as a function of [TChl a]. The black and red solid lines represent the best fit (power law function) between aph(k) and [TChl a]
in all depths and within the first optical depth, respectively. The relationships from Bricaud et al. (1995) (dashed-dotted line), Bricaud et al. (2004) (dashed line),
Devred et al. (2006) (red dashed line), and Brewin et al. (2011) (blue dashed line) are displayed. The version of aph(676) as a function of [TChl a] was not provided
by Bricaud et al. (2004). The relationships of Devred et al. (2006) and Brewin et al. (2011, 2015) are for 443 and 670 nm rather than 440 and 676 nm.
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measurements, which have been collected both within the surface layer and in all depths, were slightly
above those of Bricaud et al. (1998), for the global ocean, and Brewin et al. (2015), for the Red Sea, over the
whole range of our measurements ([TChl a] 5 0.006–1 mg m23) (Figures 2a and 2b).

Possible reasons for the differences between our results and those of Brewin et al. (2015) may be attributed
to the use of HPLC-measured [TChl a] in this study. Brewin et al. (2015) obtained [TChl a] from ap measure-
ments at 650, 676, and 715 nm (Line Height method) in Red Sea waters. Although this method has been
found to perform well in various areas of the global ocean (Boss et al., 2007, 2013b; Dall’Olmo et al., 2009,
2012; Roesler & Barnard, 2013; Westberry et al., 2010), our results show that a linear fit to our data of [TChl
a] measured by HPLC versus [TChl a] retrieved from ap(k) provided the equation [TChl a]LH 5 1.17 3 [TChl
a]HPLC 1 0.0026 (R2 5 0.91, N 5 297, p< 0.0001) was not apparent, indicating significant overestimation of
[TChl a]LH as compared with [TChl a]HPLC. Furthermore, Brewin et al. (2015) used a larger number of meas-
urements of ap(k) below 0.1 mg m23 compared to our data set, which could also affect the conclusions in
our study.
3.1.2. Phytoplankton Absorption Coefficients as a Function of [TChl a]
The relationships between aph and [TChl a] at 440 and 676 nm are shown in Figures 2c and 2d. A signifi-
cantly high correlation is also found between aph(k) and [TChl a] within the surface layer and among depths
at 440 nm (R2 5 0.89 and 0.91, N 5 108 and 297, respectively, p< 0.0001) and at 676 nm (R2 5 0.91 and
0.92, N 5 108 and 297, respectively, p< 0.0001). As for ap(k), the relationships between aph(k) and [TChl a]
established within the surface waters significantly differ from those established considering all samples

between 0 and 200 m depth (p< 0.05 for both, ANCOVA test).

The relationships obtained between aph(k) and [TChl a] within the sur-
face as well as along the water column are above the existing global
relationships proposed by Bricaud et al. (1995), Devred et al. (2006),
and Brewin et al. (2011) (Figures 2c and 2d) (p< 0.05 for all, ANCOVA
test). Given the relationships established by Devred et al. (2006) and
Brewin et al. (2011) are based on a two-population model and not on
a power law function, this may affect our comparisons in this study.
Indeed, these models relate aph(k) to [TChl a], assuming that the
assemblages of phytoplankton comprise mixtures of two populations
whose proportions vary as the total concentration of cells changes.
On the other hand, the relationship obtained at 440 nm considering
all depths is in relatively good agreement with the relationship deter-
mined by Bricaud et al. (2004) (Figure 2c) (p� 0.05, ANCOVA test),
although this relationship is only representative of measurements col-
lected in the surface layer. The relationship of Bricaud et al. (2004) is
based on a different data set (measurements collected in various oce-
anic regions and trophic states) than the one used in Bricaud et al.

Figure 3. (a) Variations of the absorption coefficient of nonalgal particles at 440 nm, anap(440), as a function of [TChl a]. The relationship provided by Bricaud et al.
(2010) is displayed. (b) Variations the nonalgal to particulate absorption ratio, anap/ap at 440 nm as a function of [TChl a].

Table 2
Results From the Regressiona Analysis Between ap(440), ap(676), aph(440),
aph(676), and [TChl a] Among All Depths and Within the Surface Layer Presented
in Figure 2

ap(440) ap(676) aph(440) aph(676)

All depths A 0.05 0.024 0.056 0.026
B 0.51 0.71 0.70 0.87
R2 0.85 0.88 0.89 0.91
N 297

Surface A 0.062 0.031 0.050 0.028
B 0.62 0.90 0.60 0.96
R2 0.87 0.89 0.91 0.92
N 108

aThe regression formula is in the form of a power law as X 5 A [TChl a]B

where A and B are the best fit parameters. The determination coefficient, R2,
and the number of data, N, are also shown. All regressions are significant for
p< 0.0001.
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(1995) and might explain why the relationship of Bricaud et al. (2004) is more closely aligned to the relation-
ship revealed in this study.
3.1.3. Nonalgal Particles Absorption Coefficients as a Function of [TChl a]
No clear relationship between anap at 440 nm and [TChl a] appears among depths (Figure 3a). This is in
agreement with previous studies performed in oligotrophic waters (Cleveland, 1995). The anap(440) values
are highly scattered around the relationship established by Bricaud et al. (2010) from data collected in the
Pacific Ocean (BIOSOPE area), reflecting different trophic regimes. Furthermore, in the deep layer where
[TChl a] varies from 0.006 to 0.1 mg m23, anap(440) values are higher than those predicted by this relation-
ship (Figure 3a). The ratio of nonalgal absorption coefficient to particulate absorption at 440 nm, anap(440)/
ap(440), as a function of [TChl a] is displayed in Figure 3b. Deep Red Sea waters with low [TChl a] concentra-
tions (0.006–0.1 mg m23) are characterized by high values of anap(440)/ap(440), between 0.45 and 1. This
result suggests that the anap(440)/ap(440) varies inversely to [TChl a] in clear Red Sea waters. This is consis-
tent with the observations made in other oligotrophic regions, such as in the Pacific Ocean (Bricaud et al.,
2010). Bricaud et al. (2010) suggested that the high contribution of the anap(440)/ap(440) ratio could indicate
the presence of a large amount (or more colored) of nonalgal particles. The Red Sea is also known as a
region where significant inputs from dust occur (Al-Taani et al., 2015; Ginoux et al., 2012; Prakash et al.,
2015; Prospero et al., 2002). Frequent dust outbreaks and dust storms have been observed in the Red Sea
during our research cruises. Satellite observations (http://neo.sci.gsfc.nasa.gov/view.php?datase-
tId5MODAL2_M_AER_OD) revealed that Saharan dust events occurred in the entire Red Sea during most of
the cruises (CRS-04, Duba-01, Duba-02, and Jazan) performed for this study. The presence of these inorganic
particles can partly explain the high contribution of the anap(440)/ap(440) ratio in Red Sea deep waters by
increasing the sinking velocity of nonalgal particles (Ploug et al., 2008). When [TChl a] varies from 0.1 to 1
mg m23, anap(440)/ap(440) is highly variable with values ranging from 0.028 to 0.45. This is consistent with
the values observed in the Pacific Ocean, Mediterranean Sea, and Atlantic Ocean (Bricaud et al., 2010). This
large variability can be explained by varying contributions of nonalgal particles (detritus, bacteria, viruses,
and inorganic particles) along the water column. Several studies also demonstrated that dust inputs have a
positive effect on bacterial growth and abundance, diversity, and composition of the indigenous bacterial
assemblages (Reche et al., 2009; Lekunberri et al., 2010; Morales-Baquero et al., 2013). Dust deposition can
thus affect the proportion of bacteria in Red Sea waters and partly explain the high variability observed in
the anap(440)/ap(440) ratio.

The above comparisons suggest that the high values of ap(k) observed within the surface Red Sea waters
([TChl a] below 0.1 mg m23) is mainly related to an important contribution of nonalgal particles in these
waters (Figures 2a and 2b).

3.2. Phytoplankton Size Structure Associated With Phytoplankton Absorption Spectra
Variability in aph(k) is observed in this study (Figures 2c and 2b). The variability observed around the rela-
tionship between aph(k) and [TChl a] may be due to changes in phytoplankton community structure. It is
generally known that variations in phytoplankton size structure and the intracellular concentrations of
diverse phytoplankton pigments induce variations in aph(k) at a given [TChl a] (Bricaud et al., 2004, 2010;
Ferreira et al., 2013; Organelli et al., 2011; Sathyendranath et al., 1996).

The relative contributions of nano- and picophytoplankton to total algal biomass are high in Red Sea waters
(Figure 4). Based on phytoplankton pigment ratios, we found that picophytoplankton dominate the upper
layer in the whole basin due to the presence of Prochlorococcus sp and Synechococcus sp, but it remains
highest in the central part of the basin (>60% of the phytoplankton biomass). The nanophytoplankton
group, mainly associated with prymnesiophytes and pelagophytes, is relatively abundant (40–60% of the
phytoplankton biomass) below 25 m depth to 180 m depth along the whole basin. The microphytoplankton
pool, primarily associated with diatoms, is mainly observed in the southern part (45–75% of phytoplankton
biomass) of the basin and were present in low concentrations (5–30% of the total phytoplankton biomass)
in the other bioregions (not shown). These observations are consistent with the phytoplankton community
size structure generally found in oligotrophic areas of the ocean (Bricaud et al., 2004; Organelli et al., 2011;
Ras et al., 2008) and in the Red Sea (Kheireddine et al., 2017; Pearman et al., 2016). As this trend has been
discussed in details in Kheireddine et al. (2017) where they studied the spatiovertical distribution of phyto-
plankton pigments during similar time periods (Jazan and Duba-01 cruises) or season of sampling, the
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reader is referred to Kheireddine et al. (2017) and references therein for more information regarding the
phytoplankton community size structure distributions in the Red Sea.

To examine variations in the shape of the phytoplankton absorption spectra of each phytoplankton size
class (microphytoplankton, nanophytoplankton, and picophytoplankton), spectra are normalized to its

mean value computed on the basis of all spectral values between
400 and 700 nm (Ciotti et al., 2002), and then grouped into the three
size classes according to dominance (>50%).

Differences between the average spectra for each dominant com-
munity size of phytoplankton can be observed (Figure 5). For the
picophytoplankton-dominated spectra, the blue-to-red ratio is
higher (2.35) than in nanophytoplankton (2.21) or microphytoplank-
ton (2.16) dominated spectra. This result reflects a stronger package
effect for microphytoplankton cells. This is in agreement with previ-
ous studies showing that variability in the spectral shape of phyto-
plankton absorption can be mainly attributed to changes in
phytoplankton cell size (Brewin et al., 2011; Ciotti et al., 2002; Devred
et al., 2006; Lohrenz et al., 2003; Sathyendranath et al., 2001; Wang
et al., 2015). Note that the variations around the mean spectra of
picophytoplankton-dominated absorption coefficients reflect a
larger variability in the contribution of accessory pigments associ-
ated with smaller cells in comparison to those dominated by micro-
phytoplankton (Figure 5).

Ciotti et al. (2002) showed that in the surface layer, the variability in
the spectral shape of phytoplankton absorption could be mainly
explained by variation in cell size of the major phytoplankton group,

Figure 4. Relative proportions (%) of microphytoplankton, nanophytoplankton and picophytoplankton estimated from
the relative concentrations of some diagnostic pigments (equations (1)–(3)). For each sample, the relative contribution of
a size class to total biomass can be read on the corresponding axis as indicated.

Figure 5. Average of phytoplankton absorption spectra normalized by the
average value of absorption between 400 and 700 nm shown separately for
picophytoplankton-dominated samples (blue solid line), nanophytoplankton-
dominated samples (red solid line), and microphytoplankton-dominated sam-
ples (green solid line). For each group of data, the mean normalized spectrum
(solid line) and the standard deviation (dashed area) are displayed.
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thus enabling the development of a model to estimate a cell size parameter for phytoplankton (i.e., Sf). In
the present study we estimated Sf for each phytoplankton absorption spectrum. The model of Ciotti et al.
(2002) provides estimates of the dominant size of the phytoplankton community that can be compared to
the relative proportions of picophytoplankton and microphytoplankton that are derived from phytoplank-
ton diagnostic pigments (see methods; Bricaud et al., 2004; Uitz et al., 2006; Vidussi et al., 2001). The values
of Sf vary from 0.12 to 0.98 (Figure 6).

Sf decreases when the contribution of microphytoplankton tends to increase (Figure 6a) and increases with
the proportion of picophytoplankton (Figure 6b). Sf values are in good agreement with the relative propor-
tion of picophytoplankton (R2 5 0.63, N 5 297, p< 0.0001) and microphytoplankton (R2 5 0.44, N 5 297,
p< 0.0001) despite the scattering observed around these relationships due to the photoacclimation of phy-
toplankton cells in depth. It is well established that the proportion in accessory pigments vary along the
water column (Bricaud et al., 1995; Organelli et al., 2011). For example, photoprotective pigments tend to a
continuously decrease from the surface to deeper waters (Bricaud et al., 1995; Kheireddine et al., 2017;
Organelli et al., 2011). This can significantly impact the shape of the phytoplankton absorption spectrum. As
the model of Ciotti et al. (2002) was established for surface waters, its use for samples collected in depth
could reveal photoacclimation responses to the vertical light variation. For example, for the same dominant
cell size, the Sf values will tend to decrease if the phytoplankton community shows an increase in the con-
centrations of intracellular pigments caused, for instance, by photoacclimation (Ciotti et al., 1999).

The scattering observed around these relationships could also be partly explained by the fact that the phy-
toplankton community size is inferred by phytoplankton pigments that may be shared by several phyto-
plankton size class as mentioned previously. Overall, considering the assumptions in each approach, these
results suggest that the absorption-based method developed by Ciotti et al. (2002) is consistent with the
approach based on phytoplankton pigments.

3.3. Specific Phytoplankton Absorption Variability Associated With Changes in Phytoplankton Cell
Size and Pigment Composition
As reported in previous studies (Allali et al., 1997; Bricaud et al., 1995, 2004; Ferreira et al., 2013; Organelli
et al., 2011; Sathyendranath et al., 1996), aph* values clearly decrease with increasing [TChl a] at 440 nm
within the surface layer and among depths (R2 5 0.61, N 5 108 and 297, respectively, p< 0.0001), and
slightly decrease at 676 nm only when all depth are considered (R2 5 0.44, N 5 297, p< 0.0001) (Figure 7). A
broad range of variation in [TChl a] (0.008–1 mg m23) is associated with a narrower variability in aph*(676)
values (0.011–0.036 m21), whereas aph*(440) values vary widely (0.029–0.152 m21). This observation is con-
sistent with anterior studies in other oligotrophic environments (Bouman et al., 2003; Organelli et al., 2011;
Perez et al., 2007; Vijayan & Somayajula, 2014). The large variability observed in aph*(440) and aph*(676) for
a given [TChl a] can be attributed to changes in phytoplankton community size structure and pigment com-
position. The estimations of Sf may help in explaining the variability observed around the relationship
between aph*(k) and [TChl a] (Figure 7). In general, the highest aph*(k) correspond to higher Sf values

Figure 6. Variations of the cell size parameter (Sf) derived from the shape of the phytoplankton absorption spectrum as described by Ciotti et al. (2002) as a
function of the proportions (%) of (a) microphytoplankton and (b) picophytoplankton estimated from the relative concentrations of some diagnostic pigments
(equations (1)–(4)). The coefficient of determination was calculated on the basis of all data in the form (a) of a power law and (b) of a linear regression.
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(smaller phytoplankton cell size), and the lower aph*(k) to the lower Sf values (larger phytoplankton cell size)
(Figure 7). This is in agreement with the literature (Brunelle et al., 2012; Ferreira et al., 2013; Lohrenz et al.,
2003; Roy et al., 2011; Sathyendranath et al., 1999; Stuart et al., 1998; Wang et al., 2015) and reflects an
increasing pigment packaging effect with increasing [TChl a] and the dominance of larger phytoplankton
cell sizes (Barlow et al., 2008; Bricaud et al., 1995; Morel et al., 2006). Nevertheless, some Sf values
(0.2< Sf< 0.4) above the surface layer are not consistent with the general assumption of increasing Sf with
increasing aph*(k) (Figure 7). These Sf values are observed for a large variation in [TChl a] that does not con-
form with the general assumption that Sf values decrease with increasing [TChl a] (Ciotti et al., 2002) in
response to photoacclimatation processes (Figure 7). Indeed, such inconsistencies can occur because Sf

does not depend only on cell size. It reflects changes in pigment composition and package effect in
response to changes in phytoplankton cell size associated with variations in intracellular pigment content
from surface to deep waters that affect the spectral shape of phytoplankton absorption (Ciotti et al., 2002;
Morel & Bricaud, 1981). For example, Ferreira et al. (2013) have shown that, for the same phytoplankton cell
size, Sf values tend to decrease if phytoplankton community shows an increase in the concentrations of
intracellular pigments due to photoacclimation (Ciotti et al., 1999). Thus, the parameter Sf cannot be used
solely to study changes in phytoplankton cell size as variations in intracellular pigment content will also
affect this parameter at a given cell size (Ciotti et al., 1999). This result is not surprising because it is known
that the shape of the phytoplankton spectrum is affected both by the cell size of the major phytoplankton
groups and also by the intracellular pigment content (Morel & Bricaud, 1981).
3.3.1. Impact of Phytoplankton Cell Size on aph*(440)
The importance of phytoplankton cell size in determining aph*(440) is displayed in Figure 8, in which
aph*(440) is plotted as a function of the relative proportion in microphytoplankton (Figure 8a), nanophyto-
plankton (Figure 8b), picophytoplankton (Figure 8c), and Sf (Figure 8d). These relationships clearly show
that the highest values of aph*(440) are found within the surface layer and are associated with small phyto-
plankton cell size (Figure 8). We show that only 18% of the variability in aph*(440) could be attributed to the
microphytoplankton pool (mainly diatoms). The nanophytoplankton pool (prymnesiophytes and pelago-
phytes) can explain 28% of the variability in aph*(440) and the picophytoplankton pool (Synechococcus sp.
and Prochlorococcus sp.) plays a significant role in changing aph*(440), controlling 44% of the variability (Fig-
ures 8a–8c). While we show that the Sf parameter is dependent not only on the phytoplankton size but also
on the intracellular pigment content, we observe that Sf can explain 46% of the variation observed in
aph*(440) (Figure 8d). It is well established that phytoplankton functional types (PFTs) correspond to phyto-
plankton species with similar biogeochemical roles and physiological traits and that the phytoplankton size
distribution is a major defining trait of PFTs (Le Qu�er�e et al., 2005). The size distribution is also known as a
major factor determining particle sinking rates and thus their role in carbon export (Buesseler et al., 2007;
Eppley et al., 1967; McCave, 1975; Stemmann et al., 2004). Therefore, in our study, we can consider that
picophytoplankton, nanophytoplankton, and microphytoplankton are three PFTs according to their size dis-
tribution. Thus, our results confirm that variations in aph(k) can induce information about PFTs.

Figure 7. Variations of chlorophyll-specific phytoplankton absorption coefficients (a) at 440 nm, aph(440)*, and (b) at 676 nm, aph(676)*, as a function of [TChl a].
Samples are grouped for different ranges of cell size parameter (Sf) as indicated in the legend. The coefficient of determination was calculated on the basis of all
data in the form of a power law.
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3.3.2. Influence of Changes in Phytoplankton Pigment Composition on aph*(440)
To examine the impact of changes in phytoplankton pigments composition on aph*(440), we chose to
group the accessory phytoplankton pigments into four distinct categories: (1) [TChl b]; (2) [TChl c]; (3) PSC;
and (4) PPC. The variability in aph*(440) as a function of the ratio of the four categories of accessory pig-
ments, relatively to [TChl a], is examined (Figure 9). The [TChl b]/[TChl a] ratio within the surface layer mainly
varies in a narrow range from 0 to 0.25 while a broad range of variation in aph*(440) at depth can be
observed (Figure 9a), suggesting that changes in proportion of chlorophyll b and divinyl chlorophyll b play
no significant role in the variability of aph*(440). The [TChl c]/[TChl a] ratio values vary from 0.03 to 0.35 (Fig-
ure 9b) in all depths and from 0.03 to 0.18 within the surface layer. The increase in the [TChl c]/[TChl a] ratio
from 0 to 0.2 is accompanied by decreasing aph*(440) values (Figure 9b). Some [TChl c]/[TChl a] values devi-
ate from this trend, notably measurements collected above the surface layer, for which the ratio is higher
than 0.2. We show that only 24% of the variability in aph*(440) could be associated with the [TChl c]/[TChl a]
ratio (Figure 9b). The [PSC]/[TChl a] ratio mainly varies from 0.2 to 0.5 within as well above the surface while
aph*(440) show a more broad range of variations (Figure 9c). The points where [PSC]/[TChl a] ratio values
are higher than 0.5 are the samples collected in the deeper layer. In many studies, it has been shown that
photosynthetic accessory pigment concentrations can increase with increasing depth in response to lower
light levels in deep waters (Bricaud & Stramski, 1990; Kirk, 1994; Majchrowski & Ostrowska, 2000). About
13% of the variability in aph*(440) is attributed to the [PSC]/[TChl a] ratio. Unlike the [PSC]/[TChl a] ratio, the
[PPC]/[TChl a] ratio (mainly associated with zeaxanthin/[TChl a] in this study) varies in a broad range from 0
to 1.2 (Figure 9d). The highest [PPC]/[TChl a] values associated with smaller phytoplankton cell size (Sf vary-
ing from 0.6 to 1) are observed within the surface (Figure 9d), and this is consistent with those observed in
other oligotrophic regions characterized by high light and low nutrient conditions (Barlow et al., 2004; Bri-
caud et al., 1995, 2004; Organelli et al., 2011; Sathyendranath et al., 2005; Stuart et al., 1998, 2004). Stuart

Figure 8. Variations of chlorophyll-specific phytoplankton absorption coefficients at 440 nm, aph(440)*, as a function of the proportions (%) of (a) microphytoplank-
ton, (b) nanophytoplankton, (c) picophytoplankton estimated from the relative concentrations of some diagnostic pigments (equations (1)–(3)) and (d) the cell size
parameter (Sf) derived from the shape of the phytoplankton absorption spectrum as described by Ciotti et al. (2002). Samples are grouped for different ranges of
cell size parameter (Sf) as indicated in the legend. The coefficient of determination was calculated on the basis of all data in the form of a power law (Figures 8a
and 8b) and of a linear regression (Figures 8c and 8d).
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et al. (2004) suggested that phytoplankton cells adapt to changes in light conditions both by increasing
their intracellular pigment content, and by changing the ratio of accessory pigments. They noted that high
concentrations of photoprotective pigments are a characteristic feature of surface oligotrophic waters and
can also be related to cell size. We observe that an increase in the [PPC]/[TChl a] ratio is accompanied by an
increase in aph*(440). About 51% of the variability in aph*(440) is due to the direct combined effect of the
[PPC]/[TChl a] ratio and phytoplankton cell size, with the strongest contribution coming from Sf, which
explains 46% of the variability (Figures 8d and 9d).

Summarizing the results in Figures 8 and 9, we notice that variations in phytoplankton cell size as well as
variations in [PPC]/[TChl a] ratio are the main factors responsible for the variability in aph*(440).

Figure 10 displays variations of SI and [PPC]/[TChl a] ratio as a function of [TChl a] for diverse areas of the
global ocean. As expected, the SI values increase with increasing [TChl a] and are within the ranges of SI val-
ues found in various regions of the world’s ocean, although these measurements were restricted to the sur-
face layer (Bricaud et al., 2004, 2010) (Figure 10a). On average, the phytoplankton community size structure
seems to be slightly smaller than those in the Mediterranean Sea and slightly larger than those in the Atlan-
tic Ocean (Figure 10b). As reported in previous studies, the [PPC]/[TChl a] ratio decrease according to depth
(higher values in surface water) in inverse relation to [TChl a] (Bricaud et al., 2004; Organelli et al., 2011). A
group of low [PPC]/[TChl a] values (>0.2) is also identified in the deeper layer and appears to not be related
to [TChl a] (Figure 10c) as reported in the Mediterranean Sea by Organelli et al. (2011). As for SI values, the
[PPC]/[TChl a] values are within the range of those observed in the other areas of the global ocean (Bricaud
et al., 2004, 2010). On average, the [PPC]/[TChl a] values are slightly higher than those observed in the Medi-
terranean Sea and in the Atlantic Ocean (Figure 10d). Therefore, the differences in average phytoplankton
cell size and [PPC]/[TChl a] values can affect the variability in phytoplankton absorption and partially explain

Figure 9. Variations of chlorophyll-specific phytoplankton absorption coefficients at 440 nm, aph(440)*, as a function of the accessory pigments to [TChl a] ratios:
(a) the ratio of total chlorophyll b [TChl b] to [TChl a]; (b) the ratio of total chlorophyll c [TChl c] to [TChl a]; (c) the ratio of photosynthetic carotenoids PSC to [TChl
a]; and (d) the ratio of photoprotective carotenoids PPC to [TChl a]. Samples are grouped for different ranges of cell size parameter (Sf) as indicated in the
legend. The coefficient of determination was calculated on the basis of all data in the form of a power law (Figures 9b and 9c) and of a linear regression
(Figures 9c and 9d).
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the higher aph(k) values at a given [TChl a] observed in Red Sea waters compared to other areas of the
global ocean. Indeed, our results indicate that phytoplankton cell size associated to changes in PPC pig-
ments are rather well correlated to aph*(k). The trend of decreasing cell size is associated to an increase in
[PPC]/[TChl a] ratio and aph*(k) which is consistent with the expectation of higher relative proportions of
accessory pigments when the proportion of smaller phytoplankton cells increases (Bricaud et al., 1995;
Dupouy et al., 1997; Stuart et al., 1998, 2004). These results reflect the changes in phytoplankton community
size structure in response to the environmental conditions encountered in the Red Sea, which is character-
ized as an oligotrophic region with high light and low nutrient concentrations. Prochlorococcus and Syne-
chococcus are known to be the most abundant organisms in highly stratified and nutrient depleted oceans
between 458N and 458S (Al-Najjar et al., 2007; Johnson et al., 2006; Kheireddine et al., 2017; Olson et al.,
1990; Partensky et al., 1999; Pearman et al., 2016; Shibl et al., 2014, 2016). They correspond to phytoplankton
of small size associated to a high proportion in PPC pigments (mainly zeaxanthin pigment) which is consis-
tent with our observations in this study.

3.4. Influence of Environmental Parameters on aph*(440)
Recently, Kheireddine et al. (2017) have suggested that latitudinal changes in physicochemical variables,
such as temperature and salinity, may influence phytoplankton community size structure in Red Sea waters.
Temperature and salinity are known to be important environmental parameters that influence phytoplank-
ton community structure (Ahel et al., 1996; Blanchot et al., 1992; Bouman et al., 2003, 2005; Campbell & Vau-
lot, 1993; Fehling et al., 2012; Graziano et al., 1996; Hulyal & Kaliwal, 2009; Lohrenz et al., 2003; Loureiro
et al., 2006; Moore et al., 1995; Platt et al., 2005; Vaulot & Partensky, 1992; Veldhuis & Kraay, 1993). Thus, the
variability around the relationship between aph*(k) and [TChl a] found in Red Sea waters might also be asso-
ciated with changes in physicochemical conditions within the basin. In Figure 11, aph*(440), temperature

Figure 10. (a) Variations of the size index (SI) estimated from the relative concentrations of some diagnostic pigments (equations (1)–(5)) as a function of [TChl a]
and (b) average (filled circle) 6 standard deviation (empty circle) SI values; (c) variations of the PPC/[TChl a] ratios as a function of [TChl a] and (d) average (filled
circle) 6 standard deviation (empty circle) PPC/[TChl a] values for various areas of the global ocean. Data collected during cruises other than those performed in
the Red Sea are taken from Bricaud et al. (2004, 2010).
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(T 8C) and salinity are plotted as a function of the latitude. The spatial distributions of aph*(440) and T 8C
showed similar latitudinal variations (Figures 11a and 11b) although no strong correlation is observed
between aph*(440) and T 8C (not shown). Both parameters tend to increase from the SRS to the CRS and
then to decrease from the CRS to the NRS (Figure 11a and 11b). The highest values of aph*(440)
(>0.10 m2 mg21) are, generally, consistent with the highest values of T 8C (>308C) and high values of salin-
ity (39–40.5) in the CRS which is also the area where the abundance of picophytoplankton (mainly Prochlor-
ococcus and Synechococcus sp.) is the highest (>60% of the total phytoplankton biomass) (Figure 11a–11c).
This finding is consistent with observations in the Red Sea (Kheireddine et al., 2017; Shibl et al., 2016) and
from other oligotrophic regions (Bouman et al., 2006; Partensky et al., 1999; Zinser et al., 2007) where varia-
tions in temperature and salinity influence the distribution of Prochlorococcus and Synechococcus. The low-
est values of aph*(440) are found in the two extremities of the basin where the proportions in bigger cells to
total phytoplankton biomass are higher than in the rest of the basin, as shown by Kheireddine et al. (2017)
based on HPLC measurements collected at the same period or season (Figure 11a).

4. Conclusion

We have shown that the absorption coefficients of phytoplankton and nonalgal particles measured in the
Red Sea display a large variability associated with changes in environmental conditions. This variability can
affect the proportion of nonalgal particles and the phytoplankton community size structure. The cell size
parameter and the proportion in the [PPC]/[TChl a] ratio (mainly associated with zeaxanthin pigment) both
play a key role in the variability observed in aph*(440) (46% and 51%, respectively). Furthermore, values in
aph(k) measured in this study are slightly higher for a given [TChl a] value than those estimated from

Figure 11. Latitudinal variations of chlorophyll-specific phytoplankton absorption coefficients at (a) 440 nm, aph(440)*, (b) temperature, and (c) salinity. The delin-
eation of the Northern Red Sea (NRS), the Central Red Sea (CRS), and the Southern Red Sea (SRS) is indicated on each plot. Samples are grouped according to the
phytoplankton dominated group (micophytoplankton, nanophytoplankton, or picophytoplankton) as indicated in the legend.
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existing global relationships established for oligotrophic waters (Brewin et al., 2011; Bricaud et al., 1995,
2004; Devred et al., 2006), as well as for the Red Sea (Brewin et al., 2015) within the first optical depth and
among depths. These higher coefficients are attributed to a higher relative proportion of PPC pigments,
and smaller cell size. The anap(440) coefficients are also higher than those previously observed in oligotro-
phic waters when [TChl a]< 0.1 mg m23 and lower when [TChl a]> 0.1 mg m23. In the clearest waters
([TChl a]< 0.1 mg m23), the contribution of nonalgal particles to total particulate absorption was found to
be higher than expected, suggesting the presence of more numerous inorganic (dusts) and/or colored non-
algal particles in these waters. Thus, in situ measurements to quantify and identify these particles in the Red
Sea waters including all environmental conditions will be required.

It is known that some existing methods used to retrieve chlorophyll a needs to derive ap(k) from total light
absorption and then estimate the chlorophyll a based on its relationship with aph(k) (Garver & Siegel, 1997;
Maritorena et al., 2002; Morel et al., 2006; Morel & Maritorena, 2001). This relationship is essential for devel-
opment of Red Sea algorithms for estimating the diffuse attenuation coefficient of downward irradiance
and ocean primary production. Therefore, this study reveals the way to the refinement of ocean color algo-
rithms to more accurately retrieve biogeochemical parameters (chlorophyll a concentration, primary pro-
duction, PFTs, . . .) in Red Sea waters.
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