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[1] Contributions of different microbial groups to absorption, backscattering, and marine
reflectance (a(l), bb(l) and R(l), respectively) were quantified during an El Niño-
Southern Oscillation cold phase in the equatorial Pacific during the Etude du Broutage en
Zone Equatoriale cruise on board the R/V L’Atalante. In situ data were collected at every
degree of latitude from 8�S to 8�N, 180� (26 October to 13 November 1996), and satellite
reflectances were available from POLDER-ADEOS for the 1–10 November 1996 decade.
Bulk absorption and backscattering coefficients were estimated at 440 nm for the major
microbial groups enumerated in the upper surface layer (heterotrophic bacteria,
Prochlorococcus, Synechococcus, and <20-mm eukaryotic algae). Total absorption and
backscattering coefficients were retrieved from space by a new inverse method. The
observed ecosystem was typical of a well-developed equatorial upwelling, with maximal
values of 0.4 mg m�3 for Tchl a, 0.026 m�1 for ap(440), 0.023 m�1 for aphy(440), and a
low in situ adet (<14% of ap). Prochlorococcus and nanoeukaryotic algae (3.4-mm mean
diameter) were the dominant absorbers (97%), contributing about equally to aphy. The
retrieved total absorption coefficient, asat(440), from POLDER (maximum of 0.03 m�1)
was higher than ap(440), as it included absorption by CDOM (estimated to be 15% of
ap(440) + aw(440), where aw = absorption by pure water). Heterotrophic bacteria were the
dominant contributors (73%) to total simulated microbial backscattering, bbmic (maximum =
3.7 � 10�4 m�1), but bbmic was negligible compared to the inverted total backscattering by
particles, bbp (2.7 � 10�3 m�1), indicating that unidentified small nonliving particles
contributed most to the satellite signal. INDEX TERMS: 1640 Global Change: Remote sensing;

4855 Oceanography: Biological and Chemical: Plankton; 9355 Information Related to Geographic Region:

Pacific Ocean; 4522 Oceanography: Physical: El Niño; 4552 Oceanography: Physical: Ocean optics;
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1. Introduction

[2] Absorption, a(l), and backscattering, bb(l), coeffi-
cients within the upper oceanic layer are the two inherent
optical properties (IOPs) that need to be determined in order
to model water-leaving radiances Lw(l) at a given wave-
length l. Knowledge of these coefficients is essential for
satellite ocean color data applications, as bb(l) determines
the amplitude of the remote sensed reflectance and a(l)
modifies its spectral shape [Gordon and Morel, 1983;
Morel, 1988]. Besides water, the three main classes of
optically significant constituents of seawater are colored
dissolved organic matter (CDOM), living particles (viruses,
heterotrophic bacteria, phytoplankton, large heterotrophs),
and nonliving particulate suspended matter (detritus and
minerals). In case I waters, the inherent optical properties
are primarily controlled by particulate and dissolved mate-
rials associated with primary productivity of phytoplankton.

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. C12, 8138, doi:10.1029/2001JC001298, 2003
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Previous studies have shown that the particulate absorption
and scattering coefficients are well related to the total
chlorophyll a concentration (Tchl a), the sum of chlorophyll
a + divinyl chlorophyll a, defining the bio-optical state of a
water body [Bricaud et al., 1995, 1998; Morel, 1987; Loisel
and Morel, 1998]. On the basis of empirical relationships
and different assumptions, some semianalytical models
have also been developed between the backscattering coef-
ficient and Tchl a [Morel, 1988; Gordon et al., 1988; Morel
and Maritorena, 2001]. These simplified parameterizations
of the optical properties in terms of Tchl a do not adequately
account for much of the variability observed in natural
waters. Even for case I waters, it is not clear how the
particle composition determines the a(l) and bb(l) coeffi-
cients and therefore satellite reflectance R(l). A main goal
is to discriminate between the CDOM and living and detrital
particles. In particular, determining the phytoplankton com-
ponent is of prime importance given the potential use of
ocean color satellite observations for making global esti-
mates of primary production from space [Morel, 1991;
Marra et al., 1999; Stramski et al., 1999; Behrenfield et
al., 2001; McClain et al., 2002].
[3] Few studies have attempted to determine the contri-

butions of different particles to the variability of the IOPs in
natural environments. Pioneer studies succeeded in parti-
tioning the IOPs into plant and detrital pools and among
picoplanktonic groups. They used continuous profiles of
beam cp (attenuation coefficient, cp = ap + bp with bp the
particle scattering) [Chung et al., 1996; DuRand and Olson,
1996; Chung et al., 1998; Claustre et al., 1999], in vivo
chlorophyll fluorescence [Claustre et al., 1999], and/or a(l)
and bp(l) [Claustre et al., 2000]. Bulk inherent optical
properties were linked to the cell abundances of each
microbial group multiplied by their average cellular optical
cross sections. Such single-cell optical cross-sectional spec-
tra of absorption and backscattering have been determined
on cultures and using Mie theory equations [Bricaud et al.,
1988; Morel and Ahn, 1990, 1991; Ahn et al., 1992; Morel
et al., 1993; Stramski and Reynolds, 1993; Johnsen et al.,
1994; Moore et al., 1995; Stramski and Mobley, 1997;
Mobley and Stramski, 1997; Stramski et al., 2001]. Since
these published optical properties of cultivated species may
not correspond to those of phytoplankton populations in
equatorial and tropical waters, it is more accurate to assess
them from the characteristics of natural populations [Chung
et al., 1996; DuRand and Olson, 1996; Chung et al., 1998;
Blanchot et al., 2001; Dusenberry et al., 2001; Finkel,
2001]. In this regard, the combination of flow cytometry
and microscopy has proven invaluable for assessing the
cellular characteristics from which in vivo absorption and
backscattering coefficients of natural microbial populations
can be determined.
[4] The goal of our study was to determine the contribu-

tions of different microbial populations to bulk absorption
and backscattering coefficients in the central equatorial
Pacific. Estimates of a(l) and bb(l) coefficients were made
between 8�S–8�N, 180� during the EBENE cruise transect
(26 October to 13 November 1996). Sea surface samples
were analyzed by flow cytometry, microscopy and pigment/
absorption measurements to assess the IOPs of natural
particles [Le Borgne and Landry, 2003]. The inferences of
these IOPs simulations on the interpretation of satellite

reflectance were subsequently examined using an inverse
model to estimate the a(l) and bb(l) coefficients from a
POLDER image corresponding to the location and time of
the cruise. From these data, we present an analysis of the
influence of the microbial group composition on the vari-
ability of the IOPs and satellite reflectance R(l), which can
be applied to the ocean color global imagery, at least for
case I tropical waters.

2. Methods

2.1. Data Sampling

[5] The present study was conducted at the end of the
1995–1996 El Niño-Southern Oscillation (ENSO) equato-
rial cold phase from 8�S to 8�N, 180�, between the
26 October 1996 and the 13 November 1996, during the
transect of the Etude du Broutage en Zone Equatoriale
(EBENE) cruise [Le Borgne and Landry, 2003]. Water
samples were taken at regular depths from 0 to 150 m
with 10-L Niskin bottles attached to a CTD rosette. For
particulate absorption (ap) measurements, 2.3 to 3 L of
seawater were filtered through 25-mm Whatman GF/F
(vacuum < 75 mm Hg). These filters were kept frozen
at �20�C for three months before analysis in the labora-
tory. For pigment measurements, 500-mL water samples
were filtered onto 47-mm Whatman GF/F filters. Addi-
tional samples were taken from the same Niskin bottles for
shipboard (live) and laboratory-based (paraformaldehyde-
preserved) flow cytometric (FCM) analyses of the pico-
plankton and for microscopic (50–250 mL) assessments
of the abundances and carbon biomass of eukaryotic
phytoplankton.
2.1.1. Absorption and Pigment Measurements
[6] Spectral optical densities of particles concentrated on

filters were recorded at 1-nm intervals between 320 and
800 nm using a Beckman DU-26 dual-beam spectropho-
tometer [Dupouy et al., 1997]. The absorption of detritus is
determined following the procedure of total particulate
absorption after chl was extracted with hot methanol
[Kishino et al., 1985]. New GF/F filters soaked in filtered
seawater were run as blanks. Absorption coefficients were
calculated from optical densities by the quantitative filter
pad technique, using coefficients determined by Mitchell
[1990]. Concentrations of chlorophylls were assessed on
shipboard by the spectrofluorometric method of Neveux and
Lantoine [1993] with some data acquisition modifications
[Neveux et al., 2003].
2.1.2. Cell Abundances and Characteristics
[7] Cell counts, cellular fluorescence and forward angle

light scattering (FALS) of Prochlorococcus (Pro), Synecho-
coccus (Syn) spp. and picoeukaryotes were determined on
fresh samples using a FACScan flow cytometer. Flow
cytometry samples of 0.1 mL were analyzed on shipboard
within 2 h of collection according to the protocol of Blanchot
et al. [2001]. DNA-stained heterotrophic bacteria were
enumerated from preserved, frozen samples (1 mL) analyzed
by flow cytometry with a Coulter EPICS 753 [Brown et al.,
2003]. In this study, picoeukaryotic (<2-mm) and nanoeu-
karyotic (2–20 mm) algae were enumerated using a combi-
nation of flow cytometry and image-enhanced epifluorescent
microscopy of shipboard prepared slides (50–250 mL sam-
ples) [Brown et al., 2003]. The total abundance of eukaryotic
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phytoplankton was determined by flow cytometric counts of
all cells with red (chlorophyll) fluorescence that did not
conform to either Pro or Syn fluorescence and scattering
properties. Cells >2-mm in length were counted and sized by
image-enhanced epifluorescence microscopy, and their bio-
volumes were estimated using appropriate geometric shapes.
The picoeukaryotes (<2-mm in length) were determined as
the difference between the total FCM abundance of eukary-
otic cells and microscopic estimates of the >2-mm. In a
system like the equatorial system, there are so few ‘‘large
(>8-mm)’’ cells (<50 per mL) that the difference in volumes
examined for total eucaryotes (0.1 mL) and larger cells
(250 mL) would not significantly affect their enumeration
[Brown et al., 2002]. The mean size of picoeukaryotic cells
was assumed to be �1.5 mm. Cell volume to carbon
conversions for picoeukaryotes (Peuk) and nanoeukaryotes
(Neuk) were based on modified Strathmann [1967] equa-
tions for nondiatom and diatom groups [Eppley et al., 1970]
as by Brown et al. [2003].

2.2. Parameterization and Calculations

2.2.1. Total Absorption and Backscattering
Coefficients
[8] Total absorption, atot(l), and backscattering, bbtot(l),

coefficients can be expressed as

atot lð Þ ¼ aw lð Þ þ ap lð Þ þ aCDOM lð Þ ð1Þ

where

ap lð Þ ¼ aphy lð Þ þ ahbact lð Þ þ adet lð Þ ð2Þ

bbtot lð Þ ¼ bbw lð Þ þ bbp lð Þ ð3Þ

where

bbp lð Þ ¼ bb-phy lð Þ þ bb-hbact lð Þ þ bb-det lð Þ ð4Þ

The subscripts w, p, CDOM, phy, hbact, and det are for pure
seawater, particles, colored dissolved organic matter,
phytoplankton, heterotrophic bacteria, and detritus, respec-
tively. Because all optical quantities are functions of
wavelength l, this argument will be omitted from our
notation for simplicity, unless specifically required. The
parameter bbw is taken as half of the scattering coefficient of
pure seawater as tabulated by Smith and Baker [1981], and
values for the absorption coefficient of pure water are from
Pope and Fry [1997]. We assume that the contribution of
CDOM to bbtot is negligible. Large noncolored heterotrophs
are ignored because of their well-known negligible
contributions to backscattering [Morel and Ahn, 1991] and
absorption. For the purpose of this study, which is to use
satellite data, the microbial community includes the
heterotrophic bacteria and the photosynthetic populations
of Prochlorococcus, Synechococcus, picoeukaryotic, and
nanoeukaryotic algae in water collected from the upper 10 m
of the sea surface.
2.2.2. Microbial Absorption
[9] For estimation of microbial absorption, algal cells

collected were assumed to be spherical and homogeneous.

For such cells, the dimensionless efficiency factor for
absorption (Qa) was calculated as by Morel and Bricaud
[1981]:

Qa ¼ 1þ 2e�r0=r0 þ 2 e�r0 � 1
� �

=r02 ð5Þ

where the dimensionless parameter r0 is defined as

r0 ¼ a*sol ci D ð6Þ

D is the cell diameter (in meters), ci is the intracellular
pigment concentration per unit of cell volume (kg m�3), and
a*sol is the specific absorption coefficient for chlorophyll a in
solution (m2 kg chl a�1) (taken here as 27,000 m2 kg chl a�1

as by Sosik and Mitchell [1991]). The mean diameter of cells
was derived from the Forward Angle Light Scattering
(FALS) measured by flow cytometry as by Blanchot et al.
[2001]. This diameter was estimated to vary between 0.64
and 0.84 mm for Prochlorococcus and estimated to be 1.5 mm
for picoeukaryotic algae. For nanoeukaryotic phytoplankton
(> 2-mm cell diameter), abundances, biovolumes, and carbon
contents were assessed from microscopic determinations of
cell diameter and size as described above. The intracellular
pigment concentration of each size category was determined
by dividing the pigment concentration associated with each
group by the summed cell biovolume. For Prochlorococcus,
we used the measured concentration of dv-chl a. For
Synechococcus, picoeukaryotes and nanoeukaryotes, the
concentration of chl a (Ci, mg m�3) was partitioned on the
basis of the relative contributions of each population to
estimated microbial carbon. This assumes that the cellular
chl:carbon ratios were the same for each group. With the
fractionated chl a and the biovolumes of each group, it was
then possible to calculate the intracellular pigment concen-
trations associated with Synechococcus, picoeukaryotes and
nanoeukaryotes. Despite their high abundance, heterotrophic
bacteria were generally not included in the absorption
calculations because of their negligible absorptional cross
sections [Morel and Ahn, 1990]. However, an estimate of
their contribution to total microbial absorption was made
along the transect on the basis of cross-section absorption
estimates of Stramski et al. [2001].
[10] For each group, we calculated the dimensionlessQ*, a

factor (the ‘‘package effect’’) which expresses the tendency
of the absorption coefficient to flatten when size and intra-
cellular concentration increase. These were determined
according to Morel and Bricaud [1981] as

Q*a ¼ 3=2Qa=r0 ð7Þ

The absorption coefficient for each group was then
calculated as

ai ¼ a*sol *Q*ai *Ci ð8Þ

where Ci is the pigment concentration (mg m�3) (i.e., chl a
associated with Synechococcus, picoeukaryotes and na-
noeukaryotes, and dv-chl a with Prochlorococcus). Then,
we calculated amic as

amic ¼ apro þ asyn þ apeuk þ ananeuk ð9Þ

[11] The absorption simulation was done at 670 nm. The
absorption coefficient at 440 nm was then estimated using
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the measured (440)-to-red (670) ratio (B/R) of aphy along
the transect, and assuming that this global measured B/R
ratio was representative of all populations.
2.2.3. Microbial Backscattering
[12] Backscattering contributions of photosynthetic

organisms and heterotrophic bacteria were estimated as

bb-mic lð Þ ¼
X4
j¼1

Nj: sbb lð Þð Þj ð10Þ

where the subscript j describes one of the microbial
components as defined above, Nj is the number of particles
per unit volume of seawater for each microbial component,
and (sbb (l))j is the mean particle cross-sectional back-
scattering for each component (m2 particle�1). The latter
were taken from Stramski and Mobley [1997] assuming
that these published data (i.e., heterotrophic bacteria
(BACT), Synechococcus (CYA), Prochlorococcus (PROC),
Thalassiosira pseudonana (PSEU) and Dunaliella tertio-
lecta (TER) for nanoeucaryotes) were representative of the
studied populations and assuming that backscattering of
picoeucaryotes was negligible.

2.3. Retrieval of chl, a(L) and bb (L) From Ocean Color

[13] The POLDER instrument [Deschamps et al., 1994]
was launched onboard the Japanese platform ADEOS in
August 1996. Eight months of data (November 1996 to
June 1997) was acquired before the failure of the satellite’s
solar panel on 30 June 1997. POLDER is a multispectral
radiometer (443, 490, 565, 670, 765, 865, and 910 nm)
with directionality and polarization capabilities that enable
a daily global coverage of the Earth at 7-km resolution.
The POLDER ocean color products include remote sens-
ing of marine reflectance beneath the surface, Rrs, at 443,
490 and 565 nm, chlorophyll a concentration (chl), as well
as atmospheric correction byproducts (e.g., aerosol optical
thickness). Here we used the POLDER 10-day mean of
marine reflectances to compute the mean pigment concen-
tration over the EBENE area (Figure 1a). To do so, we
first computed the normalized difference phytoplankton
index (NDPI) [Frouin et al., 1998] as

NDPI ¼ Rrs443 � Rrs565ð Þ=Rrs490 ð11Þ

and then estimated the pigment concentration (Csat)
(Figure 1b) using:

Csat ¼ 10 0:318�1:055�NDPIð Þ ð12Þ

[14] We preferred the NDPI bio-optical algorithm
because it uses Rrs443 rather than the OC2 that is generally
used to estimate the standard POLDER Csat [O’Reilly et
al., 1998]. The examination of POLDER marine reflec-
tances along the EBENE transect indeed revealed a much
stronger variability of Rrs at 443 nm in the equatorial
upwelling region than at 490 nm. This is not surprising
since it is well known that Rrs443 is more sensitive than
Rrs490 to variations in phytoplankton concentrations in
oligotrophic and mesotrophic case I waters [e.g., Morel,
1988]. As a result, the Csat estimate by the NDPI

algorithm yields a better agreement with in situ chloro-
phyll measurements.
[15] Owing to the recent development of inverse meth-

ods, it is now possible to derive the absorption (a) and
backscattering (bb) coefficients within the upper ocean from
remote sensing reflectance (Rrs) or normalized water-leav-
ing radiance (Lwn) [Roesler and Perry, 1995; Lee et al.,
1998; Loisel and Stramski, 2000]. For this study, we used
the model developed by Loisel and Stramski [2000]. At a
given wavelength l and solar zenith angle q0, the model
requires as input the diffuse attenuation of downwelling
irradiance within the surface layer (hKdi1) and the irradiance
reflectance just beneath the sea surface, R(0�) (see Table 1
for notation). The derivation of a and bb from this model
accounts for Raman scattering which can significantly affect
Rrs(l) in oligotrophic waters. Moreover, this model shows
relatively little sensitivity to changes in the scattering phase
function, and to the vertical structure of the IOP profiles
[Loisel and Stramski, 2000; Loisel et al., 2001]. The errors
in a and bb were usually only a few percent (<10%). The
a(l) and bb(l) values predicted by the model in the blue-
green spectral region showed generally good agreement
with in situ measurements under conditions ranging from
clear oligotrophic waters to turbid coastal waters affected by
river discharge [Loisel et al., 2001].
[16] For ocean color remote sensing applications, only

the normalized water-leaving radiance, LWN, is available.
The procedure to retrieve R(l,0�) and hKd(l)i1 from LWN

was described in detail by Loisel et al. [2001]. The
application of our inversion method to determine a and
bb, when both R(l,0�) and hKd(l)i1 are obtained from
LWN, was also successfully tested against in situ data
[Loisel et al., 2001]. Note that our model is independent
of the spectral shape of a and bb, and only assumptions
about the calculation of hKd(l)i1 from R(l,0�) are needed.
However, we showed that the spectral values of hKd(l)i1
calculated from reflectance agree well with direct determi-
nations of hKd(l)i1 from in situ measurements performed
in various oceanic waters.

3. Results

3.1. POLDER Satellite Surface Pigments

[17] The POLDER Csat composite image corresponding
to the EBENE cruise is shown in Figure 1a. The equatorial
chlorophyll enrichment in the Pacific Ocean shows its
maximal meridional extension at the north and south of
the equator as the chlorophyll-rich tongue spans 13 degrees
in latitude (from about 7�S to 6�N). Such an extreme
situation has been previously described [Dupouy et al.,
1993; Murakami et al., 2000; Radenac et al., 2001]. The
distribution was asymmetrical with respect to the 0�–4�N
Csat maximum, showing a sharp decrease at 5�N and a
broader decrease from 0 to 8�S (Figure 1b).

3.2. Measured Parameters From Field

[18] The in situ average Tchl a concentration within the
upper 5–20 m (Figure 1b) shows maxima between 2�S
and 4�N, corresponding to a broad Tchl a maximum from
0 to 100 m centered at the equator [Brown et al., 2003]
(Figure 2a). This surface distribution coincides with the
satellite pattern (Figure 1b). Eukaryotic chl a was 50–60%
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of the Tchl a between 6�S and 6�N and decreased to
40% at 8�N and 8�S corresponding to the composition
of phytoplankton which varied with latitude (Figure 2a)
[see also Brown et al., 2003]. The picoeukaryotes averaged
about 1.7 � 103 cells mL�1 and showed a maximal
abundance (5 � 103 cells mL�1) between 2�–3�S and the
equator. Nanoeukaryotes (2–20 mm) were most abundant
between the equator and 5�N (4.6 � 103 cells mL�1). All
groups showed minima between 6 and 8�N. Prochloro-
coccus abundance increased gradually from 8�S (1.3 �

105 cells mL�1) to 1�–3�S (maximum of 3 � 105 cells
mL�1 at 1�S) and decreased sharply toward 8�N (mini-
mum abundance of 0.7 � 105 cells mL�1). Synechococ-
cus abundance was also maximal at 1�–3�S (2.2 �
104 cells mL�1) and decreased to 1.4 � 103 cells
mL�1 at 6�N. Heterotrophic bacteria peaked at 3�S
(1.1 � 106 cells mL�1) and decreased to 3 � 105 cells
mL�1 at 8�N [Brown et al., 2003]. The relative numerical
abundance of Prochlorococcus on total phytoplankton
was highest at 8�S and from 6�N to 8�N.

Figure 1. (a) Station locations of the 8�N–8�S transect along 180� during the EBENE cruise
(21 October 1996 to 2 November 1996) on the POLDER-ADEOS-1 composite image of chlorophyll (as
calculated from the NDVI from 10�N to 10�S, 170�E to 170�W). The Kiribati Islands archipelago is
shown in black, approximately centered at the equator. (b) Surface (5 m) meridian distributions from
10�S to 10�N along the EBENE transect at 180� of the satellite NDVI from POLDER (continuous line)
and of the measured total chlorophyll a (chl a + dv-chl a) (solid circles).

DUPOUY ET AL.: MICROBIAL ABSORPTION AND BACKSCATTERING COEFFICIENTS EBE 3 - 5



[19] The measured coefficient aphy(440) was tightly cor-
related with Tchl a for the whole data set (r = 0.865, N =
139) or for the sole surface samples (r = 0.90, N = 17).
Measured values of the chlorophyll-specific absorption
coefficient, a*phy(440) = aphy(440)/Tchl a (Figure 2b) are
highest at 8�S and 8�N (0.12 m2 mg chl a�1) in association
with a dv-chl a: Tchl a ratio (0.61–0.64), reflecting the
dominance of Prochlorococcus to phytoplankton biomass
(Figure 2a). Surface measurements of the ap (440)
(Figure 2c) showed relatively high values over nine degrees
of latitude (4�S to 5�N) (see also Figure 3a). This coefficient
is mainly influenced by the contribution of algal particles;
detritus particles representing on average 14% of ap in the
surface layer, with a minimum of 10% at the equator and a
maximum of 50% at 8�S. Minimum values of a*phy (0.06 m2

(mg Tchl a)�1) were found at 6�S and 2�S and are typical of
chlorophyll-enhanced conditions in the equatorial upwelling
zone [Lindley et al., 1995; Dupouy et al., 1997; Allali et al.,
1997]. The model [Bricaud et al., 1998] which relates
a*phy to Tchl a concentration also produces low values
of a*phy between 6�S and 4�N and higher values at 8�S and
8�N. Depth distributions of the absorption coefficients in

meridional transects from 8�S and 8�N (0 to 160 m) are
shown in Figures 3 and 4. The influence of the rich
chlorophyll maximum at 60 m [Brown et al., 2003] in the
equatorial upwelling is apparent for ap, adet, and aphy
coefficients. Detrital contributions (with a high value of
0.003 m�1 for adet(440) between 10 and 100 m) tended to
increase with depth, up to 50% below the chlorophyll
maximum at 150 m around 2�N (Figures 3b and 3c). The
absorption coefficient of phytoplankton at 440 nm, aphy,
was more homogeneous with depth than ap(440), with
values above 0.018 m�1 around the equator (Figure 4a).
The lowest blue (440)-to-red (670) ratios of ap (Figure 4c)
were found under the chlorophyll maximum and the highest
B/R (5) and a*phy(440) values (0.12 m2 mg chl a�1)
(Figure 4b) were found at the surface in the extreme ends
of the transect.

3.3. Retrieved Versus Measured Coefficients

3.3.1. Absorption
[20] The POLDER-retrieved absorption coefficient (asat

at 443 nm), over all pixels from 10�S to 10�N, 180�, varied
from 0.0104 m�1 (8�N) to 0.0305 m�1 at the equator

Table 1. Notation

Symbol Significance Units

l wavelength nm
D cell diameter mm
chl a chlorophyll a concentration mg m�3

dv-chl a divinyl chlorophyll a concentration mg m�3

Tchl a sum of chlorophyll a and divinyl chlorophyll a concentrations mg m�3

b path length amplification factor
Qa (l) efficiency factor for absorption dimensionless
Ci pigment concentration mg.m�3

ci intracellular pigment concentration by unit of cell volume kg.m3

Q*a (l) packaging effect index dimensionless
a(l) absorption coefficient m�1

a*sol specific absorption coefficient of chl a in solution m2 (mg chl a)�1

ap(l) particulate absorption coefficient m�1

ad (l) absorption coefficient by nonpigmented matter m�1

aphy (l) simulated absorption coefficient of phytoplankton m�1

a*p (l) Tchl a-specific absorption coefficient of particles m2 (mg chl a + dv-chl a)�1

a*phy (l) Tchl a-specific absorption coefficient of phytoplankton m2 (mg chl a + dv-chl a)�1

bbtot(l) simulated total backscattering coefficient m�1

bbw(l) backscattering coefficient for seawater m�1

bbp(l) simulated backscattering coefficient for particles m�1

bb-phy(l) simulated backscattering coefficient for phytoplankton m�1

bb-hbact(l) simulated backscattering coefficient for bacteria m�1

bb-mic(l) simulated backscattering coefficient for total microbes m�1

bb-det(l) backscattering coefficient for detritus m�1

bb(l) backscattering coefficient m�1

asat retrieved absorption coefficient m�1

bbsat retrieved backscattering coefficient m�1

Lw(l) water-leaving radiance mW cm�2 mm�1 sr�1

LwN(l) water-leaving normalized radiance mW cm�2 mm�1 sr�1

R(l) surface irradiance reflectance dimensionless
Rrs(l) remote sensing reflectance sr�1

hKd(l)i1 diffuse attenuation coefficient for downwelling irradiance m�1 between the surface layer and z1 (z1, first attenuation depth)

Figure 2. (opposite) Meridional transects from 10�S to 10�N and at 180� of surface parameters for a comparison of
measured and retrieved inherent properties (ap, bbp) from the inversion of the POLDER NDVI composite image (1–
10 November 1996) at 440 nm. (a) Phytoplankton and bacterial cell abundances with Prochlorococcus abundance divided
by 10 (triangles), Synechococcus (diamonds), picoeukaryotes (small squares), nanoeukaryotes (asterisks), and heterotrophic
bacteria (solid squares). (b) Measured Tchl a-specific absorption coefficient of phytoplankton and modeled from Bricaud et
al. [1998]. (c) Absorption coefficient (asat) of the sum of the particles + CDOM retrieved from the inversion (line) and
measured absorption by particles (solid circles). (d) Backscattering coefficient by particles (bbp) retrieved from the inversion
model (line) and as calculated from Morel [1988] (solid squares) and from Morel and Maritorena [2001] (solid diamonds).
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(Figure 2c). This coefficient represents the combined effects
of particulate (phytoplankton + detritus) and dissolved
materials after subtracting the contribution of pure water
(aw = 0.0063 m�1). The POLDER-retrieved absorption, asat,
and the measured absorption for particles, ap, show the
same surface distribution patterns (Figure 2c). However, asat
is generally higher than ap. Assuming that the errors in the
measurement retrieval are small, this discrepancy could be
due to dissolved materials that contribute to asat and not to
ap. The average value and standard deviation of the contri-
bution of dissolved material to (asat + aw) are 15% and 10%,
respectively. The maximum contribution is found at the
higher latitudes explored during the cruise, whereas the
minimum values are found around the equator.
3.3.2. Backscattering
[21] The POLDER-retrieved particle backscattering coef-

ficient at 440 nm, bbp-sat, was compared to the bbp values
calculated using the semianalytical (or semiempirical) mod-
els of Morel [1988] and Morel and Maritorena [2001] and

measured Tchl a for EBENE stations (Figure 2d). The
distribution of bbp-sat along the transect shows a flat distri-
bution along the latitudes except at 6�N where it drops. High
values are found at the extreme parts of the transect, in
opposition to values calculated by the semi analytical models
[Morel, 1988; Morel and Maritorena, 2001]. It should be
noted that the bbp-sat values are always confined between the
values obtained from the two semianalytical models.

3.4. Simulated Versus Measured Absorption
Coefficients

[22] The package effect at 670 nm, calculated at the
shallowest depth for all microbial groups (Q*a; Table 2),
was minimal and constant from the south to the north of the
EBENE transect for Synechococcus and picoeukaryotes.
The Q*a decreased in the northern part of the transect for
Prochlorococcus. For nanoeukaryotes (mean diameter =
3.4-mm), the Q*a(670) varied between 0.93 and 0.96 with

Figure 3. Meridional transects from 8�S to 8�N, 180�
during the transect of the EBENE cruise: (a) total particulate
ap(440) m

�1, (b) detrital ad(440) m
�1, and (c) ratio of adet

(440) over ap(440).

Figure 4. Meridional transects from 8�S to 8�N, 180�
during the transect of the EBENE cruise. (a) Phytoplankton
absorption coefficient aphy(440) in m�1, (b) phytoplankton
specific absorption coefficient a*phy(440) in m2 (mg
(Tchl a))�1, and (c) ratio of aphy(440) to aphy(670).
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minima at 7�S and 7�N. The two major contributors to the
absorption coefficient were Prochlorococcus and the nano-
eukaryotes, the sum of their contributions accounting for
almost all of the measured absorption for phytoplankton at
670 nm. The estimated absorption coefficients were less
than the measured values only at 5�S, 4� and 3�S (Table 3).
At these stations, other groups must have contributed more
significantly to absorption. Assuming that the measured
B/R ratio can be used to estimate the absorption coefficient
at 440 nm for different phytoplankton groups (prokaryotes
and eukaryotes), amic440 can be deduced from amic670
(Table 3). Prochlorococcus and nanoeukaryotes contributed
approximately equally (Figure 5a) to measured aphy (440),
except at the ends of the transect where Prochlorococcus
accounted for a higher proportion (60%). As expected
[Morel et al., 1993; Morel, 1997; Stramski and Kiefer,
1998], Synechococcus were minor absorbers (5%) with a

maximum of 10% in the southern part of the transect.
Heterotrophic bacteria (because of their low absorption
coefficient despite high numbers) were also minor absorbers
and their mean contribution (as calculated using the absorp-
tion cross section of Stramski et al. [2001]) was 8% with a
maximum of 15% at 5�S.

3.5. Simulated Versus Retrieved Backscattering
Coefficients

[23] Because no in situ backscattering measurements
were made during the cruise, a comparison can only be
made between the simulated and the POLDER-retrieved
particle backscattering coefficients, bbmic and bbp-sat, respec-
tively (Figure 2d and Table 4). As seen, bbmic accounted for
only 6% of bbp-sat, which is consistent with previous studies.
Thus most of the backscattering in oceanic waters is
attributable to small and numerically abundant nonliving

Table 2. Prochlorococcus (Pro), Synechococcus (Syn), Picoeukaryotes (Peuk), and Nanoeukaryotes (Neuk) in the Surface Waters Along

the EBENE Transect at 180� From 8�S to 8�N in the Equatorial Pacific Oceana

Latitude

D, mm ci, kg m3 Q*a(670)

Pro Syn Peuk Neuk Pro Syn Peuk Neuk Pro Syn Peuk Neuk

8�S 0.73 1.04 1.50 3.92 2.05 1.26 1.77 1.32 0.99 0.99 0.97 0.95
7�S 0.73 1.06 1.50 3.50 3.05 2.33 3.53 2.79 0.98 0.98 0.95 0.91
6�S 0.82 1.06 1.50 3.50 2.26 1.75 2.58 1.99 0.98 0.98 0.96 0.93
5�S 0.81 1.09 1.50 4.44 2.10 0.71 1.09 0.89 0.98 0.99 0.98 0.96
4�S 0.81 1.09 1.50 3.54 2.80 1.25 1.94 1.58 0.98 0.99 0.97 0.95
3�S 0.73 0.98 1.50 3.34 2.38 2.56 3.04 2.42 0.98 0.98 0.95 0.92
2�S 0.73 0.98 1.50 4.04 2.56 1.53 1.85 1.71 0.98 0.98 0.97 0.93
1�S 0.82 1.02 1.50 3.36 1.54 1.93 2.60 2.04 0.99 0.98 0.96 0.93
Eq 0.67 0.99 1.50 3.34 3.46 1.76 2.19 1.70 0.98 0.98 0.97 0.94
1�N 0.75 0.98 1.50 3.10 3.24 1.47 3.07 1.41 0.98 0.99 0.95 0.96
2�N 0.65 0.92 1.50 3.28 7.14 1.79 1.39 0.95 0.98 0.96
3�N 0.70 1.03 1.50 3.80 5.45 1.84 2.49 1.89 0.96 0.98 0.96 0.93
4�N 0.78 0.94 1.50 3.38 3.79 1.55 1.61 1.25 0.97 0.99 0.97 0.96
5�N 0.64 0.90 1.50 3.14 6.30 1.93 1.42 0.96 0.98 0.96
6�N 0.71 1.00 1.50 3.46 3.14 0.86 0.88 0.98 0.99 0.97
7�N 0.53 0.97 1.50 2.96 7.99 3.16 2.97 0.96 0.97 0.92
8�N 1.50 3.14 1.08 1.39 0.96
aEstimated cell diameter (D, mm), intracellular pigment concentration per cell volume (ci, kg m3), and Q*a at 670 nm.

Table 3. Absorption Coefficients at 670 nm for Prochlorococcus (Pro), Synechococcus (Syn), Picoeukaryotes (Peuk), and

Nanoeukaryotes (Neuk) Compared to the Total Estimated, amic, and measured absorption coefficient of phytoplankton, aphy, the in

situ blue(440) to red(670) ratio, B/R, and the total estimated, amic, measured aphy and ap (phytoplankton and particles) at 440 nm, and

retrieved ap + ay(440)
a

Latitude

670 nm

B/R

440 nm

Pro Syn Peuk Neuk amic aphy amic aphy ap Retr. ap + ay

8�S 0.0017 0.0003 0.0001 0.0008 0.0028 0.0025 4.82 0.0122 0.0121 0.0190 0.0232
7�S 0.0025 0.0006 0.0002 0.0015 0.0048 0.0053 2.78 0.0147 0.0148 0.0160 0.0206
6�S 0.0020 0.0004 0.0001 0.0017 0.0043 0.0034 3.12 0.0105 0.0104 0.0140 0.0188
5�S 0.0022 0.0002 0.0001 0.0020 0.0045 0.0054 2.76 0.0149 0.0151 0.0160 0.0237
4�S 0.0027 0.0004 0.0002 0.0022 0.0055 0.0067 3.28 0.0220 0.0221 0.0250 0.022
3�S 0.0028 0.0006 0.0007 0.0017 0.0058 0.0071 3.26 0.0231 0.0230 0.0260 0.023
2�S 0.0026 0.0003 0.0005 0.0029 0.0064 0.0066 3.01 0.0199 0.0198 0.0263 0.0233
1�S 0.0037 0.0006 0.0003 0.0025 0.0071 0.0072 3.23 0.0232 0.0234 0.0254 0.0263
Eq 0.0030 0.0003 0.0005 0.0032 0.0070 0.0072 3.13 0.0225 0.0227 0.0263 0.0305
1�N 0.0040 0.0003 0.0000 0.0036 0.0079 0.0078 2.98 0.0233 0.0233 0.0256 0.026
2�N 0.0035 0.0002 0.0000 0.0036 0.0074 0.0066 2.67 0.0176 0.0176 0.0217 0.027
3�N 0.0035 0.0004 0.0001 0.0032 0.0071 0.0067 3.17 0.0213 0.0214 0.0247 0.0251
4�N 0.0040 0.0002 0.0001 0.0029 0.0071 0.0068 2.64 0.0181 0.0181 0.0235 0.0194
5�N 0.0038 0.0003 0.0000 0.0033 0.0073 0.0070 3.20 0.0223 0.0224 0.0250 0.0204
6�N 0.0014 0.0000 0.0000 0.0007 0.0021 0.0023 3.66 0.0083 0.0082 0.0082 0.0179
7�N 0.0013 0.0000 0.0000 0.0007 0.0020 0.0022 4.77 0.0103 0.0080 0.0095 0.0116
8�N 0.0007 0.0012 0.0000 0.0074 0.0104
aAbsorption coefficient for the sum of particles and yellow substances (asat = ap + ay (440)), as retrieved from an inversion model by Loisel and Stramski

[2000].
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particles (also possibly viruses if present at a sufficiently
high concentrations). Among the microbial populations
evaluated, heterotrophic bacteria were the most important
source of microbial backscattering (between 63% and 81%
of bbmic at 1�S and 7�N, respectively; Figure 5b). Their
contribution averaged 73% of bbmic and was highest
between 4�S and the equator, where their concentrations
were highest (peak at 3�S). Backscattering contributions of
other groups (Prochlorococcus, Synechococcus, and nano-
eukaryotes simulated by the T.pseudonana of the Stramski’s
database) were 15%, 8% and 0.8% of bbmic, respectively.

4. Discussion

[24] During the cold phase of the ENSO phenomenon, the
high-nutrient, low-chlorophyll (HLNC) waters reach their

maximal geographic extension to the west [Radenac et al.,
2001; McClain et al., 2002]. Then, the transect at 180� of
the EBENE cruise and the POLDER image were both
representative of enhanced microbial biomass concentrated
in the upwelling region [Brown et al., 2003]. Because of the
presence of the equatorial upwelling, the chlorophyll range
was high along the transect, and the microbial composition
showed a high variability [Brown et al., 2003] as it was
during the FLUPAC cruise along the equator between
165�E and 150�W [Dupouy et al., 1997; Blanchot et al.,
2001]. It was surprising that the surface distributions of Tchl
a and ap (or amic) along the transect differed between 5�S
and 3�S (Figure 1b and Figure 2c) despite the coincidence
in pigment and absorption in situ measurements. There,
both ap and aphy show maxima at both 670 and 440 nm
wavelengths, that are not related to a maximal abundance of

Figure 5. Results of the simulation of IOPs along the EBENE transect at 180� from 10�S and 10�N for
surface waters at 440 nm. (a) Absorption coefficient, a at 440 nm, as estimated from the product of Ci .
a*sol . Q*a (Q*a is calculated from the cell sizes) of Prochlorococcus (triangles), Synechococcus (diamonds),
picoeukaryotes (small solid squares), and nanoeukaryotes (asterisks). Absorption by heterotrophic
bacteria (large open squares) as calculated from Stramski’s absorption cross section. Microbial
absorption, amic (open circles) = the sum of apro + asyn + apeuk + aneuk, is compared to measured aphy(440)
(gray circles). (b) Backscattering coefficient, bb at 440 nm, from Stramski and Mobley [1997] data with
bbmic (open circles) calculated as the sum of bhbact + bbpro + bbpeuk + bbneuk.
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total microbes, except of bacteria (which are poor absorbers,
see below). This difference is also visible in the distribution
of the modeled a*phy at 440 nm at these latitudes (which
inversely follows the Tchl a distribution) compared to the
measured one (Figure 2b) and has no simple explanation. In
surface waters of the equatorial Pacific sampled on the
EBENE cruise, Prochlorococcus and nanoeukaryotes had
the major influence on the absorption coefficient, account-
ing for 90% of aphy (at 670 nm and 440 nm) in the northern
part of the meridian transect (1�N–8�N). This contribution
of Prochlorococcus and nanoeukaryotes was reduced to
80% in the southern part, where heterotrophic bacteria
and Synechococcus made a significant contribution of
15%. Prochlorococcus and nanoeukaryotes showed equiv-
alent contributions to the measured absorption coefficient.
Recall that these results have been obtained by taking
measured sizes and abundances from flow cytometer and
microscopy, a constant chl a:carbon ratio for Synechococcus
and picoeukaryotes and nanoeukaryotes, which is not
always valid [Brown et al., 2003] and a global measured
B/R ratio which may not be adapted to the zeaxanthin-rich
cyanobacteria [Morel et al., 1993] which would tend to
underestimate the proportion of absorption by Prochloro-
coccus in the blue range. Moreover, this simulation exercise
was only for surface waters, minimizing the effect of
photoacclimation responses to reduced light with depth
[Bricaud et al., 1999; Finkel, 2001; Dusenberry et al.,
2001].
[25] The simulation of the absorption coefficients by the

decomposition method is very sensitive to the mean size of
each microbial group. Prochlorococcus and nanoeukar-
yotes, the main absorbing groups were characterized by
small mean cell diameters (0.7 and 3.4 mm, respectively),
low pigment content, and therefore low mean package
effects (0.94 and 0.97, respectively). These calculated
package effects for Prochlorococcus and nanoeukaryotic
cells were of the same order as those measured previously
in the surface layer of equatorial waters [Allali et al.,
1997; Dupouy et al., 1997]. The cross sections of our
major microbial groups were among the lowest observed,

as compared with recently published data [Stramski et al.,
2001]. At the equator, Prochlorococcus cell diameter
varied between 0.52 and 0.82 mm, and dv-chl a concen-
trations ranged between 0.4 and 1 fg cell�1. The cultured
Prochlorococcus strain, 0.55 mm in size, (MED 2 strain of
Morel et al. [1993]) is similar to our surface Prochloro-
coccus population in its spectral shape and lack of dv-chl
b, and its dv-chl a content (1.45 fg cell�1) is equivalent to
those measured in the equatorial Pacific (Table 2). Taking
this last cross section for our calculation of the Prochloro-
coccus absorption coefficient would overestimate it in the
rich chlorophyll waters. The estimation of the absorption
coefficient for eukaryotes from database’s cross sections
would have lead to an even greater uncertainty. Dunaliella
tertiolecta strain (denoted as TER), with a cell size of
7.5 mm and cellular chl a concentration of 1700 fg cell�1,
is much too large to simulate the bulk absorption coeffi-
cient of our nanoeukaryotes (2–20 mm). Even Thalassio-
sira pseudonana, 4 mm in diameter with a cellular chl a
concentration of 390 fg cell�1 [Stramski and Mobley,
1997] would lead to an eukaryotic absorption coefficient
too high by a factor of 6. The smallest studied species,
Nannochloris (2–3 mm) [DuRand and Olson, 1998] or
Micromonas pusilla (1.8 mm) [DuRand et al., 2002], are in
the range where absorption cross sections (sa), can be
usefully compared. For Micromonas sp., the value of sa at
488 nm was 0.8 mm2 and estimated as 1 mm2 at 440 nm.
Assuming that this value represents nanoeukaryotes in this
region, the absorption by this group approaches those
calculated with equation (8). Indeed, the estimate of the
absorption contribution of eukaryotes by equation (8) is
quite robust. Another simulation with a unique eukaryotic
population of sizes varying between 1.77 and 2.14 mm
gave similar results (with a mean difference of 3%). Small
populations such as those encountered in equatorial surface
waters have yet to be isolated and their optical properties
measured under nutrient and light regimes representative
of surface in situ conditions.
[26] Detrital absorption was a minor component (13%)

of the total measured particulate absorption ap(440). This

Table 4. Backscattering Coefficient at 440 nm Along 180�a

Latitude bb-syn bb-euk bb-pro bb-hbact bb-mic Retr. bbp

8�S 0.00001 0.00001 0.00003 0.00014 0.00020 0.00268
7�S 0.00001 0.00001 0.00003 0.00015 0.00020 0.00273
6�S 0.00001 0.00001 0.00002 0.00019 0.00023 0.00215
5�S 0.00001 0.00002 0.00003 0.00018 0.00024 0.00217
4�S 0.00001 0.00002 0.00003 0.00020 0.00026 0.00193
3�S 0.00001 0.00003 0.00004 0.00028 0.00037 0.00178
2�S 0.00001 0.00003 0.00004 0.00023 0.00031 0.00193
1�S 0.00002 0.00004 0.00006 0.00021 0.00033 0.00188
Eq 0.00001 0.00003 0.00004 0.00019 0.00028 0.00185
1�N 0.00001 0.00003 0.00004 0.00017 0.00025 0.00188
2�N 0.00001 0.00002 0.00003 0.00013 0.00018 0.00174
3�N 0.00001 0.00002 0.00003 0.00015 0.00021 0.00189
4�N 0.00001 0.00002 0.00003 0.00014 0.00021 0.00148
5�N 0.00001 0.00002 0.00003 0.00015 0.00021 0.00158
6�N 0.00000 0.00000 0.00002 0.00008 0.00010 0.000989
7�N 0.00000 0.00000 0.00002 0.00008 0.00010 0.00136
8�N 0.00000 0.00000 0.00001 0.00008 0.00009 0.00231
aContributions of microbial groups to the total backscattering coefficient bbmic, cumulative bb for Prochlorococcus + Synechococcus + small eukaryotes

(large eukaryotes have a negligible backscattering) and bb-hbact for heterotrophic bacteria, from the database of Stramski and Mobley [1997]. For
comparison the bbp(440) was retrieved from the inversion of POLDER reflectances and the model by Loisel and Stramski [2000]. Note that the bb of water
is 0.0025 m�1 and that bb-det was not estimated.
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seems to be a constant feature of equatorial waters
[Bricaud et al., 1998] and has a direct impact on the
modeling of remote-sensed reflectance from inherent opti-
cal properties [Bricaud et al., 2002]. The retrieved values
of asat(440) are consistent with the measured (and simu-
lated) ap values. The estimated absorption coefficient by
CDOM is consistent with indirect estimates described by
Bricaud et al. [1998]. It is only half of the in situ <0.2 mm
aCDOM(440) coefficient measured in the equatorial upwell-
ing during the same ENSO cold phase (0.0013 in May
1996) [Simeon et al., 2003], which might be consistent
considering that the CDOM absorption detected by the
satellite is lower than the integrated 0–50 m value, partly
because of photobleaching (J. Simeon, personal commu-
nication, 2003).
[27] The differences observed between bbp as retrieved

from the two semianalytical models, and bbp-sat, particularly
from 8�S to 0�, are due to the fact that the inverse method
does not involve any assumptions about the relationship
between bbp and chl concentration, whereas the semianalyt-
ical models consider that bbp is driven by chlorophyll
concentration [Morel, 1988; Morel and Maritorena, 2001].
The main difference between these two models resides in
the adoption of two distinct values of the backscattering
efficiency for particles (see discussion by Morel and Mar-
itorena [2001]). On the basis of theoretical considerations,
Morel and Maritorena [2001] simply reset the maximal
backscattering value at 1% instead of 2% as previously
adopted by Morel [1988]. Such values must be confirmed
with in situ backscattering measurements that can now be
performed with the recent development of the Hydroscat-6
[Maffione and Dana, 1997]. Simulated microbial backscat-
tering was mainly attributed to heterotrophic bacteria
but represented only a few percent of the retrieved values
of bbp-sat(440). The origin of this difference is mostly a
consequence of bubbles and submicrometer particles
[Koike et al., 1990] that were not enumerated by the flow
cytometer and typically account for 70 to 90% of the
particulate backscattering effect [Stramski and Kiefer,
1991]. The major source of particulate backscattering
has been identified as small and numerically abundant
nonliving particles [Stramski and Kiefer, 1991; Morel
and Ahn, 1990; Stramski et al., 2001]. This is consistent
with in situ observations made by Koike et al. [1990] who
showed that more than 95% of the particles counted within
the size range (0.38–1 mm) were nonliving. According
to Stramski and Kiefer [1991], viruses can also be an
important source for bbp, but only at ‘‘extremely high
abundance, for example, 1014 virions m�3’’. Such concen-
trations have not been measured in the equatorial Pacific
[Fuhrman, 2000]. Bubbles may also contribute to bbp,
particularly under high sea states [Stramski and Tegowski,
2001], which was not the case during the time period
considered.
[28] This study demonstrates that in case I waters,

marine reflectance is governed by extremely small par-
ticles, and that nonliving detritus or minerals are a large
component of backscattering, but only a small component
of the absorption. Since absorption signals in these waters
are almost entirely determined by the summed contribu-
tions of different groups of living cells, the availability of
multichannel ocean color satellite sensors and abundant in

situ hyperspectral data over the world oceans may lead to
a better understanding of distributional patterns in micro-
bial community composition.
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