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[1] In January 2008, a patch of high reflectance detected by ocean color satellite images
was sampled during a cruise over the southern Argentinean continental shelf. High calcite
concentrations (particulate inorganic carbon (PIC)) found at the patch were associated
with dominance of the coccolithophorid Emiliania huxleyi. Relatively low chlorophyll
concentrations (0.29 to 1.48 mg m−3) were found, but both particulate attenuation (0.27 to
1.15 m−1) and backscattering coefficients at 660 nm (0.003 to 0.042 m−1) were noticeably
high. Particulate inorganic to organic carbon (POC) ratio (PIC:POC) was highly
variable (0.02 to 1.1), but mostly high, showing a significant correlation with particulate
backscattering coefficient at 660 nm (r = 0.83, p < 0.005). The spectral dependency of
the backscattering coefficient followed Gordon et al. (2009). Both the time evolution
analyses of normalized water leaving radiance at 551 nm (nLw551) and the high PIC:POC
ratios suggested an advanced stage of the coccolithophorid bloom, therefore with high
detached coccoliths:cell ratios. Moreover, this was supported by a strong correlation
between PIC and both particulate backscattering (r = 0.81, p < 0.005) and particulate beam
attenuation coefficient (r = 0.7, p < 0.05). Remote sensing reflectance data were strongly
related to particle backscattering and backscattering ratio, but not to absorption. NASA
operational algorithms overestimated chlorophyll by a factor of ∼2 and estimated PIC with
a relatively high root‐mean‐square (RMS) error (RMS = 97.9 mg PIC L−1). Better
estimates of PIC values (RMS = 81.5 mg PIC L−1) were achieved when we used the
original PIC‐specific backscattering coefficient (Balch et al., 2005).
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1. Introduction

[2] The biogeographical distribution pattern of coccolitho-
phorids in the global ocean provides important ecological
information due to their relevance on Earth’s climate sys-
tem. The main reason resides on these unicellular algae’s
ability to produce CaCO3 scales (or plates) called coccoliths,
which are initially attached to the living cells and then
released into the water column. The detached coccoliths are
then deposited on the ocean floor via fecal pellets and marine
snow [Roth et al., 1975] contributing to the carbon pumping
system [Balch et al., 2005, and references therein].
[3] The best environmental conditions for coccolithophorid

growth are high incident solar radiation and strong stratifi-

cation in the upper layer and blooms are normally associ-
ated with silicate depletion and other specific nutrient
conditions [Tyrrell and Merico, 2004; Iglesias‐Rodríguez
et al., 2002]. The depletion of silicate is typically due to a
previous diatom bloom, favoring calcite‐bearing organisms
in the competition. For instance, when nitrate, phosphate
and other nutrients are still abundant but dissolved silicate
has been exhausted, coccolithophorids might outcompete
diatoms [Iglesias‐Rodríguez et al., 2002; Holligan et al.,
1993]. Phosphate levels in the upper layer might also be
low (high N:P ratios), since coccolithophorids are capable of
uptaking dissolved organic phosphorus [Tyrrell and Taylor,
1995].
[4] Boeckel et al. [2006] have shown that the most com-

mon species (based on coccolith identification) encountered
on surface sediments of the South Atlantic and Southern
oceans is Emiliania huxleyi and that their relative abun-
dance on the surface sediments of the continental margin
off Argentina is among the highest (>80%).
[5] Early observations of ocean color images in the 80s

have shown that one of the most extensive coccolithophorid
blooms in the global ocean occurs at the Patagonian shelf
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region [Brown and Yoder, 1994; Brown and Podestá, 1997].
In true‐color satellite images, areas of coccolithophorid
blooms are generally recognized due to the light‐scattering
properties of algal cells and their associated coccoliths in the
light spectrum, which may also induce errors in the deter-
mination of chlorophyll concentration from space using the
operational empirical algorithms [O’Reilly et al., 2000]. For
such waters, a special algorithm was designed to recognize
and estimate calcite concentration from space [Gordon
et al., 2001; Balch et al., 2005].
[6] The magnitude of scattering by such blooms is not

well understood worldwide due to several reasons. Cocco-
lithophorid cells have a lower organic biomass compared to
other monospecific blooms (e.g., diatoms) and generally
their blooms are identified from space when coccoliths are
in the process of detaching from the cells. The contribution
of living calcifying cells and detached coccoliths in the
backscattered light depends upon the stage of the bloom
[Balch et al., 1991]. The detached coccoliths also vary in
size and shape, and the backscattering cross section and its
spectral variation strongly depend upon the particle mor-
phology [Gordon and Du, 2001]. More recently, Gordon
et al. [2009] developed a model to deduce their scatter-
ing properties and also the influence of intact coccolitho-
phorid cells on the apparent backscattering cross section of
detached coccoliths.
[7] Due to the ecological importance of the Argentinean

shelf waters and to its areal extension, several investigators
have used a combination of satellite remote sensing and
field observations to identify biogeochemical provinces
[Gonzalez‐Silvera et al., 2004], to infer chlorophyll vari-
ability [Garcia et al., 2004; Rivas et al., 2006; Romero et al.,
2006] and to validate satellite‐chlorophyll estimates [Garcia
et al., 2005; Dogliotti et al., 2009] in the region. Signorini
et al. [2006] used both chlorophyll [O’Reilly et al., 2000]
and calcite [Gordon et al., 2001; Balch et al., 2005] algo-
rithms to show that high‐reflectance coccolithophorid pat-
ches in the Patagonia shelf‐break zone are most prominent
in summer, after diatom and dinoflagellate blooms in spring
[Garcia et al., 2008].
[8] In the early days of January 2008, a high‐reflectance

patch, detected by satellite images, was sampled over the
southern Argentinean continental shelf. This cruise was part
of the Patagonia Experiment (PATEX) research project,
which has the overall objective of characterizing the phy-
toplankton assemblages and primary production rates of the
waters along the Argentinean shelf‐break during spring and
summer and their environmental constraints. Among meth-
odologies used to assess these information were: measure-
ments of physical properties (pressure, temperature, and
salinity for computing density and water column stability);
determination of main macronutrient levels (nitrate, phos-
phate, nitrite, silicate and ammonia) phytoplankton and pig-
ments analyses; measurements of water‐atmosphere CO2

fluxes, aerosols and atmospheric biogenic gases (Dimethyl
Sulphide (DMS)); measurements of bio‐optical properties
(hyperspectral remote sensing reflectance, light scattering,
backscattering and absorption).
[9] In this article we report the original results and in situ

observations carried out in a coccolithophorid bloom over
the southern Patagonia continental shelf in early 2008. Such

comprehensive field experiments and concurrent bio‐optical
properties measurements are quite rare in the Southern
Hemisphere, and particularly in the southwestern Atlantic.
The following section describes the data and methods used
in this study. In section 3, we analyze the variability of the
in situ bio‐optical measurements, including chlorophyll‐a
concentration ([chl]), particulate and dissolved absorption
coefficients (ap and aCDOM, respectively), particulate back-
scattering (bbp), particulate beam attenuation coefficient (cp),
and also the remote sensing reflectance (Rrs) within the
highly reflective patch observed in the satellite images. We
also examine the variability of the particulate backscattering
ratio (bbp:bp), which provides information on the marine
particle composition and size distribution [Boss et al., 2004;
Loisel et al., 2007; Twardowski et al., 2001]. We carried out
a Principal Component Analysis (PCA) and a correlation
analysis between the first amplitude factor and the set of in
situ bio‐optical parameters to determine which are the main
parameters that explain the observed variability in Rrs.
Finally, concluding this study, we analyzed the performance
of operational empirical algorithms currently used to derive
chlorophyll and PIC concentration from satellite imagery.

2. Data and Methods

2.1. Cruise Details

[10] Prior to the cruise, we performed an analysis of true
color composition and calcite MODIS‐Aqua images of the
Patagonian shelf to identify specific regions showing pat-
ches of probable coccolithophorid blooms. Images from
29 to 31 December 2007 were used to set up the sampling
strategy for the early days of January 2008 (Figure 1).
Sampling was conducted on board the Brazilian Navy RV
Ary Rongel from early morning to late in the evening. A late
arrival on the first day allowed only two stations to be
visited on 4 January 2008. During the next day, only four
stations were occupied because of bad weather conditions.
Other twelve stations were carried out over the following
2 days. At the end of the cruise, three transects were per-
formed between 4 and 7 January 2008, which allowed us to
sample different water properties at 18 stations (Figure 1).
[11] A CTD‐carousel SeaBird system was used to make

casts in 17 of the 18 sampled stations. The number of CTD
stations per transect was 7 (Section 1), 5 (Section 2) and
5 (Section 3). The CTD‐carousel system was equipped with
a CTD SeaBird 911 and a SBE32 carousel with sensors for
measuring pressure, temperature, conductivity, Photosyn-
thetic Available Radiation (PAR), stimulated chlorophyll
fluorescence (WetLabs), dissolved oxygen (SeaBird) and
beam transmittance at 660 nm (WetLabs®). The carousel
comprised 12 Niskin bottles (5 L capacity) for sampling
water at discrete depths for different measurements, includ-
ing nutrients and chlorophyll concentration. In addition, sam-
ples from both surface and fluorescence peak depths were
taken for chlorophyll‐a concentration by High‐Performance
Liquid Chromatography (HPLC). Surface waters were sam-
pled for light absorption by particulate (phytoplankton and
detritus) and dissolved (Colored Dissolved Organic Matter
(CDOM)) material.
[12] An optical frame was deployed using a 6 m long

crane on the sunny side of ship’s starboard side, away
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from the ship shadow. The following optical instruments
were attached to the optical frame: backscattering meter at
530 and 660 nm (WetLabs) and hyperspectral radiometer
(Satlantic Inc). The frame was lowered to 30–40 m deep to
provide optical measurements in the upper water column.
High‐resolution optical data over the depth were achieved
by a descending frame speed of about 20–30 cm s−1.

2.2. In Situ Bio‐optical Measurements

2.2.1. Chlorophyll‐a Concentration
[13] Discrete samples for determination of pigment con-

centration were collected from the surface and selected
depths based on the fluorescence profiles, provided by the
CTD/Rosette system. The samples were filtered onto What-
man GF/F filters and kept frozen in liquid nitrogen until
analyzed. Chlorophyll‐a concentration, [chl], was deter-
mined by High‐Performance Liquid Chromatography (HPLC)
technique [Mendes et al., 2007] only at surface and fluores-
cence peak depth. Chlorophyll‐a concentration was also
determined by using a Turner Designs TD‐700 fluorometer
[Welschmeyer, 1994] at several discrete depths. However,
all chlorophyll‐a concentrations used in this work are
derived from HPLC method, except the vertical distributions
of chlorophyll concentration (shown in Figure 6).
2.2.2. Phytoplankton Counting and Biovolume
Estimation
[14] For phytoplankton identification, counting and siz-

ing, water samples were preserved in amber glass flasks
(∼250 mL) with 2% alkaline Lugol’s iodine solution. Phy-
toplankton cells in settling chambers (10 to 50 mL) were
observed on a Zeiss Axiovert 135 inverted microscope
[Sournia, 1978]. A scanning electron microscope (SEM)

was used for identification of coccolithophorids. The cells
concentration (expressed in 106 cells L−1) was converted
into biovolume, taking into account linear dimensions from
captured images by a camera (Spot Insight QE) attached to
the microscope. At least 30 specimens were randomly
chosen for metrics of each species or major taxa and, then,
biovolume was estimated using the most similar geometric
shape [Hillebrand et al., 1999].
2.2.3. Hyperspectral Reflectance
[15] Vertical profiles of downwelling spectral irradiance,

Ed, and upwelling radiance, Lu, were measured using a
hyperspectral ocean color radiometer (HyperOCR, Satlantic
Inc.). Measurements were made over the spectral region
380–800 nm with a spectral resolution of 3.3 nm. Each
band has a full‐width‐half‐maximum (FWHM) bandpass of
10 nm. Internal tilt sensors quantified the vertical orien-
tation of the profiler as it fell through the water column
and were used as a quality control flag during data proces-
sing. A correction for the immersion effect was applied to
radiometric measurements through the instrument’s cali-
bration coefficients (Satlantic, 2002). Profiles were cor-
rected for pressure transducer depth offset relative to each
sensor. No correction for sensor self‐shading was applied.
Initial data processing was done using ProSoft v. 7.7.11
software, also developed and distributed by Satlantic Inc.
Dark offsets and manufacturer’s radiometric calibration
were applied to the raw data. Then, the optical data were
binned to every 0.1 m. For the first 10 m, the instrument’s
median tilt angle was calculated for each profile and data
with tilt angles greater than one standard deviation were
discarded. After that, each profile was visually analyzed
and the depth intervals for the surface extrapolation were

Figure 1. (a) MODIS quasi‐true‐color image on 31 December 2007 and (b) MODIS normalized
water‐leaving radiance at 551 nm composite image (3–8 January 2008) of the area sampled during the
PATEX 5 cruise. The positions of the 18 in situ stations are indicated. Section 1 (S1) comprises stations
P501 through P508, Section 2 (S2) comprises stations P508 through P512, and Section 3 (S3) comprises
stations P513 through P518.

GARCIA ET AL.: COCCOLITHOPHORIDS BIO‐OPTICAL PROPERTIES C03025C03025

3 of 17



selected, generally starting at 2 m in order to avoid wave
focusing. The spectral diffuse attenuation coefficients of
downwelling irradiance, Kd(l), and upwelling radiance,
KL(l), were calculated as the local slope of a least squares
regression of the log‐transformed Ed and Lu, respectively,
within the selected depth interval. Using these coefficients,
the upwelling radiance values were propagated to just below
the water surface, Ed (0

−, l) and Lu(0
−, l), by fitting an

exponential function to the data. The remote sensing
reflectance just above the sea surface, Rrs(l), was then
calculated using the following equation:

Rrs �ð Þ ¼ 0:54Lu 0�; �ð Þ
1:04Ed 0�; �ð Þ

The coefficients 0.54 and 1.04 are the transfer coefficients of
the air‐sea interface for Lu and Ed, respectively [Austin,
1974].
2.2.4. Backscattering Coefficient
[16] Backscattering measurements were obtained with an

ECO BB2F (WetLabs®, Philomath, Oregon) at two wave-
lengths (532 and 660 nm) within the visible range. The ECO
BB2F measures the volume scattering function at a nominal
angle of 117°, b(117°). The particle volume scattering
function, bp(117°), is then calculated by subtracting the
volume scattering of water [Morel, 1974] from b(117°).
Finally, the particulate backscattering coefficient, bbp(l), is
estimated by assuming a constant proportionality between
bp(117°) and bbp [=2p (1.1) bp(117°)] [Boss and Pegau,
2001]. Raw data were processed using ProSoft software
(Satlantic) and then calibrated using the ECO BB2F cali-
bration files provided by WetLabs®.
2.2.5. Beam Attenuation Coefficient
[17] A WetLabs C‐star® transmissometer attached to the

CTD/carousel system was used to measure light attenuation
at 660 nm. According to the C‐Star calibration protocol,
after calibrating and processing the raw data, the transmis-
someter provides the beam attenuation coefficients corrected
for the attenuation by pure seawater, c − cw. In the open
ocean, absorption of dissolved material has little influence
on the attenuation coefficient at 660 nm [Pak et al., 1988],
therefore the measured attenuation coefficient can be attrib-
uted only to particles (cp). In order to eliminate uncertainties
related to calibration, the cp value of 0.12 m−1 measured in
deep (particle‐free) waters (∼1,000 m) and far away from
the sea bottom was measured and subtracted from each
beam attenuation value in all profiles.
2.2.6. Spectral Absorption Coefficient
[18] Discrete samples from the surface, collected at all

18 stations, were filtered onto 25 mm Whatman GF/F filters
for measurements of light absorption by particulate material
and colored dissolved organic matter (CDOM). The optical
density values of the particulate material retained in the
filters were determined using a dual beam scanning spec-
trophotometer (Cary Model 1E). Values corresponding to
detritus were determined after pigment bleaching with pure
methanol [Mitchell et al., 2000]. Absorption coefficients
(m−1) for total particulate matter, ap(l), and for detritus,
adet(l), were then calculated by converting optical density at
each wavelength to natural log, normalizing by the filtered
volume and applying a Beta factor [Ferreira et al., 2009],

which corrects for the effect of concentrating particles
on filters. The spectral absorption coefficients for phyto-
plankton, aph(l), were computed as the difference between
ap(l) and adet(l) estimates. Filtrates from the particulate
absorption sample filters (Whatman GF/F) were collected
in clean borosilicate bottles that were previously treated
according to Mitchell et al. [2000]. Fresh Mili‐Q water
was used to zero the instrument and the spectral absorbance
of the filtered water was measured against air in a 10 cm
quartz cuvette between 300 and 750 nm. Optical density
values were converted into CDOM absorption coefficients,
aCDOM(l) (m

−1).
2.2.7. Particulate Organic and Inorganic Carbon
[19] Discrete water samples from surface and depth of the

fluorescence peak were analyzed for particulate organic and
inorganic carbon. Particles for particulate carbon (PC),
nitrogen (PN) and particulate organic carbon (POC) were
collected onto precombusted (450°C for 4–6 h) 25 or 47 mm
Whatman GF/F glass fiber filters and stored frozen (−20°C).
Prior to analysis, the filters were dried for ∼48 h in a drying
oven at 45–50°C. POC samples were placed overnight
(24 h) in a sealed desiccator saturated with hydrochloric
acid fumes (12M HCl) to remove inorganic carbon from
samples [Hedges and Stern, 1984]. Acidified filters were
dried again as described previously. Sample filters were
packed into tin foil sheets for analysis. POC, PC and PN
were measured with a vario MICRO cube CHNS elemental
analyzer (Elementar Americas, Mt. Laurel, NJ). Sulfanil-
amide, the manufacturer recommended calibration standard,
was run daily (prior to sample analysis and interspersed
between samples) to compute the daily factor, the variation
between the daily instrument response relative to the factory
calibration, in order to apply the appropriate calibration
factor. Sample carbon and nitrogen were corrected for car-
bon and nitrogen content measured for triplicate tin foil
sheet blanks. Particulate inorganic carbon (PIC) was com-
puted as the difference between PC (filters not acidified) and
POC (acidified filters). Analytical error for duplicate POC
measurements averaged 12.2% for these samples. A refer-
ence standard for carbon, Buffalo River Sediment (BRS)
NIST reference material NIST RM 8704; 3.348 ± 0.016%
C), was analyzed three times per day to confirm the per-
formance of the standards and calibration curve. Our anal-
ysis of the BRS NIST RM yielded results equivalent to the
NIST values (3.348 ± 0.062%C; n = 25; analyzed on nine
separate days).

2.3. Satellite Data

[20] Satellite ocean color data used here were derived
from MODIS, available at the Ocean Color Web site (http://
oceancolor.gsfc.nasa.gov). Cloudy skies dominated over the
4 day sampling period, so in situ AOP and IOP data were
acquired under overcast conditions. Daily visualization of
satellite images was performed during the entire period of
the cruise. However, due to cloud conditions during the
cruise, the bloom patch could only be distinguished in the
image of 5 January. Because coccolithophorid blooms
(and detached coccoliths) strongly backscatters green light
[Gordon and Balch, 1999], we decided to examine the time
evolution of normalized water leaving radiance at 551 nm,
nLw551, from 28 December 2007 to 12 January 2008.
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We noticed that both bloom size and nLw551 values had
decreased during this period, suggesting that the timing of
the in situ sampling corresponded to an advanced stage
of the coccolithophorid bloom, with high liths:cell ratios.
No comparison between satellite and in situ measured nLw
or [chl], the well‐known matchup procedure, was made due
to lack of cloud‐free images.

2.4. Statistical Analysis

[21] A Principal Component Analysis (PCA) was applied
over the whole Rrs(l) spectra data set to extract the Rrs

variance structure [Lubac and Loisel, 2007], assessing the
variability modes of Rrs(l). As a previous step, the mean
spectrum was subtracted from each single spectrum to
produce a centered data set. Then, in order to examine the
Rrs(l) variability and the bio‐optical parameters most likely
affecting it, a correlation analysis was performed between
the first amplitude factor and several in situ bio‐optical
parameters such as [chl], backscattering ratio, scattering and
absorption coefficients, PIC and POC concentration and
coccolithophorid cell concentration (number and percent-
age). Further details on the phytoplankton community (see
section 2.2.2) are presented by Souza et al. [2011].

3. Results

3.1. The Physical Environment

[22] During the sampling period, surface salinity and tem-
perature varied from 33.3 to 33.6 and from 10.2 to 10.7°C,
respectively. A T − S diagram of all stations is seen in
Figure 2a, where a salinity (S) gradient (33.3 to 33.6) was
observed from south (lower values) to north (higher values)
and from east (lower values) to west (higher values). Diluted
waters, probably from Magellan Strait area, present S < 33.3.

A shallow mixed layer depth of about 35 m was found
(Figure 2b) at all stations. C. B. Marin (Water mass, ther-
mohaline structure and nutrient levels in the Patagonian
shelf‐break waters during the Patagonian Experiment
(PATEX), manuscript in preparation, 2011) has shown that
low nutrients levels (nitrate ∼2 mM and silicate ∼0.4 mM)
in the mixed layer and high values (nitrates ∼15 mM, sili-
cates ∼2 mM) below the thermocline are caused by both
phytoplankton consumption in the upper layer and sharp
density vertical gradients. Overall, vertical dissolved oxygen
and fluorescence were not closely related (not shown), as
opposed to the positive relationship found between oxygen
and [chl] during a spring bloom (October) of diatoms in the
shelf‐break region [Garcia et al., 2008].

3.2. Phytoplankton Microscope Data

[23] The surface concentration of E. huxleyi cells varied
between 0.05 and 11 × 106 cell L−1 at the cruise stations.
The percentage of Emiliania huxleyi cells in the phyto-
plankton assemblage varied from 1.5% (St. P517) up to
93.7% (St. P503). In terms of biovolume data, E. huxleyi
represented between 1.2 and 94.8% of total biovolume.
Smaller coccolithophorid contributions (1 to 3.3%) were
detected at stations P513, P517 and P518, where the phyto-
plankton was mainly represented by dinoflagellates (St. P513)
and cryptophytes/dinoflagellates (stations P517 and P518).
Regarding other coccolithophorid species, larger cells (10–
20 mm, probably Coccolithus pelagicus) were detected but
they were very scarce and only significant at St. P503
(0.05 × 105 cell L−1) and St. P513 (0.13 × 105 cell L−1).
Diatoms were important mainly at station P512 (>50%
biovolume), while dinoflagellates showed a considerable
contribution at most stations, followed by the haptophyte
Phaeocystis antarctica [Souza et al., 2011].

Figure 2. (a) T − S diagram (temperature and salinity) from all stations sampled during the PATEX 5
cruise. (b) Temperature vertical profiles at the same stations. Mixed layer depths are limited to ∼30–35 m.
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[24] The massive dominance of E. huxleyi at St. P503
through P506 and St. P514 and P515 was probably asso-
ciated with relatively high concentration of detached coc-
coliths. For instance, Balch et al. [2000] found a ratio of
approximately 5 to 6 detached coccoliths to whole cocco-
lithophorid cells in the Arabian Sea.

3.3. Surface Distribution of Bio‐optical Properties

[25] The surface bio‐optical parameters measured over the
sampled region were highly variable and their statistical
parameters are summarized in Table 1. [chl] ranged between
0.29 (St. P504) and 1.48 mg m−3 (St. P512), with a mean
concentration of 0.57 mg m−3. Absorption of the particulate
material, ap(440), varied between 0.073 and 0.193 m−1, and
the mean relative contribution of phytoplankton, aph(440),
to the particulate absorption, ap(440), was 0.73, with the
lowest value at St. P514 (0.48), indicating that the phyto-
plankton dominated the particulate absorption (Figure 3).
Moreover, a significant linear relationship between aph(440)
and [chl] was found (r = 0.70), and when the absorption
values at 676 nm (values not shown) were considered, the
relationship improved (r = 0.84). Linear fittings provided
the best statistical results between [chl] and phytoplankton
absorption at both wavelengths and the coefficients derived
from the least squares method are provided in Table 2. The
specific phytoplankton absorption coefficients at 440 nm,
(i.e., aph(440)/[chl], a*ph(440)), presented relative high values
(mean of 0.168, std of 0.047), compared to global tenden-

cies. Our aph(440) values as a function of [chl] are higher
than the mean relationship from Bricaud et al. [1995] by a
mean factor of 3. Moreover, when our data are compared to
Bricaud et al.’s [2004] equation, which were exclusively
derived between HPLC [chl] and aph(440), our coefficients
are still twofold higher. The relatively higher a*ph(l) coef-
ficients found in the Patagonian region have already been
discussed by Ferreira et al. [2009] who attributed these
differences to both an important influence of photoprotector
accessory pigments and lower [chl] per cell, due to high
incident light levels in the region.

Figure 3. Ternary plot illustrating the relative contribution of CDOM, phytoplankton, and detritus to
light absorption at 440 nm for all surface samples. The relative contribution of a component to total
absorption can be read on the corresponding axis.

Table 1. Statistical Parameters of Surface [chl] and Optical
Properties for the 18 Stations, Sampled During the PATEX 5
Cruisea

Range Mean Std. Dev CV (%)

[chl] 0.29–1.48 0.565 0.284 50.2
Kd(440) 0.107–0.210 0.164 0.045 27.3
ap(440) 0.073–0.193 0.12 0.033 27.3
ad(440) 0.011–0.065 0.031 0.014 46.5
a*ph(440) 0.109–0.305 0.168 0.046 27.5
aCDOM(440) 0.04–0.303 0.081 0.063 77.1
cp(660) 0.27–1.15 0.67 0.328 49.0
bbp(660) 0.0025–0.0419 0.0162 0.0121 74.4
bbp(660):bp(660) 0.0097–0.0376 0.023 0.0087 37.8

aCoefficient of variation (CV) corresponds to the ratio between standard
deviation and mean value. Kd(440) and bbp were obtained at 16 stations.
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[26] The absorption due to particulate matter at 440 nm,
where the particulate absorption is around its maximum,
could only explain around half of the variability of the
diffuse attenuation coefficient for downwelling irradiance,
Kd, at the same wavelength (r = 0.74, r2 = 0.56, N = 16, p�
0.05), suggesting that other factors (sun zenith angle, b/a
ratio, and the respective proportion between molecular and
total scattering coefficient) might control the light attenua-
tion in the blue portion of the spectra besides the particulate
absorption [Loisel and Morel, 1998]. The mean contribution
of the dissolved material, aCDOM(440), to total absorption
was 0.40. Wavelength‐dependent (higher in the blue) scat-
tering and absorption by coccoliths and coccolithophorids,
respectively, might also be influencing the light attenuation
[Balch et al., 1991].
[27] Surface particulate backscattering coefficient,

bbp(660), showed a large variability, ranging between 0.003
and 0.042 m−1 (coefficient of variation, CV = 74%), while
the particulate attenuation coefficient at the same wave-
length, cp(660), presented a smaller variation, ranging from
0.27 to 1.15 m−1 (CV = 49%). A strong linear relationship
(r2 = 0.91) between cp(660) and bbp(660) was found for
surface waters (Figure 4). Note that St. P512 (dominated
by diatoms) stands out in the regression with a relatively
high cp(660) value (0.97 m−1) and the highest [chl] value
(1.48 mg m−3), with a relatively small bbp(660) value
(0.019 m−1). If it is assumed that a � b, then c ∼ b, and bp/c
is close to the backscattering probability (bb/b). Figure 4
shows a regression line in which the inverse of slope
(1/23.3287 ∼ 0.0428) is very close to the modeled back-
scattering probability values at 660 nm [see Gordon et al.,
2009, Figure 11]. No significant correlations were found
between bbp(660) (or cp(660)) and aph (or [chl]), indicating
that their variability is likely due to the presence of par-
ticles other than phytoplankton living cells, as confirmed in
section 3.4. The backscattering ratios (bbp:bp) at 660 nm
were relatively high, varying between 0.009 and 0.037
(CV = 40%), comparable to the values found in some
coastal environments [Twardowski et al., 2001; Boss et al.,
2004; Chang et al., 2004; Loisel et al., 2007] where high
concentration of inorganic particles are present. The par-

ticulate backscattering coefficients at either 532 or 660 nm
are well related (r = 0.83, N = 16, p < 0.05) to the per-
centage of Emiliania huxleyi cells in the phytoplankton
assemblage composition (Table 2).

Table 2. Coefficients of Correlation and Equations Derived Between Biogeochemical and Optical Parametersa

Correlated Parameters (x, y) r N Equation

[chl], aph(440) 0.70 16 aph(440) = 0.073 [chl] + 0.042
[chl], aph(676) 0.84 16 aph(676) = 0.033 [chl] + 0.0086
[chl], cp(660) NS 16 ‐
[chl], bbp(660) NS 16 ‐
% EH cells, bbp(532) 0.83 16 bbp(532) = 3.071 × 10−4 % EH cells + 0.0054
% EH cells, bbp(660) 0.83 16 bbp(660) = 3.208 × 10−4 % EH cells + 0.0058
bbp(660), cp(660) 0.94 16 cp(660) = 23.33 bbp(660) + 0.27
ap(532), bbp(532) NS 16 ‐
ap(660), bbp(660) NS 16 ‐
bbp(532), bbp(660) 0.99 16 bbp(660) = 1.0366 bbp(532) + 0.001
[chl], POC NS 10 ‐
POC, ap(440) NS 10 ‐
POC, cp(660) NS 10 ‐
POC, bbp(532) NS 10 ‐
PIC, cp(660) 0.70 10 cp(660) = 2.4 × 10−3 PIC + 0.39
PIC, bbp(532) 0.81 10 bbp(532) = 1.1 × 10−4 PIC + 0.004
PIC, bbp(660) 0.81 10 bbp(660) = 1.1 × 10−4 PIC + 0.005
PIC:POC, bbp(660) 0.83 10 bbp(660) = 0.028 PIC:POC + 0.0063
PIC:POC, bbp(660)/cp(660) 0.82 10 bbp(660)/cp(660) = 0.015 PIC:POC + 0.02

aAll relationships are significant at 95% confidence level, except NS.

Figure 4. Beam attenuation at 660 nm versus backscatter-
ing at 660 nm for the 16 sampled stations during the PATEX
5 cruise. The correlation coefficient is r = 0.88 (p < 0.0001).
The linear regression equation is cp(660) = 23.3287 bbp(660)
+ 0.266. Station number P512 is indicated.
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3.4. Vertical Distribution of Bio‐optical Properties

[28] The vertical distributions of [chl], cp(660) and bbp(660)
are presented in Figure 5 for Sections 1, 2 and 3 (see Figure 1
for location). A general strong gradient is observed around
35–40 m. In Section 1, which ran northward from St. P501 to
P507, the upper 40 m were characterized by higher values in
[chl], cp(660) and bbp(660) than in deeper waters (Figures 5a–
5c, Section 1). Regarding the [chl] in the upper 40 m layer,
stations P501 and P507 presented higher values (>1 mg m−3)
than the surrounding stations. St. P504 was characterized by
lower [chl] (<0.5 mg m−3), compared to the other stations, but
relatively high cp(660) and bbp(660) values (∼1 m−1 and
>0.035 m−1, respectively). The particulate backscattering ratio,
bbp:bp(660), distribution was similar to that of bbp(660), with
higher values at station P504 (∼0.03).

[29] In Section 2, [chl] was approximately constant (∼1 mg
m−3) in the upper mixed layer (Figure 5a, Section 2), except
at St. P508 where [chl] values were above 1.5 mg m−3 (at
50 m depth) and at St. P512 where [chl] reached 2.4 mg m−3

at the surface. The attenuation coefficient was nearly con-
stant in the upper well mixed layer (∼0.5 m−1), except at
St. P512 where higher values, around 1 m−1, were found
(Figure 5b, Section 2). Particle backscattering, bbp(660),
in the upper layer showed some variations along this sec-
tion, and relative higher values (∼0.02 m−1) were measured
at St. P512. The backscattering ratio also followed the par-
ticulate backscattering coefficient distribution. Note that
relatively high values (∼0.02), compared to the surrounding
stations, were found at stations P508 and P512, in good
correspondence with high [chl].

Figure 5. Water column distribution of (a) fluorometric [chl], (b) beam attenuation at 660 nm, (c) par-
ticulate backscattering at 660, and (d) backscattering ratio at 660 nm for Sections 1 (left), 2 (middle), and
3 (right). Station numbers are marked on top of each graph. See Figure 1 for location of the sections.
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[30] In Section 3, [chl] in the upper mixed layer was
unevenly distributed (Figure 5a, Section 3). Relatively high
[chl] values (>1 mg m−3) were found closer to sea surface at
stations P515, P516 and P517. The highest mean [chl] in the
mixed layer was measured at St. P517. Surface cp(660)
values were lower at St. P518 and increased toward the
middle of the section (>1 m−1 at St. P514). In this section,
bbp(660) and bbp:bp(660) also followed approximately the
surface attenuation coefficient distribution with lower
(∼0.005 m−1 and ∼0.04) and higher (∼0.04 m−1 and 0.009)
values than surrounding stations at stations P518 and P514,
respectively.

3.5. Spectral Dependency of Optical Backscattering

[31] The spectral shape of total backscattering is usually
determined by the following expression:

bbp �ð Þ ¼ bbp �0ð Þ �0

�

� ��

The exponent g is the dimensionless parameter describ-
ing the spectral dependency of bbp(l) to a reference wave-
length lo. The exponent g is sensitive to particle size
distribution as well as to the relative contribution of organic
to inorganic material, being the later more effective in
backscattering light [Loisel et al., 2007]. Values of g vary-
ing from 0 to 2 have been widely used by inversion of ocean
color spectra models [e.g., Roesler and Perry, 1995; Garver
and Siegel, 1997]. The empirical model of Morel [1988],
derived from in situ measurements in Case I waters, assumes

that bbp(l) depends on l−1 indicating that stronger back-
scattering occurs at shorter wavelengths. Gordon et al.
[2009] derived bb(l) spectra from in‐water radiance data
during an E. huxleyi bloom in the English Channel, with a
general pattern of maximum bb in the blue decreasing
toward the green reaching a minimum near 550–620 nm,
and then increasing toward the red portion of the spectrum.
The authors highlight that bb(l) is not proportional to l to
some power (i.e., a “power law”) over the entire visible
spectrum.
[32] In our work, bbp(660)/bbp(532) is inversely propor-

tional to bbp(532) and it tends toward unity for high back-
scattering values (Figure 6a). This indicates that bbp(l) tends
to be independent on wavelength at very high backscattering
values. It is worth noting that in our work, bbp(660) is
always higher than bbp(532).
[33] Figure 6b shows the relationship between bbp(660)

and bbp(532) where the slope is 1.0366. Assuming that a
power law (equation above) holds in this portion of the
spectrum (green to red), then the slope of the curve shown
in Figure 6b can be interpreted as (532/660)g which leads
to g = −0.16. This means that bbp increases slightly from the
green to the red portion of the visible spectrum, therefore
close to what was observed by Gordon et al. [2009].

3.6. Relationship Between PIC, POC, and Inherent
Optical Properties

[34] Mean particulate inorganic and organic carbon con-
centrations (PIC and POC, respectively) were calculated
from surface and depths where bb and cp data were avail-

Figure 6. The relationships between (a) bbp(660)/bbp(532) and bbp(532) and (b) bbp(660) and bbp(532).
Observe that green‐to‐red particulate backscattering ratio is always greater than 1 but decreases toward
unity at high bbp(532).
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Figure 7. (a) Spectral remote sensing reflectance (Rrs, sr
−1) obtained from radiometric measurements at

16 stations sampled during the PATEX 5 cruise. Solid lines correspond to spectra at stations located
within the highly reflective patch, dashed lines correspond to intermediate locations, and dotted lines cor-
respond to stations located outside the patch (see text for station numbers). The dashed/bold line corre-
sponds to the distinct spectra found at St. P512, where dominance of diatoms was found. (b) Rrs spectra
normalized at 490 nm.
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able. Maximum concentrations were found at the stations
located well within the center of the bloom (St. P514, PIC
∼300 mg C L−1 and POC ∼200 mg C L−1), while the mini-
mum concentrations were found at the stations located outside
the high‐reflective patch (e.g., St. P501, PIC ∼35 mg C L−1 and
POC ∼326 mg C L−1). The PIC range was relatively wide,
with a mean value of 122 and a CV = 70%, while POC
presented a lower variability, a mean value of 303 mg C L−1

and CV = 19%. PIC:POC ratio was highly variable (ranging
between 0.02 and 1.1), mainly due to high PIC variability.
This ratio showed a significant correlation with bbp(660)
(r = 0.83, N = 10, p < 0.005). Furthermore, no significant
correlation was found between POC and PIC, or between
bbp, cp and ap versus POC, while a strong correlation was
found between PIC and bbp (r = 0.81, N = 10, p < 0.005),
and PIC and cp (r = 0.7, N = 10, p < 0.05). This indicates
that particulate scattering properties (bbp, cp) are mainly
controlled by PIC while particulate absorption properties by
phytoplankton (see section 3.3). A weak correlation between
[chl] and POC (r = 0.56, N = 10, p = 0.07) as well as a lack
of correlation between POC and absorption properties were
found in this work. Table 2 summarizes the statistical
relationships between bio‐optical data and biogeochemi-
cal parameters.

3.7. Hyperspectral Remote Sensing Reflectance

[35] The absolute hyperspectral remote sensing reflec-
tance Rrs spectra measured at 16 of the 18 stations sampled
during the PATEX 5 cruise are shown in Figure 7a.

A variability of approximately ten fold was observed at
lower wavelengths, but a general flattened shape and high
values at the blue portion of the spectrum (400–450 nm)
compared to higher wavelengths, as well as a peak cen-
tered around 490 nm, can be observed in most spectra.
Stations located within the high‐reflective patch observed
in the MODIS‐derived normalized water leaving radiance at
551 nm (see Figure 1) are characterized by the highest
reflectance in the entire spectral range (solid curves in
Figure 7a corresponding to stations P503, P504, P514 and
P515), while stations located outside the visible patch are
characterized by the lowest reflectance (dotted curves in
Figure 7a corresponding to P501, P508, P509, P510, P516,
P517 and P518). Stations located relatively close to the
bright feature present intermediate values (dashed curves in
Figure 7a corresponding to P502, P507, P511 and P513).
[36] Figure 7b shows the normalized spectra at 490 nm,

where a different spectral shape is apparent at station P512,
showing a reflectance maximum at 540 nm. This distinctive
shape was associated with dominance of diatoms (>50%
biovolume). In general, some variability was also observed
in the blue (∼450 nm) and green (550 nm) parts of the
spectrum.
[37] A Principal Component Analysis applied to the

hyperspectral Rrs data set has shown that the first mode
(Figure 8) accounted for 98% of the total Rrs variance. Not
surprisingly, this spectral shape resembled the mean Rrs

spectra. Correlation coefficients between the amplitude
factors of the first mode and different bio‐optical properties

Figure 8. The mean Rrs spectra from all the sampled stations during PATEX 5 (N = 16) and the first
dominant mode spectra which explains 98% of the total Rrs(l) variance.
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were calculated (Table 3). The highest significant correla-
tion was found for the particulate backscattering coefficient
and backscattering ratio at 660 nm (r = 0.93 and 0.83,
respectively). Conversely, no significant correlation was
found between [chl], ap(440) or POC, indicating a domi-
nance of the backscattering mechanism in controlling the
reflectance variability in the sampled waters regardless their
absorption properties. A poor though significant correlation
(r ∼ 0.6) was found between the first PCA mode and the
coccolithophorid cell concentration (Table 3) as determined
by microscopy [Souza et al., 2011]. However, the first PCA
mode correlates well with both PIC (r = 0.77, N = 10, p <
0.05) and % EH cells (r = 0.86, N = 16, p < 0.05), clearly an
indication that most of Rrs spectral variability is associated
with the relative presence of coccolithophorid in relation to
other phytoplankton groups.

3.8. Performances of Chlorophyll and PIC
Concentration Algorithms

[38] The performances of remote sensing algorithms for
retrieving [chl] and PIC concentrations using in situ radio-
metric measurements were analyzed. NASA’s SeaWiFS
and MODIS operational algorithms (OC4v4 and OC3M,
respectively), based on blue‐to‐green ratios, were analyzed
using measured remote sensing reflectance and in situ sur-
face [chl] determined by HPLC analysis. Similar results
were found for both algorithms, thus only results corre-
sponding to OC4v4 are shown in Figure 9a. Even though
the measurements fell within the “cloud” of data comprising
the global data set used for NASA’s operational algorithms
generation (gray crosses in Figure 9a), both algorithms
tended to overestimate in situ measurements. Therefore, a
poor performance was found between satellite‐derived and
in situ [chl] estimates for both OC4v4 (relative percent
difference, RPD = 80%) and OC3M (RPD = 84%) algo-
rithms. The errors found in this study are higher than others
previously found in this area [Garcia et al., 2005; Dogliotti
et al., 2009], but comparable to the errors found for coastal
regions influenced by continental discharge from La Plata
River and Patos Lagoon [Garcia et al., 2006].
[39] We applied the two‐band algorithm to estimate PIC

concentration [Balch et al., 2005] to the in situ normalized
water‐leaving radiances as implemented in SeaDAS (Sea-
WiFS Data Analysis System, version 6.1). The algorithm
root‐mean‐square (RMS) error in PIC determination was
high, 97.9 mg PIC L−1, compared to the overall RMS error
of 28 mg PIC L−1 found for the original algorithm [Balch
et al., 2005]. The two‐band algorithm uses as input the

Table 3. Correlation Coefficient Calculated Between the PCAFirst
Amplitude Factor and in Situ Bio‐optical Parameters (p < 0.05)a

Bio‐optical Parameters r N

bbp(660) 0.93 16
bbp:bp(660) 0.83 16
ap(440) NS 16
[chl] NS 16
PIC 0.77 10
POC NS 10
% EH cells 0.86 16
Coccolithophorid abundance

(microscopy)
0.59 16

aNS, not significant.

Figure 9. (a) Relationship between maximum blue‐green bands ratio and chlorophyll concentration.
NOMAD (gray crosses) and PATEX 5 (black circles) bio‐optical data are displayed on figure (N =
16). The OC4v4 [O’Reilly et al., 2000] chlorophyll algorithm is also shown (solid curve). (b) Modeled
PIC concentration using the two‐band algorithm [Balch et al., 2005] versus measured values. As in the
work of Balch et al. [2005], a second y axis was added showing the intermediate backscattering (bb) value
obtained from the LUT. The slope of the solid line is the current specific backscattering coefficient
in use (3.33 × 10−4 m2 mg PIC−1), and the slope of the dashed line is the former value (1.14 ×
10−4 m2 mg PIC−1) assumed by Balch et al. [2005].
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normalized‐water leaving radiance values at 443 and 547 nm
in order to get the backscattering coefficient at 547 nm. The
computation is performed from a LUT previously obtained
by inversion of a semianalytical model [Gordon et al.,
1988]. Finally, PIC concentration is retrieved from the
backscattering coefficient using a mean PIC‐specific coef-
ficient (i.e., backscattering coefficient normalized by PIC
concentration), provided by Balch et al. [2005]. The original
value used by Balch et al. [2005] for this coefficient was
1.14 × 10−4 m2 mg PIC−1, while current value in use is
3.33 × 10−4 m2 mg PIC−1, which was obtained by fitting a
larger in situ database of PIC and bb. Our in situ data
showed a lower RMS error (81.5 mg PIC L−1) and a slope
closer to 1 (equations in Figure 9) when the original PIC‐
specific backscattering was used (dashed line in Figure 9b).
Moreover, a good correlation was found between measured
PIC and bb values, whose equation describing the best least
square linear fit is bb = 1.07 × 10−4 × PIC + 0.005, r2 = 0.63,
N = 10, p < 0.005.

4. Discussion

[40] Previous satellite image analyses have suggested the
occurrence of coccolithophorid blooms in the Patagonian
Region [Brown and Yoder, 1994; Brown and Podestá, 1997].
More recently, Signorini et al. [2006] assessed the timing and
duration of coccolithophorid blooms along the Patagonian
shelf‐break, as well as the mechanisms that drive and main-
tain these blooms, using time series from satellite images and
hydrographic data. Although remote sensing studies in the
past have shown the presence of coccolithophorid blooms in
this region, to our knowledge, this is the first report of a
coccolithophorid bloom and associated apparent and inherent
optical properties in Patagonian shelf waters.
[41] The key environmental and ecological factors con-

trolling the blooms of these organisms are particularly: light,
mixed layer depth, coupled with photoadaptation [see
Tyrrell and Merico, 2004]. According to their review, the
presence of coccolithophorids in surface waters are associ-
ated with highly stratified waters and mixed layers almost
always shallower than 30 m. The physical structure of the
water column in the present study met the adequate condi-
tions for occurrence of these blooms, with a strong seasonal
thermocline (Figure 2b), which probably prevented nutrients
supply to the surface layer, during that period.
[42] The lack of covariation between dissolved oxygen

and chlorophyll suggests that physical processes are prob-
ably controlling the gas levels. The potentially significant
biological control of gases such as O2 and CO2 at surface
layers of the Patagonian region are well known in situations
of relatively high chlorophyll values [Bianchi et al., 2009]
and primary production rates associated to diatom domi-
nance [Garcia et al., 2008]. This would be the opposite
under dominance of other groups and lower phytoplankton
biomass [Schloss et al., 2007]. A relatively low [chl] was
observed associated to the coccolithophorid bloom found in
this cruise, as compared to high concentrations measured in
other bloom periods in the Patagonian shelf [Carreto et al.,
1995;Papparazzo et al., 2010] and shelf‐break [Garcia et al.,
2008; Ferreira et al., 2009]. However, even at lower biomass
levels, organisms with calcium carbonate shells are known to
modify CO2 levels in the water column [Zondervan, 2007],

supporting the idea that the biological role in controlling gas
concentration levels in the Patagonian region depends on the
time of the year and the phytoplankton community.
[43] The sampled waters were visually characterized by the

occurrence of a milky turquoise color caused by increased
scattering properties, attributed to coccolithophorid cells as
well as to their detached coccoliths. As already mentioned in
section 2, the time evolution of satellite images (nLw551)
suggests that the cruise timing corresponded to an advanced
stage of the coccolithophorid bloom. In addition, the rela-
tively high PIC:POC ratios and the significant relationship
between PIC and particulate backscattering coefficient at
660 nm (r = 0.83) indicate that calcite platelets comprised a
major portion of particle backscattering at the region. Both
satellite and in situ measurements showed a high spatial
variability of reflectances, with higher values found at the
center of the patch than at the boundaries (Figure 1), prob-
ably indicating different growth stages of the bloom. High
backscattering ratios found at all stations are also an indi-
cation of the declining phase of the bloom. It is worth noting
that the highest values were found in those stations located
closer to the bloom center. Current knowledge suggests that
high bbp:bp values are generally observed in the presence of
relatively high concentrations of inorganic particles, with
high refractive index [Loisel et al., 2007]. The values
reported here are similar to values found in previous studies
carried out in different coastal environments [Boss et al.,
2004; Loisel et al., 2007; Twardowski et al., 2001] and
to the ones described by Bricaud and Morel [1986] for
detached coccoliths, which are 2 orders of magnitude greater
than those from intact cells. The sampled stations were
located far from land where the influence of sediment
resuspension is highly improbable. Our measurements of
bbp(532) and bbp(660) have shown a l−0.16 dependence (see
Figure 6), which means that bbp increases slightly from the
green to red portion of the visible spectrum, in agreement
with bbp patterns observed by Gordon et al. [2009]. The
estimated backscattering probability in our work is also very
close to the values modeled by Gordon et al. [2009].
[44] Even though coccolithophorids were present at the

sampled stations, the bio‐optical properties measured within
this highly scattering patch showed a large spatial variabil-
ity. The particulate backscattering and attenuation coeffi-
cients presented a similar spatial distribution that generally
differed from that of chlorophyll concentration (Figure 5).
The bbp and cp maxima, found at stations P503, P504, P514
and P515, were generally associated with relatively low
[chl]. An exception was station P512 (Section 2), where
their maxima corresponded with the highest [chl] found in
the whole cruise. That station showed a different remote
sensing spectral shape compared to the remaining stations
(Figures 7a and 7b), showing a peak at 540 nm and lower
Rrs values around 440 nm (chlorophyll maximum absorption
region). Probably, the distinctive spectrum found was
mainly associated with the phytoplankton community
composition. That station was dominated by diatoms, but
also influenced by the presence of coccolithophorids, thus
the optical properties of both groups influenced the shape
and magnitude of the Rrs spectra.
[45] In general, the Rrs(l) spectra found in this study

(Figure 7a) showed similar shapes to the SeaWiFS‐derived
Rrs spectra shown by Siegel et al. [2007, Figure 5]. Even
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when their values are limited to discrete wavelengths, they
also found, at stations influenced by the presence of
coccolithophorids, a flat shape and high reflectance values
in the blue bands (412 and 443 nm), a peak at 490 nm, as
well as a shift in this peak to 550 nm band where diatoms
and dinoflagellates dominated. Moreover, our absolute
reflectance values are comparable to the ones found in their
work.
[46] The fundamental role of the backscattering coeffi-

cients in determining the reflectance hyperspectral proper-
ties of the coccolithophorid bloom, regardless the absorption
properties, is confirmed by the strong relation between the
first mode (which explains almost the total variance of the
data set) of the PCA and bbp and bbp:bb coefficients. Note
that there was a lack of correlation between scattering or
backscattering and absorption coefficients, indicating that
different compartments control absorption and scattering
properties in the presence of a coccolithophorid bloom.
Living cells ([chl]) mainly control absorption while PIC
dominates the scattering properties. Both the concentration
as well as the composition of the inorganic material (through
bbp and bbp:bp, respectively) and the percentage of E. huxleyi
cells, i.e., their proportion to other phytoplankton groups,
explained most of the Rrs variability. Moreover, a good
correlation (r = 0.93) was found between bbp(532) and
Rrs(532) (Table 2). On the other hand, the low correlation
found between E. huxleyi cell concentration and both the
PCA first mode (r ∼ 0.6) and the bbp(532) (r = 0.47) suggests
that the presence of high coccoliths:cell ratios (not taken into
account by either of the mentioned methodologies) are
responsible for the high Rrs values observed as has been
previously suggested [Holligan et al., 1983; Bricaud and
Morel, 1986; Balch et al., 1996a]. The lack of correlation
between scattering (or backscattering) and absorption coef-
ficients (or POC) may also indicate the dominance of
detached coccoliths. Unfortunately, there are no data on
detached coccolith numbers, so we were unable to explore
directly their influence on the bio‐optical parameters. Note
that no significant relationship was evident between the first
mode and absorption properties. Similarly, Lubac and Loisel
[2007] applied Principal Component Analysis on a large Rrs

hyperspectral data set with a relatively large variability.
Interestingly, they found that the second mode of variability
was explained by [chl], as well as the dissolved compart-
ment absorption. In fact, this was also found in Rrs data
analysis for other cruises in the Patagonian shelf‐break
region, with distinct community phytoplankton structures
(A. Ferreira, Bio‐optical characteristics of the Patagonian
shelf‐break waters: Implications for ocean color algorithms,
manuscript in preparation, 2011).
[47] Light scattering from high concentrations of partic-

ulate material, such as the particulate calcite commonly
found in coccolithophorid blooms (particularly E. huxleyi),
is known to introduce errors in the estimation of chlorophyll
concentration when band ratio algorithms are applied [Gordon
et al., 1988; Balch et al., 1989; Ackleson et al., 1994].
Gordon et al.’s [1988] semianalytical model predicted that in
a coccolithophorid bloom chlorophyll concentration would
be overestimated at low pigment concentration (<0.3 mgm−3),
if the coccoliths contribution was ignored, and it would be
underestimated at high concentrations. Moreover, Ackleson
et al. [1994] obtained similar results using a coupled

atmosphere and ocean radiative transfer model developed to
simulate water‐leaving radiance from a vertically stratified
ocean containing a bloom of E. huxleyi. Their differences
were for concentrations lower and higher than 0.8 mg m−3.
Thus the overestimation we observed in this study is in
accordance with the general tendency, but our results are
closer to Ackleson et al.’s [1994] model’s prediction since
almost all the chlorophyll concentrations measured were
below 0.8 mg m−3, except for St. P512 (1.48 mg m−3), where
the empirical algorithms also overestimated the measured
values. The general overestimation of [chl] derived from
ocean color during coccolithophorid blooms has been mainly
attributed to high backscattering coefficients induced by
detached coccoliths [Balch et al., 1996b]. Given that this
information is not available in the present study, we analyzed
and compared the chlorophyll‐specific particulate back-
scattering coefficient at 532 nm (bbp/[chl]) to an average
value [Loisel et al., 2010] and we found relatively high and
variable values, with a mean of 0.0322 mg−1 m2 and CV =
103.6%. In fact, most of the stations showed values higher
than 0.009 mg−1 m2, threshold used by Loisel et al. [2010] to
classify waters as very turbid. Thus the overestimation of the
blue‐to‐green algorithms found in this study is mainly due
to high values of bbp/[chl], i.e., higher than average values
found in Case 1 waters.
[48] The 2‐band PIC algorithm tested using the current

specific backscattering coefficient generally showed a ten-
dency to underestimate in situ values with a high RMS error
(Figure 9b). However, if the original coefficient is used, the
RMS error in PIC determination is greatly reduced. More-
over, this original b*bPIC is similar to the slope of the linear
regression found in this study using the in situ values. This
corroborates the existence of some variability in the PIC‐
specific backscattering, which can be attributed to changes
in size and/or shape of the particles [Balch et al., 1999].
Thus if the original PIC‐specific backscattering coefficient
is used in the algorithm, better estimates of PIC concentra-
tions are retrieved, though some scatter in the data still
exists. Possible errors associated with both measurements
should be considered. Moreover, relatively few data points
were available for the analysis (N = 10) and thus more bio‐
optical data could probably help improving algorithms to
estimate PIC concentration using satellite images in this
region.

5. Summary and Conclusions

[49] In the first week of January 2008, a cruise was con-
ducted in highly reflective waters on the Argentinean con-
tinental shelf. The physical environmental conditions found
during the cruise are in accordance to the adequate condi-
tions for occurrence of these blooms, i.e., shallow mixed
layer and strong stratification. A conspicuous bloom of
coccolithophorids (mainly Emilliania huxleyi) was found
and verified by miscroscopic analyses. Both satellite‐
derived nLw551 time series imagery and in situ bio‐optical
measurements, combined with high PIC:POC values sug-
gested an advanced stage of the sampled coccolithophorid
bloom, with high coccolith:cell ratios. These small inorganic
platelets are very effective scatters, particularly when detached
from the cells in late stages of the bloom. In fact, back-
scattering was the main property influencing Rrs variability.
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[50] This comprehensive field experiment confirmed that
the highly reflective patches, usually detected by visible
satellite images in this region, corresponded to a cocco-
lithophorid bloom and that the remote sensing of chloro-
phyll using global algorithms in these blooms can be biased.
In addition, a general satellite PIC algorithm was applied for
the first time in this region to a set of in situ radiometric
data. A poor performance was observed but better results
were obtained when a previous PIC‐specific backscattering
coefficient was used, evidencing the need for more in situ
bio‐optical measurements for a better tuning of the PIC
algorithm. Improved PIC estimates in this region, where large
coccolithophorid blooms are known to occur, will contribute
to further studies about their impact on the carbon cycle and
their influence on the Earth’s climate system.

Notation

Symbol Definition Unit
l Wavelength nm
ap Particle absorption coefficient m−1

adet Detritus absorption coefficient m−1

aph Phytoplankton absorption
coefficient m−1

aCDOM Colored dissolved organic
matter absorption coefficient m−1

a*ph Specific phytoplankton
absorption coefficient m2 mg [chl]−1

bbp Particulate backscattering
coefficient m−1

bp Particulate scattering
coefficient m−1

bbp:bp Particulate backscattering ratio
bbp:[chl] Chlorophyll‐specific particulate

backscattering coefficient mg−1 m2

cp Particulate beam attenuation
coefficient m−1

Rrs Remote sensing reflectance sr−1

Ed Downwelling irradiance W m2

Lu Upwelling radiance W m2 sr−1

nLw Normalized water‐leaving
radiance W m2 sr−1

Kd Diffuse attenuation coefficient
of downwelling irradiance m−1

KL Diffuse attenuation coefficient
of upwelling radiance m−1

[chl] Chlorophyll‐a concentration mg m−3

PIC Particulate inorganic carbon
concentration mg PIC L−1

POC Particulate organic carbon
concentration mg POC L−1

% EH cells Cell percentage of
Emiliania huxleyi %
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