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Estimation of chlorophyll-a concentration in waters over the continental shelf of the Bay
of Biscay: a comparison of remote sensing algorithms
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Abstract

Ocean colour imagery is used increasingly as a tool to assess water quality via chlorophyll-a
concentration estimations in European waters. The Bay of Biscay is affected by major river
discharges, which alter the constituents of the marine waters. Chlorophyll-a algorithms,
designed for use at global scales, are less accurate due to the variability of optically-active in-
water constituents. Hence, regionally-parameterized empirical algorithms are necessary. The
main objective of the present study was to develop a regional algorithm to retrieve chlorophyll-a
concentration (Chla) in surface water using in-situ Remote Sensing Reflectance (Rrs), for a
subsequent application to MERIS satellite images. To address this objective, a platform was
developed initially and a measurement procedure adapted for the field HR4000CG
Spectrometer. Subsequently, the procedure was tested during a survey over the southeastern Bay
of Biscay (North-East Atlantic Ocean), to establish a MERIS Chla algorithm for the area, by
comparing different global remote sensing Chla algorithms, with band ratios. Results validated
with the jackknife resampling procedure show a satisfactory relationship between the 510/560
nm Rrs ratio (rzjac = 0.681). This ratio is better correlated to Chla than those obtained with
established Chla remote sensing algorithms. High content in coloured dissolved organic matter
(CDOM>0.4 m'l) and suspended particulate matter (SPM>2.8 mg.l'l) influenced this
relationship, with yellow substances having a stronger effect.

1. Introduction

Since the publication of the Water Framework Directive (WFD, 2000/60/EC) and the European
Marine Strategy Framework Directive (MSFD, 2008/56/EC), quality assessment of European
waters has become a major institutional issue, as its application will require an adequate
monitoring of water elements. The MSFD strategy aims to “promote the sustainable use of the
seas and conserve marine ecosystems’’ and increases the extension of marine waters that need
to be protected to 200 nautical miles (including the water column, the sea bed and its sub-
surface geology; Borja, 2006). Therefore, the implementation of this directive, requires an
intense and continuous monitoring of water bodies, for which the application and development
of new tools and technologies is essential.

One of the biological water constituents to be assessed is phytoplankton biomass (Devlin
et al. 2007, Domingues et al. 2008, Revilla et al. 2009), which is estimated through chlorophyll-
a concentration (hereinafter referred to as Chla). This parameter is a good indicator of
eutrophication risk, which is considered as one of the major environmental problems across
Europe (Bggestrand et al. 2005). Ocean colour imagery is used increasingly as a monitoring
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tool, to complete the data sets collected by in-situ measurements of different water parameters
such as Chla (Gohin et al. 2008, Hellweger et al. 2004). For instance, optical satellite sensors
such as SeaWiFS (Sea-viewing Wide Field-of-view Sensor) and MODIS (Moderate-Resolution
Imaging Spectroradiometer) provide global and daily ocean colour information
(http://oceancolour.gsfc.nasa.gov/). Satellite-derived Chla maps are a key data source to study
the distribution pattern of organisms and nutrients (Guillaud er al. 2008), for harmful algal
blooms monitoring (Miller et al. 2006) and for fisheries research (e.g. Zainuddin et al. 2006),
amongst other applications.

The colour of the water is established by the scattering and absorption of visible light by
pure water, together with inorganic and organic, particulate and dissolved material present in the
medium. From an optical perspective, three main components affect the properties of water
bodies: 1) phytoplankton and other microscopic organisms; 2) suspended inorganic material
(SPM); 3) yellow substances or coloured dissolved organic matter (CDOM), which includes
also detrital particulate material (IOCCG 2000). A marine water classification was first
introduced by Morel and Prieur (1977), which partitioned waters into Case 1 and Case 2.They
suggested the use of high or low values of the ratio of pigment concentration to scattering
coefficient as a basis for differentiating between Case 1 and Case 2 waters. Nonetheless, their
concept has evolved over time and the definition is not standardised (Gordon and Morel 1983,
Prieur and Sathyendranath 1981, Morel 1988, IOCCG 2000, Lee and Hu 2006, see review
Mobley et al., 2004). In general, and according to the International Ocean-Colour Coordinating
Group (IOCCG 2000), Case 1 waters are those in which phytoplankton (with their associated
and co-varying retinue of material of biological origin) is the main element altering the optical
properties of the water. All the optical properties of Case 1 waters can be modelled as a function
of chlorophyll-a concentration. On the other hand, Case 2 waters are affected not only by
phytoplankton and associated substances, but also by other suspended inorganic particles and
yellow substances that vary independently of phytoplankton, needing to be considered as
independent variables.

Water constituents are also region-specific due to the intrinsic variability of these
optically-active substances, because of factors such as river input (e.g. suspended matter type
and grain size) and phytoplankton composition (Carder et al. 1999). The absorption of light by
Chlorophyll-a and its auxiliary pigments can also vary with phytoplankton species as well as the
physiological state of the cells (Morel et al. 1993). Algorithms designed for use at global scales
have been shown to be less accurate in Case 2 and continental shelf waters (Morel and Prieur
1977), because of this variability (Carder et al. 1991, Darecki and Stramski 2003). For that
reason, the development of regionally-parameterized algorithms is needed, to better assess water
quality (IOCCG 2000). The calibration and validation of ocean colour remote sensing data
requires accurate field determinations of the water-leaving radiance signal (Mobley 1994).
Hence, in order to interpret satellite imagery in specific coastal waters, empirical relationships
between the parameters of interest and in-sifu optical measurements need to be estimated
(Doxaran et al. 2002, Froidefond et al. 2002, Ouillon and Petrenko 2005, Gitelson et al. 2008,
and Petus et al. 2008). These empirical relationships are used then to establish empirical
algorithms. In addition to band ratios and combinations, several other methods have been used
to map chlorophyll-a concentration in surface waters. For example, model-based approaches
(Carder et al. 1999) are used to generate sets of simulated spectra for given ranges of
concentrations for different components; and principal components approaches are used to
establish very simple and stable algorithms that can be implemented very rapidly
(Sathyendranath et al. 1994). Also, a more sophisticated and expensive approach is the one
employed by Schiller and Doerffer (1999), who developed a Case 2 chlorophyll-a algorithm
with neural networks.
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The main objective of the present study was to develop a regional algorithm to retrieve
Chla in surface water using in-situ Remote Sensing Reflectance (Rrs), for a subsequent
application to MERIS satellite images. To address this objective, a platform was developed
initially and a measurement procedure adapted for the field High-Resolution Fiber Optic
Spectrometer HR4000CG (Ocean Optics, Inc. 2001-2006). In-situ spectral signatures were
acquired for later calculation of Rrs. The measurement procedure was established in the
laboratory and in the field. Subsequently, the procedure established was tested during a survey
over the southeastern Bay of Biscay (North-East Atlantic Ocean), to establish a MERIS Chla
algorithm for the area, by comparing different global remote sensing Chla algorithms, with band
ratios.

2. Estimation of remote sensing reflectance

Rrs estimation provides an essential connection between imagery from satellite sensors and in-
situ concentrations of water constituents (Gordon and Morel 1983, O’Reilly et al. 1998). Rrs is
a parameter that indicates the effective reflectance of a body of water when viewed by a remote
sensor; it is used to derive biophysical parameters such as Chla. Rrs is defined as the ratio of
water-leaving radiance L,, measured above the water surface, to the incident downwelling
irradiance Eq just above the water surface. Rrs is expressed as (Mobley 1999):

L,0",4)

Rrs (0%,1) = -
E, (07, 4)

ey

The water-leaving radiance L, cannot be measured directly with an instrument; instead,
the upwelling radiance L, (L) is measured just above (0%) or just below (07) the air-water
interface. For measurements above the water surface, the radiance measured when the sensor
views the sky (Lgy ) and the reflected sky radiance when the spectrometer views the sea surface
(Ly) need to be taken into account. These two parameters are related, through the reflectance
factor p, a complex factor that depends on incident light, viewing directions, wavelength, wind
speed and cloud coverage (Mobley 1999). Thus, the water-leaving radiance above the water
surface (Ly) is equal to L, - Lgy * p.

When the sensor is placed below the water surface, the conversion of the upwelling
radiance into water-leaving radiance is performed by taking into account the variation of the
refraction index of water in relation to the air n (1.33 for freshwater and 1.34 for seawater) and
the radiance transmittance ¢ (0.98 for a sensor pointing towards the nadir) at the water-air
interface (Mobley 1999). Therefore, to obtain water-leaving radiance L, (A), the upwelling
radiance L, is multiplied by the conversion factor t/n*.

The index of refraction changes when the sensor is placed below the water surface, since
the spectrometer was calibrated for air measurements. In the water, the semi-opening angle
(Owater) 1s different and is given by the Descartes” law:

Owater = arcsin [(1/n) * sin O] 2)

The solid angle (angle in three-dimensional space) corresponding to a measurement
performed with a 4° semi-opening angle in the air (QIFOV = 2n(1-cos0), corresponds to 1.53 x
102 steradians, whereas in seawater it is of 0.85 x 107 and in freshwater it is 0.66 x 1072 This
results in an angle decrease by a factor of 1.796 for seawater (Froidefond and Ouillon 2005) and
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1.770 for freshwater. Therefore, this factor multiplied by the t/n’ factor, results in a
multiplication factor of 0.98 for the L, measurements acquired in both media.

The downwelling radiance L4 is measured directly when the sensor views a Lambertian
Spectralon plate and is kept pointing in the same direction as for the upwelling radiance. The Eg4
downwelling irradiance can be then calculated, by taking into account the known irradiance
reflectance of the Lambertian surface R, (Labsphere WS-1 Diffuse Reflectance Standard =
0.99) as follows (Doxaran et al. 2002):

E,=rx

R.(2) L,(4) 3)

3. Instrumentation

Radiance measurements were obtained using an Ocean Optics High-Resolution Fiber Optic
Spectrometer HR4000CG (Ocean Optics, Inc. 2001-2006). This device measures radiance
(expressed in relative intensity units, i.e. digital counts; Dall’Olmo and Gitelson 2005) between
200 to 1100 nm in 3648 channels, with a spectral resolution of 0.75 nm (FWHM: Full Width at
Half Maximum). The HR4000CG spectrometer is connected to a computer via USB, from
which it draws power. Data are stored into a memory chip on the HR4000CG spectrometer,

processed by the Ocean Optics operating software Spectrasuite
(www.oceanoptics.com/Products/spectrasuite.asp) (Ocean Optics Inc. 1999-2007). The
spectrometer is connected then to a Gershun tube

(http://www.oceanoptics.com/Products/gerkit.asp) of an 8° field-of-view, by means of a 20 m-
long optical fibre. The calibration of the device was performed in the factory, which provided a
calibration certification data sheet.

To measure the upwelling radiance (L,) of water surface in the field, a stainless steel
flotation device was developed, to mount the sensor (Figure 1); this was based mainly upon the
mini-catamaran platform implemented by Froidefond and Ouillon (2005). Its dimensions are 50
x 50 x 15 cm, with a weight of approx. 8 kg. The dimensions were selected in order to minimize
its influence on the optical measurement, whilst the symmetrical square shape avoids the
anisotropic influence of its shade. This device enables the measurements to be taken far from
the ship and, therefore, away from its shade. With this prototype, the Gershun tube is
maintained approximately 1 cm below the water surface (under calm sea conditions), permitting
upwelling radiance measurements below the surface and away from any shade-producing
objects, except for the flotation device.

(* Approximate location of Figure 1)

The downwelling radiance (L4) was measured on a Labsphere Spectralon®
(www.labsphere.com) target, which was placed on a stand designed to measure the irradiance at
nadir (90°). The Gershun tube was pointing directly towards the target (perpendicularly) and the
stand was placed facing the sun for the downwelling radiance measurement. The Gershun tube
was placed on the platform approximately 6 cm, perpendicularly, above the Spectralon target.

The measurements in the field were performed quasi-simultaneously. Firstly, the Ly was

measured on the Spectralon target and within the next 5 to 10 minutes, the same sensor was
placed on the floating platform to measure the upwelling radiance L.
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4. Measurement procedure

In order to establish a sampling procedure for the HR4000CG spectrometer, several experiments
were performed to determine the optimal parameters and conditions for the measurements.

Sun glint, i.e. the specular reflection of sunlight off the sea surface, affects the correct
acquisition of spectral information concerning in-water constituents. This effect can be highly
mitigated by measuring water-leaving radiance below the water surface (Froidefond and Ouillon
2005). For that reason, an experiment was carried out to estimate the difference between
measurements performed above and below the water surface, using the protocol established by
Froidefond and Ouillon (2005), for the TriOS radiance/irradiance sensors as a reference.
Upwelling radiance was measured by placing the Gershun tube directly (1 cm) above and (1
cm) below the water surface, pointing towards the nadir. The experiment was performed in a
dark room, with a 100 watt light bulb as the only source of light; with the sensor pointing at a
50° angle. This was the optimal angle, in order not to have shade produced by the Gershun tube.
At the bottom of the container filled with water, white paper was placed to obtain significant
radiance intensity. Approximately, 20 scans were performed for each experiment undertaken in
the laboratory. Radiance measurements above and below the water surface presented analogous
spectral curves, in agreement with Froidefond and Ouillon’s (2005) study. In our experiment, an
absolute difference of 4.1% on average, was found between the 200 and 1100 nm wavelength
range. In addition, the Kurskal-Wallis test performed for the spectral region of maximal
radiance differences (650 nm) did not show any significant difference between the medians (P-
value = 0.14).

Integration-time is the time over which the sensor monitors incoming light (photons).
The integration-time needs to be adjusted, such that the greatest amount of light that is
anticipated for the application selected causes a signal of about 85% of the spectrometer's
capability (Ocean Optics Inc. 1999-2007). The light intensity determines the integration-time
needed to be adjusted in every experiment. Tests performed in the laboratory and field pre-
established an integration-time of 0.3 seconds for downwelling radiance measurements (i.e. on
Spectralon®) and of 1 second for upwelling radiance measurements (i.e. target, mainly for
water surface). These settings were modified eventually in accordance with the specific
environmental conditions of each measurement. For example, the integration time was
decreased when the light intensity was too high; to avoid signal saturation; it increased when
light intensity was too low, in order to reach 85% of the spectrometer capability.

In order to obtain accurate spectral radiance data, the inherent noise in the instrument
(i.e. background electronic noise caused by the power supply) needs to be removed. With this
requirement, in addition to the conventional subtraction of the dark spectrum (measured under
dark conditions) (Dall’Olmo and Gitelson 2005), the electric dark correction was applied to both
upwelling and downwelling irradiance measurements. This correction enables a dark-level
correction during temperature changes caused by the power supply (Ocean Optics, Inc. 2001-
2006).

Smoothing is an additional way of reducing noise in the data and reveal the important
underlying shape of the spectral signature. The simplest form of smoothing is the “moving
average”, or “moving box”. The boxcar smoothing parameter allows for the setting at the width
of an averaging box, which substitutes each data value with the average of adjacent channel
values. The greater the smoothing width, the smoother the data and the higher the signal-to-
noise ratio (S:N). Tests performed in the laboratory and field pre-established a boxcar
smoothing of 6 to 8, as a good compromise between the loss of information and the reduction of
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noise. The spectra obtained were additionally smoothed to a resolution of 5 nm, as to remove
high-frequency noise (Dall’Olmo et al. 2005).

The discrete spectral acquisitions were stored individually, in order to remove spectral
observations that were distant from the rest of the spectra (for example, affected by accidental
shade caused by the movement of the vessel). The percentage deviation of each spectrum with
respect to the mean, was calculated and the spectra with a deviation higher than 10% were
removed.

5. Case study: Bay of Biscay
5.1. Study area

The Bay of Biscay is located between latitudes 43.5° and 48.5° N and between longitudes 2°
and 8° W. It is an open embayment, where the Spanish coast is in the southern part with an
orientation West-East and the French coast in the eastern part oriented Southeast-Northwest
(Figure 2). The bay is physically and hydrologically complex; it is characterized by strong
climatic and seasonal variations and spatio-temporal heterogeneity (Gonzdlez et al. 2004). The
continental shelf of the Bay of Biscay receives freshwater inputs from three main watersheds on
the French coast and several smaller rivers on the Spanish coast. The mean annual river flows
for the Loire, the Gironde and Adour are of 835 m’.s! (Guillaud er al. 2008), 989 m’.s!
(Doxaran et al. 2009), and 300 m’ .s'l(Petus et al. 2008), respectively. Numerous rivers on the
northern coast of Spain discharge around 350 m’.s™' per year (Cantabrian Hydrographical
Confederation 2009). The annual cycle of phytoplankton in the Bay of Biscay is typical of a
temperate sea, i.e. there is a mixing period during winter time followed by a stratification phase
in the summer (Longhurst 1998), whilst phytoplankton blooms occur during the transition
periods (spring and autumn). Chlorophyll-a concentrations can reach 16 pug.l” in transitional
waters (Gohin et al. 2008, Borja et al. 2004), 8 ug.l'1 in coastal waters (Borja et al. 2004) and 3
ugl! in oceanic waters (Garcia-Soto and Pingree 2009). The phytoplankton dynamics at a
regional and local scale are influenced also by the intrusion of saline waters (originating in
Azores) during winter-spring, the upwelling pulses during the summer, and by river discharge
and water turbidity (Varela 1996, Orive et al. 2004). The month of May was selected for the
experiments because: 1) chlorophyll-a peaks take place during spring (Garcia-Soto and Pingree
2009); 2) the daylight hours are long (approximately 15 hours), allowing more time for
measurements; and 3) there is a higher possibility of cloud-free satellite images (less rain
between May and September; Pérez Puebla 2009).

(*Approximate location of Figure 2)
5.2. Oceanographic survey

In May 2008, spectral and biogeochemical measurements were performed during a 20-day
survey over the continental shelf of the Bay of Biscay (Bioman 2008 Campaign) on board the
“Investigador” vessel. Sixty-eight stations were sampled, with the aim of obtaining spectral
signatures along a Chla gradient. Measurements were undertaken mainly near the sea surface,
between 9:00 and 17:00 (GMT), at water depths of between 20 and 1962 meters: hence, within
the boundaries of the continental shelf of the Bay of Biscay. Measurements were performed on
the side of the ship where no shade was present at the time. Figure 2 shows the location of the
sampling stations. Around 100 L4 and L, scans were performed, per station. Thirty-five of the
measurements were performed under clear sky conditions with broad sunshine, 12 under
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completely covered skies and 22 under intermediate conditions (scattered clouds). The water
samples were taken at the sea surface, within 10 minutes of the spectral measurements.

At each sampling station, surface temperature (°C) and salinity were measured with a
thermosalinometer. Turbidity was also measured in-situ by nephelometry (Nephelometric
Turbidity Units, NTU), with a HANNA portable turbidimeter with a measuring range between
0.01 and 1000 NTU (Nephelometric Turbidity Unit) and an accuracy of + 2% of the measured
value. The chlorophyll-a and suspended particulate matter concentration (SPM) were measured
at the sea surface, by filtration of 1-2 1 of water at each station, using Whatman® GF/C filters
with a diameter of 47 mm and a porosity of 1.2 pm. Filters were frozen (-20°C) immediately
and taken to the AZTI Marine Research Centre, where Chla was determined by
spectrophotometry (following the Jeffrey and Humphrey (1975) protocols) and SPM was
estimated by gravimetry (following the APHA-AWWA-WPCEF (1989) protocols). Filtered water
was saved in the refrigerator for later analysis of coloured dissolved organic matter
concentration (CDOM) in the laboratory, by means of spectrophotometry. The colour of the
water samples was estimated against MilliQ distilled water, at a wavelength of 460 nm. Most of
the biogeochemical sampling and optical determinations were undertaken quasi-simultaneously.
The reflectance measurements were acquired with a HR4000CG spectrometer using the
protocol described in the previous section.

5.3. Chla estimation

Band ratios between different wavelengths are used in satellite imagery to determine
chlorophyll concentrations in open waters (O’Reilly et al. 1998). The presence of phytoplankton
highly decreases the reflectance in the blue region of the spectrum, whilst it does not
significantly affect the green reflectance. Hence, ratios of two reflectances, one in the blue and
the other in the green, are used as a technique to relate reflectances with in-water constituents.
The ratio “blue-to-green” technique, where R(A;)/R(A,) (A;=443, 490, and 510 nm; A, = 550,
555, and 560), is used as a way to deal with the variability and the uncertainty affecting the
absolute reflectance and water-leaving radiance values (O’Reilly et al. 1998). The ratio values
systematically decrease with increasing Chla. The OC4 algorithm used for SeaWiFS sensor
takes the greater of the three ratios Rrs(443)/Rrs(555), Rrs(490)/Rrs(555), Rrs(510)/Rrs(555)
values; the MERIS (Medium Resolution Imaging Spectrometer Instrument) algorithm OC4E
takes the greatest of the three ratios Rrs(443)/Rrs(560), Rrs(490)/Rrs(560), Rrs(510)/Rrs(560),
whilst MODIS algorithm OC3M uses only the greatest of the two ratios Rrs(443)/Rrs(550),
Rrs(490)/Rrs(550) (O’Reilly et al. 1998). This means that the maximum band ratio is calculated
for each pixel in an image to provide an estimate of Chla. The MODIS chlor_a_3 algorithm,
developed by Carder et al. (1999), only uses the Rrs(443)/Rrs(551) and Rrs(488)/Rrs(551) ratio.

Therefore, log-transformed ratios used in the algorithms were calculated for the Bay of
Biscay dataset and compared with log-transformed Chla to determine the relationship between
these parameters (Table 1). In addition to the band ratio calculations, the previously mentioned
algorithms were applied to our dataset (Table 2), as well as the OC4E algorithm adjusted to our
dataset (i.e. our own coefficients for the equation). Using the R program, a model was
established between the log-transformed Chla concentrations, using the maximum reflectance
value for each station. The resulting algorithms were validated with the jackknife resampling
procedure (Burnham and Anderson 2002), developed with R language (Venables and Smith
2007). With a data set of n data stations, the jackknife procedure recalculated the model » times,
leaving out one station in turn. Each one of the regression models, based on the n-1 times
station, was then applied to that excluded station in order to produce a predicted water property
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value for that station. The predictive power of the model was evaluated with the coefficient of
determination (r%,.) between the recorded and the jackknife-estimated water property.

5.4. MERIS image

MERIS is a medium-spectral resolution, imaging spectrometer operating in the solar reflective
spectral range. It forms part of the of ESA's environmental research satellite ENVISAT-1.
MERIS has a swath width of 1150 km, measuring the solar radiation reflected by the Earth in 15
spectral bands, from about 412.5 nm to 900 nm (ESA 1996:
http://envisat.esa.int/instruments/meris/). Because of the wide instrument field of view (68.5°),
spatial sampling varies in the across track direction, between 0.26 km at nadir and 0.39 km at
swath extremities. The spatial resolution over the Bay of Biscay is 260 m x 300 m. The MERIS
overpass time for central Europe is between 9:30 and 11:00 UTC, with a global coverage every
3 days.

The MERIS images of the corresponding dates to the oceanographic survey were 11,
most of them affected by clouds and haze (7). Thus, the MERIS image less affected by clouds,
which was acquired on the 20" of May 2008, was selected and downloaded using the Eolisa
interactive tool. The geo-located and atmospherically-corrected reflectance MERIS full
resolution (FR) product (level 2) was used. This image was used to produce a chlorophyll-a map
using the BEAM 4.6 program, available from: http://www.brockmann-consult.de/beam/.

There was a maximum time-lag (i.e. absolute time difference between in-situ and
satellite measurements) lower than 5 hours. On the day the image was acquired, 6 stations were
sampled. The MERIS bands used were 4 (510 nm) and 5 (560 nm). The reflectance band values
were divided by © since the MERIS reflectance is defined as (ESA 2006):

_ L)
" E (A)

Where E,, is the downwelling irrandiance and L, the water-leaving radiance (after
removal of air-sea interface reflection).

The algorithm with the best correlation between the band ratios and Chla, was
represented using the “bandmath” application of the program. Cloud and land masks, provided
by the level 2 product, were applied.

6. Results

The 68 stations sampled during the Bioman survey showed temperatures ranging between 15.0
and 17.8 °C, with salinities between 25.3 and 35.7. Water masses influenced by river discharges
were colder (15.0 °C) and had lower salinities (25.3), than marine (offshore) water masses. The
Chla ranged between 0.1 and 9.0 pg.1"'. Most of the samples had concentrations below 4 pg.1™”,
except for 5 samples. SPM values ranged between 0.68 and 14.15 mg.l'l, although most
recorded values were below 3 mg.I"' and only a few above. Turbidity ranged between 0.01 and
7.50 NTU, with most of them being below 3 NTU. CDOM data ranged between 0.1 and 1 m™
(Absorbance at 460 nm), where most recorded absorbances were below 0.4 m'l, except for 8 of
the measurements.
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Figure 3 shows the Rrs spectra of a subset of sampling stations, obtained at the sea water
surface, during the survey. The spectral range shown in the Figure was limited to 450-750 nm,
due to the high noise recorded at wavelengths below and above this range, when measurements
were performed on the field. Three different types of spectra, corresponding to different water
masses, could be distinguished: (1) oceanic waters (low Chla, low SPM, low CDOM) (2) plume
influenced waters (High Chla, medium SPM, high CDOM); and (3) estuarine waters (low Chla,
high SPM, high CDOM). The estuarine water spectrum in Figure 3 corresponds to the station
located inside the Gironde estuary (Figure 2), with a salinity of 25.3. The oceanic water
spectrum shows a peak emerging in the blue area around 450 nm, which decreases with higher
wavelengths. With the increasing influence of river freshwater, a depression can be observed in
the blue area of the spectrum around 450 nm, as well as a peak emerging between 500 and 600
nm. Both depressions and peaks are magnified with increasing Chla, SPM and CDOM. With
increasing freshwater input from the river, the highest spectral peak shifted towards higher
wavelengths. Also, a peak of lower magnitude appears around 670 and 700 nm (0.001-0.002 sr’

D)
(* Approximate location of Figure 3)

The band ratios obtained from the survey data were calculated and correlated to Chla
(Table 1). The highest correlation is obtained between the log-transformed Rrs(510)/Rrs(560)
ratio and the log-transformed Chla (+* = 0.764). However, when the highest SPM (14.15 mg.I™")
is removed from the dataset, the 7 value increased for all the correlations (Rrs510/560 = 0.808),
indicating a negative effect of SPM concentration on the Chla algorithms (Figure 4). On the
other hand, there is a slight decrease in the r* values when the 8 stations with the highest SPM
values were removed (Table 1). In addition, when the 8 stations with the highest CDOM values
were removed from the dataset (n=56), there is a significant increase in all of the band ratio
correlations with Chla (Table 1). Once again, the best correlation was obtained with Rrs510/560
(" = 0.827; r*jsc =0.816).

(* Approximate location of Figure 4 and Table 1)

The algorithms tested (OC4, OC3M, OC4E, Chlor_a_3) presented lower #* values than
the Rrs510/560 band ratio, with the best of the four being the one obtained with the OC4E
algorithm (Table 2). Figure 5 shows the linear regression between Chla, estimated by the
different algorithms, and in-sifu Chla. Figure 4 represents the correlation between the in-situ and
the predicted Chla, using the Rrs510/560 algorithm (Chla = 10 "% *+ 0388, here R =
Log(Rrs510/Rrs560), and it is compared with the MERIS OCA4E algorithm, adjusted to our
dataset. The algorithms were calculated with the reflectance value at the central wavelength of
the corresponding band. The calculations performed considering the wider bandwidths for
SeaWiFS (20 nm), MODIS (20 nm) and MERIS (10 nm), did not improve significantly the
resulting # (increased by 0.03), so only the calculations performed with the central wavelengths
are shown.

(* Approximate location of Figure 5 and Table 2)

The best estimation of Chla in the continental shelf of the Bay of Biscay was obtained
with Rrs510/560 band ratio. Thus, we applied this relation to the unique MERIS image acquired
with low cloud coverage (Figure 6) during the oceanographic survey (20™ of May 2008).The
biggest difference of estimated Chla obtained between the algorithm developed and the Chla
measured in-situ, was of 1 pg.l" and the smallest of 0.2 pg.l'l. The biggest difference between
the estimated Chla by the MERIS Algal I algorithm and the concentration measured in-situ was
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of 2 ng.l" and the smallest of 0.2 ug.I", and of 1.5 pg.I" and 0.2 ug.I" with the MERIS Algal II
algorithm.

The chlorophyll map shows the areas with the highest Chla concentrations located close
to the French coast and river mouths, corresponding with the brownish coloured water in the
RGB image (Figure 2).

(*Approximate location of Figure 6)

7. Discussion
7.1. Spectral measurement procedure

The main advantages of the upwelling-radiance measuring platform (a stainless steel flotation
device) developed, include: its relative lightness (it can be released easily overboard); its
stability (the sensor is maintained at a fairly constant distance, just below the water surface, i.e.
approx. 1 cm); and the fact that measurements are performed at nadir (perpendicular to the
water surface). Because of the platform, the in-sifu spectral sampling could be carried out
rapidly and in a consistent manner, since the sensor is adjusted easily to the correct position and
its stability is guaranteed by the design.

The consistency of the Rrs, derived from the radiance measurements of Chla (at sea
surface under different meteorological conditions), together with the similarity to the reflectance
spectral signatures obtained with semi-analytically modelled reflectance spectra (Morel and
Maritorena 2001), show that the experimental protocol provides coherent results. Therefore,
adoption of ‘the below surface measurement method’ was appropriate, in accordance of the
conclusions of Froidefond and Ouillon (2005).

The spectral range of the HR4000CG radiance measurements was limited to 440-700
nm, due to the high background noise obtained beyond this spectral region on the field
measurements. An anomalous peak appears around 430 nm, which cannot exist in nature, i.e.
compared to published spectra (Schalles 2006). This is due probably to an instrumental error, as
it can be observed in all the reflectance spectra. There is also a peak at 760 nm, which
corresponds to the oxygen absorption feature (Schott 1997). The appearance of this peak in
reflectance spectra is due to the fact that both radiance and irradiance measurements were not
performed simultaneously, as the absorption by atmospheric oxygen should not be seen in
aquatic spectra. Most remote sensing Chla algorithms use wavelengths within the 440-700 nm
range; therefore, they are not affected by these anomalous peaks. Statistically, significant
correlations can be used later for empirical algorithm development, at a regional scale. In future,
simultaneous measurements in the field, with other spectrometers, could be used as
complementary validation of the spectral signatures obtained.

7.2. Estimation of the Chla

The spectral signatures obtained for the different types of waters coincide with the spectral
signature presented by Schalles (2006). For instance, from the water samples collected, a shift
of the highest peak towards higher wavelengths (from 500 nm, towards 600 nm) can be noted
with increasing river load influence. Interestingly, it has been reported that in sediment laden
waters, there is an increase in reflectance that affects the whole of the spectrum (Morel and
Bélanger 2006). However, the green part of the spectrum (510-570 nm) is heightened
anomalously, when compared to Case 1 waters with the same Chla (Bricaud and Morel 1987).
Spectral signatures acquired during the survey show also a depression increase, with increasing
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Chla in the blue area of the spectrum (440 nm); this corresponds to the maximum absorption
wavelength of chlorophyll-a (Morel and Prieur 1977, Sathyendranath ef al. 1987). In the range
near to 560 nm, absorption by chlorophyll-a is weak so there is a noticeable increase in
reflectance, as a result of the increase in backscattering (Morel 2006). In fact, the phytoplankton
absorption minimum is considered to be around 550-560 nm, by remote sensors such as
SeaWiFS or MODIS (IOCCG 1998).

Passive sun-induced fluorescence is detected in reflectance spectra (Morel and Prieur
1977), since fluorescence provides a specific signal issued by chlorophyll-a within the antenna
of Photosystem II. The fluorescence intensity is quantified with a peak emerging in the 683 nm
channel (red), with two depressions at either side of the peak. Chlorophyll-a fluorescence
overlaps with a strong NIR elastic scattering peak (Gilerson et al. 2007). The decrease in algal
absorption, the increase in water absorption, and the scattering of phytoplankton cell structures
are located in the same spectral zone as the fluorescence emission (Dall’Olmo et al. 2005). In
highly turbid and productive waters (Chla 9 to 77.4 pg.I"'; SPM: 7 to 65 mg.I"'dry wt; CDOM
absorption at 440 nm 0.20 to 2.50 m™), absorption by pigments is minimal. Gitelson et al.
(2007) showed that the position of the reflectance peak shifted towards longer wavelengths,
with increasing Chla (from 688 nm when Chla was 9 pg.l'l, to about 706 nm for Chla above 70
ug.I™h). However, they also showed that Chla was poorly related to peak magnitude (responsible
for only 2% of peak magnitude variation), suggesting that scattering by inorganic and non-living
organic suspended matter controlled mainly reflectance in this spectral region. Our dataset
included samples collected in waters were concentrations of inorganic and non-living suspended
matter was low, with phytoplankton being the optically-dominant water component. There
could be a possibility of fluorescence being observed in some of these spectra. However, the
interpretation of fluorescence, in terms of phytoplanktonic biomass, is difficult. Essentially, the
fluorescence signal depends not only upon the chlorophyll-a concentration itself, but also upon
the intensity of the excitation, and on the fluorescence quantum yield, whose predictability is
still questionable (Morel 2006).

The analysis of in-situ spectral signatures and the biogeochemical measurements
acquired over the shelf of the Bay of Biscay has revealed a strong relationship between Chla and
Rrs. The highest correlation values obtained correspond to band ratios used in the SeaWiFS
0OC4, the MERIS OC4E and the MODIS OC3 algorithms. Hence, a polynomial, potential or
exponential fit to these band ratios, with Chla, could be used as an algorithm for the retrieval of
Chla in the waters surveyed. In contrast, when validating the dataset with the algorithms used by
the remote sensors with the Jackknife procedure, the resulting 7° values were lower than the
ratios (Tables 1 and 2).

The correlation between Chla and the band ratios Rrs510/Rrs560, Rrs510/Rrs555,
Rrs490/Rrs560 and Rrs488/Rrs551 improve when the station with the highest SPM (Station 42:
14.15 mg.I") is removed from the data set, whilst all others sampling stations presented SPM <
5.2 mg.I'". This pattern suggests the influence of SPM, on these correlations. The increase in
particulate matter would have caused the ratio-Chla relationship at this station to be different
with respect to the other stations. Station 42 was located inside of the Gironde estuary (Le
Verdon), where SPM surface concentrations of between 35 and 2072 mg.l"" have been reported
during summer time (Doxaran et al. 2002). Conversely, when the 8 stations with the highest
SPM concentrations (<2.8 mg.l'l) were removed, the correlations again decreased (r2 =0.74, for
the Rrs510/560). This suggests that there is only the effect of highly turbid waters on the
relationship. When the 8 stations with the highest CDOM absorbance (>0.4 m'l) were removed
from the dataset, there was a significant increase of the r* values of all the ratios. The highest
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relationship was found also with Rrs510/R560 (rzjac = 0.816); this implies that CDOM is
affecting all of the bands considered, i.e. channels between 443 and 560.

Thirty-five stations of our data set had a dominant phytoplankton component (High
Chla, low SPM and CDOM), while 29 of the stations were located in waters where Chla was not
the dominant constituent (4 stations where discarded). CDOM, in these 29 stations, presents
values above 0.4 m™ and 2 stations showed SPM values above 5 mg.I"". Considering the [OCCG
(2000) optical classification of water bodies, 35 stations would correspond to Case 1 waters and
29 to Case 2 On the other hand, most of the stations with dominant Chla (26) have
concentrations of below 1 pg.1". The relationship derived between stations with Chla lower than
1 pg.I" and Rrs510/560, resulted in an r* of 0.424; this suggests that there might be limitations
in estimating Chla, based upon reflectance with the spectrometer (field or satellite) in waters
with low Chla, as has happened with already-established algorithms (Hooker and McClain
2002). Water bodies where the phytoplankton component is not dominant (SPM or CDOM are
dominant), show an even lower relationship with this band ratio (r2 =0.2).

In areas where phytoplankton dominates the water colour, whilst the scattering and
absorbing components of seawater co-vary with Chla, blue-green band-ratio algorithms are
often successful, as phytoplankton absorbs more blue light than green. However, the precision
of these algorithms can diminish when environmental conditions differ from those
representative of the data set analysed, to derive empirically the covariance relationships
(Carder et al. 2003). Thus, chlorophyll-a absorption by phytoplankton can change depending
upon the species, nutrient concentration or lighting conditions. In Case 2 waters, substances that
do not co-vary with Chla, change the water optical conditions. This causes inaccuracies in the
retrieval of pigment concentration on the basis of satellite imagery (Carder et al. 1991). The
variability of in-water constituents, due to environmental changes such as upwelling currents
waters or river run-off input, needs to be considered in algorithm parameterisation. Therefore, a
large data set needs to be gathered, in order to develop robust empirical algorithms for the
continental shelf of the Bay of Biscay, which take into account seasonal and local variations. In
particular, chlorophyll-a algorithms for turbid coastal waters might incorporate the green to red
band ratio, as those developed by Dall’Olmo and Gitelson (2005) and Gitelson et al. (2007).

Field spectrometers have been used successfully for Chla retrieval from reflectance
spectra (Gitelson et al. 1999, Tzortziou et al. 2007), the development of bio-optical Chla
estimation (O’Reilly 1998), as well as validation of remote sensing data products (Werdell and
Bailey 2005). In fact, the SeaWiFS and MODIS remote sensors have been vicariously calibrated
with in-situ spectroradiometric measurements by means of the Marine Optical Buoy program
(MOBY) (Bailey et al. 2008). MOBY included a radiometric buoy deployed in clear, deep
ocean waters off Hawaii, measuring the upwelling radiance and downwelling irradiance, at three
levels below the ocean surface. Dall‘Olmo and Gitelson (2005), Dall’Olmo et al. (2003, 2005),
and Gitelson et al. (2007, 2008) used reflectance spectra, obtained with the previous model (the
Ocean optics USB2000), to the HR4000CG spectrometer, with a similar methodology, to
evaluate the extent to which reflectance ratios could be applied to remote sensors to estimate
Chla in turbid waters. Within this context, the HR4000CG spectrometer, the platform developed
and the protocol established, could be used as a tool to retrieve Chla from normalized water-
leaving satellite images obtained with remote sensors, such as MODIS and MERIS. This tool
could be used in the assessment of the Bay of Biscay continental shelf water quality.

The MERIS RGB image, corresponding to the oceanographic survey, illustrates the
influence of coastal areas and river plumes; waters appear greener and darker than oceanic
waters and the colours match the estimated high Chla (Figure 6). The effect of coastal CDOM

http://mc.manuscriptcentral.com/tres Email: IJRS-Administrator@Dundee.ac.uk 12



Page 13 of 28

©CoO~NOUTA,WNPE

ONOO OV~ OWON =

WWWWWWWWWWMNDMNPDNPDMNDMNMDMNDMNDNDNPON = = 2o
OCONOOTPAPWOUN—LOCOONOOOCOOPRRWOUN—LTOOCOONOOOCOPA~,WLON OO

International Journal of Remote Sensing

and SPM could have influenced also the Chla estimation using the algorithm developed here,
since it has been found that there is an effect of these parameters on the Chla-ratio relationship.

This is a first approach towards the development of a regionally-parameterized
algorithm, on the basis of the field spectrometer spectra and MERIS images. In order to reach
this objective, it is necessary to use a larger data set together with a more extensive study of the
empirical relationships existing between water parameters and ‘apparent optical properties’.
Ongoing research in specific areas (Northern Spain and Adour river mouth) will permit the
enlargement of the data set for the development of more robust relationships.

8. Conclusions

The custom-built platform developed, the stainless steal flotation device, and the protocol
established for the HR4000CG spectrometer, have been proved to be useful tools to acquire
reflectance spectra, at the sea surface and estimate Chla with MERIS images. The spectral
signatures acquired are consistent with reported algal culture reflectance spectra (Gitelson et al.
1999) and reflectance spectra acquired at sea (Morel 2006). As such, a depression in the blue
part of the spectra and a red peak near 675 nm, with increasing Chla, can be noted. Spectral
classification of different water bodies influenced by river freshwater was possible; and these
corresponded with published spectra in the literature (Schalles 2006). Correlations between
reflectance ratios used by SeaWiFS and MERIS algorithms and Chla are statistically significant,
with the best correlation found with the Rrs(510)/Rrs(560) ratio (rzjac = 0.681). High content in
CDOM (>0.4 m™) and SPM (>2.8 mgl") influenced this relationship, although yellow
substances could be noted to have a stronger effect (rzjac (CDOM<0.4 m'l) = 0.816, rzjac (SPM<
2.8 mg.I'") = 0.742). This is a preliminary approach towards the development of a regionally-
parameterized algorithm to estimate Chla with the MERIS sensor for the continental shelf of the
Bay of Biscay.
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Tables

Table 1. Band ratios and Chla with corresponding °, P-values and Jackknife validation r* values.

International Journal of Remote Sensing

All data Samples with CDOM>0.4 m" | Samples with SPM>2.8 mg.I”
n=64 n=56 n=56
r° Chla Jackknife | »° Chla Jackknife | 7 Chla Jackknife
Band ratio VS. P-value validation VS. P-value | validation VS. P-value | validation
Ratio v Ratio r Ratio v

443/555 | 0.498 | 6.23E-10 0.454 0.618 | 3.12E-12 0.595 0.613 | 2.70E-12 0.584
490/555 | 0.393 | 1.37E-07 0.345 0.441 | 4.77E-08 0.408 0.371 | 6.04E-07 0.333
510/555 0.75 | <2.2e-16 0.66 0.813 | <2.2e-16 0.801 0.736 | <2.2e-16 0.721
490/550 | 0.395 | 1.29E-07 0.313 0.437 | 5.68E-08 0.408 0.368 | 6.95E-07 0.326
443/550 | 0.492 | 8.76E-10 0.442 0.620 | 2.64E-12 0.599 0.579 | 1.52E-11 0.557
443/560 | 0.495 | 7.46E-10 0.409 0.632 | 1.19E-12 0.612 0.495 | 1.76E-09 0.435
490/560 | 0.719 | <2.2e-16 0.666 0.809 | <2.2e-16 0.798 0.723 | 2.45E-16 0.708
510/560 | 0.764 | <2.2e-16 0.681 0.827 | <2.2e-16 0.816 0.756 | <2.2e-16 0.742
443/551 | 0.694 | <2.2¢-16 0.437 0.629 | 147E-12 0.609 0.561 | 4.38E-11 0.532
488/551 | 0.706 | <2.2e-16 0.672 0.804 | <2.2e-16 0.792 0.737 | <2.2e-16 0.722

http://mc.manuscriptcentral.com/tres Email: IJRS-Administrator@Dundee.ac.uk

Page 20 of 28



Page 21 of 28 International Journal of Remote Sensing

Table 2. Chla algorithms for different sensors tested for the Bay of Biscay in-situ acquired data and resulting jackknife validation 7 values.

Jackknife

Sensor Equation Maximum ratio value (R) | validation
2

.

10 MODIS/OC3M | C =10 (0.2830 —2.753R +1.457R? = 0.659 R3 —1.403R*) (443,490)/550 0.546

©CoO~NOUTA,WNPE

12 MERIS OC4E | (o =1()(0368-2814R+ 1.456 R? —0.768 R* —1.292 R*) (443,490,510)/560 0.587

14 SeanFS/OC4 C _ 10 (0.366 —3.067R + 1.930R2+ 0.649R3 —1.532R4) (443490510)/555 0 558
v4 - B ) .

17 Carder MODIS (0.3147 = 2.859R +2.007 R>~1.730 R3) .
18 (Chlor_a_3) C=10 (443;488)/551 0.582

;g Agjélitéd C:10(—0.215—0.2934R+0.53R2 +0.141R3 +0.553R%) (443,490,510)/560 0.601
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Figure Legends
Figure 1. Upwelling radiance measuring platform.

Figure 2. MERIS image (RGB composite) acquired on the 20™ of May 2008 showing the stations where
spectral and hydrological measurements were performed on the continental shelf of the Bay of Biscay.

Figure 3. Subset of samples showing Rrs and corresponding Chla for the Bay of Biscay, where three main
water types can be distinguished spectrally. Rrs measurements were performed with a boxcar width of 8

plus an averaging of 10 adjacent channels was performed for display purposes.

Figure 4. Correlation between log-transformed Rrs(510)/(560) band ratio and Chla (in logarithmic scale).
The OC4E algorithm adjusted to our dataset is shown in dashed lines.

Figure 5. Linear regression between in-situ Chla and algorithm estimated Chla: (a) OC3M, (b) OC4E, (c)
OC4 and (d) Carder (Chlor_a_3).

Figure 6. Chlorophyll-a map generated using a MERIS image acquired during the survey (20™ of May,
2008) and the linear relationship established between Chla and the Rrs510/560.
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