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[11 The match-up of satellite-derived reflectances with in situ observations is crucial to
evaluate their quality and temporal stability. To contribute to this effort, a project has been
set up to collect a data set of in situ radiometric and bio-optical quantities, in support to
satellite ocean color calibration and validation. The project has been named
“BOUSSOLE”, and one of its key elements is a deep-sea optics mooring collecting data
on a near-continuous basis since September 2003. This buoy is deployed in the deep clear
waters of the northwestern Mediterranean Sea, and is visited on a monthly basis for
servicing and acquisition of complementary data. The characteristics of the work area
establish the site as a satisfactory location for validating satellite ocean color observations.
A description of the data processing protocols is provided, followed by an analysis of the
uncertainty of the buoy radiometry measurements. The results of a match-up analysis of
the marine reflectances, diffuse attenuation coefficients, and chlorophyll concentrations
for three major missions, i.e., MERIS, SeaWiFS, and MODIS-A, are then analyzed. They
show poor performances for the bluest band (412 nm) of the three sensors, and
performances within requirements at 443 and 490 nm for SeaWiFS and MODIS-A. These
results suggest that a vicarious calibration should be introduced for the MERIS sensor.
This analysis also demonstrates that a major effort is still required to improve atmospheric

correction procedures whatever the mission.
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1. Introduction

[2] Presently, three satellite ocean color missions provide
a global monitoring of the marine biosphere, i.e., the United
States National Aeronautics and Space Administration
(NASA) Sea Viewing Wide Field of View Sensor (Sea-
WIFS) aboard the Orbital Science Corporation (OSC) Orb-
view-II satellite [Hooker et al., 1992; Hooker and Esaias,
1993], the NASA Moderate Resolution Imaging Spectrometer
(MODIS-A) aboard the NASA Aqua satellite [Salomonson et
al., 1992; Esaias et al., 1998], and the European Space
Agency (ESA) Medium Resolution Imaging Spectrometer
(MERIS) aboard the ENVISAT satellite [Rast et al., 1999].
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Other missions exist, with more limited coverage however,
such as the Indian OCM [Chauhan et al., 2002] or the
Korean OSMI [Yong et al., 1999]. This series of sensors
should be continued after 2012 with the launch of the ESA
sentinels [ Drinkwater et al., 2005] and the U.S. National Polar
Orbiting Environmental Satellite Suite mission (NPOESS)
embarking the Visible and Infrared Imaging Radiometer Suite
(VIIRS) instrument [Murphy et al., 2006].

[3] Two of the three global missions mentioned above,
i.e., SeaWiFS and MODIS-A, include a vicarious calibra-
tion program, which means that a long-term postlaunch
effort has been maintained with the role of permanently
collecting and analyzing field data (ocean plus atmosphere)
and instrumental parameters in order to maintain the level of
uncertainty of the derived products within predefined
requirements [Bailey and Werdell, 2006; McClain et al.,
1992, 2006]. Without ground-truth data (more properly sea-
truth data), it is impossible to maintain the uncertainty of the
satellite-derived geophysical products at the desired level
over the full course of the mission, which is generally
designed to be on the order of about 5 years (although
many satellites operate for longer periods of time as
evidenced by SeaWiFS, which was launched in 1997). This
need for vicarious calibration is not due to any weakness in
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the sensor nor in the onboard calibration devices; it results
from unavoidable physical considerations: the goal of
modern ocean color sensors is to provide the water-leaving
radiance in the blue part of the e.m. spectrum with a 5%
accuracy over oligotrophic, chlorophyll-depleted, waters
[Gordon, 1997], which can also be expressed as an uncer-
tainty of 0.002 in terms of reflectance [Antoine and Morel,
1999]. Because this marine signal only represents about
10% (at most) of the radiance directly measured by the
spaceborne sensor at the top of the atmosphere (TOA),
achieving this goal requires that the instruments involved
are calibrated to better than 0.5%, or approximately 1%.
This is extremely challenging considering the present tech-
nology, and probably will remain an elusive goal. It is also
worth noting that what is referred to as a ‘““vicarious
calibration” in the field of ocean color remote sensing is
not an absolute calibration of the sensor only, but an
adjustment of the overall response of the sensor plus the
atmospheric correction algorithm [Gordon, 1997, 1998;
Franz et al., 2007]. The goal is to absorb unavoidable
residual uncertainties in order to get the correct answer in
terms of the normalized water-leaving radiance, in particular
for the blue bands.

[4] Typically, validation of geophysical products derived
from satellite ocean color observations consists of collecting
field data that are directly compared to the satellite products.
The list generally includes spectral normalized water-leav-
ing radiances (nL,,; see later in section 3.2 for definitions)
or reflectances (py), diffuse attenuation coefficient for
downward irradiance at 490 nm (K4(490)), phytoplankton
total chlorophyll-a (TChla), and spectral aerosol optical
thickness (AOT), from which the aerosol Angstrom expo-
nent can be computed. Assessing the uncertainty to which
these parameters can be retrieved allows the different steps
of the overall process to be verified, i.e., the atmospheric
correction (using nLw’s and AOT) and the bio-optical
algorithms (using for instance TChla).

[5] The strategy adopted for SeaWiFS and MODIS-A
relies on a permanent marine optical buoy, MOBY [Clark et
al., 1997, 2003], coupled with an extensive field data
collection program [Werdell and Bailey, 2005]. The former
provides data needed to derive vicarious calibration gains
and the latter allows global verification of this calibration.
Other long-term activities have progressively developed
along these lines and support the same missions, such as
the Coastal Atmosphere and Sea Time Series (CoASTS)
project maintained near Venice (Italy) since 1995 [Berthon
et al., 2002; Zibordi et al., 2002].

[6] The logic is somewhat different for the MERIS
mission: it is assumed that the improvement of the onboard
calibration devices compared to other sensors, coupled with
a rigorous prelaunch characterization, are sufficient to
provide the required level of uncertainty. Scattered field
efforts nevertheless exist, essentially devoted to validation
of the geophysical products, but none have been used to
vicariously calibrate the MERIS instrument. To complement
these activities, a project was started in 2000 with the
objective of establishing a time series of optical properties
in oceanic waters (Mediterranean Sea) to support the
calibration and validation of MERIS. This activity has been
named the “Bouée pour I'acquisition de Séries Optiques a
Long Terme” (BOUSSOLE) project, which is literally
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translated from French as the “buoy for the acquisition of
a long-term optical time series” (‘“‘boussole” is the French
word for “compass”). It is composed of three basic and
complementary elements: (1) a monthly cruise program,
(2) a permanent optical mooring, and (3) a coastal Aerosol
Robotic Network (AERONET) station [Holben et al.,
1998]. The details of this program are presented by Antoine
et al. [2006]. Each of these three segments is designed to
provide specific measurements of various parameters at
different and complementary spatial and temporal scales.
When combined together, they provide a comprehensive
time series of near-surface (0—200 m) ocean and atmo-
sphere inherent and apparent optical properties. The com-
bined activity is designed to provide a long-term vicarious
radiometric calibration of satellite ocean color sensors and
the validation of the ocean color geophysical products,
including the normalized water-leaving radiances, the pig-
ment concentrations and the aerosol optical thickness and
types. In parallel to these operational objectives, a bio-optics
research activity was also developed. Although BOUS-
SOLE was initially established to support the MERIS
mission, it rapidly became a multimission program, sup-
porting the international data collection effort for several
ocean color satellites.

[7] The present paper specifically deals with the validation
segment of BOUSSOLE. The objectives are to (1) introduce
the strategy that has been developed, (2) describe the
measurement site and its specific characteristics that make
it well suited to the task of ocean color satellite validation,
and (3) assess the uncertainty of some of the geophysical
products provided by MERIS, SeaWiFS and MODIS-A.
The latter comparisons are particularly important, because
of the different approaches used to calibrate MERIS on one
hand, and SeaWiFS and MODIS-A on the other hand. Some
protocol issues are also addressed; in order not to detract
reading from the main topic, they are described in several
appendices.

2. General Characteristics of the Measurement
Site

2.1. Geography of the Area and Main Physical
Constraints

[8] The characteristics of the work area are presented
along with the relevant details establishing the site as a
satisfactory location for validating satellite ocean color
observations. The deep-water mooring is deployed in the
Ligurian Sea, one of the subbasins of the Western Mediter-
ranean Sea (Figure 1). The monthly cruises are carried out at
the same location. The water depth varies between 2350—
2500 m, and it is 2440 m at the mooring site (7°54"E,
43°22"N). Clear sky is often observed in the Mediterranean
Sea, with minimum (maximum) cloud coverage in the
boreal summer (winter). On the basis of the International
Satellite Cloud Climatology Project (ISCCP) data [Rossow
and Schiffer, 1989], the annual average is as low as 50%,
which ensures a high density of cloud-free satellite obser-
vations over the work area.

[9] The prevailing ocean currents are usually weak
(<20 cm s~ 1), because the selected position is in the central
area of the cyclonic circulation that characterizes the Lig-
urian Sea [Millot, 1999]. The northern branch of this
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Figure 1. Area of the northwestern Mediterranean Sea showing (left map) the southern coast of France

and the island of Corsica plus the generalized work area in the Ligurian Sea (black circle) for the
BOUSSOLE activity, and a magnification (right map) showing the position of the BOUSSOLE mooring
plus the “Dynamique des Flux Atmosphériques en Méditerranée” (DYFAMED [Marty, 2002]) site and
the Meteorological buoy maintained by the French weather forecast Agency (METEO France). The
positions of the six stations that are sampled once a month during transits from Nice to the BOUSSOLE

site are also displayed (black circles).

circulation is the Ligurian Current, which manifests as a jet
flowing close to the shore in a southwesterly direction
which, in turn, establishes a front whose position varies
seasonally, i.e., closer to shore in the winter than in the
summer [Millot, 1999 and references therein]. The southern
branch of the circulation is a northeasterly current flowing
north of the island of Corsica; the eastern part of the
circulation is essentially imposed by the geometry of the
basin (see grey arrows in Figure 1).

[10] The dominant winds are from the west to southwest
and from the northeast sectors, and are channeled into these
two main directions by the general atmospheric circulation
of the region and by the topography formed by the French
Alps and the island of Corsica. A composite record of the
physical conditions is displayed in Figure 2, using data
collected near the BOUSSOLE site by a meteorological
buoy deployed since 1999 by the French weather forecast
Agency (Meteo-France). Wind speed maxima (Figure 2a)
are observed in fall and winter, while the average summer
values are around 3—5 m s~ '. The resulting wave pattern is
also shown in Figure 2a, as the average and maximum of
the significant wave height.

[11] The surface wind stress, combined with an average
surface heat budget that switches polarity around March
(oceanic heat loss to heat gain) and September (oceanic heat
gain to heat loss), leads to the seasonal cycles of the mixed-
layer depth (MLD) and temperature as shown in Figure 2b.
The minimum sea surface temperature (SST) is about
12.7°C (associated with a salinity of 38.4), which is a
constant value reached in winter when the water mass is
fully mixed, with MLD greater than 300 m. During some
exceptionally windy and cold winters, this deep mixing

contributes to the formation of the dense waters of the
western Mediterranean Sea [Gasparini et al., 1999]. The
summer stratification leads to SST values as high as 28°C in
August, associated to MLD of about 10—20 m.

2.2. Biogeochemical and Bio-Optical Characteristics

[12] The marked seasonality of the physical forcing
drives the seasonal changes of the nutrients and phytoplank-
ton, as illustrated here by the surface nitrate and TChla
concentrations (Figure 2c). Oligotrophic conditions prevail
during the summer with undetectable nitrate levels and
[TChla] lower than 0.1 mg m > (with minima around
0.05 mg m ). The higher concentrations are up to about
5 mg m >, during the early spring bloom (February to
March or April) when surface waters are nitrate replete.
Moderate [TChla], between 0.1-0.2 mg m >, characterize
most of the other periods of the year.

[13] This combination of a large range of trophic states
and a 3-month period of stable oligotrophic waters in the
summer provides a good set of conditions for collecting data
for validation purposes. A more in-depth examination of
this aspect will be provided later on, in section 4.2.

[14] An important consequence of the above character-
istics, in particular water depth, circulation, and distance
from shore, is that waters at the BOUSSOLE site are
permanently of the Case-1 category, following the definition
of Morel and Prieur [1977]. This assertion is quantitatively
evaluated by plotting the irradiance reflectance at 560 nm
determined from the buoy measurements as a function of
the chlorophyll concentration (R(560), Figure 3), and super-
imposing on top of the data a theoretical upper limit of this
reflectance for Case 1 waters [Morel and Bélanger, 2006].
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Figure 2. Composite time series at the BOUSSOLE site of (a) wind speed and significant wave height
(built using 7 years (1999 to 2005) of data collected by the meteorological buoy; see Figure 1), (b) sea-
surface temperature (SST; same data source than Figure 2a) and mixed-layer depth (MLD; built using
11 years (1994 to 2004) of data collected at DYFAMED; Marty et al. [2002]), and (c) surface (<10 m)
nitrate and chlorophyll concentration (same data source than for the MLD, plus the BOUSSOLE data for
TChla). For each parameter, one curve is showing the average value computed over a variable time step,
which was chosen as a function of the time resolution of the initial data (e.g., 14 d for MLD and 3 d for
the SST), and the minima and maxima encountered in the full time series are represented either with a
shaded area or only by one curve for the maxima when the minima are by definition equal to zero (wind
and waves, Figure 2a).
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