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Abstract: A comparison of chlorophyll data from SeaWiFS imagery and modeling results
from a 3D hydrodynamical model was performed over the northwestern Mediterranean for
the entire year of 2001. The study aims at investigating the information content brought by
satellite-derived chlorophyll concentration ([Chl]) maps concerning surface dynamics in
coastal zone. The study is mainly focused on the Gulf of Lions (GoL) and its outer region,
which are mainly influenced by the Rhone River, local winds and the Northern Current
(NC) flowing from the East along the continental slope. The physical hydrodynamical
model was continuously run and 40 SeaWiFS images, presenting a significant coverage of
the studied area, were selected. The comparison between [Chl] and sea surface salinity
(SSS) fields on a pixel basis showed no definite correlation trends. Three reasons are given
in discussion for that result. However, the comparison emphasized areas close to the coasts
which were under the influence of different inputs not considered in the model and also of
upwellings. A qualitative analysis of the data performed out of these regions exhibited
significant similarities between [Chl] and SSS features. The signature of the Rhone ROFI
(Region of Fresh Water Influence) and, in some cases, of the NC, was evidenced on [Chl]
maps. We found that the intensity of this signature is seasonally modulated, e.g., it is low
in open sea during the summer, oligotrophic, season. In addition, the signature of the
Rhbéne ROFI in the western part of the GoL can be only partial due to local chlorophyll
deficits. We conclude that, for the regional case studied, chlorophyll imagery can be used
as a tracer of surface dynamics through surface salinity but with limitations, especially near
the coasts.
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1. Introduction

Physical modeling is a modern tool to investigate the complex hydrodynamics of coastal zones.
The specific complexity of coastal zones is mainly due to bathymetry, the coast line geometry, the
river outflows and the wind field properties. Many models have been implemented in coastal zones of
the world and sometimes several models have been used in a same coastal domain. In every cas
validation of these models, which can differ considerably in terms of gridding, humerical methods,
nesting, physical processes (such as turbulence, bottom friction, surface and inner stresses, rigid lid o
free surface assumptions) is necessary. Validation is generally accomplished using in situ sensors suc
as scalar and vector current-meters, thermo-salinometers, bathythermograghs, drifters etc. Limitations
of these devices are well known and the most severe one probably lies in the sampling rate of physica
parameters, which is generally not sufficient regarding the high variability in time and space of these
variables in coastal environment. That difficulty can be circumvented using assimilation methods.
Another route to increase the number of measurements and, in particular, to extent the synopticity anc
time revisit scales that are required in coastal zone is remote sensing.

Remote sensing techniques have also their own limitations: only surface parameters -and a
limited number of them- can be generally measured; sampling in time can be large (one to several
days). However their ability of periodically mapping physical parameters over more or less extended
areas is recognized of prime importance. The main remote sensing techniques used in coastal zone a
temperature radiometers, as the Advanced Very High Resolution Radiometer (e.g., recently, [1,2] in
the northwestern Mediterranean), HF (e.g. Coastal Ocean Dynamics Applications Radar, [3]) and VHF
radars [4,5] for wave and surface current measurements, and ocean color radiometers operating in th
visible. Two kinds of these latter can be distinguished:

- High-resolution radiometers as HRV (High Resolution Visible) and TM (Thematic Mapper)
on SPOT and Landsat platforms, respectively. They can provide maps of surface turbidity in relation
with processes such as river plume dynamics (e.g. [6] for the Rhéne River plndhegsuspension.
These data have been already used in physical modeling of, e.g., the Gulf of Lion [7-9].

- Multi-spectral radiometers as CZCS (Coastal Zone Color Scanner), SeaWiFS (Sea Wide
Field-Of-View Sensor), MODIS (Moderate Resolution Imaging Spectroradiometer) and MERIS
(Medium Resolution Imaging Spectrometer). These sensors have a lower spatial resolution than the
previous ones at the benefit of a much larger extent of the observation zone and a one-day revisit
period in cloudless conditions. They provide maps of biogeochemical constituents, mainly chlorophyll
and, for some of these sensors, yellow substance and solid suspended matter.

This paper focuses on the second kind of sensors. It addresses the question of the tracability o
surface physical properties from images of satellite-derived chlorophyll concentration ([Chl]) maps.
These properties refer to salinity, temperature and circulation The studied area is the Gulf of Lions
(Gol) in the northwestern Mediterranean. [Chl] maps were obtained from SeaWiFS and physical
properties were computed using the model MARS-3D developed by Ifremer (Institut Francais de
Recherche pour I'Exploitation de la Mer). SeaWiFS images of chlorophyll have been often used these
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last years to study meso- to large-scale biogeochemical processes. Most of these studies were basical
observational, the satellite data being generally merged with other satellite data and in situ data
[10-13]. Studies where chlorophyll data are used in conjunction with an ocean model are scarcer. In
these studies ocean color data have been envisaged in a diagnostic way, for example to validat
3-D biogeochemical models [14,15] or in a prognostic manner consisting in data assimilation into such
models [16]. Our approach, which consists in comparing modeled dynamical properties to [Chl] map,

is of the first kind.

The surface thermo-haline (salinity, temperature) and dynamical (currents) properties and
SeaWiFS chlorophyll signatures of the GoL are compared for a prescribed year, 2001. The main
physical features of the GoL are reviewed is section 2. Section 3 presents the physical numerical
model, the SeaWiFS data and the methodology used to compare modeling and satellite data. The
results of comparison are presented in section 4 and discussed in section 5.

2. Physical properties of the GoL

The main hydrodynamic features of the GoL are well known [17-19]. The dominant forcings in
this area are strong continental winds, called Mistral and Tramontane, the Northern Current (NC)
flowing along the shelf break from the Ligurian basin, north-east of the northwestern Mediterranean, to
the Spanish coasts, and freshwater discharges, mainly from the Rhéne River.

Mistral is a northerly wind channeled by the Rhéne river valley and blowing in the northern
part of the GoL. Tramontane is a northwesterly wind channeled between Pyrenees and Massif Centra
Mountains which blows in the western part of the gulf. Mixed Mistral and Tramontane wind systems
occur in the majority of cases, resulting in inhomogeneous surface winds over the GoL (Figure 1).
These winds exhibit a high temporal variability. They generally happen and die quite suddenly.
Furthermore, they can show near the coasts a high spatial variability due to complex orographic
effects. These winds generate well-known oceanographic features such as coastal rises to the surfac
of cold waters from the ocean depth, called upwellings, [20,21] and inertial currents [22]. Southeastern
stormy winds constitute other winds that are commonly, but less frequently than Mistral and
Tramontane, encountered in the GoL.

The NC is the main mesoscale circulation feature influencing the shelf circulation of the GoL
[18]. The transport of this current vein, up to 300 m deep, ranges from 1 to 1.6 Sverdrup. The NC can
intrude on the GoL at its eastern part. The interaction processes between the NC and the shel
circulation (including bathymetric effects) are responsible of mesoscale instabilities of the NC
resulting in eddies and meanders [22, 23]. Mesoscale activity is found to increase from fall to winter
and then displays a continuous decrease until summer [24].

The main fresh water input is brought by the Rhéne River accounting for roughly 90% of the
total fresh water inputs in the GoL. In its deltaic plain the Rhéne River splits into two branches, the
Grand Rhone and the Petit Rhone, distant by 50 km. The Grand Rhéne carries 90% of the total mear
discharge, which is estimated to 1708 &1 (10% for the Petit Rhone) [25]. The river discharge is
highly variable over the year with peaks occurring in spring and fall.

This study mainly concerns the Region Of Freshwater Influence (ROFI, [26]) of the Rhbne
River, including Grand and Petit Rhéne. The Rhéne ROFI extends over the GoL and is composed of
the primary plume and the dilution zone. The primary plume is that region connected to the estuary
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and which is dominated by momentum advection processes imparted by the freshwater buoyancy
input. Generally, the extent of the Grand Rhone plume at sea is limited to 20-30 km [5]. The dilution
zone can extend up to the Spanish coasts to the south and between Marseille and Toulon to the east.

Other fresh water outputs are located in the western part of the GoL. They consist of discharges
mainly from rivers (Figure 2) but also from channels (e.g. canal du Midi) and lakes (e.g. Etang de
Tau). The mean discharge of Aude and Hérault, which are the most important rivers flowing into the
eastern part of the GoL, are 50 and 52respectively [27].

Tramantane Mistral Mistral+Tramaontane
= N RS D
LY "'!r l|I| Aoiial 3
43°1 437N GG SN IR LI
NI
WA
42°M p o 42°M 1":lh‘a.*. 42°M f
. NEE
o WA
! \
I'E  4°E &"E E°E

Figure 1. Three typical modeled wind fields over the GoL (model ALADIN of Météo France). They
represent mixed situations of Mistral and Tramontane with, from left to right, dominant Tramontane,
dominant Mistral and Tramontane and Mistral flowing with comparable intensies.
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Figure 2. Rivers along the coasts of the GoL and bathymetry. The rectangle in
dotted line is the Rhbne region considered in Figure 6.
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3. Material and methods
3.1. The physical numerical model

The GoL dynamics is mainly driven by local forcings such as wind and river discharge, but it is
also dependent on the background general circulation of the northwestern Mediterranean and in
particular on the NC. A nesting techniqgue was adopted to simultaneously take into account offshore
and mesoscale processes. The computational code used here to simulate the circulation in the GolL i
the MARS-3D (3 Dimensional Hydrodynamical Model for Applications at Regional Scale) model
developed at Ifremer. The overall ability of the model to reproduce the hydrodynamics of the
northwestern Mediterranean and especially of the GoL was demonstrated in a previous study by
comparing modeled sea surface temperature (SST) and AVHRR satellite temperature measurement
[23].

This model use an original semi-implicit and iterative time-step scheme allowing the
simultaneous integration of internal and external modes on long time runs in a fast and conservative
way. The main hypotheses are: free surface, Boussinesq approximation, hydrostatic equilibrium and
incompressibility. Equations are discretized in finite differences on a staggered C-grid following
Arakawa and Lamb's scheme [28]. A sigma-coordinate vertical transformation is used with
refinements near the surface and the bottom. The vertical turbulent diffusions of momentum, heat and
salt are computed using an algebraic relationship involving a Richardson number dependency [29].
The horizontal viscosity coefficient is of Laplace type and is computed following Smagorinsky’s
method subjected to lower and upper limits [30]. A particular attention was paid to compute
momentum, salt and heat advections. We used for that TVD (total variation diminishing [31]) or Quick
[32] schemes depending on the smoothness of the advected fields.

A chain of three nested MARS-3D models have been implemented with spatial resolutions
increasing by a factor 3 at each embedding. The different embedding regions are given in [23]. The
highest resolution model, NORMED, simulates the northern basin circulation, which extents from
Spain to Italy and covers the area to the north of the Balearic Islands, on a 1.2 km horizontal grid
resolution and with 30 vertical sigma levels. In this study NORMED was initialized on October 15,
2000, from coarser grid model outputs. At the southern open boundary of NORMED defined by
latitude 39°N, density fields (i.e. salinity and temperature) are prescribed at the open boundary using
an upstream condition, implies that the external fields are advected into the simulated domain under
inflow conditions. Surface elevation is prescribed and, to allow the radiation of perturbations, a
contribution of the prognostic interior solution is added according to the flow relaxation scheme in
[33,34]. Moreover, a sponge layer with an exponential increase of the momentum viscosity
coefficients is applied along the open boundary.

Freshwater inputs from the Rhéne River were only considered. We used daily river flow values
provided by a measurement station located at Beaucaire, upstream of the Grand Rhone-Petit Rhon
separation. The Petit Rhone flow was taken equal to 1/10 of the Grand Rhone flow.

The accuracy of ocean-atmosphere exchanges is a crucial point of the modeling, especially in
the GoL where wind and atmospheric forcings present a high variability. NORMED is driven by the
atmospheric fluxes issued from the global atmospheric model ARPEGE and by the wind fields
computed by ALADIN model (Météo France). These model results are coherent because ALADIN is
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nested in ARPEGE. Spatial and time resolutions of ARPEGE are 50 km / 6 h, and 10 km / 3 h for the
regional small-scale meteorological model ALADIN. Sea surface momentum and heat fluxes were
calculated from the surface pressure, air temperature, relative humidity and wind velocity at
10 m height with the bulk formulae [35] using the modelled sea surface temperature, to take into
account the turbulent structure of the lower part of atmosphere.

3.2. SeaWiFS imagery data set and corresponding physical conditions

SeaWiFS has collected ocean color data for oceanic biochemistry since September 1997. The
chlorophyll data used in this study were provided by the Inland and Marine Waters Unit, Joint
Research Center, Italy, which makes data available from 1997 on a daily basis. The overall of
SeaWiFS data processing is given in [36]. Chlorophyll-a surface concentration values, [Chl], are
computed using a bio-optical algorithm linking to a functional of the reflectance band ratio
£ (490nmjp (555nm) similar to that of O'Reilly et al. [37}.values areomputed from the normalized
water leaving radiance values, themselves computed from the calibrated top-of-atmosphere radiance
through an atmospheric correction process accounting for Rayleigh multiple-scattering, aerosol single
scattering and Rayleigh-aerosol coupling. A turbid-water correction is included in this atmospheric
correction scheme which is intended to work in coastal waters [38-40]. Marine products have already
been assessed against in situ measurements in coastal waters of the Mediterranean [36,39].

The chlorophyll images used here drevel-3 products implying a re-mapping procedure
applied to the data [36]. Maps are in equirectangular, plate carrée, projection. This is also the
projection of the MARS-3D data. The final pixel size is 2km, each pixel value resulting from values of
smaller pixels, typically those with viewing angles smaller than 43°. The local time of observation
(which varies with the orbit and the pixel position along the swath) is approximately 12h for the region
considered.

For the year under study (2001) we considered those SeaWiFS images for which available
[ChI] fields cover at least 65% of the region defined by 2.88°W-6.06°W ; 41.13°-43.66°N which
includes the GoL and the offshore surrounding environment. Forty images were selected representing
only 10% of the year. Table 1 gives the dates of these images and the corresponding Rhéne flow
values provided by Compagnie Nationale du Rhéne (Beaucaire measurement station) and typical winc
conditions. The images appear to be irregularly distributed over the year (Figure 3). Eighty percent of
them were acquired in spring and summer. They are associated in 70% of cases with northerly to
westerly winds which are the most frequent in this region. Eastern-southern winds are other common
winds in the GoL but the fact that they bring clouds over the northwestern Mediterranean explains that
no satellite image representing these wind conditions was available in our data set. The river flow
values corresponding to SeaWiFS images range from 722 to 6234 ifhe values are maximal in
March then decrease to values that are, from July to December, generally lower than the annual mea
Rhoéne discharge.
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Table 1. List of the SeaWiFS images considered and associated Rhone discharge vaheetyQical
wind speedW, and wind sector (the sector from which the wind is blowing). The typical wind of an
image is the wind of maximum velocity within a zone defined by 4°W-5°W;42.7°-43.2°N.
Abbreviations: N (North), S (South), W (West), E (East).

Date Q W wind
(2001) | (m®s?Y) | (ms?) | sector (continued)
02/05 2278 4 W 06/21 2210 5 W
02/10 2308 9 NNW 06/28 1620 13 NW|
02/23 1357 11 NW 06/30 1505 4 WSW
03/14 6279 9 NW 07/02 1218 3 SSH
03/27 5288 5 WNW 07/07 1627 9 WNW
04/01 3958 5 SE 07/11 1339 8 WNW
04/12 3980 12 NW 07/21 1910 7 w
04/26 2704 6 w 07/25 1365 2 N
05/08 3306 5 WNW 07/30 997 7 WNW
05/12 2586 2 SwW 08/10 1384 10 NW
05/15 2160 4 WSW 08/22 1123 6 W
05/19 3242 6 N 08/24 921 4 WSW
05/26 2375 3 N 09/02 1017 7 NNW
05/29 2007 4 WSW 09/05 1152 15 NNW
05/31 2034 10 NW 09/07 1148 13 NW
06/04 1656 8 NW 09/12 1096 8 NW
06/07 1726 6 W 09/26 1556 8 WNW
06/14 2093 4 WSW 11/04 884 3 NNW
06/16 2044 9 NW 12/07 1393 6 NE
06/18 2529 14 NW 12/25 722 8 WNW
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Figure 3. Daily Grand Rhoéne River discharge in 2001. Black
boxes indicate the dates of the selected SeaWiFS images.
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3.3. Methodology for the comparison of modeled surface fields and chlorophyll maps

The methodology used to compare modeling results and satellite derived [Chl] measurements
aims at answering the main question addressed by this study: can an image of chlorophyll, which is a
biological parameter, as provided by water color sensors such as SeaWiFS over the extended Gol
bring information on dynamical properties. The available chlorophyll data consist in several
instantaneous images spanned, quite evenly, over the year considered. The MARS model was
continuously run over the same year using modeled atmospheric forcings and large-scale circulation
computational results. The selected model outputs are the surface fields of salinity, temperature anc
currents that are coincident with the available [Chl] maps over this year. In fact, SST fields will be
considered only in the upwelling coastal zones. In particular, they cannot be used to characterize the
Rhone river plume because no daily temperature measurement was available at the Rhéne mouth
(a rough model of river temperature varying sinusoidally over the year was just considered in the
model). Moreover, the Rhone river temperature ranges from 9°C in winter to 24°C in summer, while
the monthly average of the SST in the GoL ranges from 13°C to 22°C. Hence the temperature
differences between the Rhone river waters and the ambient seawater are generally small in such a wa
that SST is not a priori a sensitive tracer of the Rhone ROFI. However, it should noticed that
signatures of the Rhone plume by satellte SST images have already been reported in literature
(e.g., [41]). MARS and AVHRR SST fields were compared recently [23] but in open sea where
surface temperature is only little influenced by fresh water inputs.

We first compare on a pixel basis [Chl] and sea surface salinity (SSS) fields, disregarding
upwelling areas. We extract the different regions where both do not overlap and interpret the reason
for that. Then chlorophyll images are qualitatively compared with the dynamical surface patterns
expressed by modeled surface salinity and current fields.

Salinity and current values correspond to the mean values in the upper layer of the ocean. We
considered a thickness of this layéy, of the order of the penetration depdi2] associated to [Chl]
measurements. Howevehis parameter, which varies with water turbidity and its possible vertical
profile, was not known. We considered in a quite arbitrarily manner a layer deptim. Given the
sigma-coordinate system of MARS, this needs to take the mean of model parameters over a varying
number of upper layers, e.g. 1, 4 and 6 for a depth of 2500 m (deep ocean depth), 130 m (shelf breal
depth) and 60 m (mid-shelf depth), respectively. We verified that, in fact, the choice of the value of
o was not critical for the determination of mean salinity and current surface fields in the first 10
meters.

For illustration, twenty-four SeaWiFS images and the corresponding modeled surface salinity
and current fields are shown among the 40 dates on FigUieeddata are arranged chronologically.

The reader is referred to Table 1 for river discharge and wind information.

Figure 4. Selected coincident maps of MARS surface salinity and current and SeaWiFS chlorophyll
concentration. The horizontal bar in the upper left corner corresponds to a surface current'of 1 m's
The white line draws the 130m isobath which corresponds to the shelf break of the GoL.



Sensors 2007, 7 892
SSS date (2001) Chl SSs date (2001) Chl




Sensors 2007, 7 893

SSS date (2001) Chl SSS date (2001) Chl
—— 06.07
- .

h|] (mg m®)

001 01 1 10 64

The same color scales are used for chlorophyll and salinity images. Whereas [Chl] logarithmic
values are linearly distributed in logarithmic values over the color scale, SSS linear values are confined
within the interval 35.6-41.5. This was done in order to enhance the color contrasts of salinity within
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that interval which appeared to give the best visual perception for comparison with chlorophyll
images. In particular, SSS variations within that interval are well contrasted over a large part of the
GoL, including the offshore region. Current vectors are given every 10 km. Isocontours of
0.6 mg n® ([Chl]) and 37.5 and 37.8 (SSS) are drawn on the images.

4. Results
4.1. Quantitative comparison between chlorophyll and salinity maps

SSS and [Chl] images are compared on a pixel basis. As the pixel size is different for model
and satellite data, SSS values result from an averaging over the pixels for which the most part of the
surface lie inside the satellite image pixel. The particular examples shoftigue 5Sreflect what is
generally observed. The data scatter is very wide and no unique correlation exists, if any, between
modeled SSS and [Chl] values. For example, no clear correlation is exhibited on February 5, some
complex correlations are observed on April 26 and 3 correlation lines are present on May 19. We could
identify the regions of the GoL associated with these 3 correlation lines for this particular case, for
which SSS and [Chl] maps show obvious similarities (Figure 4), but such correlations are essentially
not reproducible from one date to the other one.

Other attempts were made to find correlation trends between colocalized SSS and [Chl], by
considering only specific regions as the vicinity of the Rhéne estuary and the western part of the GoL
(Figure 6), by thresholding the images and making the comparison only in the regions were SSS bins
and [Chl] pixels overlap (typically: 37.8 upper threshold for SSS and 0.6 Thigwer threshold for
[ChI]). Also, comparisons were made by degrading model and satellite image resolutions up to 10 km.
These attempts were not conclusive.
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Figure 5. Comparison of MARS surface salinity and SeaWiFS chlorophyll at
specific dates for the entire GoL.
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Figure 6. Comparison of MARS surface salinity and SeaWiFS chlorophyll over two limited regions in
the GoL. The Rhone region is defined by 4.2°-5.2° in East longitude and 43°-43.5° in North latitude
(see Figure 2) and the western GoL region by 3°-4° and 42.5°-43°5. All dates.

Nevertheless, using the methodology of comparison of [Chl] and SSS values on a pixel basis,
some useful information could be brought by considering the statistics of the image pixels having
relatively high [ChI] and SSS values (>0.6 mg and >37.8, respectively) (Figure 7ahe value of
each pixel is equal to the numb&, of the images for which these conditions are satisfied. We
prescribed a minimum value df of 5. Then, white pixels are insignificant from a statistical point of
view and/or correspond to waters which are under the Rhéne influence and/or which are poor in
chlorophyll pigments; and grey pixels correspond to locations where some biogeochemical activity
exists quasi-independently of the Rhoéne influence (in terms of salinity). The analysis is focused here
near the coast.

Five areas, termed A, B, C, D, E, could be highlighted. Their occurrence represents 65, 53, 29,
30 and 51 %, respectively, of the available data, i.e. of the amount of images that are, for each region
free of clouds. The existence of chlorophyll lenses in salty waters can be also observed outside region:
A-E (along the south-western coastline as on February 23, and along the eastern coastline, as on Marc
27) but these cases are scarce.

Figure 7bshows the statistics of the image pixels having relatively low SST (£aST
-2° where SS]eanis the mean SST value of the central part of the GoL [4°E-5°E; 42.25°N-42.75°N])
and high SSS values (>37.8). As before, five regions could be highlighted which correspond quite well
to areas A, B, C, D, E. A close examination of meteorological conditions shows that the lenses of cold
and salty water on the figure are associated with wind-induced upwellings. The spatial distribution of
these upwellings is in agreement with what has been already reported in literat{rFedrg 8).
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Figure 7. a) Number of observation dates satisfying [Chl] >0.6 rifgand SSS >37.8.
A minimum number of 5 is imposed. b) Number of observation dates satisfying SSS >37.8
and SST < SSfear2° where SSfeanis the mean SST in the central part of the GoL.

43.5°7
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Figure 8. Schematic representation of Mistral- (Mi) and Tramontane- (Tr)
induced phenomena in the GoL. 1-6 are upwelling zones. From Figure 2 of [17].

Then our observations tend to support an enhancement of marine productivity by upwelled
waters, rich in nutrients, resulting in an increase of [Chl] concentrations. Both observations [43] and
modeling results [44] have demonstrated the important role of upwellings on marine productivity in
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the GoL. However, there is not an exact correspondence between the upwelling events predicted by th
model and the occurrence of regions A-D (defined by relatively high SSS and [Chl] values). For
example, the percentages of occurrence reported here above are nearly the same if we consider hic
north-westerly winds (>9 m’sin Table 1), which are favorable to upwelling events, and other wind
regimes. Moreover, the zone of upwelling to the east of 5°E on modeled SST maps is not observed or
[ChI] maps.

Regions A and B receive the influence of the rivers existing in this part of the GoL (Figure 2).
In particular, the plumes of Hérault and Aude rivers are sometimes clearly distinguishable on [Chl]
images (e.g. May 8 and June 14, respectively). Region B is influenced by two little rivers to the north
but also by a large coastal pond (Etang de Tau) to which it is connected in the city of Sete
(43°.42N-3°.68E). Region E is quite complex because it is located near or within the Rhéne plume and
because it comprises the Gulf of Fos (GoF), which is submitted to various freshwater river inputs [45].
In some cases, the visual comparison of [Chl] and SSS images in region E suggests some failure of th
model to reproduce the extension to the east of the Rhoéne river plume (e.g., March 14 and 27, June
21). For the other cases, the comparison rather suggests an influence of the GoF on the chlorophyl
content of the sea in this area, as on April 01 and August 24.

We conclude that the [Chl] patterns along the coasts of the GoL reflect not only dynamical
processes but also biogeochemical processes due to the various coastal inputs that exist in the region.

4.2. Qualitative comparison between modeled surface fields and chlorophyll maps

We do not seek any more exact colocalizations of the structures nor relationships between
chlorophyll and salinity. The regions termed A-E in section 4.1, where chlorophyll concentration can
be affected by local upwellings and by local inputs, which are not included in the model, will not be
considered.

The comparison exhibits four classes of cases:

- Class I good overall agreement between [Chl] and SSS fields (42.5% of the total number of
observation dates). On Figure 4: February 5, 10, 23; March 14, 27; April 1; May 8, 19; July 21;
September 2, 26. For these cases, surface waters of salinity lower than 37.5 generally correspond il
shape and in area to waters of chlorophyll concentration greater than 0.8 mg m

- Class II: good overall agreement as before but restricted to the eastern part of the GoL
(32.5% of cases). On Figure 4: April 12; May 26, 29; June 7, 14, 21, 28, 30.

- Class lll: good overall agreements only near the Grand and/or Petit Rhéne river mouths
(17.5% of cases). On Figure 4: July 7, 11; August 22, 24.

- Class IV: poor agreement (7.5% of cases). On Figure 4: April 26.

From model results, the eastern-southern limits of the waters of low salinity often coincide with
a horizontal shearing of the surface currents. Outside these dynamical (frontal) regions, we did not
notice any clear correlation between chlorophyll patterns and local characteristics of the current field,
especially within the lenses of low salinity water (e.g. Figure 4: February 23). Such an investigation
was made using the vector maps at full resolution (and not on the under-sampled vector maps of
Figure 4). This demonstrates that the chlorophyll content of a satellite image in the GoL refer to
salinity rather than to surface dynamics. In other words, surface dynamics can be inferred from a [Chl]
map but insofar as salinity features express these properties. It is not always the case and this is nc
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surprising from a fundamental point of view since velocity and salinity are independent variables of
the model.

Many examples in classes | and Il show the influence of the NC on the eastern-southern
boundaries of the low salinity-chlorophyllian region (e.g., Figurédy 26; June 7, 14, 21). The
specific influence of the NC is less apparent in Mistral-Tramontane wind conditions because the
offshore wind-induced circulation and the NC are more or less parallel (Figure 4: February 10, March
14, April 12, June 28). In the example of the Mistral event Figure 4: February 23, the eastern-southern
limit of both SSS and [Chl] patches correspond to the wind-induced frontal boundary of the plume and
is not directly related to the NC influence (the NC is flowing south of this zone).

The bloom episodes are interesting because for three of them (Figure 4: March 27, April 1,
May 8) the eastern-southern limit of the low salinity-chlorophyllian region correspond to the NC
influence in such a way that the NC vein appears as an oligotrophic vein separating two waters masse
rich in chlorophyll. The relative oligotrophy of the NC is widely recognized (e.g. [46,43]. This effect is
less marked on March 14 but that date corresponds to a Mistral event for which we can expect a
horizontal mixing of the surface waters.

Class lll cases correspond to the summer, oligotrophic period where [Chl] values are very low
in the major part of the GoL. The summer period also corresponds to low river discharges resulting in
a less extended dilution plume than in the first half of the year. In these conditions, the offshore [Chl]
field is only weakly or very weakly contrasted. Relatively high [Chl] values can be found along the
coasts where, apart from the cases reported for zones A-F, an overall good agreement with the shape
the plumes along the northern coastline is observed.

5. Discussion

Three reasons at least can explain the poor correlation between salinity and chlorophyll data
that was found when comparing the images on a pixel basis.

First, there is a priori no unique relationship between salinity and chlorophyll concentration due
to the diversity and complexity of the biological processes controlling the presence of chlorophyll
pigments in the surface layer in the GoL. For example, no correlation was found between [Chl] and
SSS values in upwelling coastal areas, which is not surprising since there, surface chlorophyll is
mainly governed by locally upwelled nutrients than by the influence of the Rhéne.

Furthermore, the biological activity is well known to vary with season and then we can expect a
seasonal variability of the differences between chlorophyll and salinity surface values. This is
especially evident on [ChI] images showing planktonic spring bloom manifestations: in these cases
chlorophyll patterns can be observed in areas, south of the GoL, which are not reached by the Rhon:
waters. This is also clear on most of the [Chl] images acquired during summer and the beginning of
autumn where the general oligotrophic conditions make chlorophyll contrasts weak in the offshore
region.

Figure 9illustrates the seasonal character of the surface chlorophyll content in the GoL. It
shows the monthly means of [Chl] computed from SeaWiFS imagery over 4 years, here too provided
by the Inland and Marine Waters Unit, Joint research Center. July to September statistically show very
low concentrations in the major part of the GoL whereas they are maximum from March to May.
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These observations from SeaWiFS imagery on the seasonal chlorophyll variability are consistent with
our knowledge of the biological activity in the northwestern Mediterranean [46].

Furthermore, we can expect that in the Rhdne river plume and elsewhere where surface color is
dominated by terrigenous matter and/or colored dissolved organic matter (yellow substance),
SeaWiFS-derived [Chl] estimates are not safe. This question addresses the difficult problem of satellite
data inversion in Case 2, coastal waters (e.g., recently, [47-49]. In addition, a possible source of
uncertainty concerning satellite-derived [Chl] data lies in the possible effects of stratification
(homogeneous layers are generally considered in bio-optical algorithms used in the inversion scheme
of satellite data), especially -but not only- in the vicinity of the Rhéne estuary. That question will not
be addressed here despite its potential importance, as it was demonstrated by [50] concerning tote
suspended matter estimates from remote sensing techniques in stratified turbid waters in the Rhéne an
Elbe (Spain) plumes.

Lastly, it is accepted that no high resolution coastal model, even very efficient, can reproduce a
physical situation which would correspond exactly to reality at the scale of a basin as the GoL, due to
mesoscale circulation, wind forcing, physical assumptions of the model, etc. In particular, we can
expect mislocalization effects biasing the comparison of colocalized salinity and chlorophyll fields.
Such effects can be observed for patterns that are present, but not exactly at the same places, on bc
SSS and [Chl] maps e.g. on February 10 (Rhéne plume), June 14 (pronounced eddy to the south of th
Rhéne estuary).

Apart for spring bloom events and chlorophyll structures associated with upwellings or coastal
inputs, we observed that the shape of surface [Chl] and modeled SSS lenses, defined by isoline:
0.6 mg n?® and 37.5 respectively, often well resembled. This shows that a [Chl] satellite-derived map
can be considered as a good tracer of the Rhone ROFI in terms of surface salinity and then can provid
valuable information on important dynamical properties concerning, e.g., the shape of the primary
Rhone plume, the extension of the Rhéne ROFI, the influence of external forcings on the ROFI (outer
currents, wind), eddy structures etc. But this conclusion must be nuanced.

Firstly, it was demonstrated that the signature of the Rhéne ROFI on SeaWiFS images was
modulated by the overall chlorophyll content of surface waters. So, chlorophyll images, in particular in
summer, can underestimate the offshore ROFI extent.

Secondly, for the cases belonging to Class Il, the ROFI is only partially marked in its eastern
part whereas the western part shows a deficit of chlorophyll. This could be explained by a deficiency
of the model to represent the dilution zone in this region. We think that, more likely, local conditions
of oligotrophy prevent the detection of the ROFI in this area. Then Class Il and Class Il are similar
and only differ by the spatial distribution of the phytoplanktonic activity over the GoL.
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Figure 9. The mean monthly chlorophyll distribution in the GoL from SeaWiFS
imagery for the period 1998-2001.

6. Conclusions

A comparative study of the chlorophyll spatial patterns at the ocean surface observed by
SeaWiFS and the results of the hydrodynamical model MARS-3D was performed over the GoL for the
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year 2001. Forty dates, which corresponds to the availability of satellite images of good quality, were
studied in detail. The comparison of colocalized [Chl] and SSS data showed that there was no definite,
unique, relationship between these two quantities. However, examination and analysis of [Chl] and
SSS images revealed significant morphological similarities between them, especially concerning the
Rhone ROFI. Moreover, signatures of the NC were observed on [ChI] images. Also, lenses of
enhanced chlorophyll were observed near the coasts, due to possible upwelling events but also tc
inputs of rivers, ponds and channels, not taken into account in the model, into the sea.

We conclude that water color imagery can be useful for investigating surface dynamics
processes in the GoL but in a quite qualitative manner, in particular close to the coasts where
biochemical processes can dominate. Furthermore, we observed a seasonal variability of the tracability
of the ROFI by chlorophyll and, in some cases, a partial tracability due to local chlorophyll deficits in
the western part of the GoL. This must be taken into account when interpreting chlorophyll maps in
terms of surface dynamics.
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