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seaward estuarine circulation toward the strait is limited. It can be attributed to the lateral 

resolution of the circulation model (5 x 5 km) that may reduce the model's ability to resolve 

circulation in this area. Nevertheless, sediments should not be a major constituent 

accounting for turbidity in the open waters of the western GSL where high remotely sensed 

ChI a are retrieved. 

CDOM, which has been shown to significantly impact the optical properties of the St. 

Lawrence estuarine waters with a decreasing spatial gradient from the LSLE toward the 

GSL [Nieke et al., 1997], is a more likely factor to explain the overestimation of the 

OC4vA ChI a retrieval in the estuarine waters of the GSL. CDOM has been also reported to 

contribute to the light attenuation in the MS [Larouche, 1998; 2000] showing an inverse 

correlation with salinity. While not shown here, CDOM absorption values derived from the 

Garver-Siegel-Maritorena (GSM) semi-analytical model [Maritorena et al., 2002] provided 

by SeaDAS v4.5 were found to superimpose quite weIl with the OC4vA-derived spatial 

patterns, especially along the coasts and in areas impacted by the estuarine waters. 

However, the remotely sensed CDOM absorption generally reached unrealistically high 

values concomitantly with high ChIasat and simulated lep values. While Nieke et al. [1997] 

report CDOM absorption coefficients up to 1.3 m- I
, remotely sensed estimates greater than 

2 m- I represented up to 11 % of the SeaWIFS data. The GSM model being tuned from a 

specific and global scale dataset and optimized for non-polar Case 1 waters, as the OC4vA 

algorithm, it is also inappropriate for the Gulfs turbid waters which are rather of Case 2. 

Negative and non-zero water-leaving radiances (Lw) are reported in our SeaWIFS data in 

the blue domain (412 nm and 443 nm) and in the near infrared (765 nm and 865 nm), 



107 

respectively, especially in areas impacted by freshwater. Erroneous reflectance at 412 nm 

and 443 nm, where CDOM absorption is at its maximum, lead to unrealistic CDOM 

absorption coefficients retrieved by the GSM model and may be caused by a wrong 

atmospheric correction. Atmospheric corrections thus appear as a key stage in the Sea WIFS 

data processing for the Gulfs waters. Their improvement has been shown to allow a better 

determination of Lw in Case 2 waters, such as limiting the number of negative values in the 

blue part of the spectrum [Lavender et al., 2005]; However, erroneous atmospheric 

corrections are unlikely to affect the consistency of the mesoscale spatial patterns produced 

by SeaWIFS. Absorption by allochtonous CDOM drained by land runoff and transported 

by the regional estuarine circulation is then the most probable explanation for the 

discrepancy between the simulated and SeaWIFS-derived Chl a. 

4. Tracking the estuarine circulation and the associated mesoscale activity 

In coastal waters, CDOM originating from land runoff is mainly composed of 

refractory compounds [Blough and Del Vecchio, 2002]. It has been suggested that the 

remotely sensed CDOM signature could be used to track freshwater flows in coastal waters 

[e.g., Nieke et al., 1997; Siddorn et al., 2001; Coble et al. , 2004] or even infer salinity fields 

in shelf seas under freshwater influence [Binding and Bowers, 2003]. Considering the 

hypothesis of a strong imprint of allochtonous CDOM on the Sea WIFS Chl a retrievals, the 

Sea WIFS composites rnay be used to validate the simulated estuarine circulation. 

Coincident with high sirnulated turbidity, the SeaWIFS estimates are particularly high in 

the LSLE and NWG in spring and early summer (Figures ill-4 and III-5), following the 
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freshwater mnoff maximum in May. A similar situation also occurs along the Gaspé 

Peninsula showing the spreading of the estuarine waters that extends far onto the MS. 

Relatively high freshwater-associated turbidity is also encountered in the Baie des Chaleurs 

which receives the freshwater discharge of 4 rivers located along its shores and the surface 

waters of the seaward estuarine flow [Gan et al., 2004]. In early August, the high simulated 

turbidity on the MS (Figure ill-6) shows the advection of the main estuarine plume from 

the NWG toward the MS in summer, while the turbid estuarine waters are now restricted to 

the LSLE and the southern NWG due to the seasonal decrease of the St. Lawrence runoff. 

Overall, both simulated turbidity and Sea WIFS spatial patterns superimpose at this time but 

the remotely sensed signature does not follow the intensity of the simulated turbidity 

plume. Long exposure in the weIl illuminated surface layer can lead to CDOM 

photodegradation [e.g., Moran et al., 2000; Whitehead et al., 2000], a process which is not 

considered in the mode!. Hence, the high-simulated turbidity of the main estuarine plume 

on the MS in early August (Figure ill-6) may be overestimated. Later in summer, both 

simulated turbidity and remotely sensed ChI a fields exhibit similar spatial patterns around 

the Cap Breton (Figure ill-7) and show the preferential outflow of the estuarine waters in 

the southwestern part of Cabot Strait, as generally observed [e.g., Koutitonsky and Bugden, 

1991]. 

At finer scale, the circulation is strongly impacted by mesoscale instabilities of the 

buoyancy-driven Gaspé Current which is the preferential way for the outflow of the 

estuarine waters towards the GSL [EI-Sabh, 1976; Tang, 1980a; Benoit et al., 1985; Mertz 

et al., 1988; Koutitonsky and Bugden, 1991; Mertz et al., 1991]. During spring and early 
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summer (Figures ill-4 and ill-6), the Gaspé Current interacts with a prominent cyclonic 

gyre in the NWG [El-Sabh, 1976, Sévigny et al., 1979, Tang, 1980b]. The simulated fields 

of surface currents and kp show a partial recirculation of the estuarine waters in the gyre 

and a marked offshore displacement of the jet associated to an anticyclonic eddy in the 

northwestem USt. The offshore circulation of the jet and the associated frontal structures in 

the USt are weIl known features [El-Sabh, 1976; Lacroix, 1987; Mertz et al. , 1988, 1989; 

Sheng, 2001]. High Chlasat values are found in the anticyclonic eddy, where the turbid 

estuarine waters simulated by the model are trapped. In summer and fall, the model 

produces smaller wave-like instabilities (Figures ill-6-8) also reported in the literature 

[Tang, 1980a; Mertz et al., 1988]. The smaller anticyclonic eddies associated to these 

structures retain the estuarine turbid waters along the Gaspé Peninsula. While not strictly 

coincident in space, spatial patterns similar in shape and size are generally evidenced in the 

SeaWIFS composites by high Chlasat values, especially in early August (Figure ill-6). 

These patterns are less obvious in the SeaWIFS composite of late August (Figure ill-7) 

probably because of a mixed contribution of Chi a and CDOM in the retrievals (see section 

ill.2). In October (Figure ill-8), both the model and SeaWIFS suggest a lower mesoscale 

activity with smaller and more spaced instabilities. 

The main estuarine circulation being driven by salinity gradients, the mesoscale 

patterns are not systematically evidenced by the SSTsat or the SSTsim• At mesoscale, the 

response time of SST to heat fluxes is longer than the time scale associated to the 

phytoplankton uptake [Mahadevan and Campbell, 2002]. The temperature gradients are 

generally weak, except in October (Figure ill-8) when SST saI> SSTsim, simulated kp, and 
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Sea WIFS retrievals show coherent spatial patterns in the NWG and USt. At the same date 

in the NEG, substantial Chlasim concentrations (2.25 mg m-3
) contrasting with poorer 

adjacent waters « 1 mg m-3) are associated to low « 6°C) SSTsirn and SSTsat• A pattern 

similar in shape is evidenced by the Sea WIFS Chl a retrievals but in continuity with a 

nearshore fringe of high values extending farther westward. This fringe that extends along 

the NS cannot be explained by the simulated turbidity nor a simulated upwelling-induced 

increased production for reasons still not elucidated at this time. Nevertheless, a similar 

event of increased primary production in the NEG during fall has already been described in 

Le Fouest et al. [2005]. This situation, also supported by a SeaWIFS ChI a composite, has 

been shown to he related to pulsed inflows of Labrador Sea water spreading along the NS. 
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CONCLUSIONS 

Faced with the challenges of climate change and sustainable development, modem 

oceanography has favoured the emergence of new observation and predictive tools. Remote 

sensing and numerical modelling have considerably evolved in the last two decades to infer 

the oceanic variability with a high spatial and temporal resolution hard to achieve with field 

surveys. The joint use of remote sensing and numerical modelling has recently allowed the 

development of operational oceanography systems, following the path taken in operational 

meteorology over the past few decades. Data assimilation from a variety of platforms, both 

in situ (e.g., the ARGO program) and remote (aircraft and space sensors), increases the 

short-time scale predictive ability of numerical models [see for recent examples Kamachi et 

al., 2004; Masina et al., 2004; Molcard et al., 2005; Belyaev et al., 2005] and is not limited 

anymore to physical variables but also biological ones like algal pigments [e.g., Friedrichs, 

2002; Hoteit et al. , 2003; Natvik and Evensen, 2003; Ibrahim et al., 2004]. Because of the 

need to estimate carbon fluxes at global scale, the improvement of the numerical models 

performances using satellite-derived data have primarily focused on the global ocean while 

the more complex physics and optics of the coastal ocean have long been limiting for the 

same applications. Nevertheless, projects specifically devoted to the coastal environment, 

such as the HyCODE program [e.g., Dickey, 2004; Chang et al., 2004], are now emerging 

following recent advances in optical instrumentation and coastal modelling [e.g., Garcia-

Gorriz et al., 2003; Barron et al., 2004; Di Lorenzo et al., 2004, Kurapov et al. , 2005] . This 
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trend will strengthen in the near future given the key role of continental margins in the 

global carbon cycle [e.g., Muller-Karger et al., 2005]. 

As a contribution to this general framework, we presented a study using synoptic 

AVHRR-derived SST and SeaWIFS ocean color data to validate the regional 3-D high-

resolution physical-biological coupled model of the Gulf of St. Lawrence. The simulated 

and remotely sensed SST both provided a good estimate of in situ records and are strikingly 

in agreement in their spatial patterns, both at the mesoscale and regional scale. The 

comparison of the simulated and remotely sensed Chl a with in situ measurements revealed 

an overestimation by Sea WIFS in the estuarine waters, suggesting that the satellite Chl a 

retrieval is contaminated by auxiliary optically active water constituents (mainly CDOM), 

thus impeding the quantitative validation of the simulated surface Chl a concentrations. 

Nevertheless, the SeaWIFS spatial patterns have been shown to superimpose quite weIl 

with the freshwater-associated turbidity simulated by the model and have been used to 

validate the mesoscale to seasonal variability of the regional estuarine circulation. To fully 

exploit the Sea WIFS information, Case 2-adapted data processing for an accurate Chl a and 

eDOM absorption retrieval in the GSL waters is required before these fields can be 

assimilated in 3-D coupled physical-biological models. SeaWIFS and other recently 

launched sea color instruments (MODIS and MERlS) provide daily and high spatial 

resolution data which, complemented with the Gulf monitoring database (AZMP) , would 

allow a more accurate validation of the model results both in space and time. The 

improvement of a robust tool associating remote sensing, real-time monitoring, and 3-D 

physical-biological modelling is necessary in a perspective of operational biological 
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oceanography. A fmer validation of the physical-biological links from the mesoscale to 

regional and seasonal scales would also increase the ability of the model to respond with 

sorne confidence to c1imate change scenarios. 
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IV. IMPACT OF FRESHWATER-ASSOCIATED TURBIDITY 

ON PHYTOPLANKTON IN A HIGHL Y DYNAMIC SHELF SEA: A 

MODELLING STUDY IN THE GULF OF ST. LAWRENCE (CANADA) 
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ABSTRACT 

The Gulf of St. Lawrence (GSL) is a highly dynamic sub-arctic inland sea that 

receives a substantial freshwater runoff from the St. Lawrence River. Its outflow forms an 

estuarine plume that flushes the western GSL before reaching the Scotian Shelf. The plume 

presents distinct optical characteristics than the dearer Gulfs waters but little is known 

about its effects on phytoplankton dynamics. In this study, we used a 3-D high-resolution 

physical-biological model to investigate the impact of freshwater-associated turbidity on 

phytoplankton dynamics in the GSL. The use in the model of a salinity-dependant diffuse 

attenuation coefficient associated to nonchlorophyllous matter allowed to simulate the 

influence of water turbidity on plankton dynamics. By delaying the spring bloom timing, it 

led to its improved representation in the Lower St. Lawrence Estuary whose dynamics is 

strongly influenced by the seasonal freshwater runoff. Moreover, simulated nitrate 

concentrations were increased and found to be in better accordance with space and time 

coincident in situ measurements at two fIxed stations located within the seaward estuarine 

outflow. Increased lateraI nitrate fluxes in the surface layer were aIso more consistent with 

those reported in the literature. However, because of the lower nutrient uptake associated to 

a stronger light limitation, primary production resulted highly suppressed in the estuarine 

plume reaching unrealistic rates in reference to previous studies. This apparent paradox 

highlights the need for an improved modelling of the phytoplankton response to the turbid 

and highly dynamic environments that characterize the St. Lawrence, a prerequisite in a 

perspective of operationaI biologicaI oceanography. 
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INTRODUCTION 

The Gulf of St. Lawrence (hereafter GSL) is a highly dynamic sub-arctic inland sea 

that receives a substantial freshwater runoff (350 km3 yr-l) from the St. Lawrence River. 

This runoff contributes significantly to the freshwater input into the North-Atlantic Ocean. 

The estuarine waters control the intensity of the buoyancy-driven circulation of the 

northwestern Gulf characterized by a coastal jet, the Gaspé Current. This circulation feature 

is of major importance for planktonic production in this part of the GSL [Levasseur et al. , 

1992; Fortier et al., 1992] but aIso in conterminous subregions [Le Fouest et al., 2005]. 

The seasonaI freshwater discharge influences the zooplankton distribution in the MagdaIen 

Shallow [de Lafontaine et al., 1984; Runge and Simard, 1990] and was shown to correlate 

with crustacean and fish landings in this subregion [Drinkwater et al., 1991]. The Gaspé 

CUITent is aIso considered as the main route for nutrient transport from the productive 

northwestern subregions toward the more stratified and nitrate-poor MagdaIen Shallow 

[Savenkoff et al., 2001]. 

An aspect less investigated concerns the impact of the turbidity of the St. Lawrence 

estuarine waters on plankton production. However, substantiaI concentrations of auxiliary 

optically active constituents, i.e., minerai and organic sediments and coloured dissolved 

organic matter, are drained from the continent toward the GSL to make opticaI properties 

there more complex than in the open ocean. They constrain the light field experienced by 

phytoplankton by reducing the penetration of the photosyntheticaIly available radiation 

needed for growth. Indeed, the estuarine opticaI signature can extend far into the western 
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GSL, as shown by substantiallight attenuation in the Magdalen Shallow associated to lower 

salinity and higher CDOM levels [Larouche, 1998]. In the previous study of Le Fouest et 

al. [2005], the use of a constant attenuation coefficient related to nonchlorophyllous matter 

fitted for more oceanic waters (e.g., the eastem GSL) failed in reproducing the 

phytoplankton seasonal cycle in the Lower St. Lawrence Estuary (LSLE) presenting Case 2 

optical characteristics [Rabin et al. , 1993; Nieke et al., 1997; Jacques et al., 1998]. This 

result brought sorne evidence that the simulated light field was determinant for the bloom 

timing in the freshwater-influenced subregions of the GSL. 

Tridimensional coupled physical-biological models are widely used to quantify 

nutrient budgets and primary production in shelf seas [e.g., Neumann, 2000; Skogen and 

Moll, 2000; Grégoire and Becker, 2004]. While eutrophication scenarios have been 

extensively simulated using 3-D regional models [e.g., Barreta et al. , 1994; Lancelot et al. , 

2002; Korpinen et al., 2004; Neumann and Schemewski, 2004; Skogen et al. , 2004], ooly 

few studies have specifically focused on the influence of the freshwater-associated turbidity 

on marine coastal phytoplankton dynarnics [e.g., Walsh et al., 2003; Huret et al. , 2005]. In 

the GSL, however, turbidity has been shown to be of major importance as evidenced by the 

good agreement between SeaWIFS sea color data and simulated turbidity fields in spring, 

summer and fall [Le Fouest et al. , in revision, 2005]. In this modelling study, the impact of 

freshwater-associated turbidity on phytoplankton dynarnics in the GSL is exarnined. We 

attempt to quantify the influence of the estuarine plume on seasonal phytoplankton 

dynarnics, primary production and nitrogen fluxes in the GSL through the comparison of 

two runs that distinguish by the formulation of the diffuse attenuation coefficient associated 
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to nonchlorophyllous matter (fixed vs salinity-dependant). In regard to the se results, the 

perfonnances of the two model configurations are evaluated and the development 

perspectives discussed. 
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THE COUPLED MODEL 

A detailed description of the planktonic ecosystem model and its coupling to the 

primitive equation physical model of the GSL [Saucier et al., 2003; 2004] can be found in 

Le Fouest et al. [2005; in revision]. Briefly, the physical model consists in a shallow water 

and tracer conserving hydrostatic ocean model complemented with a level 2.5 turbulent 

kinetic energy equation [Mellor and Yamada, 1974, 1982]. It is coupled to a dynamic and 

thermodynamic two-layers sea ice and one-layer snow coyer model [Semtner, 1976; Hunke 

and Dukowicz, 1997]. The heat fluxes between the ocean, sea ice and the lower atmosphere 

are govemed by bulk aerodynamic exchange formulas. The Canadian Operational Weather 

Forecast Model provides three-hourly atmospheric forcings including air temperature, dew 

point, surface winds, light, cloudiness, precipitation and surface pressure. Monthly and 

daily runoff data of the St. Lawrence River and 28 main tributaries, respectively, and 

hourly water levels (co-oscillating tides) and monthly mean temperature and salinity 

prescribed at the oceanic boundaries (Cabot Strait and Strait of Belle-Isle) provide the 

hydrologic and oceanic forcings of the model. The 1/220 resolution 3-D model extends 

from Cabot Strait and Strait of Belle-Isle to the upper limit of the tidaI influence near 

Quebec. From the surface to 300 m depth, the cell thickness is 5 m and lOto 20 m below, 

with free surface and bottom layers adjusted to sea level and topography, respectively. 

The planktonic ecosystem model coupled to the sea ice-ocean model includes the 

herbivorous (nitrate; large phytoplankton [> 5 JlIll]; mesozooplankton [200-2000 ~]; 

particulate organic matter) and microbial food webs (ammonium; small phytoplankton [< 5 
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J.1Ill]; rnicrozooplankton [20-200 J.UIl]; dissolved organic matter). Generic formulations 

using mean parameters found in the literature [see Le Fouest et al., 2005] drive the nitrogen 

fluxes between the compartments. Biological variables are calculated in mmol N m-3 and 

algal biomass is converted in chIorophyll a (ChI a) units using a molar CIN ratio of 106/16 

[Redfield et al., 1963] and a C/ChI a mass ratio of 55 [Sinclair, 1978; Rivkin et al. , 1996] . 

The initial and boundary conditions of nitrate and Chl a of the model are derived from in 

situ data from faIl 1997 through the Atlantic Zone Monitoring Program [AZMP; Therriault 

et al., 1998] database. For the remaining biological compartments, initial and boundary 

conditions are the same than those used in Le Fouest et al. [2005]. Monthly climatological 

means of in situ nitrate and ChI a concentrations (Chifflet M, unpublished results) were 

prescribed at Cabot Strait and the Strait of Belle-Isle. 

The model of light propagation in the water column follows the Beer-Lambert's law 

and takes into account the diffuse attenuation by pure seawater, ChI a, and 

nonchIorophyllous matter. The model is ron with two configurations of the attenuation by 

nonchIorophyllous matter (hereafter kp). The [Ifst one implies the use of a fixed coefficient 

(0.04 m-1
) that was fitted to obtain a simulated euphotic zone consistent with the 

observations in the GSL [see Le Fouest al., 2005]. In the second one, kp is set to vary with 

the model salinity. This formulation finds support in the inverse linear relationship that 

links the CDOM absorption to salinity in the GSL [Nieke et al., 1997] and other coastal 

waters [e.g., Ferrari and Dowell, 1998; Kowalczuk, 1999; Siddome et al., 2001; Keith et 

al., 2002; D'Sa and Miller, 2003]. This simulated bulk turbidity is then assumed to be 

mainly associated to terrestrial CDOM without in situ degradation. The linear equation 
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between lep and salinity (see Figure ill-2 in Le Fouest et al., in revision, 2005) was derived 

from in situ data (salinity, ChI a, and total attenuation coefficient) obtained from four 

SeaWIFS validation croises conducted in fall 1997-1998, summer 1999, and spring 2001 

for a total of 63 stations covering the whole Estuary and Gulf. The values of kp are 

calculated by subtracting the attenuation coefficient due to ChI a (see eq. 6 in Le Fouest et 

al. , 2(05) and the attenuation coefficient for pure seawater (set to 0.04 m-I; Morel, 1988) 

from the measured total attenuation coefficient. The linear equation (kp = -0.0364 Salinity + 

1.1942, ~=Ü.71), is closed in the model by two salinity thresholds at 26 (kp=Ü.25 m-I) and 

32 (kp=Ü.03 m-I
). 
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RESULTS 

The yearly- and depth-averaged (0-10 m) simulated currents, salinity and kp (Figure 

IV -1) illustrate the mean surface circulation of the estuarine waters in the GSL. Fresh and 

turbid waters from the St. Lawrence, Saguenay and Manicouagan-aux Outardes rivers are 

flushed from the Estuary toward the northwestern GSL (hereafter NWG), where they drive 

the Gaspé Current, a coastal jet known to he the preferential way for the outflow of the 

estuarine waters. When leaving the Unguedo Strait (hereafter USt), the plume spreads in 

the Magdalen Shallow (hereafter MS) or flows seaward through the southern Laurentian 

Channel (hereafter SLC). At Cabot Strait, the surface waters leaving the southern MS near 

Cape Breton join the seaward circulation over the deep Laurentian Channel to reach the 

Scotian Shelf. The mean distribution of the simulated salinity-dependant kp shows values 

increased by up to half an order of magnitude (0.22 m- I
) in the LSLE, when compared to 

the fixed kp used in the control run (0.04 m- I
). Mixing hetween the estuarine and saltier 

waters leads to a decreasing North-South gradient in the estuarine plume but values remain 

two to four times higher (0.08-0.16 m- I
) in the MS and increase inshore. Consequently, the 

depth of the euphotic zone (Ze) shows greater spatial variations than when using a fixed kp 

(Figure IV-2). In this case, slight variations in Ze (Ze - 30-40 m) in the western Gulf are 

mainly due to phytoplankton self-shading, the strong decrease inshore being due to depth 

limitation (depth lower than Ze). Using a salinity-dependant turbidity highly reduces Ze in 

the freshwater impacted areas with values that are now 10-20 m in the LSLE, the Gaspé 

CUITent and on the western MS but always close to 30 m in the NEG. 
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Figure IV-l. Annual mean of the depth-averaged (0-10 m) salinity (with currents overlaid) 

and kp for the run using a variable kp. 
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Figure IV -2. Annual mean of the depth of the euphotie zone for the run using a fixed or a 

variable kp. 
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This change in the simulated light conditions has a strong impact on the simulated 

phytoplankton production especially in the estuarine plume where light limitation is more 

pronounced. Both new and regenerated productions are impacted, especially in the LSLE 

where they are the most suppressed (Figure IV -3). By contrast, comparable Ze in the 

eastern GSL translate into a limited effect on primary production. Phytoplankton growth 

rate being set as the lowest of the light- and nutrient-based estimate (Liebig's law), this 

marked light limitation decreases nu trient assimilation in the more turbid plume that is 

associated to higher ammonium and nitrate concentrations (Figure IV -4) near twice those 

simulated using a fixed kp. The ammonium concentrations are near 1 mmol m -3, close to the 

imposed initial conditions [see Le Fouest et al., 2005]. The highest nitrate concentrations 

are simulated in the LSLE and NWG in both runs as a consequence of tidal upwelling of 

cold nutrient-rich intermediate waters occurring at the head of the Laurentian Channel 

[Steven, 1974; Greisman and Ingram, 1977; Gratton et al., 1988; Saucier and Chassé, 

2000]. Decreasing nutrient assimilation due to turbidity in the LSLE leads to a higher 

nutrient concentrations in the outflowing estuarine waters that can be seen downward on 

the western MS. As a result, all the western part of the GSL shifts from a nutrient-limited to 

a light-limited mean state (Figure IV-5). Comparatively, changes are of lesser extent in the 

NEG, the whole subregion being still in a nutrient- limited mean state, and are limited to a 

thin fringe near the north coast and in the Jacques Cartier Strait (hereafter JCS) due to 

freshwater inputs from numerous tributaries. Sea ice melt may also affect the surface 

salinities and then the kp values in these two areas where the seasonal sea ice coverage is 

the highest of the NEG. Regarding surface (0-10 m) integrated ChI a, concentrations in the 
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Figure IV-3. Yearly- and depth-integrated (0-45 m) new and regenerated primary 

production (PP; g C m-2 yr-l) for the run using a fixed or a variable kp. 
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Figure IV -4. Annual mean of the depth-averaged (0-10 m) nitrate and ammonium, and 

depth-integrated (0-10 m) ChI a for the run using a flxed or a variable kp. 
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Figure IV-5. Annual mean of the depth-averaged (0-10 m) growth rates of large and small 

phytoplankton (LP and SP, respectively) for the run using a fixed or a variable lep. Because 

the two phytoplankton groups show the same response to light, only one panel is presented 

for both size classes. 



128 

LSLE are reduced by a factor two in average while they are slightly higher in the NWG and 

on the MS probably due to the advection of algal biomass. 

These changes in nutrient and light conditions have major implications on the 

seasonal cycle of phytoplankton. Figure IV -6 shows that turbidity adds to sea ice in 

controlling the timing of the spring bloom. In the estuarine turbid waters, the bloom onsets 

up to two months later in the LSLE and the delay shortens as the estuarine influence 

decreases from the LSLE to the MS. By contrast, thebloom shows a similar timing in the 

USt in both runs. Lower Chl a levels in the Gaspé CUITent, impacted by higher kp values, 

are compensated by higher biomass along the Anticosti · Island. The spring bloom that 

occurs three weeks later in the SLC is associated to the offshore branch of the estuarine 

outflow. Freshwater inputs from numerous tributaries along the north coast also affect the 

spring bloom timing which is delayed from few days to one week in the NEG and JCS, 

respectively. As noted above, sea ice melt may also contribute to this effect. In summer, 

changes in phytoplankton dynamics mainly occur in the subregions most freshwater-

influenced, such as the LSLE, the northwestem GSL (hereafter NWG) and the JCS. In the 

JCS, phytoplankton biomass is suppressed by 62 % in July as a result of an increased river 

discharge in the area. Because of the freshwater-associated turbidity and its impact on the 

spring bloom timing, two peaks of phytoplankton biomass of comparable intensity occur in 

the LSLE and NWG in late spring and August. The summer peak coincides with the 

seasonal minimum of the St. Lawrence and NWG rivers discharge. Indeed, in the LSLE, 

the monthly- and spatially (laterally and from the surface to 45 m)-averaged kp value faUs 
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Figure IV -6. Mean seasonal cycle of total ChI a (integrated between 0-45 m) and sea ice 

concentration for the numerical domain as a whole and subregions of the GSL cited in the 

text. The black and red lines correspond to the run using a flxed and variable kp, 

respectively. 
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from 0.17 m-I in July to its seasonal minimum in August (0.12 m-I
). Similarly, the peak of 

biomass simulated in the JCS in August coincides with the seasonal minimum discharge 

from the neighbouring rivers. A fall bloom of relatively small intensity (- 30 mg ChI a m-2
) 

occurs in October in all subregions following a strong wind event, except in the LSLE 

where turbidity remains sufficiently high to limit phytoplankton growth. Indeed, averaged 

over the LSLE, the mean lep value in October reaches 0.18 m- I at the surface and 0.14 m-I 

when averaged over 45 m. By contras t, in the NWG, where a still marked faU bloom 

occurs, the mean kp value is 0.11 m-I at the surface and 0.08 m- I when averaged over 45 m. 

In all subregions, the shallowing of the productive layer depth translates into lower 

simulated primary production (Table IV-l). The LSLE and the NWG are the most impacted 

subregions exhibiting a 70 % and 38.4 % decrease of the primary production, respectively, 

and the highest shallowing of the mean productive layer (47.1 % and 33.6 %, respectively). 

In the LSLE, tidal and wind mixing of the fresher and more turbid surface waters with the 

deeper layers leads to the occurrence of high kp values at depth, e.g., episodically up to 0.13 

m- I at 45 m (Figure IV -7). Figure IV -7 also shows the marked shallowing (more than 20 m 

of amplitude in June) of the nutricline occurring in spring and summer when the kp values 

are close to their maximum in the frrst 10 m of the water column. Hence, while not 

nutrient-limited, phytoplankton growth is impacted by lower light levels penetrating in the 

upper layer. In the JCS, where tidal mixing is also a major process for primary production, 

primary production shows a higher decrease (27.1 %) than in the MS (15.4 %). By contrast 

to the MS, where nu trient replenishment from depth is precluded due to its shallow 

bathymetry, subsurface increases of primary production associated to the shoaling of the 
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Table IV-l. Mean annual primaty production of the GSL and its subregions (g C m-2 yr-l). 

AlI grid LSLE NWG USt MS SLC l NEG JCS 1 

Fixed kp 72.4 192.7 94.7 75.7 66.8 75.6 67.4 80.3 

54.8 57.8 58.2 72 56.5 66.7 62.1 58.5 
Variable kp 

(-24.3 %) (-70 %) (-38.5 %) (-4.9 %) (-15.4 %) (-11.8 %) (-7.8 %) (-27.1 %) 
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Figure IV-7. Time series of the vertical distribution lep (m-1
). The nutricline from the ron 

using a flxed lep (black dashed line) and a variable lep (black line) are overlaid. 
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nitracline substantially contribute to the annual primary production of the JeS [see Le 

F ouest et al. , 2005]. The main difference between the two runs occurs in summer in the 

narrower (30 km) and shallower « 100 m) part of the strait (not shown here). Similarly to 

the LSLE, the fresher and more turbid waters poured out by rivers are mixed with the 

deeper layers reducing thus light penetration and preventing the formation of a deep Chi a 

maximum. 

As a consequence of lower light availability for phytoplankton growth, the new 

primary production simulated by the model shows a reduction of 20.4 %, impacting 

especially the large size fraction of phytoplankton (-21.3 % vs -14.3 % for the small 

fraction). Indeed, large phytoplankton dynarnics is mainly controlled by nitrate availability 

whereas the non-sinking small phytoplankton rather grows on recycled ammonium. 

Interestingly, the simulated regenerated primary production is more suppressed with a 

reduction of 28.8 %. This result can be explained by the lower ammonium production (-

24.7 %) that depends of the food webs' activity and, similarly to nitrate, the lower 

ammonium uptake due to increased light limitation (Figure IV -5). Because of its 

distribution more at the surface of the water column, where lep values are the highest, small 

phytoplankton exhibits a higher reduction of the regenerated primary production (-31.7 %) 

than large phytoplankton (-25.7 %). In addition to modify phytoplankton seasonal 

dynarnics, water turbidity involves changes in the seasonal nitrogen fluxes between the 

subregions influenced by the estuarine plume. For both runs, ratios of the yearly- and 

depth-integrated (0-30 m) nitrate vs organic nitrogen flux along transects within the 

estuarine plume (see Figure IV-8 for the location of the transects) were calculated. In the 
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Figure IV -8. Map of the Estuary and Gulf of St. Lawrence. Acronyms indicate the 

subregions cited in the text. The bold lines are the open boundaries of the coupled model. 

The thin lines indicate the transects used for nitrogen fluxes estimations. Circles show the 

location of the Gaspé (nearshore) and Anticosti (offshore) stations. 
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run using a fixed kp, nitrate fluxes are overaIl higher than organic nitrogen fluxes, up to 

two-times in the downstrearn boundary of the LSLE (Table IV -2). The exception concerns 

the southern MS where organic nitrogen fluxes overpass those of nitrate. This result may be 

explained by the higher nitrate consumption by phytoplankton in the northern plateau. With 

kp salinity-dependant, the lower nu trient uptake by phytoplankton leads to increased nitrate 

fluxes along aIl the transect that translate into higher ratios. The simulated nitrate 

concentrations were compared with in situ measurements coincident in space and time at 

two fixed stations located in the NWG, one offshore (Anticosti station) and another located 

along the Gaspé Peninsula (Gaspé station). The location of the stations is shown in Figure 

IV -8. The ratio between the integrated (0-30 m) simulated and in situ nitrate concentrations 

was used to evaluate the performance of the two model configurations (Figure IV -9ab). 

Simulated nitrate remain lower than in sitù concentrations in both the Anticosti and Gaspé 

stations throughout the sarnpled dates when using a fixed kp. In winter, when phytoplankton 

production is light lirnited, nitrate levels are comparable in both runs. During this season, 

the nitrate flux from the estuary is comparable in both runs. The model provides a fair 

estimate of in situ nitrate concentrations (ratio> 0.7) at both stations, except at the Gaspé 

station in January when initial conditions may affect solutions. In November, nitrate 

concentrations are doser to observations with a variable kp. Sirnilarly, nitrate 

concentrations in late June are in better agreement with the observations at both stations. 

However, at the Gaspé station, nitrate are strikingly overestimated (up to 5-folds) on June 

3rd and September 16th . A similar pattern is encountered, but to a lesser extent, at the 

Anticosti station because of the dockwise circulation of the estuarine waters in this area 
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Table IV-2. Ratio of the yearly- and depth-integrated (0-30 m) nitrate flux over the yearly-

and depth-integrated (0-30 m) organic nitrogen flux. 

1 
LSLE NorthemMS SouthemMS Cabot Strait 

Fixed kp 2.33 1.26 0.32 1.27 

Variable kp 7.57 3.10 
1 

1.44 2.11 
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Figure IV -9. Ratios between simulated depth-integrated (0-30 m) vs in situ depth-integrated 

(0-30 m) nitrate concentrations at the a) Gaspé and b) Anticosti stations. The black and red 

circles correspond to the run using a fixed and variable kp, respectively; time series of the c) 

depth-integrated (0-30 m) nitrate flux from the LSLE with a fixed kp (in black) and variable 

kp (in red) and d) depth-averaged (0-30 m) kp at the Gaspé (black line) and Anticosti (black 

dashed line) stations. 



137 

(Figure IV-l). The larger discrepancies at the Gaspé station result in the fact the Gaspé 

Current is the preferential way for the outflow of the estuarine waters, as evidenced by the 

mean currents, salinity and kp fields (see Figure IV-l). On June 3rd
, the nitrate flux from the 

LSLE is 4-times higher with kp salinity-dependant while it is only 2-times higher on 

September 16th (Figure IV-9c). However, the nitrate overestimation is comparable at both 

dates. This suggests that local circulation processes in this particularly highly dynamic area 

are probably involved on September 16th
• 
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DISCUSSION 

As shown in Figure IV -6, light is a determining factor for the timing of the bloorn in 

subregions impacted by the freshwater. In the LSLE, the bloom onset is thought to depend 

of both the freshwater-associated turbidity and mnoff intensity [Therriault and Levasseur, 

1985; Zakardjian et al. , 2000]. In 1998, the spring bloom in the LSLE is reported to occur 

in late May-early June [Starr et al. , 2002]. While a bloorn is produced early in April when 

using a fixed value of kp, due to a too much earlier exposure to favourable nu trient and light 

conditions, a better timing agreement is obtained with kp salinity-dependant. The mean 

depth of the euphotic zone in the LSLE falls from 30 m to 15 m that is in better accordance 

with the reported maximum depth in the subregion [15-20 m; Therriault and Levasseur, 

1985; Sime-Ngando et al., 1995]. Despite the absence of sampling in May in the NWG, 

confidence may however he addressed to the simulated peak of ChI a since this region is 

directly under the influence of the estuarine waters. 

In their rnodelling study, Savenkoff et al. [2001] have estimated mean summer (July-

Septemher) fluxes of inorganic nitrogen (0-30 rn) through subregional GSL boxes. We 

performed sirnilar estimations using the simulated nitrate concentrations from both mns and 

results are presented in Table IV -3. Since the authors used mean historical nitrate 

concentrations and currents fields from a 3-D diagnostic model [Han et al. , 1999], any 

direct comparison with our simulated fluxes is precluded. Nevertheless, which one of our 

two mns is the c10sest from these rnean estimates can he evaluated. Overall, nitrate fluxes 

obtained with a variable kp show lower differences (up to 54 %) with the values given by 
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Table IV-3. Mean nitrate flux (0-30 m) in summer (in 10mol S·I ). Percentages in 

parentheses indicate the bias between the fluxes simulated using a flXed or a salinity-

dependant kp and those provided by Savenkoff et al. [200 1]. 

LSLE Upper MS LowerMS Cabot Strait 1 
! 

Savenkoff et al. 1 

46 21 12 11 
1 

[2001] 

Fixed kp 21.8 (-52.6 %) 
1 

2 (-90.4 %) 0.9 (-92.5 %) 1.6 (-85.4 %) 

Variable kp 1 
1 70.8 (+53.9 %) 28.8 (+37.1 %) 10.6 (-11.6 %) 11 (0 %) 
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Savenkoff et al. [2001] comparatively to the run using a flxed kp (52 % to 97 %). In this 

latter run, all nitrate fluxes are below those reported by Savenkoff et al. [2001] with the 

highest differences encountered in the MS and at Cabot Strait, where fluxes are 

approximatively one order of magnitude lower than the authors' estimates. By contrast, in 

the run using a variable kp, fluxes are stililower (but closer) in the southem GSL but higher 

downstream in the LSLE and in the upper MS. An estimate of the mean flux of nitrate from 

the LSLE in June was estimated by Sinclair et al. [1976]. When compared to this estimate 

(39.7 lOmol S-I), the simulated flux is aIso closer when using a variable kp (50.1 10mol S-I 

vs 9.2 lOmol S-I with a flxed vaIue of kp). While caution should be addressed because of the 

interannuaI variability that prevails in the GSL, particularly in the nitrate conditions [e.g., 

Plourde and Therriault, 2004], the use of a variable lep permits however to get closer to the 

nitrate fluxes reported in the literature. 

Higher lep vaIues in the estuarine plume translate into stronger light limitation, 

impacting thus the nitrate uptake by phytoplankton and primary production. The most 

impacted subregion is the LSLE, where annuaI primary production is reduced by 70 % 

(57.8 g C m-2 yr-I) between the two runs accounting only for haIf the estimate given by 

Therriault and Levasseur (103 g C m-2 yr-I; 1985). The underestimation of the simulated 

primary production fmds support in the study of Roy et al. [1996]. While these authors 

report a mean primary production of about 260 mg C m -3 d-I between 0 and 20 m in the 

bloom period, simulated primary production only reaches 34 mg C m-3 d-I in the run using a 

variable kp. In the LSLE, a strong tidaI mixing greatly contributes to sustain primary 

production [Le Fouest et al., 2005] but, when using a variable lep, it aIso leads to higher 
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turbidity levels in deeper layers. Simulated algal biomass and primary production remain 

substantial but are considerably reduced (up to the half) when compared to the fIxed kp 

simulation. As a function of the simulated salinity, the present formulation of kp, which 

mainly represents the terres trial CDOM, involves conservativity in the turbidity. However, 

Le Fouest et al. [in revision, 2005], who compared SeaWIFS data with the corresponding 

simulated kp and ChI a fields for the present year of simulation (1998), suggest that CDOM 

degradation may not be negligible in the GSL surface waters, especially in summer. 

Accounting for these degradation processes in the model is expected to diminish light 

limitation of phytoplankton but would probably not cause a substantial increase of the 

annual primary production. 

The turbidity modelling through a function of salinity led to an apparent paradox, i.e. , 

allowing a better bloom timing in the turbid waters and improved nitrate fluxes but strongly 

reducing primary production. Because of tides and freshwater runoff, the physical and bio-

optical regime experienced by phytoplankton is quite different in the estuarine, coastal, and 

more oceanic waters of the GSL. By contrast with open ocean phytoplankton, coastal 

phytoplankton presents physiological abilities to photoacclimate to rapidly fluctuating light 

conditions [see Strzepek and Harrisson, 2004]. In highly dynamic and more turbid waters, 

algal cells are subject to hourI Y changes in light intensity and spectral quality that translate 

into short-term photosynthetic response [Mclntyre et al. , 2000]. In the Upper St. Lawrence 

Estuary, phytoplankton has been reported to be photoadapted to "intermittent sun" 

conditions maintaining high photosynthetic rates and low light limitation along a freshwater 

to turbid saltwater gradient [Vincent et al., 1994]. Despite this study has no equivalent in 
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the LSLE, phytoplankton is expected to be also exposed to high turbidity levels in this 

subregion. Hence it can be hypothesized that phytoplankton would be able to cope with 

such light conditions and maintain a certain photosynthetic capacity [e.g., Roy et al., 1996] 

in nitrate-ri ch turbid waters. In the upper and lower estuary, phytoplankton has been 

suggested to be photoadapted to tidal mixing conditions [Demers and Legendre, 1981; 

Legendre et al., 1985]. 

In order to improve the predictive ability of coupled physical-biological models in the 

complex coastal waters, new developments in modelling the phytoplankton response to the 

light field currently emerge. Growth rate formulations in biogeochemical models often use 

constant mean photosynthetic parameters. However, these values are known to he taxon-

dependant [McIntyre et al., 2000] but also to vary in space and time from diel to seasonal 

timescales [Cullen et al., 1992]. To investigate this question, mechanistic models of ceIl 

physiology [e.g., Flynn, 2001] were developed. However, their relative complexity and 

numerical cost have to be considered before their implementation in aIready complex 3-D 

physical-biological coupled models, such as the use of simpler alternatives [e.g., Ebenhoh 

et al., 1997]. Another approach consists to represent more accurately the underwater optical 

field experienced by phytoplankton through the estimation of variable attenuation 

coefficients. Methods employed to reach this purpose imply the assimilation in the model 

of remotely sensed and/or in situ data [Ji et al., 2002; Walsh et al., 2003; Huret et al., 2005; 

Le Fouest et al., in revision, 2005] or the explicit representation of optically active 

constituents [Semovski, 1999; Mayet al., 2003]. In the GSL, it appears c1early that the 

phytoplankton response to variable light conditions is a key process for plankton dynamics 
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in the estuarine waters. Because of the large geographical extent of the turbid plume in the 

GSL and the need to predict as accurately as possible primary production in these waters, 

phytoplankton light utilization in the present coupled model would need further 

improvements. In regard to new developments in bio-optieal and physiologie al modelling, a 

compromise supported by observations should be eneountered for the St. Lawrence 

estuarine waters. 
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CONCLUSIONS 

Overall, better results were obtained with a salinity-dependant rather than with a fixed 

diffuse attenuation coefficient associated to nonchlorophyllous matter (kp). An improved 

representation of the spring bloom timing by the model was achieved in the Lower St. 

Lawrence Estuary whose dynamics is strongly influenced by the seasonal freshwater 

runoff. Moreover, simulated nitrate concentrations were found to be in better accordance 

with in situ measurements coincident in space and time at two fixed stations located in the 

passage of the seaward estuarine outflow. Nitrate fluxes in the surface layer were also more 

consistent with those reported in the literature. 

As salinity-dependant, the kp formulation in the model takes into account not only the 

effect of freshwater runoff but also that of sea ice melt and precipitations. The further use 

of a passive tracer would allow to avoid such a contribution of multiple factors. The 

suppressed primary production in the estuarine plume has highlighted the challenge that 

represents phytoplankton modelling in turbid and highly dynamic environments. In the 

estuary, a better understanding of how the system can support relatively high primary 

production rates in an euphotic zone generally no more than 20 m deep without impacting 

nitrate fluxes is required. The St. Lawrence showing a longitudinal gradient of water c1arity 

from turbid to more oceanic, further knowledge about phytoplankton communities and their 

bio-optical characteristics would be helpful to go further in physical-biological modelling. 

Indeed, freshwater runoff and nitrate conditions being subject to a strong interannual 

variability, an adequate modelling of the phytoplankton response is a prerequisite in a 
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perspective of sea color data assimilation, operational biological oceanography and for the 

study of c1imatic change scenarios. 
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v. CONCLUSION GÉNÉRALE 

L'objectif général de la thèse visait à quantifier l'effet de la circulation à méso-échelle 

sur la dynamique de la production planctonique du Saint-Laurent à l'aide d'un modèle 3-D 

haute résolution couplé physique-biologique. A cette fin, trois objectifs spécifiques ont été 

fixés. Dans cette partie sont développées les principales conclusions qui répondent à chacun 

des ces objectifs spécifiques ainsi que les perspectives qui en découlent. 

Le premier objectif spécifique (chapitre m consistait à vérifier la robustesse 

écologique du modèle couplé physique-biologie à l'échelle régionale et à décrire 

qualitativement et quantitativement la variabilité sous-régionale du cycle saisonnier 

planctonique en réponse à des régimes hydrodynamique variés caractérisés par des 

méandres, des tourbillons, et des résurgences côtières. A cette fID, le premier modèle 3-D 

haute résolution couplé physique-biologie a été développé pour l'estuaire et le golfe du 

Saint-Laurent. Le choix d'un modèle modérément complexe d'écosystème planctonique a 

pennis de simuler un cycle saisonnier canonique cohérent avec les observations rapportées 

dans le golfe [e.g., Savenkoff et al., 2001]. En effet, le modèle produit un cycle annuel du 

phytoplancton caractérisé par une floraison printanière où dominent les grandes cellules 

algales, suivi en été par la fonnation d'un maximum profond de chlorophylle a et un régime 

de production primaire principalement régénérée. Plus tard dans la saison, l'apport de 

nitrate associé au mélange automnal mène à une augmentation de la proportion de la 

production nouvelle. Les rôles déterminants de la glace de mer dans le déclenchement de la 

floraison de printemps et de la circulation à méso-échelle sur le cycle planctonique et la 
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compétition entre les deux chaînes trophiques sont apparus clairement dans la simulation. 

Étant donné la richesse des conditions physiques et biologiques mise en évidence par le 

modèle couplé, le golfe du Saint-Laurent ne peut être considéré comme un système 

homogène. L'intensité de la floraison printanière étant similaire entre les sous-régions, la 

variabilité spatiale de la production primaire annuelle est due à des différences dans la 

production estivale associées à la variabilité à méso-échelle. Ceci suggère qu'en dehors de 

la période de floraison printanière, la production primaire soit localement du même ordre de 

grandeur que durant le printemps. En ce sens, la variabilité synoptique se compare en 

importance à la variabilité saisonnière. Ce premier chapitre a permis de mettre en évidence 

la capacité du modèle à reproduire un cycle saisonnier du plancton qualitativement et 

quantitativement cohérent mais aussi ses limites. Ces dernières incluent la formulation du 

champ de lumière, qui est apparue peu adaptée pour reproduire le cycle saisonnier du 

phytoplancton dans les eaux estuariennes plus turbides, ainsi que des processus impliqués 

dans la reminéralisation de l'azote organique dans la colonne d'eau et, frnalement, 

l'utilisation de conditions stationnaires de nitrate et chlorophylle a aux frontières du 

domaine, principalement au détroits de Cabot et Belle-Isle. 

Les concentrations de nitrate et de chlorophylle a simulées par le modèle ont été 

comparées avec succès avec des mesures in situ coïncidentes dans le temps et l'espace 

obtenues dans le cadre du Programme de Monitorage Zonal Atlantique (PMZA). Le modèle 

produit des valeurs proches des mesures in situ avec une variabilité comparable à celle des 

observations. Cependant, à la lumière de la variabilité synoptique générée par le modèle, il 

est apparu nécessaire de valider ces structures de méso-échelle. En effet, les mesures in situ 
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seules peuvent difficilement rendre compte de l'effet de la variabilité à méso-échelle sur la 

dynamique du phytoplancton, ce en quoi les données satellites contribuent par la haute 

résolution de leur couverture temporelle (jusqu'à quelques heures) et spatiale (jusqu'à un 

kilomètre). Le second objectif spécifique (chapitre Ill) était donc de valider les solutions du 

modèle couplé à l'échelle régionale et synoptique à l'aide de données satellites de 

température de surface (A VHRR) et de couleur de l'eau (SeaWIFS). Au regard des limites 

du modèle citées plus haut, une fonnulation empirique reliant le coefficient d'atténuation 

diffuse due au matériel non-chlorophyllien et la salinité du modèle a été incorporée afm 

d'améliorer le champ de lumière simulé. Cette relation pennet ainsi de considerer l'effet de 

la turbidité associée aux eaux douces sur la dynamique planctonique. De plus, une 

climatologie saisonnière des champs de nitrate a été imposée aux détroits de Cabot et Belle-

Isle. Concernant la température de surface, le modèle couplé et le radiomètre A VHRR ont 

tous deux donné une estimation comparable de la température in situ et montré des patrons 

spatiaux comparable à l'échelle régionale et sous-régionale. La comparaison des valeurs de 

chlorophylle a simulées et dérivées des mesures du senseur Sea WIFS avec des valeurs 

mesurées in situ coincidentes dans le temps et l'espace a révélé une surestimation 

substantielle par le senseur dans le panache estuarien, suggérant une contamination de ces 

valeurs par des composés optiques actifs (principalement de la matière organique colorée) 

présents dans l'eau. Toutefois, les patrons spatiaux dérivés du senseur Sea WIFS ont montré 

une bonne correspondance avec les champs simulés de turbidité (i.e. , le coefficient 

d'atténuation diffuse due au matériel non-chlorophyllien) et ont ainsi permis de valider la 

variabilité saisonnière et synoptique de la circulation estuarienne. 
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Le chapitre ID a permis de mettre en lumière l'étendue de la signature des eaux 

continentales, estuariennes en particulier, dans le golfe du Saint-Laurent. De ce résultat 

découle le troisième et dernier objectif spécifique qui visait à quantifier l'impact de la 

turbidité associée au panache estuarien sur la dynamique planctonique de l'estuaire et du 

golfe (chapitre IV). Comparativement à l'utilisation d'un coefficient constant d'atténuation 

diffuse due au matériel non-chlorophyllien, la fonction reliant ce coefficient à la salinité du 

modèle a permis de mieux simuler le déclenchement de la floraison printanière dans 

l'estuaire, où l'influence de l'écoulement des eaux douces est la plus marquée. De plus, les 

concentrations de nitrate simulées ont montré un meilleur accord avec les mesures in situ à 

deux stations fixes du nord-ouest du golfe fortement affectées par l'écoulement des eaux 

estuariennes. Les flux latéraux de nitrate dans la couche de surface ont été augmentés dans 

tout l'ouest du golfe pour se rapprocher des estimations rapportées dans la littérature. 

Toutefois, la réduction de la production primaire dans les sous-régions influencées par le 

panache estuarien a mis en évidence la nécessité d'améliorer la modélisation de la réponse 

du phytoplancton à des conditions fortement variables de lumière, processus clé dans la 

dynamique planctonique des eaux sous l'influence des eaux continentales. Au regard de 

flux latéraux de nitrate plus cohérents, un compromis devra être trouvé pour augmenter la 

production primaire sans réduire les flux de nitrate. Du fait de l'entendue du panache 

estuarien et de son influence sur la dynamique phytoplanctonique, la modélisation de la 

croissance du phytoplancton basée sur l'utilisation de la lumière devra être explorée. Dans 

le cas de l'estuaire maritime du Saint-Laurent, la question serait de comprendre comment 

une production primaire substantielle peut etre assurée dans un milieu présentant une zone 
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euphotique dépassant rarement 15 m et soumis à un fort mélange sans réduire des flux 

latéraux de nitrate plus cohérents avec les observations. Au regard des nouveaux 

développements en modélisation bio-optique et physiologique, un compromis appuyé par 

des observations devra être trouvé pour les eaux du Saint-Laurent. Le runoff et les 

conditions de nitrate étant sujets à la variabilité inter-annuelle, une modélisation adéquate 

de la réponse du phytoplancton est un pré-requis pour l'étude des variations inter-annuelles 

et de scénarios de changements climatiques. 

Cette étude de modélisation 3-D haute résolution du couplage physique-biologie a 

permis de mettre en évidence la richesse des processus de méso-échelle et l'importance de 

cette activité sur la dynamique planctonique en milieu côtier. Dans la Mer Baltique, le 

couplage d'un modèle d'écosystème planctonique simple (quatre compartiments) à un 

modèle de circulation haute résolution (1,8 km) a révélé le rôle clé de la circulation à méso-

échelle sur la distribution du plancton [Fennel et Neumann, 1996] et a permis d'étudier les 

processus physiques impliqués [Fennel, 2001] . Dans ces deux cas, le choix d'une 

représentation simplifiée du modèle d'écosystème planctonique visait à faciliter 

l'interprétation de l'effet des processus physiques sur la dynamique planctonique. Le 

couplage réalisé durant cette thèse d'un modèle d'écosystème planctonique modérément 

complexe à un modèle de circulation haute résolution vient compléter cette approche en 

intégrant l'effet différentiel des processus de méso-échelle sur la dynamique des chaînes 

trophique. TI a été montré dans le chapitre II que l' enrichissement de la zone photique en 

nitrate associé à la circulation de méso-échelle favorisait la chaîne herbivore, résultat dont 
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les implications sont majeures pour les flux de carbone biogènes dans le Saint-Laurent. 

Cette thèse se place également en continuité de travaux récents menés en milieu côtier qui 

visent à coupler des modèles de circulation résolvant les processus à méso-échelle à des 

modèles d'écosystème planctonique incorporant différentes chaînes trophiques afin 

d'appréhender pleinement l'effet de cette circulation sur la production primaire [Rait et al., 

2004]. 

La forte variabilité mise en lumière par le modèle dans le Saint-Laurent devrait faire 

l'objet d'une attention particulière dans une perspective de prédire et d'évaluer les effets des 

changements climatiques sur la productivité des mers côtières des hautes latitudes. La 

circulation de densité dans le nord-ouest du golfe est influencée par les conditions 

hydrologiques et le régime des vents, et ainsi sujette aux variations inter-annuelles. Les 

résurgences d'eau côtière sont liées à la variabilité synoptique des vents (typiquement 3 à 9 

jours dans l'est du Canada), mais leur fréquence et durée peuvent varier d'année en année. 

Considérant leur impact sur la productivité planctonique à l'échelle sous-régionale, la 

variabilité inter-annuelle des conditions hydrologiques et du régime des vents peut jouer un 

rôle significatif dans la variabilité inter-annuelle de la productivité planctonique dans le 

golfe. Les scénarios produits par les modèles atmosphériques suggèrent que les hautes et 

moyennes latitudes devraient être les plus affectées par le réchauffement global [Rolland et 

Bitz, 2003]. Déjà, l'analyse de séries temporelles a révélé le lien étroit entre les variations 

du forçage climatique, la circulation des courants et les écosystèmes côtiers de l'océan 

Atlantique Nord-Ouest [Pershing et al., 2001]. Les changements attendus du climat, en 

réponse à l'augmentation des concentrations atmosphériques des gaz à effet de serre, 
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devraient influencer la dynamique des écoulements océaniques de surface qui sont couplés 

avec les conditions atmosphériques. Ces changements hydrodynamiques sont susceptibles 

de modifier la productivité biologique de l'écosystème marin, en agissant sur les conditions 

physico-chimiques de la colonne d'eau (température, stratification, profondeur de la couche 

de mélange, apport en sels nutritifs). Cette thèse de doctorat s'intègre ainsi dans une 

stratégie à moyen terme qui vise à concevoir des outils numériques qui permettront 

d'examiner les effets des changements climatiques attendus sur la productivité marine à 

partir des scénarios définis par les modèles atmosphériques et océaniques. Connaissant la 

réponse de ces processus physiques de méso-échelle aux changements climatiques attendus, 

il sera alors possible d'évaluer les effets de ces changements sur la productivité des 

écosystèmes marins pélagiques [Eckman, 1994]. Ce modèle couplé physique-biologie 

pourra également être utilisé pour comprendre et prévoir les liens entre le climat, l'océan et 

la productivité planctonique de l'estuaire et du golfe du Saint-Laurent. 

Ceci vient appuyer le besoin d'un programme intensif d'observation comme le 

Programme de Monitorage Zonal Atlantique (PMZA) qui, conjointement au modèle couplé, 

pourra pennettre une meilleure compréhension de la variabilité inter-annuelle de la 

productivité planctonique. L'évaluation des perfonnances des modèles 3-D couplés 

physique-biologie est une étape clé dans cette perspective d'études des variations inter-

annuelles et de scénarios de changements climatiques. Au-delà de l'approche semi-

quantitative, la plus couramment utilisée, le processus de validation tend vers une approche 

plus robuste qui vise à quantifier les différences entre les données simulées et observées, 

approche systématique des études de télédétection. Dans la Mer du Nord, MDli [2000] et 
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Srpiland et Skogen [2000] ont usé de critères quantitatifs afin d'évaluer les résultats de deux 

modèles couplés à l'aide de bases de données (ICES et ERSEM). Toutefois, limités par la 

couverture spatiale et temporelle des observations, ces auteurs ont été contraints de 

comparer des climatologies mensuelles sur 10 ans et moyennées sur deux niveaux de 

profondeur. Dans l'océan ouvert, Lima et Doney [2004] ont quantifié les différences entre 

les patrons de distribution de climatologies mensuelles de chlorophylle a produits par un 

modèle global couplé physique-biologie et un set de données SeaWIFS pluri-annuel. 

Contrairement à l'étude de Moll [2000] et Srpiland et Skogen [2000], le set de données 

Sea WIFS utilisé était plus complet mais non coïncidant avec la période simulée. Le 

Programme de Monitorage Zonal Atlantique, en couvrant la période 1997 à ce jour, offre 

une couverture spatiale et saisonnière inter-annuelle exceptionnelle de l'estuaire et du golfe 

du Saint-Laurent. Dans cette thèse, une partie de ces mesures in situ biogéochimiques et 

physiques ont été exploitées dans le but d'évaluer les performances de prédiction du modèle 

couplé pour 1997 et 1998. Les variables simulées ont été comparées systématiquement aux 

variables mesurées et dérivées de senseurs satellites coïncidentes dans le temps et l'espace 

et les différences entre le modèle et ces observations quantifiées. Le développement de 

l'outil de modélisation et la mise en place de procédures de validation systématique 

représenteraient une contribution majeure à l'océanographie biologique opérationnelle du 

Saint-Laurent. 

L'information dérivée des mesures satellites s'est également avérée précieuse pour 

valider les champs simulés par le modèle couplé. Le senseur SeaWIFS, mais aussi de plus 

récents comme les senseurs MERlS et MODIS, fournit une information journalière à haute 
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résolution spatiale qui, complétée avec les mesures in situ du Programme de Monirotage de 

Zonal Atlantique, pourrait permettre une validation plus précise des solutions du modèle 

dans le temps et dans l'espace. Afin d'exploiter pleinement cette information, une procédure 

de traitement des données de couleur de l'eau du senseur Sea WIFS adaptée aux eaux 

turbides de l'estuaire et du golfe du Saint-Laurent serait souhaitable pour une estimation 

précise de la concentration de chlorophylle a et de l'absorption de la matière organique 

dissoute colorée. Ces développements permettraient d'envisager l'assimilation de données 

de couleur de l'eau dans le modèle couplé pour améliorer sa capacité de prédiction en terme 

de production primaire. La mise au point d'un outil robuste associant télédétection, mesures 

in situ et modélisation 3-D couplée physique-biologie est nécessaire dans une perspective 

d'océanographie biologique opérationnelle dans le Saint-Laurent. Une validation plus fine 

des liens physique-biologie aux échelles synoptiques et saisonnières pourrait améliorer la 

fiabilité de la réponse du modèle aux scénarios de changements climatiques. 
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