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Abstract A coupled three-dimensional physical-biologi-
cal model was developed in order to simulate the
ecological functioning and potential impacts of land-
derived inputs in the southwest lagoon of New
Caledonia. This model considered pelagic biogeochem-
ical cycling of organic matter, taking into account
advection and diffusion processes driven mainly by local
wind fields and freshwater discharges. Modeled phyto-
plankton dynamic were strongly correlated with both
freshwater nutrient inputs and wind-driven hydrody-
namic processes, the latter resulting in a large input of
oceanic water from the southeast part of the lagoon
under trade wind conditions. In situ data obtained
during the summer (January 1998) under trade wind
conditions supported predicted concentration gradients
along several coast to reef transects and provided a
validation of the coupled physical-biogeochemical
model. An additional sensitivity analysis showed that
the alteration of the biogeochemical parameters did not
strongly affect the results of the model. Freshwater
inputs of nutrients were simulated using a realistic
scenario corresponding to the summer rainy season of
1997–1998 in New Caledonia. Despite occasional
flooding events from the main rivers considered in these
simulations, no significant meso-scale phytoplankton
bloom was identified. Hydrodynamically driven disper-
sion and rapid uptake of nutrients by phytoplankton
were sufficient to spatially constrain the impact of river
inputs and maintain oligotrophic conditions. The fine

spatial grid of our three-dimensional model demon-
strated that eutrophication in the southwest lagoon of
New Caledonia is confined to the most restricted coastal
embayments, while most of the lagoon experiences sus-
tained oligotrophic conditions.
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Introduction

The New Caledonia Reef is the second widest tropical
reef system in the world after the Australian Great
Barrier Reef. This single, continuous barrier reef sur-
rounding New Caledonia’s main island is 1,100-km long
and delimits a lagoon area of 23,400 km2. Terrigenous
inputs of either natural or anthropogenic origin is per-
ceived as one of the main structuring factors in this
enclosed system (Labrosse et al. 2000). A coupled
physical-biological, three-dimensional modeling ap-
proach was used in order to gain better insights into the
ecological functioning and potential impact of land-
derived inputs in this coral reef environment.

The use of models to simulate marine coastal envi-
ronments has increased significantly during the past
25 yr in parallel with the availability of powerful com-
puting tools. Most of the early models focused on the
first levels of the pelagos (nutrients, phytoplankton)
under steady-state conditions (Steele 1962; Billen 1978).
Deterministic approaches were progressively used to
model time-varying conditions related to abiotic forc-
ings (hydrodynamics, meteorology, air-water exchanges,
etc.), and to introduce more precise ecological processes
in NPZD models (Billen and Lancelot 1988; Fasham
et al. 1990).

Two main types of models are used in marine bio-
geochemistry:
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– Box models representing ecosystems as homogeneous
water bodies where hydrodynamic processes are sim-
plified to avoid extensive calculation. This allows
relatively complex description of the biochemical
processes.

– Numerical models with fine resolution of one to three
dimensions, representing ecosystems as spatially het-
erogeneous and needing strong computing technology
with considerable capacity of storage space, a large
number of grid points, and small time steps. Biogeo-
chemical processes are less detailed than in box
models, and the number of state variables is usually
restricted.

Modeling is seldom undertaken in tropical coastal
systems. Based on the high biodiversity of these systems
and using trophic mass balance, the Ecopath model
(Atkinson and Grigg 1984; Christensen and Pauly 1992)
provides interesting and complex results for food-webs
in tropical lagoons (Guarin 1991; Arias-Gonzales 1993).
Inverse modeling approaches have been used to simulate
processes such as the impact of fisheries (McClanahan
1995) or the influence of aquaculture (Niquil et al. 1998)
in tropical lagoons.

Deterministic, fine spatial-grid models have recently
been applied in temperate environments ( Aksnes et al.
1995; ; Skogen et al. 1995; Gregoire et al. 1998; Tusseau-
Vuillemin et al. 1998; Zavatarelli et al. 2000; Pinazo
et al. 2001; ; Skliris et al. 2001), but similar approaches
coupling biogeochemical and hydrodynamic processes in
an entire tropical coastal ecosystem are less common.
The development of hydrodynamic models is a limiting
perquisite to the development of coupled biogeochemi-
cal modeling. The increased use of hydrodynamic
models for tropical coastal areas (Wolanski 1994;
Tartinville et al. 1997; Douillet 1998) provides physical
background to explain biological processes on a dy-
namic basis. Considering the paucity of extensive bio-
geochemical observations in coral reef lagoons, the
multidisciplinary oceanographic study conducted by
IRD (Institut de Recherche pour le Developpement) on
the New Caledonia lagoon around Noumea provided a
favorable context to initiate biogeochemical modeling
studies.

The first modeling part of this program developed a
box model to produce multiyear simulations with daily
time steps (Bujan et al. 2000). No seasonality was
demonstrated in the modeled dynamics of nutrients and
phytoplankton. Long-term simulations showed the
capacity of the system to absorb significant terrigenous
and anthropogenic inputs, while maintaining oligo-
trophic conditions in the lagoon (Bujan 2000; Bujan
et al. 2000).

In the work presented here, we took the next step in
modeling by using a fine-resolution model, coupling
biogeochemical fluxes with hydrodynamic processes.
This three-dimensional, coupled physical-biological
model enabled us to focus on the dynamics of the pelagic

system near the coast during the summer period when
terrestrial inputs and probability of eutrophication is
highest. Specifically, we present realistic scenarios of
wind forcing in order to highlight the interactions
between seasonal freshwater inputs and wind-related
hydrodynamics on phytoplankton biomass in the lagoon
of New Caledonia.

Methods

Study site

New Caledonia is a French Territory located in the
Pacific Ocean at 22�S and 165�E. Most of the studies
dealing with the coral reef lagoons in this archipelago
have been conducted around the city of Noumea in
the southwest coast of the main island. The work
presented here was conducted on the southwest lagoon
of New Caledonia in an area delimited by the coast
and the barrier reef between Mato pass in the south,
and Uitoe pass in the north (Fig. 1). The lagoon
covers an area of 2,066 km2 (Testau and Conand
1983). Its bathymetry is very heterogeneous due to a
complex geomorphology (Gabrié 1998), including
shallow inner and barrier reefs, sedimentary plains,
and deep canyons connected to reef passes (Fig. 1).
The mean depth is 20 m, the deepest canyons reaching
a depth of 60 m. The southern part of the lagoon is
largely connected to the open ocean and consequently
subject to significant inputs of oceanic water. Addi-
tionally, localized inputs of ocean water to the lagoon
can occur through the numerous passes located along
the west coast barrier reef, or over the barrier reef due
to ocean swell.

The southwest lagoon is also influenced by freshwater
runoff from three main rivers (Pirogues, Coulée,
Dumbéa). New Caledonia is subject to tropical or sub-
tropical meteorological conditions. River flow rates are
usually low, with a yearly average value for the Dumbéa
River of 5 m3 s)1, increasing to 300–350 m3 s)1 during
the passage of tropical depressions of the austral sum-
mer wet season from December to April (Fig. 2).
Average yearly radiation ranges from 1,000 to
2,700 Jcm-2, and air temperature varies between 20 �C in
August and 28 �C in February. Winds are characterized
by two main directions: trade winds blowing from 60� to
160� at speeds of more than 4 ms–1 represent 69% of
yearly wind occurrence around Noumea, corresponding
to around 250 d yr–1; westerly winds blowing from be-
tween 220� and 300� at speeds of more than 2 ms)1

represent less than 12% of yearly wind occurrence
(Blaize and Lacoste 1995). This westerly wind might be
of some significance, since tropical depressions and cy-
clones often generate winds from that direction (Fig. 3).

We mainly focused our simulation on the first river
flood of January 1998 (maximum 100 m3 s–1), which was

282



slightly lower than the strongest flow in March, but
occurred during stable trade wind conditions that lasted
during a 1-mo period.

Hydrodynamic and physical modeling

Research on water circulation in coral reef lagoons has
focused mostly on the Australian Great Barrier Reef
(Frith and Mason 1986; Wolanski and King 1990;

Fig. 1 Location of the New Caledonia archipelago and the
southwest lagoon
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Wolanski 1994; Young et al. 1994) and nuclear testing
sites in the Pacific such as Enewetak (Atkinson et al.
1981), Bikini (Von Arx Ws 1948), Mururoa, and Fan-
gataufa (Rancher 1995). Some of these studies presented
two- or three-dimensional models ( King 1992; Garri-
gues et al. 1993;Tartinville et al. 1997; Kraines et al.
1999).

Hydrodynamic studies have been conducted in New
Caledonia for 25 yr (Jarrige et al. 1975; Morlière and
Cremoux 1981; Morlière 1985; Rougerie 1986). More
recently, an extensive hydrodynamic study was con-
ducted with the objective of modeling water circulation
in the southwest lagoon. The source code of the
hydrodynamic model initially developed by IFREMER
(Lazure and Salomon 1991) was adapted to the New
Caledonia lagoon by Douillet (1998) and Douillet et al.
(2001). In these papers, model description, circulation
analysis, vertical structure of the currents, and the initial
and boundary conditions were presented in detail.

The equations of the hydrodynamic model used series
of classical hypotheses (e.g., Nihoul 1984; Blumberg and
Mellor 1987; Ruddick et al. 1995); the Boussinesq
approximation was used and the hydrostatic balance
was assumed to be valid. The vertical eddy viscosity was
expressed as the product of the vertical velocity gradient
and of the square of the mixing length. In order to
maintain a constant number of grid points on the water
column, the hydrodynamic equations were solved in the
r-coordinates system (Blumberg and Mellor 1987;
Hearn and Holloway 1990; Lazure and Salomon 1991;
Deleersnijder and Beckers 1992). The resolution of the

equations was based on the separation of the external
and internal modes. To increase the model efficiency, the
model equations were separated into the external and
internal modes, which were simultaneously solved. The
two-dimensional model calculated the elevations of
the free surface (external mode) and supplied them to
the three-dimensional model (internal mode); the latter
fully resolved the equations. The two-dimensional model
resolution was solved using the alternating direction-
implicit (ADI) method (Leendertse 1967) which has been
used extensively over the past 20 yr and includes auto-
matic treatment of wetting and drying (Lazure and
Salomon 1991). We used the bottom currents calculated
by the three-dimensional model to compute the friction
terms needed in the two-dimensional model. Spatial
discretization of the equations was based on Arakawa C
grid (Messinger and Arakawa 1976), slightly modified in
so far as the depths and the velocity components are on
the same grid point. The horizontal grid size was 500 m
and each water column was divided into 21 sigma levels.
This value was chosen as a compromise between the
calculation capacity of the computer used and the res-
olution necessary to represent the geomorphologic
characteristics (passes, coast, and canyons).

A complete description of the hydrodynamic circu-
lation due to tide and to trade wind was given by
Douillet et al. (2001). In our study, hydrodynamic cir-
culation was simulated at steady-state under eight typi-
cal meteorological conditions corresponding to two
wind directions (southeast for trade winds and west) and
four wind speeds (4, 8, 10, and 12 m s–1; Fig. 4). The
hydrodynamic forcing of the biogeochemical model
reproduced the time evolution of the wind measure-
ments performed during the simulation period.

Biogeochemical modeling

Biogeochemical modeling is based on a coupled bio-
logical physical model initially developed, calibrated,
and validated to simulate biogeochemical cycling in a
temperate oligotrophic gulf (Pinazo et al. 1996, 2001).
The biogeochemical part of the model accounts for se-
ven state variables, which can be grouped in three
different categories:

Fig. 2 Daily flow data of Dumbéa River during the period August
1997 to July 1998

Fig. 3 Average daily direction
of wind in Noumea during the
period 1997–1998
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– Dissolved inorganic nutrients (nitrate, ammonium)
and oxygen: (NO, NH, and O, respectively).

– Suspended organic particles with detritic carbon (CP)
and nitrogen (NP).

– Phytoplanktonic biomass as carbon (CB) and nitrogen
(NB)

At this first stage of fine-resolution modeling, no dis-
solved organic matter was considered.

Several studies suggest that silica and phosphorous
do not limit phytoplankton production in such lagoons
of high tropical islands (Rougerie 1986; Torreton et al.
1997). This is in agreement with Smith (1984), especially
in the southwest lagoon of New Caledonia, which is
characterized by a low N:P ratio of about 3:1 and a high
advective throughput (residence time of 11 d; Bujan
et al. 2000).
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The organization of the model is presented in Fig. 5.
Because of the central and integrative role of phyto-
plankton in the model, simulation outputs of chloro-
phyll-a concentrations in the water column are mainly

presented and discussed. This state variable was directly
related to phytoplanktonic carbon by using an average
value of 50 for the C:Chl a concentration ratio of coral
reef lagoon phytoplankton (Charpy 1984; Garrigue
1998). The biogeochemical equations used for each state
variable were presented in earlier papers (see Appendix).
Only the equation for phytoplanktonic carbon biomass
is presented here, the equations for other state variables
being based on a similar structure.

The left hand side of the equation accounts for tem-
poral variability, vertical and horizontal advection, and
settling velocity of particles. The right hand side of the
equation accounts for biogeochemical gain and loss, and
turbulent diffusivities. U, V, and W were the three
components of the mean velocity, respectively, in the
three axes Ox, Oy, and Oz.WB was the settling velocity
of phytoplankton cells, which was equal to zero because
phytoplankton cells considered in the model were very
small (picophytoplankton).KX and KY represented the
horizontal eddy diffusivity and KZthe vertical eddy dif-
fusivity. Thus, the current velocities and the diffusivity
coefficients calculated by the hydrodynamic model were
used as forcing variables for the biogeochemical model.
Temperature and photosynthetically available radiation
(PAR) were also required to calculate biogeochemical
processes.

The parameterization (Table 1) used was adapted to
the tropical conditions of the southwest lagoon of New
Caledonia. For phytoplankton, the parameterl was the

Fig. 4 Simulation of steady-
state, trade-wind-induced
bottom currents (trade wind of
8 m s-1) from a three-
dimensional hydrodynamic
model (Douillet et al. 2001)
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growth rate, EXU was the exudation of carbon, G was
the grazing rate, M was the mortality rate, and RES was
the respiration rate.

Considering austral summer conditions, water tem-
perature was fixed at 26.6 �C (corresponding to the
mean temperature measured with a CTD in December
97 and January 98) and in situ PAR (I) data were
introduced daily. Phytoplankton growth rate (l) is
dependent on temperature, light, and nutrient concen-
trations, the last two assumed to be limiting in New
Caledonia. Growth rate (l) was calculated according to
Tett (1990) using the most restraining limiting factor:

l ¼ lmax:LIM ð2Þ

where LIM=min[LIM(I), LIM(N)] with LIM=the
limiting factor for the phytoplankton growth; LIM
(I)=the limitation by photosynthetically available radi-
ation; and LIM(N)=the limitation by nutrient.

LIMðIÞ ¼ I
Iopt

� �
:e

1� I
Iopt

� �h i
ð3Þ

where Iopt is the optimal photosynthetically available
radiation (a higher value than Iopt-induced photoinhi-
bition). Iopt ¼ e

a where a is the initial slope of the LIM(I)
curve under the threshold of photoinhibition.

LIM Nð Þ ¼ N
KN þ N

with N ¼ NB � Q0:CBð Þ; ð4Þ

where N is the concentration of nitrogen reserves of the
phytoplankton cells and Q0 is the minimum nutritional
state (NB/CB=cell-quota) at zero growth rate. NB and
CB are the internal phytoplanktonic nitrogen and car-
bon concentrations, respectively.

In the model, we considered that 6% of the gross
carbon production was lost by exudation (Bender et al.
1999). The entire assemblage of grazers modeled as a
forcing variable called ‘‘zooplankton’’ in the biogeo-
chemical scheme (Fig. 5). In the first step, we used
constants to introduce the processes of grazing, assimi-
lation, and excretion by zooplankton. Several studies in
coral reef waters give estimates of these constants
(Roman et al. 1990; Le Borgne et al. 1997; Ferrier-Pagès

Fig. 5 Conceptual structure of biogeochemical model developed
for the southwest lagoon of New Caledonia

Table 1 Parameters of the
biogeochemical coupled model Parameter description and symbols Values and sources

Picophytoplankton settling velocity (WB) 0.0 m s–1

Detritus settling velocity (WP) 10–5 m s–1(Andersen and Nival 1988)
Maximum growth rate [lmax(t)=lmax0 e

b*t] a=9.851134*10–6 s–1and
b=0.063321 s–1(Eppley 1972)

Initial gradient of the curve LIM(I)=f(I) (alpha) 12.5*10–3(J m–2 s–1)–1(Steele 1962)
Carbon exudation of phytoplankton (exu) 6% of gross carbon production

(Bender et al. 1999)
Respiration rate (RES) 5.79*10–6 s–1(Bender et al. 1999; Langdon 1993)
Grazing rates (Gmicro and Gmeso, respectively) 1.04*10–5 s–1microzooplankton ;

5.79*10–6 s–1mesozooplankton
(Roman et al. 1990)

Death rate (m) 0.0 s–1

Maximum uptake rate for Nitrate [(upN0)max] 4.5*10–6 mmol(N) [mmol(C)]–1 s–1

(Caperon and Meyer 1972b)
Half-saturation constant for Nitrate (KN0) 0.3 mmol(N).m–3(Caperon and Meyer 1972b)
Maximum uptake rate for Ammonium
[(upNH)max]

1.1*10–5 mmol[N) (mmol(C)]–1 s–1

(Caperon and Meyer 1972b)
Half-saturation constant for Ammonium (KNH) 0.2 mmol(N) m–3(Caperon and Meyer 1972b)
Feces fraction (f) 0.3 dimensionless (Andersen et al. 1987)
Excretion rate (e=Ke(1-f)) Ke=0.5 dimensionless (Tett 1990)
Mineralization rate of detritic Carbon (minc) 3.47*10–7 s–1(Peterson and Festa 1984)
Mineralization rate of detritic Nitrogen (minn) 1.042*10–6 s–1(Andersen and Nival 1988)
Maximum nitrification rate at 0 �C [(nitmax)0] 1.16*10–6 s–1(Tett 1990)
Half-saturation constant for Oxygen (KO2) 30 mmol(O2) m

–3(Tett 1990)
Attenuation coefficient of the light penetration
in the water (m2)

0.37 dimensionless (Tett 1990)

Light reflection coefficient of the sea surface (m1) 0.95 dimensionless (Tett 1990)
Photosynthetically used radiation (m0) 0.46 dimensionless (Tett 1990)
Minimum nutritional state at zero
growth rate (Q0)

0.05 mmol(N) [mmol(C)]–1

(Caperon and Meyer 1972a)
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and Gattuso 1998). We chose the grazing rate based on
the assumption that the ecosystem of the lagoon is at
equilibrium. In this case, the grazing must balance the
phytoplankton net production (with a turnover time of
about 1 d) minus the horizontal export rate (with a
residence time of water in coastal embayments of about
10 d; Bujan et al. 2000). Thus, the grazing rate was fixed
at 90% of the daily picophytoplankton net production.
In the Pacific Ocean, Leborgne and Landry (personal
communication) showed that a large part (up to 100%)
of the production of picophytoplankton was consumed
by microzooplankton.

Freshwater inputs, which induced an increase in
chlorophyll-a concentration (more than 0.45 lg l–1),
unbalanced the system because (1) larger phytoplankton
cells (nanophytoplankton) grow more rapidly than their
grazers (mesozooplankton), and (2) the probability of a
prey encountering its predator becomes lower (Torréton,
personal communication). Under such freshwater input
conditions, the grazing rate was fixed at 50% of the daily
nanophytoplankton net production, as in the Great
Barrier Reef (Roman et al. 1990).

Natural mortality of phytoplankton was ignored as
trivial when compared to mortality by grazing. The
parameterization used for respiration rate was based on
a value of 35% of the gross primary production over
24 h (Langdon 1993; Bender et al. 1999):

r ¼ 0:35:PB ¼ 0:35�l:CB ð5Þ
The mean value of l was about 1.45 d–1, so the res-

piration rate constant was taken at 0.5 d–1. For the fine
spatial-grid modeling of this lagoon, several tests
showed a restricted influence of temperature and oxygen
concentration on the variability of detritic carbon and
nitrogen mineralization. Therefore, degradation of or-
ganic particles was set as an unvarying process (i.e., a
constant).

Oxidation of ammonium to nitrate is mainly due to
bacterial activity (Henriksen and Kemp 1988) and this
process of nitrification was integrated as a function of
oxygen concentration and temperature as developed in
Tett and Grenz (1994). We applied a lower maximum
nitrification rate in this shallow tropical lagoon than has
been measured in temperate shelf areas, where the
nitrification occurred mainly below the euphotic zone
(Ward 2000).

Equations used to calculate nutrient consumption are
similar to those previously established for the box
modeling of the lagoon of New Caledonia (Bujan et al.

2000). They account for nutrient concentration in the
water and the nitrogen pool in phytoplanktonic cells,
which represents the nutritional state of phytoplankton
related to the mean value of the nitrogen-to-carbon ratio
(16:106=0.15) obtained by Redfield et al. (1963).

Initialization and boundary conditions (Table 2)
were adjusted to field measurements and published data
from the southwest lagoon (Dandonneau and Gohin
1984). Freshwater inputs from the three main rivers
(Dumbéa, Coulée, Pirogues), located in the southwest
part of the island (Fig. 1), were introduced in the model.
Although the freshwater inputs were measured daily, the
DIN supply was only measured monthly (sampled and
analyzed as lagoon data). Finally, inputs from the ben-
thos were accounted for by using measures of net ben-
thic-pelagic nutrient fluxes (Chardy and Clavier 1988;
Boucher and Clavier 1990).

Field data and simulation strategy

Sampling stations were located in the lagoon along
several transects from the coast to the open sea, and
around the Noumea peninsula (Fig. 1). The first transect
(Dumbéa transect) followed a line from Dumbéa River
to Dumbéa Pass (stations D47, D46, D9, D41, M03,
M06, M09, M12; Fig. 1). The second transect located in
the south part of the lagoon (Pirogues transect) followed
the sample station sequence: P04, P12, A03, A11, A17
(Fig. 1).

Vertical surface to bottom profiles were conducted
using a SeaBird SBE 19 CTD equipped with additional
sensors for PAR (Li-Cor), turbidity (Seapoint nephe-
lometer), and in situ chloropigment fluorometry (Wet
Labs/Wet Star). Regarding data acquisition frequency
versus CTD descending rate, a 25-cm resolution through
the profile was obtained on average. Conversion from
fluorometry to chlorophyll-a was obtained by correlat-
ing fluorescence data averaged between 2 and 4-m depth
with discrete measurements of chlorophyll-a concentra-
tions at 3 m (see below). The determination coefficient
(r2) was generally in the range 0.7–0.8.

Discrete water samples were collected using 5-L Ni-
skin bottles and analyzed for nutrients and chlorophyll-
aconcentrations. Ammonium analysis was performed
immediately after sampling according to the spectro-
photometric technique initially developed by Koroleff
(1976) and fully described in Aminot and Chaussepied
(1983). Nitrate+nitrite (Raimbault et al. 1990) and

Table 2 Initialization conditions used for the coupled biological model

Variable WB
a WP

b Chll a NO3 NH4 O2 Particulate
carbon

Particulate
nitrogen

Values 0 1.10–5 0.3 0.04 0.48 180 3.3 0.5
Units m s–1 m s–1 lg L–1 lmol L–1 lmol L–1 lmol L–1 lmol L–1 lmol L–1

aWB: phytoplankton settling velocity
bWP: detritus settling velocity
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phosphate (Murphy and Riley 1962) were analyzed
according to automated colorimetric procedures using a
Techicon Autoanalyser II after storage of the samples in
a deep freeze. Chlorophyll-a concentrations were deter-
mined by fluorimetry (Yentsch and Menzel 1963) on a
Turner Design 700 fluorimeter after filtration on GF/F
Watman glass-fiber filters (pore size 0.7 lm).

We used a succession of different forcing to repro-
duce wind field measurements during the year 1998. The
entire simulation corresponds to the biogeochemical
response of the southern lagoon segment to the meteo-
rological conditions measured in January 1998 (Fig. 6).
This period was representative of the beginning of the
summer wet-season, with relatively constant trade wind
conditions. The first 2 wk were dominated by a sus-
tained trade wind of 8 ms–1, followed by a succession of
different trade wind velocities: 3 d at 4 m s–1, 3 d at
8 m s–1 (Fig. 4), and a last day at 4 m s–1.

Results

Vertical chlorophyll-a distribution derived from fluo-
rometry profiles (Fig. 7) demonstrated vertical homo-
geneity in the top 10 m of the water column and
validated model outputs. Considering this homogeneity,
the 3-m depth level of the three-dimensional model was
considered as representative of the concentration in the
lagoon surface waters and was used for comparison with
in situ data from water collected at 3 m.

Except for ammonium, model outputs after a simu-
lated period of 3 wk were strongly correlated with ob-
served data (Fig. 8). Correlation coefficients were
significant for particulate organic nitrogen (PON)
(r=0.72**) and highly significant for chlorophyll-a
(r=0.88***) and particulate organic carbon (POC)
(r=0.75***) with a probability a<0.01 (n=16)

Focusing on chlorophyll-a, we observed that model
outputs mirrored the actual distribution of concentra-
tions across the lagoon, with a strong decreasing gradi-
ent from coast to middle lagoon, followed by a slight
increase toward the back reef (Fig. 9). Samples from
January 1998 confirmed a general trend showing that
middle lagoon waters were slightly more enriched in the
northern part of the lagoon than in the southern part,
where water residence time is shorter (Fichez et al.,
unpublished data).

For a more detailed comparison, results from three
stations that could be considered as representative of
specific lagoon conditions were selected. Station D47,
the nearest to the Dumbéa River estuary, represented
coastal environments directly influenced by river inflows.
Station M03, located a few km from D47 in front of the
Dumbéa Bay, represented middle lagoon conditions
potentially influenced by significant run-off events. Sta-
tion A03 presented typical middle lagoon conditions in
the southern part of the lagoon with minimal nutrient
and chlorophyll-a levels. At those three stations, initial
nutrient concentrations were rapidly balanced by ter-
rigenous nutrient supply. After 22 d of realistic simula-
tion corresponding to January 1998, the molar nitrogen/
carbon ratio was 0.23, higher than the Redfield molar
nitrogen/carbon ratio of 0.15. This ratio corresponded
to well-nourished phytoplankton cells with maximum
growth rate stabilized at a value of 4.10–5 s–1(slightly less

Fig. 6 Comparison between field measurements and simulated
wind conditions used for the realistic scenario in January 1998.
Locations of the stations are given in Fig. 1

Fig. 7 Vertical profiles of chlorophyll-a (a) calculated from CTD
fluorescence data in the southwest lagoon of New Caledonia in
January 1998, and (b) simulated after 22 simulation days (expressed
in lg l–1)
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than two divisions per day). This result suggests that
phytoplankton requirements for nitrogen were met by
terrestrial nutrient inputs. At station D47, chlorophyll-
aconcentrations exceeding 0.5 lg L–1 would be a con-
sequence of river inputs and associated development of
nanophytoplankton communities less sensitive to me-
sozooplankton grazing. At station M03, outside
Dumbéa Bay, trade winds were responsible for nutrient
and phytoplankton export to the north, sustaining
chlorophyll-aconcentrations of about 0.3 lg L–1. At
station A03, located in the central part of the south la-
goon, the increased influence of hydrodynamic inputs of
oceanic waters from the south slightly lowered chloro-
phyll-a concentrations below 0.25 lg L–1.

The spatial patterns of the main state variables
(ammonium and chlorophyll-a, respectively) for this

January 1998 scenario are shown in Figs. 10 and 11.
Simulated distribution of ammonium showed the river
plume in Dumbéa Bay to extend along the north coast
(Fig. 10). Terrigenous inputs from the Coulée and Pi-
rogues Rivers in the south did not result in significant
plumes because oceanic water inputs coming from the
open southern boundary of the lagoon almost immedi-
ately diluted these river inputs. Maximum river flow
occurred after 10 d of simulation in January 1998,
increasing to 100 m3 s–1 for the Dumbéa River (Fig. 2).
The simulated pattern of ammonium concentrations
portrayed the generally oligotrophic character of this
pelagic system, except in the Dumbéa Bay and near the
northern coast where river inputs, higher residence time,
and long-shore transport favored higher nutrient levels.

Simulated distribution of phytoplankton (expressed in
chlorophyll-a concentrations) at 3-m depth after 22 d of
this summer scenario are given in Fig. 11. The trade wind
influence rapidly increased in time and extended from the
south over a large part of the lagoon, inducing low chlo-
rophyll-a concentrations in most of the lagoon (less than
0.3 lg L–1). Phytoplankton-poor oceanic waters entered
the lagoon from the south and the Woodin channel, and
rapidly extended northward (11 d; Bujan et al. 2000).
Highest values of chlorophyll-a were observed in and
close to the most enclosed bays, Dumbéa Bay appearing
to be the most enriched system under natural conditions.
Due to their geomorphological features, these bays are
partly sheltered from trade winds, favoring longer
water residence time and the subsequent build-up of
phytoplankton biomass. Additional freshwater inputs in

Fig. 8 Simulated versus observed data: (a) chlorophyll-a concen-
trations with error bars corresponding to uncertainties calculated
from the vertical variation of fluorescence data between 2- and 4-
m depth (range between 2 and 12%); (b) ammonium concentra-
tions with a precision of 30 nM (Diaz and Raimbault 2000); and
(c) particulate organic carbon and nitrogen concentrations in
lmol/l with a precision of 7 and 8.5%, respectively (Raimbault
et al. 1999)

Fig. 9 Field data (closed circles) and simulated (open circles)
surface chlorophyll-a concentration (expressed in lg/L) in January
1998: (a) at eight stations located along the coast to ocean
‘‘Dumbéa’’ transect, and (b) at five stations located along the coast
to ocean ‘‘Pirogues’’ transect. Error bars for simulated chlorophyll-
a correspond to the maximum variation (15% for an increase of
10% of the maximum growth rate) calculated in sensitivity
analysis. Error bars for measured chlorophyll-a correspond to
uncertainties calculated from the vertical variation of fluorescence
data between 2- and 4-m depth (range between 2 and 12%)
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Dumbéa Bay resulted in a simulated phytoplankton
growth of 0.48 lg L–1 (Fig. 11). Although this simulation
showed a slight heterogeneity in chlorophyll-aconcen-
trations, the whole lagoon exhibited a low biomass at any
time, especially in the southwestern part of the lagoon,
just behind the barrier reef and above the white sand
sediments (Chardy et al. 1988). Outputs of lagoonal
waters were observed through the passes as shown by the
existence of plumes of slightly higher chlorophyll-a con-
centration entering the Coral Sea where oligotrophic
conditions with very low chlorophyll-a concentrations
(about 0.05 lg L–1) prevailed.

Sensitivity analysis of parameters

A sensitivity analysis of the model parameters was per-
formed using the sensitivity index presented by Chapelle
et al. (2000). Each parameter was modified by ±10%
and the results of each run were analyzed using the IS%
index:

IS% ¼ 100

p

� �
� 1

n

Xn

i¼1

Xi � X ref
i

�� ��
X ref

i

ð6Þ

where p is the % of the parameter variation (±10%),Xi

is the new variable value, and X ref
i is the January 1998

reference variable-value. Dividing by p in the IS%
equation leads to the % variation of each modeled
variable per % variation of each parameter. The result
was averaged over n, which corresponds to the number
of grid points (2,039) multiplied by the 25 d of simula-
tion (n=50975).

The sensitivity results for the four state variables,
chlorophyll-a, phytoplankton nitrogen, ammonia, and
nitrate concentrations, are given in Fig. 12. Results for
the other state variables are not presented because their
variations were lower than 0.1%, whatever the param-
eter considered.

Even though phytoplankton (expressed in chloro-
phyll-a or nitrogen content) and DIN (ammonium and
nitrate concentrations) were the most sensitive variables
in the model, a maximum variation of 1.5% was mea-
sured for chlorophyll-a concentrations. Results from
this model output sensitivity analysis were used to cal-
culate the simulated variable errors as plotted for chlo-
rophyll-a concentrations in Fig. 9. This numerical
variability was in the same order of magnitude as the
measured variability in the field data.

Only four (phytoplankton growth, respiration, light
limitation, and microzooplankton) grazing parameters
and five (phytoplankton growth, respiration, microzoo-
plankton grazing, nitrogen mineralization, and nitrifi-
cation parameters) parameters modified phytoplankton
biomass and DIN standing stock, respectively, by more
than 0.1%.

Fig. 10 Pattern of ammonium concentration at 3-m depth after 22
simulation days, using realistic scenario in January 1998
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Discussion

The homogeneous vertical distribution of chloropig-
ments in the 10-m-top layer generated by the model was
confirmed by in situ data (Fig. 7), as typically observed in
coastal tropical areas (Sorokin 1993). Moreover, com-
parison between simulation and field data in January
1998 showed a significant correlation between modeled
and measured data, except for ammonium (Fig. 8),
where the low measured and simulated concentrations
were not significantly correlated. The slight discrepancy
between measured and modeled POC concentrations
(Fig. 8c) could be explained by the fact that the source of
particulate organic carbon, derived from both land and
reef, and maximal during the summer (Clavier et al.
1995), was not taken into account in the model. The most
distant points from the 1:1 line corresponded to stations
located close to the shore or to the barrier reef.

Measured chlorophyll-a concentrations were slightly
lower than model outputs in the central part of the
lagoon (Figs. 9 and 11). This could be explained by an
underestimation of the extension of the oligotrophic
plume originating from the south boundary under
trade wind conditions. The classification of wind
conditions in fixed intervals used to run the model is a
source of uncertainties. From January 17 to 19,

recorded wind speeds of 6 m s–1 were converted to a
simulated average wind speed of 4 m s–1 (Fig. 6).
Improving the wind forcing parameterization by using
full physical versus biological coupling would be re-
quired to better describe the oligotrophic plume
extension and compensate for the slight gap between
simulated and observed chlorophyll-aconcentrations in
the central part of the lagoon.

The sensitivity analysis of the coupled physical-bio-
geochemical model (Fig. 12) showed that this model is
weakly sensitive to the biogeochemical parameter values,
and that the simulation results are mainly influenced by
the physical forcing and subsequent water transport
process. The maximum variation observed on modeled
chlorophyll-a concentrations in the sensitivity analysis
were in the same order of magnitude as the standard
deviation of the measured chlorophyll-aconcentrations
(15% or less).

The simulation presented in this study aims at
assessing the large-scale distribution of chlorophyll-a
concentrations as a function of different hydrodynamic
conditions and freshwater inputs. No limitation by
nutrients was detected at stations at the mouth of the
Dumbéa and Pirogues Rivers subject to significant
freshwater inputs. The hydrodynamic influence on
phytoplankton dynamics was reduced because of the
relative stability of the waters in Dumbéa Bay, sheltered
by the Noumea peninsula. Conversely, simulation re-
sults for the Pirogues River mouth showed a very strong
hydrodynamic influence that rapidly dispersed river-

Fig. 11 Pattern of chlorophyll-a concentration at 3-m depth after
22 simulation days, using realistic scenario in January 1998
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borne nutrient inputs and subsequent phytoplankton
biomass.

Further offshore, differences in phytoplankton
dynamics were more pronounced. Nitrogen limitation of
phytoplankton growth was predicted a few kilometers
from Dumbéa River and in front of the Dumbéa Bay
(station M03; Figs. 9a 11). Phytoplankton concentration
was logically lower at M03 than at station D47, as a
consequence of greater increased hydrodynamically
driven dilution.

Central locations in the southern part of the lagoon,
(e.g., station A03 Figs. 9b and 11) showed the strong
influence of oceanic inputs. The inflow of oligotrophic
waters renewed lagoon waters in a matter of days to
weeks, maintaining low phytoplankton concentrations.
Moreover, an increase in wind forcing resulted in an
increase in water replacement that further reduced sim-
ulated nutrient and chlorophyll-aconcentrations down
to near-ultra-oligotrophic ocean conditions. Desrosieres
(1975) previously observed a similar pattern.

Fig. 12 Average IS% index
(considering all grid points and
time steps) calculated in the
sensitivity analysis for the four
most sensitive state variables:
phytoplankton biomass
expressed in chlorophyll-a (Chl
a) and nitrogen concentrations
(NB), and DIN expressed in
ammonium (NH) and nitrate
(NO) concentrations (see
Table 2 for parameter
description)

292



In parallel to low phytoplankton biomass, the model
predicts a high growth rate maintained in the initial
oceanic water conditions. This result shows that during
favorable hydrodynamic conditions at station A03 (low
or westerly wind) combined with sustained freshwater
inputs, phytoplankton biomass should increase slightly
before being limited by nutrient availability.

The results of the simulation after 3 wk (Fig. 11)
under a combination of several realistic forcing scenar-
ios emphasized a generally decreasing phytoplankton
concentration gradient from the coast to the open sea,
with highest values around Noumea peninsula. The re-
sults of the simulations were in good agreement with
field observations, providing a first validation of our
model of this tropical pelagic coastal ecosystem. Con-
sidering the relative complexity of the simulations due to
the use of a fine spatial grid, we were able to differentiate
among the main abiotic forcings.

Except for coastal areas located near the river
mouths, the influence of oceanic waters constitutes the
main factor that drives chlorophyll-a concentrations in
the lagoon. Strong advection and turbulent diffusion of
oceanic waters (Fig. 4) combined with low values of
nitrogen maintained a minimum concentration of phy-
toplankton inside the lagoon, which increased as soon as
nutrients became more available. For instance, the ni-
trate inputs due to river flooding events during the
summer wet season generated an increase in phyto-
plankton biomass corresponding to the growth of large
phytoplankton species, which were taken into account in
our model by a lower grazing rate by mesozooplankton
than by microzooplankton. The impact of the recorded
freshwater input events on the lagoon as a whole was
limited to a simulated chlorophyll-a increase of
0.48 lg L–1 (to be compared with the measured chlo-
rophyll-a increase of 0.6 lg L–1) that could not be truly
labeled as a phytoplankton bloom. At any time in the
entire Caledonian lagoon, maximum measured chloro-
phyll-a concentrations rarely exceeded 1.2 lg L–1

(Rougerie 1986; Fichez et al., unpublished data).
Eight categories of wind velocity range chosen as

representative of the most common recorded wind
conditions were used to limit calculation time. Hydro-
dynamic and biogeochemical models were developed
separately (offline) to enable affordable simulation runs.
Unfortunately, the offline use of the models underesti-
mated realistic trade wind forcing and thus the extension
of the oligotrophic waters into the lagoon. A further
improvement of our work will be to run the hydrody-
namic and biogeochemical models on-line.

At this stage of development, the physical model did
not account for swell-generated, cross-reef hydrody-
namics, which are known to be a very complex issue in
tidal systems (Hata et al. 1998). Hydrodynamic model-
ing in the lagoon coupled with extensive current profil-
ing demonstrated that even if swell-generated, cross-reef
currents might have a local impact on water circulation
in the back reef area, the semi-diurnal tide and, more

importantly, wind-induced advection were the two main
factors driving water currents in this part of the New
Caledonia lagoon (Douillet 1998). Modeling waves in
the lagoon might be a much more significant issue be-
cause of the major impact of waves on particle resus-
pension and subsequent particle transport in shallow
coastal areas (Douillet et al. 2001).

The box model approach used in a previous study
(Bujan et al. 2000) showed that the freshwater influence
was limited to the coastal boxes and that the typical la-
goon areas presented oligotrophic characteristics. The use
of the three-dimensional model provides a more precise
description of the variability in phytoplankton spatial
distributions related to nutrient inputs. For instance, in
the box model, the Dumbéa Bay area was represented by
just two boxes, while the three-dimensional model results
clearly showed strong gradients in this bay as a function of
wind forcing.The same comments apply to the passes near
the reef boundaries where the box model poorly reflected
the biogeochemical impact of complex circulation pro-
cesses. The three-dimensionalmodel resultswill be used to
define sampling strategies for further fieldwork in the
southwest lagoon.

Simulation outputs supported by in situ data
demonstrated that the lagoon could be divided into (1)
sheltered bays experiencing freshwater inputs and re-
stricted exchanges with the open lagoon, (2) near-
shore regions influenced occasionally by river dis-
charges, with lower water residence times, and (3)
central parts of the lagoon, not significantly influenced
by rivers, but strongly controlled by the flushing of
oceanic waters mainly entering from the southeastern
boundary (trade winds conditions). Despite localized
areas of enhanced productivity in sheltered coastal
bays, the lagoon as a whole can be classified as an
oligotrophic system when compared to continental
coastal zones. Standard simulation considering an ex-
treme scenario with a tenfold increase in nitrogen
concentration in the rivers resulted in a low increase in
phytoplankton biomass, with a maximum chlorophyll-
a concentration of 1.69 lg L–1 in Dumbéa Bay. This
three-dimensional simulation was consistent with the
previous long-term box model simulation (Bujan et al.
2000) and confirmed the resilience of the oligotrophic
status of the lagoon.

Future improvement of the modeling approach
would include on-line coupling of hydrodynamic and
biogeochemical models, and a more detailed and adap-
ted mathematical description of the pelagic system,
including phytoplankton physiology (growth, respira-
tion, light limitation), microzooplankton grazing, and
nitrogen regeneration due to the microbial loop.
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Appendix 1: Equations of the biogeochemical coupled
model.

– Phytoplankton biomass expressed in carbon:

– Phytoplankton biomass expressed in nitrogen:

– Particulate detritic carbon:

– Particulate detritic nitrogen:

– Dissolved ammonia:

– Dissolved nitrate:

– Dissolved oxygen:
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Gregoire M, Beckers JM, Nihoul JCJ, Stanev E (1998) Recon-
naissance of the main Black Sea’s ecohydrodynamics by means
of a three-dimensional interdisciplinary model. J Mar Syst
16:85–105

Guarin F (1991) A model of the trophic structure of the soft-bot-
tom community in Lingayen Gulf, Philippines: an application
of the ECOPATH II software and modelling approach. Insti-
tute of Biology, College of Science, University of the Philip-
pines, Quezon City. PhD Thesis, 75 pp

Hata H, Suzuki A, Maruyama T, kurano N, Miyachi S, Ikeda Y,
Kayanne H (1998) Carbon flux by suspended and sinking
particles around the barrier reef of Palau, western Pacific.
Limnol Oceanogr 43(8):1883–1893

Hearn CJ, Holloway PE (1990) A three-dimensional barotropic
model of the reponse of the Australian North West Shelf to
tropical cyclones. J Phys Oceanogr 20:60–80

Henriksen K, Kemp WM (1988) Nitrogen cycling in coastal marine
environments. Wiley, Chichester, 451 pp

Jarrige F, Radok R, Krause G, Rual P (1975) Courants dans le
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