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through two biogeochemical models
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[11 A three-dimensional primitive equation model, the Regional Ocean Modeling
Systems (ROMS), coupled to two biogeochemical configurations (NPZD and N,P,Z,D,)
was used to study the dynamics of the first trophic levels of the pelagic food web in the
southern Benguela upwelling system. The domain extends from the Agulhas Bank
bordered by the Agulhas Current to 27°S on the west coast of South Africa. The
circulation is driven by monthly climatologies of atmospheric forcing fields. The NPZD
ecosystem model consists of four state variables: nutrient (nitrate), phytoplankton,
zooplankton and detritus. In the N,P,Z,D, model, ammonium has been added and the
three other variables have been divided into small and large organisms or detritus. Both
models are able to reproduce the spatio-temporal phytoplankton distribution. Along

the west coast, chlorophyll concentrations maxima are associated to surface waters.
Westward dominating winds generate the lowest chlorophyll concentrations encountered
in winter. The small phytoplankton organisms simulated by the N,P,Z,D, model are
responsible for a weaker chlorophyll inshore/offshore gradient, in closer agreement with
observations. Transitions from a regime dominated by new production (high f ratio)

to one dominated by regenerated production (low f ratio) happen to be abrupt, underlying
the constant competition between small and large organisms with regard to upwelling
induced nutrient inputs. On the Agulhas Bank, the summer enrichment is associated
with subsurface maxima, while in winter, mixing by storms results in a homogeneous
phytoplankton distribution in the water column. Regenerated production plays an
important role in maintaining the total phytoplankton growth. Zooplankton biomass
reflects the overall patterns of chlorophyll a concentrations with differences between the
west coast and the Agulhas Bank, consistent with data, and its distribution exhibits a clear
seasonal contrast. The seasonality of small and large zooplankton in the N,P,Z,D,
model is quite distinct, which allows, from the Agulhas Bank to St. Helena Bay, a food
continuum for fish larvae. This was not achieved with the simpler NPZD model,
emphasizing the importance of representing the appropriate level of complexity to
characterize food availability for higher trophic levels.
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[2] The Benguela ecosystem is one of four major current
systems which exist at the eastern boundaries of the world
oceans. The oceanography of the region is in many respects
similar to that of the Humboldt Current off Peru and Chile,
the California Current and the North African upwelling
systems. These eastern boundary currents are characterized
by upwelling along the coast of cold nutrient-rich waters.
They are important centers of plankton production which
support a large biomass of fish such as sardine, anchovy,
and many other fish species and also sea birds and marine
mammals.
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Figure 1. Schematics of the circulation in the southern
Benguela upwelling system. Numbers 1 to 5 correspond to
the upwelling cells in Namaqualand, Cape Columbine,
Cape Peninsula, Cape Agulhas, and Plettenberg, respec-
tively [from Shannon and Nelson, 1996]. Solid line denotes
surface currents; dashed line denotes undercurrent; and SEE
denotes shear edge eddies.

[3] The coastal upwelling area of the Benguela ecosystem
extends from southern Angola (~17°S) along the west coast
of Namibia and South Africa around the southernmost part
of the continent. While the area shares many of the generic
characteristics of the other boundary currents, it is unique in
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that it is bordered at both northern and southern boundaries
by two warm water systems, the Angola Current and the
Agulhas Current, respectively [Shannon and Nelson, 1996;
Shillington, 1998]. These equatorward and poleward bound-
aries are highly dynamic, and their pulsing impacts on the
ecosystem as a whole and on its harvested resources.
Moreover the intrusions of warm waters in the Benguela
system originating in the Indian Ocean may control the rate
of thermohaline overturning of the whole Atlantic [Weijer et
al., 1999]. From dynamical and ecological considerations,
the Benguela upwelling system can be divided into northern
and southern regions, the border between them being the
Luderitz upwelling cell [Shannon and O’ Toole, 1999].

[4] Along the southern Benguela shore, equatorward
wind induces offshore advection of surface waters, creating
many upwelling cells along the coast (Figure 1) and
inducing a highly dispersive environment. In this oceano-
graphic region, sardines and anchovies, the most abundant
pelagic fish species, have adapted their reproductive strat-
egies to these environmental constraints. Hydrodynamical
properties and the abundance of prey of small pelagic fish
influence each step of their life cycle. Sardine and anchovy
larvae and juvenile, according to there development stages,
feed on phytoplankton, zooplankton, or both. In such a
context, we need to understand well the functioning of the
first trophic levels of the food chain, which sustain sardines
and anchovies development to improve our understanding
of the spatio-temporal variability of the pelagic marine
resources. The fluctuations of small pelagic stocks and the
interactions among the different species originate in non-
linearities linked to the ecosystem structure, in particular to
the relationship between physical and biological processes
[Huggett et al., 2003; Parada et al., 2003]. Numerical
modeling has become a key tool to study the mesoscale
dynamics of marine ecosystems due to the inherent diffi-
culty of collecting in situ this information.
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Figure 2. (a) Horizontal grid of the hydrodynamic model. The dark line represents the coastline, and the
500-m isobath is an indicator of the position of the shelf break. (b) Vertical s-coordinate system of the

hydrodynamic model following topography.
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Table 1. State Variables of Biogeochemical Models®

Symbol Variable
NPZD Model
NOs dissolved inorganic nitrogen (nitrate)
P phytoplankton
4 zooplankton
D detritus
N2P222D2 Model
NH, ammonium
NO; nitrate
P small phytoplankton
P, large phytoplankton
Z small zooplankton
Z large zooplankton
Dy small detritus
D, large detritus

Units for state variables are mmol N m™>.

[5] In the southern Benguela, anchovies have distinct
spawning patterns. Anchovy display a discrete spawning
maximum in summer, while sardines spawn through most of
the year, with a slight minimum in winter months and slight
maxima in early spring and late summer, bracketing the
anchovy spawning. The transport from the spawning area
(the Agulhas Bank) to the recruitment area (St. Helena Bay)
for anchovies has been studied by Huggett et al. [2003],
Mullon et al. [2003] and Parada et al. [2003]. These
authors coupled a realistic three-dimensional hydrodynamic
model with an individual-based model in order to study the
impact of environmental conditions (except food) on the
early life stages of pelagic fish eggs and larvae and on
the recruitment success.

[6] The goal of the present study is to represent the food
availability of pelagic fish larvae during their early life
stages. To address this objective, we used coupled physical-
biogeochemical models which we will present in the next
section. After a brief description of the observational data
set used, we will compare the two biogeochemical models
developed in their ability to reproduce the primary and
secondary productions in the southern Benguela with a
focus on the Agulhas Bank and the west coast. In the last
section, we will discuss the relevance of each biogeochem-
ical configuration in the context of food availability for the
small pelagic fish (sardines and anchovies).

2. Models Formulations
2.1. Hydrodynamic Model

[7] The hydrodynamic model is the Regional Ocean
Modeling System (ROMS). The reader is referred to
Shchepetkin and McWilliams [2005, 2003] for a more
complete description of the model. It solves the free surface,
primitive equations in an Earth-centered rotating environment,
based on the Boussinesq approximation and hydrostatic
vertical momentum balance. ROMS is discretized in coastline
and terrain-following curvilinear coordinates.

[8] This model has been adapted to the southern Benguela
upwelling subregion by Penven [2000] and Penven et al.
[2001b] and is briefly described here. In this configura-
tion, the curvilinear grid is pie-shaped to follow roughly
the southwest corner of Africa from the Agulhas Bank to
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Hondeklip Bay (30°S—17°E) on the west coast (Figure 2a).
To facilitate the connection to the open ocean, the
northern and eastern open boundaries cut the shelf in its
narrowest parts at about 27.5°S and 24.5°E, respectively.
Horizontal resolution ranges from 18 km at the coast to
31 km offshore, and on the vertical, there are 20 vertical
levels. The number of vertical levels is higher near the
surface to better resolve upper ocean variability (Figure 2b).
The model was forced using the atmospheric forcing fields
based on monthly climatologies derived from the Compre-
hensive Ocean-Atmosphere Data Set (COADS) [Da Silva
et al., 1994]. The momentum forcing is given by the
longitudinal and latitudinal components of the wind stress.

2.2. Biogeochemical Models

[9] Two biogeochemical models have been used to sim-
ulate the first trophic levels of the Benguela ecosystem
functioning. These models were adapted from the biological
model of ROMS developed at UCLA (N. Gruber et al.,
Simulation of phytoplankton ecosystem dynamics in the
California Current System, submitted Deep Sea Research,
2004). The evolution of any biological tracer concentration
C; is determined by an advective-diffusive equation,

oC;

= —V.(uC;) — 4,V*C; + 0 (Kp E?C,-) +sms(C;), (1)

0z \"" 9z

where the first term on the right-hand side accounts for
advection, the second accounts for horizontal diffusion
(with A4, representing the horizontal eddy diffusion
coefficient), and the third term represents vertical mixing
with turbulent diffusion coefficient K. The last term is the
source-minus-sink term due to biological processes.

2.2.1. NPZD Version: SC (for Single Compartment)

[1o0] The NPZD model contains four state variables
(Table 1): dissolved inorganic nitrogen or nitrate (NOs),
phytoplankton (P), zooplankton (Z), and detritus (D). Inter-
actions between the different compartments are summarized
in Figure 3a. All prognostic variables are expressed in
nitrogen currency (mmol N m™ ). Chlorophyll ¢ in mg
Chla m is derived from phytoplankton concentration
using a constant carbon/chlorophyll ratio of 50 [Fasham
et al., 1990; Radach and Moll, 1993; Lacroix and Nival,
1998; Tian et al., 2000].

[11] Phytoplankton growth rate is forced by PAR (photo-
synthetically available radiation), temperature, and dis-
solved inorganic nitrogen (NOs). PAR is calculated at
each time step by linearly interpolating monthly climato-
logical values. More details about the radiation conditions in
ROMS are given by Marchesiello et al. [2003]. The PAR is
calculated using the following formulation:

PAR = PAR()- eXp (kwater + kz'hlwe'rC/N,phym-[P] .AZ), (2)

where PAR, is the surface PAR, k. and kcp, are
attenuation coefficients for pure water and chlorophyll, 6
is the chlorophyll/carbon ratio, ¢y iy is the C/N ratio for
phytoplankton, [P] is phytoplankton concentration, and Az
is the depth step. Since the chlorophyll concentrations vary
spatially, the attenuation coefficients will also do so. The
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Figure 3. Schematic representations of the fluxes of nitrogen. (a) NPZD model. (b) N,P,Z,D, model.

phytoplankton growth rate limitation by PAR and temper-
ature is given by

V,..PAR
\/V2 + 02.PAR?

where ,(PAR, T) is the light- and temperature-limited
growth rate (4~ '), o is the initial slope of photosynthesis-
irradiance (P-I) curve, V), is the light-saturated growth
[Oschlies and Gargon, 1999]. Limitation by nitrogen
(Nitrate) is given by a Michaelis-Menten function [Parker,
1993],

i, (PAR,T) = V,=a.b", (3)

_ [NGs]

" Kyo, +[NOs]’ (4)

My (V

where (V) is the relative nutrient-limited phytoplankton
growth rate, Kyo, is the half-saturation constant for NO;
uptake by phytoplankton. Phytoplankton growth rate is
computed as the product of equations (3) and (4),

ty = 1, (PAR, T) ., (N). (5)
We used the Michaelis-Menten expression [Fasham et al.,
1999; Tian et al., 2001] to describe the zooplankton

ingestion as a function of phytoplankton concentration.
The grazing expression is formulated as follows:

7]

K +17 (6)

&z = &max-

where gy is the zooplankton maximum grazing rate (4~ ),
[P] is phytoplankton concentration, K, is zooplankton half
saturation constant for ingestion. Detritus are a mixture of

zooplankton fecal pellets, dead bodies (zooplankton and
phytoplankton mortality). Mortality rate is assumed to be
constant for both state variables phytoplankton and
zooplankton. The remineralization rate of detritus into
nitrate (NO3) is assumed to be constant. Vertical sinking
affects phytoplankton and detritus. The algorithm for the
vertical sinking is based on the piecewise parabolic method
of Colella and Woodward [1984]. All the model parameters
are listed in Table 2. The source and sink terms of the
biogeochemical tracers are defined by the following system
(equations (7)—(10)), where L, is the sinking term which
includes the sinking velocity wp and wp, for phytoplankton
and detritus respectively.

sms(NOy) = *Hp-[P] + ppy - [D] + nzy[Z], (7)
sms(P) = ,.[P] — g:.[Z] — mpp.[P] + Ly, (8)
sms(Z) = B.g:.[Z] — mzp.[Z] — pzy[Z], 9)

sms(D) = mpp.[P| + mzp.[Z] + (1 — B).g:.[Z] — ppy-[D] + Lys.
(10)

2.2.2. N,P,Z,D, Version: DC (for Doubled
Compartments)

[12] Within the N,P,Z,D, model (or DC for doubled
compartments), each compartment of the previous NPZD
model is split into two state variables (Table 1) according to
a size criterion (Figure 3b). The pool of dissolved inorganic
nitrogen is represented by nitrate (NO3;) and ammonium
(NH,). Phytoplankton organisms are split into small phyto-
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Table 2. NPZD Biogeochemical Model Parameter Values

Parameter Description Value Unit

kyvater light attenuation due to seawater 0.04“"?":"1’c m™!

kcnta light attenuation by chlorophyll 0.024 (m’mg Chla) ™'

«Q initial slope of the P — I curve 0.042 mg C(mg Chla W m2d)™!

a phytoplankton maximum growth rate at 0°C 0.8356" d!

b 1.066%¢ n.d.

TCIN phyto C/N ratio for phytoplankton 6.625' mol C(mol N)™!
cellular chlorophyll/C ratio 0.020%%¢ mg Chla(mg C) ™!

Knos half-saturation for phytoplankton NO; uptake 2.00% mmol N m >

K, zooplankton half-saturation constant for ingestion 1.0 mmol N m~?

Zmax maximum zooplankton growth rate 0.9h_ d!

] zooplankton assimilation coefficient 0.70"* n.d.

mpp phytoplankton mortality rate 0.03%¢ d!

mzp zooplankton mortality rate 0.1' d!

Bzn zooplankton specific excretion rate 0.10° d!

Won detrital remineralization to NOj; rate 0.05¢ d-!

wp sinking velocity for phytoplankton 0.5° md'

Wp sinking velocity for Detritus 5.0¢ md'

2Fasham et al. [1990].

SHurtt and Armstrong [1996].
“Lacroix and Nival [1998].

dOschlies and Gargon [1999].

*Tian et al. [2000].

Olivieri and Chavez [2000].

€Popova et al. [2002].

%‘Tuned value between the range found in literature.
‘Redfield C/N ratio (106/16).
JAndersen and Rassoulzadegan [1991].
XChifflet et al. [2001].

'Bahamén and Cruzado [2003].

plankton (mainly flagellates (P,)) and large phytoplankton
(mainly diatoms (P;)). The two zooplankton compartments
now represent microzooplankton as ciliates (small zoo-
plankton Z;) and mesozooplankton such as copepods (large
zooplankton Z)). To respond to this size fractionation of
primary and secondary producers, small and large detritus
(Dy and D)) have also been separated. The differentiations
flagellates/diatoms and ciliates/copepods are relevant with
regards to the a priori knowledge of the main phytoplankton
and zooplankton organisms present in the southern Ben-
guela region [Shannon and O’Toole, 1999].

[13] The phytoplankton growth rates are controlled by
PAR, nitrogenous nutrients, and temperature. The exponen-
tial decrease of light intensity is calculated following
equation (1), where [P] is replaced by the sum of small
phytoplankton (P,) and large phytoplankton (P;) concen-
trations. Large or small phytoplankton growth rate limita-
tion by PAR and temperature follows the same formulation
as given in equation (3) where the function y,(PAR, T) and
the parameters a, a, b were indexed by / (or s), respectively.
Both phytoplankton growth rates are limited by nitrate
(NO3) and ammonium (NHy), where NH, is preferred to
NOj for both sizes of phytoplankton [Dugdale and Goering,
1967]. The limitation by nitrogenous nutrients is given by

_ [NH4]
) R+ ]
1y (403) = - MOl K )

Kzlvo + [NO3] KIIVH4 + [NH4]

where Mp/(NH4) and up/(N 03) (Mps(NH4) and Mps(N 03)) are
the large (small) phytoplankton ammonium and nitrate-

limited growth rate, respectively. The large (small)
phytoplankton nutrient-limited growth rate , (V) (j,s(V))
is the sum of both ammonium and nitrate-limited growth
rate. KNH and KNO are the half-saturation constants for
NH, and N03 uptake by large phytoplankton (or K3, and
Ko, for small phytoplankton), respectively [Parker, 1993]
Small cells are more adapted to oligotrophic conditions than
larger ones [Takahashi et al., 1982], so the values of half-
saturation constants are taken to be lower for the small
phytoplankton (Table 3). The phytoplankton growth rate is
computed as the product of all the limitation terms.

[14] The large zooplankton (copepods) consumes small
and large phytoplankton and small zooplankton with differ-
ent filtration efficiency. The copepods filter the diatoms
with more efficiency than flagellates [Andersen and
Rassoulzadegan, 1991; Chifflet et al., 2001]. The small
zooplankton feeds on small and large phytoplankton with
also different filtration efficiency. The specific feeding rate
of a predator j on food type i is calculated as

_ eji-|Fil
gz/ &max; - k +Ft

with Ft 26‘ﬁ.F,‘7 (12)

where gmay, is the maximum grazing rate of the predator j (j
represents small or large zooplankton), e;; is the preference
(or capture efficiency) of predator j to prey i, [F] is prey i
concentration, k; is the half-saturation constant for predator
J ingestion, and F, is the total food available for predator j
[Fasham et al., 1999; Tian et al., 2000].

[15] Small detritus are a mixture of small zooplankton
fecal pellets, dead bodies of small zooplankton, and small
and large phytoplankton, whereas large detritus is mainly
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Table 3. N,P,Z,D, Biogeochemical Model Parameter Values

Parameter Description Value Unit

kyvater light attenuation due to sea water 0.046"{”“":Lc m™!

kcnta light attenuation by chlorophyll 0.024f (m? mg Chla) ™'

o P initial slope of the P — [ curve 0.025¢ mg C(mg Chla W m2d)™"!

" P, initial slope of the P — I curve 0.042 mg C(mg Chla W m~2d)™!

ay Py maximum growth rate at 0 C 0.557" 4!

a; P, maximum growth rate at 0 C 0.8356" d-!

b 1.066%¢ n.d.

TN phyto C/N ratio for phytoplankton 6.625' mol C(mol N)™!
cellular chlorophyll/C ratio 0.020™%¢ mg Chla(mg C) '

Kyo, Py half-saturation constant for NO; uptake 1.0 mmol N m~—3

K}m} P, half-saturation constant for NO; uptake 2.0 mmol N m~>

Kym, P half-saturation constant for NH, uptake 055" mmol N m~>

K; IIVH4 P, half-saturation constant for NH, uptake 0.7%¢ mmol N m™—>

K, large zooplankton half-saturation constant for ingestion 2.0" mmol N m >

K. small zooplankton half-saturation constant for ingestion 1.o" mmol N m~?

Zmax, large zooplankton maximum growth rate 0.96° d!

&max, small zooplankton maximum growth rate 1.2k d!

B large zooplankton assimilation coefficient 0.70™¢ n.d.

B small zooplankton assimilation coefficient 0.7_5°"f n.d.

e p. capture efficiency of Py by Z; 1.0/ n.d.

e capture efficiency of P; by Z; 0.4" n.d.

e, capture efficiency of P, by Z; 0.5° n.d.

e.p, capture efficiency of P; by Z; 1.0/ n.d.

e, capture efficiency of Z; by Z; 0.4" n.d.

mp,, small phytoplankton mortality to detritus rate 0.027" d!

mp,, large phytoplankton mortality rate 0.03%¢ d!

mz, small zooplankton mortality rate 0.025" d!

mgz, large zooplankton mortality rate 0.05" d!

Mz, small zooplankton specific excretion rate 0.10" d!

Hz,, large zooplankton specific excretion rate 0.05" d!

o, small detrital breakdown to NH, rate 0.1bm 4!

Hp,, large detrital breakdown to NH, rate 0.05¢ d!

AN nitrification rate of NH4 to NO5 0.05" 4!

wp, sinking velocity for large phytoplankton 0.5%0 md!

Wp, sinking velocity for small detritus 1.0" md'

Wp, sinking velocity for large detritus 5.0¢ md!

Fasham et al. [1990].

SHurtt and Armstrong [1996].
“Lacroix and Nival [1998].
dO0schlies and Gargon [1999).
*Tian et al. [2000].

fOlivieri and Chavez [2000].
€Popova et al. [2002].

"Tuned value between the range found in literature.
'Redfield C/N ratio (106/16).
IChifflet et al. [2001].
XBahamén and Cruzado [2003].
"Doney et al. [1996].

"Liu et al. [2002].

composed of large zooplankton fecal pellets and dead
bodies. The remineralization rates for both small and large
detritus are taken as constant. NH, is transformed into NO5
with a constant nitrification rate. Ammonium (NH,) pool is
also supplied by zooplankton excretion, with a constant
excretion rate. Source-minus-sink terms of biogeochemical
state variable evolutions are given in Appendix A. Cor-
responding parameters are also summarized in Table 3.

2.3. Initial and Boundary Conditions and Numerical
Implementation

[16] Coastal modeling requires well behaved, long term
solutions for configurations with open boundaries on up to
three sides. A numerical boundary scheme should allow the
inner solution to radiate through the boundary without
reflection and information from the surrounding ocean to

come into the model. The active open boundary scheme
implemented in ROMS hydrodynamic model estimates the
two-dimensional horizontal phase velocities in the vicinity
of the boundary [Marchesiello et al., 2001]. The velocities
phase for each variable is given by Raymond and Kuo’s
[1984] formulation. The interior and open ocean propaga-
tions at the open boundaries are fully described by Penven
[2000]. The hydrodynamical model includes relaxation
times T chosen empirically to avoid long-term drift and
overspecification: T,,, = 360 days for all the variables (for
the outflow boundary), 7;, = 10 days for the velocities
(for the inflow boundary), and T;, = 3 days for the tracers
(for the inflow boundary). A simple nongradient scheme is
applied for the boundary condition of the free surface
elevation, since the boundary value of the free surface
elevation does not affect the inner solution on a C-grid.
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Table 4. Initial Values for State Variables®

Component Value
NPZD Model
Phytoplankton 0.1
Zooplankton 0.06
Detritus 0.02

NszZzDz Model
NH, 0.1
Small phytoplankton

0.04
Large phytoplankton 0.06
Small zooplankton 0.04
Large zooplankton 0.04
Small detritus 0.02
Large detritus 0.02

Units for state variables are mmol N m >,

[17] An important particularity of the regional model of
the South African Coast is the highly energetic Agulhas
Current that is flowing into the domain via the eastern
boundary. The presence of this meandering current creates
instabilities in the model after a year or two of simulation. A
specific open boundary scheme (originally proposed by
Flather [1976]) has been implemented into the code for
the barotropic component of the velocities (perpendicular to
the boundaries), to obtain a long-term stable solution.
Information is constantly provided by the boundary, that
could overdetermine the inner solution [Penven, 2000].

[18] The initial and boundary conditions for the hydrody-
namical model have been derived from the outputs of the
Geophysical Fluid Dynamics Laboratory (GFDL) Modular
Ocean Model (MOM), version 2, run in a climatology
configuration (see section 2.1). The seasonal time-averaged
outputs of the AGAPE basin scale ocean model [Biastoch
and Krauf3, 1999] forced the model three lateral boundaries
and connect them to the surroundings. This seasonal model
outputs give an annual cyclic information for the following
variables: both components (u, v) of the current, the average
current (i, v), temperature (T), salinity (S) and the sea
surface elevation (). To avoid discontinuities in the clima-
tology and forcing fields, the model linearly interpolates in
time the data to obtain a field at each model time step.

[19] For both SC and DC models, the initial and boundary
conditions of nitrate (NOs) distribution are given by an
analytical profile derived from Conkright et al. [1994].
Initial conditions for all other state variables are assumed
to be constant, and listed in Table 4.

[20] We allowed a spin-up time of 3 years of the coupled
physical/biogeochemical model to obtain a stable annual
cycle. For more details about the biogeochemical model’s
stability and equilibria, see auxiliary material figure fs01."
In the results section, we therefore present model outputs of
the fourth year of simulation.

3. Observational Data

[21] The biogeochemical models were validated by com-
paring model outputs with remotely sensed chlorophyll a
concentrations as well as in situ phytoplankton and zoo-

'Auxiliary material is available at ftp://ftp.agu.org/apend/gb/
2004GB002427.
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plankton observations. Phytoplankton pigment concentra-
tions used in this study were obtained from SeaWiFS (Sea-
viewing Wide Field-of-View Sensor). Surface chlorophyll a
concentrations are derived from the global area coverage
(GAC) products acquired by SeaWiFS offering a resolution
of 4.5 km. Data are issued from the third reprocessing using
the standard OC4v4 algorithm validated in August 2002. A
daily spatial composite of the standard chlorophyll a was
performed by merging data from different orbits (two over
the South Benguela region) and a monthly climatology was
used [Demarcq et al., 2003], as a comparison basis with the
model outputs.

[22] The zooplankton data are based on regular surveys
performed since 1988 until 2000. Two surveys are con-
ducted each year, one in November to estimate the prere-
cruitment success and another one in June in order to
estimate the recruitment. We extracted the zooplankton
biomass to validate the models secondary production.
Average numbers of individuals per square meter of the
most dominant species (Calanoides carinatus and Calanus
agulhensis) of copepods were converted in mg dry weight
m * using living material [Painting et al., 1993] that had
been oven dried at 60°C and weighed on a Cahn Model 25
Electrobalance [Peterson et al., 1990]. The dry weights
were converted into nitrogen units using the following
expression: mg N = 10% mg dry weight. These abundance
data include copepodites and adults obtained with net hauls
operating over an average depth of 100 m [Verheye, 1991].

4. Results and Discussion
4.1. Hydrodynamical Model Validation

[23] The solution of the physical model has been analyzed
in great details. The outcome has been the subject of several
publications [Penven, 2000; Penven et al., 2001a, 2001b;
Blanke et al., 2002a, 2002b; Lutjeharms et al., 2003]. A
detailed model description and a general validation have
been provided [Penven, 2000]. The seasonally averaged
model results were successfully compared to the known
averaged surface temperature, surface salinity, bottom tem-
perature, bottom salinity, surface currents and integrated
transport [Penven, 2000; Penven et al., 2001b]. Although
the model was solely forced by a monthly climatology, the
root mean square temperature, the root mean square sea
surface elevation, the eddy kinetic energy and the velocity-
variance ellipses are remarkably close to the observations
[Penven, 2000; Penven et al., 2001b]. This confirms the
predominant role of intrinsic oceanic instability processes
for the variability in the southern Benguela [Penven, 2000;
Penven et al., 2001b]. The generation of cyclonic eddies
from the tip of the Agulhas Bank has been analyzed in detail
[Penven et al., 2001a]. For this process, the model solution
shows a great resemblance to surface observations, but also
for in situ temperature sections [Penven et al., 2001al].
Comparisons with temperature vertical sections were
also successfully performed across the Agulhas Bank
[Lutjeharms et al., 2003]. It should nevertheless be noticed
that the stratification simulated in the top few hundred
meters is weaker than observed and so is the case in most
of the model domain. On the Agulhas Bank, the model is
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able to reproduce with a great level of accuracy the seasonal
variations in the vertical hydrographic structure as well as
the generation of shear edge eddies [Lutjeharms et al.,
2003]. If interannual variations are introduced in the surface
model winds, our model is able to simulate the interannual
variations of sea surface temperature in the southern
Benguela with a precision of a few tenth degrees [Blanke
et al., 2002a, 2002b].

[24] The main model/data discrepancies are a poor repre-
sentation of the Agulhas variability and the Agulhas
retroflection, and a too strong coastal upwelling due to the
large-scale structure of the wind [Penven, 2000; Penven et
al., 2001b]. The model version at a lower resolution does
not represent properly the mesoscale dynamics as well as
the detachment of the Agulhas current from the southern tip
of the Agulhas Bank. Along the west coast, this does not
affect strongly the large-scale upwelling structure [Penven,
2000]. Because of its execution speed, and because it
represents the physical environment with a fair degree
of accuracy [Penven, 2000], this version of the model
is suitable for studying the phytoplankton dynamic by
coupling a biogeochemical module.

4.2. Annual Surface Distribution and Monthly
Variability of Chlorophyll a

[25] The annual distribution of the surface chlorophyll a
in the southern Benguela upwelling system simulated by the
biogeochemical models and observed by SeaWiFS is pre-
sented in Figures 4a, 4c, and 4e. The main patterns observed
by satellite are quite well reproduced by both models.
Indeed, both biogeochemical models, i.e., SC and DC, are
able to simulate high chlorophyll a concentrations along the
west coast and enriched concentrations on the Agulhas
Bank. Both models give maximum values of chlorophyll
a concentrations close to 5 mg Chla m > along the west
coast, the highest values being associated to the retention
zone of St. Helena Bay. Nevertheless, the offshore extension
of modeled elevated concentrations associated to the intense
upwelling-favorable zone is much reduced than the ob-
served one.

[26] We can finally notice that the inshore/offshore chlo-
rophyll a gradient along the west coast is more marked in
the SC version than in the DC one. This is partially due to
the small phytoplankton organisms in the DC model which
are able to grow in more oligotrophic regimes (not shown)
as was shown by Booth and Smith [1997]. In this respect,
the SC version would be preferable when compared with
SeaWiFS.

[27] On the Agulhas Bank (between 34.5°S-37°S and
18°E—24°E), both models underestimate the annual surface
chlorophyll @ concentration in comparison with the Sea-
WIiFS estimates. Values of up to 2 mg Chla m are
provided by the models while the ocean color sensor yields
values close to 3—4 mg Chla m—>. The DC model seems
however to perform better than the SC model since maxima
are higher and the enrichment in pigment concentrations is
more homogeneous, covering the whole Agulhas Bank. We
tested the impact of a variable carbon/chlorophyll ratio on
the chlorophyll a distribution given by the SC model.
Qualitative and quantitative interpretations did not change.
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[28] To further document the ability of both versions
to represent the time variability of the surface chloro-
phyll a distribution, we tried to assess the monthly
variability by computing the following standard devia-

tion: SD = \/%Z (Xl- ny)z, where X; and X, represent

the monthly and the annually averaged chlorophyll a
concentration, respectively. A general remark to be made
is the underestimation by both model versions of
the temporal variability in comparison with SeaWiFS
(Figures 4b, 4d, and 4f). St. Helena Bay (31°S—34°S)
stands out since the modeled variability is of the correct
order of magnitude. In the southern Benguela (28°S—35°S)
and in the Agulhas Bank region (18°E—24°E), we can note
a strong increase of variance between 0.02 offshore and 0.2
close to the coast in both model versions. None of the
models is able to reproduce the high SeaWiFS variance
(close to 10) over the Agulhas Bank, but the DC version
behaves slightly better. The underestimation of the variabil-
ity in our models is likely to be due to the monthly wind
stress forcing that does not include the weekly pulses
[Blanke et al., 2002b]. Another reason for this weak
variability is the underestimation of high chlorophyll «
concentration along the west coast and on the Agulhas
Bank. This overall underestimation is partly due to the
weak stratification mentioned in section 4.1 which preclude
the uplift of nutrient rich waters shallower enough.

4.3. Seasonal Distribution of Chlorophyll a

4.3.1. Horizontal Distribution

[29] Austral summer (January-February-March) and win-
ter (July August-September) distributions of simulated sur-
face chlorophyll a concentration and observed by SeaWIFS
are shown in Figure 5. Summer and winter were chosen
since they are enough separated in time to cover the overall
temporal variability of the chlorophyll a distribution, and
the contrast between the two seasons is strong enough to
emphasize the main seasonal features of the southern
Benguela ecosystem.

[30] Both SC and DC models retrieve the main patterns,
previously described, i.e., the highly productive west coast
with concentrations of chlorophyll a (about 10 mg Chla
m ) in summer. The spatial location of the structures are in
relatively good agreement with SeaWiFS observations but
the peaks simulated by the SC and DC models are twice lower
than those derived from SeaWIFS data (20 mg Chla m ).
Nevertheless, the simulated maximum is consistent with
the ~16 mg Chla m > concentrations estimated by Brown
[1992]. The high concentrations of chlorophyll a along the
west coast are due to the intense upwelling activities
around the area layering between 19°S and 33°S [Bakun,
1996]. St. Helena Bay has been recognized for some time
as a highly productive area [Andrews and Hutchings,
1980; Touratier et al., 2003] where recruitment of
anchovies and partly sardines occurs usually around
May-June [Barange et al., 1999; Huggett et al., 2003].
East of Cape Town, the modeled upwelling does not
produce chlorophyll a concentrations as high as measured
by SeaWiFS. This is probably due to the smoothing of
wind speed imposed by a monthly forcing.

9 of 22



GB4021

KONE ET AL.: SOUTHERN BENGUELA ECOSYSTEM MODELING

Summer

Winter

« Latitude

(=]
o
w

QOOS ] T

28°S g

32°S 11+

360S

QOOS v

12°E

16°E

20°E 24°E 12°E 16°E

20°E

24°E

« Latitude

(o))
o
w

4003

28°S s

(e}
32°S 11

36OSqt

4003

12°E

16°E

20°E 24°E 12°E 16°E

20°E

24°E

(e)l-

12%

16%

20°E 24% 12%

Longitude

[ R
0.102 05 1 2 5 10 2(

16I°E 20I°E
Longitude

24%

GB4021

Figure 5. Seasonal distribution of the surface chlorophyll @ concentrations (mg Chla m ) averaged

over the SeaWiFS attenuation depth: (a, b) SC model; (c, d) DC model, and (e, f) SeaWiFS data.

10 of 22



GB4021

[31] Penven et al. [2001b] showed that modeled SST at
the coast was colder than observed from satellites in
summer. They argued that by using a wind forcing from a
monthly climatology, the smoothing of the high-frequency
variability of the wind results in a continuous and persistent
upwelling during the whole summer season. This feature
modifies the inshore/offshore gradient of SST and hence the
impact on nutrients (not shown) and chlorophyll @ distribu-
tions in both models; it explains the relative confinement of
chlorophyll a concentrations against the coast. Indeed,
Waldron and Probyn [1992] and Demarcq et al. [2003]
pointed out the strong relationship between sea surface
temperature, nutrient input in the surface layers and the
corresponding enrichment of phytoplankton in the Benguela
upwelling. However, as mentioned for the annual distribu-
tion, the small phytoplankton compartment allows the DC
model to simulate a broader strip of enriched phytoplankton
than the SC model along the west coast.

[32] On the Agulhas Bank, the summer surface chloro-
phyll @ concentrations given by both biogeochemical mod-
els are lower than those along the western coast. In
SeaWiFS images, concentrations of chlorophyll a vary
between 3 and 4 mg Chla m > in summer. Concentrations
simulated by both SC and DC models are much lower (~0.5
and ~1 mg Chla m >, respectively) and do not reproduce
the same spatial pattern. Indeed, the observed rich-chloro-
phyll tongue extending from the coast toward the open sea
at 23°E—34.5°S is absent from both simulations. In SC,
chlorophyll a enrichment on the Agulhas Bank offers an arc
shape with the lowest concentrations inshore. The monthly
wind climatology used is responsible for the lowest con-
centrations on the Agulhas Bank and the use of daily wind
forcing allows upwelling cells to develop close to the coast
and therefore allows phytoplankton to grow (E. Machu,
personal communication, 2004). The DC model produces
chlorophyll concentration levels closer to those observed
but remain weaker however. The observed dichotomy
western/eastern Agulhas Bank is not reproduced by both
models. This could be due to the fact that the Agulhas
Current does not retroflect properly in this model configu-
ration [Penven, 2000].

[33] In winter, chlorophyll a concentrations decrease both
in the simulation and in the observations (Figure 5).
Maximum modeled chlorophyll a concentration drops from
10 to 5 mg Chla m > while SeaWiFS estimates are reduced
from 20 to 10 mg Chla m . During winter, upwelling is
minimal in the southern Benguela [Shannon et al., 1984]
since westward winds are dominating the wind forcing.
Combined with lower insolation, these conditions induce
lower chlorophyll a concentrations simulated by both bio-
geochemical models. The contrast between winter and
summer distribution of chlorophyll a is then due to the
decrease of upwelling intensity combined to the weak
irradiance conditions. According to Shannon and O’Toole
[1999], the insolation and upwelling season coincide in the
west coast, which makes it highly productive in summer as
compared to winter.

[34] The contrast in the chlorophyll concentration be-
tween the western coast and the Agulhas Bank described
previously still remains but is weaker since chlorophyll
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concentrations decrease along the west coast. The spring
season is announced by the coming back of strong south-
easterly (upwelling favorable) winds. During the spring
season (not shown), many of the phytoplankton distribution
characteristics are similar to those in summer. More con-
centrated patches of chlorophyll a start building up inshore
off the west coast in spring, they become firmly established
in summer, and then start tailing off in autumn, during
which the chlorophyll distribution patterns become similar
to those in winter.

[35] The functioning of the two subsystems (west coast
and Agulhas Bank) differs and the contrast between both
areas is pronounced. When comparing the dynamics of
plankton on the west coast, the Agulhas Bank and the
oceanic region, Moloney et al. [1991] made similar obser-
vations to those revealed by our models. Indeed, the
Agulhas Bank is strongly stratified in summer, as a conse-
quence nutrient concentrations are low in the euphotic layer
[Shannon and O’Toole, 1999]. This induces lower chloro-
phyll concentrations.

[36] Both model versions produce different chlorophyll a
distribution between 18°E and 23°E over the Agulhas Bank.
We attribute this difference to the biological model struc-
ture, and in particular to the double phytoplankton compart-
ments. The DC version, by including a rudimentary
representation of size classes, allows a more realistic bio-
mass estimate. The standing stocks of phytoplankton com-
munities of the Agulhas Bank are characterized by different
size classes [Moloney et al., 1991]. Moloney et al.’s results
have been validated by detailed studies by McMurray et al.
[1993], in which it was noted that the Agulhas Bank did not
have as stable a summer community as had been generally
believed.

4.3.2. Vertical Distribution Around the Southwestern
Cape

[37] Vertical sections along the transect 32.8°S—17.8°E
and 33°S—16°E have been selected to display the vertical
distributions of chlorophyll during winter (August models
outputs) and summer (January models outputs) conditions
onthe west coast. During winter, both SC and DC models show
a moderate chlorophyll maximum (~4 and 5 mg Chla m >,
respectively) in the upper 20 m depth of the water column
along the coast (Figures 6a and 6c¢). This maximum
decreases offshore, the limit of 1 mg Chla m > extending
farther offshore for the DC model (>170 km) than for the
SC model (~130 km). Along the same latitude, Shannon et
al. [1984] found in winter well-mixed, chlorophyll-poor
waters intruding close inshore, with weak frontal gradients.
They also noted a moderate maximum of subsurface
chlorophyll occurring offshore, not seen in the average
August vertical distribution. Offshore, in the upper 40 m
of the model domain, the concentrations simulated by the
SC model are lower than those simulated by the DC model.
This is due to the small phytoplankton compartment of the
DC model presenting high values offshore (Figure 6¢).

[38] During summer, a strong inshore/offshore gradient
develops in the upper ocean layer. Concentrations of
~20 mg Chla m > at the coast decrease to concentrations
lower than 0.5 mg Chla m > 120 km offshore. At the same
time, a deepening of the maximum concentration occurs
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when moving offshore giving a well-known subsurface
maximum in oligotrophic subtropical waters. Both models
reproduce these patterns which have been observed by
Shannon et al. [1984] and confirmed by Mitchell-Innes
et al. [2000]. The chlorophyll a (derived from large
phytoplankton) distribution patterns (Figures 6g and 6h)
seem very similar to those displayed by the SC model during
both summer and winter. As mentioned previously, higher
offshore concentrations simulated by the DC model in the
upper 40 m result from the small phytoplankton compart-
ment. Nevertheless, small phytoplankton concentrations are
weaker during the summer season, when nutrients do not
reach the well-lit surface layers.

4.3.3. Vertical Distribution on the Agulhas Bank

[39] Vertical sections of simulated chlorophyll @ concen-
trations along the transect between 34.6°S—20.6°E and
36.4°S—20.6°E are shown in Figure 7. During winter, both
models produce an homogeneous chlorophyll distribution.
This is due to the winter storms which mix the water down
to the bottom. Shannon et al. [1984] showed that temper-
atures exhibit variation smaller than 0.6°C over the whole
water column. As mentioned in the previous section, the SC
model presents a pronounced minimum at the coast and at
200 km offshore. This second minimum corresponds to the
nutrient-poor Agulhas Current waters.

[40] During summer, both SC and DC models simulate a
subsurface maximum around 60 m correlated to the vertical
temperature structure (not shown) in agreement with obser-
vations made by Shannon et al. [1984]. Indeed, in this case,
the phytoplankton is maintained by a balance between light
limitation and nutrient diffusion, associated with a slow rate
of turnover. The thickness of this subsurface enriched layer
is about 40 m. South of 160 km offshore, this maximum
layer deepens. Differences between Figures 7b and 8d
are mainly linked to the small phytoplankton distribution
(Figure 7f) simulated by the DC model since large DC
phytoplankton (Figure 7h) and SC phytoplankton behave

similarly. Hence the phytoplankton production on the
Agulhas Bank is largely controlled by thermocline/
nitracline dynamics [Shannon and O ’Toole, 1999] and
differs notably from the west coast dynamics.

4.4. Primary Production

[41] The modelled primary production in units of gC m*
d~' is computed using a conventional value of the Redfield
C/N ratio of 6.625. The phytoplankton growth rates (equa-
tions (5) for the SC model and the product of equation (3)
and the sum of the terms of equation (11) for the DC model)
are integrated in time and then averaged every 5 days during
the models run. In the DC model, the primary production is
the sum of the new production based on the nitrate uptake
[Dugdale and Goering, 1967] and the regenerated produc-
tion based on the ammonium uptake for both classes of
phytoplankton organisms. The simulated annual primary
production ranges between 1 to ~2 gC m~2.d ' along the
western coast from 28°S to 35°S in both SC and DC models
(Figures 8a and 8b). The maximum value of primary
production given by both models is about 2.6 gC m >
d~! in the intensive upwelling areas (St. Helena Bay and
around Oranjemund). This value is similar to the estimation
of 2.5 gC m > d~" made by Carr [2002] over the euphotic
zone (1% light level). For the southern Benguela upwelling
system (31 °S—36°S), Shannon and Field [1985] obtained
an averaged production of 2.8 gC m 2 d~' in the upper 40
m. Ware [1992] calculated an annual Benguela production
between 20°S and 35°S of 2 gC m 2 d~', Shannon and
O’Toole [1999] have found similar value between 28°S and
34°S. Pitcher and Boyd [1996] estimated a primary
production rate of 2.14 and 3.92 gC m *.d”' from
determinations of NO; — N depletion and a phytoplankton
biomass-nutrient (NO3; — N) consumption equation,
respectively. Therefore both models are able to simulate
properly the measured and/or satellite derived primary
production in the Benguela upwelling region.
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[42] The boundary of 1 gC m 2 d’! given by the DC
model extends farther offshore than that of the SC model
(Figures 8a and 8b). Primary production patterns
roughly reflect the overall chlorophyll distribution patterns
with a strong inshore/offshore gradient (maximum of
2.6 gC m 2 d ' near the coast to 0.01 gC m 2 d' in
Cape Basin), and a contrast between the West Coast and the
Agulhas Bank. A lower production is observed over the
Agulhas Bank except the area between 22°E and 24°E
where it reaches ~0.5 gC m 2 d~'. Offshore the Agulhas
Bank, the primary production simulated by the SC model
(~0.1 gC m 2 d ") is twice as low than the primary
production simulated by the DC model (~0.2 gC m > d ™).

[43] On the west coast of Africa, both SC and DC models
simulate a maximum primary production in January
(Figure 9a). Integrated production in the whole model
domain of 430 gC m > d ' and 350 gC m > d ™' are given
for the west coast by the DC and SC models, respectively. A
second maximum occurs in spring (September-October) in
the DC model, absent from the SC simulation. The lowest

values correspond to the fall season (May for DC and May-
June for SC). Primary production is higher all yearlong for
the DC model reflecting the resource of an additional
nutrient (ammonium). On the Agulhas Bank, both models
give a maximum production in spring and a minimum in fall
(Figure 9b).

[44] Let us now examine the annual f ratio (new/total
production) given by the DC model (Figure 9c). Within the
core of the upwelling along the western coast, the f ratio is
around 0.8 meaning that 80% of the primary production is
derived from new production. The mean annual f ratio
estimated by Waldron et al. [1997] is 0.73 and the estima-
tion made by Shannon and Field [1985] for the Cape
Columbine/St. Helena Bay is in the same range (0.72).
The contribution of the new production to the total primary
production decreases from 80% inshore to less than 40%
offshore where the system becomes oligotrophic. It implies
that the offshore areas are dominated by regenerated pro-
duction. According to Hutchings et al. [1995], f ratios
higher than 0.5 are typical of coastal upwelling systems
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Figure 10. Horizontal distribution of zooplankton biomass (mmol N m?) integrated over the top 100 m.
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dominated by diatoms. This supports the DC model results
in which large phytoplankton (representing mainly diatoms)
distributions (not shown) remain concentrated along the
coast and produce high f ratio values in Figure 9c. Other
studies confirm that the small microplankton is generally
more important than large plankton in regenerated systems
[Glibert et al., 1982; Probyn, 1987]. The SC model, owing
to the absence of a small size phyto-compartment and an
ammonium pool, cannot reproduce properly the dynamics
of oligotrophic regime (offshore) where remineralization
processes and small autotrophs are important. Photosynthe-
sis-irradiance and half-saturation nutrient uptake constants
are most likely a function of species composition/cell size.
The increase in nitrate favors the increase in the abundance
of large cells (with high Kyp,) and consequently the
increase of f ratio during upwelling events. Later, as nitrate
becomes depleted, smaller organisms (flagellates) with
lower Kyo, would be favored. This species shift is missing
in the SC model.

[45] On the Agulhas Bank, f ratio ranges between 0.5 and
0.7 along the 200-m isobath (Figure 9c). On the eastern
Agulhas Bank (33°S, 22°E—24.5°E) the high f ratio (~0.7)
correspond to the enrichment by a shear edge eddy
[Lutjeharms et al., 2003]. On the central Agulhas Bank
(20°E—23°E, 34°S), f ratio decreases to 0.4 underlining a
regenerated regime. In the area between 34°S—-36°S and
11°E-16°E, the contribution of the new production is
around 60%, in opposition with what we would expect for
an oligotrophic region. Eddies pinched off the Agulhas
retroflection and in the lee of the Agulhas Bank [Penven
et al., 2001a] induce vertical movements which bring
nitrate-rich waters from the ocean interior to the surface.

[46] Probyn [1992] reviewed the available f ratios mea-
sured in the southern Benguela: the range is consistent with
that of the model, but the mean value given by Probyn
[1992] is only 0.39, consistent with the mean value (0.2—
0.3) given by Shannon and O Toole [1999]. The mean value
computed in the whole model domain is 0.51. It appears
clearly that the model overestimates the f ratio, but Probyn
[1992] measured a regional f ratio of 0.64 during a maxi-
mum growth phase in the southern Benguela. According to
him, this higher f ratio is a consequence of a bloom which
was dominated by large phytoplankton cells as it was the
case in the DC model simulation. The 0.64 value is far from
the range of 0.23-0.31 given by Waldron and Probyn
[1992], showing that it is difficult to settle once and for
all on this topic. Macroscale observations show that the
southern Benguela ecosystem is dominated by small phy-
toplankton cells (f ratio ranging between 0.2 and 0.3
[Probyn, 1992; Shannon and O ’Toole, 1999]). From meso-
scale observations however, when the system is dominated
by large phytoplankton cells, the classical and almost linear
food chain (i.e., NOs-diatoms-mesozooplankton) becomes
relatively more important and the f ratio increases [ Touratier
et al., 2003].

4.5. Spatiotemporal Distribution of Zooplankton
4.5.1. Horizontal Distribution

[47] Copepods play an important role in the trophic
functioning of the Benguela ecosystem. They are the prin-
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cipal food of anchovies in the southern Benguela and have
been the most studied groups. Let us examine the horizontal
distributions of the modeled zooplankton biomass, inte-
grated over the top 100 m in both SC and DC versions for
the June and November months (Figure 10). For the DC
configuration, only the large zooplankton biomass distri-
bution is shown for comparison with the derived in situ
climatology.

[48] In autumn (June), zooplankton standing stocks pro-
vided on the west Coast by both SC and DC models are
overestimated as compared with the climatology estimate.
Values reach 50 mmol N m? north of St. Helena Bay
whereas zooplankton observations indicate a 5 to 10 mmol
N m~? range. However, in two locations, St. Helena Bay
and in the area between 31°S—17°E and 31.7°S—17.5°E,
models and data seem in good agreement. Both models
show an offshore extension in zooplankton biomass which
is probably unrealistic although data does not cover off-
shore, the DC model having an even larger offshore
extension. This may clearly be attributed to the prey
distribution extending too far offshore in the DC model,
and might be exacerbated by the absence of vertical
migration in the model. Indeed, by migrating in the upwell-
ing undercurrent, zooplankton can limit its offshore advec-
tion [Gibbons et al., 1991; Batchelder et al., 2002]. From
Cape Columbine to the Agulhas Bank, zooplankton bio-
mass is underestimated. The DC model behaves better by
producing a moderate zooplankton biomass (0.2—2 mmol N
m~?) closer to in situ data (0.5—5 mmol N m™?).

[49] In late austral spring (November), both spatial distri-
bution and abundance of zooplankton provided by the DC
model are remarkably similar to those of in situ observa-
tions. Elevated zooplankton concentrations are found north
of 33°S along the west coast (up to 100 mmol N m~2) and
over the Agulhas Bank between 21°E and 24°E (up to
50 mmol N m~?), in full agreement with the climatological
zooplankton biomass distribution. The zooplankton biomass
simulated by the SC model does not reach the observed
levels in the area between 17°E and 22°E, indicating a
strong underestimation.

4.5.2. Seasonal Cycle of Integrated Zooplankton

[so] Figure 11 presents the time evolution of the zoo-
plankton biomass inshore (area 1 and area 2) and offshore
(area 3) along the west coast and inshore on the central
Agulhas Bank (area 4). The coordinates of the different
areas considered are reported in Table 5. It is clear that
zooplankton exhibits a marked variability, both in space and
time. Inshore, along the west coast, in area 1 around
Hondeklip Bay (30°S—17°E) and area 2 between Cape
Town and Cape Columbine, the seasonal cycles of zoo-
plankton biomass differ. Within area 1, a maximum occurs
in late summer and both SC and DC models behave
similarly. Farther south (area 2; South of Cape Columbine),
the large zooplankton biomass of the DC model exhibits
two marked maxima (30—32 mmol N m~?), one in spring
and another one in late summer, while small zooplankton
biomass is maximum in early spring (about 26 mmol N m~2).
Andrews and Hutchings [1980] conducted a monitoring line
corresponding to area 2 from October 1970 to March
1973 and obtained the same bimodal pattern in phase
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Figure 11. Mean annual cycle of zooplankton biomass (mmol N m ) integrated over the top 100 m. (a)
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for the definition of the different areas.)

with the DC model outputs for the first year of observations
whereas a unique late spring maximum occurred the second
year. Maximum values ranged from 4 to 5 g dry weight m >
corresponding to 28—36 mmol N m ™2, hence in agreement
with the DC results.

[51] SC’s maximum zooplankton biomass is one third
smaller (22 mmol N m~?; Figure 11¢) and varies much less
seasonaly, mainly due to the weaker zooplankton biomass in
this area (Figure 10). Moreover, the variability is out of phase
with the biomass estimated by the DC model. This discrep-
ancy between the two biogeochemical model configurations

is important since this southern part of the west coast
corresponds to the route of pelagic fish larvae from their
spawning area (Agulhas Bank) to their nursery area
(St. Helena Bay); it will then impact on their survival rate.
Within area 3, situated around 400 km offshore, the evolution
of the zooplankton biomass in both models matches area
2 displaying two distinct maxima in spring and late summer
even if the SC model biomass is smaller.

[52] On the Agulhas Bank (area 4), small zooplankton
biomass peaks in late winter followed by large zooplankton
in early spring (Figure 11d). From in situ data (Figure 10),

Table 5. Coordinates of the Different Points Selected in the Model Domain for the Mean Annual Cycle of

Zooplankton Biomass

P, P, Ps Py Ps
West Coast
Area 1 30°S—16°E 30°S—17°E 30.6°S—16.5°E 31.2°S-16°E 31.2°S-17°E inshore
Area 2 33°S—16°E 33°S-17.8°E 33.5°S-16.95°E 34°S—16°E 34°S—17.8°E inshore
Area 3 30°S—12°E 30°S-13.2°E 30.6°S-12.65°E 31.2°S-12°E 31.2°S-13.2°E offshore
Agulhas Bank
Area 4 35°S—19.2°E 35°S—20.8°E 35.35°S-20°E 35.7°S-19.2°E 35.7°S-20.8°E inshore
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June biomass (winter) is 5 to 10 times lower than in
November (spring), in agreement with model simulations.

4.6. Implications for Fish Larvae Survival

[53] As mentioned in the introduction, the objective of
simulating the spatiotemporal distribution of primary and
secondary productions is to represent the three-dimensional
food environment of small pelagic fish of the southern
Benguela. Both biogeochemical models NPZD and
N,P>Z,D, coupled to the ROMS hydrodynamical model
simulate in a relatively realistic way the spatiotemporal
distribution of chlorophyll a in the southern Benguela
upwelling ecosystem.

[s54] On the Agulhas Bank, the spawning ground of
sardines and anchovies, SC and DC models give a vertical
structure in agreement with observations, both for the winter
season, when the water column is well homogenized, and
for the summer season, when stratification induces a sub-
surface chlorophyll maximum around 40 m depth, but also
for spring, similar to summer. However, both biogeochem-
ical models underestimate chlorophyll a concentration lev-
els in comparison with SeaWiFS measurements, the DC
model being in closer agreement in terms of concentration
levels as well as horizontal patterns. Blanke et al. [2002b]
showed that weekly wind forcing induces higher SST
variability. The typical upwelling event timescale is around
6 days [Nelson, 1992]; therefore the smoothing induced by
the monthly wind forcing used in this study might be too
drastic to reproduce nutrient input pulses driven by upwell-
ing events.

[55] Zooplankton biomass is also better reproduced by the
DC model. The differences between both models could
come from the fact that copepods do not have the same prey
abundance. In the SC model, zooplankton grazes upon one
prey (phytoplankton), while in the DC model the large
zooplankton (copepods shown here) may graze upon dif-
ferent prey types (flagellates, diatoms, and ciliates) with
different capture efficiency. In terms of seasonal variability,
biogeochemical models do reproduce favorable food con-
ditions in spring-summer for fish larvae since both primary
and secondary productions are higher than those in autumn-
winter (Figures 9 and 10). The DC model offers even better
food conditions to early life stages since the small zoo-
plankton compartment peaks earlier and extends the period
of high zooplankton biomass (Figure 11d).

[s6] After hatching, larvae are rapidly advected away
from the Agulhas Bank. Some get lost and die in the
southern part of the south Atlantic subtropical gyre, some
others reach the nursery ground along the west coast in St.
Helena Bay and farther north [Hutchings et al., 1998;
Plaganyi et al., 2000]. Along the “sanitary corridor, i.e.,
from the western Agulhas Bank to the nursery ground
(roughly north of Cape Columbine), the DC model provides
a high food continuum on this pathway in agreement with
observations, whereas the SC model presents a significant
food discontinuity.

[57] Once in the nursery ground, primary and secondary
productions provide optimal food environment for the
development of fish larvae. Both models reproduce a highly
productive west coast. Maxima of chlorophyll concentra-
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tions are encountered in the surface layers at the coast and
they deepen offshore to generate a subsurface maximum
within the subtropical gyre. At the surface, a strong inshore/
offshore gradient remains. The small phytoplankton com-
partment of the DC model produces a more diffuse gradient
than the SC model. Concerning the zooplankton biomass,
the DC model provides a certain advantage by simulating an
observed double peak in spring and late summer (Figure 11).
The time dynamics of peak occurrence is of crucial impor-
tance when upper trophic levels are to be linked with their
food availability.

5. Conclusions

[s8] The biogeochemical models NPZD and N,P,Z,D,
coupled to the ROMS hydrodynamical model simulate in a
relatively realistic way the spatiotemporal distribution of
chlorophyll @ and zooplankton in the southern Benguela
upwelling ecosystem. The major features of this compara-
tive study are summarized below.

[s9] 1. Both models simulate high chlorophyll concen-
trations along the west coast in the active upwelling areas in
agreement with SeaWiFS data, and relative lower concen-
trations over the Agulhas Bank. One major discrepancy
between models results and observations is a poor depiction
of the surface chlorophyll field over the Agulhas Bank. The
inshore/offshore differences in chlorophyll concentrations
are highly significant (i.e., strong inshore/offshore gradient)
with a decrease from inshore to offshore. Nevertheless,
chlorophyll concentration levels are lower than observed
by the SeaWiFS sensor. A too low vertical resolution is
pointed out to partly explain this behavior.

[60] 2. A strong seasonality in chlorophyll @ distributions
with higher concentrations in summer and spring and lower
concentrations in winter and autumn is well reproduced by
both models.

[61] 3. Model simulations show that the primary produc-
tion in the southern Benguela upwelling ecosystem is
mainly dominated by new production in the intense upwell-
ing areas with f ratios higher than 0.7 suggesting that these
areas are large-cell (diatom-dominated) phytoplanktonic
communities. The offshore areas, with f ratios lower than
0.4 (oligotrophic system), are dominated by regenerated
production.

[62] 4. Modeled zooplankton biomass distributions reflect
the overall patterns of chlorophyll with differences between
the west coast and the Agulhas Bank, consistent with data,
and these distributions exhibit a clear seasonal contrast. The
DC model indicates that the seasonality of small and large
zooplankton is quite distinct, which allows, from the Agul-
has Bank to St. Helena Bay a spatiotemporal food contin-
uum for fish larvae.

[63] It appears that both biogeochemical models (SC and
DC) are able to simulate the overall spatiotemporal dynam-
ics of the southern Benguela upwelling ecosystem with
distinct functioning in the three main areas: the west coast
very high productive area, the strongly stratified Agulhas
Bank and the offshore oligotrophic area. The SC model
seems less performant over the Agulhas Bank and in the
oligotrophic areas. In these environments, smaller autotro-
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phic organisms such as flagellates are key players in the
functioning of the ecosystem. The DC model provides more
realistic results by considering major features all linked to
the functioning of these regions (remineralization of detritus
into ammonium which supports the regenerated production,
smaller variety of prey sources for zooplankton, etc.).

Appendix A: DC Model Sources-Minus-Sink
Equations for State Variable

[64]
sms(NO3 ) = =, (NO3 )[Py] — v, (NO3 ) [P1] + v [NHa ], (A1)

sms(NHy ) = —p, (NHy ) [Py] — v, (NH2 ) [P)] + 11z, [Z] + vz, [Z)]
+ “'D.m [DS} + l‘LDM [Dl] - “‘AN[NH4L

(A2)
&, [Ps]Z]
sms(Py) =, (N)[Py] = gmax, s + €2, [P] + €2 [P]
—am ezzp.s [PSHZI] — mp [P]
max o, [Ps] + ez [P1] + €2, [Zs) e
(A3)

ep [P Z1]
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sms(P1) = iy (NP = & 2o R T e [P+ e 2]
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— — P+ L
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(A4)

(€. [P + e [P1]) 1]
kzs + €z, [Ps] + €z [Pl}
€z 1Z][Z]

sms (Z\) = ﬁs -gmax;

- — my, | Zs
Smay ket + ez, [Ps] + exp [Pl] + €, [Z] 2o}
- H‘Zm [ZSL
(AS)
€z [P\] +e; [Pl] + ezz.[Zx]
sms(Z;) = 0. 1P P! s Z
() =P e P+ el P+ 00, 2] )
— Mz, [Zl] — Wz, [Zl]v (A6)
e, [Ps] + e [P
sms(Dg) = (1 — By)Zmax, % —Fpé Y[P} —Fpe[‘ P [Z,] + mp,, [P
zZs zps s Zs1
+ mpy, [Pl] + mz,, [ZS] — Hp,, [Ds] + L\m
(A7)

sms(D,) = (1 -8 )g €zp, [Ps} + ez, [Pz] + ez, [Zs]
1)8max; ke + €zp, [PJ + ez, [P]} + ez, [Z\}
+ mz,, [Zl} - FLD,A [Dl} + Lvs~

(7]

(A8)
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