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❖ Eastern Boundary Currents account for 
the most productive coastal environments

❖ Canary Current Ecosystem (CCE) has 
strong geographical diversity

❖ CCE oligotrophic?

❖ Impact of mesoscale EDDIES 

892 OCEANOGRAPHY AND FISHERIES OF THE CANARY CURRENT/IBERIAN REGION 

a bloom under downwelling conditions would sediment on the shelf, being eventu-
ally processed by the benthic communities (Álvarez–Salgado et al., 2003). 
 Since ~40% of P is recycled in the photic layer by the microbial component and 
~20% is exported (Fig. 23.4), the remaining 40% of P would be respired in the 
aphotic layer and the sediments. Estimates of vertical fluxes of organic matter 
from the photic layer (Fernández et al., 1995; Bode et al., 1998; Hall et al., 2000) 
provide values between 19 and 50% of P, although extremely low values of 4–9% 
may occur during strong upwelling events and prolonged relaxation periods (Bode 
et al., 1998; Olli et al., 2001). Strong upwelling precludes the development of 
phytoplankton on the shelf because off–shelf export of upwelled water is en-
hanced. Prolonged relaxation favours small phytoplankton (Joint et al., 2001a, 
Tilstone et al., 2003), microbial recycling (Fileman and Burkill, 2001) and high 
retention of particulate material in the upper 200m (Riser et al., 2001) at the ex-
pense of export and sinking (Olli et al., 2001). 
 Off NW Africa, numerous upwelling filaments are distributed along the coastal-
offshore upwelling boundary (Fig. 23.5). These filaments may arise for one or a 
combination of several factors: baroclinic instability of the coastal current, irregu-
larities in coastline and bottom topography, coastal convergence caused by wind 
stress, and the interaction of the coastal region with offshore eddies (Brink and 
Cowles, 1991; Strub et al., 1991; Barton, 1998). The latter process is very common 
south of the Canary Archipelago, where island eddies are sequentially spun off 
downstream the islands. However, only two of the filaments (the Cape Guir and 
Cape Blanc filaments) remain as major permanent features, even during non-
favourable upwelling winds, and thus represent key sites for the export of organic 
matter to the open ocean waters of the subtropical gyre. 

 

Figure 23.5   F SeaWIFS chlorophyll image from the Canary Islands region (24 April, 1999), showing 
the presence of numerous cyclonic and anticyclonic eddies downstream the islands. The eddy field 
extends southward down to the latitude of Cape Blanc, where the Canary Current detaches from the 
coast and flows westward. As a reference, green colour represents chlorophyll values >1 mg m-3 and red 
colour corresponds to values >3 mg m-3 
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❖ Interannual variability of the CCE

❖ Late-winter bloom

❖ Summer

❖ Autumn

Neuer et al., 2007
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❖ ROMS-PISCES combined for the first time for CCE

❖ Chlorophyll as the indicator of the model performance

❖ Qualitatively well reproduced chlorophyll patterns

❖ Quantitatively underestimation of chlorophyll concentrations
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❖ IRD (Institut de Recerche per le Développement) version of 
ROMS (Regional Oceanographic Modeling System)

❖ Prognostic variables are:

❖ Surface elevation

❖ Barotropic and baroclinic horizontal velocities

❖ Temperature, salinity and density
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Echevin et al., 2008

McWilliams, UCLA website
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❖ Model configuration

❖ roms2roms

❖ 7.5km of resolution

❖ 32 sigma-levels

❖ Forced by:

❖ Mason et al. (2011) 

❖ COADS

❖ QuikSCAT
Bathymetry (m)
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❖ Five limiting nutrients 
for phytoplankton 
growth

❖ Four living 
compartments; 2 
phytoplankton and 2 
zooplankton

❖ Three non-living 
compartments; DOC 
and two sizes of POC

❖ DIC, Alkalinity, 
dissolved O2

❖ Pelagic Interaction Scheme for Carbon and 
Ecosystem Studies (PISCES)

the light level. The Chl
C

ratio is modeled using a modified
version of the photoadaptation model by Geider et al.
[1998]. All the elemental ratios of zooplankton are kept
constant.
[12] There are three nonliving compartments: semilabile

dissolved organic matter (with timescales of several weeks
to several years), small and big sinking particles. The two
particle size classes differ by their sinking speeds (3 m/d for
the small size class and 50 to 200 m/d for the large size
class). As for the living compartments, constant Redfield
ratios are imposed for C/N/P. However, the iron, silicon and
calcite pools of the particles are fully simulated. As a
consequence, their ratios relative to organic carbon are
allowed to vary. The impact of ballast minerals on particles
sinking speeds is not accounted for in the model [e.g.,
Armstrong et al., 2002].
[13] Nutrients are supplied to the ocean from three dif-

ferent sources: atmospheric dust deposition, rivers and
sediment mobilization. These sources are explicitly mod-
eled and are extensively described in the supplementary
material. Thus only the main aspects are presented here.
Iron deposition from the atmosphere has been estimated
from the climatological monthly maps of dust deposition
simulated by the model of Tegen and Fung [1995] assuming
constant values for the iron content and the solubility [e.g.,
Jickells and Spokes, 2001; Moore et al., 2004]. River
discharge of carbon is taken from the Global Erosion Model
(GEM) of Ludwig et al. [1996]. Fe, N, P and Si supplies are
derived from the same model output by considering globally
constant Fe/P/N/Si/C ratios in the rivers. Reductive mobi-
lization of iron from marine sediments have been recog-
nized as a significant source to the ocean [e.g., Johnson et
al., 1999; de Baar and de Jong, 2001]. Unfortunately,
almost no quantitative information is available to describe

this potentially important source. In a way similar to Moore
et al. [2004], we have very crudely parameterized this input
of iron.

2.3. Iron Fertilization Experiments

[14] Phosphate, oxygen, nitrate and silicic acid distribu-
tions have been initialized at uniform concentrations in-
ferred from observed climatologies [Conkright et al., 2002].
Initial values for dissolved inorganic carbon and alkalinity
are taken from the OCMIP guidelines [Orr, 1999]. The
ecological tracers are initialized uniformly to arbitrary low
values. Iron concentrations are set everywhere to 0.6 nM.
The model is then spun up offline for 3000 years using the
dynamics predicted by the dynamical model. After this
integration, primary productivity as well as CO2 fluxes drift
by less than 0.01 GtC yr!1.
[15] In a first set of experiments, patchy iron fertilization

experiments have been performed. The fertilizing sites have
been selected in the three main HNLC regions defined as
follows: south of 40!S for the Southern Ocean, between
180!W and 80!W and between 5!S and 5!N for the
equatorial Pacific, and north of 40!N and between 140!E
and 120!W for the subarctic North Pacific. In each of these
three regions, iron has been added in one grid cell of the
model every 10! in longitude and 5! in latitude. The spatial
distribution of all the infusion sites can be seen in Figure 6
in section 4.1. At each site, iron concentration is set to 2 nM
in the whole mixed layer on day 2.5 and maintained to that
value for the rest of the simulation which has a total
duration of 45 days. These patchy iron fertilization experi-
ments have been repeated every month starting from un-
perturbed initial states.
[16] In a second step, a massive large-scale and long-term

iron fertilization has been simulated. In this experiment, iron

Figure 1. Schematic description of the PISCES ecosystem model. Not all the flows between the
different compartments are drawn. The elements listed in the upper left corner of the boxes represent the
explicitly modeled currencies in each pool.
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❖ Modeled chlorophyll

❖ Pred ic ted by exter na l 
concentra t ions o f the 
limiting nutrients

❖ Using photo-adaptive model 
of Geider et al. (1998)

❖ Depends on chlorophyll-to-
carbon ratio

Geider et al., 1998
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❖ Observational data

❖ SeaWiFS chlorophyll

❖ In situ data 

❖ COCA

❖ Barton et al. (1998)

❖ Arístegui and Montero (2005)

❖ Neuer et al. (2007)

❖ Alonso-González et al. (2009)
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❖ Observational data

❖ SeaWiFS chlorophyll

❖ In situ data 

❖ COCA
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et al., 2007] and variability [e.g., Basterretxea and Arı́stegui,
2000; Arı́stegui et al., 2005a] at the mesoscale level, but
ignoring the deep-water transport of organic matter to the
ocean interior.
[4] In this study we have estimated the horizontal transport

and consumption, from surface to 3000 m depth, of partic-
ulate organic carbon (POC) collected with oceanographic
bottles, assumed to be suspended in the water column or
having very low sedimentation rates. We aimed to evaluate
if the Canary Current and its underlying intermediate and
deep waters act as links or sinks of organic matter trans-
ported from the NW African coast to the subtropical Gyre.
The analysis was performed through a box model approach,
with physical boundaries extending from 20! to 29!100N and
20!350 to 26!W (1000 ! 600 Km) in the Canary Current
region (subtropical northeast Atlantic Ocean), during a low-
productivity period in the year. To our knowledge this is the
first effort to directly estimate the lateral transport of
POMsusp across an eastern boundary current toward the
ocean interior.

2. Data and Methods

[5] In September 2003, the R/V Thalassa carried out a
high-density hydrographic survey along the path of the

Canary Current (CORICA cruise). It consisted of four
sections shaping a box with a total of 51 hydrographic
(30 of them biogeochemical) stations (Figure 1). Conduc-
tivity, temperature and depth were recorded with a SeaBird
911 + CTD. The temperature and pressure sensors were
calibrated at the SeaBird factory before the cruise. Salinity
calibrations were carried out on board with a Guildline
AUTOSAL model 8400 B salinometer (see Hernández-
Guerra et al. [2005] for further details).
[6] At the biogeochemical stations (Figure 1), discrete

samples for particulate organic matter (POM) were obtained
at selected depths from surface to 3000 m (5, 150, 300, 500,
700, 1000, 1200, 1500, 2000, 2500 and 3000 m), by means
of a rosette sampler equipped with 24 10 L Niskin bottles.
Water samples (2–6 L) for particulate organic carbon and
nitrogen (POC and PON, respectively) were collected and
filtered onto precombusted (450!C, 12 h) 25 mm Whatman
GF/F filters. The filters were wrapped in precombusted
aluminum foil and frozen at "20!C until processed. In the
laboratory, the filters were thawed and dried overnight at
55!C, then placed overnight in a desiccator saturated with
HCl fumes, dried again with silica gel and packed in nickel
sleeves. The carbon analyses were performed with a Perkin-
Elmer 2400 CHN elemental analyzer [UNESCO, 1994]. The
DOC adsorption onto GF/F filters was subtracted from

Figure 1. Hydrographic box: black dots indicate the position of CTD stations. Locations of bio-
geochemical stations are circled. The full box was sampled between 7 and 29 September 2003.
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❖ Chlorophyll splits into two 
compartments

❖ NCHL

❖ DCHL

Modelled Chlorophyll (mg/m3)
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❖ Modeled vs SeaWiFS 
chlorophyll

Modelled Chlorophyll (mg/m3)
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❖ Atmospheric Aerosol from Saharan Desert

Overestimates Chlorophyll

Gregg and Casey, 2004
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❖ Submesoscale-non-resolving model

❖ Enhancement of vertical injection of 
nutrients

❖ Implications over primary 
productivity

❖ Eddy/wind interaction

Lévy et al., 2001
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❖  Highest-values 
of 0.5-0.6 mg/
m3"

❖  DCM around 
60-70 m"

27-29ºN Averaged band"

Modelled Chlorophyll (mg/m3)"
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❖ Underestimation at surface

❖ DCM shallower

❖ Around 20% higher than COCA data

❖ Somewhat smaller than Arístegui and 
Montero (2005)

❖ Higher than Barton (1998)

❖ Slightly higher than Neuer (2007)
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❖ Semi-labile DOC distribution

❖ POC (slow- and fast-sinking particles)

Modelled Organic Carbon (µmol C)
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❖ POC profiles

Alonso-González et al., 2009Modelled Organic Carbon (µmol C)
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❖ POC profiles
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(Period III) the average mass flux was two fold higher than
Periods I and II, while mean POC flux and%POCwere lower
(Table 1). Figure 1 shows the seasonal variability of POC
fluxes, glycine (mol%) and current velocity. POC fluxes
during Period I ranged from 2.8 to 10.3 mg C m!2 d!1

(Figure 1a), while during Period II fluxes were low, 2–3mg C

m!2 d!1, except in March, when values reached 24 mg C m!2

d!1 (Figure 1b). During Period III POC fluxes were lower
than in the first two periods, ranging from 0.45 to 4.1 mg C
m!2 d!1 (Figure 1c). Average (15 days) current velocities
during Period I ranged from 5 to 12 cm s!1, yielding an
average current velocity for the whole period of 7.18 ± 2.1 cm
s!1 (Figure 1a). During Period II, current velocities ranged
from 6.5 to 14 cm s!1 (Figure 1b), yielding a higher average
current velocity (10.2 ± 2.3 cm s!1) compared to Period I.

3.2. Particle Settling Velocity Spectrum
[13] In spite of the different locations, during both Periods I

and III, time‐integrated mass flux densities (IMFD) calcu-
lated from SV sediment traps exhibited an exponential tail at
lower settling velocities (0.7–11m d!1) that explains 68–75%
of total mass flux and a smaller Gaussian portion at the higher
end of the SV spectrum (Figures 2a and 2c). In contrast, the
settling velocity spectrum from Period II presented a different
shape, with a peak of rapidly settling particles (>326 m d!1)
that explains 41% of total mass flux and a roughly constant
IMFD over the other SV groups (Figure 2b).
[14] The relative contribution (in %) of each of the velocity‐

classes of particles to the total POC flux also exhibited different
distributions between periods I‐III and period II. Periods I
and III showed a bimodal distribution with the highest
amount of total POC (62%) in the slowest settling velocity
groups (0.7–11 m d!1), and lower amounts ("25% of total
POC) in the highest settling velocity classes (>326 m d!1).
Each of the intermediate SV groups (11–326 m d!1) con-
tained less than 5% of total POC (Figures 2a and 2c). On the
contrary, during period II most of the total POC (53%) col-
lected by SV traps was in the highest settling velocity classes
(>326 m d!1). Each of the other SV groups represented less
than 10% of total POC (Figure 2b).
[15] To evaluate the degradation state of these two different

classes of settling particles we selected four biomarkers:
chlorophyll‐a, pheophytin‐a, pheophorbide‐a and g‐amino-
butyric acid (Table 2). During Period I, biomarkers indicated
that the dominant slowly settling particles were fresher than
the rapidly settling particles (the latter enriched in pheophytin
and Gaba mole%), whereas the opposite pattern was found
during Period II. Additionally, glycine, a diatom indicator,
was used to evaluate the contribution of this phytoplankton
group to the carbon fluxes. During period II, mole% glycine
and POC flux follow a similar behavior characterized by a
directly proportional relationship (r2 = 0.84; p < 0.05).

4. Discussion

4.1. Effect of Current Velocity on POC Fluxes
[16] Previous laboratory and field analysis regarding

the effects of flow velocity on the collection efficiency of

Figure 2. Settling velocity groups. Time‐integrated mass
flux density (IMFD) versus particle settling velocity for (a)
period I, (b) period II, and (c) period III. Black lines corre-
spond to each of the SV traps (SV1 and SV2), grey bars stand
for the average of SV1 and SV2 and grey lines stand for the
relative contribution (in %) of each of the velocity‐classes
of particles to the total POC flux. See Figure 1 for period
dates. (d) Mass flux density normalized to total mass flux, for
the RODA, Medflux and VERTIGO deployments.

Table 2. Biomarkersa

Settling Velocity Group (m d!1)

Period I Period II Period III

>326 0.7–11 >326 0.7–11 >326 0.7–11
Chl‐a (mole%) (Phytoplankton marker) ‐ ‐ 9.8 ND 15.0 12.9
Pheophytin‐a (mole%) (Microzooplankton grazing marker) 76.7 52.5 36.3 46.3 31.8 17.5
Pheophorbide‐a (mole%) (Zooplankton marker) 10.62 13.6 30.9 7.9 16.6 24.8
GABA (mole%) (Microbial decomposition marker) 0.69 0.47 0.25 0.31 0.68 1.07

aPigment and amino acid biomarkers used to evaluate the degradation state of the two different settling velocity groups (>326 and 0.7–11 m d!1).
See Table 1 for period dates. Dash indicates not determined; GABA, g‐aminobutyric acid; ND, not detected.
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❖ 2 periods of dominance

❖ Non modeled in our simulation

❖ Something to pay attention

Alonso-González et al. 2010
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❖ Physical and biological simulations would be in phase

❖ Role of the mesoscale on enhancing primary production: 
Are submesoscale processes responsible of the injection of 
nutrients in the photic layer? Are mesoscale eddies? Are 
eddie/wind interactions?

❖ Increase resolution and adapt the coupling model to the 
Canary Current Ecosystem realm
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