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a b s t r a c t

The impact of mesoscale activity on phytoplankton and nutrient distribution in the Mozambique Channel

was simulated by coupling a biogeochemical model (PISCES) with a regional oceanic model (ROMS).

Examples of the effects of eddies on the biogeochemistry of the Mozambique Channel are presented to

illustrate the complexity of the system. In the model, several cyclonic eddies were found with low

concentrations of chlorophyll at their cores, which contrasts with previous studies in the open ocean. In

addition, several anticyclonic eddies were simulated with high concentrations of chlorophyll at their

cores. Phytoplankton growth within these mesoscale features (both cyclonic and anticyclonic eddies)

occurred in response to nutrient injection into the euphotic zone by advection, and subsequent retention

of surrounding nutrient-rich waters within eddies. Offshore nutrient distributions depended strongly on

lateral advection of nutrient-rich water from the coastal regions, induced by eddy interaction with the

shelf. The environmental conditions at the locations where eddies were generated had an important

effect on nutrient concentrations within these structures.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Phytoplankton is a major component of ocean biogeochemical
cycling (Broecker et al., 1982; Sarmiento and Gruber, 2006). By
maintaining primary production, phytoplankton organisms repre-
sent the first level of the marine food web and exert the major
control on its structure and richness (Legendre and Rassoulzadegan,
1995). Primary production in the oceans is driven by the availability
of nutrients in the euphotic zone where light is available for
photosynthesis (Valiela, 1995), while mortality, egestion and excre-
tion of planktonic organisms determine the fate of organic matter
produced in the upper layers. This matter is exported through
sedimentation and hence depletes nutrients in surface waters.
Nutrients can be replenished by lateral transport from high nutrient
regions and/or by vertical input from nutrient-rich intermediate
waters, through the seasonal variability of the thermocline or by
Ekman pumping (Sarmiento and Gruber, 2006).

In the Mozambique Channel (MC), circulation is dominated
by strong mesoscale activity (de Ruijter et al., 2002) and large

anticyclonic eddies have been observed to move in a southerly
direction (de Ruijter et al., 2002; Schouten et al., 2003). These
eddies are responsible for an average southward transport of about
15 Sv in the MC (de Ruijter et al., 2002). According to Schouten et al.
(2003) and de Ruijter et al. (2002, 2005), they appear at a frequency
of about 4–5 per year, with a diameter of up to 300 km and can
extend to the bottom at �171S (Schouten et al., 2003). In recent
years, many studies have tried to relate marine ecosystem compo-
nents to mesoscale features, notably top predators, due to the
recent development of miniaturized position devices (Haney, 1986;
Nel et al., 2001; Weimerskirch et al., 2004; Weimerskirch, 2007;
Cotté et al., 2007; Tew-Kai and Marsac, 2010; Scheffer et al., 2010;
Cottin et al., 2012). For example, Weimerskirch et al. (2004) found
that the preferred foraging area for frigatebirds in the MC is in the
western sector of the Channel and they suggested that this
preference is related to the presence of eddies. Tew-Kai and Marsac
(2010) found higher chlorophyll concentrations and purse-seine
tuna catches associated with mesoscale structures. At lower trophic
levels, Lebourges-Dhaussy et al. (2014) investigated the impact of
mesoscale eddies on zooplankton in the MC ecosystem. Based on
2 surveys conducted over 2 different years and seasons, they
concluded that species composition was not significantly different
between the mesoscale features that were investigated. These
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authors suggested that differences are mainly related to relative
biovolume which seems to vary according to the life history and
stability of the mesoscale structure. Huggett (2014) found that
biovolume was on average twice as high in cyclonic eddies
compared to anticyclonic eddies, although significant variability
was apparent from 1 year to the next.

In the open ocean, primary production can be sustained by the
vertical flux of nutrients induced by the dynamics of mesoscale
eddies, particularly the uplift of isopycnal surfaces in the core of
cyclonic eddies that upwells nutrient-rich subsurface water into the
euphotic zone (McGillicuddy and Robinson, 1997; Oschlies and
Garcon, 1998; Longhurst, 2001). In an anticyclonic eddy, down-
welling entrains nutrients from the euphotic zone into the aphotic
zone through the deepening of isopycnal surfaces at its core
(Yentsch and Phinney, 1985; Franks et al., 1986; McGillicuddy and
Robinson, 1997; Longhurst, 2001). Kishi (1994) showed that only the
light intensity and the balance between uptake and vertical diffusion
of dissolved nutrients are important in maintaining subsurface
chlorophyll maxima in anticyclonic eddies, and suggested that
upwelling could occur between 2 anticyclonic structures. In addi-
tion, Williams and Follows (1998) suggested that eddies might
enhance the lateral transport of nutrients from nutrient-rich regions
to oligotrophic gyres. Along the southwestern coast of Madagascar,
Quartly and Srokosz (2003) observed cyclonic eddies with low
chlorophyll concentrations (o0.1 mg m�3) in their cores and
enhanced chlorophyll at their periphery (0.2 mg m�3) that was
derived from coastal water that had been advected offshore from
coastal upwelling regions. In the Australian Leeuwin Current system,
Waite et al. (2007) observed anticyclonic eddies trapping productive
coastal waters in their cores. In the California and Canary Current
systems, Gruber et al. (2011) demonstrated that mesoscale processes
could induce lateral transport of nutrients from the nearshore region
to the open ocean, reducing biological production in the coastal
upwelling domain. Mesoscale eddies induced a subduction of near
surface nutrients at 100–300 km offshore and the authors related
this subduction to the weakening of the lateral eddy transport. Other
processes responsible for the injection of nutrients into the surface
layer are the sub-mesoscale frontal dynamics associated with
mesoscale structures (Abraham, 1998; Lévy et al., 2012). Lévy et al.
(2001) estimated that more than 1/3 of the large scale new
production and phytoplankton subduction is induced by these
sub-mesoscale physical processes.

The objective of this work was to analyze the life history of
eddies that presented contrasting surface biological signatures.
The study investigated whether the production within eddies was
stimulated by vertical injection of nutrients in the eddy cores, or
by offshore advection and retention of productive coastal waters.
Five typical mesoscale features (2 cyclonic and 3 anticyclonic
eddies), differing from one another in terms of chlorophyll con-
tent, were selected and analyzed. For this purpose, we used the
Regional Oceanic Modeling System (ROMS Shchepetkin and
McWilliams, 2005) coupled with the Pelagic Interaction Scheme
for Carbon and Ecosystem Studies biogeochemical model (PISCES;
Aumont and Bopp, 2006). Both observed and simulated eddies
were investigated and the processes relating to phytoplankton
growth were assessed. This assisted in evaluating the contribu-
tions of vertical supply mechanisms and advection from coastal
waters to sustaining primary production in the MC.

2. Methods

2.1. Model description

ROMS is an explicit free surface ocean model based on terrain-
following vertical coordinates (Shchepetkin and McWilliams, 2005).

It solves the primitive equations in a rotating frame following the
Boussinesq and hydrostatic approximations and using third-order
precision advection schemes in space and time. The unresolved
vertical mixing processes are parameterized according to a non-local
K-Profile Parameterization – KPP (Large et al., 1994).

PISCES is a biogeochemical model designed to represent the first
trophic levels of the marine ecosystem and the main biogeochem-
ical cycles (Aumont et al., 2003; Aumont and Bopp, 2006). The
model simulates 24 compartments. It is composed of 2 phytoplank-
ton size classes (nanophytoplankton and diatoms) and 2 zooplank-
ton size classes (microzooplankton and mesozooplankton).
Phytoplankton growth can be limited by the availability of 5 differ-
ent nutrients: nitrate, ammonium, phosphate, iron and silicate.
Diatoms differ from nanophytoplankton by their dependence on
silicate as well as by their higher half-saturation constants. The
small phytoplankton size-class includes an implicit parameteriza-
tion of calcite production and nitrogen fixation. PISCES also presents
3 non-living compartments: semi-labile dissolved organic matter
(with a lifetime typically comprised of between a month and
several years), small slow-sinking particles and big fast-sinking
particles. The model includes the supply of nutrients to the ocean
from 3 different sources: atmospheric deposition, river discharge
and sediment mobilization (only for iron). The atmospheric dust
deposition used was estimated from the monthly climatological
maps simulated by Fung and Tegen (1995), assuming constant
values for iron content and solubility (Tagliabue et al., 2008). The
river discharges were derived from the dissolved inorganic and
organic carbon discharges simulated by Ludwig et al. (1996). Carbon
discharges were derived from an empirical model and were
calculated as a function of a drainage intensity, basin slope and
amount of carbon stored in soils. An iron flux from the continental
shelf was added, with the concentrations on the shelf set to 1 nM.

As the MC is a region of high eddy activity (de Ruijter et al.,
2002), it requires an eddy-resolving ocean model to capture the
potential impacts of this energetic mesoscale activity on marine
ecosystems. Because of the high order accuracy of ROMS numerics
(allowing for enhanced effective resolution) (Shchepetkin and
McWilliams, 2005), and taking into account the first baroclinic
Rossby radius of deformation of the MC (which varies from 40 to
100 km from South towards the equator) (Chelton et al., 1998), a
model with a horizontal resolution of 1/61 (19 km on average for
the MC) should be sufficient to accurately simulate most of the
spectrum of mesoscale eddy variability (Halo et al., 2014). To keep
computational costs reasonable, while preserving large scale
influences, a high resolution regional model (called the child
model) was nested into a larger scale model at 1/21 resolution
(called the parent model). We employed the ROMS AGRIF 2-way
embedding procedure, in which the parent grid provides the
boundary conditions for the child grid, and where the solution
of the child grid is used to improve the large scale parent grid
solution (Debreu et al., 2008, 2012). Conservation of oceanic
properties is enforced at the parent/child interface, allowing for
long term integration (Debreu et al., 2012). The parent domain
extended from 401S to 4.51N and from 25.11 to 801E. An important
point for regional ecosystem modeling is the requirement for
consistency between physical and biogeochemical variables at the
open boundaries. To solve this key issue, the parent model was
connected for all its prognostic variables (i.e. both for the physics
and for the biogeochemistry) at its lateral open boundaries to a
monthly climatology, derived from a single global biogeochemical
simulation based on the models NEMO and PISCES (Koné et al.,
2009). The open boundary scheme is an adaptive radiation
condition used in conjunction with nudging and sponge layers in
the vicinity of the boundaries (Marchesiello et al., 2001). The child
domain extended from 321 to 1.51S and from 281 to 611E. Both
model grids had 45 vertical levels, using the following values for
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vertical stretching parameters: theta s¼5.5, theta b¼0.0 and
hc¼10 m (Haidvogel and Beckmann, 1999). The resulting vertical
resolution ranged from 0.226 to 5.75 m for the surface layer and
1.3–594.2 m for the bottom layer, allowing for a proper represen-
tation of the upper ocean processes. The model topographies were
derived from the 11 gridded General Bathymetric Chart of the
Oceans dataset (GEBCO: www.gebco.net). To prevent model errors
associated with excessive slopes in iso-s layers, the topography (h)
was smoothed in order to keep the parameter (hiþ1/2–hi�1/2)/
(hiþ1/2þhi�1/2) o0.2 (Haidvogel and Beckmann, 1999).

The surface forcing fields of the models were derived from
monthly climatologies following ROMSTOOLS methodology (Penven
et al., 2008): Atlas of Surface Marine Data (Da Silva et al., 1994) for the
heat and freshwater fluxes, QuikSCAT scatterometer observations
(Liu et al., 1998) for the wind stress components, and Pathfinder Sea
Surface Temperature (SST) (Casey and Cornillon, 1994) for the correc-
tion term accounting for the SST feedback on surface heat fluxes. In
addition, atmospheric dust deposition (Fung and Tegen, 1995) and
dissolved inorganic and organic carbon discharges from rivers (Ludwig
et al., 1996) were used for the biogeochemical model. Bothmodel grids
were initialized for January from a monthly climatology derived from
the global ocean simulation (Koné et al., 2009). The simulation was
run for 10 years and the outputs averaged every 2 days. Integrated
properties showed that both physical and biogeochemical models
reached statistical equilibrium (determined by the volume-integrated
properties converging toward an equilibrium value) after 5 years (not
shown). The solution was analyzed from year 6 to year 10.

2.2. Eddy diagnostics

To follow variations of biogeochemical properties inside eddies
during their propagation, each eddy was tracked back to its
generation site. The eddy core position was identified as a local
extreme in Sea Surface Height (SSH). The eddy shape was
determined using a combination of closed contours of SSH and
of the Okubo–Weiss parameter as described by Halo et al. (2014).
The modeled chlorophyll and nitrate concentrations were aver-
aged over the top 10 m of the ocean to be consistent with SeaWiFS
observations. The nitracline depth was defined at the depth of
the 1 μmol L�1 isoline. To follow variability of the nitrate supply
within an eddy, new production and nitrate transport were
averaged over a volume delimited on the horizontal plane by the
detected eddy shape and on the vertical plane by the mixed layer.
Because nitrate is the only limiting nutrient in this region (Koné
et al., 2009), we have restricted our analysis to the nitrate
concentrations inside eddies and the nitrate fluxes across the eddy
boundaries. The nitrate fluxes were calculated from the velocity
fields and the nitrate concentration and new production according
to O’Niell et al. (1989).

2.3. Data products

Different data products were used to evaluate model perfor-
mance and to define the contrasting eddy cases the model was able
to simulate. They included ocean color from SeaWiFS, altimetry
from AVISO and in situ hydrological and biogeochemical observa-
tions from the Commonwealth Scientific and Industrial Research
Organization (CSIRO) Atlas of Regional Seas (CARS). SeaWIFS weekly
surface chlorophyll concentrations for the period 1998–2009 were
used in this study. These data were produced by the NASA Goddard
Space Flight Center (McClain et al., 1998). AVISO Sea Surface Height
(SSH) was obtained by combining sea level anomalies derived from
satellite altimetry with mean dynamic topography (Ducet and Le
Traon, 2000; Le Traon et al., 2003). For temperature, salinity and
nitrate data, we used annual mean fields from the CARS climatology
at a spatial resolution of 1/21, obtained from CSIRO. CARS is an atlas

derived from 2 major datasets interpolated onto standard depths
(Dunn and Ridgway, 2002; Ridgway et al., 2002): the NODC World
Ocean Atlas 1998 hydrographic data (www.nodc.noaa.gov) and the
CSIRO archive of Australian hydrographic data.

3. Results

3.1. Model behavior

We compared the annual mean SSH from the child domain
(1/61 resolution) of our modeling experiment to the AVISO SSH
data (Fig. 1A and B). In both the model and observed data, a broad
South Equatorial Current (SEC) flowed westward towards Mada-
gascar between 121S and 181S. The SEC splits into 2 branches when
it reached the coast at 171S. The southern branch formed the East
Madagascar Current (EMC), which flows southward to become a
source of the Agulhas Current (AC) after passing the southern tip
of Madagascar (Schott and McCreary, 2001; DiMarco et al., 2002).
The northern branch formed the Northern Madagascar Current
which sweeps the northern tip of Madagascar to flow towards the
African continent. It splits at the African coast at 111S to form the
East African Current which flows northward, and a southward
branch which flows into the MC, becoming another source of the
AC (Schott and McCreary, 2001; DiMarco et al., 2002). Southeast of
Madagascar, the recently discovered South Indian Ocean Counter
current (Palastanga et al., 2007) flowed eastward towards the
center of the Indian Ocean. The locations of these major patterns
in the mean surface oceanic circulation, and mirrored in the
isolines of mean SSH, are similar in the model outputs and
the observed data. However, the simulated SEC is faster than the
observation, with typical velocities of the order of 35 cm s�1

compared with 30 cm s�1. This could be caused by a bias in the
inflow provided by the global ocean model at the eastern open
boundary.

In Fig. 1C and D, surface Eddy Kinetic Energy (EKE) calculated
from the simulated currents was compared with EKE derived from
AVISO altimetry data. EKE is the energy associated with fluctua-
tions in the currents (after filtering out the seasonal cycle), and is a
direct measure of the variability associated with eddies. The values
of EKE in the central part of the MC are among the largest in the
world's oceans. This is principally associated with the southward
propagation of large anticyclones, in addition to oceanic turbu-
lence at the scale of the Rossby radius of deformation (Halo et al.,
2014). South of Madagascar, a secondary maximum was related to
the generation of eddies and dipoles at the detachment of the EMC
from the coast. In general, modeled EKE was comparable with
observations (Fig. 1C and D) allowing the use of this simulation to
test the effects of mesoscale turbulence on the biogeochemistry of
the MC. Nevertheless, simulated levels of EKE in the northern and
central MC were larger than observed. This could be related to the
amplified strength of the SEC in the model, which generated larger
than observed eddies with large amplitudes in the MC (Halo et al.,
2014). However, this bias might also be related to the sea state bias
in ocean altimetry (Tran et al., 2010) or the methodologies used in
the estimation of the mean dynamic topography maps (Vossepoel,
2007; Maximenko et al., 2009).

The surface chlorophyll distributions (Fig. 2) showed character-
istically low concentrations in the Western Indian Ocean subtopi-
cal gyre east of Madagascar (Machu et al., 2005), high
concentrations in the upwelling regions on the Sofala Bank and
off Somalia (Koné et al., 2009), south of Madagascar (Machu et al.,
2002), and along the western equatorial region, with important
seasonal fluctuations for the latter 2. Chlorophyll a concentrations
were generally lower in summer (Fig. 2A and C) than in winter
(Fig. 2B and D). However, there was some discrepancy between the
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simulated and observed chlorophyll concentrations. In summer,
the simulated chlorophyll levels were lower than the observed.
The patch of high chlorophyll concentration, observed moving
eastward from the south of Madagascar in the summer months
(Longhurst, 2001), was absent in the simulated chlorophyll con-
centrations. In winter, the extent of the high chlorophyll patch in
the Somalian upwelling region was smaller than in the observed
data. Chlorophyll concentrations in the subtropical gyre were
lower in the model compared to these observations, while in the
upwelling region south of Madagascar, the high levels extended
further offshore than in the observed SeaWiFS data. The higher
values observed in the coastal zone were also absent from the
simulated chlorophyll concentrations. The strong simulated SEC
observed at the northern tip of Madagascar induced a branch of
enhanced chlorophyll to the west, a feature that was absent from
the observations. The high chlorophyll concentrations observed in
the south of the MC were exaggerated in winter in the modeling
experiment.

In order to evaluate the ability of the model to represent the
vertical structure of principal oceanic properties, a zonal vertical
section at 241S of simulated temperature, salinity and nitrate was
compared to CARS data (Fig. 3). Simulated temperature indicated a
thermocline between 100 m and 300 m, in agreement with
observations (Fig. 3A and D). Although model surface tempera-
tures were about 2 1C warmer than observed, the model was able
to reproduce the sharp thermocline and water temperature at
intermediate levels. Salinity in surface waters was 35.1–35.3
(Fig. 3B and E) and characterized by the presence of Tropical
Surface Water (DiMarco et al., 2002). Higher salinities typical of
Subtropical Surface Water were present below this layer between
100 m and 400 m (DiMarco et al., 2002; New et al., 2007). Fresher
water was located below a sharp halocline at �500 m, with

characteristics of the intrusion of Antarctic Intermediate Water
(AAIW). AAIW is characterized by salinity lower than 34.7, and is
observed between 600 m and 1500 m (DiMarco et al., 2002; New
et al., 2007). The model was able to simulate the presence of these
water masses and a strong halocline, but it underestimated the
salinity maximum by 0.15 for Subtropical Surface Water and the
salinity minimum by 0.125 for AAIW. This bias could be induced by
diapycnal mixing or by the remote influence of global circulation
which might be inaccurately reproduced at the open boundary
conditions of our domain. Vertical nitrate distribution displayed a
more intense gradient in our modeling experiment than in the
CARS data (Fig. 3C, F). However, surface layers were depleted in
nitrate in the CARS observations as well as in the simulation, the
nitracline being slightly shallower for the latter (�60–70 m).
Many reasons could explain the discrepancies that have been
mentioned, but the model was nevertheless able to simulate the
large scale patterns of regional circulation and associated biogeo-
chemical responses, and could be used to investigate the history of
mesoscale features and define their enrichment processes.

3.2. Mesoscale eddies and biogeochemical responses

As described above, the initial biogeochemical response to
mesoscale eddy activity is chlorophyll enrichment in the core of
cyclonic eddies in response to the upliftment of isopycnal surfaces
bringing nutrient-rich water into the euphotic zone, and chlor-
ophyll depletion in the center of anticyclones resulting from the
convergence and downwelling of isopycnal surfaces. However, one
could easily imagine that reality is far more complex and that the
observed biogeochemistry of an eddy depends on its life history
(including its origin) and its interaction with other mesoscale
features or with shelf regions during its lifetime. Fig. 4 presents
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Fig. 1. Annual mean SSH (10 cm) for (A) ROMS and (B) AVISO altimetry, and annual mean EKE (102 cm2 s�2) for (C) ROMS and (D) AVISO altimetry.
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different case studies that were investigated. In each case, the
chlorophyll enrichment relative to the kind of eddy (cyclonic or
anticyclonic) has been depicted as snapshots of both satellite
observations and model outputs. Various contrasting case studies
were specifically selected.

Two situations of surface chlorophyll concentrations associated
with cyclonic eddies (C1, C2 and C1obs, C2obs) are described, one
where enrichment occurs in the center and another without
noticeable enrichment. Three different signatures of surface chlor-
ophyll enrichment associated with anticylonic eddies are then
presented. A1 and A1obs were anticyclones close to the coast that
seemed to entrain enriched coastal waters by rotational activity.
A2 and A2obs were anticyclones showing enrichment across the
eddy, while A3 and A3obs were eddies located in the middle of the
MC containing higher chlorophyll at their periphery. The advan-
tage of the model is that it allows a backward investigation of eddy
structure as well as a study of its three-dimensional evolution. We
present the life history of the eddies in these snapshots and
explain why they exhibit particular characteristics.

3.3. High production in a cyclonic eddy and low production

in an anticyclonic eddy

Fig. 4A and B illustrates a cyclonic eddy that is chlorophyll-
enriched at its core, a case that can be explained by the eddy
upwelling mechanism proposed by McGillicuddy and Robinson
(1997). Cyclonic eddy C1obs observed in the southern part of the
MC exhibited elevated chlorophyll concentrations at its core, with

values of �0.35 mg m�3 (Fig. 4A). In a similar feature simulated by
the model (Fig. 4B), surface chlorophyll concentrations varied from
0.05 to 0.15 mg m�3. A vertical section of nitrate concentration
across C1 (Fig. 5A) showed higher values in the eddy core than at
the periphery in the upper 70 m, which is the depth of the
nitracline. Below the nitracline, the nitrate isolines shoaled
between 39.51E and 411E, around the core of C1. The vertical
nitrate flux (Fig. 5B) revealed downwelling in the eddy core, with a
maximum loss of nitrate of more than 0.04 μmol m�2 d�1, and
upwelling at the periphery that was more intense on the western
side. This result appears inconsistent with the shoaling of the
isolines observed in the nitrate vertical distribution. We therefore
tracked the eddy back in time in order to follow the evolution of
its biogeochemical characteristics prior to the snapshot shown in
Fig. 4. C1 was generated south of Madagascar and propagated
towards west-south-west (Fig. 5C). During the first 2 months,
nitrate concentrations decreased steadily over time, with the core
of C1 generally having higher levels than the surrounding waters
(Fig. 5D). These nutrients sustained new production rates of
0.03 μmol N L�1 d�1 during the first phase of the eddy's life
(Fig. 5F). After this initial phase of 2 months, the decrease in
surface nitrate concentrations accelerated, resulting in a signifi-
cant decline in new production and in surface chlorophyll con-
centrations (Fig. 5D). The decrease in surface chlorophyll
commenced at the periphery of the eddy and then became
noticeable within its core about 2 weeks later. The temporal
evolution of the C1 amplitude showed a linear increase during
the first 2 months after its generation (Fig. 5E). After this period
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the eddy appeared stable, with no significant increase in its
amplitude, which then decayed a few days later. Nitrate flux
through C1 (Fig. 5F) indicated that nitrate was predominantly
supplied to the eddy across the vertical boundary. Maximum
injection of 1 μmol N L�1 d�1 was observed when the eddy was
near its generation site south of Madagascar. Offshore, the nitrate
transport was weaker and decreased with time and location
towards the site of observation that was further south at �271S.

Anticyclone A1 (Fig. 4C and D) was observed in the central part
of the MC. The eddy was depleted in chlorophyll at its center,
being o0.1 mg m�3 in the SeaWiFS image and o0.05 mg m�3 in
the model simulation, but was enriched at its periphery. The zonal
transect across A1 showed the impact of A1 on nitrate concentra-
tions (Fig. 6A). The convergence at the center of the eddy
depressed the nitrate isolines (deeper than 80 m) and caused
them to be shallower at the periphery (50 m). Vertical nitrate
fluxes (Fig. 6B) indicated weak downward fluxes in the center and
upwelling at the periphery. Greater upward fluxes of nitrate were
associated with the eastern edge of A1, which interacted with
cyclonic eddy C2 (Fig. 4D).

During its formation, A1 entrained coastal waters from the
north of Madagascar (Fig. 6C). These waters were nutrient-
enriched and supported new production of �0.01 μmol N L�1 d�1

(Fig. 6E). At the initial back-tracked locations in late October, a
maximum in new production (Fig. 6E) was associated with
elevated surface nitrate and chlorophyll (Fig. 6D), while the mixed
layer was deeper (not shown). This initial nutrient input was taken

up by phytoplankton as the anticyclonic eddy propagated towards
the MC, without any new nutrient injection. This explained the
low chlorophyll content of the eddy in February (Fig. 6D). In mid-
December and mid-January, a small nitrate input produced a small
peak in new production and a weak chlorophyll increase. These
peaks occurred when the eddy was closest to the coast (�141S and
201S), suggesting an entrainment of surface coastal waters. Nitrate
flux into eddy A1 is shown in Fig. 6E, demonstrating the dom-
inance of vertical transport during A1's lifetime. Maximum injec-
tion of nitrate was observed in mid-December, with an injection of
0.4 μmol N L�1 d�1, resulting in a peak in new production and
surface chlorophyll concentration.

3.4. Low production in a cyclonic eddy and high production

in an anticyclonic eddy

A cyclonic eddy with low chlorophyll concentration at its core
was simulated by the model (C2, Fig. 4D) and a similar situation
was indicated by satellite observation (C2obs, Fig. 4C). The pre-
dicted nitrate distribution across C2 (Fig. 7A) showed lower
concentrations at the surface everywhere within the eddy, with
no significant variations between its core and its periphery. Below
the surface, the nitracline was shallow at the core of the eddy at a
depth of �45 m, and deepened slightly by �5 m at the periphery.
This doming of the nitrate isolines was more pronounced deeper
in the water column, with an upward incline of �20 m at 100 m
depth. Unexpectedly, because of the doming, vertical nitrate fluxes

Fig. 3. Vertical distribution of (A) and (D) annual mean temperature (oC), (B) and (E) salinity, and (C) and (F) nitrate concentration (μmol N L�1) at 24oS for (A–C) model

simulation and (D–F) CARS climatology.
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indicated a weak downwelling in the core of the eddy. This
downwelling is at its maximum at about 41.51E and may explain
the simulated deepening of the nitracline there. On both bound-
aries of C2, the model simulated upwelling of subsurface nitrate,

being significantly stronger on the western boundary, but the
nitracline gave no indication of this upwelling.

The back-tracking of C2, from its location in Fig. 4D to where it was
generated, is shown in Fig. 7C. This eddy was generated in the mid-MC
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Fig. 4. Surface chlorophyll concentration (Chla, in color, mg m�3) and superimposed sea surface height anomaly (SLA, contours, cm) for various mesoscale eddies in the

Mozambique Channel. Left panels are SeaWiFS and AVISO observations (obs) and right panels are model outputs. Bold lines indicate positive anomalies and thin lines are
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and traveled in a westerly direction. The mean chlorophyll concentra-
tion in the eddy remained very low at 0.035 mgm�3 and showed no
significant variation between its core and its boundaries over its
tracked course (note the small values of the order of �10�4 mgm�3

in Fig. 7D). Similarly, nitrate concentrations and new production
were also extremely low at o5.5�10�7

μmol N L�1 and 7�
10�7

μmol N L�1 d�1 respectively (Fig. 7D and E). The depths of the
nitracline and chlorophyll maximum displayed similar temporal
behavior, especially for their mean values, with the chlorophyll
maximum located 5–10m below the nitracline, similar to the results
for C1 (not shown). A comparison between the horizontal and vertical
nitrate fluxes indicated a dominance of vertical injection into eddy C2
(Fig. 7E), with the maximum being observed from mid to late January

at rates 40.08 μmol N L�1 d�1. Subsequently, vertical injection
declined though to the end of the tracking period on 6 February,
2010. The temporal evolution of new productionwithin C2 displayed a
slight increase with time (Fig. 7E).

SeaWiFS data indicated a productive anticyclonic eddy (A2obs)
in the MC where chlorophyll concentrations were 0.25 mg m�3 at
the core (Fig. 4E). The model simulation was consistent with the
observations, producing a similar productive anticyclonic eddy
(A2, Fig. 4F). A vertical section across A2 revealed high nitrate
concentrations at its core and decreasing towards the periphery
(Fig. 8A). Instead of a deepening of the nitrate isolines at the core,
and thus of the nitracline as observed in eddy A1, eddy A2
exhibited the opposite trend with relatively more elevated nitrate
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concentrations at the surface. The nitracline was located at �70 m
and vertical nitrate fluxes indicated upward transport in the core
and downward transport towards the boundaries of A2 (Fig. 8B).

A2 was generated in the eastern MC close to Madagasgar in the
vicinity of 20oS (Fig. 8C). From early February to mid-March, surface
nitrate and chlorophyll concentrations were low (Fig. 8D). At the
beginning of April, during it's southwestly propagation, A2 merged
with another anticyclonic eddy generated further south (A2n,
Fig. 8C). The merging of the 2 eddies seems to have had an impact
on chlorophyll and nitrate distributions (Fig. 8D) because this period
was associated with a decline in surface nitrate and chlorophyll
concentrations. Chlorophyll concentrations in A2 began to increase
in early May from 0.05 mg m�3 to reach 0.2 mg m�3 in the eddy
core by the end of May (Fig. 8D). This corresponded to a change in

the trajectory of A2 (Fig. 8C). The temporal evolution of new
production closely followed the evolution of surface nitrate and
chlorophyll distributions (Fig. 8E), confirming an injection of nutri-
ents during the last month of the lifetime of eddy A2. The vertical
and horizontal components of the nitrate fluxes within A2 (Fig. 8E)
indicated the dominance of lateral nitrate transport during this
month and a resulting increase in production.

3.5. High production at the boundary of an anticyclonic eddy

Anticyclonic eddies A3obs and A3 (Fig. 4G and H) were char-
acterized by positive sea surface height anomalies, with high
chlorophyll concentrations at the boundary and decreasing
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towards the core. The vertical distribution of nitrate indicated
higher concentrations at the core than at the periphery (Fig. 9A)
and nitrate isolines were depressed at 381E, reflecting downward
nitrate fluxes between 371E and 381E (Fig. 9B). Vertical nitrate
fluxes on either side of the core indicated upwelling of nutrients
towards the periphery of this anticyclonic eddy (Fig. 9B). Surpris-
ingly, chlorophyll concentrations did not match the nitrate distribu-
tion, i.e. chlorophyll was not maximum at the core of the eddy
where nitrate levels were highest. In this particular case, the flux
core of the eddy was iron-depleted (Fig. 9F) limiting phytoplankton
growth, unlike the periphery where iron concentrations were
higher. This case was the only model that simulated significant
iron limitation in the MC.

Similar to A1, A3 was generated near the northeastern tip of
Madagascar (Fig. 9C). The initial concentrations, as well as the
supply of nitrate and iron to the surface layers, were sufficient to
support new production of �0.01 μmol N L�1 d�1 and maintain
chlorophyll levels at 0.25–0.3 mg m�3 (Fig. 9D and E). During the
second half of August, new production increased rapidly and the
concentration of chlorophyll averaged over the whole eddy was
twice that at the core. This scenario was maintained until mid-
September and indicated that production occurred mainly towards
the boundary of the eddy. The peak in production coincided with a
depletion in surface iron concentrations (Fig. 9F), ultimately
resulting in chlorophyll decreasing as well (Fig. 9D). After mid-
September, the chlorophyll maximum and the nitracline deepened
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significantly, especially at the core of A3 (not shown). Nitrate flux
over the mixed layer was characterized by a dominance of vertical
injection during the early life of A3 when the eddy was near its
initial location, with a maximum of about 0.4 μmol N L�1 d�1

(Fig. 9E). From late July to mid-August, nitrate flux was mainly
lateral, but the maximum lateral transport was 50% less than the
vertical transport observed earlier in the eddy lifetime. From mid-
August to the end of the simulation on 14 October, 2010, max-
imum nitrate transport occurred across the vertical boundary at a
rate of 0.3 μmol N L�1 d�1. Weak positive lateral transport was
also simulated; however, and this coincided with an increase in
iron concentration at the periphery of the eddy.

3.6. Eddy-shelf interaction

Model simulations of an anticyclonic eddy (A4) and a cyclonic
eddy (C3) moving south and interacting with the Mozambique
shelf are presented in Fig. 10A. A4 was characterized by reduced
chlorophyll concentrations at its core (o0.1 mg m�3) and increas-
ing levels towards the boundary, reaching 0.15 mg m�3 (Fig. 10B).
On the northwestern side of this eddy, a patch of higher chlor-
ophyll was depicted, which decreased during its southward
advection. South of A4, a cyclonic eddy C3, located closer to the
coast, was clearly identifiable by maximum chlorophyll concen-
trations at its core, exceeding 0.3 mg m�3 (Fig. 10B). The elevated

Fig. 8. Vertical sections across A2 (Fig. 4F) for (A) nitrate concentrations (μmol N L�1), (B) vertical nitrate flux (μmol N m�2 s�1), (C) evolution of the center of A2 tracked

back in time, (D) chlorophyll and nitrate concentrations averaged over the upper 10 m, and (E) nitrate fluxes and new production averaged over the mixed layer. Shading and

negative values in (B) indicates downward fluxes. Bold and dashed lines in (E) indicate horizontal and vertical nitrate fluxes.
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chlorophyll of C3 merged with the chlorophyll plume on the
southern extension of A4 (371–381E).

The passage of eddies moving past 24oS are shown as time and
longitude Hovmoller plots in Fig. 10C–E. Nitrate concentrations
were reduced in the core of anticyclones during late February and
late April, with concentrations o0.5 μmol N L�1 (Fig. 10D) and
resulting in low chlorophyll levels (Fig. 10E). In contrast, nitrate
and chlorophyll concentrations were elevated on the southern
boundaries of the anticyclones (Fig. 10C and D) and entrainment of
nitrate and chlorophyll from the shelf could have contributed to
these increased levels. The passage of cyclonic eddies appeared to
induce an increase in nitrate up to levels 43 μmol N L�1. This
suggested a shoaling of the nitracline depth to less than 50 m at

the core of these eddies, resulting in an upliftment of nitrate into
the euphotic zone. Enhanced nutrients would have induced
phytoplankton growth, leading to elevated chlorophyll levels at
24oS as the cyclones passed by (Fig. 10E).

4. Discussion

The complex biophysical dynamics of the oceanic waters of the
MC have been simulated using a biogeochemical model (PISCES)
coupled to a hydrodynamic model (ROMS). The evaluation of model
outputs indicated that the main circulation and hydrological aspects
(temperature and salinity) were fairly well represented by the

Fig. 9. Vertical sections across A3 (Fig. 4H) for (A) nitrate concentrations (μmol N L�1), (B) vertical nitrate flux (μmol N m�2 s�1), (C) evolution of the center of A3 tracked

back in time, (D) chlorophyll and nitrate concentrations averaged over the upper 10 m, (E) nitrate fluxes and new production averaged over the mixed layer, and (F) iron

concentrations. Shading and negative values in (B) indicates downward fluxes. Bold and dashed lines in (E) indicate horizontal and vertical nitrate fluxes.
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models, as were the distributions of nitrate and chlorophyll. The
model overestimated the intensity of the SEC and winter chlorophyll
concentrations, however, and also underestimated phytoplankton
pigment for the summer. The discrepancy in the SEC circulation
could be related to the eastern boundary conditions, while the
winter overestimation of chlorophyll may be related to the non-
seasonal properties of the river discharge of nutrients used in the
simulation. A potential explanation of the underestimated chloro-
phyll levels during summer is the relatively coarse resolution of the
model which cannot properly resolve submesoscale dynamics. In
previous modeling studies, submesoscale dynamics has been shown
to significantly increase primary productivity and nutrient supply in
oligotrophic conditions (Lévy et al., 2001).

The model was used to study the history of eddies in the MC
that displayed contrasting physical and biogeochemical character-
istics, as seen in the snapshots of model outputs. We have shown
that the characteristics of an eddy observed as a snapshot can be
misleading, because eddies integrate several months of life history.

Therefore, eddies were tracked for periods of 1 (C2) to 4 (A1, A2)
months back in time, allowing identification of the processes
responsible for enrichment in these eddies along their migratory
routes.

4.1. Importance of the origin on eddy characteristics

Anticyclonic eddies A1, A2 and A3 that were observed in the MC
showed different surface characteristics (Figs. 6, 8 and 9). Intensity
differed considerably between A1 and A3, both formed at the
entrance of the MC (121S), and A2, which originated to the west
of Madagascar. Eddies A1 and A3 were more barotropic and
energetic than eddy A2, which is consistent with their generation
sites as described by Halo et al. (2014). The enrichment mechanisms
varied among the eddies, with nitrate and chlorophyll concentra-
tions in the surface layers varying by 2 orders of magnitude and the
nitracline depth ranged from a few meters to 70 m. Both A1 and A3
exhibited their highest nitrate concentrations in the surface layers

Fig. 10. Model simulations of an anticyclonic eddy (A4) and a cyclonic eddy (C3) interacting with the shelf for (A) sea surface height anomalies (cm) (8 April, year 10) and

(b) chlorophyll concentrations (mg m�3) averaged over the upper 10 m. The passage of eddies moving past 24oS are shown as time and longitude Hovmoller plots for (C) sea

surface height anomalies (cm), (D) nitrate concentrations (μmol N L�1) at 50 m, and (E) chlorophyll concentrations (mg m�3) at 50 m. Shading in (C) indicates negative

anomalies.
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at the location of their origin north of Madagascar, relatively close to
the shelf. Despite their high energy, no additional nutrients were
injected into the surface layers during their 3-month passage
through the MC from north to south.

For eddy A2, enrichment occurred at the end of its trajectory,
when it moved closer to the shelf. This suggests that primary
production in anticyclonic eddies is enhanced mainly when they
interact with the coastal domain, where nutrient loading occurs as
a result of river runoff, local upwelling and mixing, sediment
mobilization and erosion. Such an observation supports a previous
study by Whitney and Robert (2002) that indicated the role of
anticyclonic eddies in the offshore transport of coastal nutrients
and enhanced productivity. In all cases, the phytoplankton was
sensitive to the availability of nitrate and any input to the surface
layers was immediately taken up to enhance new production, as
occurs in any oligotrophic area where nitrate availability limits
production. Therefore, the correlation between nitracline depth,
surface nitrate concentrations and net primary production was
strong. Among eddies we tracked, the depth of the chlorophyll
maximum was often located about 10 m below the depth of the
nitracline.

Cyclonic eddies C1 and C2 also showed contrasting and
different characteristics (Figs. 5 and 7), that could be explained
by their different origins. C2 was formed in the central MC where
oligotrophic conditions prevailed at the time, with a sharp, deep
nitracline and low surface nitrate concentrations. During its
propagation that was tracked for about 1 month, nothing unusual
was recorded for this eddy. C1 was generated at the southern tip of
Madagascar, where nutrients were high because of coastal upwel-
ling. This eddy retained water properties from where it originated
and displayed the largest surface concentration of nitrate and the
highest levels of new production of all the eddies that were
investigated. The initial input of nutrients maintained new pro-
duction for about 2 months, before the nitracline deepened and
the nutrient supply and new production decreased in the mid-MC.
Such a decrease in new production, while the amplitude of the
eddy was increasing, was not consistent with the conceptual
model that proposes upwelling processes in the core of cyclonic
eddies (McGillicuddy and Robinson, 1997). The interaction of
eddies with the shelf (Fig. 10) illustrated the role of anticyclones
in the offshore transport of nutrients and phytoplankton biomass
from the shelf, thus enhancing open ocean productivity and
corroborating previous studies by Whitney and Robert (2002)
and Gruber et al. (2011).

In summary, this study established that the conceptual model
described by McGillicuddy and Robinson (1997) for explaining the
enrichment of eddies in subtropical regions was valid for the
Mozambique Channel from a dynamical point of view. It was also
demonstrated that examining the life history of an eddy is necessary
for understanding the biological pattern observed in a snapshot
image. The history of these structures can therefore provide valuable
information for investigating the relationship between evolving
eddy characteristics and the various trophic levels of the marine
food web. The examples selected illustrated the complexity of the
ecosystem and the importance of models for assessing details of the
mechanisms responsible for primary production within eddies. The
next step is to implement a study of the higher trophic levels
utilizing an End to End ecosystem model.
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