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ARTICLE INFO ABSTRACT

The spatial and seasonal variability of nutrients and chlorophyll in the southern Humboldt Current System were
assessed using a high-resolution regional ocean circulation model (ROMS) coupled to a biogeochemical model
(Pelagic-Interactions Scheme for carbon and Ecosystem Studies; PISCES). The simulated nutrients and chlor-
ophyll fields were validated using satellite and in situ observations at a continental shelf time-series station. The
annual cycles of modeled chlorophyll and nutrients were consistent with the highest values observed in spring
and summer, which is in agreement with enhanced upwelling observations. Co-limitation of phytoplankton
growth by nutrients and light was analyzed for diatoms, the dominant phytoplankton group in the simulations.
The results showed that co-limitation, near the coast, was governed in autumn and winter by light, and by
silicate in spring and summer, whereas other nutrients were limiting offshore between January and April.
Nutrient transport in the surface layer was analyzed. Vertical advection reflected areas with higher coastal
upwelling, and was partly offset by horizontal processes related to eddy-induced transport from the nearshore to
the open ocean. Vertical mixing was shown to play a key role in replenishing the surface layer with nutrients.
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1. Introduction

Phytoplankton photosynthesis plays a key role in ocean biogeo-
chemical cycles. It is the basis of marine trophic webs (Falkowski et al.,
1998) and contributes to carbon sequestering and exportation as or-
ganic matter (Eppley and Peterson, 1979). Phytoplankton growth in the
ocean requires optimal light conditions (Peterson et al., 1987), nutrient
availability in the euphotic zone (Diehl et al., 2002) and adequate
temperature (Nicklisch et al., 2008; Thomas et al., 2012). Nutrient
concentrations increase with depth (Zehr and Ward, 2002), however,
nutrient input in the well-lit surface layer can be stimulated by physical
mechanisms such as coastal upwelling (Chavez et al., 2003), a major
process in Eastern Boundary Upwelling Systems (EBUS). These regions
are characterized by intense seasonally modulated upwelling events
driven by alongshore winds. These winds force offshore surface Ekman
horizontal flow, which is compensated by an upward flow of cool and
nutrient-rich waters (Chavez and Messié, 2009), a well-described pro-
cess known as coastal upwelling (e.g. Bakun, 1996; Hill et al., 1998).

The Humboldt Current System (HCS) off the coast of Chile is highly
productive with primary production rates exceeding 25.8 g Cm~2d ™!
(Montero et al., 2007; Quinones et al., 2010). Here, upwelling is driven

when S-SW winds (i.e. equatorward) blow with moderate to high in-
tensity (> 5 ms ™) (Marin et al., 2003) in summer, bringing Equatorial
Subsurface Water (ESSW) to the surface. This water mass is associated
with low concentrations of dissolved oxygen (< 0.5mLL™%), high
salinity, low temperature (Atkinson et al., 2002; Strub et al., 1998;
Sobarzo et al., 2007) and high concentrations of inorganic nutrients
(Silva et al., 2009).

In addition to upwelling, other regulating factors of primary pro-
ductivity determine the spatial and temporal distribution of phyto-
plankton biomass. One is vertical mixing, which determines the mixed
layer depth that can vary from a few meters to more than 100 m (Kirk,
1994). Variations in mixed layer depth affect phytoplankton dynamics
by controlling nutrient and light availability (Sverdrup, 1953). Echevin
et al. (2008) used model simulations to show that wind-driven seasonal
upwelling (i.e. vertical flux of nutrients to the surface layer) in the
Peruvian EBUS was not a controlling factor of seasonal surface chlor-
ophyll variability, but that seasonal variations of the mixed layer depth-
controlled chlorophyll variability due to light limitation. Other physical
processes, such as horizontal and vertical advection associated with
mesoscale dynamics may also play an important role. Several authors
have emphasized the importance of mesoscale dynamics in nutrient and
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chlorophyll transport to oligotrophic zones away from the coast. Gruber
et al. (2011) showed that high levels of eddy activity tend to be asso-
ciated with low levels of biological production in the California EBUS,
and highlighted that reductions in production and export result from
eddy-induced nutrient transport from the nearshore environment to the
open ocean. Resplandy et al. (2011) and José et al. (2014) used bio-
physical modeling to suggest that lateral eddy advection is partly re-
sponsible for nutrient provision and distribution. Mesoscale eddies in
the HCS appear to contribute significantly with nutrients and chlor-
ophyll to the coastal (< 200 km) and transition zones (up to 80°W)
(Correa-Ramirez et al., 2007, 2012; Grob et al., 2003; Morales et al.,
2012, 2013), while horizontal Ekman transport and Ekman pumping
(i.e. large-scale vertical advection) might act synchronously to extend
high concentrations of chlorophyll into the offshore area (Morales et al.,
2013). In addition to the physical mechanisms that determine the dis-
tribution of nutrients and chlorophyll in the ocean, the availability of
different macro and micronutrients and their role in co-limiting phy-
toplankton growth are also important regulating factors (Messié¢ and
Chéavez, 2015).

Nutrient availability in the euphotic zone depends on various fac-
tors. In the southern Humboldt Current System off central-southern
Chile (30-40°S), the injection of nutrients into the mixed layer due to
upwelling is partly responsible for high reported primary production
rates (Daneri et al., 2000; Montero et al., 2007). Rivers however, such
as the Bio-Bio and Itata, also provide important quantities of terrestrial
organic matter (Vargas et al., 2012), trace metals and nutrients (an-
thropic and natural) (Salamanca and Pantoja, 2009) to the inner con-
tinental shelf, which enhances the microbial food web as a consequence
of the high rates of primary production, mainly provided by the pico-
and nanoplankton (Iriarte et al., 2012). Depending on nutrient avail-
ability, co-limitation of nutrients occurs when two or more nutrients
have been depleted simultaneously down to levels where the addition
of one or several is necessary to stimulate phytoplankton growth
(Moore et al., 2013).

Nutrient limitation has been reported for some EBUS (Messié and
Chavez, 2015). Studies in the Peru upwelling system have shown that
iron limits phytoplankton in winter (Bruland et al., 2005; Hutchins
et al., 2002); while nitrate and silicate are limiting in summer (Echevin
et al., 2008; Messié and Chavez, 2015). In the California EBUS, iron
exerts fundamental control over nitrate and silicate drawdown
(Hutchins et al., 1998). Iron limitation, for instance, generates blooms
of strongly silicified and faster sinking chain-forming diatoms (Hutchins
and Bruland, 1998). Iron-stressed diatoms deplete surface waters of
silicic acid before they deplete nitrate, leading to the secondary silicic
acid limitation of the phytoplankton community (Hutchins and
Bruland, 1998).

In some EBUS with large OMZs (Oxygen Minimum Zones), phyto-
plankton growth has been found to be nitrogen-limited. Kuypers et al.
(2005) showed that the anammox process in the Benguela EBUS is the
main cause of fixed inorganic nitrogen loss. Quifiones et al. (2010)
reported a nitrogen deficit compared to phosphorous in several areas of
the HCS, suggesting that primary production may be limited by this
element. The authors developed nutrient budgets covering the entire
HCS and found AN/AP ratios significantly lower than the expected
Redfield values off Chile in three regions: 18-27°S (50 km offshore
limit), 27-33°S (50 km offshore limit) and 33-42°S (120 km offshore
limit).

An understanding of phytoplankton growth must integrate a
number of elements, including physical processes, light and nutrient
availability. Untangling the most relevant biogeochemical and physical
processes that generate the spatial and temporal variability of plankton
remains a major challenge that can be addressed with biophysical
modeling.

A number of authors have used biophysical modeling to study bio-
physical relationships in EBUS focused on nutrients, plankton and pri-
mary production, such as: (i) the role of specific physical forcing like
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tides and storms in the cross-shore transport of nutrients, primary
production and chlorophyll in the Canary EBUS (Giraud et al., 2008);
(ii) the role of the residence time of nearshore waters and mesoscale
activity in different EBUS and their impact on net primary production
(Lachkar and Gruber, 2011); (iii) the response of nitrogen, phyto-
plankton, and zooplankton to circulation driven by summer winds in
the HCS (Baird et al., 2007).

The objectives of this study are to (a) assess the realism of a high-
resolution coupled physical-biogeochemical regional model for the HCS
(30-40°S; 70-80°W) using in situ and satellite observations; (b) use this
model to characterize the spatial and temporal variability of nutrients
potentially limiting phytoplankton growth in this region; and (c) de-
termine the main physical mechanisms (horizontal, vertical advection,
vertical mixing) involved in the transport of nutrients to the euphotic
layer at the seasonal scale.

2. Methods
2.1. Hydrodynamic model

The hydrodynamic model used in this study is ROMS-AGRIF
(Regional Oceanic Modeling System - Adaptive Grid Refinement in
FORTRAN, Schepetkin and McWilliams, 2005; Penven et al., 2006;
http://www.romsagrif.org).

Simulations were carried out on a grid between 29°S and 41°S, and
from 69°W to 83°W (Fig. 1), with a resolution of 7.5 km and 32 sigma
levels. The initial and open boundary fields were obtained from a
monthly climatology from a Peru-Chile model simulation (Colas et al.,
2012) using the “Roms2Roms” offline interpolation package (Mason
et al.,, 2010). The model configuration and atmospheric forcing were
described in an earlier study that also evaluated the simulations
(Vergara et al., 2016).

2.2. Biogeochemical model

The PISCES (Pelagic Interactive Scheme for Carbon and Ecosystem
Studies, Aumont et al., 2003; Aumont and Bopp, 2006; Aumont et al.,
2015) biogeochemical model was chosen to represent phytoplankton
variability and nutrient co-limitation along the Chilean continental
platform. PISCES simulates the cycles of carbon, oxygen and the main
nutrients that control phytoplankton development (PO4>> NO3~ NH, ",
Si, Fe). In this model phytoplankton growth depends on external nu-
trient concentrations. It includes two phytoplankton classes (diatoms
and nanophytoplankton) and two zooplankton classes (micro and me-
sozooplankton). There are three non-living compartments: semi-labile
dissolved organic matter, small sinking particles and large sinking
particles. A detailed description of the model structure and equations
can be found in Aumont et al. (2015).

PISCES coupled to ROMS has been used for the Peru upwelling
system to address questions over different time scales, such as the im-
pact of climate change on the survival of small pelagic fish larvae
(Brochier et al., 2013), the impact of intraseasonal coastal-trapped
waves on the nearshore Peru ecosystem subsurface (Echevin et al.,
2014), and the processes that control the seasonal cycle of chlorophyll
in the northern Humboldt Current System (Echevin et al., 2008).

The biogeochemical fields of the model (nitrate, phosphate, silicate,
oxygen, DIC, DOC, alkalinity) were initialized in the domain and im-
posed at the model's open boundaries using CARS 2009 climatology
(CSIRO Atlas of Regional Seas, http://www.marine.csiro.au/~ dunn/
cars2009/, Ridgway et al., 2002). Due to the scarcity of data, Fe con-
centrations were obtained from a global climatology model (ORCA2-
PISCES, Aumont et al., 2015). Iron data was also obtained from a three-
dimensional atmospheric dust deposition model (Tegen and Fung,
1995) and from a time-constant depth-dependent sediment mobiliza-
tion model (Moore et al., 2004).

Limitations due to light and nutrients were quantified by calculating
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Fig. 1. (a) ROMS-PISCES model domain. Modeled
surface chlorophyll (in mgChl m 3, color scale) is
shown (January of Year 10). The main surface (CCC,
light blue arrow, and PCCC, dark blue arrow) and
subsurface (PCUC, black dashed arrow) nearshore
currents of the HCS are indicated. Station 18 is
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marked by a red dot, and the BIOSOPE stations for Fe

measurements are denoted by black dots. (b) and (c)
. correspond to maps of Chile and South America, re-
c)". spectively. Rectangle in (b) indicates the location of
A the study area.
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the limiting terms in the model parameterization of primary production
(Aumont et al., 2015). Primary production in the model is proportional
to the limiting terms of light and nutrients. The light limitation term
(Liigho) is (1-exp (-a (Chl/C))) * PAR/(uLy,)), where a is the initial slope
of the PI curve, Chl/C is the chlorophyll/carbon ratio, PAR is photo-
synthetically active radiation, and p is the temperature-dependent de-
velopment rate. PAR is computed using COADS (da Silva et al., 1994)
climatological shortwave flux. When sufficient light is available this
term reaches 1, and is less than 1 when light limits development. Nu-
trient limitation Ly, is equal to min ; — 1, [Ci/(K;+ Cy)], where i is the
index indicating a specific nutrient (PO,>> NO5> NH4 ¥, Si, Fe), C; is the
concentration of the nutrient, and K; is its saturation constant. The
limiting terms were calculated for diatoms, since this group is the main
contributor to total chlorophyll in the study zone. The so-called “lim-
iting nutrient” in our study is the one (ip) with the lowest ratio (C;/
(Ki+GC) =C/(K;+Cy).

Runoff from Chilean rivers (e.g. the Biobio and Itata Rivers, both
near 36°S) was not explicitly incorporated in the simulation. The impact
of river discharge on salinity was represented owing to relaxation of
climatological sea surface salinity (see Vergara et al., 2016). However,
riverine nutrient input was not taken into account.

To determine the physical mechanisms that transport nutrients in
the euphotic layer, advection (zonal (-UdxC), meridional (-Vo,C) and
vertical (-W9,C)), and vertical mixing (9,(Kd,C)) were computed, where
U, V, W are zonal, meridional and vertical velocity terms respectively, K
is the vertical diffusivity, C the nutrient concentration, and x, y, z the
zonal, meridional, and vertical (oriented upward) coordinates, respec-
tively. The transport terms were stored online and averaged every 3
days. Only the silicate transport terms were analyzed as silicate was the
main limiting nutrient (see Section 3.4).

We ran ROMS/PISCES simulations for 15 years, including a 5-year
spin-up period. The last 10 years of the simulations were averaged to
obtain the seasonal climatology of the biological variables. The biolo-
gical parameters used were similar to those listed in Echevin et al.
(2014).

2.3. Data used to evaluate the model
One of the parameters estimated by ROMS is the height of the
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boundary layer (HBL), also named mixed layer depth (MLD). The MLD
is considered as the region near its surface with vertically quasi-uniform
oceanic tracers above a layer of more rapid vertical changes (Lorbacher
et al., 2006). In the MLD there is little variation in salinity, temperature
or density with depth (Kara et al., 2003; Pickard and Emery, 1990). The
MLD is created by turbulence generated by the wind, convective
cooling, breaking waves, current shear, and other physical processes
and characterized by vertically uniform and intense mixing (Wijesekera
and Gregg, 1996).

The parameterization of the boundary layer mixing in ROMS follows
the formulation of Large et al. (1994). The boundary layer height was
determined based on the dimensionless Richardson number Ri (i.e. the
ratio between buoyancy and the vertical shear of horizontal velocity).
The modeled mixed layer depth was compared to climatological MLD
from de Boyer Montégut et al. (2004), which has a regular grid of 2 x
2° with a monthly resolution. The climatological MLD was based on
individual profile estimates. The criterion selected is a threshold value
of temperature or density from a near-surface value at 10 m depth (AT
= 0.2°C or Ac® = 0.03kgm™3).

Surface chlorophyll concentrations were provided by SeaWiFS sa-
tellite data (http://oceancolor.gsfc.nasa.gov/SeaWiFS/) over the
2000-2006 period. The satellite data was compared with the model
simulation.

A monthly climatology of in situ nitrate, phosphate, silicate, and
chlorophyll data from Station 18, located in the central-southern
Chilean shelf (36.5°S; 73.1°'W; see Fig. 3a), over the 20042014 period
was compared with the simulation. Station 18 is a time series initiated
by the COPAS Oceanographic Center in 2002, located on the shelf at
88 m depth (Escribano and Schneider, 2007).

3. Results
3.1. Evaluation of mixed layer depth

The annual mean mixed layer depth (MLD) of the model was
compared to the climatology in Fig. 2. The MLD was shallower near-
shore than offshore due to enhanced stratification near the coast asso-
ciated with nearshore upwelling of dense water (Sobarzo et al., 2007).
The observed MLD was between 28 and 34 m nearshore and deeper
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Fig. 2. Annual mean mixed layer depth (MLD, in meters) estimated by (a) de Boyer Montégut et al. (2004) climatology (2° x 2°), (b) ROMS model climatology (averaged on a 2° X 2°)
and (c) differences between observations and simulation. Black dots represent the 2°x2° regular grid. (d) Annual cycle of modeled (black circles) and climatological (grey triangles) MLD
(in meters) and alongshore wind stress (in N m~2, red diamonds) within a band of 100 km between 30° —38°S.

than 50 m offshore (Fig. 2a). Near the coast, the modeled MLD ranged
from 34 to 38 m and deepened offshore (> 50 m) (Fig. 2b). The greatest
differences between the model and observations were found in the
north of the study area (Fig. 2¢). The largest discrepancies near the
northern boundary could be an effect of open boundary conditions.

The modeled and observed annual MLD cycle (averaged in a 100-km
band from the coast) are shown in Fig. 2d. The modeled MLD for spring
and summer was about 20 m, and was deeper (~ 50-60 m) for autumn
and winter. The observed MLD had similar values in summer and higher
values in winter, fluctuating between 40-50 m. Although the annual
cycles of the modeled MLD and the observed MLD series were similar,
the model values of the MLD were deeper than those observed, mainly
in autumn and winter (from May to August).

3.2. Distribution and annual cycle of surface chlorophyll

Both maps of modeled and observed surface chlorophyll showed
high values near the coast in a band of approximately 100 km, de-
creasing gradually offshore (Fig. 3a and b). However, observed values
reached concentrations close to 10 mg Chl-a m™3 (Fig. 3b), whereas
modeled values did not exceed 3 mg Chl-a m~3 (Fig. 3a). The zones
with the highest chlorophyll concentrations were between 34° and 37°S,
and between 38° and 40°S (Fig. 3a and b).

The time-latitude plots of surface chlorophyll (averaged in a 100-km
coastal band) showed that the highest concentrations were in spring
and summer (Fig. 3c and d), as S-W winds favorable to upwelling
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predominated (Fig. 2c¢). The maximum values of modeled chlorophyll
were 3.5 mg Chl-a m ™3 (Fig. 3c), while observed values reached 6.5 mg
Chl-am™2 (Fig. 3d). The highest modeled and observed concentrations
were found between ~ 33° and 37°S (Fig. 3c and d). In both the model
and SeaWIFS data, a sharp change in chlorophyll concentration was
found near Punta Lavapie (37.2°S), the southern limit of the Gulf of
Arauco, and chlorophyll values decreased south of this latitude.

Chlorophyll values from SeaWIFS and from the simulations were
compared at Station 18 (Station 18, 36.5°S; 73.1°W; see Fig. 1). The
three datasets showed roughly similar annual cycles, with the highest
concentrations in spring and summer months (Fig. 4a). Modeled
chlorophyll concentrations for summer were underestimated. Chlor-
ophyll decreased in autumn and winter in the three datasets, reaching
~ 2 mg Chl-a m™3. There was, however, a time difference between the
modeled minimum concentration in July-August and the observed
minimum was in June-July.

We also evaluated the annual cycle of the vertical structure of
chlorophyll at Station 18. The two data sets had relatively similar
vertical structures, with a chlorophyll-rich (> 1 mg Chl-a m ~3) layer of
~ 20-30 m depth. However, modeled chlorophyll did not exceed 4 mg
Chl-a m ™3 (Fig. 4b), while it reached ~ 11 mg Chl-a m 2 at Station 18
(Fig. 4c). Another important difference is the progressive thickening of
the modeled chlorophyll-rich layer from 20 m (March) to ~ 50 m
(July), whereas observations exhibited an abrupt decrease in chlor-
ophyll content, with values of ~ 0.2 mg m ™~ in July and a progressive
thinning of the surface chlorophyll-rich layer from ~ 30 m (January) to
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Fig. 3. Annual mean surface chlorophyll (in mg Chl-a m™~>) es-
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~ 20 m (April).

3.3. Nutrients

The simulated phosphate, nitrate and silicate were compared to
observations at Station 18 (Fig. 5). The annual cycles of the three nu-
trients were similar, with the highest values in spring and summer at
the surface layer depth (~ 20 m), probably associated with upwelling.
Discrepancies between the model and observations were found. The
maximum concentration of PO, (~ 2.8 uM) at Station 18 (Fig. 5b) was
greater than that of the model, the latter not exceeding 2.2 uM (Fig. 5a).
The highest modeled nitrate values (~ 32.5 uM) were at 80 m depth
(Fig. 5¢), while maximum observed NO3 was only ~ 27 uM (Fig. 5d).
The high nitrate values could be due to a lack of denitrification caused
by excessively high oxygen values in the model (figures not shown).
Silicate concentration values for the model and Station 18 observations
were similar, fluctuating between ~ 5 and 30 uM (Fig. 5e and f). The
highest concentrations were found between 40 and 80 m depth. How-
ever, there was a slight increase in the silicate surface concentration at
Station 18 (0-10 m) in July and August (Fig. 5f), which was not si-
mulated by the model. This is likely due to local river nutrient dis-
charges that were not taken into account in the model.

Although data on Fe for the study region are scarce, we used three
vertical profiles of Fe measured during the BIOSOPE cruise (Blain et al.,
2008; Bonnet et al., 2008) to evaluate modeled Fe concentrations
(Fig. 6). The profiles were located on a cross-shore section (between
33.4° and 34.5°S) off central Chile. The offshore measurements
(78.1°W) had low surface values (< 0.05 nM between 50 m and 100 m
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depth), in agreement with the model. Modeled subsurface values were
fairly close (bias is less than 0.05nM) to the observed values. The
“nearshore” measurements (73.5°W) showed higher concentrations
than offshore, with values near 0.05 nM in the surface layer and greater
than 1 nM at depths between 150 m and 400 m. In contrast, the surface
values of the modeled profile were slightly greater (~ 0.07 nM) than
those observed and increased moderately, reaching 1 nM at 400 m
depth. The “coastal” profiles displayed the strongest discrepancies.
Modeled Fe in the surface layer (0-30 m) reached 2.2 nM and decreased
to 1.5 nM at ~ 80 m depth, while observed Fe between 30 m and 80 m
was around 1.2-1.3 nM. Modeled Fe remained relatively unchanged (~
1.2-1.3 nM) below 100 m depth, in contrast with observed Fe, which
was over 3 nM at depths between 150 m and 300 m. While year-to-year
variability of modeled Fe was strong (o ~ 1 nM, figures not shown)
between 0 and 100 m, modeled Fe at greater depths was never higher
than 1.5 nM.

3.4. Co-limitation of nutrients and light for diatoms

3.4.1. Surface co-limitation

Since diatoms are the main contributor to total chlorophyll (70%)
(Figure not shown), the co-limitation of nutrients was only computed
for this phytoplankton group. As the differences among different si-
mulation years of the co-limitation of nutrients and light were not
significant, we chose the 12 months of a typical simulated year (Year
10) and computed co-limitation fields from O to 20 m depth to study
seasonal variations. To highlight the presence of eddies, we super-
imposed the Sea Level Anomaly (SLA).
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Fig. 4. Seasonal cycle of surface chlorophyll for (a) Station 18
(36.3°S; 73°W; see location in Fig. 1) in situ data (blue triangles),
SeaWIFS satellite data (red circles) and the simulation (black
squares). Seasonal cycle of chlorophyll between 0 and 80 m for
(b) the model and (c) Station 18 in situ data.
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Co-limitation patterns displayed complex structures (Fig. 7). The
main limiting nutrients were silicate, Fe and nitrate, with occasional
small-scale patches of P limitation. Silicate and Fe were limiting mainly
near the coast (~ 100 km) from January to April (Fig. 7a-d), with
predominantly silicate limitation. During these same months, nitrate
was limiting further from the coast, from ~ 75°W to 80°W. Light was
limiting near the coast, as nutrients were more abundant nearshore due
to upwelling. Light limitation occurred over a narrow band (< 100 km)
in summer, which increased in winter due to decreased insolation
(Hernandez et al., 2012). The spatial extension of light and silicate
limitation increased throughout the coastal zone from May to August
(Fig. 7e-h), overlapping with nitrate limitation (May and June). Fe
limitation increased from September to December, especially in No-
vember, extending away from the coast. Phosphate limitation decreased
notably during these months (Fig. 7i-1).

Eddies were observed during all analyzed months, and may have
transported the most important nutrients (i.e. nitrate, phosphate and
silicate) from the coast to the ocean (Fig. 7). Co-limitation patterns and
seasonal evolution in mesoscale eddies were apparent. Several cyclones
with a predominant Fe limitation in their core occurred in summer and
fall (Fig. 7a—d). In late fall and winter, nutrient limitation in the eddy
cores shifted from Fe to Si (Fig. 7e-h), with the presence of ribbons of
Fe and P limitation around the core (Fig. 7i), revealing a high degree of
complexity.
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3.5. Silicate transport

3.5.1. Advection, mixing and silicate trends from 0 to 20 m depth

Silicon was the most important limiting nutrient for diatoms in the
coastal zone (Fig. 7), which is why we analyzed the balance of this
element in terms of advection and vertical mixing. We computed the
silicate transport terms in the first 20 m of the water column, as the
modeled maximum chlorophyll concentration was observed in the
surface layer (Fig. 3b).

Mean Si concentrations fluctuated between 2 and 20 uM, with the
highest values (> 10 uM) in the coastal zone between 30° and 37°S due
to coastal upwelling (Fig. 8g). Si values were higher in the north of the
region as the PCUC transported upwelled source waters poleward. As
expected, annual mean vertical advection of Si was mainly positive near
the coast due to coastal upwelling (Fig. 8a). Highest values
(> 5.107°uM Si s~ 1) were found in few areas of the northern part of
the study area, from about 30° to 35°S (Fig. 8a). The horizontal ad-
vection terms displayed more complex small-scale patterns. Zonal ad-
vection was mostly negative offshore in a ~ 100 km coastal band and
was positive near the coast (Fig. 8b). Meridional advection was mostly
positive offshore (Fig. 8b) and negative in a narrow (< 20 km) coastal
strip, which was consistent with the equatorward coastal flow (Fig. 8d)
and the presence of less rich waters in the south (Fig. 8g). The signature
of permanent mesoscale eddies and jets was observed between 30° and
35°S (Fig. 8d). This means that while vertical advection brought nu-
trients to the coastal area, Ekman currents and enhanced offshoreward
jets near 32°S, 33°S, 34°S (Fig. 8d) transported part of the high coastal
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Fig. 5. Seasonal cycle of (a) Modeled phosphate, (c) nitrate and
(e) silicate versus observed values (b, d, ) at Station 18. Units are
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nutrient load offshore (Fig. 8g), thus partly compensating for the ver-
tical input associated with coastal upwelling (Fig. 8e). Total positive
advection predominated in the study area, with highest values (~ 3-5
107° uM Si s-1) at ~ 32°, 36° and 37°S (Fig. 8e). The input of nutrients
through vertical mixing was positive everywhere, and greater than
through advective fluxes in the offshore regions (50 km from coast)
between 30°S and 35°S (Fig. 8f).

Fig. 9 shows the sum of the physical trend, biological trend and total
trend of silicate in the study zone. As expected, the physical trend was
positive throughout the study zone, with highest values between 30°
and 37°S (Fig. 9a). The negative biological trend (primary production is
a Si sink) displayed similar patterns to those of the physical trend
(Fig. 9b). The total trend was mostly positive, but values were an order
of magnitude smaller than those of the physical and biological trends

b) PO4 observations (St 18) -

AMJ JASOND
f) SiOH4 observations (St 18)M
20 u

umol 171,

(Fig. 9¢), indicating that the model had not reached a fully equilibrated
statistical state after 15 years. Nevertheless, moderate Si drift (see also
Fig. 10) suggests that a longer simulation would not significantly alter
the result.

3.5.2. Cross-shore structure of currents and Si transport terms

Figs. 8 and 9 show that the zone between 31°—37°S had the highest
values of advection and physical and biological trends of silicate. To
study the vertical structure of Si transport in the water column, we
averaged the velocity components and transport terms meridionally
between 31° and 37°S (Fig. 10). Similar diagnostics were performed in
Colas et al. (2012). Cross-sections are displayed between 0 and 100 m
depth and 0-200 km from the coast (Fig. 10).

To highlight the relationship between Si transport and velocity
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patterns, vertical sections of annual mean zonal (u, Fig. 10b), mer-
idional (v, Fig. 10d) and vertical velocity (w, Fig. 10g) are shown. The
wind-driven offshoreward Ekman current associated with the coastal
upwelling was reflected in negative zonal velocity (u) in the surface
layer (0-15 m). The subsurface zonal velocity was positive in two areas,
one close to the coast (from 10 to 50 m depth) with values > 0.5 ms~},
and the other one at 100-200 km from the coast (from ~ 15-100 m
depth). The positive velocity likely corresponded to the shoreward
current compensating upwelling. The negative subsurface core located
60 km from the coast could have been produced by the poleward un-
dercurrent, which was deflected slightly westward by the coastline
orientation.

Meridional velocity (v) (Fig. 10d) near the coast was positive and
associated with the Chile Coastal Current (CCC; Mesias et al., 2001;
Strub et al., 1998; Fig. 1), which flows towards the equator. Below this
current, poleward flow is associated with the PCUC (Peru-Chile Un-
dercurrent; Huyer et al.,1991; Silva and Neshyba, 1979; Fig. 1), which
was trapped on the continental platform between 40 and 100 m. The
PCUC extended to 100 km offshore. The poleward flow from ~
120-200 km was associated with the PCCC (Peru-Chile Countercurrent,
Strub et al., 1995). As expected, vertical velocity (w) (Fig. 10g) was
positive throughout almost the entire study section, with the highest
values near the coast (> 0.5 ms ™).

Zonal advection was predominantly negative in the surface layer
(0-100 m) (Fig. 10e). The negative subsurface pattern was associated
with the PCUC, which was southwestward due to the coastline or-
ientation between 31° and 37°S, and thus projected zonally as a west-
ward current transporting nutrients offshore. The surface pattern
(0-10 m) of zonal advection is more complex to interpret. It was ne-
gative nearshore (< 100 km) and positive offshore (100-200 km). Note
that the annual nearshore average of U was negative (Fig. 10d) and the
annual mean cross-shore Si gradient (0,Si) was positive as Si con-
centrations increased towards the coast (Fig. 10a). Consequently,
transport associated with the mean current and mean Si gradient
(-U.04Si) was positive (figure not shown), while total (i.e. eddy +
mean) zonal advection was negative (Fig. 10e), suggesting that eddy
fluxes play an active role by depleting the nearshore layer and en-
riching the offshore region (e.g. Gruber et al., 2011).

Meridional advection (Fig. 10c) was mainly positive, except for two
zones with negative values close to the coast (~ 10 km), and between
90 and 120 km. Positive values can be associated with the undercurrent
(Fig. 10b), which transports nutrient-replete waters poleward along the
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coast. In contrast, the equatorward coastal surface jet (Fig. 10b)
transported relatively nutrient-poor Si surface waters northward
(Fig. 8g), acting as a silicate sink (Fig. 10c).

Horizontal (i.e. zonal + meridional) advection (Fig. 10f) was ne-
gative near the coast, with values lower than —6 pM Si month ~*. Two
positive zones were found, between about 100 and 200 km offshore,
and near the coast at less than 60 m (Fig. 10c). Vertical advection
(Fig. 10h) was mainly positive (> 6 uM Si month ™) from the coast to
140 km offshore. Vertical mixing was a source of Si in the first 20 m
depth from the coast to 200 km, with values greater than 6 pM Si
month~! and a sink below 20 m depth (Fig. 10i). Vertical mixing was
confined to the 0-50 m depth layer. It served to mix nutrient-rich
subsurface waters with less rich surface waters (0 —10 m), enriching
the surface waters. Total advection (Fig. 10j) was positive from the
coast to 200 km offshore in the first 50 m of the water column, with
transport values > 2 uM Si month ™7, and slightly negative at greater
depths. The sum of all physical terms (i.e. advection + vertical mixing;
Fig. 10k) was positive between 0 and ~ 30 m depth, with values > 2
uM Si month™!, and slightly negative below 30 m. The total trend
(physical + biological trend) (Fig. 101) was mainly positive and weak
(< 0.2uM Si month™ 1Y) in comparison with other terms, with slightly
higher values near the coast.

3.5.3. Annual cycle of silicate balance

The annual cycles of the transport and biological terms were aver-
aged over a coastal band of 100 km (Fig. 11a) and over an offshore
band of 100 km (Fig. 11b), between 0 and 20 m depth, to study their
relationships with the annual chlorophyll cycle. We considered the la-
titudinal zone from 31° to 37°S. Vertical mixing and vertical advection
in the coastal band (Fig. 11a) were positive throughout the year and
showed similar annual cycles, with higher values in spring and summer,
and lower in autumn and winter, as expected from the seasonal cycle of
surface winds (Fig. 2c). Horizontal advection was mainly negative, with
values close to zero in autumn-winter and lower values in spring-
summer (Fig. 11a). The annual cycle of total advection was similar to
that of horizontal advection, but with a weaker amplitude, higher va-
lues in autumn-winter and lower values in spring-summer, and a pre-
dominance of positive values (Fig. 11a). Interestingly, vertical nutrient
advection reached maximum positive values during the peak of the
upwelling season (January-February), but was nevertheless offset by
very strong offshore advection, possibly enhanced by eddy effects
(Fig. 12) and resulting in negative values.

The total physical trend was always positive within the coastal
band, with greater values in autumn-winter. The biological trend was
always negative, with lower values in spring-summer (~ 1.5 10~ uM
Si s™') compared with autumn-winter (~ 2.5 10~ uM Si s~ %). The
total trend was weak and constant throughout the year, varying slightly
with predominantly positive values (< 0.3 10~ ®uM Si s™%).

The annual cycle of silicate balance in the oceanic offshore band
(Fig. 11b) showed lower values (< 2 107° uM Si s~ 1) than near the
coast, with different contributions from several processes. In contrast to
coastal upwelling, vertical advection was negative year-round. Down-
welling was likely due to anticyclonic wind stress curl (Bakun and
Nelson, 1991; Aguirre et al., 2012). The highest vertical mixing values
were in spring-summer and the lowest in autumn-winter, which was in
agreement with the seasonal cycle of offshore wind stress intensity
(Figure not shown). Negative vertical advection was partly offset by
horizontal fluxes, with higher values from April to September, possibly
due to enhanced eddy flux of coastally upwelled nutrients in winter
(Fig. 12). In conclusion, nutrient input in the offshore band was mainly
achieved through wind-driven vertical mixing in summer and hor-
izontal advection in winter, possibly due to mesoscale eddy propagation
(Correa-Ramirez et al., 2007).

In both bands, surface chlorophyll had high values in spring-
summer, with greater values (> 2 mg Chl-a m~3) in the coastal band
than in the oceanic band (~ 1.6mg Chl-a m~3, Fig. 11). As
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Fig. 7. Maps of surface co-limitation fields during Year 10, from January to December between 0-20 m. Colors indicate whether nutrients or light are limiting. Contours (in cm) represent

the sea level anomaly.

phytoplankton growth was mainly limited by light in the coastal band
(Fig. 7), surface chlorophyll was largely influenced by vertical mixing
and solar radiation seasonality. Therefore, coastal chlorophyll corre-
lated better with the vertical mixing term (c = 0.77, p = 0.005) and
with (—1)*MLD (¢ = 0.83, p-value = 0.001) than with the total input
of nutrients in the surface layer (c = 0.54, p = 0.075).

4. Discussion

The aim of this study was to characterize the seasonal dynamics of
surface chlorophyll and its relationship to nutrient fluxes in the surface
layer. Very few studies in the southern HCS have used biogeochemical-
physical coupled modeling to study the relationship between hydro-
dynamic and biological processes. Baird et al. (2007) used a physical
model (POM) (Blumberg and Mellor, 1987) coupled to an NPZ model to
investigate the response of the ecosystem to the circulation driven by
summer winds in central-southern Chile. These authors studied the
impact of biological parameters, such as zooplankton grazing pressure,
on the magnitude and spatial distribution of surface chlorophyll. The
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nearshore spatial resolution (~ 15 km) in Baird et al. (2007) was lower
than in our simulations, thus mesoscale eddy effects might have been
underestimated in their study. Moreover, they did not simulate a full
seasonal cycle, and their biogeochemical model was simpler than the
PISCES model. Overall, these differences make it difficult to compare
their results with ours.

Our results make a significant contribution to understanding phy-
sical-biological coupling in the southern HCS. We found that the
modeled surface mixed layer depth (MLD) reproduced observed sea-
sonal variability relatively well (Fig. 2d), becoming deeper in autumn
and winter, and shallower in spring and summer. The MLD appeared to
be modulated mainly by alongshore wind stress in our study, but other
processes not accounted for in our model, such as riverine fresh water
fluxes, may also play a role during certain periods of the year (Sobarzo
et al., 2007). The nearshore modeled MLD was too deep, which could
impact the simulated primary production by a too strong light limita-
tion and decrease surface chlorophyll. Using a 2 ROMS simulation of
the Pacific Ocean, Lemarié et al. (2011) computed the MLD using in-
dividual temperature profiles and the same criteria as de Boyer
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Montégut et al. (2004). They also obtained a positive bias (i.e. a too
deep simulated MLD off the coasts of Chile, see their Fig. 5). Therefore,
the differences between observed and modeled MLD could not be at-
tributed to the different methods used. Using a high frequency (daily or
6-hourly) wind forcing may also impact the MLD, but estimating this
effect is beyond the scope of the present model study.

An abrupt change in nearshore chlorophyll concentration at ~ 37°S
(Gulf of Arauco) was simulated by the model and also seen in

observations (Fig. 3c and d). This high chlorophyll concentration is
probably an effect of the local topography. The Gulf of Arauco, an
equatorward-facing gulf, favors strong upwelling events because of its
geographic orientation, and thus has a high level of biological pro-
ductivity (Figueroa and Moffat, 2000). This zone of complex bathy-
metry is also strongly influenced by the submarine canyon of the Bio-
Bio River, which modifies coastal circulation and induces upwelling of
water from depths greater than 200 m (Sobarzo et al., 2001, 2016). In
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Fig. 9. Total physical trend (a), (—1)x biological trend (b) and total trend (physics + biology) for silicate (in umol s~ '), between 0 and 20 m.
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addition, off Lavapie Point (south limit of the Gulf of Arauco), there are
strong equatorward currents in the form of an upwelling jet (Atkinson
et al., 2002) that could influence chlorophyll distribution.

Despite its relatively low resolution (7 km) in comparison with the
bay's dimensions, our model was able to reproduce local changes in
chlorophyll concentrations.

The annual chlorophyll signal near the coast (< 200 km) in this
zone has been described as governed by wind stress and currents as-
sociated with westward-propagating Rossby waves (Correa-Ramirez
et al., 2012). In the coastal transition zone (CTZ, west of the shelf
break) increased chlorophyll concentrations are the result of nutrient
advection by mesoscale eddies generated near the coast (Morales et al.,
2012). Many eddies are generated in spring and summer, fertilizing
offshore waters in winter (Correa-Ramirez et al., 2007). The mesoscale
patterns of Fe limitation in summer, shown in Fig. 7a-d, suggest that
these structures, generated near the shelf break, are rich in macro-
nutrients like nitrate and silicate.

Comparison of modeled chlorophyll concentrations with in situ ob-
servations at Station 18 showed similar annual cycles, with high con-
centrations above 20 m depth in spring and summer (Fig. 4b,c). This
concurs with the reports of Daneri et al. (2000) and Montero et al.
(2007), where the highest chlorophyll concentrations were found be-
tween summer and the middle of autumn. Increased solar radiation is
one of the main factors that trigger phytoplankton blooms in the up-
welling system off central-southern Chile (Montero et al., 2007). Our
results confirmed that light limitation is stronger than nutrient limita-
tion for several months (Fig. 7). Improvements in light conditions in
summer coincide with a shallower thermocline and the intensification
of upwelling favorable winds in the zone (Sobarzo et al., 2007). In
addition to the favorable light conditions in the system, the timing of
upwelling and relaxing events is a crucial modulator of the high level of
productivity in the upwelling ecosystem off central-southern Chile
(Daneri et al., 2012). Relaxation of upwelling provides the required
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stability to produce phytoplankton blooms (Daneri et al., 2000).

The annual nitrate, phosphate, and silicate variability of the in situ
observations at Station 18 was similar to that generated by the model
(Fig. 5). The concentrations of these nutrients were high in spring-
summer, coinciding with the period of winds favorable to upwelling
(Sobarzo et al., 2007). High nutrient concentrations, together with low
oxygen concentrations, high salinity, and low temperature, are typical
of Equatorial Subsurface Waters (ESSW) (Atkinson et al., 2002; Silva
et al., 2009), which are transported by the Peru-Chile Undercurrent
(PCUC) along the continental shelf off Peru and Chile (Strub et al.,
1998; Vergara et al., 2016). This water mass is transported to the sur-
face in the upwelling season, fertilizing the eutrophic layer with new
nutrients, allowing the existence of a highly productive ecosystem
(Daneri et al., 2000; Quinones et al., 2010).

The co-limitation of nutrients and silicate balance were only esti-
mated for diatoms, since as noted above, diatoms were the most im-
portant contributor to total chlorophyll (~ 70%). As expected from the
annual cycle of solar radiation (Sobarzo et al., 2007) in autumn and
winter (April-August), light limitation extended from the very near-
shore region (< 100 km) to approximately 200 km offshore (Fig. 7).
Our results indicate that Fe was the offshore limiting nutrient in spring
(September-November). Similar results have been reported offshore of
the study region (34°S; 92°W), in the southeastern edge of the Southeast
Pacific gyre (Bonnet et al., 2008). These authors found that Fe con-
trolled photosynthetic efficiency and primary production. They re-
ported that primary production in the southeast flank of the gyre at
92°W was co-limited by nitrogen and Fe, while in the center of the gyre
nitrogen was the limiting nutrient. Blain et al. (2008) found high con-
centrations of Fe (1.2nM at 30 m and 3.4 nM at 200 m; see Fig. 6)
above the shelf break in the presence of low oxygen concentrations.
These concentrations were roughly within the same order of magnitude
as those in our simulations, but modeled Fe was much weaker at greater
depth (Fig. 6), suggesting that the parameterization of Fe sources on the
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shelf could be improved in the model. Thus, our estimation of Fe lim-
itation near the coast remains uncertain and more measurements are
needed for a more accurate evaluation of the model. Furthermore, the
modeled MLD was too deep over most of the coastal domain and,
particularly, in the northern part (30-34°S; Fig. 2) in winter (Fig. 2d).
This suggests that light limitation may be overestimated and could play
a less important role than that shown by the model during late fall-early
winter (Fig. 7e-h).

a) Eddy kinetic energy-winter

b) Eddy kinetic energy-summer
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There is evidence in the literature based on carbon and nutrient box
model budgets (e.g. Gordon et al., 1996) that primary production may
be limited by nitrogen in the northern and central-southern Chilean
HCS (Quinones et al., 2010). Lower N/P ratios relative to the Redfield
N/P ratio in upwelling ecosystems have been associated with the pre-
sence of denitrification, which plays a key role in the nitrogen cycle in
the OMZ (Farias et al., 2004, 2009b; Pantoja et al., 2004; Quifiones
et al., 2010).

According to the results reported by Anabalén et al. (2016), for the
same study zone, our findings on Si limitation are not far from reality.
They found that macro-nutrient ratios (Si/N and N/P) experienced
significant temporal changes which produced important modifications
in the micro-phytoplankton community structure. Anabalén et al.
(2016) reported a decrease in silicate and a moderate increase in nitrate
produced by land-derived processes such as a reduction in river dis-
charge, resulting in a large reduction (up to 100%) of the mean Si/N
ratios. They emphasize that changes in Si/N ratio associated with in-
creasing nitrate in coastal waters, without large changes in Si, influence
diatom growth dynamics and eventually can lead to Si-limitation. They
conclude that the dominance of different diatoms species in coastal
waters may affect the ambient Si/N ratios through differences in their
uptake rates.

Given that silicate was the main limiting nutrient in the simulations,
the different terms of silicate transport were estimated to characterize
their spatial and temporal variability. Despite its limited spatial re-
solution (7 km), the model was able to simulate preferential zones of
vertical advection, i.e. enhanced coastal upwelling near 30-32°S,
33-34°S, 35-36°S and 37-38°S (Fig. 8a). Some of these areas are strong
upwelling cells referred to in the literature: Punta Lengua de Vaca
(30.24°S), Curaumilla (33.1°S), Punta Nugurne (35.9°S) and Punta La-
vapie (37.15°S) (Aiken et al., 2008; Figueroa and Moffat, 2000; Strub
et al., 1998). Punta Lavapie (37.15°S) has received special attention
since is the most intense upwelling center of the Chilean HCS (Leth and
Shaffer, 2001; Leth and Middleton, 2004; Valle-Levinson et al., 2003),
and important for fishing productivity (Castillo et al., 1991; Cubillos
et al., 2007; Landaeta and Castro, 2006). Greater spatial resolution is
needed to better represent the dynamics of this particular region.

As expected, based on the conservation of mass balance, horizontal
advection (Fig. 8d) partly balanced vertical advection. Interestingly,
while coastal upwelling, and hence vertical advection was strongest in
summer (Fig. 11a, black line), nutrient decrease due to horizontal ad-
vection was strong, thus the coastal region lost nutrients through ad-
vective processes. This loss was compensated by the entrainment of
nutrients into the surface layer through vertical mixing (green line,
Fig. 11a). Furthermore, enhanced eddy activity (related to horizontal
process) tends to be associated with low levels of biological production,
exerting a suppressive effect on upwelling systems (Gruber et al., 2011).

Fig. 12. Surface Eddy Kinetic Energy (in cm? s~2) during winter
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Our simulations show that in contrast to the coastal zone, offshore
vertical advection was negative, with greater values in spring-summer,
suggesting year-round downwelling. Using a regional physical model,
Aguirre et al. (2012) described the importance of offshore upwelling/
downwelling linked to Ekman pumping. They found a region offshore
with anticyclonic curl associated with downwelling forced by Ekman
suction. Thus, it is probable that the vertical advection offshore in our
simulations is linked to Ekman suction. The latter was offset by hor-
izontal advection, which fueled the region in autumn-winter (from
April to September, Fig. 11b). These results may be related to eddy-
induced nutrient transport from the nearshore environment to the open
ocean (Correa-Ramirez et al., 2007).

The present model approach has some limitations. Monthly clima-
tological winds and boundary conditions used to force the model al-
lowed for representing the seasonal variability of the system with a fair
degree of realism. Nevertheless, intraseasonal wind variability (e.g.,
Gomez et al., 2017) and coastal trapped waves (Hormazabal et al.,
2002) can modulate nearshore primary production, as occurs in the
Peru EBUS (e.g., Echevin et al., 2014). These fluctuations were not well
represented as the climatological boundary forcing smoothed the
dominant 60-day variability. Furthermore, strong episodic upwelling
events that typically last one to two weeks (Leth and Middleton, 2004;
Sobarzo et al., 2007) were not represented in the climatological wind
forcing. Investigating the impact of physical processes not accounted
for in this study on the biogeochemical ecosystem will be addressed in
future work.

5. Conclusions

For the first time, an eddy-resolving three-dimensional ocean cir-
culation model coupled to an intermediate-complexity biogeochemical
model simulated the spatial and seasonal variability of nutrients and
chlorophyll in the HCS off central-southern Chile (30-40°S). The annual
cycles of modeled nutrients (nitrate, silicate, and phosphate) were si-
milar to cycles observed at a coastal station (Station 18) and to satellite
observations (SeaWIFS), with the highest values in spring and summer,
in agreement with upwelling observations. Although modeled chlor-
ophyll showed a spatial pattern and annual cycle similar to those of the
SeaWIFS satellite data, the modeled concentrations did not exceed 4 mg
Chl-a m 2 along the coast, while the maximum observed concentration
by SeaWIFS was 10 mg m ™~ >. The modeled annual chlorophyll cycle
was also similar to the cycle at Station 18, with the highest values in
spring and summer in the first 20 m of the water column. However,
simulated concentrations did not exceed 3.5 mg m™>, while those at
Station 18 reached up to 12 mgm™3. The spatial distribution of the
modeled mixed layer was similar to a low-resolution (2°) climatology,
with lower values near the coast and higher values offshore, although
the modeled mixed layer was deeper in winter than the observed mixed
layer depth.

Co-limitation of phytoplankton growth by light and several nu-
trients was investigated using the model. Near the coast, photosynthesis
was mainly governed by light during autumn and winter, and by silicate
during the rest of the year. Offshore co-limitation was mainly due to
nitrate in summer and autumn, and Fe during winter and spring.
Occasionally Fe, nitrate and phosphate were also limiting within and
around mesoscale eddies, revealing complex structures.

The spatial structure and seasonality of silicate fluxes in the surface
layer (0-20 m) were characterized. Vertical advection highlighted po-
sitive areas nearshore associated with greater coastal upwelling and
negative areas offshore due to Ekman suction. The strong upward flux
exerted by coastal upwelling was fully offset by horizontal fluxes re-
sulting in negative total advective flux in summer. Enhanced horizontal
advection could be related to eddy-induced transport of nutrients from
the nearshore region to the open ocean during the upwelling period.
Upward nutrient flux through vertical mixing played a major role
throughout the year, particularly in summer. This study constitutes a
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first step to modeling the seasonal cycle of three-dimensional coupled
physical-biogeochemical processes in central-southern Chile.
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