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Abstract Every 2–7 years, El Ni~no events trigger a strong decrease in phytoplankton productivity off Peru,
which profoundly alters the environmental landscape and trophic chain of the marine ecosystem. Here we
use a regional coupled physical-biogeochemical model to study the dynamical processes involved in the pro-
ductivity changes during El Nino, with a focus on the strongest events of the 1958–2008 period. Model evalua-
tion using satellite and in situ observations shows that the model reproduces the surface and subsurface
interannual physical and biogeochemical variability. During El Ni~no, the thermocline and nutricline deepen sig-
nificantly during the passage of coastal-trapped waves. While the upwelling-favorable wind increases, the
coastal upwelling is compensated by a shoreward geostrophic near-surface current. The depth of upwelling
source waters remains unchanged during El Ni~no but their nutrient content decreases dramatically, which,
along with a mixed layer depth increase, impacts the phytoplankton growth. Offshore of the coastal zone,
enhanced eddy-induced subduction during El Ni~no plays a potentially important role in nutrient loss.

1. Introduction

The Peru upwelling system (also known as the Northern Humboldt Current System) is one of the most
important coastal upwelling systems of the global ocean [Chavez and Messi�e, 2009; Lachkar and Gruber,
2012]. Along the coasts of Peru, equatorward winds drive a persistent coastal upwelling of cold and
nutrient-rich waters, triggering a high primary productivity [e.g., Tarazona and Arntz, 2001; Pennington et al.,
2006]. This high productivity supports diverse and abundant fisheries, particularly the Peruvian anchovy
[Chavez et al., 2008]. The features of the Peruvian upwelling system are dramatically impacted at interannual
time scales by the El Ni~no-Southern Oscillation (ENSO).

During El Ni~no (EN), the warm phase of ENSO, a weakening of the trade winds over the equatorial Pacific
allows the eastward displacement of West Pacific warm pool [Picaut et al., 1996], generating positive sea sur-
face temperature (SST) anomalies in the Central and Eastern Pacific Ocean. Environmental conditions off Peru
change dramatically: SST strongly increases (e.g., � 138C SST anomaly in 1997–1998) [Picaut et al., 2002], ven-
tilated and nutrient-depleted waters are found near the coast [Arntz et al., 2006; Graco et al., 2007, 2016], and
surface chlorophyll decreases (e.g., � 24 mg.m23 anomaly during the extreme 1997–1998 EN) [Thomas et al.,
2001; Carr et al., 2002; Calienes, 2014]. The planktonic biomass decrease during EN triggers habitat changes
and high mortality for several fish populations such as the Peruvian anchovy [Alheit and ~Niquen, 2004; ~Niquen
and Bouch�on, 2004] but also for top predators due to reduced food availability [Tovar and Cabrera, 1985]. One
should keep in mind that the impact of a given EN event on the Peru ecosystem depends on its intensity and
spatial structure: the so-called ‘‘central Pacific’’ EN events [e.g., Takahashi et al., 2011] are not likely to have a
strong impact near the Peruvian coast in contrast with the ‘‘Eastern Pacific’’ EN events (e.g., 1997–1998).

A pronounced bottom-up mechanism happens during EN owing to the decrease of primary producers [Tam
et al., 2008]. The lowest chlorophyll concentrations (a proxy for the phytoplankton biomass) near the coast
of Peru in the last 50 years were observed during extreme 1982–1983 and 1997–1998 EN events [Calienes,
2014; Guti�errez et al., 2016]. In climatological conditions, surface chlorophyll off Peru peaks in summer
(�4 mg.m23) and spring (�2 mg.m23) [Echevin et al., 2008]. In contrast, during the 1983 EN chlorophyll-a-
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poor waters (<0.3 mg.m23) were observed north of 148S [Calienes, 2014], and values of 0.5–1 mg.m23 were
recorded along the coast of Peru during the 1997–1998 EN [Carr et al., 2002]. These waters were associated
with low nutrient concentrations near the surface [Barber and Chavez, 1983].

Different physical processes can have an impact on the productivity of the upwelling system during EN:

1. Intense downwelling equatorial Kelvin waves [e.g., Kessler and McPhaden, 1995] trigger coastal trapped
waves (CTW) which deepen the nearshore thermocline/nutricline [e.g., Barber and Chavez, 1983; Calienes,
2014; Echevin et al., 2014; Graco et al., 2016].

2. Changes in equatorial circulation and nutrient concentrations of the upwelling source water (SW) occur
during EN. The Peru-Chile Undercurrent (PCUC), a major source water for the Peru upwelling [Huyer et al.,
1991; Albert et al., 2010], is fueled by the zonal, eastward Equatorial Undercurrent (EUC) [Wyrtki, 1967]
and mainly by the Subsurface countercurrents (SSCCs) [Tsuchiya, 1975; Montes et al., 2010]. During EN,
the position and intensity of the latter are modified [Montes et al., 2011], which may produce changes in
the subsurface circulation, water masses, and hence nutrient flux to the upwelling system.

3. Last, mesoscale eddies of higher intensity have been observed during EN [Chaigneau et al., 2008]. This
enhanced eddy activity could increase the offshore transport and subduction of nutrients and plankton
[Lathuilière et al., 2010; Gruber et al., 2011; Thomsen et al., 2016].

During the cold phase of ENSO (La Ni~na, LN), the Peru ecosystem is less impacted: upwelling-favorable
winds off Peru are intensified, resulting in negative SST anomalies [Mor�on et al., 2000] and a slightly higher
phytoplankton and anchovy biomass [Calienes, 2014; Bouch�on and Pe~na, 2008].

The main goal of the present study is to investigate the previously mentioned mechanisms and discuss their
respective impacts on phytoplankton growth during EN, using a regional physical-biogeochemical coupled
model. For this purpose, the 1958–2008 period, which includes several EN events and in particular the
extreme 1982–1983 and 1997–1998 events, was simulated. While the study focused on EN events, impacts
of LN events are also briefly presented. In the following, we describe the data, model configuration and
methods in section 2. Results evaluating the model realism and the main processes at play during EN events
are described in section 3. The respective processes that produce the chlorophyll decrease are discussed in
section 4. The main conclusions and perspectives of this study are presented in section 5.

2. Material and Methods

2.1. The Coupled Physical-Biogeochemical Model
2.1.1. Model Characteristics
The Regional Oceanic Modeling System (ROMS) resolves the Primitive Equations, based on the Boussinesq
approximation and hydrostatic vertical momentum balance. A third-order, upstream-biased advection
scheme allows the generation of steep tracer and velocity gradients [Shchepetkin and McWilliams, 1998]. For
a complete description of the model numerical schemes, the reader is referred to Shchepetkin and
McWilliams [2005]. The model is used here in its ‘‘AGRIF ROMS’’ version [Shchepetkin and McWilliams, 2009].

The Pelagic Interaction Scheme for Carbon and Ecosystem Studies (PISCES) simulates the marine biological
productivity and the biogeochemical cycles of carbon and main nutrients (P,N,Si,Fe) [Aumont and Bopp,
2006; Aumont et al., 2015]. PISCES has three nonliving compartments which are the semilabile dissolved
organic matter, small-sinking particles, and large-sinking particles. It has four living compartments repre-
sented by two size classes of phytoplankton (nanophytoplankton and diatoms) and two size classes of zoo-
plankton (microzooplankton and mesozooplankton). The growth of phytoplankton is limited by external
nutrients concentration and diatoms differ from nanophytoplankton by their need for silicate and higher
iron requirements [Sunda and Huntsman, 1997]. Zooplankton feeds on two phytoplankton sizes and their
predators are implicitly parameterized by a linear and a quadratic mortality term simulating the predation
of an infinite chain of carnivores [Buitenhuis et al., 2006]. The reader is referred to Aumont et al. [2015] for a
complete description of the model, and to Echevin et al. [2014] for a list of biogeochemical parameters val-
ues used in the Peru upwelling system.
2.1.2. Model Configuration
The model domain extends from 158N to 408N and from 1008W to 708W. The domain encompasses the
Northern and central Chile region; however, our analysis focused on the Peruvian coastal region (Figure 1).
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The horizontal resolution of the grid is 1/68, corresponding to �18.5 km. The bottom topography from
ETOPO2 [Smith and Sandwell, 1997] is interpolated on the grid and smoothed in order to reduce potential
error in the horizontal pressure gradient. The vertical grid has 32 sigma levels.
2.1.3. Open Boundary Conditions
Open boundary conditions (OBC) for physical variables (temperature, salinity, velocities, and sea-level) came
from an interannual SODA model solution (version 2.1.6) [Carton and Giese, 2008] which has a horizontal
resolution of 0.58 and 40 vertical levels. Five day-averaged outputs are used for the period 1958–2008.
SODA-assimilated hydrographic profiles, moored and satellite data. It was forced with ECMWF ERA-40 atmo-
spheric fluxes [Uppala et al., 2005].

OBC for biogeochemical variables came from CARS2009 climatological data [Ridgway et al., 2002] with a
horizontal resolution of 0.58 and 79 vertical levels for oxygen and nutrients (nitrate, phosphate, silicate) and
from World Ocean Atlas climatology (WOA2005) [Conkright et al., 2002] for dissolved organic carbon (DOC),
dissolved inorganic carbon (DIC), and total alkalinity (TALK). The DIC and TALK from WOA do not have sea-
sonal variation. Iron came from a NEMO-PISCES global simulation climatology [Aumont and Bopp, 2006].
2.1.4. Regional Atmospheric Forcing
Statistically downscaled NCEP interannual monthly wind anomalies [Goubanova et al., 2011] and SCOW
monthly climatological winds [Risien and Chelton, 2008] were added to construct surface wind fields. NCEP
monthly anomalies and COADS monthly climatology [Da Silva et al., 1994] were added to construct short
wave heat flux and surface air parameters used in ROMS bulk parameterization [Liu et al., 1979].

The atmospheric forcing fields, physical and biogeochemical initial and open boundary conditions were
interpolated onto the ROMS grid using the ROMSTOOLS preprocessing package [Penven et al., 2008].

To remove trends induced by the adjustment of the model to initial and boundary conditions, a 20 year
spin-up in climatological mode was first run. We used a monthly climatological forcing derived from the

Figure 1. Surface velocity anomalies (arrows, in m.s21), surface chlorophyll anomalies (color scale, in mg.m23), and sea surface tempera-
ture anomalies (red lines marking 13 and 158C) in December 1997 to March 1998 for the simulation. Anomalies were computed with
respect to the 1958–2008 climatology.
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atmospheric forcing and monthly climatological OBC from the 5 day SODA OBC. These monthly climatolo-
gies were computed over the period 1958–1970. Statistical steady state was reached for physical variables
and biogeochemical variables after 3 and 20 years, respectively. Steady state was used as initial condition (1
January 1958) to run the ROMS-PISCES model. The model was run from 1958 to 2008 and the outputs are
stored as 5 day averages.

2.2. Lagrangian Analysis
The ROMS-offline tracking module [Capet et al., 2004] was used to calculate the trajectories of water parcels.
The virtual float trajectories were computed using the 5 day-averaged ROMS velocity fields. Floats register
nitrate and iron concentrations along their trajectories. Two experiments were made to study the properties
of the upwelling source water (SW): SW were tracked back 1 month before they were upwelled near the
coast, and when they were located in the equatorial zone during LN, neutral, and EN conditions.

In the first experiment, to study the pathways and the characteristics of the SW, 10,000 floats were released
every first day of each month from 1958 to 2008 in the surface layer (between 0 and 15 m depth), between
the coast and the 100 m isobath in the latitude range 68–148S. The floats were then tracked backward in
time during 1 month after they had left the mixed layer. In our statistical analysis, we did not take in
account the floats that left the mixed layer more than 1 month after being released. From all these floats
characteristics, we computed a climatology of the SW depth and nitrate concentration one month before
they were upwelled.

In the second experiment, we used the same criterion to select the floats which were tracked backward in
time during 2 years. The floats reaching 888W between 28N and 108S (e.g., the typical latitude range of the
EUC and SSCCs) [Montes et al., 2010] were used to compute statistics of the SW properties in the equatorial
region. In this experiment the floats were released in spring (October, November, December) during every
LN, neutral, and EN event.

To compute a probability of presence for a specific depth or concentration range and for a specific month,
we counted the particles in the given range and divided this number by the total number of particles upw-
elled during that month.

2.3. Satellite Data Sets
Monthly mean sea surface temperature from Pathfinder satellite data (�4 km) [Casey et al., 2010] over the
period 1984–2008 were used to evaluate SST over the entire model domain. AVISO satellite altimetry data
(www.aviso.oceanobs.com) from January 1993 to December 2008 (every 5 days) were used to evaluate the
model sea level variability. The 1/38 gridded data were interpolated onto the model grid. Besides, monthly
SeaWIFs satellite data [O�Reilly et al., 1998] at 1/128 (�9 km) resolution were used to validate the model sur-
face chlorophyll concentration from September 1997 to December 2008.

2.4. In Situ Data Sets
Temperature, nitrate, and chlorophyll-a (hereafter Chl) data from IMARPE (Instituto del Mar del Peru) sam-
pling were gridded vertically (every 10 m) and then horizontally at the same resolution (1/68) as the model.
Extreme values (in log scale for Chl) were filtered out by removing values higher than twice the standard
deviation in each bin. For more details on the Chl and nitrate measurement protocols, the reader is referred
to the appendix in Echevin et al. [2008]. IMARPE cruises are generally planned twice a year with some excep-
tions. Gridded (1/28 resolution) surface nitrate concentration from CARS [Ridgway et al., 2002] was also used
to evaluate the nitrate concentration model.

2.5. Cross-Shore Sections and Coastal Indices
Alongshore-averaged vertical sections for neutral and EN periods are computed to highlight the mean
cross-shore structures. We averaged data between 68S–168S and 100 km from the coast (Figure 1; hereafter
coastal region), which encompasses most of the IMARPE data.

Due to a subsurface temperature and nitrate bias, thermocline and nutricline depth (hereafter ZT and ZNO3)
were defined as follows: ZT was the depth of the 158C and 168C isotherm in IMARPE and model, respec-
tively, and ZNO3 was the depth of the 16 mmol.L21 and 21 mmol.L21 nitrate isoline in IMARPE and model,
respectively. ZT, ZNO3, and surface Chl were averaged in the coastal region (see green line in Figure 1) every
6 months to define coastal indices. In order to compute ZT and ZNO3, the IMARPE profiles of temperature
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and nitrate were linearly interpolated on a vertical grid with a 1 m resolution. The coastal SST anomalies
were computed every month because of their higher sampling in space and time.

To illustrate the data scarcity, we computed for a given variable X an index of Sample Representation
(ISR(x)) over the Peruvian coastal region: ISR xð Þ5j100� 12Xs

�
Xc

� �
j, where Xs represents the spatial mean of

the model variable sampled using the positions of observational data and Xc represents the spatial mean of
the model variable using all the model grid points in the region of averaging. The coverage ratio was com-
puted as Nsampled

�
Ntotal

, where Nsampled represents the number of grid points with observations and Ntotal is the
total number of grid points in the coastal band (Ntotal 5 438 points).

2.6. Eddy Subduction During EN
In order to filter the nearshore influence of the CTW and focus on the mesoscale processes related to the
formation of eddies and filaments, the eddy kinetic energy (EKEm) was computed in an offshore band
(between 100 and 500 km from the coast and 68S–148S). A 60 days moving average filter (labeled <.> in
the following) was applied to zonal (<u>) and meridional (<v>) currents, to compute mesoscale anomalies
u05u2<u> and v05v2<v>. The equation for EKEm is defined as follows: EKEm5

u�ð Þ21 v�ð Þ2
2 .

In order to evaluate nitrate subduction during EN, we estimate the nitrate vertical eddy flux:

w0:N05w:N2hwi:hNi

where w and N are 5 day-averaged vertical velocity and nitrate concentration, respectively, <w> and <N>
represent the 60 day filtered values of w and N, and w0 and N0 are the eddy terms. The overbar represents a
spatial average over an offshore band located 100–500 km from the coast and between 68S and 148S. We
computed the eddy terms every 5 m from 0 to 250 m depth and averaged them for EN and neutral periods.

2.7. Definition of EN Periods
An EN (LN) period is defined when the 3 month-running mean SST anomaly in the Ni~no 1 1 2 region (0–
108S and 908W–808W) is larger (less) than 10.58C (20.58C) for at least five consecutive months, using
ERSST.v4 data [Huang et al., 2015]. Neutral periods occur during non-EN and non-LN periods. In addition, we
defined different categories of EN events. If the SST anomalies are greater than 11.68C during at least 3
months the event is considered an ‘‘extreme’’ EN otherwise it is a ‘‘moderate’’ EN. The correlation between
model and observed EN 1 1 2 index was 0.9 and both indices detected three EN extremes (1972–1973,
1982–1983, and 1997–1998), and the majority of the EN moderates. Note that in the model solution, the
2002 EN appears as a warm period presenting only 4 months with SST anomalies greater than 10.58C.

3. Results

3.1. Model Evaluation
3.1.1. Surface Mean State
We compared the mean modeled and observed surface patterns of temperature, nitrate, and Chl (Figure 2).
Coastal waters were colder than offshore in the model and observations (Figures 2a–2c) because of the
upwelling of subsurface waters. Between 138S and 168S, the coldest coastal waters associated with the
intense Pisco upwelling (�13.58S) [Guti�errez et al., 2011] were seen in both the observations (�16–178C in
IMARPE and �188C in Pathfinder) and the simulation (�188C).

The surface nitrate distribution presented high concentrations near the coast due to the persistent coastal
upwelling which brought nutrient-replete subsurface waters to the surface, especially in two regions
between 48S–68S and 148S–168S (Figures2d–2f). The model reproduced the maximum nearshore nitrate
concentrations and overestimated the observed values by �5 mmol.L21 (Figure 2f).

The surface Chl concentration presented a marked contrast between the coastal region and the open
ocean. The coastal region averaged value was �4.2 mg.m23 in SeaWIFS, �3.6 mg.m23 in IMARPE, and
�4.9 mg.m23 in the model, while low values (<1 mg.m23) were encountered offshore (>200 km). The rich-
est nearshore areas (>5 mg.m23) off Peru were located between 88S and 128S in IMARPE (Figure 2g), 118S
and 148S in SeaWIFS (Figure 2h), and between 68S and 148S in the simulation (Figure 2i). Computed over
the SeaWIFS period (1997–2008), the model coastal average was higher (�6.4 mg.m23) than over the 1958–
2008 period. Overall, the nearshore productivity was overestimated by the model, in particular between 68S
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and 108S and south of 148S (Figure 2h), probably due to the model high subsurface nitrate concentrations
(Figures 2d–2f).

The modeled seasonal cycle of surface Chl was also evaluated in the coastal region (supporting information
Figure S1a). Model and observations peaked during late spring-summer, and displayed low values during
winter. The model solution overestimated surface Chl by �4 mg.m23 (75%) during late spring-summer and
by �2 mg.m23 (90%) during the rest of the year with respect to SeaWIFS and IMARPE data, except in late
winter-early spring where modeled Chl was close to IMARPE.
3.1.2. Interannual Variability
3.1.2.1. Vertical Structures
Alongshore-averaged vertical sections of temperature, Chl, and nitrate for the model and IMARPE data are
shown for neutral and EN periods in Figure 3. Near-surface slanted isotherms (for the model and observa-
tions) were present during neutral and EN event, indicating the occurrence of coastal upwelling (Figures 3a,

Figure 2. (a–c) Mean sea surface temperature (8C), (d–f) surface nitrate concentration (mmol.L21), and (g–i) surface chlorophyll (mg.m23) for observational data and model simulation.
IMARPE data were averaged between 1965 and 2008, SeaWIFS data were averaged between 1997 and 2010.
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Figure 3. Along-shore averaged vertical section (between 68S and 168S) of observational data from IMARPE and model variables: (a–f) temperature (8C), (g–l) nitrate (mmol.L21), and
(m–r) chlorophyll (mg.m23). (left column) Neutral periods, (middle column) El Ni~no periods, and (right column) differences between EN and Neutral period are shown. Red lines mark ZT
(Figures 3a, 3b, 3d, 3e) and ZNO3 (Figures 3g, 3h, 3j, 3k).
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3b, 3d, and 3e). During neutral periods, between the coast and 200 km offshore, ZT was found at �80 m
depth for IMARPE (Figure 3a) and �60 m depth in the model (Figure 3d). In contrast, during EN periods ZT
deepened up to �130 m depth for IMARPE (Figure 3b) and the simulation (Figure 3e). Despite a slight
warm bias, the simulation clearly reproduced the higher temperature anomalies in the surface layer (>
128C) above 80 m depth (Figures 3c and 3f) and the ZT deepening during EN.

The nitrate vertical sections indicated a model positive bias (�6–8 mmol.L21) below the surface layer
(located below the 178C and 198C isotherms during neutral and EN periods, respectively) (Figures3g, 3h, 3j,
and 3k). During neutral periods and between the shelf and 200 km, ZNO3 was localized between �60 m
and 80 m depth for IMARPE (Figure 3g) and between �30 m and 60 m depth in the model (Figure 3j). Dur-
ing EN, both the model and IMARPE data showed a deepening of ZNO3. ZNO3 was highly variable in the
observations (Figures3g and 3h) but its mean depth (between the shelf and 200 km) during EN
was �120 m depth for IMARPE (Figure 3h) and �70 m depth for the model (Figure 3k). Negative anomalies
(< 23 mmol.L21) indicated substantial nitrate loss in both the model (between 5 and 90 m depth) and the
observations (between 30 and 125 m depth) (Figures 3i and 3l).

The Chl vertical sections presented high values in the nearshore surface layer, in the model and observa-
tions (Figures 3m–3q). During neutral periods the 2 mg.m23 isoline reached the surface 100 km offshore
both in IMARPE data (Figure 3m) and the simulation (Figure 3p). Within the first 50 km nearshore, surface
mean values were �3.5 mg.m23 for IMARPE data and �4.5 mg.m23 for the simulation. Note also the thicker
highly productive layer (>2 mg.m23) in the observations (Figure 3m). The remotely sensed decrease of sur-
face Chl concentration evidenced during EN [e.g., Carr et al., 2002] was also found in IMARPE data and the
model (Figures 3n and 3q). Within 100 km from the coast, in the surface layer (<10 m depth), a chlorophyll
decrease was found in the observations (� 20.7 mg.m23) and the model (� 21.5 mg.m23). However, the
observations showed a deeper Chl decrease: the 20.5 mg.m23 isoline reached �35 m depth in IMARPE
data and �15 m depth in model (Figures3o and 3r).
3.1.2.2. Interannual Time Series
Interannual variations of the model physical (SSH, SST, and ZT) and biogeochemical (ZNO3 and surface Chl)
variables were evaluated in the coastal region (see Figure 1 and section 2.5). Five day average modeled SSH

Figure 4. (a) Time series of sea level anomaly (5 day averages, in cm) from AVISO (green line), and model (black line) and (b) monthly SST
anomalies (8C) from IMARPE (blue line), model (black line), and Pathfinder data (red line). The averages were computed in a coastal box
(see Figure 1). Monthly coverage ratio (see section 2.5) in the coastal box (bottom black bars) is also shown in Figure 7c. Shaded grey boxes
represent El Ni~no periods.
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anomalies reproduced well the sea level variability during the four EN events from 1993 to 2008 (Figure 4a),
in particular the two peaks associated with the passage of CTW trains during the 1997–1998 event [Colas
et al., 2008]. The SSH time series anomalies had a correlation coefficient of 0.86.

The model reproduced well the SST variability in particular the SST increase during EN (Figure 4b). Monthly
SST anomalies had a high correlation with IMARPE data (�0.8) and with Pathfinder (�0.9). During the 1982–
1983 and 1997–1998 events, respectively, mean maximum SST anomalies of � 12.98C and � 13.28C were
simulated, weaker than IMARPE anomalies (� 14.28C, � 13.48C) but very similar to Pathfinder anomalies
(�12.58C, � 13.28C). The ISR(SST) presented low values (�2%) indicative of robust estimates (Figure 6a).

Figure 5 shows the interannual variations of ZT, ZNO3, and surface Chl concentration over 1958–2008. The
simulation reproduced the deepening of the thermocline during most EN events (Figure 5a). On average,
ZT was found at �55 m depth in both the observations and the simulation. During the 1997–1998 EN (the
best sampled event in terms of temperature), the observed ZT depth was �120 m and �140 m in the
model. Correlation between modeled and observed ZT is 0.7. Mean ISR(ZT) was �23% during the studied
period (Figure 6b).

The interannual variations of the ZNO3 are displayed in Figure 5b. Modeled ZNO3 was slightly shallower
(�36 m depth) than the observed (�45 m depth) during study period. The model simulated a strong deep-
ening event during the 1982–1983 (� 123 m) and 1997–1998 (�130 m) events, also found in the observa-
tions (� 125 m in both events). However, modeled and observed ZNO3 time series were poorly correlated
(�0.3) over the entire time period. Mean ISR(ZNO3) was �25% (Figure 6c).

Relatively low Chl concentrations were observed during the 1982–1983 (�1.8 mg.m23) and 1997–1998
(�1.7 mg.m23) events, with respect to time periods preceding and following the events, which was

Figure 5. Time series of (a) ZT (in meters), (b) ZNO3 (in meters), and (c) surface chlorophyll (in mg.m23). Data were averaged each semester for IMARPE (blue line) and model (black line)
and SeaWIFS (green line). Error bars represent standard deviation for IMARPE data. Beside, coverage ratio (bottom black bars) is presented. The model mean was computed using the
IMARPE sampling (gaps meaning not data), and for SeaWIFS all available data were used.
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reproduced by the simulation. However, there was no correlation between the model and IMARPE observa-
tions. The Chl concentration averaged over all EN periods was lower (�2.5 mg.m23 for both model and
data) than the mean over the full time period (�4 mg.m23 for the model and �3.2 mg.m23 for the data).
Model and SeaWIFS data confirmed that negative Chl concentration anomalies were found during EN
1997–1998 (supporting information Figure S1b). However a weak interannual variability was evidenced in
SeaWIFS in comparison with in situ data. Note that SeaWIFS Chl concentration mean is affected by the pres-
ence of important cloud coverage [Wood et al., 2011; Echevin et al., 2014]. ISR was �18% during neutral peri-
ods and EN events (Figure 6d). However high ISR values in some years (e.g., 60% in the first semester of
1998) suggest that some of the discrepancies between model and data may be attributed to insufficient
observational sampling.

3.2. Impact of EN in Phytoplankton Groups
Both diatoms and nanophytoplankton, the two phytoplanctonic groups represented by the model, dis-
played negative Chl anomalies during EN events. EN events impacted in different proportion the two
phytoplankton groups: the Chl loss represented � 250% for diatoms (particularly in late spring-summer)
and �220% for nanophytoplankton. The lowest Chl values were found during the 1972–1973, 1982–1983,
and 1997–1998 events, with values of � 24 mg.m23 for diatoms and � 20.15 mg.m23 for nanophyto-
plankton (Figure 7a). EN events also had a different impact on their seasonal cycles. The seasonal cycle of
nanophytoplankton during neutral periods presented relatively weak peaks during early autumn and late
spring (�0.6 mg.m23) and low values during late spring-summer (�0.39 mg.m23) and barely changed dur-
ing EN (Figure 7b). Diatoms, the dominant species in the Peru upwelling system [S�anchez, 2000], were much
more impacted, as they are less adapted to nutrient-poor waters [Irwin et al., 2006]. The late spring-early

Figure 6. ISR (in %) for (a) SST, (b) ZT, (c) ZNO3, and (d) Chl. Monthly and 6-month averages are shown in Figures 6a and 6b–6d, respectively. ISR was computed in a coastal band (see
Figure 1). Shaded grey boxes represent El Ni~no events.
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summer peak (� 5 mg.m23) disappeared completely (�1.5 mg.m23) and a peak was found in late winter-
beginning spring (�2.5 mg.m23) during EN events. The Chl in diatoms decrease reached � 260% during
summer and � 225% during winter (Figure 7c).

3.3. Processes Driving the Chlorophyll Decrease During EN
3.3.1. Poleward Propagation of CTW
Figure 8 displays the alongshore signature of the poleward propagating CTW on SSH, ZT, ZNO3, and surface
Chl particularly during the two strong EN events (1982–1983 and 1997–1998) simulated by the model. The
slanted isolines in each panel indicate southward propagation. Three downwelling EKW in 1982–1983

Figure 7. (a) Time series of model nanophytoplankton (red line) and diatoms (black line) surface chlorophyll concentration (in mg.m23)
anomalies. Anomalies were low-pass filtered. Note the different vertical scales for the two time series. Seasonal cycle of (b) nanophyto-
plankton and (c) diatoms surface chlorophyll concentration (in mg.m23) during composite El Ni~no (dashed line) and Neutral (thick line)
periods. Error bars represent standard deviation.

Figure 8. Hovmoller (latitude versus time) of (a, e) model sea level (in cm), (b, f) ZT (in meters), (c, g) ZNO3 (in meters), and (d, h) surface chlorophyll (in mg.m23) anomalies during the
(top) 1982–1983 and (bottom) 1997–1998 El Ni~no events. Model values were averaged between the coast and 100 km. All variables were filtered in time (60 days moving average) and
space (100 km alongshore). Missing data in Figures 8b, 8c, 8f, and 8g indicate that ZT and ZNO3 were not detected from 100 km to the coast because of their deepening during EN.
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(respectively, two in 1997–1998) propagated eastward (supporting information Figure S2) and triggered
downwelling CTW upon reaching the Ecuadorian coasts. During both EN events, a more intense CTW is
seen during spring-early summer, as well as a weaker CTW in autumn of 1983 and late autumn-early winter
of 1997. The passage of the downwelling CTW generated a SSH rise, with maximum values around �25 cm
and �35 cm during the peak of the strongest CTW for the 1982–1983 and 1997–1998 events, respectively
(Figures 8a and 8e). The amplitude of SSH anomalies decreased by �40–50% between 48S and 188S, as the
CTW energy dissipated during its poleward propagation.

In association with the sea level rise, ZT deepened during the passage of the CTWs. Anomalies peaked at
�110 m and �160 m in late spring-early summer 1982–1983 and 1997–1998, respectively (Figures 8band
8f). The nutricline depth was also affected: during the 1982–1983 EN ZNO3 deepening (�50 m, Figure 8c)
was observed in late spring-summer, whereas during 1997–1998 the nutricline deepened during two suc-
cessive periods, first in autumn-early winter 1997 and then in late spring-summer 1998. The spring-summer
CTW had the largest impact (�55 m; Figures 8c and 8g).

The CTW generated strongly negative surface Chl anomalies. Expectedly, the CTW impact was stronger dur-
ing late spring-summer (� 24.5 mg.m23) than during autumn (� 22 mg.m23), due to the higher Chl con-
centration and greater deepening of the nutricline/thermocline in summer. This increased both nutrient
limitation of phytoplankton growth during EN, but light limitation was also increased due to a deepening of
the mixed layer during EN (see section 4.2 and supporting information Figure S3). The latitude band
between 68S and 98S (e.g., the northern shelf region) was mostly affected (anomalies less than 26 mg.m23;
Figures 8d and 8h) due to the higher modeled Chl values in this region.
3.3.2. Nearshore Vertical Fluxes
During neutral periods the wind stress had a marked seasonality, with a maximum during late winter (�5.5
1022 N.m22) and low values during summer (�1.7 1022 N.m22) in the simulation (Figure 9a) and in observa-
tions [Guti�errez et al., 2011]. The wind stress was roughly in phase with the seasonal cycle of mass vertical

Figure 9. (a, c, e) Seasonal cycle and (b, d, f) interannual time series of low-pass filtered anomalies for (a and b) wind stress (N.m22), (c and d) mass vertical flux (in Sv) at 20 m depth, and
(e and f) nitrate vertical advection flux at 20 m depth (in mmol.s21) during Neutral (thick line) and EN periods (dashed line). All model variables were averaged in a coastal band (see
Figure 1).
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flux (referred to as the upwelling) and nitrate vertical flux (Figures 9b and 9c). The vertical fluxes were also
modulated by seasonal CTW which had different amplitude and timing, as shown in Echevin et al. [2011].

During EN, alongshore winds increased off Peru [Enfield, 1981; Kessler, 2006]. The mean wind stress anoma-
lies were around �0.35 1022 N.m22 (Figure 9b) with stronger anomalies in summer-autumn (Figure 9a). The
strongest anomalies were found during the 1972–1973 and 1997–1998 EN events with � 10.7 1022 N.m22.
Other EN events presented a �10.25 1022 N.m22 anomaly on average. The wind stress increase during EN
generated a mixed layer deepening (supporting information Figure S3).

These wind stress positives anomalies suggest that the wind-driven upwelling could be enhanced during
EN events. However, the model showed an upwelling decrease during winter-spring (Figure 9c), which was
associated to a compensating onshore current during EN (Figure 1 and see section 4.3). The mean upwell-
ing anomalies were � 20.6 102 Sv and the highest negative anomalies were encountered during the 1972–
1973 and 1997–1998 events (� 23.2 102 Sv; Figure 9d). Expectedly, the nitrate flux decreased during EN
due to both a nearshore reduction of the vertical velocity and a deepening of the nutricline, particularly in
winter-spring, while summer was less impacted (Figure 9e). The maximum negative anomalies occurred
during the 1997–1998 event. The mean modeled nitrate flux anomalies were around � 23.4 1012 mmol.s21

during EN events (Figure 9f).
3.3.3. Modification of the Source Water Properties
Using the virtual floats released in the upwelling region and integrated backward in time, we computed his-
tograms of the source water (SW) depth and nitrate concentration for neutral and EN composite years.

The mean depth of the SW, 1 month before being upwelled, had a marked seasonal pattern (Figure 10a). Dur-
ing austral summer, water parcels were located within the upper 120 m of the water column, with a maximum
probability (�70%) between 25 and 40 m depth. During austral winter the parcels depth spanned a wider
depth-range (between the surface and 180 m), and 40% of the upwelled water came from the 60–100 m

Figure 10. (a and b) Seasonal variation of source water depth (in meters), (d and e) nitrate concentration (in mmol.L21), and (g and h) iron concentration (in nmol.L21) 1 month before
their upwelling at the coast. Histograms are presented for (left column) Neutral and (right column) El Ni~no periods. The color scale indicates the percentage of floats in each bin. Time
series of (c) SW depth (in meters), (f) nitrate concentration (in mmol.L21), and (i) iron concentration (in nmol.L21) anomalies. Times series were low-pass filtered using 6 month moving
average filter.
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depth range. Interestingly, during EN, the SW depth was little modified (Figure 10b): it had the same seasonal-
ity, with a slightly narrower vertical range (between 0 and 80 m depth) in summer, likely due to an enhanced
stratification caused by the shoreward advection of anomalously warm waters [Colas et al., 2008].

During neutral years, the SW nitrate concentration showed a weak seasonality with a slightly higher concen-
tration (�22–30 mmol.L21) during winter-early summer than during late summer-autumn (�17–25
mmol.L21; Figure 10d). During EN events, the percentage of SW parcels with a high concentration of nitrate
dropped dramatically in summer and autumn. A large portion (�40%) had concentrations between �7 and
12 mmol.L21 in summer and �12 and 17 mmol.L21 in autumn, which represented a 40% decrease. During
winter and spring, the SW nitrate content was not significantly altered (Figure 10e). Expectedly, the time
series of SW depth anomalies did not exhibit a clear behavior during EN events (Figure 10c). In contrast, the
strongest nitrate anomalies were found during the 1972–1973, 1982–1983, and 1997–1998 events with
peaks of 25.5 mmol.L21, 29 mmol.L21, and 28 mmol.L21, respectively (Figure 10f).

SW iron (Fe) concentration was also evaluated. The role of iron limitation during EN has been little investi-
gated, however its impact on phytoplankton growth off Peru has been documented [Hutchins et al., 2002;
Bruland et al. 2005]. Our Lagrangian analysis showed that the SW Fe concentration strongly decreased dur-
ing EN (Figure 10i), especially during summer – autumn, where �70% of floats presented concentrations
less than 0.5 nmol.L21 (Figures 10g and 10h). During the peak of EN (e.g., January 1998), surface Fe positive
anomalies were found offshore (>40 km; Figure not shown). It is likely that the low phytoplankton biomass
did not consume the upwelled Fe which accumulated and was transported offshore by Ekman currents.
However, to our knowledge there was no available Fe data collected during EN to confirm this mechanism.

In a second experiment (see section 2.2), we focused on the changes in SW characteristics away from the
upwelling region, e.g., in the equatorial zone when SW crossed the longitude 888W. In this experiment,
more than 95% of the floats were found between 28N and 108S. In Figure 11 we displayed some properties
of the floats at 888W: the time to reach the upwelling region, depth, and nitrate concentration. We also con-
trasted LN, neutral, moderate, and extreme EN events. During extreme events, water particles reached the
coastal zone more rapidly (�6 months) than in neutral conditions (�10 months), and floats during LN peri-
ods transited in an even longer time (�14 months; Figure 11a) in line with Montes et al. [2011]. In addition,
during extreme EN events floats were shallower (�90 m) than during neutral and moderate events
(�105 m). Floats were much deeper (�155 m) during LN (Figure 11b).

The SW nitrate content at 888W were depleted only during extreme EN events. In such conditions, particles
carried at least 20% less nitrate (�20 mmol.L21) than during LN, neutral and EN moderate. Besides, SW nutri-
ent concentration during LN was not very different than during neutral and EN periods (Figure 11c).
3.3.4. Enhanced Mesoscale Turbulence
The EKE increased during EN, particularly during extreme events (1972–1973, 1982–1983, 1997–1998). The
amplitude of the modeled EKE increase during the 1997–1998 EN was consistent with the observations
(Figure 12a). Chaigneau et al. [2008] also found a 40% increase in satellite-derived eddy activity during the
1997–1998 event. We evaluated the nitrate flux in the offshore region. In Figure 12b the mean vertical flux

Figure 11. (a) Transit time (from 888W to the coast) (in months), (b) depth (in meters), (c) nitrate concentration (in mmol.L21), and (d) iron concentration (in nmol.L21) of equatorial source
waters (at 888W) during LN events (blue bars), Neutral periods (grey bars), EN moderate and EN extreme events (red bars). Error bars represent standard deviation. Numbers at the
bottom of the bars indicate the number of events taken into account to compute the average. Floats were released between October and December.
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(hwi:hNi) showed positive values between �5 and �130 m depth, likely related to Ekman pumping [e.g.,
Albert et al., 2010]. During EN, the mean flux decreased due to a reduced Ekman pumping [Halpern, 2002] and
lower nutrient concentration. In contrast, the nitrate eddy flux presented negative values with a maximum at
�40 m depth during neutral (23 1029 mmol.m22.s21) and EN (23.5 1029 mmol.m22.s21) years (Figure 12c).
This eddy-driven subduction (or nitrate vertical eddy flux) represents a fraction of the mean vertical flux
(w�:N�=hwi:hNi):�6% and �12% (between 30 and 70 m) for neutral and EN periods, respectively.

3.4. Impact of EN Intensity and LN Conditions
In this section we characterized the impact of different EN intensities (moderate and extreme) and the
impact of LN on modeled wind stress, upwelling, ZT, ZNO3, Chl, and SW properties in the coastal region
(Figure 13). Expectedly, extreme EN events had the strongest impact on wind stress increase, upwelling
decrease, ZT and ZNO3 deepening, SW nitrate and iron concentration, and surface Chl. The SW depth (one
month before upwelling) were unchanged regardless of the event intensity. Interestingly, during LN the
coastal system tended to be slightly more productive than during neutral periods, due to an enhanced
upwelling (Figure 13b) and slightly nutrient-richer SW (Figures 13f and 13g).

In general EN impacts on physical and biogeochemical variables (negative or positive anomalies) were
about twice as strong as LN impact and of opposite sign. However a fully dedicated study would be neces-
sary to investigate further the processes at play during LN events.

3.5. Impacts of EN on Zooplankton and Carbon Export
EN impacted the higher trophic levels of the ecosystem [~Niquen and Bouch�on, 2004], as for instance the
modeled zooplankton stocks (Figures 14a and 14b). Both mesozooplankton and macrozooplankton showed

Figure 12. Times series of geostrophic Eddy Kinetic Energy (EKE, in cm2.s22) anomaly in an offshore oceanic band (100–500 km from the
coast and 68S–148S). Geostrophic currents anomalies were computed with respect to a 60 days moving average filter for model (black line)
and AVISO data (green line). (a) The EKE times series was low-pass filtered using a 6 month moving average filter. (b) Vertical profile of
mean vertical nitrate flux (in mmol.m22.s21) and (c) eddy vertical nitrate flux (in mmol.m22.s21) for Neutral (black line) and EN periods (red
line). The nitrate fluxes were computed in an oceanic band between 100 and 500 km from the coast and 68S–148S.
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strongly negative anomalies during EN, reaching 35–40% during extreme events. Nevertheless, observa-
tional data in Peru did not show a clear relationship between EN events and a decrease of zooplankton bio-
mass. The observed interannual variability seems dominated by decadal regime shifts [Ayon et al., 2008a]
and is supposed to be partly controlled by fish predation at the local scale [Ayon et al., 2008b]. Note that
zooplankton predation by higher trophic levels is crudely parameterized in PISCES (see section 2.1.1 and
Aumont et al., [2015]). South of the Peru region, off central Chile, a systematic decrease of zooplankton dur-
ing EN was not observed, as specific types of zooplankton can thrive during EN conditions [Ulloa et al.,
2001]. Possibly, the coupling of our model with a higher trophic level model [e.g., Travers et al., 2009;
Hernandez et al.,2014; Lefort et al., 2015] could help disentangle the bottom-up and top-down mechanisms
that control the zooplankton biomass during EN. Besides, export and remineralization of organic matter

Figure 13. (a) Wind stress (in N.m22), (b) upwelling rate (in 102 Sv), (c) ZT (in meters), (d) ZNO3 (in meters), (e) SW depth (in meters), (f) SW nitrate concentration (in mmol.L21), (g) SW
iron concentration (in nmol.L21), and (h) Chl concentration (in mg.m23) during LN (blue bar), Neutral (black bar), EN moderate and EN extremes (red bars). All variables are averaged in a
coastal band (see Figure 1). Error bars represent the standard deviation.

Figure 14. Time series of modelled zooplankton surface concentration (in mmolC.L21): (a) microzooplankton and (b) mesozooplankton, (c) small and (d) big POC downward flux (in
nmolC.m22.s21) anomalies. All variables were averaged in a coastal band (see Figure 1) and filtered using a s6 month moving average filter.
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play an important role in the maintenance of the Peru OMZ [Paulmier et al., 2006; Graco et al., 2007]. The
simulated export of organic matter, namely through sedimentation of particulate organic carbon (POC) in
the form of big (POCb, 100–5000 lm) settling particles, was strongly reduced during EN (Figures 14c and
14d), while the small POC export (POCs, 1–100 lm) did not have a clear relationship with EN events. The
average anomaly of POCb export was �–4.5 nmolC.m22.s21 during EN, and reached �–10 nmolC.m22.s21

(�50% loss) during strong events (e.g., 1997–1998). A strong export decrease was also found by Carr [2003]
during the 1997–1998 event with minimums values during the passage of CTW.

4. Discussion

4.1. Model-Data Discrepancies
Rather expectedly, the model reproduced more accurately the physical variability than the biogeochemical
variability observed from IMARPE surveys. Surface Chl and nutrients have a high variability in space and
time due to nonlinear biogeochemical processes involved in primary productivity. Daily variability can reach
1 order of magnitude, e.g., in the case of fast blooms associated with red tides [Kahru et al., 2004]. Also,
strong horizontal gradients due to mesoscale and submesoscale features [Chaigneau et al., 2008; Colas
et al., 2013; McWilliams, 2016] are commonly observed and not well represented in our model because of its
relatively low spatial resolution (1/68).

Estimation of a coastal index for the entire Peru region based on IMARPE in situ data (e.g., Figure 3) could
also be partly biased due to the cruises sampling. Low values of ISR for some variables suggest that IMARPE
in situ sampling was able to represent the oceanographic conditions along the coasts. Relatively good spa-
tial sampling of SST in situ measurements resulted in low values of ISR (�3%) and hence good representa-
tivity (Figure 6a). In contrast, the highly heterogeneous surface Chl produced a higher ISR (�20%, Figure 6d)
in spite of a relatively large number of samples. High ISR values (�20%) for the thermocline and nutricline
(Figures 6b and 6c) were likely due less numerous subsurface measurements. The IMARPE in situ sampling
seemed sufficient to reproduce the SST temporal variability near the coast, while for ZT, ZNO3, and surface
Chl a denser sampling would be needed.

4.2. Seasonal Response of Chlorophyll During EN
During neutral periods, Chl concentration presented a marked seasonality driven by nutrient and light limi-
tation growth factors. Nutrient and light limitation were quantified by computing the limitation terms off-
line [see Echevin et al., 2008; Aumont et al., 2015, for details]. In the nearshore mixed layer, strong nutrient
limitation (�0.2–0.4) was found during late spring-summer and strong light limitation (�0.2) during winter
(Figure 15a). Nutrient limitation showed a marked seasonality with nitrate limitation during spring-summer
and iron limitation during autumn-winter (Figures 15b and 15c). Using a regional model setting similar to
ours, Echevin et al. [2008] suggested that iron limitation could occur during winter, in line with Messi�e and
Chavez [2015] results based on in situ and satellite observations.

The seasonality of limiting factors did not change during EN. However, slightly enhanced light limitation in
summer and nutrient (nitrate) limitation in winter were found during EN with respect to neutral periods
(Figure 15a). The nutrient limitation increase was related to the nitrate vertical flux decrease in winter, while
it was compensated by the upwelling increase in summer (Figures 9e and 9f). On the other hand, the light
limitation increase during EN in summer can be explained by the ML deepening (supporting information
Figure S3). To investigate the impact of the model nitrate bias on these results, the light and nutrient limita-
tion terms were computed in a different model run (named RPOrca, see details in supporting information)
which simulated a reduced nitrate content. It reproduced the nitrate decrease during EN in the same pro-
portion as the simulation analyzed in the previous sections (supporting information Figure S4a). However,
in summer during EN, nutrient limitation was enhanced, whereas light limitation was not changed due to a
weak wind increase (supporting information Figure S4b). Thus, our conclusion is that both light and nutrient
limitation may play a role in the decrease of Chl during EN, depending on the nutrient subsurface concen-
tration and mixed layer variability.

4.3. Onshore Surface Geostrophic Transport During EN
Using satellite observations, Thomas et al. [2009] found strong negative anomalies of Chl concentration dur-
ing the 1997–1998 EN in the Peru and California systems. They mentioned that the anomalies were
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associated with both negative and positive wind-driven upwelling anomalies, but also that anomalous sub-
surface hydrographic structures may change the canonical relationship between upwelling, nutrient flux
and Chl response. In spite of the wind increase during EN [e.g., Bakun et al., 1973; Enfield, 1981; Bakun et al.
2010; Kessler, 2006], a positive correlation between coastal upwelling and alongshore wind stress was only
found during summer-early autumn. During the rest of the year, our model reproduced an upwelling
decrease despite the wind stress intensification, due to a compensation of the upwelling by an onshore
geostrophic flow [Colas et al., 2008; Marchesiello and Estrade, 2010]. Carr et al. [2002] computed an upwelling
index based on the difference between coastal and oceanic SST, which indicated a decrease in upwelling
during El Nino north of 158S. The shutdown of the upwelling during EN was also mentioned by Zuta and
Guill�en [1970], and by Huyer et al. [1987] from the observation of cross-shore sections of temperature during
1982–1983 at 108S.

The decoupling between upwelling-favorable winds and vertical flux during EN was studied by Huyer et al.
[1987] and by Colas et al. [2008]. They showed that the enhanced wind-driven upwelling during EN was
partly compensated by an onshore geostrophic flow driven by an alongshore sea-level gradient. To docu-
ment this process in our simulation, we computed the zonal geostrophic current (ug) at �200 km from the
coast between 68S and 168S and compared it with the surface ug derived from AVISO data. The zonal geo-
strophic current presented positives anomalies not only during the 1982–1983 and 1997–1998 events but
also during the other EN events in the simulation period (Figure 16a). The compensating current was strong
in winter and spring, and weaker or nonexistent in summer (Figure 16b). This explains the EN positive verti-
cal flux forced by enhanced upwelling-favorable winds in summer (Figures 9a and 9c).

Figure 15. (a) Seasonal cycle of diatoms growth limiting factors during EN (dashed line) and neutral period (thick line). Light limitation is marked in red; nutrient in black. Error bars repre-
sent standard deviation. Values were averaged in the mixed layer and in a coastal band. Values close to 1 indicate weak limitation. Seasonal cycle of (b) nitrate and (c) iron limitation for
diatoms. The % of limitation was computed as the ratio between the number of pixels with nutrient (nitrate or iron) limitation and the total number of pixels in the coastal band (see
Figure 1).

Figure 16. Time series of geostrophic zonal surface currents (in m.s21) derived from the model (black line) and AVISO (green line) sea level. (a) Spatial averaging was performed between
68S–168S and 150–200 km from the coast. (b) Scatterplot of the monthly vertical flux anomalies (at 20 m depth) and onshore geostrophic flux anomalies (for 20 m thick surface layer)
during EN. Colors and lines represent seasons and significant linear regression, respectively.
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4.4. Changes in SW During EN
Using a simplified one-dimensional model, Carr [2003] hypothesized that the wind-driven upwelling
increase during EN may induce a SW deepening and stimulate favorably planktonic growth. In contrast, our
results suggested that the SW depth near the upwelling region (e.g., 1 month before they are upwelled) did
not exhibit significant changes during EN, in line with Huyer et al. [1987].

However, SW characteristics were modified in the equatorial region (888W), months before being upwelled.
During moderate EN events, the SW nutrient content and depth were not significantly different from those
during the neutral period, while during extreme events SW were shallower and nutrient-poorer. These dif-
ferences are likely to be related to the different duration of EN periods as well as regional circulation
changes. As a moderate EN event spanned on average �8 months, the SW at 888W did not undergo a
depressed nutricline typical of EN conditions in the equatorial region, because at the time of their departure
from the equatorial region the event had not developed yet. Thus SW encountered a deep nutricline only
in the nearshore region during the passage of the CTW. In contrast, during an extreme, much longer (�16
months) EN event, SW transited much more rapidly from 888W to the upwelling region, and their character-
istics (e.g., low nutrient due to a anomalously deep nutricline) were modified in the equatorial region as EN
conditions (e.g., deeper nutricline) had fully developed.

4.5. Eddy-Driven Nutrient Subduction During EN
Mesoscale turbulence generated by the alongshore currents instabilities modulates nearshore turbulent
fluxes of nutrients and plankton in upwelling systems [e.g., Lathuilière et al., 2010; Gruber et al., 2011;
Renault et al., 2016]. Using an eddy-resolving biophysical coupled model coupled in the California Cur-
rent System, Gruber et al. [2011] evidenced coastal nitrate loss by eddy-driven offshore transport and
subduction. This process reduces the nearshore primary production due to offshore and downward
transport of phytoplankton and upwelled nutrients. In particular, the net effect of downward eddy flux
in the offshore region is to deplete the upwelling SW and thus to reduce the coastal productivity. Off-
shore transport of nutrients within eddy cores [Stramma et al., 2013] and subduction of newly upwelled
in submesoscale cold filaments [Thomsen et al., 2016] were previously evidenced in the PCUS. Our
results show that the percentage of the nitrate vertical eddy flux with respect to the mean vertical nutri-
ent flux increased during EN. However, the magnitude of the nitrate vertical eddy flux could be underes-
timated due to the relatively low horizontal resolution (1/68) of our model [e.g., Capet et al., 2008; Colas
et al., 2012]. An underestimated subduction in our simulation could partly explain the overly high sur-
face Chl (Figures 3p and 3q).

Note that in spite of its relatively low resolution, our model represented correctly the spatial (supporting
information Figure S5) and interannual (Figure 12a) variability of the EKE. A resolution of 1/68 is eddy-
resolving off Peru due to its proximity to the equator, as the typical length scale of mesoscale structures
would be covered by �10 grid points [Belmadani et al., 2012]. Nevertheless, more modeling studies with an
increased spatial resolution would be needed to better understand and quantify the role of submesoscale
variability on surface productivity off Peru.

5. Conclusions

The main physical and biogeochemical processes acting on the development of phytoplankton biomass off
Peru during EN were studied using a three-dimensional, eddy-resolving, coupled physical-biogeochemical
regional model, evaluated with in situ and satellite observations. The model was able to reproduce the
main characteristics of several EN events (extreme and moderate) occurring between 1958 and 2008: the
temperature and sea level increase, the thermocline/nutricline deepening, and the phytoplankton (mainly
diatoms) and nutrient concentration decrease along the Peruvian coast.

During EN periods, coastal upwelling intensified (mainly in summer-fall) due to a nearshore wind stress
increase, but was partly compensated by an onshore geostrophic flow associated with an alongshore sea-
level gradient in winter and spring. CTW propagating along the coast increased dramatically the depth of
thermocline and nutricline, particularly in late spring-early summer. Consequently, the nitrate vertical flux
into the surface layer decreased, except in summer-early autumn when the subsurface nitrate decrease was
mitigated by the wind-driven upwelling increase. In our simulations, the Chl decrease during summer was
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thus mainly attributed to an increase of light limitation related with a deepening of the mixed layer, while it
was caused by nutrient depletion during the other seasons.

The nutrient (nitrate and iron) content of the upwelling source waters strongly decreased in summer-autumn
in the region of upwelling during EN, while their depth was little modified. In the equatorial region away from
the coasts, the source water properties did not change during neutral, EN moderate, and LN periods, while
during extreme EN events their nutrient content was lower (20%) in relation to the longer duration of these
events. This sequence of events could be modified under intensified surface warming (e.g., related to regional
climate change) as the annual mean upwelling intensity could decrease and source waters may shoal due to
much stronger changes in stratification than those occurring during EN [Oerder et al. 2015].

The impact of EN events depended of their intensity. Extreme EN affected the structure of the water column
and the Chl surface concentration more than moderate events. The impact of LN was opposite and much
weaker than the impact of EN.

During EN events mesoscale turbulence was stronger, which played a significant role in nutrient offshore
transport and subduction. The nitrate vertical eddy flux with respect to the mean vertical nutrient flux
increased during EN and was estimated in our simulation to be twice as large as during normal years. This
could however be a lower bound considering the relatively low horizontal resolution of the model. A more
accurate assessment of the role of eddy fluxes during EN will be performed in future work.
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Paulmier, A., D. Ruiz-Pino, V. Garçon, and L. Far�ıas (2006), Maintaining of the Eastern South Pacific Oxygen Minimum Zone (OMZ) off Chile,
Geophys. Res. Lett., 33, L20601, doi:10.1029/2006GL026801.

Pennington, J. T., K. L. Mahoney, V. S. Kuwahara, D. D. Kolver, R. Calienes, and F. P. Chavez (2006), Primary production in the eastern tropical
Pacific: A review, Prog. Oceanogr., 69, 285–317, doi:10.1016/j.pocean.2006.03.012.
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