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ABSTRACT 

The Peruvian upwelling System, driven by quasi-permanent alongshore winds, is one 

of the most productive regions of the global ocean. Due to a sluggish subsurface circulation and 

respiration of a large amount of sinking organic matter, an intense and shallow Oxygen 

Minimum Zone (OMZ) is present in the subsurface layers. Because of its proximity to the 

Equatorial Pacific, this system is strongly impacted by El Niño (EN) and La Niña (LN) events 

at interannual and interdecadal time scales. In the present thesis, we first study how EN and LN 

events impact on (i) primary productivity and (ii) dissolved oxygen concentrations. Second, we 

investigate the physical and biogeochemical processes responsible for the productivity and 

deoxygenation trends observed during the last decades. We make use of a regional physical -

biogeochemical coupled model (ROMS-PISCES) and of an in-situ regional data set to study 

the hydrodynamics and biogeochemical cycles from 1958 to 2008. The model is able to 

reproduce oceanic conditions associated with EN and LN, and the observed trends in the last 

decades. During EN periods, surface chlorophyll decreases due to nutrient depletion associated 

with intense downwelling Coastal Trapped Waves and due to an enhanced light limitation in 

summer. The surface layer becomes more ventilated as the oxycline deepens in association with 

the thermocline. The OMZ waters originate from a more ventilated equatorial region. The 

enhanced eddy kinetic energy also impacts eddy fluxes of nutrient and oxygen during EN. 

During the last decades, the large-scale remote forcing associated to equatorial variability 

mainly drives the summer Chl increase and progressive deoxygenation, whereas local winds 

play a minor role. The nearshore deoxygenation trend could be associated with the decreased 

mass fluxes of Equatorial Under Current and Tsuchiya jets. 
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The Peruvian Upwelling System: A High Productivity Ecosystem with an 

Intense Oxygen Minimum Zone 

1. Generalities  

The Peruvian Coastal Upwelling System (PCUS) or Humboldt Current System (HCS) 

is one of the most productive systems in the ocean [Chavez and Messié, 2009; Lachkar and 

Gruber, 2012]. It is one of the four Eastern Boundary Upwelling Systems (EBUS; California, 

Canary and Benguela system) of the global ocean (Fig.1a). As other EBUS, the PCUS presents 

particular characteristics: cold coastal waters, poor-oxygenated subsurface waters (called 

Oxygen Minimum Zones, OMZ) [Paulmier and Ruiz-Pino, 2009] and a high surface 

productivity [Chavez and Messié, 2008; Demarcq, 2009] which supports one of the most 

abundant fisheries in the word, the anchovy fishery [Pauly and Christensen 1995].       

 

Figure 1. a) The four Eastern Boundary Upwelling Systems: California, Humboldt, Benguela 

and Canaries. The mean concentration of chlorophyll-a from SeaWIFS averaged over 1997-

2008 is shown (colour scale). The figure was modified from Messié and Chavez [2015]. b) Fish 

catch vs. primary productivity between 1998 and 2005 in the four major EBUS [Chavez et al., 

2008].  

In the EBUS, subsurface waters are brought to surface by upwelling, which supplies 

nutrient-rich waters to the surface layer, triggering a phytoplankton bloom near the shores. The 

different EBUS have different latitudinal range, shelf width, nutrient input concentration, 

upwelling intensity [Fréon et al., 2009] and primary productivity. For these reasons, 

understanding the mechanisms which take place in EBUS is one of the hot scientific topics 

nowadays [Lachkar and Gruber, 2012].  
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The productivity in the EBUS represents 1% of the ocean productivity, nevertheless 

20% of the fish catches on the world are carried out in these systems [Pauly and Christensen, 

1995]. From this 20%, half is caught in the PCUS eventhough other EBUS (e.g. the Benguela 

and Canary Systems) are more productive (Fig. 1b) [Chavez et al., 2008]. Several hypotheses 

were formulated to explain this particularity: (i) the efficiency of the trophic transfer from 

zooplankton to small pelagic fish [Bertrand et al., 2014], (ii) the short food chain [Espinoza and 

Bertrand, 2008], and (iii) the “re-set effect” of the El Niño phenomenon which allows the 

anchovy to growth without presence of predators and competitors [Bakun and Weeks, 2008].  

The formation and maintenance of the Peruvian OMZ result from complex physical and 

biogeochemical processes. Anoxic conditions have been occasionally evidenced in the coastal 

region [Paulmier and Ruiz-Pino, 2008]. Besides, the OMZ is one of the shallowest in the world 

[Fuenzalida et al., 2009]. As it limits the habitat of several species, it has been suggested that 

the decadal changes in the anchovy and sardine stocks may have been driven by decadal 

oscillations of the depth of the OMZ upper limit [Diáz and Rosenberg, 2008; Bertrand et al., 

2011]. Furthermore, progressive deoxygenation has been evidenced in the open ocean and 

coastal regions [Breitburg et al., 2018], which could be related with the expansion of the OMZ 

during the last decades [Stramma et al., 2008].  

At interannual time scales, the PCUS is strongly impacted by El Niño Southern 

Oscillation (ENSO), owing to its proximity to the equatorial Pacific. ENSO originates in the 

Equatorial Central Pacific region and has an impact on the entire world climate.  It presents 

warm (El Niño, EN) and cold (La Niña, LN) phases. During EN, in the coastal region off Peru, 

the temperature increases and the productivity decreases [Barber and Chavez, 1983] , which 

triggers a change in distribution of several fish species [Ñiquen and Bouchón, 2004], while 

during LN opposite impacts are observed. 

The PCUS is also impacted at longer time scales by climate change. In the future, under 

a pessimistic scenario (quadrupling the preindustrial CO2 atmospheric concentration), Sea 

Superficial Temperature (SST) and stratification increase [Echevin et al., 2011; Oerder et al., 

2015]. More recent results suggest that nearshore primary productivity may slightly decrease 

[Gévaudan et al., 2017]. Besides, deoxygenation trends are not known in the future, due to the 

strong oxygen bias in current global earth-system models [Cabré et al., 2015]. Climate change 

could also influence the distribution of the fish migration (e.g northward, Cheung [2018]) and 

loss of the biodiversity in the Tropical Ocean.  
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The above mentioned processes and characteristics of the PCUS make it a crucial and 

interesting research topic. The dynamical and biogeochemical processes, which occur during 

EN and LN events, are not well understood, mainly because of the scarcity of sampled data and 

the lack of data processing. Increasing the knowledge about the mechanisms that produce 

interannual productivity and oxygenation changes during ENSO is one of the main goals of this 

thesis. Furthermore, the processes driving the long term evolution of the system are also studied.  

In the following, section 1 describes in detail the PCUS mean state and seasonal 

variations. Section 2 focuses on the impacts of ENSO (EN and LN events) on oceanic 

conditions in the PCUS, whereas section 3 describes the recent findings about the physical and 

biogeochemical observed trends off Peru, with a particular emphasis on the primary 

productivity and OMZ. Section 4 presents a compilation of the modelling biogeochemical 

studies in the PCUS. Last, section 5 summarizes the objectives of the present thesis.      

1.1. Currents in the PCUS 

The PCUS presents a particular current system (Fig. 2).  Nearshore currents are driven 

mainly by the surface wind at the surface and impacted by the equatorial circulation at 

subsurface. The PCUS is composed by two current systems: the Equatorial Current System 

(ECS) [Tsuchiya 1975; Johnson and Moree, 1997; Ishida et al., 2005; Kessler 2006] and the 

Peruvian Current System (PCS) [Brockmann et al., 1980; Penven et al., 2005; Montes et al., 

2010; Chaigneau et al., 2013; Pietri et al., 2014].        

 

Figure 2. Surface (left panel) and subsurface (right panel) currents in the Peruvian Coastal 

Upwelling System. The mean surface salinity (in ups, left panel) and temperature (in °C, right 

panel) are also shown. Figure adapted from Chaigneau et al. [2013]. 
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1.1.1. The Equatorial Current System (ECS) 

The ECS is composed by the Surface Equatorial Current (SEC), the subsurface 

Equatorial Undercurrent (EUC) and the Southern Subsuperficial Countercurrents (SSCC) (Fig. 

3). The SEC forms the northern part of the South Pacific Gyre. It flows northeastward across 

the equator (~ 5°N) and its velocity increases westward [Wyrtki, 1967]. The SEC transports ~ 

12 Sv at 95°W above 200 m between 6°S and 6°N, and increases at 140°W (~ 35 Sv) [Kessler, 

2006]. SEC splits into two branches when the EUC shoals [Kessler, 2006]. Furthermore, the 

SEC forms part of the equatorial upwelling system, which is produced by the divergence of the 

Northern and Southern SEC [Pennington et al., 2006].  

At subsurface, the EUC is a permanent current. It flows eastward along the equator 

[Philander, 1980; Tsuchiya et al., 1989; Ishida et al., 2005] and shoals from west to east 

[Kessler, 2006]. The EUC splits into two branches at 92°W owing to the presence of the 

Galapagos Islands [Lukas, 1986]. In average, the EUC is found between 2°N – 2°S and 50 – 

300 m depth at 86°W [Kessler, 2006]. Moreover, the EUC intensity presents a marked 

seasonality. It peaks between January and June and decreases in July-November [Lukas, 1986]. 

Interannually, the EUC is impacted by ENSO phases. During EN, the EUC vertical extent 

reduces (70 – 200 m) and its flux is stronger than during neutral and LN periods [Montes et al., 

2011]. The EUC is also a source of oxygen in the eastern equatorial Pacific as it transports 

oxygen-rich waters eastward [Stramma et al., 2010]. 

Off the equator, the SSCCs (also known as Tsuchiya jets; Tsuchiya [1975]) flow 

eastward. The northern and southern SSCC are also called primary and secondary jets. The 

primary and secondary jets (pSSCC/sSSCC) are usually located between 2°S – 6°S and 6°S – 

10°S respectively. The pSSCC is stronger than sSSCC, but both are less intense than EUC 

[Montes et al., 2010]. ENSO phases also impact the SSCCs. During EN, the pSSCC shifts 

northward and its vertical extent reduces, while during LN its core remains at ~4°S and 

thickens. In contrast, the sSSCC is closer to the equator, more intense and shallower during EN 

than during neutral and LN periods [Montes et al., 2011]. The OMZ is highly sensitive to 

changes in the position and intensity of the SSCCs [Montes et al., 2014].   
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Figure 3. Meridional section of the zonal current (cm s-1, in contours) and density (in colours) 

between 92°W - 87°W of ROMS outputs from Montes et al. [2011]. 

1.1.2. The Peruvian Current System (PCS) 

At the surface, two equatorward currents dominate the PCS: the Peru Coastal Current 

(PCC) and the Peru Oceanic Current (POC) (Fig. 2a). The Peru Coastal Current (PCC, also 

called Humboldt Current) is found within 100 km from the coast and between surface and ~ 50 

m [Huyer et al., 1991; Penven et al., 2005; Pietri et al., 2014]. It transports cold and nutrient-

rich waters due to coastal upwelling [Huyer et al., 1987]. Its velocity ranges from 5 to 15 cm.s -

1 and increases equatorward. Moreover, the maximum PCC flow during winter is in phase with 

the seasonal cycle of the trade winds [Strub et al., 1998]. The offshore POC flows northward 

(north-eastward between 15°S and 20°S). Using ADCP data in 2008-2012, Chaigneau et al. 

[2013] observed the POC between 9°S and 12°S, farther than 180 km from the coast and up to 

500 m depth. 

At subsurface, the Peru-Chile Undercurrent (PCUC) flows poleward [Brockmann et al., 

1980] until 48°S [Silva and Neshyba, 1979]. It dominates the subsuperficial circulation on the 

Peruvian shelf between 100 and 200 m depth [Brink et al., 1983]. The PCUC intensifies from 

8°S to 16°S and decreases south of 16°S (Fig. 4) [Chaigneau et al., 2013]. It reaches the surface 

layer during some periods [Penven et al., 2005; Pietri et al., 2014]. 
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Figure 4. Cross-shore section of alongshore velocity (in cm s-1) (a). Meridional variation of 

alongshore integrated transports (solid lines) and associated errors (shaded areas) (b). In (b), 

transports were integrated between 25 m and 500 m depth and from the coast to 200 km 

offshore. Black solid line marks the total transport, whereas blue solid line corresponds to the 

transport associated with poleward alongshore velocity components only. Red solid line 

corresponds to the mean southward Sverdrup transport (2008–2012) integrated from the coast 

to 200 km offshore and computed from Metop/ASCAT winds. From Chaigneau et al. [2013].  

PCUC waters are the main source waters of the coastal upwelling [Huyer et al., 1987]. 

They have a high salinity and are nutrient-rich and low oxygenated [Tsuchiya and Talley, 1998; 

Strub et al., 1998]. Seasonally, between 9°S – 12°S, the PCUC intensifies during summer, while 

is weaker during winter [Chaigneau et al., 2013] (Fig. 5a). Using a hydrodynamic model, 

Montes et al. [2011] showed that during EN (2002 – 2003) the PCUC shoaled and intensified, 

whereas during LN (1999 – 2000) it deepened and was slightly more intense than neutral 

periods. ADCP data from IMARPE also evidenced an intensification of the PCUC during the 

moderate 2010 El Niño event [Chaigneau et al., 2013] (Fig. 5b). The PCUC is fed (~ 30%) 

directly by the EUC and SSCCs, the latter being the main contributors [Montes et al., 2010]. 

Interannually, the PCUC is fed mainly by the sSSCC and pSSCC during EN and LN 

respectively [Montes et al., 2011].  

Last, the poleward Peru-Chile Countercurrent (PCCC) is found further from the coast 

than the PCUC and spans between 5°S – 35°S [Strub et al., 1998].    
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Figure 5. Seasonal cycle of the averaged circulation in the layer corresponding to PCUC core. 

Red and blue arrows represent schematically the equatorward and poleward flows, respectively, 

whereas green arrows indicate the presence of mesoscale eddy-like features (a). In (b), same as 

(a) but for specific surveys realized along the Peruvian coast in March of 2009 – 2012. From 

Chaigneau et al. [2013]. 

1.2. Coastal Upwelling 

The upwelling is the divergence process by which deep waters are brought to surface 

layers. This process takes place in the EBUS, but may also occur in other ocean areas (e.g. 

equatorial upwelling).  

As the trade winds blow equatorward along the Peruvian coasts, this produces a motion 

of surface waters due to friction between the air and the sea surface (Fig. 6a). In the Southern 

Hemisphere, the movement of surface waters is to the left of the wind direction (with an angle 
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of 45°), due to the Coriolis Effect. In subsurface layers, this angle increases and the velocity 

associated to the wind stress decreases (by dissipation of energy) producing the Ekman Spiral 

(Fig. 6c). Below the Ekman Spiral, the influence of the wind stress is insignificant. The Ekman 

layer is defined between the surface and the bottom of the Ekman Spiral. The integration of the 

water velocity over the depth of the Ekman layer is the Ekman transport, perpendicular to the 

wind direction. The Ekman transport (M) is computed as follows: 

M =
τ

ρsea|f|
 

Where τ represents the wind stress, ρsea the water density (~ 1026 kg.m-3) and |f| the 

absolute value of the Coriolis parameter. 

 

Figure 6. Schematic representation of the Ekman transport at the surface (a) and in a vertical 

cross-shore section (b). Representation of the Ekman Spiral in the water column (c). 

Coastal upwelling is driven mainly by the Ekman transport divergence at the coast. 

Nevertheless, Ekman transport divergence is not the unique process that produces upwelling. 

Ekman pumping and “upwelling” Coastal Trapped Wave (CTW) may also trigger coastal 

upwelling [Kampf and Chapman, 2016]. The role of upwelling CTWs will be detailed in section 

2.1.    
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The Ekman pumping refers to the vertical velocity induced by the divergence of the 

horizontal Ekman transport associated to wind stress curl. This process takes place offshore and 

is associated to an upward flux of nutrients. Using a physical-biogeochemical coupled model, 

Albert et al. [2010] showed that a decrease in Ekman pumping produced a less productive 

system owing to the deepening of the source nutrient-rich waters transported by the PCUC (Fig. 

7). Moreover, using satellite data from ERS (European Remote-sensing Satellite), Halpern 

[2002] demonstrated that Ekman pumping decreases during EN due to a weakening of wind 

stress curl.  

 

Figure 7. Schematic representation of the mechanisms linking wind stress curl to primary 

production (left and right panel).  The alongshore wind stress (in red) decreases in the dropoff 

zone (from ∼200 km to the coast) leading to negative wind stress curl. Ekman transport 

(horizontal arrows in blue) is related to wind stress, and Ekman pumping (vertical arrows in 

blue) is related to wind stress curl. From Albert et al. [2010]. 

In order to study the upwelling, several upwelling indices (UI) have been developed. 

They are based mainly on the nearshore wind stress values [e.g. Bakun et al., 1973]. The UI is 

defined as: 

UI = M ∗ cosα 

M is the Ekman transport and α is the angle of the coastline. For the Peruvian coast, α 

is ~150° in Trujillo and ~140° in Callao [Mendo et al., 1987]. 

At seasonal time scales, the UI represents well the variation of the upwelling in the 

coastal region. The upwelling peaks during winter and decreases during summer [Zuta and 
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Guillen, 1970]. Figure 8 shows that the seasonal cycles of the upwelling and trade winds are 

highly correlated [Chamorro et al., 2018].  

 

Figure 8. Seasonal cycle of the wind speed alongshore (left panel, in m s-1) from Chamorro et 

al. [2018] and vertical velocity mean (right panel, m day-1) between 7°S-13°S within 200 km 

to the coast at 50 m depth from a ROMS simulation [Espinoza-Morriberón, 2012]. 

At interannual time scales, there is a decoupling between upwelling and wind stress. 

Indeed, the alongshore winds tend to increase during EN (forced by the strong SST alongshore 

gradient; Chamorro et al. [2018]), whereas the upwelling decreases. Using in situ data (vertical 

profiles of temperature) near 10°S, Huyer et al. [1987] evidenced the shutdown of the upwelling 

during the 1982-83 EN (May 1983) in spite of an enhanced wind stress. Using a numerical 

model, Colas et al. [2008] evidenced a decrease of the upwelling between 7°S and 13°S during 

the 1997-1998 EN. Both studies suggest that the decoupling between the wind stress and the 

upwelling during EN is caused by an onshore geostrophic flow associated to a large scale 

alongshore sea level anomaly. Thus, the coastal upwelling is driven by the interplay between 

oceanic (e.g. currents) and atmospheric (e.g. winds) forcing [Colas et al., 2008; Marchessiello 

and Estrade, 2010]. 

The alongshore upwelling can be decomposed in localized upwelling cells. Calienes et 

al. [2014] computed the offshore extension of cold waters and identified six main upwelling 

centers: Pimentel (~ 7°S), Chimbote (~ 9°S), Huarmey (~ 10°S), Pisco (~ 14°S), San Juan (~ 

16°S) and Atico (~ 16.5°S). These areas present cold SST, high nutrient concentration and an 

intense productivity [Calienes et al., 1985]. The most intense upwelling centers are located 

between Pisco and San Juan, where SST reaches 17°C in summer and 16°S in winter (Fig. 9; 

Grados et al. [2018]). 
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Figure 9. Mean in situ SST during summer and winter (in °C). Figure from Grados et al. [2018]. 

1.3. Nutrients in the PCUS 

The availability of upwelled nutrient-rich waters drives the primary productivity in the 

EBUS. The main nutrients needed for phytoplankton growth are nitrate (NO3), silicate (SiO2), 

phosphate (PO4) and iron (Fe). Nutrients increase at greater depths (generally below the 

picnocline) and decrease in the surface layer due consumption by phytoplankton [Zuta and 

Guillén, 1970]. Off the Peruvian coasts, the surface nutrients range between 0 to 35 µmol L-1 

(nitrate), from 0 to 30 µmol L-1( silicate), from 0.2 to 4 µmol L-1 (phosphate) [Zuta and Guillén, 

1970; Graco et al., 2007; Calienes et al., 2014] and from 0.01 to ~ 12 nmol L-1 [iron; Bruland 

et al., 2005]. 

Strong nutrients cross-shore (coastal-ocean) gradient are found, with higher 

concentrations close to the coast. These rich waters are associated to the intense coastal 

upwelling [Calienes et al., 1985, Zuta and Guillén, 1970] but also to the shelf sediments off 

central Peru [Dale et al., 2017]. Latitudinally, the higher nutrient concentrations are observed 

between 6°S and 15°S.  During winter, surface nitrate may reach values of 20 µmol L-1 between 

6°S – 10°S, while lower values (~3 µmol L-1) are found south of 16°S and north of 3°S [Calienes 

et al., 1985]. This distribution is associated to the presence of contrasted water masses. Cold 

Coastal Cold Water (CCW) is characterized by high nitrate, silicate and phosphate 

concentrations, while the offshore Surface Subtropical Waters (SSW) and Surface Equatorial 

Waters (SEW) are nutrient-poor. The nitrate distribution is also influenced by the chemical 
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reactions of the nitrogen cycle: nitrification, denitrification and anammox during which 

nitrogen is lost to the atmosphere in the form of N2 (Fig. 10). 

 

Figure 10. Schematic of the oceanic Nitrogen cycle. From Lam et al. [2009]. 

Figure 10 describes the nitrogen cycle in the ocean. Nitrification occurs under 

oxygenated condition and during this process, ammonium is oxidized into nitrite and nitrate. 

This process is performed by bacteria and produces high concentrations of nitrous oxide (N2O, 

a potent greenhouse gas), which are generally observed above 50 meters depth in the PCUS 

[Kock et al., 2016]. Denitrification is defined as the nitrate reduction to ammonium. In this 

process, bacteria uses nitrate as the hydrogen accepter under oxygen deficient conditions, 

(generally less than 6 µmol kg-1) [Dugdale et al., 1977]. In the PCUS, denitrification was 

observed at 100 – 400 m depths and between 10°S – 25°S. It can remove ~ 2.5 x 1013 g N yr−1 

by N2O production over a 2 year time period (e.g. 1976-1977, Packard et al. [1983]). Last, 

anammox (anaerobic ammonium oxidation) transforms nitrite to N2. Anammox is the 

predominant pathway for nitrogen loss within the PCUS OMZ [Lam et al., 2009]. These 

biogeochemical processes are strongly modified by ENSO phases [Mogollón and Calil 2017; 

Yang et al., 2017] (see chapter 3 and 4). 

The seasonal cycles of nutrients and upwelling are highly correlated. During winter, the 

nutrients reach their maximum values, whereas during summer nutrient-poor waters 

predominate alongshore. At the surface, the phosphate, silicate and nitrate are low (~ 1 µmol L -

1, ~ 5 µmol L-1, ~ 5 µmol L-1, respectively) and increase during winter (~ 2.5 µmol L-1, ~ 25 

µmol L-1, ~ 20 µmol L-1, respectively) (Fig. 11) [Calienes et al., 1985; Graco et al., 2007]. 
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ENSO phases also have a strong impact in the nutrients concentration in the column water (see 

section 2.1).    

 

Figure 11. Surface nutrient concentration (nitrate, phosphate and silicate) from IMARPE 

observations. From Calienes et al. [1985]. 

In the case of iron, a micro-nutrient, scarce data is available to compute a robust seasonal 

cycle. However, iron is known to have an important role in the phytoplankton growth. The shelf 

sediment is considered to be the main source of iron. In the PCUS (as in the open ocean), there 

are zones known as High-Nitrate and Lower Chlorophyll concentration (HNLC). These low-

productive, nitrate-rich waters are due to a deficit of iron, limiting phytoplankton growth 

[Hutchins et al., 2002]. Bruland et al. [2005] classified the Peruvian waters based on the iron 

concentration.  Offshore “blue waters” are characterized by a low productivity and a low iron 

concentration, whereas nearshore “brown waters” are highly productive and iron rich. 

Fertilization experiments in the open ocean demonstrated that productivity in HNLC regions is 

limited by iron [Boyd et al., 2007].    

1.4. Primary Productivity  

The PCUS is one of the most productive areas in the world. The permanent upwelling of 

nutrient-rich waters, along the year, triggers high levels of productivity. Chlorophyll-a (Chl) 

from both in situ and satellite data (ocean color) is used as a proxy to evaluate the productivity. 
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Chavez and Messié [2009] showed that the seasonal cycle of productivity and the vertical 

transport (upwelling) from California, Canary and Benguela systems are in phase (Fig. 12). In 

contrast, the seasonal cycle of the productivity and the upwelling are out of phase in the PCUS.          

 

Figure 12. Seasonal cycle of chlorophyll concentration (black), sea surface temperature (blue) 

and total vertical transport (Ekman transport plus Ekman pumping) in the four EBUS (10°S 

latitude band up to 150 km offshore). From Chavez and Messié [2009]. 

Surface Chl patterns in the PCUS are typical of EBUS [Calienes et al., 1985, 2014, 

Echevin et al., 2008]. Maximum and minimum values are found nearshore and offshore 

respectively (Fig. 13, SeaWIFS). Using IMARPE in situ data from 1960 to 2000, Calienes et 

al. [2014] found that Chl ranges from 0.02 to more than 12 mg m-3 within 100 km from the 

coast. The highest values are found between 7°S and 15°S (Fig. 13a). Chl vertical profiles 

present an U-shaped curve with a peak at ~ 25 m depth, which is related to the euphotic layer 

and MLD [Calienes et al., 1985, 2014]. Red tides (extreme values of productivity) are often 

found near the coast, triggered by eutrophic conditions [Kahru et al., 2004].    
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Figure 13. Annual mean surface Chl (a), summer (b) and winter (c) means from satellite 

SeaWIFS data between 2000 and 2008. 

As mentioned previously, the PCUS productivity presents a marked seasonality. The 

Chl (between 4°S – 15°S and within 200 km to the coast) displays maximum values in late 

austral summer – early autumn (in situ: ~ 5 mg m-3, SeaWIFS: ~ 2.5 mg m-3), while minimum 

values during winter are observed (in situ: ~ 0.8 mg m-3, SeaWIFS: ~ 1 mg m-3). The in situ 

data presents a second peak during spring (~ 3 mg m-3) (Fig. 14a) [Pennington et al., 2006; 

Echevin et al., 2008]. The amplitude of the seasonal cycle depends of the latitude. It is enhanced 

in two narrow coastal bands at 8°S – 9.5°S and 11°S – 14°S (Fig. 14b), the latter being the most 

productive. Both coastal regions present highest values during late summer – early autumn 

(8°S–9.5°S: ~ 5 mg m-3; 11°S–14°S: ~ 7 mg m-3) and minimum concentrations during winter 

(~ 2 mg m-3).        

 

Figure 14. Seasonal cycle from in situ data and SeaWIFS in a coastal band (between 4°S – 15°S 

and within 200 km to the coast) from Echevin et al. [2008] (a). Alongshore seasonal variation 

of Chl from SeaWIFS-MODIS (b).   
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As mentioned previously, the seasonal cycle of Chl and upwelling are out of phase (Fig. 

15). Several hypotheses have been proposed to explain this paradox [Calienes et. al., 1985; 

Echevin et al., 2008; Messié and Chavez et al., 2015]. During summer, Chl is confined a thin 

surface layer where nutrients are consumed [Messié and Chavez, 2015]. Thus, nutrient 

limitation is triggered by a stronger stratification and a thinner mixed layer (thus less light 

limitation) as the wind-forced upwelling is weaker [Gutiérrez et al., 2011a]. In contrast, stronger 

winds and deeper MLD are encountered in winter [Fig.15; Echevin et al., 2008]. In these 

conditions, the phytoplankton cells reach depths close to the “critical depth” (zones with low 

light; Sverdrup [1953]). Thus, productivity decreases due to enhanced light limitation. Echevin 

et al. [2008], using a physical-biogeochemical model, suppressed the seasonality of the surface 

insolation, which impacted the amplitude of the Chl signal but not the seasonal variations of 

Chl. These results are in line with Calienes et al. [1985], who found maximums of Chl under 

different isolation rates, mentioning that it could be due to changes of MLD.  

 

Figure 15. Chl (from SeaWiFS data (1997–2006); green bars), alongshore wind (from 

ECMWF–ERA40 reanalysis; black line), and SST climatology (red line) at Pisco (15°S). The 

red line joins the monthly SST‐means from Pisco pier SST and GHRSST. From Gutiérrez et al 

[2011a]. 

The role of iron in the seasonal cycle of productivity has also been analysed. Messié and 

Chavez [2015] found that both light limitation and iron limitation impacts the Chl decrease 

during winter, owing to the larger iron demand under low light conditions [Sunda and 

Huntsman, 1997]. Echevin et al. [2008] demonstrated in a model sensitivity experiment, that 

productivity increases mainly between 13°S – 14°S from June to October (~ + 80%) when iron 

limitation is artificially relaxed.  
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1.5. The Oxygen Minimum Zone 

Oxygen Minimum Zones (OMZ) are large water bodies of the open ocean which present 

low concentration of dissolved oxygen (DO < 22 µmol.kg-1) at subsurface depths (~ 50 – 900 

m) [Karstensen et al., 2008]. The PCUS OMZ is one of the most intense and shallowest OMZ 

in the open ocean [Paulmier and Ruiz-Pino, 2009]. Complex physical and biogeochemical 

processes are involved in the PCUS OMZ formation and maintenance: 

a) Vertical mixing between the oxygenated surface mixed layer and OMZ waters is 

reduced due to the relatively weak PCUS winds. Moreover, the permanent strong 

pycnocline [Fiedler and Talley, 2006] mitigates vertical mixing. Additionally, the PCUS 

OMZ is located in the unventilated “shadow zone” of the South Eastern Pacific [Luyten 

et al., 1983].  

b) The residence time of OMZ waters is very long. Czeschel et al. [2011] found that the 

OMZ center is a stagnant area: a deployed float at 8°S in the OMZ core was found at 

the same location after 15 months. 

c) The EUC and Tsuchiya jets ventilate the OMZ, which is sensitive to their changes. 

Tsuchiya jets transport oxygenated waters eastward which impact directly the PCUS 

OMZ. Nevertheless, the oxygen content of the EUC and Tsuchiya jests decrease from 

west to east [Stramma et al., 2010]. Montes et al. [2014], using a physical-

biogeochemical coupled model, simulated the change in PCUS OMZ due to different 

intensities of the equatorial circulation. They evidenced a shrinking of OMZ when the 

secondary Tsuchiya jets was more intense (Fig. 16).  

 

Figure 16. Meridional sections of oxygen annual mean (in µmol kg-1) at 88 °W from two 

simulations with different equatorial circulation. In contours are shown the zonal currents (in 

cm s-1). Figure from Montes et al. [2014]. 
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d) The mesoscale circulation plays a role in the shaping the OMZ. Vergara et al. [2016] 

found that mesoscale structures ventilate the OMZ at its lateral boundaries between 100 

– 600 m depth (Fig. 17). Besides, nearshore (sub) mesoescale filaments and fronts 

ventilate the OMZ across its upper limit (Fig. 18; Thomsen et al. [2016]). 

e) The large amount of organic matter (OM), which originates from the high surface 

productivity, eventually sinks into the OMZ and gets remineralized. In this process, OM 

is oxidized by the microbial pool that produces a high oxygen consumption [e.g. Cavan 

et al., 2017]. 

 

Figure 17. Module (color scale) and direction (black arrows) of the mean DO eddy-flux vector 

at (a) 100 m, (b) 250 m, (c) 350m and (d) 700m depths. White contours correspond to the 45, 

20 and 10 μmol kg-1 mean DO values. From Vergara et al. [2016].  

Figure 18. Cross-shore oxygen transect (glider measurements) in a submesoscale cold filament 

off Peru in January/February 2013. From Thomsen et al. [2016]. 

The PCUS OMZ is located alongshore and extends westward near 8°S (Fig. 19a). It is 

thickest between 5°S – 13°S and 500 km offshore. Nearshore, the upper limit of the OMZ (ZO2, 

proxy of the oxycline in the coastal region) is located at 30 – 50 m depth [Graco et al., 2007]. 
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The nearshore OMZ is shallowest between 12°S – 16°S and deepens north of 8°S (Fig. 19). 

Extremely shallow depths can be reached, such as ZO2~2.5 m during summer 2006 [Ledesma 

et al., 2011]. Offshore at 85°S, the lower OMZ limit reaches ~ 600 m depth between 4°S – 

15°S. The OMZ core can present values less than 5 µmol kg-1 and reaches anoxic conditions 

(e.g. Czeschel et al. [2015]; Thomsen et al. [2016]). The OMZ core extends vertically between 

~ 150 – 500 m depth and at 85°W between 2°S and 18°S [Karstensen et al., 2008]. 

 

Figure 19. Annual mean depth of the upper OMZ limit (in meters, contour) and OMZ thickness 

(in meters, colour) from Fuenzalida et al. [2009] (a). Oxygen vertical profiles at different 

latitudes (IMARPE data) from Graco et al. [2007] (b). Alongshore oxygen concentration 

[Ledesma et al., 2011] (c). (b) and (c) are in mL L-1 and 1 mL L-1 is equivalent to 44 µmol L-1. 

The PCUS OMZ presents a seasonal cycle related to the wind-driven coastal upwelling, 

intense remineralization and the mesoscale circulation (eddies and filaments) [Vergara et al. 

2016]. During summer, a decrease of DO and a shoaling of the OMZ are observed. DO decrease 
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is triggered by the decay of enhanced productivity, which induces high remineralization. 

Additionally, an intense stratification isolates the subsurface waters from oxygenated surface 

layer. During winter, a deeper OMZ is found. It is mainly due to the well-mixed water column 

triggered by enhanced wind stress, while the lower productivity does not have a strong impact 

in the DO. In this season, the offshore OMZ is ventilated by offshore DO eddy fluxes [Vergara 

et al., 2016]. Zuta and Guillén [1970], using in situ data, also evidenced the oxygen seasonality 

in the surface layer. They found DO values of ~ 75 µmol kg-1 and ~ 90 µmol kg-1 during summer 

and winter respectively, between 0 – 100 m off Callao (12°S).  

2. ENSO as driver of the PCUS Interannual Variability 

In this section, the main impacts of EN and LN events on the PCUS are described, with 

emphasis on biogeochemical processes. EN events present different spatial structures. Two 

types of El Niño have been identified: the so-called “central Pacific” (CP) El Niño (also known 

as Modoki EN) [Takahashi et al., 2011] and the “Eastern Pacific” (EP) El Niño (also known as 

Canonical EN) (e.g. 1982-1983, 1997-1998 EN). These EN types have different impacts in the 

PCUS. For instance, models outputs and satellites data evidenced that the CP EN is related to 

negative (positive) SST  anomalies in the PCUS, while the EP EN presents strong positive 

(negative) SST anomalies in the Eastern Pacific Ocean [Dewitte et al., 2012; Lee et al., 2014]. 

These different impacts of the CP and EP EN are associated with the upwelling and 

downwelling CTW respectively, generated by the equatorial Kelvin waves (see section 2 and 

3; Dewitte et al., [2012]). In this section, the impacts of EP EN and LN events off the Peruvian 

coasts are described. 

2.1. Impacts of El Niño events 

EN is an ocean-atmospheric coupled phenomenon occuring in the Equatorial Pacific. It 

occurs every 3 to 5 years and substantially alters the ecosystem functioning associated to coastal 

upwelling. During EN a weakening of the trade winds in the western equatorial Pacific triggers 

the eastward displacement of the warm pool [Picaut et al., 1996]. It generates positive SST 

anomalies in the Central and Eastern Pacific Ocean. The subsurface ocean structure is also 

impacted. The equatorial thermocline, typically deeper in the Western Equatorial Pacific, 

deepens in the Eastern Pacific (Fig 20). These changes in ocean conditions are associated to a 

weakening of the atmospheric pressure in the Eastern Pacific and to a southward displacement 

of the Intertropical Convergence Zone (ITCZ).  
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Figure 20. Schematic representation of the modifications of the oceanic and atmospheric zonal 

circulation during El Niño (left panel) and La Niña (right panel) in the equator. Figure from 

https://pirca.org. 

The westerly winds anomalies generate Equatorial Kelvin Waves (EKW), which 

propagate eastward across the Equatorial Pacific [Kessler and McPhaden, 1995]. When they 

reach the coasts of America (Ecuador), EKW trigger Coastal Trapped Waves (CTW), which 

propagate poleward along the coasts of Peru and Chile. EKW generation occurs every year. 

However, “warm” (downwelling) and “cold” (upwelling) CTWs are particularly frequent and 

intense during EN and LN events respectively [McPhaden, 1999; Picaut et al., 2002].  

In contrast with LN, EN events strongly impact oceanic conditions in the PCUS. During 

the propagation of CTW, the Sea Surface Height (SSH) rises. Carr and Broad [2000] using 

satellite data, showed that two SSH rises (~20 cm anomalies) were found during the 1982-1983 

and 1997-1998 EN events (see also Colas et al., [2008]). 
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Figure 21. Interannual variability of (a) sea surface temperature (°C), (b) surface salinity (UPS), 

(c) depth of the 15 °C isotherm (meters), (d) depth of the 1ml L-1 iso-oxygen at the base of the 

oxycline (meters), (e) surface chloroplyll-a content (mg m-3). The timeseries are monthly 

averages calculated from IMARPE data (period: 1960–2008; latitude range: 3.5°S–20°S, 

distance to the coast: 0–100km). Shaded rectangles correspond to El Niño events. From 

Gutiérrez et al. [2016]. 

The nearshore temperature and salinity are also strongly impacted (Fig. 21) [Gutiérrez 

et al., 2016]. Using an extended data set from IMARPE (1960 – 2014), Grados et al. [2018] 

computed temperature and salinity anomalies composites during EN (Fig. 22) and LN (Fig. 26). 

During EN, the positive SST anomalies reach maximum values on the Peruvian shelf  (~3-4°C) 

and decrease south of 16°S (~1-1.5°C) (Fig. 22a). The warm waters are observed from the 

surface to ~ 150 m depth, and the maximum positive anomalies (~ +3°C) are found at 20 m 

depth between 5°S – 12 °S (Fig. 22b). For example, at Callao station (~12°S),  the thermocline 

(defined as isotherm of 15°C) was found at large depths (~ 100 m depth)  during 1997-1998 

EN [Barber and Chavez, 1983; Gutiérrez et al., 2008; Graco et al., 2017]. The warming is 

initiated by the  “warm” downwelling CTWs which deepen the thermocline during their 

propagation, an sustained by the horizontal advection of positive SST anomalies [Chavez et al., 

1984] associated with the intrusion of Equatorial Surface Water (ESW) and Tropical Surface 
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Water (TSW) in the coastal region [Flores et al., 2013]. Furthermore, more saline waters are 

observed between 7°S – 20°S. Flores et al. [2013] found values up to ~35.5 during 1982-1983 

and 1997-1998 EN events. The highest positive salinity anomalies were observed in the center-

south region of Peruvian coast (12°S – 20°S) and between surface and 100 m depth (Fig. 22c, 

d). Thus, the halocline deepens due to an onshore transport of the Subtropical Surface Waters 

(STSW) [Grados et al., 2018] and the presence of Equatorial Subsurface Water (ESSW) 

[Llanillo et al., 2013].      

 

Figure 22. Temperature (in °C, top panel) and salinity (in ups, bottom panel) anomalies during 

El Niño at surface (left) and within alongshore between 0 and 300m depth (right). From Grados 

et al. [2018]. 

The CTWs also impact the biogeochemical conditions. Echevin et al. [2014], using a 

regional model, demonstrated that the passage of the downwelling (upwelling) CTW triggers 

the deepening (shoaling) of the thermocline and nutricline. Negative (positive) Chl anomalies 

also propagate poleward, although with slower propagation speed than the physical signal (Fig. 

23).  
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Figure 23. Time-latitude diagram of (a) sea level (in m), (b) depth of the 2 μmol L-1 iso-nitrate 

(in m), (c) depth of the 17°C isotherm (in m), and (d) surface chlorophyll anomalies (in mg m-

3) from a ROMS-PISCES simulation. All variables have been averaged in a 100-km-wide 

coastal band, and band-pass filtered in the [50-80] days band to highlight the intraseasonal 

signal. From Echevin et al. [2014]. 

Nutrient-poor waters are also found offshore of the PCUS during EN. Barber and 

Chavez [1983] evidenced a marked nitrate decrease during 1982–1983 EN: nitrate was lower 

than 4 µmol L-1 (12 µmol L-1 in neutral periods) at 85°W between 0°S and 10°S and above 50 

m (Fig. 24a). Near the coast at 12°S, Graco et al. [2017] observed a nitrate decrease during the 

1997–1998 EN peak. The isolines of 15 µmol L-1 for nitrate, 10 µmol L-1 for silicate (Fig.  24b) 

and 1 µmol L-1 for phosphate reached greater depths (~ 100 m) than during normal conditions. 

In addition to CTWs, the onshore displacements of the ESW and TSW might reduce the nutrient 

concentration close to the coast [Graco et al., 2007]. 
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Figure 24. Nitrate concentration off Peru during neutral and El Niño periods from Barber and 

Chavez [1983] (a). Evolution of the silicate concentration (from 1996 to 2010) from Graco et 

al. [2017] (b) and oxygen (from 1993 to 2006) from Gutiérrez et al. [2008] (c) at Callao station 

(12°S).  

Expectedly, productivity is strongly impacted during EN (Fig 25). During the last 

decades, the lowest Chl concentration was observed during 1982-1983 and 1997-1998 EN 

[Calienes et al., 2014; Gutiérrez et al., 2016]. Strong negative Chl anomalies (< –1 mg m-3) 

were evidenced using SeaWIFS data during the strong 1997-1998 EN (Fig. 25a, b), mainly 

between 5°S – 16°S, suggesting that the offshore extension of high Chl coastal band was 

reduced [Thomas et al, 2001; Carr et al., 2002; Thomas et al., 2009]. A merged SeaWIFS–

MODIS product was used to compute EN and LN composites from 1997 to 2017. EN presents 

negative Chl anomalies alongshore. However, the productivity was less impacted within ~ 20 

km to the coast (Fig. 25c). Barber and Chavez [1983] also evidenced a productive narrow 

coastal band during the 1982-1983 EN, in March 1983. Calienes et al. [2014] hypothesized that 



Espinoza-Morriberón Dante – Thèse de doctorat - 2018 

33 

 

this might be triggered by the nutrient discharge from the Guayas River off Ecuador transported 

poleward during EN.   

 

Figure 25. Annual variation of Chl between 1996 and 1999 (a) [Carr et al., 2002]. Chl anomalies 

alongshore from 1997 to 2008 averaged in a coastal band [Thomas et al., 2009] (b). Mean of 

Chl anomalies during El Niño (c). (a) and (b) come from SeaWIFS data and (c) from SeaWIFS-

MODIS product. 

The Chl decrease during EN could be due to various processes: (i) strong downwelling 

CTWs, which deepen the thermocline/nutricline; (ii) changes in equatorial circulation, which 

triggers changes in the intensity of nutrient transport fueling the PCUC, and (iii) changes in the 

mesoscale activity. Gruber et al. [2011] demonstrated that mesoscale eddies and filaments 

subduct and transports nutrients offshore in the California and West African EBUS. During EN, 

the frequent passage of intense CTWs may generate enhanced baroclinic instabilities and an 

EKE increase [Chaigneau et al., 2008]. Mogollon and Calil [2017] found an offshore and 

downward nitrate eddy fluxes at Pisco (~ 12°S) in a model study of the 1997-1998 EN.       

The impact of EN on phytoplankton community has been documented. Diatoms, the 

most abundant specie in the Peruvian waters [Sánchez, 2000], dominate during cold periods 

(mainly near 13°S – 16°S), whereas dinoflagellates (smaller phytoplankton cells) dominate in 

warm periods [Ochoa et al. 2010]. During 1982-1983 EN, Calienes et al. [2014] evidenced 

abundant presence of the dinoflagellate Chaetoceros atlanticus. It could be due to the presence 



Espinoza-Morriberón Dante – Thèse de doctorat - 2018 

34 

 

of offshore waters, which present typically smaller phytoplankton species more tolerant to 

conditions of stress (e.g. low nutrient levels).     

Oxygenated waters are present nearshore during EN [e.g. Llanillo et al., 2013]. 

Gutiérrez et al [2016] showed a deepening of the oxycline during most EN events (between 

1960 and 2008; Fig. 24c). During strong 1997-1998 EN, the oxycline reached ~ 100 m depth at 

12°S. Other episodes of less intense oxygenation correspond to moderate EN events (e.g. 2002 

– 2003) [Gutiérrez et al., 2008; Graco et al., 2017]. Furthermore, the oxygenation during EN 

event varies with latitude. Mogollón and Calil [2017]'s regional model simulated a nearshore 

OMZ vanishing at Chimbote (9°S) during 1997–1998 EN. It was deeper than during normal 

conditions but persisted further south, off Callao (~ 12°S) and Pisco (~ 15°S). The OMZ core 

could also be reduced during EN [Llanillo et al., 2013; Yang et al., 2017] and even disappear 

from the water column [e.g. Gutiérrez et al., 2008; Graco et al., 2017]. Overall, the volume of 

the PCUS OMZ core could decrease by ~60% with respect to neutral conditions in the PCUS 

[Yang et al., 2017]. The strong correlation between of the oxycline and thermocline depth 

variations due to the impact of CTWs [Graco et al., 2017] has been observed for other OMZ 

regions, as along the west coasts of India. There Vallivattathillam et al. [2017] found a 

correlation between oxycline and thermocline depths close to 1.0 and 0.9 at seasonal cycle and 

interannual time scales, respectively. This shows the important role of the remote forcing (e.g. 

CTWs) in the interannual variability of the OMZ.  

Oxygen fluxes into the PCUS associated with the equatorial jets (EUC and Tsushiya 

jets) contribute to the enhanced ventilation of the OMZ during EN. Stramma et al. [2016] found 

a strong weakening of the EUC during the onset (October) of 2015 – 2016 EN. However, the 

SSCCs increase during EN, as shown by Montes et al. [2011] for the moderate 2002-2003 EN. 

The enhanced eastward SSCC flux of oxygen could thus reduce the offshore OMZ [Montes et 

al., 2014].  

2.2. Impacts of La Niña events  

LN is characterized by enhanced easterly trade winds and the predominance of cold 

waters in the surface and subsurface layer in the Central and Eastern Equatorial Pacific. In the 

PCUS, upwelling-favorable winds are intensified. Negative SST anomalies (Fig. 26) [Moron et 

al., 2000; Grados et al., 2018], poorly-oxygenated waters [Graco et al., 2007; Mogollón and 
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Calil, 2017] and slightly higher phytoplankton biomass (Fig. 27) [Calienes et al., 2014; 

Gutiérrez et al., 2016] are observed. 

The cold (15 – 16 °C) and fresh waters (34.9 – 35) span alongshore and present an 

offshore extension. The negative SST (from -1°C to -3°C) and salinity (from -0.1 ups to -0.15 

ups) anomalies predominate alongshore. However, maximum values are observed offshore 

(Fig. 26a, b). This could be due to an enhanced Ekman transport triggering a large offshore 

displacement of near-shore cold waters [Grados et al., 2018].  

At subsurface, relatively strong negative SST anomalies are observed north of 12°S and 

above 50 m (< - 1°C, Fig. 26b). Negative salinity anomalies (< - 0.1) are distributed mainly in 

three regions above 50 m: 1°S – 4°S, 11°S – 14°S  and 17°S – 20°S (Fig. 26d). The shoaling of 

the thermocline/halocline is related to the passage of upwelling CTWs [Echevin et al., 2014] 

and enhanced wind forced upwelling.    

 

Figure 26. Temperature (in °C, top panel) and salinity (in ups, bottom panel) anomalies at 

surface (left) and at subsurface alongshore (right) during La Niña. From Grados et al. [2018].   

A shoaling of the OMZ and nutricline are also evidenced during LN, partly due to the 

same processes generating an enhanced upwelling. During the 2009 LN, Llanillo et al. [2013] 

evidenced an increase of nitrate between 3°S and 10°S offshore at 86°W. During this event, the 

25 µmol L-1 nitrate isoline reached the surface owing to an upward flux of nutrient-rich ESSW. 



Espinoza-Morriberón Dante – Thèse de doctorat - 2018 

36 

 

Mogollón and Calil [2017] simulation displays an increase of nitrate below 20 m off Chimbote 

(9°S), Callao (12°S) and Pisco (15°S) during the 1998 – 1999 LN. In contrast, Graco et al. 

[2017] observed a nitrate decrease off Callao during the same event, which they related to an 

intensification of the OMZ producing a nitrogen loss. Thus, nitrate loss (by annamox and 

denitrification) may increase during LN, due to the expansion of the volume of the OMZ core 

[Yang et al., 2017]. Denitrification and anammox are responsible for 30% and 70% of the 

nitrogen loss respectively, with high production of N2O [Graco et al., 2007; Mogollón and Calil, 

2017] in LN conditions.            

In situ observations do not indicate a higher productivity during LN than during neutral 

periods from in situ data. Using SeaWIFS data, Thomas et al. [2009] and Carr et al. [2002] 

evidenced an alternation of positive and negative Chl anomalies alongshore. A LN composite 

displays positive Chl anomalies (0.5 – 1.5 mg m-3) within the 200 km to the coast. The highest 

anomalies are found between 12°S – 14°S. In contrast, slightly negative Chl anomalies are 

observed within the 20 km to the coast and between 6°S – 9°S. They could be produced by the 

stronger Ekman transport, which displaces further offshore the Chlorophyll-rich waters.     

 

Figure 27. Mean of Chl anomalies (in mg m-3) during La Niña from SeaWIFS-MODIS satellite 

data (Sept. 1997 to Dec. 2017). 
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3. Long Term Variability 

3.1. SST and wind trends in the PCUS 

During the last century an SST increase was evidenced in the global ocean [Smith et al., 

2008] associated to the increase of the CO2 emissions (mainly in the last 50 years). In contrast, 

the PCUS SST decreased between 1950 and 2010, mainly in the center-south coastal region 

[Gutiérrez et al., 2011b; Fig. 28]. The SST trend spatial pattern is not homogeneous along the 

Peruvian coast. IMARPE in situ SST data show a positive trend in the north of Peru at Paita (~ 

5°S) (+ 0.26 °C dec-1), whereas no trend is found at Chicama (7°S) and at Chimbote (9°S). 

Along the southern coast between Callao (~ 12°S) to Ilo (~ 17°S), negative SST trend 

predominates, with maximum values at Callao and at San Juan (~ - 0.42 °C dec-1) [Gutiérrez et 

al., 2011b] (Fig. 28a). The Reynolds SST product, which merges data from buoys, ships and 

satellite [Reynolds et al., 2007], also shows the contrast between positive and negative SST 

trends alongshore (from 1984 to 2010; Fig. 28b). Dewitte et al. [2012], using the ROMS model, 

reproduced an SST decrease and a shoaling of the thermocline between 3°S – 18°S from 1958 

to 2008.  

 

Figure 28. Timeseries of SST from IMARPE coastal stations (in °C) (a) and spatial pattern of 

the SST trend from Reynold database (in °C dec-1) (b). From Gutiérrez et al. [2011b]. 
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Previous works mentioned that the coastal cooling might be related to the increase of 

the coastal upwelling during the last years [Gutiérrez et al., 2011a, 2011b; Demarcq, 2009; 

Narayan et al., 2010]. An increase of alongshore windstress has been reported by Bakun [1990] 

in the major EBUS and off the Peruvian coasts (from 4.5°S to 14.5°S). Bakun [1990] suggested 

that enhanced cross–shore atmospheric pressure gradient, which supports the alongshore 

geostrophic wind, could trigger the wind increase. The increase of the cross–shore pressure 

gradient is associated to enhanced land-sea thermal gradient [Falvey and Garreaud, 2009]. The 

increased land-sea thermal gradient could be created by a stronger shortwave downward flux 

over land associated to a reduction of nearshore cloudiness (e.g. during EN; Enfied, 1981). 

Besides, Bakun [2010, 2015] suggested that radiative cooling during night time may be 

suppressed due to the increase in greenhouse gas (e.g. CO2 or water vapour during EN) 

concentration, generating a warmer land surface (Fig. 29). Bakun’s hypothesis about the 

increase of the winds in EBUS due to climate change has been supported by some studies (e.g. 

Sydeman et al. [2014]). However, Chamorro et al. [2018], using an atmospheric model, 

demonstrated that the increase of the winds during EN events is due to alongshore SST 

gradients instead of sea-land temperature gradient.  

 

Figure 29. Low-passed (12-month running means)  Southern Oscillation Index (SOI), upwelling 

favorable wind stress off Peru, ‘precipitable water’ (or ‘total water column water vapor’) from 

the National Centre for Environmental Prediction (NCEP) and European Centre for Medium-

range Weather Forecasts (ECMWF) reanalysis data sets, at a grid point near the Peru coast 

(10°S, 80°W). Gray vertical bars identify EN periods. From Bakun et al. [2010] 

Jacox et al. [2015] evaluated the influence of the remote (e.g CTW) and local (e.g. 

winds) forcing in the oceanic trends in the Californian EBUS. They showed that the positive 
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wind trend increases the upwelling and drives the negative SST trend. In the PCUS, the different 

wind datasets do not agree on the amplitude of the trends. Gutiérrez et al. [2011a] using the 

ERA-40 Reanalysis, Bakun at al. [1990, 2008, 2010, 2015] using ICOADS observations and 

Varela et al. [2015] using the NCEP CFSR reanalysis, found a positive wind trend mainly south 

of 15°S. In contrast, Goubanova et al. [2010], using a statistical downscaling of NCEP at ~50 

km scales (i.e. the wind product used in the model simulations presented in Chapters 3, 4 and 

5), found no significant wind trend between 1958 and 2008. Last, Narayan et al. [2010], using 

NCEP/NCAR reanalysis dataset, showed a negative wind trend between 10°S – 16°S from 1960 

to 2006.   

3.2. Biogeochemical trends in the PCUS 

Biogeochemical trends, such as the increase of coastal productivity and nutrients 

concentration, an enhanced deoxygenation of the water column, have been evidenced over 

periods of several decades in the PCUS.  

A productivity increase has been observed using in situ [Gutiérrez et al., 2011a; 2016] 

and satellite data [Demarcq, 2009]. Using SeaWIFS data from Sept. 1998 to Dec. 2007, the 

latter found a significant positive Chl trend (1.5 – 2 mg m-3 dec-1) in most EBUS. In the PCUS, 

a strong Chl increase was observed mainly between 7°S – 15°S (> 1 mg m-3 dec-1) (Fig. 30a). 

The authors evidenced the strong consistency between the productivity increases and enhanced 

upwelling-favorable winds (based on QuikSCAT satellite wind data). Gutiérrez et al. [2011a, 

2016] evidenced a positive Chl trend (0.7 mg m-3 dec-1) at ~ 14°S from in situ data between 

1965 to 2005 (Fig. 30b). They also evidenced a significant positive wind trend (from ERA – 

40) during spring. Thus, this study hypothesized that the wind increase during warming seasons 

could influence the positive productivity trend provided the wind mixing depth does not exceed 

critical levels for phytoplankton growth. Furthermore, the productivity increase could be related 

to a greater input of nutrients from the offshore equatorial region. Czeschel et al. [2015] found 

significant positive subsurface (50-300 m) nitrate and phosphate trends in the EUC (2°N – 2°S) 

and SSCC (5°S – 8°S) latitude ranges, at 84°W – 87°W, whereas silicate does not present a 

significant trend (Fig. 31). 
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Figure 30.  (a) Surface Chl trend from SeaWIFS (1997-2007) [Demarcq et al., 2009] and (b) 

IMARPE data off Pisco (14°S) (1965 -2005) [Gutiérrez et al., 2011a].  

 

 

Figure 31. (a) Oxygen, (b) nitrate, (c) phosphate, and (d) silicate trends (in μmol kg−1 yr−1) 

computed between 50–300 m, 2°S–5°S and 84°W–87°W from 1976 to 2010. From Czeschel et 

al. [2015]. 

During the last decades, a progressive deoxygenation was observed in the open ocean 

[Stramma et al., 2008; Breitburg et al., 2018; Duteil et al., 2018]. Stramma et al. [2008] showed 

that the oxygen decreased at intermediate waters (300 – 700 m) in the eastern Tropical Atlantic 

and the Equatorial Pacific between 1960 and 2008. They also found an expansion of the OMZ 
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thickness at 100°W (Fig. 32). Desoxygenation in the eastern equatorial Pacific could be related 

to the positive phase of Pacific Decadal Oscillation (PDO) [Duteil et al., 2018] in recent 

decades. Indeed, a positive PDO phase is associated by a decrease of the equatorial trade winds 

and a slow-down of the eastward equatorial circulation (i.e. EUC). 

 

Figure 32. Vertical structure of the oxygen evolution (in µmol kg-1, 5°S – 5°N,105°W - 115°W) 

between 1960 and 2008. The thick white line represents the isolines of 66 µmol kg-1. Figure 

from Stramma et al. [2008]. 

A deoxygenation was also evidenced in the PCUS. The OMZ upper limit shoaled during 

the last decades. Using shipboard measurements from IMARPE, Bertrand et al. [2011] and 

Gutiérrez et al. [2016]  found a shoaling of the isoline of 22 µmol kg-1 (the upper limit of the 

“biogeochemical OMZ”) and 88 µmol kg-1 (upper limit of the “biological OMZ”) in the coastal 

region between 6°S – 14°S, from 1980 to 2008. Before the 80's, the PCUS was getting more 

ventilated. This interdecadal variability of the coastal oxycline depth is associated to the PDO 

[Bertrand et al., 2011]. Deoxygenation could be driven by different processes: (i) an increase 

in oxygen consumption caused by an increase in productivity and export of OM, (ii) a decrease 

of ventilation associated with the equatorial undercurrents (Fig.33a), mainly the EUC and 

pSSCC [Stramma et al., 2010]. Czechel et al. [2015] evidenced a subsurface oxygen decrease 

(by ~50 µmol kg-1) between 1993 to 2009 in the equatorial offshore regions where the equatorial 

undercurrents are located (Fig. 31d). 

In contrast, an oxygenation of the nearshore upper water column (0-100m) was observed 

by in situ data at ~ 12°S during the last decade [Graco et al., 2017]. It seems to be related to 

more frequent downwelling CTWs, which deepen the coastal oxycline (Fig. 33b). 
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Figure 33. Distribution of oxygen differences (μmol kg−1, in color) between February 2009 and 

March 1993 at 85°50′W (a). Zonal velocity differences from ADCP measurements are also 

shown (black contours, in cm s−1) (a). Evolution of oxygen anomalies in the water column at 

Callao station (12°S, in μmol kg−1) (b). Black line represents the isoline of 44 μmol kg−1. 

Figures adapted from Czechel et al. [2015] (a) and Graco et al. 2017 (b).  

4. Biogeochemical Modelling Studies  

Models allow to study processes in the ocean, which are often difficult to observe in 

situ. The possibility to formulate experiments to test different hypotheses make them very 

useful tools. Both relatively simple and more complex physical-biogeochemical models have 

been used to investigate the main physical and biogeochemical processes and their interplay in 

the PCUS. One of the model most widely used in the PCUS is the Regional Ocean Modelling 

System (ROMS) [Shcheptekin and Mcwilliams, 2005]. ROMS was first used to simulate the 

seasonal variability of temperature, salinity and currents in the PCUS [Penven et al., 2005], to 

investigate the pathways of the PCUC source waters [Montes et al., 2010] and their variability 

during ENSO phases [Montes et al., 2011]. Dewitte et al. [2012] reproduced the interannual 

variability and trends of the SST and thermocline during the last 50 years using ROMS forced 

at open boundaries by the SODA reanalysis. Colas et al. [2008] focused on the dynamics of the 

1997 – 1998 EN. Belmadani et al. [2012] studied the propagation of the intraseasonal CTW and 

their impact on Rossby waves and mesoscale eddies. Colas et al. [2013] focused on the role and 

impact of the mesoscale variability on the cross-shore transport of heat. ROMS was used to 

evaluate the response of the PCUS to regional climate change. An enhanced stratification of the 

water column and increase of coastal SST have been evidenced by Echevin et al. [2011] and 

Oerder et al. [2015] under pessimistic climate projections (e.g. the idealized 4xCO2 scenario).  
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ROMS was also coupled to biogeochemical models of growing complexity. A simple 

Nitrate Phytoplankton Zooplankton Detritus model (NPZD) simulates the dynamics of the 

primary and secondary production. It takes into account simple relationships between 

phytoplankton and zooplankton and assumes that the phytoplankton growth is driven by nitrate 

availability and zooplankton predation. Nutrient loss is considered to be primarily from 

phytoplankton uptake and detritus comes from phyto- and zooplankton mortality (e.g. Gruber 

et al., [2006]). More complex biogeochemical models such as BioEBUS [Gutknecht et al. 2013] 

and PISCES [Aumont et al., 2015] (see details in the methodology chapter 2) were also coupled 

to ROMS. The first is a nitrogen–based model, which also simulates the cycle of oxygen, 

phytoplankton and zooplankton in regional areas. This model includes a parameterization of 

processes as ammonification/nitrification and nitrification/denitrification/anammox, which 

occur under oxic and suboxic conditions, respectively.  

A few modelling studies have focused on the biogeochemical processes in the PCUS. 

Findings about the seasonal and interannual variability of the productivity and oxygen are 

summerized in Table 1.            

Table 1. Biogeochemical modelling studies in the PCUS. 

Authors Model Subject Main Conclusions 

Carr [2003] NPZD (1D-

vertical) 

Impacts of 1997-

1998 EN and 1999 

LN on coastal 

upwelling and 

productivity. 

During EN the plankton community 

decrease is driven by the nitrate decrease 

of the upwelling source water, while 

during LN the phytoplankton increase is 

driven by the depth of the upper layer. 

Echevin et al. 

[2008] 

ROMS – 

PISCES 

Seasonal cycle of 

the productivity 

Deeper MLD controls the phytoplankton 

decrease during winter. During spring and 

fall the productivity increase is due to 

restratification and destratification of the 

water column respectively. 

Fe is a limiting nutrient during winter. 

Albert et al. 

[2010] 

ROMS – 

PISCES 

Impact of the wind 

in the primary 

productivity. 

The absence of nearshore wind drop-off 

suppresses Ekman pumping and deepens 

the PCUC. 

A deeper PCUC impacts on the nutrient 

content (Iron) of the upwelled water, thus 

on the productivity.  

Echevin et al. 

[2014] 

ROMS – 

PISCES 

Impact of the 

Intraseasonal CTW 

in the productivity. 

The propagation of intraseasonal 

downwelling (upwelling) CTW deepens 

(shoaling) the thermocline/nutricline. A 
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deeper (shallower) nutricline triggers a 

productivity decrease (increase). 

The propagation of SSH is faster than 

thermocline/nutricline and surface 

chlorophyll. 

Montes et al. 

[2014] 

ROMS – 

BioEBUS 

Sensitivity of the 

OMZ to the 

equatorial 

subsurface currents. 

The mean circulation of the OGCMs 

(physical OBCs) present small differences; 

however, the simulated OMZs show 

significant differences between them.   

In presence of an intense sSSCC the OMZ 

is shrinked due to an enhanced eastward 

transport of oxygenated waters. 

Bettencourt 

et al. [2015] 

ROMS – 

BioEBUS 

Impact of the 

mesoscale activity 

in the OMZ 

boundaries 

The mesoscale delimits and maintains the 

OMZ boundaries and injects oxygen 

within the OMZ. 

Vergara et al. 

[2016] 

ROMS – 

BioEBUS 

Seasonality of the 

OMZ 

The seasonality of the coastal OMZ is 

related to seasonality of winds and 

productivity. 

The seasonal cycle of the offshore DO 

eddy flux and the coastal OMZ are in 

phase. 

At the northern OMZ boundary, the DO 

eddy flux peaks in winter, while at 

southern boundary it peaks during spring.  

Mogollón 

and Calil 

[2017] 

ROMS – 

BioEBUS 

Impact of 1997-

1998 EN and 1999 

LN on the oxygen 

and nitrogen cycles 

in the main 

Peruvian upwelling 

centers.  

There is an attenuation and 

expansion/intensification of the OMZ 

during EN and LN, respectively.During 

EN and LN the denitrification/annamox 

decrease and increase, respectively. The 

removal nitrogen in the ocean is control by 

denitrification during EN and by annamox 

during LN. 

Enhanced N2O gas emission is found 

during LN (+ 36%), while during EN it is 

reduced (- 32%) respect to neutral period 

mainly in the northern coastal region.      

Yang et al. 

[2017] 

CEMS – 

BEC* 

Impacts of ENSO 

on denitrification 

and suboxia. 

The denitrification rate during LN (EN) is 

up to 70% higher (lower) than during 

neutral periods. 

The variability of the water colume with 

DO < 6 µmol kg-1 explains 90% of the 

variability of denitrification.   

Yonss et al. 

[2017] 

ROMS – 

BioEBUS 

Nutrients patterns 

at subsurface 

within anticyclonic 

eddies 

There is a decoupling between nitrite 

production and total nitrate change within 

the eddies.   
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The nutrient signature within the eddy is 

due to the presence of water masses from 

different origins. 

Mogollón 

and Calil 

[2018] 

ROMS – 

PISCES 

Impact of the wind 

increase during 

climate change in 

the productivity. 

An increase of the winds (~ + 40%) leads 

to a productivity increase of 5%. It is due 

to the decrease of the nutrient limitation 

relaxation in ~ 10%, but nutrients are used 

less efficiently (decrease of ~ 15%) due 

enhanced eddy-driven offshore transport of 

nutrients. 

*CEMS (Community Earth System Model) [Gent et al., 2011] and BEC (Biological Elemental 

Cycling) [Moore et al., 2004]. 
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5. Objectives  

As shown in the previous sections, a comprehensive study of the impact of El Niño 

events in the dynamics and biogeochemistry in the PCUS is not available yet. Most studies 

about El Niño based on observations have focused on particular events such as the extreme 

1997-1998 EN and only few studies analysed La Niña events, due to the lack of satellite 

observations before the 90's and the relative scarcity of in situ observations collected by 

institutes other than IMARPE. On the other hand, few modelling studies described the 

interannual variability of the productivity and the OMZ. Furthermore, most of the studies are 

mainly descriptive and few of them focus on the mechanisms driving in the observed variability. 

Thus, one of the thesis’s objectives is understand the mechanisms that trigger the productivity 

decrease and the oxygenation of the water column during El Niño, with a focus on the different 

El Niño events present in half a decade (50 years, from 1958 to 2008), using a regional physical-

biogeochemical model and taking advantage of a regional data base from IMARPE spanning 

over more than 50 years. La Niña impacts are also included in the analysis. Processes such as 

the passage of the Coastal Trapped Waves, changes in the water masses reaching the upwelling 

regions and variability in the mesoscale activity are thus studied in detail. 

Whereas oceanographic trends in the PCUS have been documented in a few studies, the 

processes that trigger them remain unclear, in particular for the biogeochemical variability. 

There are no studies that quantify the respective role of different forcings (equatorial oceanic 

or local atmospheric variability) in the driving of oxygen and productivity trends. Thus, the 

objective of this thesis is to understand and describe the mechanisms involved in the coastal 

cooling, the increase of the productivity and the deoxygenation of the water column during the 

last decades. To this aim, the model is used to simulate some aspects of the observed trends, 

and to evaluate the role of the remote (e.g. equatorial currents) and local (e.g. winds) forcing in 

the physical and biogeochemical trends between 1980 and 2008, with emphasis on the 

productivity and oxygen.   
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Models, Observed Data and Statistical Methods 

1. Hydrodynamic-Biogeochemical Coupled Model 

In order to simulate the hydrodynamics and biogeochemistry of the PCUS, the ROMS-

PISCES coupled model was used. This coupled model was previously used in the Humboldt 

system [Echevin et al., 2008; Albert et al., 2010; Echevin et al., 2014] and in the Canary System 

[Brochier et al., 2018]. PISCES was coupled to the NEMO hydrodynamics  model to simulate 

the Arabian sea upwelling [e.g. Resplandy et al., 2012; Vallivattathillam et al., 2017]. In this 

section, we will describe the  models and configurations we used.  

1.1. The ROMS physical model  

The Regional Oceanic Modelling System (ROMS) simulates the ocean circulation and 

mixing. It is a split-explicit, free-surface oceanic model that resolves the Primitive Equations 

in an Earth-centered rotating environment, based on the Boussinesq approximation and 

hydrostatic vertical momentum balance. Several advection schemes are implemented in ROMS, 

and in our case a third-order, upstream-biased advection scheme was used. It allowed the 

generation of steep tracer and velocity gradients [Shchepetkin and McWilliams, 1998].  

In the horizontal, the primitive equations are discretized in the "staggered" Arakawa C-

grid, a grid often used in ocean models. In this type of grid, some of  the state variables 

(temperature, salinity and density) are evaluated at the grid center (“rho point”), while the 

horizontal velocities are evaluated at the center of the left/right (u) and upper/lower (v) grid 

faces (Fig. 1).     

 

Figure 1. Scheme of the Arakawa C-grid. Ψ indicates the streamfunction value, which is not 

used in ROMS. Figure from www.myroms.org 
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In the vertical, sigma coordinates are used. The sigma levels follow the variable bottom 

topography [Song and Haidvogel, 1994]. This allows an increase of the vertical resolution in 

shallow areas close to the coast or above seamounts (Fig. 2). For a complete description of the 

model equations and discretization, the reader is referred to Shchepetkin and McWilliams 

[2005]. ROMS has been used in the PCUS to describe and understand the processes related to 

the seasonal and interannual variability of the ocean circulation (see section IV of the 

introduction). 

 

Figure 2. Example of the sigma levels used in ROMS model. Figure from www.myroms.org 

1.2. The PISCES biogeochemical model 

The 'Pelagic Interaction Scheme for Carbon and Ecosystem Studies' (PISCES) model 

was used in order to simulate the biogeochemistry of the PCUS. PISCES simulates the marine 

biological productivity and describes the biogeochemical cycles of carbon and the main 

nutrients (nitrate, phosphate, silicate and iron; Aumont et al. [2015]) as well as the dissolved 

oxygen (e.g. Resplandy et al. [2012] ; Fig. 3).  
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Figure 3. Structure of the PISCES model. Stocks are marked by boxes and fluxes by arrows. 

From Espinoza-Morriberón et al. [2016] 

PISCES assumes a compromise between the Monod and Quota models. As a Monod 

model, PISCES model assumes that phytoplankton growth depends on external concentration 

of nutrients and that the main nutrients in the ocean follow the Redfield ratio (C:N:P ~ 

106:16:1). However, within phytoplankton cells, the ratios of iron (Fe), silicate (Si) and 

Chlorophyll (Chl) respect to carbon are computed based in the external concentration of the 

limiting nutrients like in the Quota models.    

PISCES has 24 state variables listed in Table 1. PISCES presents three non-living 

compartments, which are the semi-labile dissolved organic matter, small sinking particles and 

large sinking particles. Besides, it has four living compartments represented by two size classes 

of phytoplankton (nanophytoplankton and diatoms) and two size classes of zooplankton 

(microzooplankton and mesozooplankton). The growth of phytoplankton is limited by external 

nutrients concentration and diatoms differ from nanophytoplankton by their need for silicate, 

higher Fe requirements [Sunda and Huntsman, 1997] and higher half-saturations. This model 
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also simulates dissolved inorganic carbon, total alkalinity and dissolved oxygen. The bacterial 

pool is not explicitly modeled  in the  version of PISCES that we used. The reader is referred 

to Aumont et al. [2015] for a complete description of the model.  

Table 1. State variables from the PISCES model. 

PISCES model 

Compartments State Variables (abbreviations) 

Dissolved/Nutrients 
  
  
  
  
  
  
  

Dissolved Inorganic Carbon (DIC) 

Alkalinity 

Oxygen (O2) 

Phosphate (PO4) 

Silicate (SiO3) 

Iron (Fe) 

Dissolved Inorganic 13 Carbon (DI13C) 

Oxygen 18 (18O2) 

Phytoplankton 
  
  
  
  
  
  

Nanoplankton (NAN) 

Diatoms (DIA) 

Iron in NAN 

Iron in DIA 

Chlorophyll in NAN 

Chlorophyll in DIA 

Silica in DIA 

Zooplankton 
  

Microzooplankton 

Mesozooplankton 

Dead Particles/Detritus 
  
  
  
  
  
  

Small Particulate Organic Carbon (POCs) 

Large Particulate Organic Carbon (POCl) 

Dissolved Organic Carbon (DOC) 

Carbonate (CaCO3) 

Particulate Silica 

Iron in POCs 

Iron in POCl 

2. Simulations 

2.1. Parametrization 

The parameters of the PISCES model used in our simulations are presented in the Table 

2. Most of the parameters values are global estimates from Aumont et al. [2005]. However,  for 

some parameters, in order to reproduce some regional characteristics of the PCUS, we used the 

same parameter values as in the study of Albert et al. [2010] (e.g. remineralization rate and 

scavenging rate of iron). 
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Table 2. Values of the parameters used in our model configuration. 

Symbol Value Unit Definition 

Phytoplankton 
α 4; 4 (W m-2)-1 d-1 Initial slope of the PI curve 

𝐾𝑛ℎ4 0.1; 0.5 µmol N l-1 Half-saturation constant for ammonium 

𝐾𝑛𝑜3 2; 10 µmol N l-1 Half-saturation constant for nitrate 

𝐾𝑆𝑖
𝐷  1.5 µmol Si l-1 Half saturation constant for silicate 

𝐾𝐹𝑒
𝑚𝑖𝑛 0.01; 0.1 nmol Fe l-1 Minimum half-saturation constant for 

iron 

𝑚𝑃 0.01; 0.01 d-1 phytoplankton mortality rate 

𝑤𝑃 0.001 d-1 Quadratic mortality of phytoplankton 

𝑤𝑃
𝑚𝑎𝑥 0.02 d-1 mol C-1 Maximum quadratic mortality of 

diatoms 

𝐾𝑃 0.1 mol C l-1 Half-saturation constant for mortality 

θchl; max 0.033; 0.05 mg Chl mg C-1 Maximum Chl/C ratios of 
phytoplankton 

θfe; max 15; 20 µmol Fe mol C-1 Maximum Fe/C ratios of phytoplankton 

𝐾𝑆𝑖
2  4 µmol Si l-1 Half saturation constant for Si/C 

increase 

Zooplankton 
ϵ 0.33; 0.33 - Zooplankton growth efficiency 

σ 0.6; 0.6 - Fecal pellets production 

g 4; 0.7 d-1 Maximum grazing rate 

𝐾𝐺 20; 20 µmol C l-1 Half-saturation constant for grazing 

p
P
Z ,ƳP   0.5; 0.2 - Preferences for nanophytoplankton 

p
D
Z ,ƳD 0.5 -  Preferences for diatoms 

p
POC
Z ,ƳPOC 0; 0.2 -  Preferences for POCs 

ƳZ                  1 -  Preference for microzooplankton 

𝑚𝑀 0.05 (µmol C l-1)-1 d-1 Mesozooplankton mortality 

Organic matter 

𝜆𝐷𝑂𝐶 0.2 d-1 Remineralization rate of DOC 

𝐾𝐷𝑂𝐶
𝑏𝑎𝑐  417 µmol C l-1 Half-saturation constant for DOC 

remin. 

𝜆𝑃𝑂𝐶 0.025 d -1 Degradation rate of POC 

𝑤𝑚𝑖𝑛 3; 50 m d-1 Minimum sinking speed of POC 

𝜆𝐹𝑒 0.005 d-1 µmol-1 l scavenging rate of iron 

𝜆𝐵𝑆𝑖 0.015 d-1 Dissolution rate of BSi 

𝜆𝑁𝐻4 0.05 d-1 Maximum nitrification rate 

𝑂2
𝑚𝑖𝑛 1 µmol O2 l-1 Half saturation constant for 

denitrification 

Stoichiometric ratios 
𝑅𝐶𝑎𝐶𝑂3 0.4 - Maximum rain ratio 

*Note that in the case of two values: first and second represent the value for nanophytoplankton and diatoms 

respectively.  
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2.2. Model configuration  

The model domain spans from 15°N to 40°S and from 100°W to 70°W. It is the same 

model grid as in the studies of Belmadani et al. [2012] and Brochier et al. [2013] used in the 

PEPS ANR project (Peru Ecosystem Projection Scenarios, 2009-2012). The domain 

encompasses the Northern and central Chile region, however only the PCUS was studied in this 

thesis (Fig. 4). The model extends up to 15°N and 100°W westward, in order to simulate 

correctly the surface and subsurface Equatorial currents, which have an important impact on 

the currents off Peru [Montes et al., 2010]. The model grid has a horizontal resolution of  1/6° 

(~18 km) and contains 181x355x32 grid points. The bottom topography comes from ETOPO2 

(Smith and Sandwell, 1997). The vertical grid had 32 sigma levels. The model was run from 

1958 – 2008 and we save ROMS-PISCES model outputs every 5 days.  

 

Figure 4. Model domain. The white box represents the PCUS. The model topography (in meters, 

originally from ETOPO2 before being smoothed) is shown in color scale. 

2.3. Atmospheric forcing  

The wind fields come from a blended product: SCOW climatological winds [Riesen and 

Chelton, 2008] and a statistically-downscaled NCEP wind anomalies [Goubanova et al. 2010]. 

The SCOW climatology is based on 8 years of observations (Sept. 1999 – Aug. 2007). In the 
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statistical downscaling procedure, the low resolution (2.5°x2.5°) NCEP winds were downscaled 

at the resolution of QuickSCAT satellite winds (0.5°x0.5°). The methodology described by 

Goubanova et al. [2010] consists in finding a statistical relationship between regional winds 

and large-scale climate characteristics: 

𝑄𝑢𝑖𝑐𝑘𝑆𝐶𝐴𝑇(𝑤𝑖𝑛𝑑) ~ 𝛼 𝑁𝐶𝐸𝑃 (𝑤𝑖𝑛𝑑) + 𝛽 𝑆𝐿𝑃 

Sea-level pressure (SLP) and winds at 10 m came from NCEP. The statistical 

relationships (α and β coefficients) were computed over the QuickSCAT period (2000 – 2008). 

Then, they were applied during the entire period of study (1958 – 2008) to infer regional winds. 

Last, in order to obtain the anomalies, a climatology of the downscaled product over 2000 – 

2008 was computed and substracted from interannual downscaled NCEP winds. The reader is 

referred to Goubanova et al. [2010] for more details on the statistical downscaling methodology. 

The product is named DwS hereafter.  

NCEP anomalies and COADS climatology [Da Silva et al., 1994] are added to construct 

short wave heat flux and surface air parameters (2m air temperature and humidity) used in the 

ROMS flux bulk formulation [Liu et al., 1979]. A bulk formulation is used to allow the 

adjustment between modelled surface ocean fields and the low atmosphere parameters. 

Furthermore, in the bulk formulation, the wind stress is computed using the winds at 10 m and 

the modelled SST.  

2.4. Open Boundary Conditions of the regional model 

A regional model domain has several boundaries which allow the ocean outside the 

model domain to influence the dynamics inside the model domain. In the case of the PCUS 

model, there are 3 open boundaries (north, south and west). In this work, we have run two 

interannual simulations which have the same atmospheric forcing but differ in their open 

boundary conditions (OBC). Indeed, one crucial forcing of the PCUS dynamics and 

biogeochemistry is the eastward near-equatorial flow composed by the EUC and subsurface 

countercurrents. These currents  transport momentum, heat, nutrients and oxygen to the PCUS, 

and their intensities differ depending on the OGCM resolution (Fig. 5). Using different OGCM 

as OBC allows to evaluate the sensitivity of the regional solutions to the OBC forcing. 
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2.4.1. The RPSoda simulation 

The ROMS-PISCES simulation forced by SODA physical OBC (RPSoda) is used in 

Chapters three, four and five.  It allows to describe and to analyze the impact of El Niño on the 

productivity (Chapter 3), the oxygen (Chapter 4), and the biogeochemical trends (Chapter 5) in 

the PCUS. The validation of the simulation is detailed in chapter 3. 

Physical boundary conditions (temperature, salinity and velocities) come from an 

interannual Simple Ocean Data Assimilation (SODA) simulation (version 2.1.6) [Carton and 

Giese, 2008] which has a horizontal resolution of 0.5° and 40 vertical levels.  SODA assimilates 

hydrographic profiles, moored and satellite data. It is forced with ECMWF ERA-40 

atmospheric fluxes [Uppala et al., 2005]. 5-day averaged SODA outputs are used at the ROMS 

OBC for the period 1958-2008. 

Unfortunately, the SODA OGCM is not coupled to a biogeochemical model, thus other 

products have to be used. Biogeochemical boundary conditions come from CSIRO Atlas of 

Regional Seas (CARS) 2009 climatological data [Ridgway et al., 2002] for oxygen and 

nutrients (nitrate, phosphate, silicate; see section 3.1) and from the World Ocean Atlas (WOA) 

2005 climatology  [Conkright et al., 2002] for dissolved organic carbon (DOC), dissolved 

inorganic carbon (DIC) and total alkalinity (TALK). The WOA DIC and TALK fields do not 

vary seasonally. Iron concentrations come from a NEMO-PISCES global simulation 

climatology [Aumont et al., 2015]. 

2.4.2. The RPOrca simulation 

This ROMS-PISCES simulation forced by ORCA2-PISCES physical and 

biogeochemical OBC (RPOrca) is used in Chapter 3 in order to complement the impact of El 

Niño events on the productivity. It allows to investigate the impact of interannual variability of 

biogeochemical boundary conditions (see supplementary material section in Chapter 3), in 

contrast with climatological biogeochemical conditions in RPSoda. 

Monthly outputs from the ORCA2-PISCES simulation (L. Bopp, pers. comm.) are used 

for both physical and biogeochemical interannual boundary conditions. ORCA2 has a spatial 

resolution of 2° and 30 vertical levels. Its atmospheric forcing is constructed from various data 

sets (e.g. NCEP/NCAR for wind stress, see Aumont et al. [2015] for details). 
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Figure 5. Annual mean (1958-2008) of the zonal currents (cm s-1) at 100°W from SODA (left) 

and ORCA2 (right) used as OBC in the regional simulations. 

2.5. Sensitivity Experiments 

Additionally to RPSoda and RPOrca, we run some sensitivity simulations to investigate 

the impact of a specific forcing. RPSoda is considered the “control run” (CR) to which the 

sensitivity runs are compared. The different simulations are listed below :  

Wclim: It uses SODA interannual OBC and RPSoda monthly climatological 

atmospheric forcing (see Table 3). It is used to evaluate the role of the oceanic remote forcing, 

mainly equatorial subsurface currents and equatorial Kelvin waves which generate coastal 

trapped waves. 

Kclim: It uses SODA montly climatological OBC and RPSoda interannual atmospheric 

forcing (see Table 3). By suppressing the intraseasonal equatorial Kelvin wave, it allows to 

study the role of variability of the wind forcing. 

Due to computational requirements, Kclim and Wclim were run from 1979 to 2008. We 

performed these simulations in order to investigate: (i) the role of the remote and local forcing 

during El Niño and La Niña (see chapter 4); and (ii) evaluate which forcing drives the 

biogeochemical trends in the PCUS.  

Although it has been simulated with several global atmospheric models, the surface 

wind is not well known off Peru over the period 1958-1990, as satellite data were not available. 

Thus, the influence of different wind intensities on the modelled circulation and its variability 
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were also studied (Table 3). Additionally to the NCEP downscaled product from Goubanova et 

al [2010], two other wind products were used. 10-meter wind anomalies were computed from 

CFSR [Saha et al., 2010] and ERA-Interim reanalysis (Dee et al. [2011]; hereafter ERA). These 

products are available at a horizontal resolution of ~ 38km (0.33°) and ~ 83 km (0.75°) 

respectively. In order to compute the wind anomalies, we computed a climatology from 2000 

to 2008 for the two wind products. The anomalies were then added to the SCOW climatology 

and gridded over the ROMS domain, using the interpolation tools from the ROMSTOOLS pre-

processing package [Penven et al., 2008].     

With these two additional wind products, we performed four simulations, listed in Table 

3: CR-CFSR, CR-ERA, Kclim-CFSR and Kclim-ERA. These simulations were run over the 

period 1979-2008. 

 

 REMOTE 

FORCING 

ATMOSPHERIC FORCING 

Simulations 

  Physical 

Boundary 

Conditions 
(SODA) 

Biogeochemical 

Boundary 

Conditions 
(CARS/WOA) 

10m wind Velocity 
(DwS – CFSR – 

ERA - SCOW) 

2m  air 

temperature 
(NCEP + 

COADS) 

Relative 

Humidity 
(NCEP + 

COADS) 

Precipitation 

Rate 
(NCEP + 

COADS) 

Short and Long 

Wave Radiation 
(NCEP + 

COADS) 

CR Inter clim inter (DwS) inter Inter Inter clim 

Wclim Inter clim clim (DwS) clim Clim clim clim 

Kclim Clim clim inter (DwS) inter Inter Inter clim 

CR-CFSR Inter clim inter (CFSR  + 

SCOW) 

inter Inter inter clim 

CR-ERA Inter clim inter (ERA + 

SCOW) 

inter Inter inter clim 

Kclim-CFSR Clim clim inter (CFSR + 

SCOW) 

Inter Inter inter clim 

Kclim-ERA Clim clim inter (ERA + 

SCOW) 

Inter Inter inter clim 

 

Table 3. Characteristics of the experimental simulations performed in the present study. 

2.6. Tracking the upwelling Source Waters using ROMS-OFFLINE (ROFF) 

The ROMS-offline tracking module, developped initially by [Capet et al., 2004] and 

used in several studies [e.g. Montes et al., 2010; Albert et al., 2010], was implemented to 

calculate the trajectories of water parcels (see Chapters 3 and 4). The virtual floats trajectories 
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were computed using 5-day averaged ROMS velocity fields from the RPSoda simulation (also 

called CR). The ROMS-offline Fortran 77 code was modified to register water parcels nitrate, 

iron and oxygen concentrations along their trajectories.  

In chapter 3, two experiments were made to study the properties of the upwelling source 

water (SW), namely the offshore waters which are later upwelled along the Peruvian coasts:  

a) SW floats (10 000) were tracked backward in time for one month from the position 

where they were upwelled near the coast to their offshore position, in order to evaluate 

the change in depth, nitrate and iron concentration along their pathways towards the 

upwelling region (Fig. 6a). In this experiment, the floats were released between 0-15 m 

and 6°S-14°S within the 100 m isobath to the coast. 

b) SW were followed (backward in time) and their characteristics registered until they 

reached an offshore 'equatorial section' (defined by a meridional section at 88°W). In 

this experiment, the floats were released at the same region in the previous experiment, 

but only in spring during every LN, neutral and EN event. However, it does not means 

that floats reached to equatorial section in the same ENSO phase when they were 

released. Our goal is to understand the changes in the equatorial SW characteristics 

during ENSO phases (Fig. 6b). The results are presented in Chapter 3.  

 

Figure 6. (a) Schematic of virtual floats released in the upwelling region before being 

transported backward in time (black dots). 2 trajectories are marked by red lines. (b) Float 

trajectories (black lines) originating from the equatorial region (88°W) and reaching the 

upwelling region. 
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In a second experiment, the oxygen concentration from the floats was stored. The floats 

(2000) were initially launched each spring (between 1958 and 2008) on the shelf and slope at 

two latitudes (9°S and 12°S) and between the surface and 250 m depth in order to sample the 

subsurface oxygen minimum zone (Fig. 7), and transported backward in time for a maximum 

of 2 years. This experiment aims at describing the oxygen changes in the equatorial SW during 

LN, EN and neutral periods. The results are presented in chapter 4.     

 

Figure 7. Float trajectories (black lines) originating from the equatorial region (88°W) and 

reaching the upwelling region at 9°S and 12°S. 

3. Observational Data 

3.1. CARS 

Climatological data from the CSIRO Atlas of Regional Seas (CARS2009; Ridgway et 

al. [2002]) was also used to evaluate the seasonal variations of temperature, salinity, oxygen 

and nitrate at the surface and at specific subsurface depths over the entire model domain. 

CARS2009 presents a horizontal resolution of 0.5°x0.5° and 79-vertical levels. This 

product was assembled using the following main data sources: World Ocean Database 2005 

(WOD05), CSIRO data, Argo floats, WOCE Global Hydrographic Program, TAO/TRITON 

data (buoys) and other smaller datasets available up to 2008.  

3.2. Sea surface temperature 

Two different gridded SST products were used: 
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The 'Reynolds' daily SST product [Reynolds et al., 2007], also known as Optimal 

Interpolation Sea Surface Temperature (OISST), has a horizontal resolution of 0.25°x0.25° (~ 

25 km). It combines infrared satellite data and in situ measurements (e.g. ships and buoys), and 

is a 'level 4' gridded product. The Optimal interpolation statistical method is used to fill the 

missing values due to the presence of clouds. In the present study, we used the monthly values 

during the period September 1981-December 2008. 

The Pathfinder SST product is a monthly SST satellite data from Pathfinder at ~ 4 km 

resolution [Casey et al., 2010] over the period January 1984 – December 2008. These SST 

products from satellite data were used to evaluate the SST from the model.  

3.3. Sea level anomalies (SLA) 

Gridded satellite altimetry data from AVISO (www.aviso.oceanobs.com) at 1/3° of 

horizontal resolution was used. This product merges along-track sea level data and merges them 

into a single gridded product. The SLA fields were then interpolated onto the model grid for 

comparison purposes. The available data spans from January 1993 to December 2008 (every 5 

days). Geostrophic current anomalies were also computed using AVISO data.  

3.4. Surface chlorophyll 

Monthly mean chlorophyll satellite data from SeaWIFS [O´Reilly et al., 1998] at ~ 9 

km resolution (1/12°) from September 1997 to December 2008 were used to evaluate the 

modelled surface chlorophyll concentration.    

3.5. IMARPE in situ observations 

Surface and subsurface in situ data from IMARPE surveys was used to validate the 

modelled temperature, chlorophyll-a, nitrate and oxygen. The data was collected between 1960 

and 2008. Temperature came from Conductivity-Temperature Depth (CTD) and Ocean Station 

Data (OSD) using reverse thermometers. The chlorophyll-a and nitrate concentrations were 

measured using the standard fluorometric procedure from Holm-Hansen et al. [1965] and the 

spectrophotometric method described in Strickland and Parsons [1972], respectively. Dissolved 

oxygen from Nansen and Niskin bottles was determined by the Winkler method [Carrit and 

Carpenter, 1966].  

Most of the data was collected between 0 and 100 m within 200 km to the coast (see 

Figures in Appendix). Oxygen was the variable with the larger number of observations (~ 706 
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000 points), while temperature and nitrate presented ~ 442 000 and ~ 270 000 samples 

respectively in surface and subsurface (Table 4). At the surface, Chl-a was sampled ~ 20 000 

times during the study period (Table 5). The season with more observations (for all variables) 

was spring.      

 

Table 4. Number of IMARPE observations with respect to depth and season for temperature, 

nitrate and oxygen. 

IMARPE data was gridded horizontally at the same resolution as the ROMS grid (1/6°) 

and vertically (each 10 meters) for each month. Every month, between 1960 and 2008, extreme 

values were filtered out (in log scale for chlorophyll) before gridding by removing values higher 

than twice the standard deviation in each spatial bin. In the bins with less than three 

observations, all values were taken in account to compute the monthly mean. 

In order to evaluate the variability of temperature, nitrate and oxygen in the water 

column, we computed some regional indices: the depth of the 15°C isotherm (ZT15, a proxy of 

the thermocline depth), the depth of a subsurface nitrate isoline (16 µmol kg-1, ZNO3, a proxy 

of the nutricline depth) and the depth of a subsurface dissolved oxygen isoline (22 µmol L-1, 

ZO2, a proxy of the oxycline depth close to the coast). To compute ZT15, ZNO3 and ZO2, the 

IMARPE profiles of temperature, nitrate and oxygen respectively were linearly interpolated on 

a vertical grid with a 1 m resolution (Fig. 7). 

Temp. NO3 Oxygen Temp. NO3 Oxygen Temp. NO3 Oxygen Temp. NO3 Oxygen

0 15612 5386 15015 13431 5646 11419 25687 5877 13344 18904 7103 14691

<0 - 100] 33077 25727 71619 37883 31601 65182 41493 22584 62079 48070 29923 74589

<100 - 200] 18307 15080 43985 18510 17610 37509 24086 11539 37539 30855 17360 45950

<200 -300] 12696 11321 32402 12051 12318 25815 18073 8551 28988 25050 14084 35650

<300 - 400] 2960 2502 6984 3086 3095 6718 4709 1362 6998 6911 2764 8894

<400 - 500] 2416 2062 6039 2626 2125 5677 3614 811 5610 6128 1847 7524

<500 - 1000] 2055 1588 8273 2521 1777 8312 3465 758 8036 8263 1198 11742

Summer Autumn Fall Spring

Depth (m)
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Figure 7. IMARPE typical interpolated profiles of (a) temperature, (b) nitrate and (c) oxygen, 

localized close to the coast. In each subplot, the black point indicates the depth selected to 

compute the ZT15, ZNO3 and ZO2. 

Approximately 13000, 17000 and 7000 vertical profiles of temperature, oxygen and 

nitrate were used to compute ZT15, ZNO3 and ZO2 respectively, from 1960 and 2008. More 

data are available during fall-spring, spring-summer and autumn for ZT15, ZNO3, and ZO2 

respectively (Table 5). 

 

Table 5. Number of IMARPE sampled points by season for surface Chl-a, ZT15, ZNO3 and 

ZO2. 

 

Variable Summer Autumn Fall Spring TOTAL

Chl-a (0 m) 4866 4476 4758 5364 19464

Thermocline 2254 2396 4151 4174 12975

Oxycline 4416 3666 3846 4832 16760

Nutricline 1647 2155 1514 1986 7302
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4. Computation of Trends 

In chapter 5 we computed and analyzed the trends of the main physical and 

biogeochemical variables. The trend of a given variable was computed by obtaining the linear 

relationship between the time and the variable, as follows: 

𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 ~ 𝑎 +  𝑏 ∗ 𝑡𝑖𝑚𝑒 

“a” represents the intercept and “b” is the slope in the linear relationship. This slope 

represents the trend of the analyzed variable. The R software was used to compute the linear 

relationship and its statistical significance (the function “lm” from the R package “stats”  was 

used to calculate the coefficients  by the least square method). The trend was obtained just for 

the times series that present more than 50% of data during the respective analyzed period i .e. 

from 1979 to 2008, there is 360 months, therefore only  time series with more than 180 points 

were used to compute  trends.  

 In order to obtain the statistical significance of the trend (b), we used two criteria:  

c) When spatial trends were computed (a trend for each grid point), due to  computational 

power limitations and the long processing time, we used the function “anova” to 

evaluate the statistical significance of “b” in every pixel. In this function, F-test is used 

to evaluate if the parameter “b” is different to zero (significant). 90 % of confidence 

level was taken in account to consider the trend was statistically significative. 

Confidence intervals were not computed for each pixel.       

d) When the trend of a single time serie was computed, we used the bootstrap method to 

compute its significance. With this method, the time serie was first subsampled 1000 

times, using the  “boot” function in R program, creating  1000 timeseries, which contain 

the positions in time of the samples. 1000 replicates seem to be enough to compute the 

confidence intervals. Then “b” was computed for each subsampled time series, 

producing a histogram. Last, the trend is supposed to be statistically significative if the 

0 value is beyond the quantiles 5% (for positive trend, e.g. Fig. 8a) and 95% (for 

negative trend)  (Fig. 8). 
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Figure 8. Times series of surface Chl-a (a and c) and histograms of their trend values (b and d). 

Red lines represent the quantiles 0.05 and 0.95 (90% of confidence level) in (b) and (d). In 

panel (a), the time series holds 19 observations (in a total of 27 years), and the histogram (b) 

does not include the 0 value, hence a significant positive trend. In the bottom panels, the time 

series (c) has more observations (26 out of 27 years) but the histogram of trends (d) includes 

the 0 value. The trend is hence non significative.  
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5. Appendix 

 

Figure S1. Sampled point of SST from IMARPE by season between 1958 and 2008.  

 

Figure S2. Sampled point of surface Chl-a from IMARPE by season between 1958 and 2008. 

 

Figure S3. Sampled point of surface NO3 from IMARPE by season between 1958 and 2008. 
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Figure S4. Sampled point of surface O2 from IMARPE by season between 1958 and 2008. 

 

Figure S5. Sampled point of isotherm of 15°C (thermocline) from IMARPE by season 

between 1958 and 2008. 

 

Figure S6. Sampled point of isoline of 16 µmol L-1 (nutricline) from IMARPE by season 

between 1958 and 2008. 
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Figure S7. Sampled point of the isoline of 22 µmol kg-1 (oxycline) from IMARPE by season 

between 1958 and 2008. 
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Summary 

The Peruvian Coastal Upwelling System (PCUS) is dramatically impacted at 

interannual time scales by El Niño (EN) and La Niña (LN) events. During EN, the sea surface 

temperature (SST) strongly increases, ventilated and nutrient-depleted waters are found near 

the coast, along with a surface chlorophyll (Chl) decrease. During LN, negative SST anomalies 

and a slightly higher phytoplankton and anchovy biomass are observed. The main objective to 

this chapter is to investigate the involved mechanisms in the decrease of productivity during 

EN events. For this purpose, the hydrodynamics-biogeochemical ROMS-PISCES coupled 

model was run for the period 1958-2008, which includes several EN events and in particular 

the extreme 1972/1973, 1982/1983 and 1997/1998 events.  

The model was able to reproduce the main characteristics of different EN events: the 

SST and Sea Surface Height (SSH) increase, and the Chl and nutrient decrease off Peru. The 

wind-driven upwelling intensifies, but is partly compensated by an onshore geostrophic flow 

associated with an alongshore sea-level gradient. The compensating current is intense in winter 

and spring, and weaker or nonexistent in summer. The nitrate and iron contents of the upwelling 

source waters (SW) strongly decrease while their depths are little modified in the upwelling 

region. Besides, the SW properties in the equatorial region away from the coasts (88°W) do not 

change during neutral, EN moderate and LN period, while during extreme EN events their 

nutrient content is lower (20%) probably because of the longer duration of the events (~ 16 

months).  

The passage of a strong downwelling coastal trapped wave (CTW) increases the SSH 

and the SST, while it deepens the isotherm and nutricline. It triggers strong negative surface 

Chl anomalies, mainly during summer. Slightly enhanced light limitation in summer and 

nutrient (nitrate) limitation in winter are found during EN with respect to neutral periods. The 

nutrient limitation increase is due to the nitrate vertical flux decrease in winter, while it is 

compensated by the upwelling increase in summer. The light limitation increase in summer can 

be related to the mixed-layer deepening.  

During EN, mesoscale turbulence is stronger, which plays a significant role in nutrient 

offshore transport and subduction. The nitrate vertical eddy flux, with respect to the mean 

vertical nutrient flux, increases during EN and is estimated in our simulation to be twice as large 

as during normal years. However, the magnitude of the nitrate vertical eddy flux could be 

underestimated due to the relatively low horizontal resolution of our model. 
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Last, the impact of EN events depends of their intensity. Extreme EN affect the structure 

of the water column and the Chl surface concentration more than moderate events. Weaker 

changes are found during LN. In these periods, the chlorophyll slightly increases due to an 

enhanced upwelling and slightly nutrient-richer source waters. 

There results have been published in a research paper in Journal of Geophysical 

Research Ocean in 2017. The paper is included below. 
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Figures S1 to S5 

Introduction  

This supporting information provides figures in order to support the validation of the model 

used in the study: Fig.S1 shows the validation of the seasonal variation of the surface 

chlorophyll of the model with respect to satellite and in situ data. Besides, the comparison 

between Chl anomalies from the model and SeaIWFS during EN 1997-98 is shown;  

Fig.S2 shows the Coastal Trapped Wave (CTW) sea level signal during two extreme El Niño 

in order to demonstrate that the alongshore propagations reproduced by the model result from 

Equatorial Kelvin Waves reaching the South American coasts and triggering CTWs. 

Fig.S3 shows the increase of the mixed layer depth (MLD) during EN, which plays an important 

role in the light limitation. Note that the MLD mainly increases during summer – winter.  

Fig.S4 displays results from a different model simulation (RPOrca), in particular the nitrate 

content and phytoplankton growth limitation terms during EN. The simulation RPOrca has 

reduced subsurface nitrate concentrations than the one (RPSoda) presented in the manuscript. 

RPOrca has a negative nutrient bias of ~ -5 µmol.l-1 with respect to our simulation. It reproduced 

the decrease of nitrate concentration during in the same proportion as RPSoda. The same 

seasonality for nutrient and light limitation are found during EN, but enhanced nitrate limitation 

is observed in summer, in contrast with RPSoda (Fig. 15a).    

RPOrca had the same atmospheric forcing as RPSoda. Monthly outputs from an ORCA2-

PISCES ocean global model (L.Bopp, pers. comm.) from 1958-2008 were used for both 

physical and biogeochemical interannual boundary conditions. ORCA2 had a spatial resolution 
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of 2° and 30-vertical levels. Its atmospheric forcing is constructed from various data sets (e.g., 

NCEP/NCAR for wind stress), see Aumont et al. [2015] for details.  

Fig.S5 shows the Eddy Kinetic Energy during El Niño and neutral periods with respect to 

observational altimetry data from AVISO.      

 

 
 

Figure S1. Monthly climatological Chl from IMARPE (blue lines), SeaWIFS (green lines) and 

model (black lines) in the coastal region. Error bars represent standard deviation associated with 

interannual variability. Mean Chl anomalies (in mg.m-3) from model and SeaWIFS during the 

second peak of EN 1997-98 (Nov-Dec 1997) (b). In (b) isolines of -0.2 and -1 mg.m-3 are 

plotted.  
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Figure S2.  Hovmoller of longitude (top panel) and latitude (bottom panel) vs time for model 

sea level anomalies (cm) during the 1982-83 (a) and 1997-98 (b) EN events.  Sea level was 

averaged between 0.5°N and 0.5°S in the top panels and between the coast and 100 km in the 

bottom panels. Sea level is filtered in time (60 days moving average) and space (100 km moving 

average). 

 

 

 
 

Figure S3.  Seasonal cycle (a) and interannual time series of low-pass filtered anomalies (b) of 

mixed layer depth during neutral (thick line) and EN periods (dashed line). MLD is averaged 

between 6°S to 16°S and 100 km from the coast. Shadow boxes represent EN periods. 
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Figure S4.  Annual mean of nitrate profile for RPOrca (red lines) and studied simulation (black 

lines) during EN (dashed lines) and neutral period (thick lines). In (a), to compute the profile 

we averaged the nitrate concentration between 6°S-16°S and from 200 km to the coast. Monthly 

climatology of diatoms growth limiting factors (b) during EN (dashed line) and neutral period 

(thick line) from RPOrca simulation. Light limitation is marked in red; nutrient in black. Values 

are averaged from the mixed layer to surface and in a coastal band (same criterion in Fig.15 in 

the main text). Values close to 1 indicate low limitation.  
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Figure S5. Mean eddy kinetic energy (cm2.s-2) during neutral (top panel) and EN periods 

(bottom panel) for AVISO data (left side) and model (right side). The 1993-2008 period is taken 

in account for the analysis.  
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IMPACTS OF EL NIÑO ON THE OXYGEN 
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Summary 

The OMZ of the Tropical South Eastern Pacific is one of the most intense OMZ of the 

open ocean. At interannual time scales, the OMZ is mainly affected by El Niño (EN) and La 

Niña (LN). During EN, coastal-trapped waves (CTWs) propagate poleward and impact the 

vertical structure of physical and biogeochemical variables along the coasts of Peru. The water 

column becomes more oxygenated during EN and a deeper oxycline is observed, while during 

LN a shallower oxycline is described. The main goal of this chapter is to study the physical and 

biogeochemical processes involved in the OMZ variability during EN and LN phases. The 

hydrodynamics-biogeochemical ROMS-PISCES coupled model was run for the period 1958-

2008 in order to simulate the OMZ variability. The model reproduces well the variability of the 

oxycline depth, however within the OMZ the model underestimates the observed concentration.  

The passage of a downwelling and upwelling CTW during EN and LN trigger a 

deepening and shoaling of the oxycline, respectively. A high correlation is found between the 

depth of the isotherm and the oxycline in the nearshore region (~ 0.8), and drops offshore and 

south of 18°S, where the OMZ vanishes. 

The equatorial source waters (SW) are mainly transported eastward by the secondary 

Tsuchiya jet and the EUC during LN and EN, respectively, before reaching the Peru coast. 

During EN the SW are more oxygenated as they originate from the north of the OMZ and transit 

faster to the coastal region than during LN. 

Regarding the vertical eddy flux, it decreases during EN, while during LN it is not 

affected. The horizontal eddy flux tends to inject oxygen into the OMZ at its boundaries (mainly 

at the southern one). During EN, this horizontal eddy flux strongly increasesdue to the eddy 

activity increase, intensifying eddy-driven horizontal ventilation. However, during LN, it is not 

modified. 

  Remineralization is the main process consuming oxygen in the water column, followed 

by zooplankton respiration and nitrification. Nearshore, negative and positive anomalies 

predominate during LN and EN respectively, while ~ 30 km offshore and above 15 m, opposite 

sign patterns are found. Indeed, dissolved oxygen (DO) changes during LN and EN are 

influenced not only by physical processes but also by changes in DO production related to 

primary productivity changes above the upper limit of the OMZ, between 0 and ~ 20 m. The 

nearshore DO changes induces an oxygen increase (decrease) consumption by remineralization 

and respiration during EN (LN). Nitrification is enhanced at depth (50 – 150 m) due to DO 

availability during EN. 
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Sensitivity experiments performed to evaluate the influence of the equatorial remote 

(e.g. CTWs) and local forcing (e.g. wind), demonstrate that the equatorial remote forcing is the  

main driver of changes in the ZO2 and OMZ core during both EN and LN. During LN, the local 

wind fluctuations play a minor role, slightly increasing the ventilation of the surface layer and 

biological production of oxygen due to more upwelling and vertical mixing. During EN, the 

effect of the wind variability is slightly stronger: coastal upwelling is enhanced due to the 

alongshore wind increase associated to the SST warming, which partly compensates the ZO2 

deepening driven by the downwelling CTWs.  

There results have been submitted in a research paper in Frontiers in Marine Sciences 

in 2018, it is currently under revision (with very minor corrections asked by the reviewers and 

the editor). The paper is included below. 
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Oxygen variability during ENSO in the Tropical South Eastern Pacific  

 

Dante Espinoza-Morriberón1,2*, Vincent Echevin2, Francois Colas2, Jorge Tam1, Dimitri 

Gutiérrez1,3, Michelle Graco1,3, Jesús Ledesma1, Carlos Quispe-Ccalluari1 

 

1Instituto del Mar del Peru (IMARPE), Esquina general Gamarra y Valle, Callao, Perú. 

2Laboratoire d'Océanographie et de Climatologie: Expérimentation et Analyse Numérique 

(LOCEAN), Institut Pierre-Simon Laplace (IPSL), IRD/CNRS/UPMC/MNHN, 4 Place 

Jussieu, Case 100, 75252, Paris, France. 

3Laboratorio de Ciencias del Mar, Universidad Peruana Cayetano Heredia, Lima, Perú. 

Corresponding Author: despinoza@imarpe.gob.pe 

Abstract 

The Oxygen Minimum Zone (OMZ) of the Tropical South Eastern Pacific (TSEP) is one of the 

most intensely deoxygenated water masses of the global ocean. It is strongly affected at 

interannual time scales by El Niño (EN) and La Niña (LN) due to its proximity to the equatorial 

Pacific. In this work, the physical and biogeochemical processes associated with the subsurface 

oxygen variability during EN and LN in the period 1958 – 2008 were studied using a regional 

coupled physical-biogeochemical model and in situ observations. The passage of intense 

remotely forced coastal trapped waves caused a strong deepening (shoaling) of the OMZ upper 

limit during EN (LN). A close correlation between the OMZ upper limit and thermocline depths 

was found close to the coast, highlighting the role of physical processes. The subsurface waters 

over the shelf and slope off central Peru had different origins depending on ENSO conditions. 

Offshore of the upwelling region (near 88°W), negative and positive oxygen subsurface 

anomalies were caused by Equatorial zonal circulation changes during LN and EN, 

respectively. The altered properties were then transported to the shelf and slope (above 200 m) 

by the Peru-Chile undercurrent. The source of nearshore oxygenated waters was located at 3°S 

– 4°S during neutral periods, further north (1°S – 1°N) during EN and further south (4°S – 5°S) 

during LN. The offshore deeper (< 200 – 300 m) OMZ was ventilated by waters originating 

from ~ 8°S during EN and LN. Enhanced mesoscale variability during EN also impacted OMZ 

ventilation through horizontal and vertical eddy fluxes. The vertical eddy flux decreased due to 

the reduced vertical gradient of oxygen in the surface layer, whereas horizontal eddy fluxes 

injected more oxygen into the OMZ through its meridional boundaries. In subsurface layers, 
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remineralization of organic matter, the main biogeochemical sink of oxygen, was higher during 

EN than during LN due to oxygenation of the surface layer and in spite of a reduced primary 

production. Sensitivity experiments highlighted the larger impact of equatorial remote forcing 

with respect to local wind forcing during EN and LN. 

1. Introduction 

Oxygen Minimum Zones (OMZ) are large water bodies of the open ocean with low 

concentrations of dissolved oxygen (DO < 22 µmol kg-1) at subsurface depths (~ 50 – 900 m; 

Levin, 2003; Kartensen et al., 2008). Low DO has a strong impact on the nitrogen cycle: a 

significant portion (35%) of the nitrogen loss in the global ocean occurs in these regions (Devol 

et al., 2006) due to denitrification and anammox (Babbin et al., 2014). The oxycline, which 

separates the well-mixed surface waters with the low-oxygenated subsurface waters, also 

impacts marine life by limiting the habitat of several species in the water column (Gutiérrez et 

al., 2008; Diáz and Rosenberg, 2008; Bertrand et al., 2011). These features, along with the 

recently observed increase of their vertical extent (Stramma et al., 2008, 2010; Ito and Deutsch, 

2013; Schmidtko et al., 2017; Breitburg et al., 2018) have made OMZ studies an oceanographic 

hot topic in the recent decades.     

The OMZ of the Tropical South Eastern Pacific (TSEP; Fig. 1) is one of the most intense OMZ 

of the open ocean (Paulmier and Ruiz–Pino, 2009; Fuenzalida et al., 2009; Ulloa and Pantoja, 

2009; Graco et al., in press). DO concentrations in its core can be lower than 5 µmol kg-1 or 

totally depleted (e.g. Czeschel et al., 2015; Thomsen et al., 2016). Off Peru the OMZ extends 

vertically between ~ 50-100 and 600-700 m depth on average (Helly and Levin, 2002; 

Fuenzalida et al., 2009), being deeper offshore (Kartensen et al., 2008). Near the coast, the 

oxycline is found at 20 – 50 m water depth (Graco et al., 2007; Gutiérrez et al., 2008; Fuenzalida 

et al., 2009).  

Complex physical and biogeochemical processes are involved in the TSEP OMZ formation and 

maintenance. Vertical mixing between the shallow, oxygenated, surface mixed layer and 

subsurface OMZ waters is reduced due to the relatively weak alongshore winds. A sharp 

permanent pycnocline also mitigates vertical mixing and prevents local ventilation of 

subsurface waters (Fielder and Talley, 2006). Furthermore, it is located in the poorly ventilated 

“shadow zone” of the Subtropical South Eastern Pacific, out of reach of the ventilated water 

masses pathways which subduct in the thermocline (Luyten et al., 1983). Indeed, the residence 

time of OMZ waters can be very long: water masses may recirculate within the OMZ during 
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more than a year (e.g. ~ 15 months at 8°S, Czeschel et al., 2011). On other hand, as it is 

relatively close to the equatorial region, the northwestern boundary of the OMZ is ventilated 

by the equatorial current system and is sensitive to its variability. In particular, equatorial 

subsurface undercurrents (SSCCs) or Tsuchiya jets (Tsuchiya, 1975) transport relatively DO-

rich waters eastward (Montes et al., 2014). The nearshore OMZ is then ventilated by the 

poleward Peru-Chile Undercurrent (PCUC), which connects the offshore equatorial region to 

the Peruvian coastal upwelling system (PCUS) (Zuta and Guillén, 1970; Codispoti et al., 1989; 

Chaigneau et al. 2013). The PCUC is recognized as the main source of the upwelling waters 

(Huyer et al., 1991). It is mainly fueled by the primary (2°S – 6°S, pSSCC) and secondary (6°S 

– 10°S, sSSCC) subsurface undercurrents (Montes et al., 2010), and to a much lesser extent by 

the Equatorial Undercurrent (2°N – 2°S, EUC; Wyrtki, 1967).  

The very high PCUS productivity also impacts the OMZ. The large amount of organic matter 

(OM) eventually sinks into the OMZ, and oxygen is consumed by microbial respiration during 

OM remineralization (e.g. Paulmier et al., 2006; Cavan et al., 2017). Overall, the temporal 

variability of the OMZ extension is assumed to be mainly driven by physical processes (e.g. Xu 

et al., 2015), but its maintenance is due to the oxygen respiration (Paulmier et al., 2006).  

The OMZ is variable over a wide range of temporal and spatial scales. At seasonal time scales, 

its variability is related to the local wind forcing, remineralization and mesoscale circulation 

(eddies and filaments; Vergara et al., 2016; Thomsen et al., 2016). At interannual time scales, 

the OMZ is mainly affected by the warm (El Niño, EN) and cold (La Niña, LN) phases of the 

El Niño Southern Oscillation (ENSO). During EN, intraseasonal Equatorial Kelvin Waves 

(IEKW) are generated by wind anomalies in the Equatorial Pacific region (e.g. Kessler et al., 

1995). They propagate eastward and reach the western coasts of America. There, they trigger 

coastal trapped waves (CTWs) which propagate poleward and impact the vertical structure of 

physical and biogeochemical variables alongshore off Peru (Gutiérrez et al, 2008; Echevin et 

al., 2014; Graco et al. 2017) and Chile (Ulloa et al., 2001). The water column thus becomes 

oxygenated during EN and a deeper oxycline (> 100m) is observed (Gutiérrez et al., 2008, 

2016), while during LN (e.g. 1999–2000), a shallower oxycline is described (Graco et al., 2007, 

2017). These DO changes are strongly linked with the physical variability, as both the 

thermocline and oxycline are displaced vertically during the passage of downwelling (warm) 

and upwelling (cold) CTWs (Echevin et al., 2014; Graco et al., 2017).  

Besides, the DO content of the PCUC could also be modified during ENSO. As it is fed mainly 

by the pSSCC and the EUC during LN and by the sSSCC during EN (Montes et al., 2011), 

variability in DO concentrations in the equatorial region could impact differently the ventilation 
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of the OMZ. 

Few modelling works have described the OMZ variability at interannual time scales. Using a 

regional model, Mogollón and Calil (2017) simulated the impact of the strong 1997–98 EN and 

1999–2000 LN events on the OMZ. They found a deepening (~ 150 m) of the OMZ during 

1997–1998 EN respect to neutral condition, while a shallower OMZ (~ 50 m) was observed 

during LN in the main coastal upwelling centers of the PCUS. Using a global model, Yang et 

al. (2017) found that the denitrifying SETP OMZ core volume expanded during LN (e.g. ~ + 

35 % in 1999–2000 LN) and shrinked during EN (e.g. ~ – 75 % in 1982–1983/1997–1998 EN). 

Note that in these recent works, few in situ oxygen measurements were used to validate the 

simulations during ENSO. 

In the present work, we make use of a unique interannual DO in situ data set and of a regional 

physical-biogeochemical coupled model to study the physical and biogeochemical processes 

involved in the OMZ variability during EN and LN phases. Unlike previous studies, we 

simulated a large number of ENSO events from 1958 to 2008, which allows a comparison of 

the impact of extreme and moderate events. After carefully evaluating the model with in situ 

data, we used the model to investigate the role of the CTWs, the impact of the equatorial 

circulation and the ventilating eddy fluxes due to the variable mesoscale activity during EN and 

LN events. Finally, we performed sensitivity experiments forced by contrasted atmospheric and 

open boundary forcing to investigate the impact of the local (e.g. wind and heat fluxes) and 

remote forcing (e.g. coastal waves) on the DO changes during EN and LN.          

2. Material and Methods 

2.1. The ROMS-PISCES coupled physical-biogeochemical model  

The Regional Oceanic Modeling System model (Shchepetkin and McWilliams, 2005) was used 

to simulate the ocean dynamics. The ROMS-AGRIF code (version 3.1) was used (Penven et al. 

2006). ROMS resolves the Primitive Equations, based on the Boussinesq approximation and 

hydrostatic vertical momentum balance (Shchepetkin and McWilliams, 1998). ROMS is 

coupled to the Pelagic Interaction Scheme for Carbon and Ecosystem Studies (PISCES) 

biogeochemical model to simulate the marine biological productivity and the biogeochemical 

cycles of carbon and main nutrients (P, N, Si, Fe; Aumont et al., 2015) as well as DO (e.g. 

Resplandy et al., 2012). PISCES has three non-living compartments which are the semi-labile 

dissolved organic matter, small sinking particles and large sinking particles, and four living 

compartments represented by two size classes of phytoplankton (nanophytoplankton and 
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diatoms) and two size classes of zooplankton (microzooplankton and mesozooplankton).  

This coupled model has been used to study the climatological (Echevin et al., 2008; Albert et 

al., 2010), intraseasonal (Echevin et al., 2014) and interannual (Espinoza-Morriberón et al., 

2017) variability of the surface productivity in the PCUS.    

2.1.1. The Oxygen cycle in the PISCES model 

The oxygen evolution in PISCES is computed taking into account the dynamical transport, 

biogeochemical processes (sources and sinks) and air-sea fluxes, as follows: 

 

𝜕𝑡𝑂2 = −𝑢𝐻 . ∇𝐻𝑂2   − 𝑤.∇𝐻𝑂2   +
𝜕𝐾𝑧𝜕𝑂2
𝜕𝑧2⏟                      

𝐷𝑦𝑛𝑎𝑚𝑖𝑐𝑎𝑙  𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡

 + (
𝜕𝑂2
𝜕𝑡
)
𝐵𝑖𝑜⏟      

𝐵𝑖𝑜𝑔𝑒𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑠

+ 𝐽𝑓𝑙𝑢𝑥⏟
𝑎𝑖𝑟−𝑜𝑐𝑒𝑎𝑛 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒

 

  

𝑢𝐻 and 𝑤 represent the horizontal (zonal and meridional) and vertical currents, 

respectively. 𝐾𝑧  represents the vertical diffusivity. The last term on the right hand side 

represents the air-sea oxygen flux, which depend on the partial pressure air-sea difference, 

solubility and velocity transfer of oxygen. The atmospheric oxygen concentration is constant 

throughout the simulation.  

Besides, the biogeochemical processes which produce and consume oxygen are parametrized 

as follows (see also Resplandy et al., 2012): 

 

(
𝜕𝑂2
𝜕𝑡
)
𝐵𝑖𝑜
=  𝑅𝑂 𝐶⁄

1 . (𝜇𝑛ℎ4
𝑃 𝑃 +  𝜇𝑛ℎ4

𝐷 𝐷)⏟          
𝑁𝑒𝑤 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

+ (𝑅𝑂 𝐶⁄
1 + 𝑅𝑂 𝐶⁄

2 ). (𝜇𝑛𝑜3
𝑃 𝑃 + 𝜇𝑛o3

𝐷 𝐷)⏟          
𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

 

                                  − 𝑅𝑂 𝐶⁄
1 . (𝜆𝐷𝑂𝐶

∗ (1 − ∆(𝑂2))𝐷𝑂𝐶 + 𝐺
𝑍𝑍 + 𝐺𝑀𝑀)⏟                          

𝑅𝑒𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛

−𝑅𝑂 𝐶⁄
2 . 𝑁𝑖𝑡⏟

𝑁𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

    

 

Diatoms (D) and nanophytoplankton (P) produce oxygen during photosynthesis through new 

and regenerated production. The corresponding production rates are 𝜇𝑛ℎ4 and 𝜇𝑛𝑜3 . Oxygen 

consumption is due to remineralization of Dissolved Organic Carbon (DOC), respiration of 

mesozooplankton (𝐺𝑍𝑍) and microzooplankton (𝐺𝑀𝑀), and nitrification. 𝜆𝐷𝑂𝐶
∗  represents the 

remineralization rate. ∆(𝑂2) varies between 0 (in oxic conditions) and 1 (anoxia), mimicking 

the suppression of remineralization in anoxic conditions. 𝑅𝑂 𝐶⁄
1  (131/122) represents the change 

in oxygen relative to carbon when ammonium is converted to organic matter during new 

production and when DOC is being respired. 𝑅𝑂 𝐶⁄
2  (32/122) represents the change in oxygen 
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relative to carbon during nitrification (Nit). More detail about the model structure and 

parameterizations can be found in Aumont et al. (2015).         

2.1.2. Model configuration  

The model domain spanned from 15°N to 40°S and from 100°W to 70°W (Fig. 1). Due to the 

extension of the model area and computational requirements, the horizontal resolution of the 

grid was 1/6° (~ 18 km). It allowed to reproduce mesoscale structures off Peru owing to the 

proximity of the region to the equator (see section 4.2). The bottom topography from ETOPO2 

(Smith and Sandwell, 1997) was used, and the vertical grid had 32 sigma levels.  

 

 
Figure 1. Modelled Velocity current (arrows, in m s-1) and DO mean (color scale, µmol kg-1) 

between 200 – 300 m depth during December 1997 – March 1998. The black box marks the 

studied area.  

 

Open boundary conditions (OBC) for physical variables came from an interannual SODA 

model solution (version 2.1.6; Carton and Giese, 2008) over the period 1958-2008. As an 

interannual global simulation of the biogeochemical conditions was not available during the 
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period of study (1958-2008), climatological OBC from CARS2009 climatology (Ridgway et 

al., 2002) were used for nutrients (nitrate, silicate, phosphate) and oxygen and from World 

Ocean Atlas climatology (WOA2005; Conkright et al., 2002) for DOC, dissolved inorganic 

carbon and total alkalinity. As a gridded climatology of iron measurements does not exist, iron 

OBC from a climatology of a NEMO-PISCES global simulation were used (Aumont et al., 

2015).  

Wind stress, fresh water, sensible and latent heat fluxes were computed using the bulk 

parameterization of Liu et al. (1979). The surface wind fields were obtained by summing 

statistically-downscaled NCEP daily wind anomalies (Goubanova et al., 2010) and the SCOW 

monthly climatology (Risien and Chelton, 2008). NCEP daily anomalies and COADS monthly 

climatology (Da Silva et al., 1994) were summed to obtain surface air parameters. 

Climatologies of short (COADS) and downward long wave (NCEP) heat fluxes were used. The 

forcing characteristics of the different simulations are listed in Table 1.  

 

Simulations REMOTE 

FORCING 

ATMOSPHERIC FORCING 

  Physical 

Boundary 

Condition 

Biogeochemical 

Boundary 

Condition 

Winds 

Velocity 

Surface Air 

Temperature 

Relative 

Humidity 

Precipitation 

Rate 

Short and Long 

Wave 

Radiation 

                

CR inter clim inter inter inter inter clim 

Wclim inter clim clim clim clim clim clim 

Kclim clim clim inter inter inter inter clim 

 

Table 1. Characteristics of the model simulations. The Control Run (CR) uses interannual 

forcings over 1958–2008. Wclim simulation used climatological atmospheric forcing and 

interannual remote oceanic forcing. Kclim simulation used interannual atmospheric forcing and 

climatological remote oceanic forcing. Both runs were run over 1979–2008. 

2.2. Model Experiments 

The interannual simulation which is mainly described and studied in the following sections is 

named the control run (CR) and covers the period 1958–2008. It was forced by interannual 

atmospheric forcing and boundary conditions. The circulation, productivity and nutrient fluxes 

during ENSO were evaluated in Espinoza-Morriberón et al. (2017).  

Two additional simulations were performed and analyzed (Table 1): 
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- The Wclim simulation, forced by interannual OBC and monthly climatological atmospheric 

forcing, was used to evaluate the role of the oceanic remote forcing, e.g. equatorial subsurface 

currents, equatorial Kelvin waves and coastal trapped waves.   

- The Kclim simulation, forced by monthly climatological OBC and interannual atmospheric 

forcing, allowed to study the role of the wind forcing. 

Due to computational requirements Kclim and Wclim were run from 1979 to 2008, a period 

which included two extreme EN events (1982–1983/1997–1998) and one strong LN event 

(1999–2000). 5 day-averaged outputs were stored for each simulation. 

2.3. Lagrangian Analysis 

The ROMS-offline tracking module (Capet et al., 2004) was used to calculate the trajectories 

of virtual floats simulating water parcels. The floats trajectories were computed using the 5-day 

averaged velocity fields. Oxygen concentration were registered along the trajectories. In order 

to describe the source waters (SW) characteristics reaching the nearshore OMZ, 2000 floats 

were released over the shelf and slope, between the surface and 350 m depth within ~ 150 km 

from the coast on the first day of each month of spring (October, November, December), during 

each LN and EN events and during neutral periods.  The floats were released from a zonal 

section at 9°S, but other sections (e.g. 12°S) were tested. The floats were then tracked 

backwards in time during two years. The floats reaching the so-called offshore equatorial region 

(defined by a meridional section at 88°W, 2°N – 10°S) were used to compute statistics. The 

characteristics of these waters (DO concentration and depth in the equatorial region, duration 

of the transit from the equatorial section to the cross-shore coastal section (at 9°S) were mapped 

onto the cross-shore section where the water parcels were released (see section 3.2.2).      

2.4. Eddy fluxes 

The oxygen vertical eddy flux was computed as 𝑤 ′.𝑂2
′̅̅ ̅̅ ̅̅ ̅̅ = 𝑤. 𝑂2̅̅ ̅̅ ̅̅ ̅ − 〈𝑤〉. 〈𝑂2〉̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅, where w and O2 

are the 5 day-averaged vertical velocity and oxygen concentration, respectively. 〈. 〉 denotes a 

moving filter with a 60 days’ window. The mean profiles of oxygen mean vertical flux and 

eddy vertical flux were obtained by averaging values horizontally (horizontal averaging is 

marked by an overbar) in an offshore box (between 100 and 500 km from the coast and between 

6°S and 16°S). We chose to average profiles in an offshore box in order to discard the effect of 

nearshore upwelling and downwelling velocities associated with the CTWs and to retain the 

role of eddies and filaments. 

The meridional (𝑣 ′. 𝑂2
′ ) and zonal (𝑢′. 𝑂2

′ ) eddy oxygen fluxes were computed using the same 
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time filter. Maps of the intensity and direction of the horizontal eddy fluxes 

(√(𝑢′. 𝑂2
′)2 + (𝑣 ′. 𝑂2

′)2) at 100 m and 400 m during neutral, LN and EN events are described 

in section 3.2.3.   

2.5. ENSO index 

ENSO phases are defined when the 3-month-running mean SST anomaly in the 'Niño1+2' 

region (0 – 10°S, 90°W – 80°W) is higher or less than +/- 0.5 °C for at least five consecutive 

months for EN and LN, respectively (as in Espinoza-Morriberón et al., 2017). The ERSST.v4 

SST product of Huang et al. (2015) was used. Neutral periods correspond to non-EN and non-

LN periods. For EN events, if the SST anomalies are greater than + 1.6 °C during at least three 

months the event is categorized as “extreme”, otherwise it is a “moderate” EN (see Table in 

Suppl. Material). The correlation between the Niño1+2 index computed from the model SST 

and observations was 0.9, thus the majority of EN and LN events were represented by the 

model.  

2.6. Oxygen in situ observations  

Approximately ~ 20 000 DO vertical profiles collected by the Peruvian Marine Institute 

(IMARPE) between 1960 and 2008 (Bertrand et al., 2011; Ledesma et al., 2011) were used to 

evaluate the modelled OMZ. DO was determined by the Winkler method (Carrit and Carpenter, 

1966). Observations (Nansen and Niskin bottles) were collected during surveys and at fixed 

stations along the coast. The data was gridded at the same resolution as the model (1/6°). 

Composite alongshore-averaged cross-shore sections for neutral and ENSO phases between 6°S 

and 16°S and 100 km from the coast (hereafter coastal region) were computed.  

The depth of the upper limit of the OMZ (i.e. where DO is equal to 22 µmol kg-1) was computed 

from each IMARPE profile (linearly interpolated on a vertical grid with a 1 meter resolution). 

These values were then averaged horizontally in the coastal region to produce an index (ZO2) 

characterizing oxygenation in the nearshore region. 

In addition, CARS2009 DO observations (Ridgway et al., 2002) were used to evaluate the 

spatial distribution of the simulated oxygen over the entire model domain. The CARS 1/2° 

gridded data was interpolated onto the 1/6° model grid. 
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3. Results 

3.1. Evaluation of the modelled OMZ 

3.1.1. Mean state 

The mean modelled and observed OMZ are shown in Figure 2. ZO2 presented a marked cross-

shore gradient, with shallower depths (< 25 m) near the coast than offshore (~ 100 m at 100 km 

from the coast off the central shelf), likely associated with coastal upwelling. The nearshore 

ZO2 was deeper in the model (~ 50 – 70 m between 6°S and 14°S), than in the observations (~ 

30 m in IMARPE and ~ 50 m in CARS). The shoaling of ZO2 towards the coast (~ 50 m depth) 

was also observed between 14°S – 16°S by Graco et al. (2007). ZO2 reached 150 m depth at 

86°W between 6°S and 14°S (Fig. 2 a–c), highlighting the offshore deepening and westward 

extent of the OMZ. 

Figures 2d, e display a meridional section of the OMZ at 86°W, more than 1500 km east of the 

model western boundary. The modelled and observed OMZ boundaries were rather similar 

between 6°S – 14°S. Although ZO2 was relatively similar in the model and CARS observations, 

the maximum OMZ thickness (found near 8°S – 10°S at 86°W) was larger in the model than 

CARS due to the OMZ deeper (by ~ 100 m) lower limit in the model. In the core of the OMZ 

between 8°S – 11°S and 200 – 500 m depth, modelled DO concentrations were lower than 5 

µmol kg-1, lower than CARS (~ 10 µmol kg-1), but in agreement with previous observations 

(Kartensen et al., 2008). Between 2°S and 2°N the modelled OMZ vanished, while a thin (~ 

100 m) OMZ remained between 300 and 450 m depth in CARS, pointing to a likely 

overestimation of the modelled oxygen westward flux driven by the equatorial currents.    
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Figure 2. Annual ZO2 mean (in meters) from IMARPE (a), CARS (b) and model (c). 

Meridional section (86°W) of the annual DO mean (in µmol kg-1) from CARS (d) and model 

(e). Annual means were computed over 1958-2008 using the model and IMARPE data.    

3.1.2. Interannual Variability 

Due to the relative scarcity of in situ data, it was impossible to compute cross-shore sections of 

DO at distinct latitudes, therefore we present alongshore-averaged cross-shore sections between 

6°S and 16°S (see section 2.6) representative of averaged DO conditions near the Peru shelf 

and slope (e.g. Espinoza-Morriberón et al., 2017). The model and data sections are shown for 

neutral, EN and LN phases (Fig. 3). Near-surface slanted isolines of oxygen were evidenced in 

the model and IMARPE sections during neutral, EN and LN events, indicating the occurrence 

of coastal upwelling during each phase (Figs. 3a–c, f–h). During neutral periods, between the 

coast and 200 km offshore, the observed ZO2 was located at ~ 180 m depth and the modelled 

ZO2 at ~ 150 m depth (Figs. 3a, f). In contrast, during EN (LN) a deeper (slightly shallower) 

ZO2 was observed in the model (Figs. 3b, c). These features were well reproduced by the model 

(Figs. 3g–h). The main differences between model and observations were found in the OMZ 

core and near its lower limit. In the model, DO values less than 5 µmol kg-1 were observed in 

the OMZ core (between 300 – 450 m depth) during neutral and LN periods. During EN, the 

thickness of lowest DO (< 5 µmol kg-1) layer was reduced, a result also found in another 

modelling study (Yang et al., 2017). In contrast, the observations presented a slightly more 
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oxygenated core than in the model during neutral (~ 8 µmol kg-1), EN (~ 15 µmol kg-1) and LN 

(~ 12 µmol kg-1) periods. Moreover, the modelled OMZ lower limit was deeper than that of the 

observed OMZ, in particular during LN (Fig. 3c–h). During EN, both observations and model 

presented a thinner OMZ than during neutral periods, owing to a deepening of its upper limit 

and a shoaling of its lower limit. In contrast, the model was not able to simulate the observed 

OMZ thinning during LN. Indeed, the modelled OMZ was thicker during LN with respect to 

neutral conditions due to little change of its lower limit, whereas the shoaling of the lower limit 

was strong in the observations.     

In terms of magnitude, the DO changes in the surface layer (0 – 150m) during ENSO phases 

were qualitatively reproduced by the model. The highest DO anomalies were observed between 

10 m and 150 m (Figs. 3d–i) both in the model (+ 40 µmol kg-1) and in observations (+ 25 µmol 

kg-1) during EN. During LN, negative anomalies of similar amplitude in the model and 

observations (~ – 10 µmol kg-1; Fig. 3e, j) were found in the same layer between the coast and 

150 km offshore.  

 

 
 

Figure 3. DO (in µmol kg-1) alongshore-averaged (6°S – 16°S) vertical sections during neutral, 

EN and LN periods, from IMARPE data (a–c) and model output (f–h). DO anomaly 

alongshore–averaged vertical sections (6°S – 16°S) for EN and LN periods from IMARPE (d–

e) and model output (i–j).    

 

Interannual variations of the nearshore modelled and observed ZO2 were highly correlated over 

50 years (0.72, p < 0.05, Fig. 4). During each EN event, ZO2 increased strongly. The maximum 

ZO2 (~ 300 m) was attained during the peak of the extreme 1982–83 EN for model and 

observations. During neutral periods, the observed and modelled ZO2 were ~ 120 m depth on 
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average. No significant differences between LN and neutral periods were found in the model 

and in the observations time series. In conclusion, in spite of the discrepancies in DO 

concentration within the OMZ (Figs. 3–5), the model represented realistically the oxygen 

changes during ENSO phases. 

 

 
 

Figure 4. ZO2 time series (in meters). Data was averaged each semester for IMARPE (blue 

line) and model output (black line) in a coastal box (6°S – 16°S and 100 km from the coast). 

Error bars represent the standard deviation from IMARPE data. Black bars (at the bottom of 

the figure) represent the coverage ratio (number of sampled points/ total number of points). The 

modelled ZO2 was computed using the same sampling as IMARPE observations (gaps mean 

there is no data). Gray and blue shading represent EN and LN period respectively.   

3.2. Physical drivers of OMZ variability during ENSO 

3.2.1. Coastal Trapped Waves 

 The impacts of the downwelling and upwelling CTWs during an extreme EN (1997–1998) and 

a strong LN (1999–2000) are highlighted in Figure 5. During the 1997–1998 EN the poleward 

propagation of two downwelling CTWs was evidenced on the Sea Surface Height (SSH) signal, 

which showed positive anomalies. The thermocline depth (defined by the position of the 15°C 

isotherm, Z15) deepened during the first (~ + 80 m) and second (~ + 150 m) peak (Fig. 5a, b; 

Espinoza-Morriberón et al., 2017). The slightly tilted isolines indicate poleward propagation of 

the signals. ZO2 deepened strongly during EN (Fig. 5c). The deepest anomalies (+ 200 m) were 

observed during the second peak of the event. 

During the strong 1999–2000 LN, two strong upwelling IEKW crossed the Central Pacific 
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provoking the shoaling of the 20°C isotherm (figure not shown). They triggered two CTWs 

which impacted the alongshore SSH, thermocline depth (ZT15) and ZO2 during the summer –

autumn of 1999 and 2000 (Fig. 5d–f), with magnitudes weaker than those of the EN 

downwelling CTWs. The SSH anomalies presented negative values (Fig. 5 d) and a shallower 

ZT15 was observed, associated with negative anomalies of ~ 50 m north of 6°S, and ~ 30 – 40 

m between 10°S – 15°S (Fig. 5e). A shoaling ZO2 was also observed during the passage of both 

upwelling CTWs. Negative anomalies of ~ 45 m were found between 8°S – 14°S during the 

passage of the CTW (Fig. 5f). Note that the upwelling CTW during LN occurred during the 

same season (summer) in 1999 and 2000. 

 

 
 

Figure 5. Hovmoller (latitude vs time) of modelled SSH anomalies (a, d, in cm), ZT15 

anomalies (b, e, in meters) and ZO2 anomalies (c, f, in meters) during EN 1997-98 (top) and 

LN 1999 (bottom) events. Model values were averaged within 100 km to the coast. All variables 

were filtered in time (60 days moving average) and space (100 km alongshore). Empty data in 

(b, c, e, f) means that ZT15 and ZO2 were not detected.  

 

The strong relationship between the variability of ZT15 and ZO2 is well known locally at 

specific coastal sites off Peru (e.g. 12°S, Gutiérrez et al., 2008; Graco et al., 2017), but also in 

other regions where CTWs play an important role, e.g. Vallivattathillam et al. (2017) for the 

western coast of India. These authors mentioned that the effects of biogeochemical  processes 

(e.g. remineralization and respiration) and of vertical mixing were smaller than those due to 
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advection (e.g. CTW). This strong relationship is highlighted in Figure 6a, which shows the 

spatial pattern of correlation between ZT15 and ZO2 monthly anomalies over the entire PCUS. 

The correlation was highest (~ 0.8) nearshore (between the coast and 50 km offshore) and 

dropped offshore and south of 18°S, where the OMZ vanishes. The high correlation pattern 

extended westward until 350 km offshore along 10°S. North of 10°S, the correlation decreased 

due to a ZO2 deepening larger than that of ZT15. Figures 6b–c show cross-shore sections of 

the correlation between ZO2 and ZT15 and the depth difference at 7°S and further south, at 

10°S. The ZO2 was shallower at 10°S than at lower latitudes (Figs. 2b, c) as it was less impacted 

by the oxygen-rich waters transported eastward by the EUC and SSCCs. At 7°S (Fig. 6b), the 

OMZ was more impacted by ENSO (Mogollón and Calil, 2017) and by the eastward SSCCs 

transporting oxygen-rich waters (Montes et al., 2014), leading to the increasing distance 

between ZO2 and ZT15 and correlation decrease west of 81°W. Note that the correlation was 

very high along the coasts of Colombia and Central America. This indicates that the nearshore 

interannual variability of ZO2 in the northern hemisphere is also controlled by the shoaling and 

deepening of isotherms during the poleward propagation of CTWs. 

 
 

Figure 6. Spatial correlation between modelled ZT15 and ZO2 monthly anomalies in the period 

1958-2008 (a). Mean absolute difference (|ZT15–ZO2|, black line, in meters) and correlation 

(red line) between ZO2 and Z15, from the coast to 95°W, at 7°S (b) and 10°S (c).  
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3.2.2. Changes in the origin of the shelf and slope waters during ENSO  

A modification of the pathways of equatorial water masses (hereafter source waters, SW) 

reaching the PCUS during ENSO phases was first evidenced by Montes et al. (2011). Given the 

offshore DO meridional gradients (Figs. 2d, e), this could have consequences on the OMZ 

ventilation. In this section, we characterize the properties of the offshore (88°W) waters that 

reached the Peruvian shelf and slope (at 9°S) during EN and LN. Note that modifying the 

latitude of the cross-shore section (e.g. 12°S) did not modify substantially the results presented 

below.  

Expectedly, the DO nearshore section displayed a deeper and shallower ZO2 during EN and 

LN, respectively (Figs. 7a, f, k, p). The equatorial SW were impacted during ENSO phases. 

During neutral periods the SW DO concentration was ~ 60 µmol kg-1 in average (Fig. 7g), while 

SW were slightly less oxygenated (~ 40 µmol kg-1) during LN (Fig. 7b). In contrast, SW were 

more oxygenated (~ 80 to 120 µmol kg-1) during EN depending on the intensity of the events 

(Figs. 7l, q).   

The changes in offshore oxygen content were related to changes in the location of the SW, 

associated with the modified SSCCs fluxes during ENSO (Montes et al., 2011). Within 100 km 

from the coast, during neutral periods, the SW originated from 3.5°S – 4°S (Fig. 7h) and 110 – 

140 m depth (Fig. 7j). SW were then transported towards the coast for ~ 12 months (Fig. 7i). 

During LN, SW were located south of 4.5 °S (Fig. 7c) and at greater depths (~ 160 – 180 m; 

Fig. 7e), thus were less oxygenated (Fig. 7b). Moreover, they were older since it took them 

more time (~ 15 months; Fig. 7d) to reach the coastal section. This longer transit may partly 

explain the nearshore oxygen deficit during LN due to microbial respiration in the transported 

water mass. In contrast, during EN, the SW were initially closer to the equator (3°S – 1°S; Figs. 

7m, r), shallower (~ 100 – 120 m depth; Figs. 7o, t) and thus more oxygenated (Figs. 7l, q) than 

during LN and neutral periods. The SW transit time to the coastal region was much shorter (5 

– 10 months; Figs. 7n, s). Note that a fast pathway (~ 2 – 4 months) from the equatorial regions 

to the coastal range was also found by Montes et al. (2011) for the 2002–2003 EN. In agreement 

with these results, our model simulated a fast (~ 6 months) and a slow (~ 12 months) pathway 

during EN 2002–2003 and LN 1999–2000 respectively (Figure not shown).     
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Figure 7. DO cross-shore section (9°S) during LN (a), Neutral (f), moderate (k) and extreme 

(p) EN. Equatorial (from 88°W) SW properties: DO concentration (b, g, l, q), latitude (c, h, m, 

r), travel time from 88°W to 9°S (d, i, n, s) and depth (e, j, o, t) during LN, Neutral, moderate 

and extreme EN periods. The properties were derived from floats released during spring of the 

ENSO phases. The PCUC (pink line) and ZO2 (black line) also are presented.  

3.2.3. Eddy oxygen fluxes      

The TSEP OMZ is embedded in a region of intense mesoscale activity (Chaigneau et al., 2008) 

due to the presence of unstable boundary currents (Echevin et al, 2011; Colas et al. 2012). These 

eddies generate horizontal (e.g. Vergara et al, 2016) and vertical eddy fluxes which impact the 

OMZ structure.  As eddy activity is enhanced during ENSO (Chaigneau et al, 2008; Espinoza-

Morriberón et al, 2017), we investigate the impact of EN and LN events on the oxygen vertical 

and horizontal fluxes. 

The mean oxygen vertical flux (〈𝑤〉. 〈𝑂2〉̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) presented positive values with a peak at ~ 40 m depth 

(Fig. 8a). As the input of oxygen due to the mean flux is equal to - ∂z(〈𝑤〉. 〈𝑂2〉), it adds oxygen 

above ~ 40 m (mainly due to the decrease of mean vertical velocity near the surface, Fig. 8d) 

and takes out oxygen in the subsurface layer between 40 m and 150 m depth (due to the 

upwelling of less-oxygenated deep water from the OMZ core, Fig. 8c). At the maximum flux 

depth (~ 40 m), the mean fluxes did not present strong differences (~ 0.3 µmol m-2 s-1) between 
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neutral and LN periods, while a decrease was observed (~ 0.24 µmol m-2 s-1, ~ 20 % reduction) 

during EN. This flux reduction was partly driven by the reduction of the vertical velocity (Fig. 

8d), which counteracted the impact of the subsurface oxygen increase (Fig. 8c). Note that the 

modelled vertical velocity decrease (~ 40 % at 50 m depth, Fig. 8d) cannot be fully attributed 

to a decreased Ekman pumping during EN (e.g. Halpern, 2002, Chamorro et al., 2018, for the 

1997–1998 EN), as it was only ~ 5 % in our simulation (Figure not shown).  

The vertical eddy flux also presented positive values with a maximum at ~ 60 m depth (Fig. 

8b), which corresponds to the depth of maximum oxygen vertical gradient (∂zO2) (Fig. 8c). In 

the stratified interior, mesoscale eddy fluxes tend to flatten the tilted upper thermocline (Colas 

et al. 2013) and hence the oxycline. Consequently, the vertical eddy flux brings oxygen into the 

layer above ~ 60 m, while below it acts as an oxygen sink and reinforces the OMZ. As for the 

mean flux, weak differences were found between neutral and LN (~ 0.2 10-1 µmol m-2 s-1 at 60 

m depth), while an important decrease during EN (~ 0.06 10-1 µmol m-2 s-1, ~ 70 % decrease) 

can be seen between 50 m and 70 m depth. This was likely due to a reduction of the oxygen 

mean vertical gradient during EN (Fig. 8c). As a consequence, the vertical gradient of the 

vertical eddy flux (-∂z(𝑤 ′𝑂2
′)) was also much weaker during EN than during LN and neutral 

periods. This highlights the much weaker role of the eddies as sink/source of oxygen 

below/above the oxycline during EN periods. At depths greater than 100 m, the vertical eddy 

flux reached values close to zero during neutral and LN periods, whereas slightly positive 

values (~ 0.02 10-1 µmol m-2 s-1) were found during EN.  
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Figure 8. Vertical profile of DO mean vertical flux (a, in µmol O2 m-2 s-1) and DO eddy vertical 

flux (b, in µmol O2 m-2 s-1), DO concentration (c, in µmol O2 kg-1) and vertical velocity (d, in 

m day-1) for Neutral (black line), LN (blue line), EN periods (red line). Profiles were computed 

in an oceanic band between 100 – 500 km from the coast and 6°S – 14°S. In (c) dashed gray 

line represents the depth of the OMZ upper limit (22 µmol O2 kg-1).  

 

The horizontal eddy fluxes play an important role in structuring the OMZ lateral extent (Vergara 

et al., 2016). Figure 9 shows the horizontal oxygen eddy fluxes at 100 m and 400 m during 

ENSO phases and neutral periods. Intense eddy fluxes are found in the vicinity of the OMZ 

boundaries, mainly along the southern limit of the OMZ at 100m depth and in the equatorial 

region (4°N – 4°S) at 400 m depth. It is well-known that eddy tracer fluxes are downgradient 

(and pronounced) when there is a strong sink in the tracer distribution (e.g. Wilson and 

Williams, 2006). Hence this is logically the case at the lateral boundaries of the OMZ, especially 

at its southern limit where the horizontal gradient of DO is intense at 100 m depth. Eddy 

advection tends to inject oxygen into the OMZ, and it is more intense at shallower depths. 

During EN, the horizontal oxygen eddy fluxes increased almost by a factor of 3 in comparison 

with neutral periods, at 100 m depth along the OMZ southern boundary and alongshore (~ 5°S 

– 18° S) from the coast to 200 km offshore (Fig. 9c). This indicates that eddy fluxes contributed 
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to oxygenate the coastal region. At 400 m, fluxes were much weaker than at 100 m but also 

enhanced during EN periods (+ ~ 40%), both at the southern and the northern limits of the OMZ 

and along the northern shelf (Fig. 9f). Eddy fluxes were quite similar during LN and neutral 

periods. Overall, the OMZ ventilation at its lateral boundaries by mesoscale eddy advection 

increased during EN, whereas ventilation due to vertical eddy fluxes reduced. 

 

 
 

Figure 9. Intensity (colors) and direction (arrows) of the horizontal eddy fluxes 

(√(𝑢′. 𝑂2
′)2 + (𝑣 ′. 𝑂2

′)2) at 100 m (top) and 400 m (bottom) averaged during LN (a, d), Neutral 

(b, e) and EN (c, f) events. 

3.3. Biologeochemical drivers of O2 changes during ENSO 

The OMZ changes due to biogeochemical processses is investigated. The vertical profiles of 

biogeochemical source and sinks of oxygen (see Eq. 2 in section 2.1.1) were averaged 

horizontally within 200 km to the coast (Figure 10). Most of the modelled biogeochemical 

processes related to the oxygen cycle take place in the near-surface layers and impact the OMZ 

indirectly through subduction of oxygen-enriched/depleted waters into the oxycline (e.g. 

Thomsen et al., 2016). The annual mean profiles of DO production and consumption had an 

exponential decrease with depth, with the exception of nitrification. The new and regenerated 

production (through photosynthesis) provided oxygen to the upper ocean above the ZO2 (~ 100 
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m depth). Remineralization was the main process consuming oxygen in surface and subsurface 

water, above 300 m. Microzooplankton respiration consumed oxygen above the upper limit of 

the OMZ, while mesozooplankton respiration was also found at depth. Oxygen consumption 

by nitrification peaked at 30 m in oxygen-repleted waters, as it is inhibited by light (Yoshioka 

and Saijo, 1984) near the surface (0 – 10 m depth). Nitrification decreased in the subsurface 

layer due to oxygen limitation (see Eq. 2 in section 2.1.1). Within the OMZ (below 120 m 

depth), only oxygen consumption was observed (due to remineralization, mesozooplankton 

respiration and nitrification).  

 

 
 

Figure 10. Mean vertical profiles of the DO biogeochemical sources and sinks (in 10-3 µmol O2 

m-3 s-1): new (cyan line) and regenerated (magenta line) production, remineralization (black 

line), respiration by microzooplankton (blue line) and microzooplankton (green line), and 

nitrification (red line). The profiles were computed from 6°S – 16°S and with 200 km from the 

coast. Negative and positive values indicate DO consumption and production respectively. 

 

The impacts of EN and LN on the oxygen sources and sinks were diagnosed in the surface layer 

(above 100 m depth) and within ~60 km from the coast (Fig. 11). Note that the sinks (i.e. 

negative terms in Eq. 1, section 2.1.1) are shown here with a positive sign, meaning that positive 

(resp. negative) sink anomalies (e.g. Fig. 11c–f, i–l) indicate an increase in oxygen 

consumption. 

During LN, a positive anomaly (> 2 10-3 µmol m-3 s-1) produced by the increase in new and 
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regenerated production was found in a very thin surface layer (above ~ 10 m) and ~ 20 km 

offshore. In contrast, just below (10 – 80 m depth) and nearshore (within 20 km from the coast), 

new and regenerated production were weaker by ~ – 0.45 10-3 µmol m-3 s-1 and ~ – 0.8 10-3 

µmol m-3 s-1 respectively (Fig. 11a, b). This is due to the thinner mixed layer during LN, in 

which primary production was confined (Espinoza-Morriberón et al., 2017).  

During EN, the nutricline depth increased and photosynthesis decreased in the surface layer 

(Espinoza-Morriberon et al., 2017), producing less oxygen (< – 6.5 10-3 µmol m-3 s-1), while 

new (~ + 0.46 10-3 µmol m-3 s-1) and regenerated (~ + 0.73 10-3 µmol m-3 s-1) productions were 

enhanced in the subsurface layer between 10 and 80 m depth nearshore and within 60 km from 

the coast (Figs. 11 g, h).  

During ENSO phases, oxygen consumption was also strongly modified during ENSO (e.g. 

Yang et al., 2017) with anomalies of DOC remineralization and zooplankton respiration 

presenting marked cross-shore patterns. Nearshore, negative and positive anomalies 

predominated during LN and EN respectively, while ~ 30 km offshore and above 15 m, opposite 

sign patterns were found. Nitrification anomalies presented a pronounced vertical gradient. 

Below ~ 30 m depth, the nitrification decreased and increased during LN and EN respectively, 

due to the presence/absence of oxygen.  

During LN, remineralization, mesozooplankton and microzooplanton respiration within ~ 20 

km from the coast were characterized by negative anomalies of – 0.29 10-3 µmol m-3 s-1, – 0.28 

10-3 µmol m-3 s-1 and – 0.16 10-3 µmol m-3 s-1 respectively (Figs. 11c–e), likely due to the 

stronger offshore advection of properties. A deficit of nitrification (– 0.13 10-3 µmol m-3 s-1) 

was found above the shelf (20 – 60 m; Fig. 11f), due to the ZO2 shoaling and decrease of DO.  

In contrast, remineralization decreased in a thin surface layer (0 – ~ 10 m) but strongly increased 

below, down to 100 m depth during EN, due to the production decrease (increase) in the (sub-

) surface layer. Positive anomalies of + 1.6 10-3 µmol m-3 s-1 were found nearshore (within ~ 80 

km from the coast and between 10 – 80 m, Fig. 11i). Expectedly, meso and microzooplankton 

respiration reduced in a thin surface layer and increased at depth above the shelf, producing 

positive anomalies of + 0.55 10-3 µmol m-3 s-1   and + 0.31 10-3 µmol m-3 s-1, respectively, 

between 10 – 80 m and from 0 to 80 km to the coast (Figs. 11j, k). Last, nitrification was less 

intense between the surface and 40 m depth and increased near the bottom over the shelf (+ 

0.21 10-3 µmol m-3 s-1 between 40 – 100 m and 0 – 80 km from the coast; Fig. 11l). Nitrification, 

which was switched off in this depth range during neutral and LN conditions due to the lack of 

oxygen, took place during EN as shelf waters became oxygenated. 
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Figure 11. Alongshore-averaged vertical sections of DO sources (by new and regenerated production) and sinks (remineralization, respiration by 

zooplankton and nitrification) (in 10-3 µmol O2 m-3 s-1) during LN (top) and EN (bottom) periods. The sign of the sink terms has been changed to 

positive. DO anomalies (black lines) and the isoline of 22 µmol O2 kg-1 (red lines) are presented.     
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In summary, DO changes during LN and EN were influenced not only by physical processes 

but also by changes in DO production related to primary productivity changes above the upper 

limit of the OMZ, between 0 and ~ 20 m. The nearshore DO changes induced an increased 

(decrease) oxygen consumption by remineralization and respiration during EN (LN). 

Nitrification was enhanced at depth (50 – 150 m) due to DO availability during EN. The 

relationship between the oxygen consumption and DO availability was also evidenced offshore 

(86°W) using in situ data during the 2009 LN (Llanillo et al., 2013). The authors found an 

increase of the oxygen consumption by respiration and remineralization within the OMZ due 

to the presence of the oxygen-rich Antarctic Intermediate Waters (AAIW).  

3.4. Impact of the remote and local forcing during ENSO  

Sensitivity experiments (see section 2.2 and Table 1) were performed to investigate the impact 

of remote (Kclim) and local forcing (Wclim) on the OMZ during ENSO. Figure 12 shows the 

oxygen changes (in %), in Kclim and Wclim with respect to CR, in an alongshore- averaged 

(between 6°S – 16°S) cross-shore section (see also Fig. 3).  

During LN, the oxygen content increased slightly (~ 10 %, + 10 µmol kg-1) in Kclim with 

respect to CR in the surface layer (between 0 – 50 m depth and within 200 km from the coast, 

Fig. 12a). In this experiment, the ZO2 shoaling forced by the LN upwelling CTW was absent. 

In contrast, a moderate DO decrease (10 – 20 %, – 2 µmol kg-1) was found below the upper 

limit of the OMZ. There, the absence of remotely-forced deep coastal waves (e.g. Pietri et al., 

2014) may have reduced the equatorward transport of the oxygenated AAIW, which ventilates 

the deep OMZ between ~ 150 – 350 m and 6°S – 14°S during LN respect to EN (e.g. LN 2009; 

Llanillo et al., 2013). When the interannual wind variability is suppressed (Wclim), a moderate 

oxygen decrease (~ 3 %, ~ – 8 µmol kg-1) was found above the ZO2 (Fig. 12 b). This may be 

related to a reduction of vertical mixing between the surface and subsurface layers induced by 

the much less intense wind variability in Wclim. Besides, primary production was also reduced 

with respect to CR, thus less oxygen was produced by photosynthesis above 30 m within 200 

km to the coast. Below the ZO2, the DO concentration increased offshore by 10% (~ + 2 µmol 

kg-1). This is possibly related to the reduced offshore Ekman pumping during LN (~ + 20 %) in 

Wclim, which transports less oxygen-poor waters upward than in CR.     

During EN, a strong DO reduction was found over the entire water column in Kclim. It was 

strongest between 90 m and 150 m depth, where DO was ~ 60 % (~ – 55 µmol kg-1) lower than 

in CR (Fig. 12c). As expected, the absence of downwelling CTWs in KCLIM prevented 

deepening events of the OMZ upper limit and maintained low DO concentrations at depth. In 
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contrast, more oxygen was found (12 %, + 10 µmol kg-1) in Wclim than in CR between 40 – 

130 m depth and 50 – 250 km offshore (Fig. 12d). This relatively weak subsurface oxygen 

increase can be explained as follows: as the alongshore wind increases during EN (see Fig. 9 in 

Espinoza-Morriberon et al., 2017; Enfield, 1981; Chamorro et al., 2018), the coastal upwelling 

intensifies. This partly compensates the ZO2 deepening, bringing deep oxygen-poor waters in 

this depth range. As the EN enhanced wind-driven upwelling was absent in Wclim, the ZO2 

was deeper and DO higher than in the CR.  

 
 

Figure 12. Alongshore-averaged vertical sections of DO concentration change (in %) for Kclim 

(a, c) and Wclim (b, d) with respect to CR, during LN (top) and EN (bottom). Black isolines 

mark DO concentration during LN (a, b) and EN (c, d) in the CR simulation. Note the different 

scale for Kclim and Wclim due to the stronger DO changes in Kclim.  

 

In conclusion, the equatorial remote forcing was the main driver of changes in the ZO2 and 

OMZ core during both EN and LN. The local wind fluctuations played a minor role, slightly 

increasing the ventilation of the surface layer and biological production of oxygen due to more 

upwelling and vertical mixing during LN. During EN, the effect of the wind variability was 

slightly stronger: coastal upwelling was enhanced due to the alongshore wind increase 

associated to the SST warming (Chamorro et al., 2018), which partly compensated the ZO2 

deepening driven by the downwelling CTWs. 
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4. Discussion 

4.1. Bias of the modelled OMZ 

The interannual variability of the main physical parameters, surface productivity and nutrients 

simulated by our model were validated in Espinoza-Morriberón et al. (2017).  The model 

reproduced well the changes of SSH, temperature, nutrients and chlorophyll-a (Chl) in surface 

and subsurface waters during both EN and LN phases. Here, we show that the model reproduced 

deoxygenation and oxygenation during LN and EN respectively, in agreement with previous 

studies based on in situ data analysis (Graco et al., 2007; Gutiérrez et al., 2008; Graco et al., 

2017). Nevertheless, some discrepancies were observed. First, between 2°N and 2°S, 

observational data evidenced a thin and coastal OMZ (e.g. Kartensen et al., 2008; Czeschel et 

al., 2015; Llanillo et al., 2018), that is not reproduced by our simulation. This may be due to 

the intense EUC simulated by the SODA model (used as the physical OBC forcing in our 

simulation) which ventilates the equatorial region (Montes et al., 2014). Off Peru, overly low 

DO (< 5 µmol kg-1) was found within the modelled OMZ core (Figs. 2, 3). This bias with respect 

to the CARS climatology and IMARPE observations could be partly due to the numerical 

artefacts during the construction of the 3D fields and/or to the inclusion of records from old 

instruments which were not sufficiently accurate at low DO values (Bianchi et al., 2012). 

Underestimation of OMZ volumes slightly more oxygenated than the core was also reported 

i.e. Fuenzalida et al. (2009). Blending vertical high-resolution CTDO profiles with quality-

controlled bottle casts from WOD01, Fuenzalida et al. (2009) found that the extent of hypoxic 

areas (< 60 µmol kg-1) in the TSEP was underestimated in global databases such as WOA01. 

Note that the more recent WOA 2013 DO climatology (Garcia et al., 2013) did not display 

lower values than CARS (Figure not shown), so for that reason we chose the latter.  

Crude parameterization of the oxygen cycle in the PISCES model, due to the fixed-in-time 

values of biogeochemical parameters (e.g. remineralization rate of DOC and nitrification rate) 

throughout the interannual simulation may also impact the modelled OMZ. For example, the 

remineralization rate of DOC only takes into account a proxy of bacterial concentration and 

DOC concentration in PISCES (Aumont et al., 2015), even though temperature changes (which 

are particularly strong during EN) impact the bacterial metabolic rates involved in the oxygen 

cycle (López–Urrutia et al., 2016), an effect seldom included in biogeochemical models 

(Segschneider and Bendtsen, 2013). Note also that previous regional models of the OMZ using 

the nitrogen-based BioEBUS model (Gutknecht et al. 2013) also produced a more intense OMZ 

than the observations (Montes et al. 2014; Vergara et al. 2016; Mogollón and Calil 2017). 
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Last, we cannot exclude the possibility that our boundary forcing (SODA) may have partly 

induced the very low OMZ concentrations simulated by our model. Indeed, Montes et al. (2014) 

showed that using different sets of physical OBCs, which differed in the SSCCs vertical 

structure intensity, could modify the shape and intensity of the OMZ.  

4.2. Impact of eastward fluxes from the equatorial region 

The equatorial circulation was impacted during ENSO, which modified the eastward oxygen 

fluxes in the equatorial region offshore of the PCUS. To illustrate it, the intensity of the zonal 

currents (EUC, pSSCC and sSSCC) and associated oxygen fluxes at 88°W between 50 m and 

200 m were computed (Table 2). The EUC was weaker during EN and LN than during neutral 

conditions. Stramma et al. (2016) also found a strong weakening of the EUC velocity during 

the onset (October) of the 2015–2016 EN. In contrast, the SSCCs intensity increased during EN 

with respect to LN and neutral conditions. These results are in line with Montes et al. (2011), 

who simulated the circulation during the moderate 2002–2003 EN and 1999–2000 LN. Even 

though stronger SSCCs were observed during EN, the nearshore water column (e.g. at 9°S, Fig. 

7) was mainly fed by waters initially transported by the EUC. The water masses transit time 

from 88°W to the nearshore region ranged from ~ 15 months during LN to ~ 6 months during 

EN (Montes et al., 2011; Espinoza-Morriberón et al., 2017). This shows that not all particles 

released in the equatorial zone reached the nearshore regions during the same ENSO phase. In 

the equatorial region, in our simulation, the oxygen fluxes variability is driven by the equatorial 

currents variability, and not by oxygen variability as oxygen western boundary conditions are 

climatological. Thus, the oxygen fluxes from the SSCCs and the EUC were less intense during 

LN than during EN (an exception is the EUC flux during moderate EN; see Table 2).  During 

EN, enhanced SSCCs oxygen contributed to reduce the OMZ volume and displace its offshore 

boundaries eastward (Montes et al., 2014). 
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  Oxygen zonal flux at 88°W ( 104 µmol m-2 s -1) Zonal current at 88°W ( cm s -1) 

La Nina Neutral El Nino 

(moderate) 

El Nino 

(extreme) 

La Nina Neutral El Nino 

(moderate) 

El Nino 

(extreme) 

                  

EUC 5.80 7.59 4.59 6.61 5.80 7.48 4.20 5.43 

pSSCC 2.34 2.65 4.08 3.99 2.94 3.21 3.87 3.74 

sSSCC 0.58 0.89 1.48 2.22 1.55 2.10 2.17 2.00 

 

Table 2. DO mean zonal fluxes (in 104 µmol m-2 s-1) and intensity of the zonal currents (in cm 

s-1) from the EUC, pSSCC and sSSCC during LN, Neutral and, moderate and extreme EN 

periods. The EUC, pSSCC and sSSCC DO and velocity were averaged between 2°N – 2°S, 2°S 

– 6°S and 6°S – 10°S respectively and from 50 m to 200 m depth at 88°W.  

4.3. Ventilation by eddy fluxes 

Horizontal eddy fluxes also play an important role near the OMZ boundaries where strong 

oxygen horizontal gradients are found. In a recent modelling study, Vergara et al (2016), 

showed that horizontal eddy fluxes through the OMZ coastal boundary attains its maximum in 

winter in association with a maximum seasonal Eddy Kinetic Energy (EKE). Similarly, the 

EKE increase during EN induces a large interannual horizontal eddy flux which ventilates the 

nearshore OMZ. The magnitude of this enhanced interannual ventilation by horizontal eddy 

fluxes could be underestimated due to the relatively low horizontal resolution (1/6°) of our 

model (e.g. Capet et al., 2008; Colas et al., 2012).  However, a resolution of 1/6° is considered 

eddy-resolving off Peru: due to its proximity to the equator, the typical length scale of 

mesoscale structures would be covered by ~ 10 grid points (Belmadani et al., 2012). Indeed, in 

spite of this caveat, our model represented correctly the spatial and interannual variability of 

the EKE (Espinoza-Morriberón et al., 2017). Nevertheless, a more complete modeling study 

with an increased spatial resolution would be needed to better understand and quantify the role 

of submesoscale variability on the OMZ (Thomsen et al., 2016).  

4.4. Impact of ENSO Diversity 

It is important to mention that our analysis did not take into account the diversity of EN events. 

Indeed, a Central-Pacific (CP) EN (Modoki; e.g., Takahashi et al., 2011) is likely to impact the 

OMZ differently than a canonical Eastern Pacific (EP) EN. CP EN events are frequently 
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associated to upwelling CTWs during fall and winter, in contrast with the more frequent 

downwelling CTWs observed during EP EN (Dewitte et al., 2012). Thus, during EN Modoki 

poor oxygen waters could be more present than during a canonical EN, due to a shoaling of the 

ZO2 triggered by the passage of the upwelling CTWs (e.g. Fig. 5f). Besides, in early 2017 a 

‘coastal El Niño’ occurred (Takahashi and Martínez, 2017; Garreaud et al., 2018), which also 

had a different impact on the DO. In fact, during canonical EN (e.g. 2015–2016 EN) a 

deepening of the ZO2 occurred, while during the summer of 2017 (Coastal EN) the impact was 

greater in the surface layer but the ZO2 stayed shallower (ENFEN, 2017). 

4.5. Biological Processes 

Remineralization is the major oxygen sink in the water column (Paulmier and Ruiz-Pino, 2009) 

and is mainly produced by bacterial respiration off Peru (Kalvelage et al., 2015). This is 

reproduced in our modelling results (Fig. 10). Furthermore, zooplankton respiration has been 

little studied in the PCUS in spite of its high oxygen demand in the water column. Global 

estimates of mesozooplankton respiration (in fraction of body carbon respired daily) indicated 

that it represents ~ 17 – 32 % of the photosynthetic carbon produced in the open ocean 

(Hernández-León and Ikeda, 2005; underestimated in previous works e.g. del Giorgo and 

Duarte, 2002). In our configuration, the zooplankton respiration represented ~ 33 % of the 

oxygen produced by photosynthesis (between 6°S – 16°S and 0 – 200 m depth), close to global 

estimates. High biomass of zooplankton has been found in the PCUS, showing that zooplankton 

can adapt to low-oxygen conditions at great depths (Ayón et al., 2008a; Ballón et al., 2011). 

This implies a high oxygen consumption at greater depths due to the mesozooplankton 

respiration, which is more tolerant to suboxic condition than microzooplankton (this is 

explicitly included in PISCES). However due to a lack of data, the zooplankton biomass in 

PISCES (see Fig. 14 in Espinoza-Morriberón et al., 2017) could not be evaluated, which is 

needed to estimate reliable respiration rates.  

Our model setting has also some limitations, as the nitrogen cycle is crudely parameterized in 

PISCES (Aumont et al., 2015). High concentrations of nitrous oxide (N2O), a potent greenhouse 

gas produced during nitrification (Codispoti and Christensen, 1985), have been observed off 

the Peruvian coasts (Kock et al., 2016), especially during pulses of oxygenation. Although not 

simulated by our model, production of nitrous oxide is likely to occur during EN due to 

enhanced nitrification in subsurface layers (Fig. 11l). Using the nitrogen-cycle-based ROMS-

BioEBUS coupled model, Mogollón and Calil (2017) found a decrease (80 %) of nitrificatio n 

between the peaks of 1997–1998 EN and 1999–2000 LN and production of nitrous oxide during 
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EN. In line with this study, our model simulated a nearshore nitrification decrease of ~ 60 % 

between EN and LN (within 20 km from the coast and between 20 and 80 m depth). 

Furthermore, under suboxic conditions (< 5 – 10 µmol kg-1), both anammox (Lam et al., 2009) 

and denitrification could produce N loss (Dalsgaard et al., 2012). The percentage of N loss 

contribution by both processes depends on ENSO phases. During 1997-98 EN, anammox and 

denitrification contribute to N loss of 40 % and 60 %, respectively, while during 1999–2000 

LN the contribution of anammox increase of 70 % (Mogollón and Calil, 2017). In PISCES, 

anammox is not included, which could explain the overestimation of nitrate in our simulation 

(see Fig. 3 in Espinoza-Morriberón et al., 2017).    

 In PISCES, denitrification occurred in regions of DO less than 6 µmol kg-1 (hereafter ODZ) 

and was simply parameterized using DOC and a remineralization rate (Aumont et al., 2015): 

𝐷𝑒𝑛𝑖𝑡 =  𝑅𝑁𝑂3 ∗ 𝜆𝐷𝑂𝐶
∗ ∗ ∆(𝑂2) ∗ 𝐷𝑂𝐶 

Where 𝑅𝑁𝑂3 represents the N/C stoichiometric ratio. Our model simulated an increase of the 

denitrification in nearshore and shallower waters during LN (e.g. during the 1999–2000 LN, 

Fig. 13a), due to the shoaling of the ODZ, despite of the unchanged ODZ volume. This is likely 

due to a shoaling of the OMZ (Fig. 3j), which allowed denitrification to occur at shallower 

depths, and enhanced remineralization (Fig. 11c). In contrast, during EN, the ventilated water 

column inhibited denitrification above ~ 200 m, and a deeper offshore ODZ was observed (e.g. 

during the 1997–1998 EN, Fig. 13b). Overall, denitrification within the ODZ (defined between 

6°S – 16°S, 0 – 500 km and 0 – 500 m depth) increased by ~ 25 % during LN and decreased by 

~ 60 % during EN (moderate or extreme), with respect to neutral periods (Fig. 13c). Using a 

global biogeochemical model, Yan et al. (2017) found a denitrification increase of ~ 70 % 

between the peak of 1997–1998 EN and 1999–2000 LN, which is close to our estimate (~ 85 

%).  
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Figure 13. Cross-shore vertical sections (12°S) of DO concentration (colour shading and 

magenta lines, in µmol O2 kg-1) and denitrification (gray lines, in 104 nmolN m-3 s-1) during the 

peak of 1997–1998 EN (a) and 1999–2000 LN (b) at 12°S. (c) WDC volume and mean 

denitrification during LN (blue bar), Neutral (black bar), moderate and extreme EN (red bars).  

5. Conclusions and perspectives 

In the present work, the physical and biological processes that drive the interannual variability 

of the TSEP OMZ were studied using the physical-biogeochemical ROMS-PISCES coupled 

model. First, an evaluation of our interannual simulation over the period 1958-2008 showed 

that, despite a reasonable bias in the representation of the modelled OMZ, the phases of 

oxygenation and deoxygenation during EN and LN were qualitatively well reproduced. During 

EN, the nearshore ZO2 deepened due to the passing of remotely-forced intense 'downwelling' 

CTWs. During LN, the ZO2 shoaled due to the less intense 'upwelling' CTWs, enabling oxygen-

depleted waters to accumulate on the shelf. The remote equatorial forcing (IEKWs) was 

responsible for the tight correlation between the thermocline and ZO2 close to the coasts.   

Furthermore, the characteristics of the equatorial SW which were transported towards the coast 

and fueled the nearshore water column were investigated. SW were mainly transported 

eastward by the SSCCs (located south of the equator) and EUC during LN and EN, respectively, 

before reaching the Peru coast. During EN the SW were more oxygenated as they originated 

from the north of the OMZ and transited faster to the coastal region than during LN. 

The vertical and horizontal oxygen eddy fluxes were also evaluated. On average, the offshore 

(between 100 – 500 km from the coast and 6°S – 14°S) vertical eddy flux brings oxygen to the 

surface layer (above ~ 60 m), while it removed oxygen below. This flux was not modified 

during LN, but during EN a very strong decrease was observed, due to the reduced oxygen 

vertical gradient resulting from the deepening of the ZO2. Horizontal eddy fluxes tended to 

inject oxygen into the OMZ from its lateral boundaries, especially at its southern limit where 
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the horizontal gradient of O2 is intense. This was not modified during LN with respect to neutral 

period. However, during EN, the horizontal oxygen eddy fluxes strongly increased due to the 

increase of eddy activity, intensifying eddy-driven horizontal ventilation.  

Regarding the biogeochemical processes, remineralization was the main process consuming 

oxygen in the water column, followed by zooplankton respiration and nitrification. These 

oxygen sinks were strongly altered during ENSO phases, depending on oxygen availability in 

the water column. 

Sensitivity experiments performed to evaluate the influence of the equatorial remote (i.e. 

CTWs) and local forcing (e.g. wind), demonstrated that the equatorial forcing had a greater 

impact than local winds on the DO changes, in particular during EN.  

Future studies will address the mechanisms which drive the DO changes off Peru over the last 

decades. While a deoxygenation trend has been observed in the open ocean (Stramma et al., 

2008; Breitburg et al., 2018), a nearshore shoaling of the TSEP OMZ has also been described 

in the late 2000s (Bertrand et al., 2011). In contrast, a relative oxygenated-water column was 

observed in the last decade on the Peru central shelf, likely due to more frequent downwelling 

CTW (Graco et al., 2017). Future studies will also address the impact of climate change in the 

PCUS. As downscaled projections of climate scenarios in the PCUS simulated a strong near-

surface stratification increase (Echevin et al., 2011, Oerder et al., 2015), this could hamper 

ventilation and intensify the OMZ. However, further deep and poleward proxy data and 

instrumental observations suggest ventilation of the OMZ core overthe last decades (Gutiérrez 

et al., in prep). 
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CHAPTER 5: 
OCEANOGRAPHIC TRENDS DURING THE LAST DECADES 
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Biogeochemical trends in the Peruvian Upwelling System: what are the 

involved mechanisms? 

1. Introduction 

In the last 50 years, global SST has increased because of anthropogenic climate change. 

In contrast, during the last three decades (1980-2010), satellite and in situ data collected by 

IMARPE have shown a negative SST trend off Peru [Gutiérrez et al., 2011a, 2011b; Dewitte et 

al., 2012], a deoxygenation trend [Graco et al., 2017; Yang et al., 2017] and an increase in 

primary productivity [Gutiérrez et al., 2011a; Demarcq et al., 2009] (see section 3 in chapter 

1). Few studies have explored the processes involved in the physical and biogeochemical trends 

off the Peruvian sea, such as the wind influence [e.g. Gutiérrez et al., 2011a] and the remote 

equatorial forcing associated with Equatorial Kelvin waves [e.g. Dewitte et al., 2012].   

The main objective of the present chapter is to evaluate the capability of the model to 

reproduce the observed trends in the PCUS using IMARPE in situ data and satellite data. Then, 

we focus on explaining the processes involved in the the subsurface deoxygenation and increase 

in primary productivity, which may enhance oxygen consumption by increasing subsurface 

remineralization of organic matter. Furthermore, the shoaling of OMZ upper limit  could reduce 

the habitat of many species [Diaz and Rosenberg et al., 2008], such as the anchovy of high 

commercial value [Bertrand et al., 2011]. Thus, understanding the processes that generate thes e 

biogeochemical trends is important in the context of present and future climate change. 

2. Evaluation of Surface and Subsurface Trends 

In the previous chapters (3 and 4), the capability of the model to reproduce interannual 

variability is evaluated for the main physical and biogeochemical variables. In this section the 

SST, SSH, Chl, Nitrates and OMZ depth trends are computed and compared to observations. 

Although the control simulation (CR, see sections 2.2 and 2.5 in the Methodology chapter 2 

and CR validation in chapter 3) covers the period from 1958 – 2008, only the trends over the 

last 30 years are evaluated (from 1979 – 2008). Indeed, the ecosystem exhibited a regime shift 

(e.g. Alheit and Ñiquen [2004]) at the end of the 80's, as shown by Gutiérrez et al. [2011a] using 

paleoceanographic proxies (𝑈37
𝑘, ,based on alkenone) and ICOADS SST data (from different 

observing systems) for the SST trend in the Pisco area (~ 13°S). Figure 1 shows that these 

databases exhibit a slight SST increase from 1960 – 1980, however shifting to coastal cooling 
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after beginnings of 80´s (more marked in the 𝑈37
𝑘, SST proxy). In contrast, the model simulation 

does not represent a regime shift from warming to cooling conditions (between 6°S – 16°S and 

within 100 km to the coast). Before the 80’s no significant trends of SST and thermocline are 

observed. However, between the 80's and 2008, a significant coastal cooling was reproduced in 

surface and subsurface (Fig. 2). For this reason and the fact that contrasted wind forcings are 

available after 1979, we decided to focused on the last 3 decades of simulations.   

 

Figure 1. Coastal SST from a paleoceanographic proxy (𝑈37
𝑘, , top) and ICOADS (bottom) near 

Pisco (~ 13°S). Figure modified from Gutiérrez et al. [2011a]   
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Figure 2. Times series of SST and thermocline depth (ZT15) averaged in a coastal  box (6°S – 

16°S and 100 km from the coast) for RPSoda (CR simulation). Linear trends are plotted for the 

two periods: 1958 – 1979 (black line) and 1979 – 2008 (red line). The trends also showed in °C 

dec-1 and meter dec-1 for SST and ZT15 respectively. (*) indicates that the trend was 

significant.     

In addition, Bertrand et al. [2011] evidenced a deepening of the oxycline before the 80’s 

and a shoaling after the 1982–1983 EN. Furthermore a thickening of the oxygen-poor layers in 

the eastern equatorial Pacific has been observed ( Fig. 12). Such shoaling of the oxycline (proxy 

of the OMZ upper limit) is usually associated with an increase of the OMZ thickness, as the 

deeper limit of the OMZ does not present strong variations (see chapter 4). This may thus 

indicate that deoxygenation occurred during the last decades over a large portion of the water 

column. Last, it must be noted that the model trends are computed from timeseries that mimick 

the in situ timeseries, i.e. the model output is sampled at the same locations in time and space 

as the in situ observations were collected during IMARPE oceanographic cruises. 

2.1. Temperature 

Figure 3 shows that both the model and AVHRR data present a negative trend along the 

coast (over 1979-2008). The model overestimates the negative trend observed in AVHRR. The 

pattern of negative trend in the model extends further offshore and towards the equator, e.g. the 



Espinoza-Morriberón Dante – Thèse de doctorat - 2018 

138 

 

isoline of – 0.2 °C dec-1 is located 100 and 500 km offshore at 17°S and 7°S respectively. In 

AVHRR, trends lower than – 0.2 °C dec-1 are found within 150 km from the coast between 

10°S – 14°S and within 20 km from the coast between 6°S – 10°S. The core of the negative 

trend pattern is observed at ~ 12°S for the model (– 0.5 °C dec-1) and AVHRR (– 0.3 °C dec-1).    

 

Figure 3. SST trend (°C dec-1, over 1979-2008) from model (left) and AVHRR (right). 

The SST trend from IMARPE data, AVHRR and model are shown in Figure 4, as a 

function of latitude and averaged in a coastal band (within 100 km from the coast). The three 

datasets show that stronger negative trends between 6°S – 14°S (where the data sampling is 

larger), although the trends are not significant at some latitudes (see section 4 in Methodology 

section). Trends of the model and IMARPE data have the same order of magnitude (~ – 0.6 °C) 

and both are greater than AVHRR (~ – 0.2 °C). It could be due to the scarce in situ data 

nearshore in AVHRR, as it may come from interpolation due to the high cloud coverage 

[Reynolds et al., 2007].  North of 5°S, a positive trend is observed, also shown by Gutiérrez et 

al. [2011a] using SST data at a pier off Paita (~ 5°S) in 1960-2010. 
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Figure 4.  Latitudinal variation of SST trend (°C dec-1) in a coastal band (100 km from the 

coast) for the model (black), IMARPE (cyan) and Reynolds data (gray). Errors bar are 

computed with bootstrap. Gray bars represent the percentage of data taken into account to 

compute the trend. 100 % = 30 points, i.e. one data point per year over 1979 – 2008. 

Three regions are defined to contrast the trends in different latitude bands: north-central 

(6°S – 16°S), north (6°S – 11°S) and central region (11°S – 16°S). As shown in Table 1 (see 

also Fig. S1), the SST trend is negative (however not significant) in the north-central (~ – 0.2 

°C dec-1) and north (~ – 0.3 °C dec-1) regions for both the model and IMARPE data. 

Nevertheless, in the central zone where a greater amount of sampled observations was collected, 

a significant negative trend (~ – 0.5 °C dec-1) for both the model and IMARPE data is found. 

Gutiérrez et al. [2011a] mentioned that the negative SST trend off Peru could be related to the 

wind increase during the last decades [Bakun et al., 2008, 2010], which could generate a wind-

driven upwelling increase during spring. Nevertheless, in our model simulation, the upwelling, 

diagnosed by the vertical velocity (w) at the depth of the mixed layer, did not present a 

significant trend for both the north and central zones (Fig. 5). 
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6°S - 11°S (North) 11°S - 16°S (Center) 

6°S - 16°S (North-

center) 

IMARPE MODEL IMARPE MODEL IMARPE MODEL 

              

SST (°C dec-1) -0.26 -0.32 -0.49 -0.51 -0.22 -0.25 

ZT15 (m dec-1) -1.89 -5.87 -8.42 -9.87 -4.17 -6.9 

Table 1. SST and ZT15 trends in different latitude ranges (within 100 km from the coast). Gray shading 

mark significant trends. 

 

Figure 5. Model vertical velocity (in m s-1) for north (6°S-10°S, blue line) and central (10°S-

16°S, green line) regions. The vertical velocity at the depth of the mixed layer was averaged 

within 100 km from the coast in each region. 

The statistically downscaled wind [Goubanova et al., 2010] was used to force our CR 

simulation using bulk formulae (Liu et al., [1979]). This implies that the model SST is used in 

the wind stress formulation, taking in account the air-sea interaction. In this formulation, the 

SST strongly impacts the wind stress amplitude. Therefore, the wind used as input can have a 

different variability (in space and time) with respect to the wind stress (see the contrasted trends 

in Fig. 6). In our case, the wind stress seasonal cycle is strongly correlated with the wind speed 

(cor = 0.95, pvalue < 0.05), however no correlation is found at interannual time scales (Fig.6).         

 The model simulated a positive trend for the nearshore wind stress (between 10°S – 

15°S within 150 km to the coast) north of 6°S (Fig. 7), which may generate an upwelling 

increase. Nevertheless, between 10°S – 15°S, there was no upwelling increase (Fig.5) in spite 

of the  wind stress increase (Fig. 6b), which would have enhanced the coastal cooling. This 
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suggests that the remote forcing (equatorial forcing) may be the main driver of the negative 

SST trend (Dewitte et al. [2012]). The mechanisms will be more detailed in section 3.     

 

Figure 6. Time series of wind speed from Goubanova et al. [2010] and wind stress computed 

from the model's bulk formulation. The variables were averaged between 10°S–15°S and 0–

100 km to the coast. Red lines represent the linear trend. 

 

Figure 7. Spatial trend of the wind stress (N m-2 dec-1) derived  from the model bulk formulae. 

In the subsurface layer, the depth of the thermocline (defined by the isoline of 15°C; 

ZT15) shows a shoaling trend over 1979-2008 (Table 2 and Fig. S2). In the north-central zone 

ZT15 presents a negative trend (shoaling) of - 4.2 m dec-1 and - 6.9 m dec-1 for IMARPE data 
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and the model respectively, the trend being significant only for the latter. The north zone 

presents a negative trend for the model and IMARPE data, however neither are significant. In 

the central zone (where more data were collected), a significant ZT15 shoaling of - 9.9 m dec-1 

and - 8.4 m dec-1 was found for the model and IMARPE, respectively. 

2.2. Sea Surface Height 

Sea Surface Height (SSH) decreased in the last decades (Fig. 8). SSH generally mimics 

the thermocline variations. The negative SST and SSH trend spatial patterns are similar in the 

model, suggesting that the SST decrease is associated to a shoaling of the thermocline and SSH 

decrease. In contrast, satellite data from AVISO (available since 1993) showed a negative SSH 

trend along the coast (with equatorward offshore extension) with a lower magnitude than in the 

model. The SSH trend was less than –4 cm dec-1 north of 10°S in the model, whereas AVISO 

data presented a negative core at ~ 9°S (~ – 2 cm dec-1). The SSH decrease off Peru (10°S – 

20°S; – 3 cm dec-1) has been previously studied for the 1992-2005 period by Qiu and Chen 

[2006], using information from a merged satellite product (T/P, Jason-1 and ERS – ½) and a 

simple “Baroclinic Rossby wave” model. They showed that the equatorial forcing is crucial at 

low frequencies (ENSO time scales, e.g. during 1997-1998 EN) and explains 54% of the SSH 

negative trend in the central-south region.   

 

Figure 8. SSH trend (cm dec-1) from model (left) and AVISO (right) between 1993 and 2008. 
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2.3. Surface Chlorophyll-a 

Figure 9 displays the Chl positive trend in different latitude bands within 100 km from 

the coast, for the model, IMARPE and SeaWIFS satellite data. Note that the SeaWIFS trend is 

computed over a shorter period (1998-2008). The model and IMARPE observations show a 

significant positive trend from 1979 to 2008 between 6°S – 8°S and 13°S – 14°S, two latitude 

ranges where trends were calculated with more than 90% of the available data (30 years).  The 

model trend between 6°S – 8°S (~ + 1 mg m-3 dec-1) is slightly higher than the IMARPE trend 

(~ + 0.8 mg m-3 dec-1). In contrast, between 13°S and 14°S, the trend is higher (~ + 1.5 mg m-3 

dec-1) in the observations than in the model (~ + 0.3 mg m-3 dec-1).  The SeaWIFS trend presents 

a different latitudinal pattern, showing a higher value off central Peru at ~ 12°S (~ + 1.8 mg m-

3 dec-1). This discrepancy could result from the different time windows used to calculate the 

trends in the model and IMARPE data (1982 – 2008) and in SeaWIFS (1998 – 2008). Because 

of the relatively low data coverage for IMARPE data over 1998-2008, a trend was only 

calculated for SeaWIFS and the model over 1998-2008 from monthly Chl mean. Model was 

regrided to SeaWIFS resolution (~ 9 km) in order to compute the modeled Chl trend with and 

without the influence of the clouds (called Chl-cloud and Chl-non-cloud, respectively). Figure 

10 shows that the model (cloud and non-cloud) and the satellite trends present very different 

patterns. SeaWIFS displays a positive trend (confirming the findings of Demarcq et al. [2009]) 

with values higher than + 0.5 mg m-3 dec-1  between 6°S – 16°S, and with two cores (+ 2 mg 

m-3) between 8°S – 10°S and 12°S – 13°S . In contrast, the model presents an alternation of 

negative and positive patterns along the coast. Chl-cloud and non-cloud show the same spatial 

pattern trend, although Chl-non-cloud presents a weaker negative trend. Chl-cloud negative 

trends between 6°S – 8°S and between 12°S – 13°S had values of ~ – 2 mg m-3 dec-1. The 

strongest positive trends were found further south, between 15°S - 18°S (> + 2 mg m-3 dec-1). 

From 9°S to 11°S, trends were between 0.5 – 1.6 mg m-3 dec-1. Thus, the model was not able to 

reproduce the positive trend observed during SeaWIFS period. This may be due to the few 

number of years covered by the satellite and the presence of clouds.   
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Figure 9. Surface Chl trend (mg m-3 dec-1) as a function of latitude and within 100 km from the 

coast for model (black), IMARPE (cyan) and SeaWIFS (gray). Note that the SeaWIFS period 

spans over 1998 – 2008, while the other period spans over 1979 – 2008. Error bars are computed 

with bootstrap. Bars in gray represent the % of data take in account to computed the trend, 

where 100 % = 30 points (1979 – 2008). 

 

Figure 10. Surface Chl trend (mg m-3 dec-1) from model without clouds (a), model with clouds 

(b) and SeaWIFS (c). The trends were computed during the SeaWIFS period (see also Fig. 13). 

We now investigate the trends over a longer time period using IMARPE data and model 

output. The monthly time series of IMARPE and model Chl in the three coastal regions are 
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poorly correlated (Table 2 and Fig. S3). However, the north-central zone showed a positive 

trend of + 0.93 and + 0.62 mg m-3 dec-1 for the model and IMARPE respectively. In the northern 

region, the model (IMARPE) also presents a positive trend of + 0.87 (+ 0.53) mg m-3 dec-1. The 

trend is stronger in the central zone (model: + 0.89 mg m-3 dec-1; IMARPE: + 0.78 mg m-3 dec-

1) than in the north zone. Our results for the central region are comparable to those presented in 

Gutiérrez et al. [2011a]. They found near Pisco (~13.5°S) a Chl increase of 0.7 mg m-3 dec-1 

between 1965 and 2005. This increase was corroborated with a corresponding increase of Total 

Organic Carbon during this period. 

In conclusion, the model reproduced the positive Chl trend observed by in situ data from 

1979 – 2008, although the model trend slightly overestimated the in situ Chl trend. However, 

the model was not able to capture the Chl increase alongshore during the SeaWIFS periods 

(1998 – 2008).  

 

6°S - 11°S (North) 11°S - 16°S (Center) 

6°S - 16°S (North-

center) 

IMARPE MODEL IMARPE MODEL IMARPE MODEL 

              

Surface Chl (mg m-3 dec-1) 0.53 0.87 0.78 0.89 0.62 0.93 

Table 2. Surface Chl trends in different coastal regions off Peru. Gray shading represent 

significant trends. 

2.4. Nitrate 

We now study the long-term evolution of surface and subsurface nitrate. The depth of 

the nutricline was calculated using subsurface in situ nitrate data. Whereas it is defined by the 

isoline of 16 μmol L-1 in the observations, we used the 21 μmol L-1 isoline in the model due to 

the overestimation of subsurface nitrate (~ 5 μmol L-1). Figure 11 shows that model and 

IMARPE data present (non statistically significant) positive trends alongshore. The model 

presents a significant positive trend at 6°S and south of 16 °S, whereas the in situ trend is 

positive south of 13°S (except locally at ~16°S).  

When decomposed in subregions, the nitrate surface data (see Table 3) evidenced a 

significant positive trend in the north-central (+ 0.66 μmol L-1 dec-1), north (+ 0.73 μmol L-1 

dec-1) and central zone (+ 0.8 μmol L-1 dec-1) for IMARPE in situ data (Figure S4). In contrast, 

the model trends were not significant in the northern (– 0.07 μmol L-1 dec-1) and central zone 
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(+ 0.19 μmol L-1 dec-1). Observations showed a deepening of the nutricline in the northern (+ 

5.84 m dec-1, significant) and central (+ 3.76 m dec-1, not significant) zones, whereas the model 

trends were not significant in both areas (- 2.08 m dec-1 in the north and + 0.48 m dec-1 in the 

center). Note that the scarcity of subsurface nitrate observations is more important during the 

first years of the period of study (i.e. less than five measurements per month before 1995). 

Moreover, the observed deepening of the nitracline is somehow at odds with the SST decrease 

(see Fig. S1) and thermocline shoaling (section 1.1). 

The scarcity of observations could partly explain the discrepancy between the observed 

and the model trends. Furthermore, it must be noted that the nitrate concentration is positively 

biased in the model. Nitrate is impacted by nitrification and denitrification, and these processes 

have not been evaluated in the model due to lack of data. 

 

Figure 11. Surface nitrate trend (µmol L-1 dec-1) as a function of latitude and within 100 km 

from the coast for the model (black) and IMARPE data (cyan). Error bars are computed with 

bootstrap. Gray bars represent the percentage of data taken in account to compute the trend ( 

100 % = 30 points corresponding to one data point per year for the period 1979–2008). 

The model nutricline (21 µmol L-1) and surface concentration do not follow a clear trend. 

However, the shoaling of nitrate isolines is found for other isolines corresponding to lower 

nitrate values and shallower depths (i.e. 10 and 15 µmol L-1). This means that the model nitrate 

content increases in the upper water column, mainly in the north region (Table 3). On the other 
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hand, IMARPE data shows an increase in surface nitrate and a deeper nutricline (i.e. deepening 

of the 16 µmol L-1 isoline; Table 3). The trend of shallower isolines (i.e. 5 and 10 µmol L-1; 

Table 3) in IMARPE data also indicates a shoaling of the upper part of the nitracline, which 

seems to be at odds with the deepening of the lower part of nutricline (see Table 3 and Fig. S5). 

The differences between IMARPE and model in subsurface layer might be related to the few 

number of sampled data (less than 15 points by months, Fig. S4 and S5) and the annamox 

process, which contributes to N loss, is not included in PISCES.      

The hypothesis of an increase of nutrients at the coast is supported by recent work. An increase 

of nutrients (nitrates, silicates and phosphates) in subsurface layers  (50 – 300 m) was found in 

the latitude ranges of the EUC (2°S – 2°N) and Tsuchiya Jests (2°S – 8°S) and between 84°W 

– 87°W and from 1976 to 2012 [Czeschel et al., 2015]. As the eastward jets transport water 

masses towards the coast, this result supports the concept of a nearshore nutrient increase. 

 

6°S - 11°S (North) 11°S - 16°S (Center) 

6°S - 16°S (North-

center) 

IMARPE MODEL IMARPE MODEL IMARPE MODEL 

              

surface NO3 (mL L-1 dec-1) 0.73 -0.07 0.8 0.19 0.66 0 

ZNO3 [5/10 umol/L] (m dec-1) -0.43 -3.16 -0.89 -0.63 -0.85 -1.38 

ZNO3 [10/15 umol/L] (m dec-1) 1.12 -7.55 2.68 -1.8 1.99 -2.25 

ZNO3 ([16/21 umol/L] (m dec-1) 5.84 -2.08 3.76 0.48 5.44 0.53 

Table 3. Trend of surface NO3 and depth of the nitracline (defined by the isoline of 21 and 16 

µmol L-1 in the model and IMARPE data, respectively) in different latitudinal coastal regions 

(within 100 km from the coast). Trends of the depths of the 10 (5) and 15 (10) µmol L-1 isolines 

(i.e. shallower surfaces than ZNO3) from the model (IMARPE data) are also shown. Gray 

shading indicates significant trends.  

2.5. Oxygen 

To evaluate the oxygen long term evolution (see table 4 and Fig. S6), we computed 

trends for the surface O2 concentration and the depth of the upper limit of the OMZ (ZO2),  

defined as the depth of the 22 µmol kg-1 isosurface (see chapter 4). The model and observations 

present a negative surface trend in all the subregions, although the trends are not significant 

(except in the north from the model, -2.69 µmol kg-1 dec-1).  In subsurface layers, the model 

simulates a weak but not significant shoaling of ZO2 in the northern (- 1.13 m dec-1) and central 

(- 2.94 m dec-1) regions. Observations also display a shoaling of ZO2, which is significant only 
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in the central region (- 9.98 m dec-1). The interannual fluctuations of the ZO2 are well 

represented by the model, as shown in Chapter 4. However, the non-significant model trends, 

which were computed using the same sampling as the data, could be influenced by the 

subsurface data scarcity. 

 

6°S - 11°S (North) 11°S - 16°S (Center) 

6°S - 16°S (North-

center) 

IMARPE MODEL IMARPE MODEL IMARPE MODEL 

              

surface O2 (µmol kg-1 dec-1) -2.51 -2.69 -2.6 -2.77 -0.04 -1.47 

ZO2 (m dec-1) 6.06 -1.13 -9.98 -2.94 -3.79 -3.89 

Table 4. Trends of surface O2 concentration and oxycline (22 µmol kg-1 ) depth  in the different 

latitudinal coastal regions (within 100 km from the coast). Gray shading indicates significant 

trends. 

Stramma et al. [2008] showed the temporal variation between 1960 - 2005 of an oxygen 

profile between 5°S - 5°N and 105°W - 115°W, located offshore of the PCUS, evidencing the 

expansion of the OMZ in the Eastern Equatorial Pacific. They showed that OMZ expansion 

began in the early 80's and that the upper and lower limit of the OMZ were respectively shoaling 

and deepening. Figure 12 shows the temporal evolution of a modelled oxygen profile between 

5°S - 5°N at 88°W, in the western part of the model domain, east of the box shown in Stramma 

et al. [2008]. In line with Stramma et al. [2008], the modelled OMZ is expanding, although the 

shoaling and deepening of the upper and lower limits are weaker than those shown by the in 

situ data west of this location. In addition, the depth range with O2 values lower than 10 μmol 

kg-1 also expands from the early 80's, which is consistent with the findings of Stramma et al. 

[2008].  
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Figure 12. (left) Evolution of the oxygen concentration in the Eastern Equatorial Pacific (5°S – 

5°N, 105°W-115°W) offshore of the PCUS between 1960 and 2008 (in contour the isoline of 

66 µmol kg-1, adapted from Stramma et al. [2008]). (right) same as left in the model domain 

(5°S – 5°N, 88°W). The model isolines indicate 66, 22, 10 µmol kg-1. 

3. Modelled Trends 

In the previous section, we focused on the validation of the model respect to in situ 

(IMARPE) and satellite data. In this section, we analyze in more details the modelled trends of 

surface Chl and dissolved oxygen. As the Chl seasonality is large, the Chl trend is computed 

for each season and the terms limiting phytoplankton growth are studied. Furthermore, the 

processes involved in the nearshore deoxygenation are described.    

3.1. Modelled Chl trend 

The model simulated a Chl increase between 1979 and 2008 (Fig. 13). The model trend 

(> + 0.1 mg m-3 dec-1) is significant nearshore and along the coast, overall in three regions: 5°S 

– 10°S, 11°S – 14°S and 16°S – 18°S. The trend is most intense in the northern region (between 

6°S – 9°S), reaching maximum values between + 0.5 and + 0.7 mg m-3 dec-1 within 200 km 

from the coast. A weaker positive trend (~ + 0.2 mg m-3 dec-1) is found within 100 km from the 

coast in the two other regions (Fig. 13a). In the following, we attempt to explain the intense 

positive trend found in the northern region. On average, the nearshore surface Chl (between 6°S 

– 10°S and 100 km from the coast) presents an interannual variability driven by ENSO phases, 

with a decrease and increase of productivity during EN and LN respectively (see chapter 3; 

Figure 13b). Furthermore, the surface Chl presents a significant positive trend of + 0.3 mg m-3 
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dec-1 in average (Fig. 13b). In the time series, we can identify three distinct regimes between 

1979 and 2008. First, during the 80's, a high productivity (~ 3.8 mg m-3) is triggered by the 

frequent LN events, but this productivity is also partly compensated by low productivity during 

EN periods (1982–1983 EN and 1987 EN). Then, during the 90's, the low productivity (~ 2.9 

mg m-3) is mainly due to the moderate 1992–1993 and extreme 1997–1998 EN events. During 

the last period (between 2000 and 2008), high values (~ 4 mg m-3) were found during the 1999 

– 2000 LN and Chl remains relatively high due to the absence of strong EN events. 

Figure 14 shows the vertical structure of the modeled Chl trend, averaged between 6°S  

– 16°S. We found a positive Chl trend from the coast to 200 km offshore and above 20 m depth. 

The most intense positive trend (~ + 0.2 mg m-3 dec-1) is located between 50 – 110 km and 5 – 

10 m depth. Nearshore, the Chl trend presents values of + 0.1 – 0.15 mg m-3 dec-1, in surface, 

however below 10 m, a slightly negative trend (~ – 0.02 mg m-3 dec-1) is observed.  

 

Figure 13. Spatial pattern of the trend (left panel) and time series (right panel) of modelled 

surface Chl. The timeseries is computed in a coastal box (6°S – 16°S and within100 km from 

the coast). Stippling in (a) indicates regions of non significant trend. In right panel, the 

“TRUE”/“FALSE” labels significant/ non-significant trends using bootstrapping. 
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Figure 14. Vertical section (6°S – 16°S) of Chl trend (mg m-3 dec-1) between 1979 and 2008. 

In conclusion, the model simulates a significant positive Chl trend in surface and 

subsurface waters (mainly in the northern region). This trend could be associated with a specific 

season as Chl off Peru presents a marked seasonality [Gutiérrez et al., 2011a].  This is 

investigated in the next section.   

3.1.1. Chl seasonal trends 

The seasonalilty and alongshore variability of the trends is examined. Chl peaks in late 

austral summer – early autumn and decreases during winter owing to the interplay between the 

light and nutrient limitation [Calienes et al., 1985; Echevin et al., 2008; Messié and Chavez, 

2015] (see section 1.4 in Introduction chapter). Gutiérrez et al. [2011a] hypothesized that a 

deeper mixed layer depth (MLD) associated to a wind increase during summer – spring (found 

in ERA-interim data) in the last decades drives the observed positive in situ Chl trend (see 3.2 

in Introduction chapter).  

The trend are computed for each seasons, in order to evaluate if the annual positive trend 

is maintained during each season (see also Fig. S7) or emerges from specific seasons. The most 

intense positive trend is found in summer (Fig. 15). It reaches  + 0.3 mg m-3 dec-1 ,mainly within 

100 km from the coast, but positive values are found as far as ~ 200 km from the coast (between 

5°S and 9°S). The highest positive trend is found at ~ 8°S (+ 1–1.5 mg m-3 dec-1). The autumn 
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trends are also positive but slightly less intense. The most intense trends in this season are found 

between 8°S and 14 °S within 100 km from the coast (+ 0.3 – + 0.5 mg m-3 dec-1). In contrast,  

a negative trend is predominant within 50 km from the coast (~ – 0.1 mg m-3 dec-1) during 

winter, and the strongest Chl decrease is found at 6°S (~ – 0.3 mg m-3 dec-1). Last, both positive 

and negative trends are found nearshore during the transitional spring season. A positive trend 

dominates north of 10°S and at ~16°S (+ 0.1 – + 0.3 mg m-3 dec-1), while a negative trend 

pattern is found between 10°S and 15°S (~ – 0.2 mg m-3 dec-1).  

In conclusion, the Chl positive trend found during 1979 – 2008 in annual means is 

mainly driven by the Chl increase in summer and autumn, whereas a systematic decrease of Chl 

is found in winter. Gutiérrez et al. [2011a] suggested that the spring Chl positive trend (between 

1958 and 2001) could be related to the alongshore wind increase during warming seasons, 

which would enhance the upwelling of nutrients. In contrast, our model simulates a stronger 

Chl increase during summer. This increase could be related to the shoaling nutricline in summer 

as phytoplankton growth is limited by nutrient availability rather than by light during the warm 

seasons [Echevin et al., 2008; sea also chapter 3]. 
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Figure 15. Seasonal trend from the model in mg m-3 dec-1 between 1958 and 2008. White line 

represents the isoline of 0 mg m-3 dec-1. 

Even though the seasonal trends of modelled Chl were computed from 1978 to 2008, 

they present relatively similar spatial patterns as those found in SeaWIFS. Indeed, SeaWIFS 

data presents positive trends (from 1998 and 2009) alongshore during summer, autumn and 

spring, albeit more intense than the model trends (Figure 16). Furthermore, SeaWIFS trends 

during winter are negative, mainly south of 10°S. In conclusion, the seasonal Chl trend from 

model and SeaWIFS are in line, both showed positive trends during warming season, while 

negative trends are found during winter. 
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Figure 16. Seasonal trends (in n mg m-3 dec-1) from SeaWIFS data between 1998 and 2008. The 

white line marks the isoline of 0 mg m-3 dec-1. 

3.1.2. Trends in nutrient and light limitation of phytoplankton growth  

The trends of the limiting growth factors were computed in order to investigate the 

alongshore positive trend. The nutrient and light limititation factors are computed offline using 

the from PISCES model equations [Aumont et al., 2015].  

The nutrient limitation for diatoms (𝑁𝑙𝑖𝑚
𝐷 ), the more abundant phytoplankton off Peru 

[Sanchez et al., 2000], is defined as follows: 

𝑁𝑙𝑖𝑚
𝐷 = 𝑚𝑖𝑛 (𝑁𝑝𝑜4

𝐷 , 𝑁𝐹𝑒
𝐷 , 𝑁𝑛𝑜3

𝐷 +  𝑁𝑛ℎ4
𝐷 , 𝑁𝑠𝑖

𝐷) 
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𝑁𝑙𝑖𝑚
𝐷  is the minimum value of the limitation by phosphate (𝑁𝑝𝑜4

𝐷 ), iron (𝑁𝐹𝑒
𝐷 ), nitrogen 

(𝑁𝑛𝑜3
𝐷 +𝑁𝑛ℎ4

𝐷 ) and silicate (𝑁𝑠𝑖
𝐷). In nanophytoplankton, silicate limitation is not taken into 

account. Each nutrient limitation is computed as: 𝑁𝑛𝑢𝑡
𝐷 = 𝑁𝑢𝑡 (𝐾𝑛𝑢𝑡

𝐷 +𝑁𝑢𝑡)⁄ , where 𝐾𝑛𝑢𝑡
𝐷  is 

the half-saturation constant of the nutrient.  

The light limitation for diatoms (same for nanophytoplankton) is defined as follows:  

𝐿𝑙𝑖𝑚
𝐷 = 1−  𝑒

𝛼𝐷  .  (
𝐶ℎ𝑙
𝐶
)𝐷 .  𝑃𝐴𝑅

µ𝐷 .  𝑁𝑙𝑖𝑚
𝐷

 

Where 𝛼𝐷is the initial slope of P–I curve, 
𝐶ℎ𝑙

𝐶
 is the ratio between chlorophyll and carbon 

in the diatom, and PAR is the photosynthetic available radiation. Last, µ𝐷 = 𝑎𝑏
𝑐𝑇 , where a is 

the growth rate at 0°C, b is temperature sensitive of growth, c is temperature dependence of 

growth and T the water temperature.  

 Figure 18 shows the time series (from 1979 to 2008) of the nutrient and light limitation 

factors for diatoms, averaged between 6°S – 16°S and within 100 km from the coast and in the 

mixed layer, in the region where the positive Chl trend is intensified (Fig. 13). Values close to 

1 indicate less limitation. The intensification of nutrient limitation is clear during EN events 

(e.g. 1997-1998 EN; Figure 17a), due to the nutricline deepening at the passage of downwelling 

Kelvin waves and coastal trapped waves (Graco et al. [2017]; see also Chapter 3). Beyond the 

EN events, nutrient limitation shows a significant positive trend (+ 0.01 dec-1), which suggests 

that a relaxation of nutrient limitation occurs as more nutrient s become available in the surface 

layer. Light limitation, related to the insolation and MLD variability [Calienes et al., 1985; 

Echevin et al., 2008], displays a weakly negative, non-significant trend (Fig. 17b). 
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Figure 17. Timeseries (full line) and trends (dashed line) of nutrient (left panel) and light (right 

panel) limitation terms for diatoms. Values are averaged  between 6°S – 16°S and within 100 

km from the coast, in the surface mixed layer. The “TRUE”/“FALSE” labels significant/ non-

significant trends using bootstrapping. 

In order to understand the relaxation of nutrient limitation driving the positive Chl trend, 

the vertical structure of the nitrate trend is investigated. There is a strong positive trend above 

100 m depth (Fig.18b). Close to the coast, the highest trend (~ + 1 µmol L-1 dec-1) is found 

between 10 – 50 m and 80 – 200 km from the coast, while it is located at 50 – 75 m offshore 

(further than 300 km from the coast). Interestingly, the temperature trend (Fig. 18a) follows the 

same pattern as the nitrate trend. The link between the water masses in the upwelling region 

and those in the equatorial region has been highlighted in the previous chapters (3 and 4). The 

similar spatial patterns for the trends suggest that water masses from the offshore equatorial 

zone with a higher nutrient content and colder temperature may have reached the coastal region, 

subsequently decreasing the SST and increasing primary productivity. Furthermore, the spatial 

pattern of the surface nitrate trend (from 1979 to 2008) shows positive values between 4°S and 

12°S (in line with Czeschel et al. [2015]), while negative values are observed south of 12°S 

(Fig. 19a). In subsurface, there is a clear shoaling (deepening) of the nutricline north (south) of 

12°S (19b). In addition, if we focus in the region where the most intense positive Chl trend (6°S 

– 10°S, see Fig. 13) is found, the nutricline depth presents a significant shoaling (- 1.75 m dec-

1), despite the nutricline depth is strongly impacted by EN events, i.e. reaching ~ 100 m during 

1997-1999 (Fig. 20). 
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Figure 18. Vertical sections (averaged alongshore between 6°S – 16°S) of temperature (a, °C 

dec-1) and nitrate (b, µmol L-1 dec-1) trends between 1979 and 2008. 

 

Figure 19. Spatial pattern of surface nitrate (a, µmol L-1 dec-1) and ZNO3 (b, m dec-1) model 

trends  between 1958 and 2008. 
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Figure 20. Time series of the nitracline depth. The time series was computed from 6°S – 10°S 

within the 100 km to the coast. The “TRUE”/“FALSE” labels significant/ non-significant trends 

using bootstrapping. 

Nutrient and light limitation trends are computed for each season. Table 5 shows that a 

relaxation of nutrient limitation occurs only in autumn and spring, when the nutricline  shoals. 

In contrast, a slight increase of nutrient limitation is observed in summer in spite of the strong 

nitracline shoaling. In this season, the relaxation of light limitation (+15, Table 5) is the main 

driver of the increase of productivity. It is consistent with the greater thinning of the ML during 

summer. Last, during winter, both the nutrient and light limitation influence in the productivity 

decrease, due to both a ML and nitracline deepening. 

  

Summer Autumn Winter Spring 

        

Light limitation (Llim) (10-3 dec-1) 15 -4 -2 -12 

Nutrient limitation (Nlim) (10-3  dec-1) -1 9 -3 15 

Llim*Nlim (10-3 dec-1) 2 1 -2 2 

Mixed Layer Depth (m dec-1) -0.8 -0.3 0.6 0.6 

ZNO3 (m dec-1) -3.8 -0.5 1.2 -1.1 

Table 5. Seasonal trends for light (Llim) and nutrients (Lnut) limitation, and Llim*Lnut in dec-1. 

MLD and ZNO3 seasonal trend (m dec-1) are also showed. Gray shading indicates statistically  

significant trends. 

To conclude, we found a positive Chl trend during summer, autumn and to a lesser 

extent, spring, and a decrease in winter. The positive Chl trend in summer could be driven by a 

relaxation of light limitation associated with a shoaling of the MLD. The shoaling of the 
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nutricline during autumn and spring could relax nutrient limitation. On the other hand, both  

nutrient and light limitation increase in winter, triggering a negative Chl trend.   

3.2. Oxygen Trends  

In order to analyze the model oxygen trends, we computed the spatial linear trend of 

ZO2 (from 1979 to 2008) in each pixel in the area between 4°N - 4°S and 70°W - 90°W (Fig. 

21). In the case of ZO2, values are not always available as ZO2 may reach the surface. Thus, 

only the pixels that presented more than 50% of the monthly data (> 180 months) in the studied 

period were taken into account. The model simulated a shoaling of  ZO2 (i.e. negative trend), 

which suggests that deoxygenation occurs in the coastal (north of 18°S) and oceanic region 

(north of ~ 12°S), with more intensity in the latter. The too strong ventilation of the equatorial 

region (defined between 2°N and 2°S) by the EUC [Stramma et al., 2010; Montes et al., 2014; 

Llanillo et al., 2018] in our model generates the fading of the OMZ, thus it was not possible to 

calculate the ZO2 trend in this region. The strongest ZO2 shoaling (with values greater than - 

20 m dec-1) is observed offshore (200 km from the coast) between 4°S – 8°S.  This offshore 

region is under the influence of the eastward sSSCCs [Montes et al., 2010], thus changes in the 

dynamics of the jets could explain this pattern. A latitudinal gradient of the negative ZO2 trend 

is observed nearshore. Between 6°S – 12°S, the trend varies between - 2 to - 10 m dec -1, while 

it is weaker between 13°S – 18°S (- 2 m dec -1; Fig. 21). As the largest negative trends (shoaling) 

are found in the north-central region off Peru, the timeseries of the coastal ZO2 (averaged 

between 6°S - 14°S within 200 km from the coast) is shown in Figure 22. As shown in chapter 

4, ZO2 presents interannual variations associated with ENSO phases. It reached its maximum 

depth during the 1982–1983 and 1997–1998 EN events [Gutiérrez et al., 2008, Graco et al., 

2017; see chapter 4]. However, in spite of the presence of these strong events, a long-term 

shoaling of ZO2 was observed between 1979 – 2008, corresponding to a significant trend of - 

7.28 m dec-1.  
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Figure 21. Spatial trend of the ZO2 from the model between 1979 and 2008. 

 

Figure 22. ZO2 timeseries. The timeseries is computed by averaging ZO2 values between 6°S 

– 14°S and within 200 km from the coast. The trend value is indicated in the top right corner 

and the “TRUE” label indicates that the trend is statistically significant. 

To assess whether nearshore deoxygenation takes place in the entire water column, the 

temporal variation of an average oxygen profile (computed between 6°S – 16°S within the 200 

km to the coast) is shown in Figure 23. As previously mentioned, an oxygenation of the water 

column was observed during the 70's, associated with a reduction of the water volume with 
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concentrations lower than 5 μmol kg-1. However, after the 80's the water column lost oxygen 

between 100 to 900 m (with different intensities). This shift in oxygen variability off Peru was 

described by Bertrand et al. [2011], who, using the same IMARPE in situ data as in our study, 

found a deepening of the OMZ (defined in their study as the isoline of 44 μmol kg-1) before 

1982–1983 and a shoaling after 1983 until 2008. In the model, a thickening of the OMZ due to 

a shoaling and deepening of its upper and lower limits is observed since the early 80's. In 

addition, the OMZ core (< 5 µmol kg-1) also expands vertically (both its upper and lower limits 

are modified). The upper limit of the OMZ core was found at ~ 250 m during 1980 – 2000, 

while during 2000-2008 it was found at ~ 200 m (Fig. 23a). The deoxygenation trend is shown 

in the top 1000m-deep layer in Figure 23b. The strongest deoxygenation (~ – 4 μmol kg-1 dec-

1) is encountered between 50 and 100 m, whereas oxygen trend values are near  – 1.5 μmol kg-

1 dec-1 between 800 and 900 m. The trend is weakest (– 0.2 μmol kg-1 dec-1) between 300 and 

500 meters, where the lowest oxygen values are found. However, this trend represents a loss of 

~ 10% of the oxygen mean in this depth range.  

 

Figure 23.  Nearshore modelled oxygen profile evolution between 1958 and 2008 (left panel). 

The mean profile is obtained by averaging between 6°S – 16°N and 0 – 200 km. Red dashed 

line indicates the timing of the regime shift. Vertical structure of the oxygen trend (in µmol kg -

1 dec-1) (right panel).    
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3.2.1. Processes involved in the deoxygenation    

Both biogeochemical and physical processes can generate a progressive deoxygenation 

in the coastal region. Among the modelled biogeochemical processes, remineralization is the 

main sink of dissolved oxygen off Peru (Paulmier and Ruiz Pino [2009]; see chapter 4). 

Remineralization at depth is related to the surface production and export of Particulate Organic 

Carbon, which is respired by the bacterial pool [Kalvelage et al., 2015]. Therefore, an increase 

in surface production, export and remineralization could drive subsurface deoxygenation.  

Figure 24a shows the evolution of the mean profile of remineralization, averaged 

between 6°S – 16°S and 0 – 100 km from the coast. The isoline of 1 and 0.1 µmol m-3 s-1 are 

shoaling in the last period (~1995-2008). Figure 24b shows the trend of the remineralization 

profile. Remineralization intensifies above 10 m depth, and reduces below, with a maximum 

between 20 and 40 m. There is thus a tendency to reduce remineralization in subsurface water 

in spite of the surface Chl increase during the last years (Fig. 24b). The presence of more 

suboxic waters in subsurface could influence this process due to its dependence on oxygen 

availability [Llanillo et al., 2013]. Above 10 m, the increase of surface Chl induces more oxygen 

consumption by remineralization as it is not limited by the availability of oxygen.  Note that 

enhanced oxygen consumption in the surface layer due to stronger surface productivity is partly 

compensated by the decrease of SST during the last years, which  increases oxygen solubility 

[Walczyńska and Sobczyk, 2017] and by the oxygen production by photosynthesis.  However 

these effects are not strong enough to compensate for the oxygen decrease.   Indeed, a nearshore 

deoxygenation is evident (within the 50 km and from 7°S to 12°S, Fig.25), but the oxygen 

decrease rate (~ – 2 µmol kg-1 dec-1) is very weak (Fig. 25).  
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Figure 24. Evolution of model remineralization mean profile between 1958 and 2008 (averaged 

between 6°S – 16°N and 0 – 200 km) (left panel). Vertical structure of the remineralization 

trend (right panel, in µmol m-3 s-1 dec-1). Red points mark significant trend values. 

 

Figure 25. Spatial structure of the modelled surface dissolved oxygen trend (µmol kg-1 dec-1). 

As neither the remineralization decrease nor the upwelling variability (Fig.5) can not 

explain in the modelled deoxygenation trend, we now focus on the oxygen content of the 

upwelling source waters. The time series of the current intensity and oxygen fluxes associated 

with the EUC (2°N – 2°S), pSSCC (2°S – 6°S) and sSSCC (6°S – 10°S), averaged between 50 

and 350 m, are shown in Figure 26. All currents decrease over time (EUC: ~ – 0.24 cm s-1 dec-
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1; SSCCs: ~ – 0.36 cm s-1 dec-1, trends are significant for the SSCCs). These subsurface currents 

show a lower mean after 1997–1998 than before. The oxygen fluxes also decrease and the 

negative trends are significant for EUC (– 0.03 µmol m-2 s-1 dec-1), pSSCC (– 0.026 µmol m-2 

s-1 dec-1), sSSCC (– 0.012 µmol m-2 s-1 dec-1). The latter presents the weakest flux decrease. 

These results are in line with Stramma et al. [2010] and Czeschel et al. [2015], who found a 

deoxygenation in the EUC and pSSCC during the last three decades. Due to the connections 

between the equatorial and coastal zone (see section 3.3.3 and 3.2.2 in Chapters 3 and 4, 

respectively), this suggests that deoxygenation in the coastal region may be driven by a decrease 

in the equatorial oxygen supply.      

 

Figure 26. Mean modeled zonal current (cm s-1) and O2 flux (µmol m-2 s-1) (left panel). Black 

rectangles indicates the regions over which spatial averaging was computed. Time evolution of 

the zonal current (upper right panel) and O2 fluxes (bottom right panel) for EUC, sSSCC, 

pSSCC. The linear trend units are cm s-1 dec-1 and 10-1 µmol m-2 s-1 dec-1 for zonal current trend 

and O2 flux trend, respectively. The trend values are indicated in the top righ corner of the right 

panels. The “TRUE”/“FALSE” labels significant/ non-significant trends using bootstrapping. 

4. Impact of Remote versus Local Forcing on the Biogeochemical Trends 

In this section we analyze the impact of the remote (e.g. KW) and local (winds) forcing 

on the trends previously described. The configurations of the simulations were described in 

methodology section (see Methodology Chapter 2). Two simulations are analyzed: the Kclim 

simulation is forced by interannual atmospheric (wind, short wave and air parameters) forcing 

and climatological OBC. The Wclim simulation is forced by interannual OBC and 
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climatological atmospheric and wind forcing. These two simulations are compared to the CR 

simulation analyzed in the previous sections, forced by interannual OBC, atmospheric and wind 

forcing.    

4.1. SST and surface productivity 

A negative SST trend is observed alongshore (~ – 0.2 °C dec-1, Figure 27) in Wclim, 

although less intense than in the CR simulation (~ – 0.4 °C dec-1). In contrast, no trend is 

observed in Kclim in the 50 km coastal band. However, a weak negative trend is found (~ – 0.1 

°C dec-1) offshore and north of 13°S. The Chl trend spatial pattern is similar to the SST pattern 

in Wclim: an increase of the surface Chl is found, with almost the same magnitude as in CR 

between 5°S – 14°S and within the 100 km from the coast (~+ 0.3-0.5 mg m-3 dec-1). In contrast, 

an alternation of negative and positive patterns are observed alongshore in a thin coastal band 

in Kclim. These results suggest that the remote oceanic forcing is the main driver of the SST 

and surface Chl trends along the Peruvian coasts in our model configuration. 

 

Figure 27. SST (upper panel; in °C dec-1) and Chl (bottom panel; in mg m-3 dec-1) trend for CR 

(left panel), Wclim (middle panel), Kclim (right panel) over 1979-2008. 
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However, this result may depend on the quality of the atmospheric forcing. In the 

following, the impact of a different wind forcing is investigated. We used 2 different wind 

products: CFSR and ERA-interim (hereafter ERA; see description in Methodology section). 

The statistically downscaled nearshore winds [Goubanova et al., 2010] used in CR simulations 

(~ 5.0 m s-1), are lower than the CFSR (~ 5.9 m s-1) and ERA (~ 5.5 m s-1) winds (within the 

100 km to the coast and from 6°S – 16°S). Moreover, these products have very different trends. 

CFSR and ERA-interim trends are respectively significantly positive (+ 6 10-2 m s-1 dec-1) and 

negative (- 7 10-2 m s-1 dec-1),  while the CR winds have a weaker (significant) negative trend 

(- 0.3 10-2 m s-1 dec-1). The wind stress, which results from the interaction of surface wind and 

the surface ocean layer as it was computed by bulk formulation, presents negative trends in CR, 

CR-CFSR and CR-ERA (see table 3 in methodology chapter) but with different intensities (-7 

10-4, -2 10-4, -9 10-4 N m-2 dec-1, respectively). Furthermore, the modeled wind stress 

underestimate the satellite data from ERS (1°x1°; Bentamy et al., 1999) and QuikSCAT (0.25°; 

from http://www.ifrem er.fr/cersat) (Figure 28).  

 

Figure 28. Timeseries of wind stress (in N m-2) for CR, CR-CFSR, CR-ERA 

simulations, averaged in a coastal box (6-16°S, within 100 km from the coast). Wind stress is 

computed using a bulk formulation. Wind stress from satellite data as ERS and QuikSCAT are 

shown.   
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In order to evaluate the impact of ERA and CFSR winds in the system, we repeated the 

Kclim simulations using these wind forcings. Kclim-CFSR generates an intense negative SST 

trend alongshore north of 10°S (~ – 0.5 °C dec-1), while Kclim-ERA produces a weakly negative 

SST trend (< – 0.1 °C dec-1) north of 11°S, with a negative core (~– 0.1 °C dec-1) between 5°S 

– 6°S and within 150 km from the coast. The Kclim-CFSR Chl trend was positive north of 

10°S, reaching values of + 0.75 mg m-3 dec-1 at ~ 7°S. The Kclim-ERA Chl trend was less 

marked, with weak positive  (+ 0.1 mg m-3 dec-1) and negative (– 0.1 mg m-3 dec-1) values in 

5°S – 11°S and south of 16°S respectively, within ~ 40 km from the coast.  

 

Figure 29. SST (upper panel; in °C dec-1) and Chl (bottom panel; in mg m-3 dec-1) trend from 

Kclim-CFSR (left panel) and Kclim-ERA (right panel) during 1979 to 2008. 

These sensitivity experiments demonstrate that the model robustly simulates an increase 

in surface Chl, independently of the choice of wind forcing, in the absence of remotely forced 
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coastal waves. This Chl increase is likely due to an enhanced wind-driven upwelling, bringing 

more nutrient to the surface, and thus relaxing nutrient limitation. The spread between the 

simulations driven by the different wind products, which have different trend magnitude, 

informs on the range of uncertainty of the computed SST and Chl trends. We can conclude from 

this sensitivity study that both the remote and the local forcings contribute to the positive Chl 

trend. Unfortunately, there is no clear consensus on whether there was or not a wind increase 

off the Peruvian coasts during 1979-2008, due to large discrepancies in the reanalysis products 

[Narayan et al., 2010].  

4.2. Drivers of deoxygenation 

The drivers of upper OMZ variability (ZO2 depth) are investigated using the Kclim and 

Wclim sensitivity simulations. Figure 30 displays the time series of ZO2, averaged between 

6°S – 16°S and 0 – 200 km from the coast. Wclim and CR simulations display the same 

interannual variability. A significant negative ZO2 trend (- 7.28 m dec-1, shoaling) is found in 

CR, whereas a weaker (significant) negative ZO2 trend (- 3.41 m dec-1) is found in Wclim. In 

contrast, the ZO2 interannual variability is very different in the absence of coastal trapped 

waves in Kclim. As expected, the OMZ deepening, typical of EN, e.g. during 1997–1998 EN 

is no longer observed. In contrast with CR, Kclim simulates a weak positive ZO2 trend (+ 0.66 

m dec-1, deepening). This shows that the remote forcing (e.g. by CTW activity and frequency) 

drives the interannual variability (ENSO phases) and trend (deoxygenation) of ZO2.  

The response of ZO2 trend to different wind forcings is also evaluated using Kclim-

CFSR and Kclim-ERA. The ZO2 trends are weak and not significant in both simulations 

(Kclim-CFSR: - 0.09 m dec-1; Kclim-ERA: - 0.19 m dec-1, Fig. 31). This shows that in spite of 

and enhanced wind trend, which impacts the productivity and respiration, the long-term 

deoxygenation is mainly driven by the remote equatorial forcing.    
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Figure 30. ZO2 timeseries (full line) and trends (dashed line) for CR (gray line), Wclim (red 

line) and Kclim (blue line) simulations (see table 3 in Chapter 2 for a detailed description of the 

simulations). ZO2 was computed from 6°S – 16°S and 0 – 200 km. The trend values are 

indicated in the bottom right corner of the panels. The “TRUE”/“FALSE” labels indicate 

significant/non-significant trends using bootstrapping.  

 

Figure 31. ZO2 timeseries  (full line) and trends (dashed lines) for CR, Kclim-CFSR and Kclim-

ERA simulations (see table 3 in Chapter 2 for a detailed description of the simulations). ZO2 

was computed from 6°S – 16°S and 0 – 200 km. The trend values are indicated in the bottom 

right corner of the panels. The “TRUE”/“FALSE” labels significant/ non-significant trends 

using bootstrapping. 
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5. Analysis of the Equatorial Forcing over 1979-2008  

Our results suggest that the equatorial remote forcing is the main driver of the physical 

and biogeochemical modelled trends between 1979 and 2008. However, the mechanisms 

remain to de deciphered. The main mechanism described in section 3 to explain the SST, Chl 

and deoxygenation trends is related to the changing characteristics of the equatorial source 

waters. Over time, their nutrient content increase, while their temperature and oxygen content 

decrease. The other mechanism is related to the CTW forced by the EKW variability, which 

modify the nutricline depth. Lee and McPhaden [2010] observed an increase in the intensity 

and frequency of the Central Pacific El Niño (CP El Niño or modoki EN) over the last decades. 

CP  El Niño is characterized by highest SST anomalies in the central equatorial Pacific (region 

El Niño 3.4; Fig. 32). The increase in modoki EN frequency could be associated to the natural 

multidecadal variability and to the anthropogenic climate change [Yeh et al., 2009]. 

 

Figure 32. El Niño intensity in the region El Niño 4 from Lee and McPhaden [2010]. 

 Dewitte et al. [2012] described the development of EP and CP EN events by 

decomposing the equatorial dynamics in the form of mode 1 and mode 2 Equatorial Kelvin 

waves (mode 2 having a more complex vertical structure than mode 1). Using the SODA 

reanalysis, they found that the CP El Niño is associated with the propagation of a mode 2 

upwelling (cold) EKW a few months before and after the peak of EN, whereas a mode 2 

downwelling (warm) EKW are predominant during EP El Niño (Fig. 33). As upwelling CTWs 

(triggered by upwelling EKWs) induce a shoaling of the main physical and biogeochemical 

clines during their alongshore poleward propagation [Echevin et al., 2014; see also chapters 3 

and 4], this implies that more frequent and more intense CP El Niño could be associated to 

more frequent upwelling CTWs and shoaling events of the main clines (thermocline, nutricline 
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and oxycline). Dewitte et al. [2012] computed the SST composite in the autumn fllowing the 

peak of CP El Niño in summer, using a regional model configuration and  observations 

[Reynolds et al., 2007]. This SST composite is characterized by negative anomalies in both 

model and observations (– 0.5 to – 1 °C), between 5°S and 14°S. The spatial pattern extends 

equatorward, suggesting a link with remotely-forced upwelling CTW (Fig. 34).   

In conclusion, the more frequent Central Pacific El Niño events (or Modoki El Niño), 

which typically present the propagation of mode 2 upwelling Kelvin Waves, may have triggered 

the shoaling of the nearshore thermocline, nutricline and oxycline. The shallower nutricline 

increases the productivity, while the shoaling of the oxycline could influence  coastal 

deoxygenation.    

 

Figure 33. Mode 2 during CP EN and EP EN from Dewitte et al. [2012]. 

 

Figure 34. Autumn SST anomalies composite during CP El Niño from model (left) and 

Reynolds (right). From Dewitte et al. [2012]. 
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6. Appendix 

 

Figure S1. Monthly time series of SST from model (black) and IMARPE data (red) for north-

central (left), north (middle), central (right) regions. The asterisk means that the trend is 

significant by bootstrap. The time series were computed from 6°S – 16°S and within 100 km 

from the coast.  Linear trend were added. Grays bar represent the number of data for each year.  

 

Figure S2. Monthly time series of ZT15 from model (black) and IMARPE data (red) in the 

north-central (left), north (middle), central (right) regions. The asterisk means significant values 

by bootstrap. The time series were computed from 6°S – 16°S and within 100 km to the coast.  

Linear trend were added. Grays bar represent the number of data. 
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Figure S3. Surface Chl Monthly time series for model (black) and IMARPE data (red) in the 

north-central (left), north (middle), central (right) regions. The asterisk indicates a significant 

trend tested using by bootstraping. The time series were computed between 6°S – 16°S and 

within 100 km from the coast. Linear trends were added. Grays bar represent the number of 

data. 

 

Figure S4. Monthly time series of surface nitrate (upper panel) and nutricline depth (bottom 

panel) from model (black) and IMARPE data (red) for north-central (left), north (middle), 

central region (right). * means significant by bootstrap. The time series were computed from 

6°S – 16°S and within 100 km to the coast.  Linear trend were added. Grays bar represent the 

number of data. 
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Figure S5. Monthly time series of the isolines depth of 10 (5) and 15 (10) µmol L-1 from the 

model (IMARPE) in the top and bottom panel. Black and red lines represent model and 

IMARPE data, respectively. * means significant by bootstrap. The time series were computed 

from 6°S – 16°S and within 100 km to the coast. Linear trend were added. Grays bar represent 

the number of data. 
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Figure S6. Monthly time series of surface oxygen dissolved (upper panel) and ZO2 (bottom 

panel) from model (black) and IMARPE data (red) for north-central (left), north (middle), 

central region (right). * means significant by bootstrap. The time series were computed from 

6°S – 16°S and within 100 km to the coast.  Linear trend were added. Grays bar represent the 

number of data. 
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Figure S7. Monthly spatial surface Chl trend (mg m-3 dec-1) from 1979 to 2008. 
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Conclusions and Perspectives 

1. Conclusions 

The Peruvian upwelling System is one of the most productive regions in the global ocean 

[Chavez et al., 2008] and encompasses a very intense and shallow Oxygen Minimum Zone 

(OMZ). Furthermore, due to its proximity of the equatorial Pacific, it is strongly impacted by 

ENSO (El Niño and La Niña events). In the present thesis, we attempted to describe and 

understand the main mechanisms associated with the impact of El Niño (EN) and La Niña (LN) 

events on (1) primary productivity and surface chlorophyll concentration and (2) dissolved 

oxygen content in the upper part of the OMZ. To this aim, we used a physical-biogeochemical 

coupled model, representing adequately the regional scales of the circulation and 

biogeochemical cycles. In the last chapter, we studied the recent physical and biogeochemical 

trends observed in the surface and subsurface layers. The model allowed us to investigate the 

respective influence of the equatorial circulation decadal variability and that of the local 

upwelling-favorable wind on these trends. The main conclusions of the thesis are summarized 

in the following: 

a) Our regional model was able to reproduce the main oceanic surface and subsurface 

conditions in the period 1958 – 2008 as long as their variability associated with ENSO. 

The model and observations (in situ and satellite) showed the development of warming 

conditions during EN events, with a notable SST increase and a deepened thermocline. 

Nutrients were also impacted, as a nitracline deepening and a silicate decrease were 

found. The surface Chl decreased strongly and an oxygenation of the upper water 

column was observed. In contrast, cooler water and enhanced nutrient concentrations 

(than during normal conditions) associated with a shoaling of the nutricline, and a slight 

increase of surface Chl were encountered during LN along the coast. Furthermore, a 

shoaling of the OMZ and a decrease of dissolved oxygen concentrations in the upper 

layer were observed.  

b) Moreover, the model was able to reproduce the variability at longer time scales, namely 

the main physical and biogeochemical trends between 1979 and 2008. A significant 

coastal cooling was found from 6°S to 14°S. The observed and simulated surface Chl 

increased during the last decades, mainly between 6°S and 10°S. Last, model and 

observations displayed a shoaling of the oxycline, indicative of a deoxygenation of the 

upper layers of the water column.        
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c) In chapter 3 we described and analyzed the processes driving the decrease and increase 

of the productivity during EN and LN, respectively. During EN periods, the nearshore 

wind stress increase (see Chamorro et al. [2018] for a detailed study of this 

phenomenon) triggered an intensification of the coastal upwelling (mainly in summer – 

fall), partly compensated by a strong onshore geostrophic flow (mainly in winter and 

spring).  The downwelling Coastal Trapped Waves (CTW), forced by the arrival of 

eastward propagating Equatorial Kelvin waves at the coasts of South America, 

propagate poleward along the coast and drive a nitracline deepening. Thus, the 

upwelling of nitrate into the surface layer decreased, except in summer – early fall as it 

was mitigated by the wind-driven upwelling increase. The Chl decrease was caused by 

nutrient depletion during most of the EN period, except during summer, as it was 

attributed to an enhanced light limitation related with a deepening of the mixed layer. 

Eddy-driven fluxes were also impacted by the enhanced eddy activity during EN: the 

downward nitrate vertical eddy flux increased and was estimated to be twice as large as 

during normal years. Weaker changes were found during LN. In these cold periods, the 

chlorophyll slightly increased due to an enhanced upwelling and slightly nutrient-richer 

source waters. 

d) The impacts of EN and LN phases on the oxygenation of the upper water column and 

depth of the upper limit of the OMZ (ZO2) were analyzed in chapter 4. During EN, the 

OMZ deepened due to the passing of intense downwelling CTWs, whereas it shoaled 

during LN due to the upwelling CTWs. The source water (SW) of the coastal upwelling 

were mainly transported eastward from the equatorial regions towards the coasts by the 

SSCCs and EUC during LN and EN, respectively. During EN, the SW were more 

oxygenated than during LN as they originated from the more ventilated region north of 

the OMZ and transited faster towards the coastal region due to stronger onshore 

currents. Furthermore, the vertical eddy flux, which brings oxygen to the surface layer 

above ~ 60 m and removes it below, decreased during EN. Horizontal eddy fluxes, 

which inject oxygen into the OMZ at its lateral boundaries, strongly increased during 

EN. Modifications of biological consumption of oxygen (mainly remineralization, 

zooplankton respiration and nitrification in our model) were also estimated. These sinks 

were strongly altered during ENSO phases, depending on oxygen availability in the 

water column. During EN, close to the coast, the remineralization, zooplankton 

respiration and nitrification tended to increase, while during LN, the opposite occured.   
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e) The processes involved in the biogeochemical trends (especially Chl and oxygen) in the 

period 1979-2008 were analyzed in detail in chapter 5. The simulated productivity 

increase was significant in the north-central region (6°S–10°S). The limiting factors of 

diatoms (i.e. the phytoplankton species contributing mostly to chlorophyll content) 

growth indicated that the productivity increase was due to a relaxation of nutrient 

limitation attributed to the nutricline shoaling (and subsequent increase of nutrient in 

the near-surface layers). In contrast, light limitation was not modified. Furthermore, the 

positive Chl trend was explained by a strong increase of productivity during summer -

autumn, partly compensated by a negative trend in winter.  

Our model also reproduced a progressive shoaling of the upper OMZ in the studied 

period. The strongest shoaling was observed offshore and between 4°S and 8°S. We 

found that it could be related to the decreasing oxygen fluxes associated with the 

equatorial subsurface currents, the EUC and Tsuchiya jets. Nearshore deoxygenation 

occurred over the entire OMZ but was stronger in the oxycline between 20–100 m depth. 

Model sensitivity experiments demonstrated that the remote forcing (e.g. Equatorial 

Kelvin waves in the equatorial latitude band) drove the trends, whereas the local forcing 

(nearshore winds) did not have a strong impact. One hypothesis to explain this trend is 

the occurrence and intensification of Central Pacific EN events with respect to Eastern 

Pacific EN events in the last decades. As suggested by Dewitte et al. [2012], whereas 

mode 1 downwelling Kelvin wave induces a deepening of the thermocline during 

Eastern pacific and Central pacific EN events, the mode-2 upwelling Kelvin Waves 

propagating during CP events causes the shoaling of the nearshore thermocline, possibly 

impacting the nutricline and oxycline. 

2. Limitations of the Study 

We discuss the limitations of our modelling approach in the following paragraphs:  

a) The biogeochemical model used in this thesis has several ill-constrained parameters. 

Most parameters used in our regional configuration are identical to those in the default 

version of the PISCES model which was initially adapted for the global ocean at 2° 

resolution. Some of them have been modified (see Table in Echevin et al. [2014]). Most 

of these values have been derived from the literature (laboratory experiments and 

models). However, they were computed from results and observations in different 
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regions than Peru. More laboratory studies are needed to obtain more accurate 

parameters values for the Peruvian coastal region. Besides, due to the large number of 

PISCES parameters and computational time requirements, simple models (e.g. 1D 

model) could be used in order to adjust the parameters (e.g. using data assimilation 

techniques). Indeed, the OMZ and the nitrate concentration are highly sensitive to 

parameters such as remineralization and nitrification rates. Thus, sensitivity studies of 

PISCES model to different values of these parameters need to be done in the future.  

Figure 1 illustrates how different values of remineralization and nitrification rates can 

impact the nitrate and oxygen concentration, with respect to the RPSoda control 

simulation.   

b) Some processes of the nitrate cycle are not explicitly modeled in PISCES. For example, 

anammox is not included in PISCES, because the bacterial pool is simplified. The 

current model may thus overestimate nitrate concentration as anammox contributes to 

nitrate loss. Including these nitrate cycle processes (i.e. as in the BioEBUS model, 

Gutknecht et al. [2013]) will be necessary to improve the simulations of the system 

productivity. 
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Figure 1. Oxygen and nitrate at 200 m depth from RPSoda, XREMIK, XREMIP, NITRIF with 

different values of the parameters: remineralization rate (𝜆𝐷𝑂𝐶), nitrification rate (𝜆𝑁𝐻4) and 

degradation rate of Particulate Organic Carbon (𝜆𝑃𝑂𝐶). RPSoda (control run) parameter values 

were 0.3 d-1, 0.025 d-1 and 0.05 d-1 for 𝜆𝐷𝑂𝐶 , 𝜆𝑃𝑂𝐶  and 𝜆𝑁𝐻4respectively. In XREMIK, XREMIP 

and NITRIF simulations, paramater values differed from RPSoda as follows: 𝜆𝐷𝑂𝐶  (0.15 d-1), 

𝜆𝑃𝑂𝐶(0.012 d-1) and 𝜆𝑁𝐻4 (0.02 d-1). In this comparison, RPSoda (1/6° of resolution) is a 

climatological simulation forced by climatological forcing from ECMWF (heat fluxes) and 

QuikSCAT (winds). The physical and biogeochemical climatological OBC originate from the 

SODA model and the WOA database, respectively. 

c) At the beginning of this thesis, a realistic enough global interannual simulation 

including biogeochemistry, which could have been used to force variable boundary 

conditions, was not available for the period 1958 - 2008. In chapter 3, the ORCA2-

PISCES global model (C. Ethée, pers. Comm.) was used to force a regional simulation 

(RPOrca). However, ORCA2-PISCES did not present a realistic distribution of some of 

the biogeochemical variables. The OMZ (between 5°S – 12°S) from ORCA2-PISCES 

displays a strong bias (Fig. 2) : there was no nearshore OMZ in ORCA2-PISCES, likely 

due to a too strong oxygenation by the equatorial subsurface currents (see also Fig. 5 in 

Methodology chapter). Thus, we had to use a hybrid OBC forcing: WOA climatological 

conditions for oxygen and ORCA2-PISCES for nutrients and physics. Due to biases in 

the physical forcing, this simulation was not as realistic as RPSoda (Fig. 3) and thus was 

not presented in detail in the manuscript, except in chapter 3. 
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Figure 2. Oxygen concentration (annual mean, in µmol kg-1) averaged between 200 m and 400 

m depth (top panel). Meridional section at 100 °W (bottom panel) from ORCA2-PISCES and 

WOA. 

 

Figure 3. Oxygen concentration (annual mean, in µmol kg-1) at 12°S from RPOrca, RPSoda, 

and CARS. Isoline of 22 µmol kg-1 represents the limits of the OMZ.    
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d) Few wind datasets are available for the studied time period. In the present work, we 

used a statistically downscaled product from NCEP [Goubanova et al., 2010], and a 

hybrid forcing: a QuikSCAT climatology (0.25°) to which CFSR (0.75°) and ERA-

interim (0.33°) surface wind anomalies were added. These wind fields have different 

horizontal resolutions, and this affects the representation of the wind intensity and drop-

off close to the coast. Furthermore, the wind products present contrasted trends, in some 

cases of opposite sign. ERA-interim coastal winds tend to decrease between 1980 and 

2008, whereas CFSR winds increase (Fig. 4). Last, there are few reliable in situ wind 

measurements to evaluate the wind products used to force the regional model. Besides, 

the bulk formulation in ROMS [Liu et al., 1979] used to compute surface wind stress 

may also introduce a bias. Indeed, satellite wind wind stress from QuikSCAT (2000 – 

2008) and ERS (1992 – 2000) suggest that the wind stress derived by the bulk 

formulation is underestimated by ~20 % when compared with scatterometer 

measurements.   

 

Figure 4. ERA-interim (top) and CFSR (bottom) wind speed over 1958-2008, averaged in a 

coastal box (from 6°S – 16°S and within the 150 km to the coast).    

e) The horizontal resolution of our regional model (1/6, ~20 km) is relatively coarse in 

comparison to recent studies in the Peru region (e.g. ~ 10 km in Moggollon and Calil et 



Espinoza-Morriberón Dante – Thèse de doctorat - 2018 

185 

 

al., [2017] and ~ 9 km in José et al. [2017]). This resolution enabled to increase the 

model time step and reduce the number of grid points, allowing to conduct relatively 

long simulations (several decades) in comparison to these recent studies. However, the 

impacts of mesoscale and submesoscale processes on productivity and dissolved oxygen 

(see e.g. Thomsen et al. [2016]) are likely to be underestimated. Increasing the 

resolution is thus a requirement for future studies.     

3. Perspectives 

Major scientific questions about the coupling of physics and biogeochemistry in the 

Peru upwelling system have been adressed in the present thesis. However, important issues 

remain. Several scientific questions are proposed in this section as perspectives of this work:   

a) A large number of IMARPE zooplankton in situ data of zooplankton are available 

and could be used to evaluate the model zooplankton compartments. However, this 

data is registered in biovolume, and needs to be converted in carbon biomass to be 

compared to modeled zooplankton. There are no studies about the evaluation and 

behavior (in space and time) of the zooplankton from PISCES model in the Peruvian 

region. This is a crucial topic, as zooplankton groups such as euphausiids represent 

the linkage between the low and high trophic levels (LTL and HTL). HTL models 

usually need the spatio-temporal distribution of the zooplankton biomass as a 

forcing for the modelling of suitable fish habitats. Thus, evaluating PISCES 

zooplankton will allow to obtain better estimates of fish biomass in the HTL models 

which represent anchovy, the major Peruvian fishery. As an example, the coupled 

LTL-HTL (e.g. ROMS-PISCES-OSMOSE) model allows simulating the spatial 

distribution of zooplankton mortality by predation, which influences the distribution 

pf zooplankton and phytoplakton [Travers et al., 2009]. On the other hand, 

zooplankton respiration also impacts the oxygen consumption in subsurface waters 

as it may survive in anoxic conditions. It is possible that a better representation of 

the modelled OMZ could be obtained if modelled zooplankton biomass becomes 

more reliable.           

b) Increasing the horizontal resolution in future model configurations is one of our 

main goals, in order to study the role of eddies and filaments in the biogeochemical 

coastal processes. Eddies tend to remove nutrient, oxygen and phytoplankton 

biomass from the coast and transport these characteristics towards the open ocean. 
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It is crucial to evaluate correctly the role of the mesoscale structures in the budget 

of these biogeochemical components. In chapter 4, we found that the OMZ lateral 

boundaries are ventilated by mesoscale eddies. However, it is not clear if this eddy 

ventilation plays an important role in the interannual movement of the OMZ lateral 

boundaries. It would be interesting to study simulations based on different horizontal 

resolutions where the eddies are more or less damped. 

c) Recent satellite data (2000-2017) showed a chlorophyll positive trend mainly during 

spring (Figure 5), which contrasts with our simulation showing a trend mainly in 

summer-autumn (see Fig.15 in chapter 5) over the period (1979-2008). A blended 

product of surface Chl using SeaWIFS and MODIS data showed that the surface Chl 

off Peru presented a positive trend between January 2000 and December 2017. This 

trend was found during every season but was strongest in spring. A negative trend 

was evidenced offshore (between 6°S – 11°S) during summer (Fig. 5). Simulating 

the recent surface chlorophyll trends in the recent decades would be useful to study 

the processes driving this recent trend. Furthermore, studying the 

oxygenation/deoxygenation phases in the last years would be interesting. This is 

possible using QuikSCAT (2000-2008) and ASCAT (2008-present) satellite winds 

for the atmospheric forcing as well as MERCATOR ORCA12 (1/12°~10 km) global 

model for physical boundary conditions. 
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Figure 5. Surface Chl trend (in mg m-3 dec-1) by season between 2000 and 2017 from a blended 

(SeaWIFs-Modis) satellite timeseries.  

d) Strong interannual variations can exist even in the absence of ENSO. During 

summer 2017, an extreme warming of surface waters occurred off the north-central 

Peruvian coasts (0S-10°S). This event was not related to El Niño as neutral 

conditions were encountered in the Equatorial Pacific. A local weakening of the 

coastal winds triggered the event [Garreaud, 2018; Echevin et al., 2018]. This 

phenomenon was called “the Coastal El Niño”. The surface productivity was 

affected and a notable decrease of the Chl was observed at ~ 8°S, whereas positive 

anomalies were found in the central region (~14°S) (Fig. 6). The productivity change 

could be due to the upwelling relaxation in the northern region. The biogeochemical 

processes associated with this event have not been studied. Using the ROMS-

PISCES model, the influence of nutrients availability on the decrease of productivity 

could be studied. Furthermore, the respective roles of the remote (equatorial waves) 

forcing (i.e. weak downwelling coastal waves propagated along the coast during the 

event)  and local wind relaxation on the productivity and oxygenation changes 
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during the event could be studied by performing sensitivity experiments with 

modified forcing (see e.g. Echevin et al. ,2018) with the PISCES model.        

 

Figure 6. Surface Chl anomalies during summer 2017 from satellite data (SeaWIFS+MODIS). 

The climatology to compute the anomalies was computed between January 2000 and December 

2017. 

e) The response of primary productivity to regional climate change is a crucial 

question. Will the important Peruvian fisheries be limited by lack of phytoplankton 

biomass in future decades? Future studies should address this topic. Currently, only 

a few global earth-system models include the marine biogeochemical cycles and 

simulate changes in productivity. Most of these models forecast a decrease of 

productivity near the Peruvian coast [e.g. Bopp et al., 2013]. However, the coarse 

resolution (~100-200 km) of current earth-system models does not allow to simulate 

coastal upwelling with the necessary accuracy. A dynamical downscaling using the 

ROMS-PISCES model of different climate change scenarios from different earth-

system models is necessary to have robust estimates of the productivity in the future. 

This work is under way (BID project, Fig. 7) and will have to be pursued in the 

future using CMIP6 simulations.      
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Figure 7. Evolution of Phytoplankton and zooplankton biomass from a ROMS-PISCES (10 km) 

simulation off Peru. Data is averaged between 0 and 50 m, and in a coastal box (7-13°S, 100 

km offshore) during 2010 - 2100 in the pessimistic scenario RCP 8.5 (Gévaudan et al., 2017). 
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