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Abstract. The Peruvian Upwelling System hosts an-extremely-high-productive-marine-ecosystem-a marine ecosystem with
extremely high productivity. Observations show that the Peruvian Upwelling System is the only Eastern Boundary Upwelling

Systems-System (EBUS) with an out-of-phase relationship ef-between seasonal surface chlorophyll concentrations and up-
welling intensity. This "seasonal paradox" triggers the following questions: (1) whatis-the-unigueness-What are the unique
characteristics of the Peruvian Upwelling System, compared with other EBUS%ha{—}ead%—teﬂae«atwef—pha%e—rel&&eﬂ%hfm, that
lead to the out-of-phase relationship; and (2) hew

despite-strong-upwelling-and-amplenutrientsHow does the seasonal paradox influence ecosystem functioning? Using obser-
vational climatologies for four EBUS, we diagnose that the Peruvian Upwelling System is unigue-in-the only one to reveal

that intense upwelling coincides with deep mixed layers. We then apply a coupled regional ocean circulation-biogeochemical

model (CROCO-BioEBUS) to assess how the interplay between mixed layer-and-upwellingisregulating-layers and upwellin,
regulates the seasonality of surface chlorophyll in the Peruvian Upwelling System. The-medelreereates-Our model reproduces

the "seasonal paradox" within 200 km off the Peruvian coast. We confirm previous findings that-deep-mixed-tayers;-whieh

regarding the main contribution of mixed layer depth to the seasonality of chlorophyll, relative to upwelling. Deep mixed layers
glv@uvstralwwvvvgyggmcause vertical dilution and-strenger-of phytoplankton and strong light limitation, mestly-drive-the-diametrical

upwelling-of-cold-waters-andJateral-advectionare-impacting growth. The effect of advection on the buildup of phytoplankton
biomass, though second-orderdrivers-oftowsurface-chtorophyl-concentrations, is consistent with previous findings for the
Peruvian system and other EBUS, with enhanced offshore export opposing the coastal buildup of biomass. In addition, we

find that the relatively colder temperatures of upwelled waters slightly dampen phytoplankton productivity and further slow
the buildup of phytoplankton biomass. This impact from the combination of deep mixed layers and upwelling propagates tp

through the ecosystem, from primary production to export and export efficiency. Our findings emphasize-emphasise the crucial

role of the interplay of-the-mixed-tayer-between mixed layer depth and upwelling and suggest that surface chlorophyll may
increase, along with a weakened seasonal paradox, in response to shoaling mixed layers under climate change.
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1 Introduction

The Peruvian Upwelling System (PUS) hosts a disproportionally productive ecosystemand-supports-, supporting 10% of the
world’s fishing yield while covering only 0.1% of the ocean area (Chavez et al., 2008). As one of the Eastern Boundary
Upwelling Systems (EBUS), upweling-favorable-winds-bring-up-winds favouring upwelling raise cool, nutrient-rich waters to
the surface, supporting high primary production and fish yield. At-the-same-time;-the-Simultaneously, high primary production,
together with subsequent export and remineralization-in-part-eauses-remineralisation contributes to the formation of a sub-
surface oxygen-deficient-oxygen-deficient zone which is particularly shallow and intense in the PUS (Fuenzalida et al., 2009;
Stramma et al., 2010; Getzlaff et al., 2016). Particularly vta-due to its high productivity, the response of the PUS to climate
change is of great social and economic interest (Pauly et al., 1998; Bakun, 1990; Bakun et al., 2010), and a variety of studies
have investigated how physical and biogeochemical processes influence the production of phytoplankton and-as well as its
potential links to ecosystem functioning in the PUS.

While the PUS has been frequently compared to other EBUS (e.g., the Benguela, California, and Canary Systems), it
is set apart by how the-surface chlorophyll responds to the variation of upwelling on a seasonal scale. The high produc-
tivity of EBUS primarily benefits from the upwelling of nutrient-rich waters, driven by the-alongshore equatorward winds.
Hence, it is commonly assumed that the magnitude of phytoplankton biomass in EBUS is directly correlated with the wind-

driven upwelling intensity (Bakun, 1973). However, in the PUS, upwelling intensity and surface chlorophyll are not cor-

related on the-season hereafter referre : -Chavez and Messi¢ —Indeeda seasonal scale

hereafter referred to as "seasonal paradox"; Chavez, 1995; Thomas et al., 2001; Echevin et al., 2008; Chavez and Messié, 2009
. Instead, they are out of phase, with the lowest surface chlorophyll concentration in austral winter when-upwelling-intensity-is
highestcorresponding to maximum upwelling intensity (Calienes et al., 1985). Echevin et al. (2008) and-Messi€-and-Chavez(2045)-

argue-that-mixed-lay are-deep-whenupw re-and-nutrient-supply htghest—Deep dHayers—would-ecause-dilution—o

paradox” and found that deep mixed layers caused dilution of surface phytoplankton, reduced growth due to limited light, and
subsequently iron-reduced iron levels (as phytoplankton needs-require more iron under tow-tight-condition);teading-low-light
conditions). This ultimately leads to low chlorophyll under strong upwelling conditions. Lewer-surfaceradiation-Results from

Messié and Chavez that

2015) corroborated iron and light limitations found in Echevin et al. (2008

relatively strong offshore advection in austral winter regulated the buildup of phytoplankton and thus also contributed to the
seasonal paradox. Guillen and Calienes (1981) suggested that lower surface irradiation in winter might amplify light limitation

and further limit phytoplankton growth, while insolation was found
not to play a major role in Echevin et al. (2008). Additionally, Echevin et al. (2008) concluded that temperature played no role
in regulating phytoplankton growth. Despite previous research on surface chlorophyll seasonality, uncertainty still remains
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regarding why the seasonal paradox occurs only in the PUS and not in the other EBUS, and it is unexplored how the seasonal

aradox affects ecosystem functioning.

To-this-end;-thisstady-will-address-This study addresses the following key questions: (1) what is-the-uniqueness-of PS-are
the unique characteristics of the PUS, compared to other EBUSthatleads—to-the-, that lead to this seasonal paradox; (2) hew
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ingwhat are the mechanisms that cause low.

surface phytoplankton in winter; and (3) how wilk-this-further-do these mechanisms affect ecosystem functioning.

2 Data and Methods
2.1 Regional ocean circulation-biogeochemical model: set-up-setup and simulation

We use a climatological simulation of the three-dimensional regional ocean circulation model CROCO (Coastal and Regional
Ocean COmmunity model; Debreu et al., 2012) coupled with the biogeochemical model BioEBUS (Biogeochemical model
for the Eastern Boundary Upwelling Systems; Gutknecht et al., 2013) for this study.
We-use-thesame—techntealset-up—The same technical setup, including the model grid, is used as in José et al. (2017),
along with an updated version of the ocean circulation model CROCO. CROCO is the next generation of the ROMS AGRIF
model (Tedesco et al., 2019), and is a free-surface and split-explicit regional ocean model system (ROMS; Shchepetkin and
McWilliams, 2005). We employ a two-way nesting approach, with the larger coarser-resolution domain covering the Southeast
Pacific and the smaller higher-resolution domain focusing on the PUS. The larger domain has a 1/4 resolution, spanning from
69 W to 120 W and from 18 N to 40 S. The embedded "child" domain has a resolution of 1/12 and extends from 5 N to
31 S and from 69 W to 102 W (Fig. Al) which-and is used in this study. Both eearse-the coarse- and fine-resolution domains
use 32 sigma levels in the vertical direction, with finer resolution towards the surface and shallower regions. The surface
layer thickness is—ranging-ranges from 0.5 m in the coastal region (water depth around 50 m) to around 3 m in the offshore
region{water-depth-, corresponding to a water depth of more than 4000 my. Initial and boundary conditions are provided by
the monthly climatological SODA reanalysis (Simple Ocean Data Assimilation; Carton and Giese, 2008) from 1990 2010.
Fhe-surface-Surface forcing is based on the monthly climatological heat and freshwater fluxes from COADS (Comprehensive
Ocean-Atmosphere Data Set; Worley et al., 2005), along with wind data from QuikSCAT (Quick Scatterometer; Liu et al.,
1998). The physical setup is the same as in José et al. (2017) and has been evaluated therein—The-modelsimulates-eddy kinetie

eurrent-and-Peru—Chile-undereurrent, showing that the model reproduces the circulation of the region reasonably well.
The biogeochemical BioEBUS model used in this study was developed explicitly for applications to EBUS and oxygen

minimum zones (Gutknecht et al., 2013). BioEBUS is a nitrogen-based model, originating from the N>P2Z,D, model by Koné
et al. (2005). It simulates two phytoplankton and two zooplankton groups: small and large phytoplankton, along with micro-
and mesozooplankton. FurtherFurthermore, there are two detritus poolseategorized-based-on-, categorised by size. BioEBUS
resolves the N species (nitrate, nitrite and ammonium) and simulates processes under oxic, hypoxic and suboxic conditions

(e.g.remineralization;—, remineralisation, nitrification, denitrification and anammox). The BioEBUS model was first used to



90 studythe Peruvianmarinebiogeochemistrjpy Montes et al. (2014)andis capableof producinga realisticsimulationof the

Scienti ¢ and Industrial Research Organisation) Atlas of Regional Seas; Ridgway et al., 2002), and initial conditions for

phytoplankton are based on monthly climatological SeaWiFS (Sea-viewing Wide Field-of-view Sensor; O'Reilly et al., 1998)

estimates. A detailed description thfesebiogeochemical processes can be found in Gutknecht et al. (2013). The parameter
95 settingissettingsare the same as in Jose et al. (20%#)3-exceptfor a few adjustments to biological parameters (Table. A1) to

model is the same as the couplingesteptime step with adurationof 1200 seconds. The time-stepping of the biogeochemical

100 modelis-hasadurationof 400 seconds. The coupled model is run for a 25-year spin-up p&iedeochemicabnephysieal

105 the surface ecology, our results are not sensitivedaleepdeepocean spin-up. This study focuses on the 200 km band off the

110 the budget of the phytoplankton biomass and how its tendency is driven by physical versus biological processes:
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the light-, temperature- or nitrogen-related growth factéessuantifythe Thelimitation experienced by phytoplankton within

the mixed layel g +it-is calculated from each growth factdr éar), L (r) andL (), using phytoplankton concentratio@
within the mixed layer as a weight (Eq. 3). Light-, temperatareand nitrogen-related growth factors that each phytoplankton
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shown in a Taylor diagram as a summary of the evaluation (Fig. 1c, Taylor et al. (1991); a comparison of the spatial pattern
and the seasonal cycles of variabtesis provided in the appendix, see Figs. B1-B4). Model results t the observational data

RMSDB)-TFhemedeleapturesRMSE : normalisedRMSE). It alsocapturecthe observed seasonal cycle weth-, thoughit

of the seasonal paradox with CROCO-BioEBUS.

3 Results

3.1 Anticorrelation of chlorophyll and upwelling: The seasonal paradox only appears in the Peruviampwelling

system
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(b) Map of annual mean upwelling velocity wmid 1) at the bottom of the mixed layer, with contour lines indicating MLtB) (White lines
highlight the focus area; (c) Taylor diagram for seasonal SST (red), MLD (yellow), surface nitrate concente&tigms)fle) and chlorophyll
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Strikingly, the Peruvian system is the only one of the four EBUS where high upwelling coincides with deep MLD (Fig. 2e,
R? =0:79). The Canangy i i i i

205 and mixed Iayer depth is opposne to that of the Peruvian system, with the highest upwﬂmpgpurrmgln the shallowest
mixed layers.
Given the paradox that strong upwelling in the Peruvian system occurs at the time of the yearly chlorophyll minimum, it is

intuitive that the concurrent deep mixed layers offset the positive impact of upwelled nuthieatserweords,;morenutrients

210 st|mulateh|gherproductmty|f the reglonwasnutrlentllmlted If concentrations aralready elevated, addlng more nutrients

3.2 Modelled phytoplankton biomass, dissolved inorganic nitrogen, upwelling and the MLD in the Peruvian system

We useuseda regional ocean circulation modebupled to a marine biogeochemical model (CROCO-BioEBwS)urther
215 analyse the Peruvian system (s¢ethedthe ‘Dataand Methods”sectlon) The modebpreéaeewdlreffectlvelyreproduced

220 biomass concentratlas%@hesﬂpfreachedts maX|mumfrom late austral summer to early autumn (March to Apflﬁ&m



see Messié et al. (2009)); (b) surface nitrate concentration (WOwniml N m 2); (c) MLD (ARGO, in m); (d) SST (MODIS, iffC) and
(e) correlation of MLD and upwelling transport among four eastern boundary upwelling systems (E&U$pr the Peruvian systemie
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Figure 3. Seasonal cycles of (a) upwelling intensity @v, solid line) and surface dissolved inorganic nitrogen (DIN) concentration (in
mmolNm 3, dotted line); (b) surface (immolNm 2, solid line) and mixed layer depth (MLD)-integrated phytoplankton biomass (in

3.3 Biomass dilution by the deepening mixed layer

Dilution of phytoplankton in deepening winter mixed layers is a key driver behind the seasonality of surface phytoplankton

concentration. Within the research area, the Mitwsshoweda seasonal variation with the shallowest mixed layer in austral

Hence,we infer that seasonal mixed layer deepening and shoaling alone is an important factor in driving phytoplankton

concentrations at the ocean surfeae pbserved for instanéaseeonfrom satellite images.
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biomass between late April and Iate July (shaded area in Flg.%,&]ereafter referred to as the decline phase). The decline

of surface phytoplankton concentrations can be attributed to the decline due to the in¢tibase mixed layer volume V

3.4 Biological and physical processes changee total biomass within the mixed layer

3.4.1 Disentangling physical and biological processes

(e.g., primary production, grazing from zooplankton, natural mortality, exudamlmsmkmg) and phyS|caI processes (mixing,
advection and entralnment) that affect the mtegrated biofRassib)-. Throughout the year the net brologlcal ueepesmve

11
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phytoplankterbiomasgadveetionyispieking tp-5a), we integratedhe changeof eachtermovertime (thatis, the derivatives)

are presented in the following sections.

3.4.2 Factors limiting primary production

12



305 foundthattemperaturqs)layeda relevant secondary role.

deepest mixed layers. The variation of MLD-averaged light Iimitamluascorrelated R? = 0:92) with the change of MLD.
310 As phytoplanktonsrwereevenly distributed within the mixed layer, deeper MEEE&H%GF&W&BF&HKFGHS%*BGSE&O
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3.4.3 Enhanced upwelling and offshore transport of phytoplankton

An enhanced advective loss of mixed layer phytoplankton is a second-order ppyoessting the decrease of MLD-integrated
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the decline phase (Fig. C3).
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4 Discussion

4.1 Mixed layer depth drives surface phytoplankton biomass seasonality in the Peruvian upwelling system

16



Figure 7. Monthly depthdistributionof (a) largeandsmall zooplankton(in. coloursandcontourlines, respectivelyjand(b) organicm

with the seasonatycle of vertical exportthroughthe
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phytoplankton offshore.
Several previous studies have also focused on the possible reasons behind the seasonal paradox in the PUS. Echevin et :
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pointouta few aspects that mapinttowardsaelucidatethe role of MLDatsein these systems. Given that the Canary system

accompaniedby anenhanced supply of nutrients thatis mixed up from belowihehighersuriacenitrateconeentrations

Next to iron supply from the shelves and upwelling of source waters, Fung et al. @80@&und that atmospheric deposition
of iron varies between EBUS.
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430 system (Grémillet et al., 2008), mesozooplankton w&lslewergfewthwta{ethemslowergrowth ratesmay also bexffectedby

In our model, mesozooplankté&gre responsible for the major part of the export in the coastal upwelling region. During
the productive season, the faecal material of mesozooplankton accounts for close to 100% of the sinking/mietterin
435
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450 arises from a seasonal decoupling of export and partlcle productlon through Iong—d;#mdysmhﬂgupameles%haﬂﬁewd
particlesthatintroduce a temporal lag of mesozooplankton production and export to da@dmm%m%w)
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coastal upwelling ecosystems, and in particular the Peruvian system, may vary under climate change.
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500 etal., 2020)projectsa weak decreasgn upwelling along with increasingstrati cation

505 phytoplanktorgrowthandhiomasshuildupwith areductionof

510 thatis transportedo the deepoceanunderglobal warming.

Code availability. CROCO and BioEBUS models are available at http://www.croco-ocean.org

Data availability. The model data used in this paper are available via the corresponding author

Appendix A: Methods

Al Two-way nesting approach

515 Figure Alvisualizesvisualiseshe coarser-resolution parent and nested ner-resolution child domain that contains the focus

region. The variables in section B are shown for the child domain.
A2 Adjustment of biogeochemical model parameters

The parameter setting is the same as in José et al. (2017), with only a few biological parameters adjusted to make the ecol

ogy (phyto- and zooplankton biomasses, productivity) better t observational data. The changed parameters along with value
520 ranges from literature are listed in Table A1 and will be further explained below.

Here, we assign a higher mortality rate for large phytoplankton to simulate the potential impact of virus infection during bloom

conditions (Suttle, 2005). Simulated phytoplankton biomass and its seasonality has been calibrated and evaluated agains

chlorophyll concentration data from MODIS monthly climatology data (https://oceancolor.gsfc.nasa.gov/). Nitrate has been

evaluated based on WOA and cruise data while simulated MLD has been validated against the ARGO mixed layer database

22
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Figure Al. Bathymetry of the "parent” (1/4resolution) and "child" (1/12resolution) domains. White lines near the coast highlight the

focus region.

(Holte et al. (2017), http://mixedlayer.ucsd.edu/).

Appendix B: Model evaluation
B1 Surface chlorophyll concentration

The large-scale spatial pattern of annual average surface chlorophyll of the monthly climatology of MODIS data and CROCO-
BioEBUS are similar (Fig. B1), with higher chlorophyll concentrations in coastal regions and lower concentrations offshore
(note that chlorophyll is shown in log-scale). The satellite data features a higher cross-shore chlorophyll concentration gradient
compared to the model simulation. The model's overestimation of the low offshore chlorophyll and hence weaker cross-shore
gradient potentially is due to the lack of iron limitation in the model. Apart from that, the model is also not able to correctly
capture the alongshore pattern (Fig. B1), i.e. it misses two observed high surface chlorophyll concentration patches betweer
8 Sto 10S and 12S to 14 S (Bruland et al., 2005). Within a 200 km band near the coast, both satellite data and the model
simulation show a similar seasonality with maximum chlorophyll concentrations exceeding £rfrgiimMarch to April and

minimum concentrations around 2 mg¥in August. In general, simulated surface chlorophyll concentrations agree reasonably

23



well with satellite data.

540 B2 Surface nitrate concentration

The simulated surface nitrate distribution shows the same seasonality as observations from the World Ocean Atlas (WOA,;

Garcia et al., 2019) (Fig. B2). The simulated surface nitrate concentration in the coastal region is biased high compared to the

WOA data. This may be partly due to the WOA data failing to capture high-nitrate concentrations due to coastal upwelling.

This notion is supported by nitrate concentration data from a cruise in austral summer that show nitrate concentrations in the
545 coastal region are high compared to the model data.
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Table Al. Adjusted biological Parameters and range of published parameter values

Parameters Symbols Units Value Range
Max growth rate oP ap, d? 0.6 0.6-3.0
Mortality rate ofP. P d? 0.15 0.027-0.2
Preference oZ s for Ps €z5pPg - 0.65 see references
Preference oZ s for P. €z5P, - 0.35 see references
Preference oZ, forPs €z, pg - 0.1  see referencks
Preference oZ . for P_ €z, p, - 0.4  see referencEs
Preference oZ forZs ez, zg - 0.5  see referencks
Excretion rate oZ s zs d? 0.1 0.03-0.1
Excretion rate oZ 7. d? 0.1 0.0%-0.1
Mortality rate ofZ. 2. mmolNm *d ' 0.135 0.08-0.29

The values for diet preferences were picked based on a combination of calibrating the model against observations of
plankton biomasses and observed qualitative diet preferences in the references.
2 Gutknecht et al. (2013)

b Andersen et al. (1987)

¢ Koné et al. (2005)

d Taylor et al. (1991)

¢ Bohata (2016)

f Kleppel (1993)

9 Schukat et al. (2014)

" Aumont (2005)

' Fennel et al. (2006)

I Lima and Doney (2004)

Figure B1. Annual mean surface chlorophyll concentrationi@ig(chl (mg m ) 1)) distribution of (a) MODIS and (b) CROCO-BioEBUS.
White lines highlight the focus region.

B3 Mixed layer depth

We validate the simulated MLD against the gridded ARGO mixed layer dataset (Holte et al. (2017), http://mixedlayer.ucsd.edu/)
both in terms of spatial pattern and seasonal variability within the research area (Fig. B3). The annually averaged spatial dis-
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Figure B2. Spatial distribution of surface nitrate concentration based on (a) WOA and (b) CROCO-BioEBUS; (c) January and (d) February
as simulated by CROCO-BioEBUS. Dots indicate measurements from the cruises M92 (January) and M93 (February); (e) seasonal cycle
of surface nitrate concentration from WOA (cross), CROCO-BioEBUS (line) and cruises (pentagram, hexagram) within the focus region.
White lines highlight the focus region. The black box indicates the maps of panel c-d.

tribution of MLD within the research area presents the same features as ARGO: shallower MLD in the coastal region (around
20 m) and deeper MLD in the offshore region (around 80 m). The simulated seasonal variability of MLD within the research
region generally follows the seasonal trend of the Argo data. The water column within the research region is most strati ed
in February to March and most deeply mixed in August. Although simulated MLD in austral winter is somewhat deep, the
simulated MLD are largely within the range of the ARGO data.
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Figure B3. Annual average spatial distribution of mixed layer depth (MLD) from (a) ARGO and (b) CROCO-BIioEBUS; (c) Seasonal
variation of average mixed layer depth from ARGO (crosses, with lines indicating the standard deviation) and model simulation (line) within

focus region. White lines highlight the focus region.

B4 Sea surface temperature

The simulated SST has been validated against monthly climatological MODIS data in terms of both spatial pattern and seasonal
variability within the research area (Fig. B4). The annually averaged spatial distribution of SST is well simulated by the model.
The model successfully captures the cold coastal upwelled water as well as slightly warmer water masses further offshore.
The simulated SST seasonality within the research region generally follows the seasonal trend of the observations, with a
cool bias of less than®C. The surface waters within the research region are warmest in February to March matching the
modelled/observed shallowest mixed layers and coldest from August to October. In general, the simulated SST matches the
observations well both in terms of spatial pattern and seasonal variation.

B5 Mesozooplanktondistribution
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Figure B4. Annual average spatial distribution of sea surface temperature (SST,)ifrom (a) MODIS and (b) CROCO-BioEBUS; (c)
Seasonal variation of average sea surface temperature (SST) from MODIS (cross) and model simulation (line) within focus region. White

lines highlight the focus region.

advectioncombinedwith slow mesozooplanktogrowth) thatis dif cult to assessasobservationgiearthe coastaresparse.

Appendix C: Additional Figures

The whole time series of temperature and nitrate concentration at 10 m&&@d00 m are shown in Fig. Cla-b. Surface
elds are spun up after one year whiteeepwatetakeswaterat 100 m takes3-10years longer to reach a steady state. In the

meanwhile, mixed layer and surface layer chlorophyll are also spun up after one year (Fig. C1c-d).
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