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Abstract. Time-varying sources of upwelling waters off the coast of northern Peruvian are analysed in a Lagrangian frame-
work, tracking virtual particles backwards in time for 12 months. Particle trajectories are calculated with temperature, salinity
and velocity fields from a hindcast spanning 1988-2007, obtained with an eddy-resolving (1/12°) global configuration of the
NEMO ocean model. At 36-and+06-m;—wheretate-Deeember-30-m and 100-m, where coastal upwelling rates exceed 50 m
per month, particles are seeded at monthly intervals in proportion to the upwelling rate. Ensemble maps of particle concen-
tration, age, depth, temperature, salinity and density reveal that a substantial but variable fraction of the particles upwelling
off Peru arrive via the Equatorial Undercurrent (EUC). Particles follow the EUC core at-around-256-mwithin the depth range
125-175-m, characterised by temperatures of-around—+5-+7°C€<17°C, salinities in the range 34.9-35.2, and densities of &=
25:5-26:5-09 = 25.5 — 26.5. Additional inflows are via two slightly deeper branches further south from the main system, at

around ~3°S and ~8°S. The-annual-percentage-of particlesreeruited-by-the- EUC-Averaged across the hindcast, annual-mean

ercentages of particles upwelling at 30-m (37:5-47%and16:5-54-6%—from36-and100-mrespeetively)-100-m) associated
with the EUC vary from 57.4% (52%) at 92°W to 19.2% (17.9%) at 165°W. Considerable interannual variabilit

percentages reveal that more of the Peruvian upwelling can be tracked-traced back to the EUC during warm events, such as

in these

El Nifioand-weaktaNifia-events. In contrast, upwelling waters are of more local origin during a-streng-cold events such

as La Nifa. Despite weaker EUC transport during El Nifio, relative flattening of the equatorial thermocline brings the EUC

upwelling waters much closer to the Peruvian coast than under neutral or La Nifia conditions. Annually averaging EUC trans-
port at specific longitudes, a notable negative-to-positive transition is evident during the major El Nifio/La Nifia events of

+997-99-1997/99. On short timescales, a degree of longitudinal coherence is evident in EUC transport, with transport anoma-
lies at 160°W evident at the Galapagos Islands (92°W) around 30-35 days later. It is concluded that the Peruvian upwelling
system is subject to a variable EUC influence, on a wide range of timescales, most notably the interannual timescale of El
Nifio Southern Oscillation (ENSO). Identifying this variability as a driver of shifts in population and catch data for several key
species, during the study period, these new findings may-might inform sustainable management of commercially-important

fisheries off northern Peru.
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1 Introduction

A key feature of the tropical Pacific circulation is the Equatorial Undercurrent (EUC) (Cromwell et al., 1954; Knauss, 1959;

Lukas, 1986). The EUC originates in the western equatorial Pacific, just north of Papua New Guinea, as an eastward thermo-

cline flow in the depth range 180-280 m at 147°E. The EUC strengthens eastward (Bryden, 1985; Tsuchiya et al., 1989; Johnson et al., 2002

, reaching peak velocity and transport at around 140°W (Knauss;+959)(Knauss, 1958, 1959), in a core located within ~ 3°N
and 3°S of the Equator (Blanke and Raynaud, 1997; Johnson et al., 2002; Brown et al., 2007). Near the Galapagos Islands, the
EUC core shifts to around 0.5°S Kessler, 2006; Karnauskas et al., 2010, 2020), be-

fore strengthening again towards the eastern boundary Lukas, 1986; Johnson et al., 2002), where it feeds

major currents along the western South American coastlines of Ecuador, Peru and Chile (Lukas, 1986; Karnauskas et al., 2010; Montes et a

. The EUC is located at the depth of the equatorial thermocline, which varies seasonally across the Pacific (Johnson et al., 2002
leading to seasonality in EUC core velocity. This sub-surface flow plays a crucial role in regional climate and biogeochem-

istry, through substantial transport of autrient—nutrient and carbon-rich cold water to the surface, feeding the so-called “cold
tongue” upwelling region (Chavez et al., 1998; Pennington et al., 2006; Chavez and Messié, 2009; Qin et al., 2015; Wang et al.,
2019).

Around the global coastline, wind-driven upwelling results in high nutrient supply to the surface layer, enhancing primary
production where light and nutrient levels are optimal. At the eastern boundary of the Atlantic and Pacific basins in each
hemisphere, the “Big Four” upwelling systems - Benguela, California, Iberia/Canary and Chile/Peru - are the most active in
the world, accounting for approximately 12 out of 17 million metric tons of marine fish catch-year between 2000 to 2007
(representing 20% of the global taken over an area of less than 1% of the global ocean) according to FAO (on Chavez and
Messié (2009)). Of the Big Four, the Peruvian part of the Peru/Chile system presents the highest average volume of upwelled
waters (1.6 Sv), even though upwelling-favorable winds are the weakest in average (5.7 m s 1) (Chavez and Messié, 2009;
Kéampf and Chapman, 2016).

Peruvian upwelling is dynamically linked to the EUC, itself a sub-surface consequence of equatorial surface flows that are
driven by easterly trade winds, pushing surface water to the west along the Equator in the South Equatorial Current and creating
a pressure head in the western Pacific. Beneath this wind-dominated surface layer, where the Coriolis effect disappears at the
Equator, an eastward pressure gradient drives water back to the east within the EUC, which shoals across the basin from around
250 m in the west to reach the surface in the east (Knauss; +959)~(Knauss, 1959; Johnson et al., 2002).

This equilibrium is interrupted as the trade winds weaken or reverse under-during-(specially west to 155°W) under El Nifio
simulations (Terada et al., 2020) and moored buoys (Kessler and McPhaden, 1995). Associated with El Nifio are changes in

the quantity and properties of upwelled waters off Peru.
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¢-For instance, in
1982-83 and 1997-98 EI Nifio events, principal sheries?erasuch the Peruvian Anchovy, Peruvian hakgantseguidand
others collapsesbmpletely, due to migration and dispersion of the biomass in the region (Niquen and Bouchon, 2004; Tam

et al., 2006; Wolff et al., 2007). Total pelagic sh landings decreased from 3.3 million tonnes in 1982 to 1.4 millions in 1983
and to almost zero in 1984, as catch species transitioned to Sardine (Arntz and Tarazona, 1989) and others such Jack Macker:

and Paci ¢ Mackerel (Niquen and Bouchon, 2008):

2.1 Model Description

We sample 5-day averages of temperature, salinity and veldgitfrom a hindcast spanning 1988-2007, previously obtained
with the Nucleus for European Modelling of the Ocean (NEMO) ocean model (Madec, 2008) in eddy-resolving global con-
guration (ORCA12), henceforth NEMO-ORCA12. For details of parameterization, initialisation and forcing of this hindcast,
see Blaker et al. (2015). The model has a horizontal resolution at the equator of 1/12%{@keiy, with 75 vertical levels
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from the surface up to 5902 meters depth, alongside ner grid spacing near the surface (38 levels fromi@¢teddd). The

2.2 Lagrangian Analysis

To ef ciently analyze the provenance of water upwelling off the Peruvian Coast of NEMO-ORCA12, we use the ARIANE
Lagrangian code, based on the original method of Blanke and Raynaud (1997). This mass-preserving numerical Lagrangian
approach has proved to be an appropriate method for studying the origin and fate of water masses in a wide range of studie:

passing through each grigitarecell by the total number of particles occurrences duringityeartrackingperiog-courseo

theyear.
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we also average particle age, depth, salinity, temperature and potential density on the 0.5° x 0.5° grid, providing further context

2.3 Pathways and Transport

Informed by the Lagrangian analysis, we also compute EUC volume transport by integrating eastward ow between 3°N to 3°S,
encompassing most particle trajectories, and in agreement with previous studies (Blanke and Raynaud, 1997; Johnson et al

We-

zone)at 30 m, wherethis exceed$50m per month. Area-integratedye thus obtainthe Upwelling_ux _in_units of Sv,

We begin with a brief evaluation of the NEMO-ORCA12 hindcast in our study region. We then provide an overview of the
Lagrangian calculations, before we focus on the pathways followed by water upwelling off Peru, and variation in thgrgburce
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3.1 Evaluation of NEMO-ORCA12 hindcast in the equatorial Paci ¢

To establish whether the NEMO-ORCA12 hindcast realistically simulates the equatorial Paci c circulation, we extract vertical

pro les of the monthly mean velocities from the model at longitudes along the Equator (170°W, 140°W and 110°W) corre-

Knauss, 1959; Lukas, 1986; Johnson et al., 2002), are clearly reproduced by NEMO/ORCA12. Shoaling of eastward- owing
core of the EUC towards the Galapagos Islands, can be well identi ed between 50 and 200 m depth with velocities higher than
0.5msm:s ! in most of the sections shown figure22-Fig. 2. At 140°W and 110°W, the EUC core is seen at around 50 to
150mm, with values notably higher thanst-sm:s *. The highest core velocity along the equator, is found at 140°W longitude

We de ne the upwelling off the northern Peruvian coast where upward advection exceeds 2.9xh:s 1 (50 m-m per

month), for each release depth in the water column, chosen to sample upwelling over a depth range typical of the Peruvian
upwelling system (Kampf and Chapman, 2016). To illustrate vertical velocities at two of our chosen depths, monthly NEMO-
ORCA12 climatologies (1988-2007) at 33m and 100m-m are presented ifigures??-and??respeetively-Figs,. 3 and4

Monthly upward velocities are elevated along both the equatorial upwelling region and off the Peruvian coast, with clear
seasonal variability. During austral summer (December-January-February), upwelling is stronger and more widespread north
and south of the Equator, and slightly weaker off Peru. During austral autumn (March-April-May), equatorial upwelling is
characterised as a narrower zone (restricted equatorward of 3°), with higher values towards the east; off Peru, stronger upwelling
is evident, compared to summer. During austral winter (June-July-August), strong upwelling extends across the easternmost
equatorial region (140°W to Galapagos) and off Peru, when south-east trade winds are seasonally stronger.

A notable difference is evident in tH&6-m1004m analysis, with downwelling stronger around the Galapagos Islands and
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other years, particles originate from a northern shallower region, in the vicinity of the Ecuadorian coast (e.g. 1988nd989

3.3 Mean pathways at annual timescale

As outlined in Section 2.2, particle concentration and mean age maps are obtained on a 0.5° x 0.5° mesh for each year fron
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core, between 1°N-2°Nto 1°°S, temperatures fall belo®7°€17C (Fig. ??5d, left and right panels) and salinities lie

ti ed further south of the main equatorial systeaiong. Along. 3°S and 8°S (Fig.??5a, left and right panels)-agreement

noahHe-e 00 Maonte 'a
AV, v

particlesreleasedt36m;theQurresultssuggesthatthesebranchegrelikely associategvith abifurcationof the EUC, to the

This sourceof Peruvianwatermassesn the

for particles released ab6-m100-m (right panels for Fig2?5c¢, Fig.??5d, Fig.??5e and Fig2?5f), for which temperature is

a more dominant in uence on densifhebranchat—3° ely-associateavith-abifurcationof the EUC, to thewestof the
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originating in_the westernbasincrossthe Paci c. mainly within_the EUC, at different intensitiesvarying between19.2%-

52.0%for 30-m (17.9%- 57.4%for 100m) betweenl 65°Wand92°W (seedashedinesin Fig. 7c andFig. 7d).

300

305

310

315

320

10



325

330

335

340

345

350

mostobviouslyfor the Ekman ux, thatis adirectconsequencef strengtheningn the equatorwargvind stress:This may be

arrived.via the EUC,

is.consistentwith_the high

.pe sappearingoff_Peruduring extremeEl Nifios that

11



355

360

365

370

375

380

385

To the extentthat EUC transportanomaliesare coherentacrossthe equatorialPaci ¢, variability of upwelling via the EUC

signi cant (p-value<0.01,99%con denceinterval)positivecorrelationsatzero-lag Thisis consistentyith rapidandnear-simultaneous

ould be assesshe variability and

effects in sheries. May-June 1997 eldwork conducted by the Peruvian Sea Institute (IMARPE), revealed an unusual south-
ern and deeper (> 150-200 m) migration of Peruvian Hake (Merluccius gayi peruanus; generally distributed between 0°N
to 8°S), easily reaching 12°S and even more southern areas along the Peruvian coast (Castillo et al., 1997). Conversely

12
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A similar impact af icts the second most abundant demersal species in Peruvian coastal waters, the Conger eel (Ophichthus
remiger). DuringrecentEl Nifio events (December 1997 to May 1998; March-July 1992) and subsequent La Nifia events

(CPUE) was reported, respectively (Castillo et al., 2000; Martina, 2004). The oceanographic and sheries evidence together
suggest crucial links between demersal species and the EUC. More recently, Martina (2018) also highlighted dramatic reduc-
tion in biomass during 2004/05, followed by signi cant increase in 2007. The latter increase coincides with positive EUC
transport anomalies taking place during early 2007 (seeZ=igh).

During the moderate Eastern Paci ¢ El Nifio of 1991/92, an alternative transition is observed. A relatively high percentage

anomalies>+10Sv werefound,while attheendof 1991to the rst half of 1992 particlesirom30-mreleasalepthwerepresent

edirom Mabpe eth-rHahRerpe antagetee hla

wereobservedrom 160°Wto_110°W.This is consistentvith eastwardransportof warm pool watersandthe relatively high

conditionsef-consequencr-manymarinespeciesit-Furthermorejt has further been suggested that some species also use

the EUC as a migration conveyor, such as the Paci ¢ Giant squid (Dosidicus gigas). Largely absent from east Paci ¢ coastal

waters over 1950-90, catches of this species increased from the beginning of 1991 through 1992. During 1995-96, over shing

13
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be linked to the equatorially and then coastally trapped Kelvin waves (e.g., Shaffer et al. (1997)), which may favour southward

(northward) migration when the EUC is stronger (weaker) around the Galapagos Island, as the squid feetptiotal
conditions (Cheung W. L. et al., 2018).
We identify less intense events at other times, such latet2@82ty-2063/03 (Fig. ??6-6 and Fig.2?2d7), when Peruvian

syster,also-beyendthe scepeof-this-preliminary-investigatiolt UC _contributionto_upwelling region along the northern
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conditionsof consequencfor manymarinespeciesChangesn the FUCn thePaci ¢, asa, rst stagebeforeEl Nifio happens
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5 Conclusions

We have systematically quanti ed the origin of waters upwelling in one of the most productive regions in the globatkeeean,

EUC in ow.

Particle back-trajectories - sampling the upwelling at depths of 30-m and 100-m off Peru - trace the EUC as far west as

(Johnson et al., 2002). Back-trajectories further identi ed two relatively deep branches south of the main equatorial system,
along 3°S and 8°S, in agreement with previous studies (Lukas, 1986; Johnson and Moore, 1997; Donohue et al., 2002;
Montes et al., 2010). Only a small percentage of particles otherwise originate from latitudes poleward of 3°, as far west as
170°W.

wellinginate December. At 92°W, we identify highest and lowest percentages of EUC-sourced particles during the strong El

Nifio of 199798 and the subsequent strong La Nifia of 1838 respectively. The EUC is thus most in uentialn relative

off Peru are of local provenanegseeFig. 9).

Variable provenance of oxygenated, nutrient-rich EUC waters in the 1990s can be linked to substantial changes in Peruvian
coastal sheries. Further variability in the 2000s is associated with a range of El Nifio and La Nifia events. On sub-annual
timescales, particles most rapidly cross the eastern Paci ¢ with the EUC during peak transport around March and April,
consistent with previous studies (Flores et al., 2009). Correlations between 5-day averaged EUC transport at selected longitude
in the range 92-160°W indicate a high degree of longitudinal coherence, with evidence of a time lag of 30-35 days for transport
anomalies at 160°W to reach the Galapagos Islands at 92°W.

In highlighting the impact of variable EUC in uences on regional biogeochemistry, ecosystems and sheries, this study
provides the basis for informed analysis and prediction of an unfolding El Nifio or La Nifia, for a sustainable approach to
management of marine resources in the Peruvian upwelling system. A next step would be to include biogeochemical analyses
using models and observations, to better understand the consequences of variable nutrient supply for primary productivity at

the base of the food chain.
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6 Code and data availability

The NEMO-ORCA12 data analysed here is archived at the National Oceanography Centre, Southampton. The original ver-
sion of ARIANE software used here, available from http://stockage.univ-brest.fr/ grima/Ariane/, was adapted at the National
Oceanography Centre and the University of Southampton. Speci ¢ trajectory data and NEMO-ORCA12 diagnostics presented

490 here are available from the authors, on request. Equatorial current data from the TAO/TRITON Array are available from NOAA
via https://www.pmel.noaa.gov/gtmba/pmel-theme/paci c-ocean-tao.
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