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Abstract .

The South Americameast coast is a very productiveegion with more than 10% of the
worldwide marine fig catch, especially along the Chilean shofdge base of this production is

the phytoplankton that can be easily measured the MODISaqua satellite through its
chlorophyll (Chl)The Chl concentration depends on specific parameters such as precipitation
rate (PR), surface sea temperature (SST), or wind direction (U, V), obtaireRAB/These
parameters have a different impact along the extensivele@hi coast, having different
climates.Additionally, theyare forced byclimate driverssuch as El Nifio Southern Oscillation
(ENSOQ), the Antarctic Oscillation (AAO), the Southern Pacific Subtropical Anticyclone (SPSA),
and the Pacific Decadal Oscillati®DQ) obtained by NOAA

The study area was split into tesubsectiows, grouped ito three Zones (the Northern, Central

and Southern Zone)lhe Chl and physical parameters were studied in eagdbsectionfrom

2002 to 2018.The analysis revealed th#e sautherly winds driven by the presence of the

SPSAnNd the shelf sizare the main triggesfor the phytoplankton bloomTherefore, the most

productive region is the middle Central Zonbaving a broad shelfHowever, despite its

extreme aridity and low souiNX @ 6AYR&a3 (KS b aubkBckoS(NN) hat:® y SQa& SE
significant Chl signaln contrast,although the Southern Zone had high PR and predominant

westerly windsleading to stratification its production was significanwith a slightly lower

concertration further south (3S)Thus these regions need a deeper analysis.

Composites were createselectingthe years wha the climate drivers were either strongly
positive or negative to understand their influence on the different parameté@ise study
period was extended towards9Z9 to have enough years in the composite samples.
Nonethelessthe Chl is only available froB002 onwardsThe Chl dataset from the long pre
MODIS period was reconstructdyy Canonical Correlation AnalygiECA)based onanother
parameterwith a significant correlation witlChl. All the variables were tested, having better
results with SSTThisanalysis concludes that AAO and ENSO are the predominant climate
driversthat modulate the SPSA. K S / K faoin EANWiddva® significant in the Southern
Zoneduring the summerwhile the Northern Zone was not significantly affectédthough

AAO alteed the PR patterns significantijpe Chl activitydid not showaresponse

Three case studies per Zone were selected to understand better the mechanisms that trigger

the Chl incrementAlsqg a heavy dust storm and a significant red tide episode inNiwthern

and{ 2dz0 KSNY %2yS 6SNBE | RRSR (2 RS&ITRNMUKES (KSAS
confirmed that the southerly winds are the main trigger for these casdtbough ths was

straightforward in the Central Zon&, was less clear ithe other Zmes.The Chl blooms and

the wind patterns showed slight gaps in location in the Northern Zdime Southern Zone

cases occurred when the southerly winds were dominant, and the PR was low at the same

time. These conditions were driven when the SPSA was thewathwards by El Nifio, and the

positive AAO blocked the fronts coming from tBeuthern Ocean

This thesis demonstrates the importancelofgshorewinds driven by the SP3#d the shelf
width in oceanfertilisation, increasing thehytoplankton.Thus, the middle Central Zone is the
most productive, where both variables gpeesent.Due to its high PR and low southerly winds,
these fluxes are more predominant in the Southern Zone leading to stratificaiawever, it
reached an eqlibrium when El Nifio moved the SPSduthwards and the positive AAO
occurred.IN I Y R ©h{s@ralis linkedto a more significant presece of undercurrents
Equatorial Subsurfad&/ater (ESSW) andntarctic Intermediate WatefAAIW), respectively.
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1. Introduction .

Phytoplankton makes a vital contributido the ocean. It is the base dfie marine trophic
web and a key element in the biogeochemical cy@@sng to its photosynthesigdence it is
essentialto understand i behaviour (Vergara et al., 201Phytoplankton requiresight
conditions, nutrient availability and adequatemperature. Phytoplankton fixesc40% of
carban dioxide absorbed peyear by plants oxygenating the first ocean lay@Falkowski,
1994). This processallows the inorganiccarbonto be reintroduced intothe carboncycle
transforming it iro organic matter. Theoxygen dissolvedn the oceanpermits many
heterotrophic speciesto live in this layersuch asaerobic bacteria, @oplankton, fish, ad
others, which have avital role in the biaggeocchemical cycle (Falkowski, 1994Bigg, 2003
Vergara et al., 2007

The plytoplankton phenology is studied by considering indices, such as the initiation and
termination of its annual cycleduration and intensity(CorredorAcosta et al., 2015). In
general, phytoplankton bloom is in sprirand there may be a second bloom in autumn while
light levels are still enough to produce photosynthé€Bigiurel.1). To keep a high production

in summer a mechanism that introduces new nutrients is requikg&igg, 2003). Chlorophyll

is one of the main phytoplankton componentnd itis used in the photosyhesis process
(Falkowski 1994. Many stulies use remote sensing to tragkytoplankton. It is meased
indirectly by chlorophylpigmentconcentration (ChIMiloslavich et al., 2011; Vergara et al.,
2017;G6mezet al., 2017).

ol e Chiorophyll ah’l\i (mg m?

A AUstralWinter N Mem T R D B. Austral Summer
HGUREL.1. MAP OFCHLOROPHY- / h MTRATIONCHL AROUNCSOUTHAMERICA USING REMOTE SENSINGSUSED TO
KNOW THE PHYTOPLANKTON ACTIVITY INDIREETRED SQUARES MARK THE LOCATIMNEQGHLEAN COASEECTIONA SHOWS
AUSTRAWINTER ANB AUSTRABUMMER SHOWING A SLIGHT SEASONAL INCREMENITBMTH A MORBGNIFICANT INCREASE IN THE
SOUTHMILOSLAVICH ET.A2011).

Phytoplankton lives in thesuphotic layer (first 100 mdue to thelight requirementsof
photosynthesis (Thiel et al., 200Bor this process, phytoplankton must absorb essential
nutrients likenitrate (NGy), nitrite (NG) and ammonium (NH,*; Bigg, 2003; Dortch.990).
NG needs asignificanteffort to reduce over Nk. For that reason, phytoplankton may
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prefer NO; and NH,* as a second optiarHowever, this depends atme quantity of light and
N availability(Dortch,1990. The organism primarily absorbsfi®m phosphate ios PQ?;
Bigg, 2003; Vergara et al., 2017).

The deep layersontain more nutrients, primarily N and P (Mogollébn and Calil, 2017;
Falkowski 1994. These nutrients comdrom the dead marine organism remairms living
organism excretaparticularly zooplankton.Ths material is known as detritu®igg, 2003).
Detritus sinks to lie bottom depth ofthe ocean at different spees] depending on its size
(Gbémezet al., 2017; Vergara et al., 201Rerobic bacteriaemineralise detritusn the upper
layers and anaerobic bacteria in the deepest layers, where thetttlis or no oxygen (Thie
et al., 2007;Falkowskj 1994 Mogollén and Calil, 2017yhe bigeochemical cycles that are
affected in this process ag ON, P,andS The whole process is determined by many factors
that could occur over a few hours to days or take several thousands of years 280,
Once nutrients are available agaihdepth they couldoe brought back upwing to physical
mechanisms such as upwelling (Bigg, 20B8hevin et al., 20)4 Therefore,the euphotic
layer has more nutrients iregiors with significant upwellingThus phytoplankton increase
its production and hencdish populationsGémezet al,, 2012).

Eastern Boundary Upwelling Systems (EBUS) are considered the most productive zones of the
world@ oceans. They are dominated byasenallyregulated upwelling episodeslinked to
alongshore windsMogollén and Calil, 2017; Vergara et al., 2017). These winds force the
surface wateroffshore to be replaced with deep water rich in nutrienthisphenomenonis

the Zonal Ekman TranspdZET; Yuras et al., 2005; Corredaosta et al., 2015; Echevin et

al., 2014 Gomez et al.,, 20)2There are many EB8Ssuch as California, Moroccand
Namibig but the most productive is in the Pef@hileanregion (Figurel.1), owing to the
Southeast Peafic Subtropical Anticyclone (SPSA) and Humboldt CuBgstem(HCS)The
SPSAreates favourable wing for upwelling, while HCS causes the water to be even colder
(Ancapichun and Garcés, 2015; Yuras et al., 280fezet al., 2017)As a result, th@nnual

cycle of phytoplanktorand primary production arsignificant making the PerChile coast
responsible for more than ten percent of the worldwide marine fisheries (Vergara et al.,
2017; Mongollén and Calil, 2017; Corredosta et al., 2015; Gomez al., 2012 Yuras et

al., 2005. However, phytoplankton productivity could be limited by micronutrients such as
Fein the Southern Ocean, subarctic North Pacific and Equatorial Pacific (Bigg, 2003). This
phenomenon leads to a high nutrieldw chlorophyl zone (HNLCand it occurs when some
specificnutrients are missing, usuallg Sior, in some casesPQ2 and NQ (Vergaraet al.,

2017; Dezileau et al., 2004).

Feand Siare also essential nutrientgquired by phytoplanktonTheseare supplied bydust
deposition, sediment mobgation and riverineinput (Dezileau et al 2004; Chase et al.,
2002).This deposition and mobiasion happen continuously in ariggiors (Echevin et al.,
2014; Dansie et al., 2018). Meanwhilihere could be glacial/icalyg meltwater in the
coldest areasGlacial sediments typically contaignificantquantities ofFenanoparticles, of
which asubstantialpart is bioavailable. Thamounts of Fehere are even more bioavailable
than the Fepresent in typical atmospheric du(Raiswell, 2011Yhis is becausEerequired
must be dissolved involving the hydroxyl ion (CBigg, 2003). Some particles or collgids
along with deepsea sources dfe such as lithogenic material, do exist in the ocdaut it is
not always dissolvedvhile that from the glaciers is more likely to bespen@d (Dezileau et
al., 2004; Chase et al., 2002; Braun et al., 2019).

Once HNLG@reasare enriched with the limiting nutrient, phytoplankton increases rapidly
over 5-15 days and it disappears when the limiting elements are consumed (Boyd et al.,
2004). Coastal waters are typically ir@nd silicorrich compared tothe open ocean (Chase

et al.,, 2002; Dezileau et .al2004). This is because the coastsimllower andcloser to
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terrestrial sources. Therefore, upwelling of deep water along the coast tends to redue its
concentration as it imports water from offshore (Chase et al., 2002).

Phytoplankton wriation isessentialbecausdt formsthe main diet of zooplanktorthe food
for pelagic fisHGomezet al., 2017)The fshpopulatiors are linkeddirectly tophytoplankton
concentration ancconditions that affect it (Gomezet al., 2012) Gémezet al. (2012) studied
the annual relationship betweeithe recruitment of sardines (Rand the recruitment per
spawning biomass (RP®)ith phytoplankton concentration for the period 192D04 in the
Central Bne of Chilg36°-39°S) The fish populatiors were calculatedby a stock assessment
model that estimates fish survival and cat@s while phytoplankton wasletermired by
remote sensingFigurel.2).

a)

z

logR
logRPS
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RGUREL.2. LNEARREGRESSIOMODELS WITHOGR AND LOGRPSAGAINST THEHL THERR IN BOTHCASE 1S0.92, SHOWING A
STRONG RELATIONSBOMEZET AL, 2012).

Despie the importance of this topic in understandingsHeries, theimpact of forced
intraseasonal variability orcoastal primary producton is poorly investigated for many
reasons: First, it is hatd determire its impicationsfrom observationgEchevin et al., 2014)
Second, it is difficult to forecast the impact d¢fet weather and oceanic phenomena on the
ecosystem from the few coastal moorings because of the intrinsic random variability. These
relationships are notclear (Echeviret al., 2014. Complex models are used along with
satellite information to understand tlese processesln general, two types of models are
needed. A& oceanic models requiredto understand the current movements along with its
physical changeswhile a biochenical model is used to comprehend phytoplankton
development(Vergara et al., 2017; Mmoll6n and Calil, 2017; CorredAcosta et al., 2015;
Gobmez et al., 201 Echevin et al., 20)4

In the caseof Clhile, previous studieshave mainly covered specificzones located in the
CentratSouthern Dne (Vergara et al.2017 CorredorAcosta et al., 2015; Gémez et al.,
2017). This leaves much of the long andried Chilean coast unstudiedhis is very
important becauseas Figure 1L demonstratesthere is a evidentmulti-zone character to

the Chilean coastline, from experiencing thmithern end of the Peruvian high productivity
through a region with rather less production and lessensiwe to amore upper producton
region in the Suthern Zone Therefore, &first production study in thewhole territory will

help to understand which regions are more productive and how they are affected by climate
drivers. This information is also valuable as a first stigedeveloping better fisheries
strateges.



1.1. Aim andObjectives
This research ans to investigate thespatial and temporal variabilitpf phytoplankton
behaviour along tB Chilean coastconsidering the influence aflimate drivers €.g., SPSA
and HC}and externafactors(e.g, rivers, glaciersrainfall and dust deposition)

The following objectives are necessanyfulfil the aim

0.1. Determination of the trends in seasonal,interannual and spatial variabilityor
parametersthat affect phytoplankton production

This objective will define what parameters amore relevant to phytoplankton per
Zone and their possibl relationships. Anomalies peoize will beidentified, as well

0.2. Understanding how cliate driverscontribute to phytoplankton production

This objective will estimate the impact of climate drivers the physical parameters
and the phytoplankton

0.3. Determire specificmechanismdor anincrease of phytoplankton iGaseSudy events
This oljective will clarify the triggers that produce a particutasestudy. Thus, it will

be possible to understand better what happened in each extreme evans some
external factors.



2. Setting the Scene z the dimate Environment and Coastal
Biology .
2.1ClimateVariables

2.1.1 Winds

Winds are caused bythe density differences existing betweerntwo regions When the air is
heated upit tends to rise due to its density decrease. Another layer of air filsgpace. The
higher the difference in densitythe faster the movement This movement generates a
vertical and horizontal pressure differeng®arreiro,2013) Consequently, the pressure
difference leads to the formation of both horizontal and vertical winksrizontalwise,
winds move through thaésobars. In the oceanic context, this procedso produces in part
the movement of the currentby the planetary wind¢éBarreiro, 2013).

As the Earth receives more energy from the sun in the Equator than in the Poles, the warmer
air moves polewards to maintain the energy balance forming a cell per Hemisphere.
However, as the Earth is tilted, the heat varies in each region across the ffeating air
movements Pinet, 2009 Colling, 2001). Additionally, the direction of the winds is also
affected by he Earth3 rotation, causing it to be deviated to the right in the Northern
Hemisphere and left in the Sowem Hemisphere this phenomenons called the Coriolis
effect. The deviation magnitude depends on ttaitude. So, its rate goes from zero at the
Eguator tothe maximum at the poles (Barreiro, 201Binet 2009.

Due to the angular momentum and friction acting on the surfaceireuldion path, each
Hemisphere hathree meridional cells instead of one: the Hadley, Feraell Polar cedl
(Figure2.1). Each cell has one ascending branch and another descefBfingiro, 2013,
Pinet, 2009. At the same time, these cells are affected internally by the Coréffesct
(Barreiro, 2013Pinet, 2009. For example, the uppédevel brancies flow poleward in the
Hadley cells but are diverted to the east in bdtamispheres generating thenidlatitude
uppertropospheric winds. On the other hand, ti@oriolis effect affects the air descending
near 30°S latitude in each HemispbePart of this air returns towards tHgjuator, travelling
near the surfaceand deviating westward, forming the wdlihown Tra@& winds due to
Caoriolisbeingcero here The otheramourt of airthat descends at that same point moves to
the Poles on the surfaceand is deflected to the east, leading to the loweopospheric
westerlies (Barreiro, 2013).
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The rising air in the Equator (0°) and the higfitudes (60°) form a lowpressurearea while

the sinking air in the midlatitudes (30°) creates a kpgassure region defined in the Ferrel
cell. Figure 2.2 shows the location of thesedawd highpressure systems, better defined in

the Southern Hemisphere because the Northern Hemisphenetagass more land that
disrupts the winds (Colling, 2001; Barreiro, 2013). Vortices are formed around the pressure
centresdue to the Corioliffect. The lowpressure centres converge the winds ascending in
the centre, whereas the highressurecentresdiverge, known as cyclones and anticyclones,
respectively (Colling, 2001)hi§ happens because the planetary wirale affected by the
resistance that surface roughness producdewing down the flow and chariggits direction

from the isobargBarreiro, 2@3). The circulatioraround the cyclones anticlockwise in the
Northern Hemisphere and clockwise in the Southern. Meanwhile, the anticyclone is
clockwise in the Northern and anticlockwise in the Southern Hemisphere (Colling, 2001). The
low-pressure areas lead to unstable conditions producing heavy rains, while the -high
pressure zones are characterised by high evaporation, leading to arid conditions. Therefore,
anticyclones are associated with dry conditions, while cyclones are humid (Colling, 2001;
Bigg, D03).

Sea-Level Pressure and Surface Winds

' 2 ‘ -8 . 10 + 32 mivec
Data: NCEPINCAR Reanalysis Project, 1959.1997 Chmanciogies

Sea-Level Pressure and Surface Winds Jul

2 ‘ -8 ~ 1 — 32 mwee
Douta NCEP/NCAR Resnalysis Project. 19961957 Clmatoiogos

HGURE2.2. ATMOSPHERIC PRESSURE AT SEA LEVEL AND SURFAGENUNR$AROVEANDIULY(BELOW. THE RED LINE ROUGHLY
MARKS THE RISE ZONEIGFLE® CELIWHILE THE LETTHRSNDLDENOTBEREA HIGH AND LOW SURFACE PRESSURRBSHESTIVELY
(BARREIR®013).

Due to the excessive energy for the sinking and ascending of the air, westerly jet streams are
produced in the tropopause of the Ferrel cell limits, which are at 60° ankB86Wn a Polar

and subtropical jet stream, respectively (Bigg, 2003). Jet streams, which are approximately
located at heights over 10 km, reaching more than 200 km, llefine the boundary of the

high- and lowpressure zones, known as a warm and cold front, eespely (Colling, 2001).
These limits or fronts constantly change dueh&at variation across the ye#figure2.2) and

the Coriolis effect (Colling, 2001).



As it was mentioad, the Coriolis effectlgers the wind and frontdirections depending on the
latitude. Hence, polar jet streams present a higher undulation thu¢heir location at high
latitudes, allowing cold fronts to entemidlatitudes. However, warm fronts can also
penetrate the highlatitudes but their motion isless way and more stable(Colling 2001).
These front interactions can develop sporadic anticyclones and cyclones that are split for the
border, or even isolated frontécut-off) can move more profourlgl in the opposite region
(Figure2.3). These front interactions rede their energy, so they are shdited. When the
fronts are combined, the result is an occluded front. Therefore, a sporadigiessure
system can be seen in the midlatitudes or vice versa (Colling, 206&)extended high
pressure regions are knowas ridges, while the loypressureregions are called troughsr
lows(Barreiro, 2013Pinet, 2009.
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2.1.2 Currents
The current movement can be divided into two major components: W@ forced
circulationand the thermohaline circulatiofColling, 2001)The first is due to surface winds
that guide the currents. In contrast, the second term refers to the very {aogde circulation
created by the density differences between the water massestdudeir temperature or
salinity differencegPinet, 2009) This is particularly important because the sunlight does not



penetrate to great depthsheating only theocean surice and forming thermoclines
(Barreiro, 2013; Bigg, 2003).

These salinity differences are produced fadding or extractingvater in a particular place.
Precipitation evaporationand river dischargesare the mechanisms that control this water
fluctuation. In the Polar regons, ice melting and frozen water also produce these fluctuations
(Colling,2001).
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Similarly to the winds, theCoriolis effect affects the currentgorming a deflection that
increases towards the poles while the Equator is Zero. In the godbanmotion creates
waves that are capable of transporting energy to other regions (Pinet, 2008)equatorial
Kelvin waves are longave types that propagate eastward and only exist on the Equator
(Bigg, 2003). These can then feed into coastal Kelairesy which are the energy that follows
the Equatof coastline polewardopposing the surface currentsuch asgn South America
The Rossby waves are another type of wave that travels westwards. This wave is much
slower than the Kelvin because they resxvariations in the Coriolis effect with the latitude,
forming curvesThus,the curves are more pronounced in the high latitudesn der Heydt,
2016; Bigg, 2003)eading to westward currents along the Equator and eastward currents in
midlatitudes gie rise to the subtropical ocean gyrdsiven by the cyclones and anticyclones
in the Pacific and Atlantic Oceassbpolar gyreghat are shown in Figure 2.@arreiro,
2013.

Comparing Figue2.4 with 2.2 shows that the surface currents follow the typicaind
patterns, sharing the direction amrgpeed However, the gyres are asymmetrical and do not
fit perfectly withthe wind patterns (Pinet, 2009 Barreiro, 2013). This distortiaresults from
how the currents are formed bgceanfriction with wind, which generates a response in the
upper part of the water column, about 300 m. Thiszone is called the Ekman layevhere
there isa balance of forces between friction and Coriolis, forming aagpit has a lower
speed as it goes down in the water column. On the surface, the current forms at ¢
wind direction The Northern Hemisphere goes to the righthile the Southern ldmisphere
goesin the opposite direction This spiraleads tothe Zonal Ekman Transport (ZBarreiro,
2013; CorredotAcosta et al., 2015Gomez et al., 2032Another factor influencing these
differences is the geographic land configuration that blocks the current motion (Bigg, 2003).



In general, the western boundamurrents are intense and deepas the Gulf Streanand
Kuroshio in the Northern éinisphere, and to a lesser extent, tberrentof Brazil and that of
the Aguhas in theSouthern lemisphere. On the contrary, the currents along the eastern
boundaries araveaker, helping to form more upwelling systems in the East (Barreiro, 2013).

Eastern Boundary Upwelling Systems (EBUS) are considered the most productive zones of the
world@ oceans Theyare dominated byextreme seasonallyegulated upwelling pisodes

linked toalongshorewinds, advecting water equatorvds due to coastdelvin wavesalso

known as coastarapped wavesThese winds force an offshore surfestepeforming a flow

that dragssurface watersoffshore (Figure2.5). An upward flow of cold watrs boosts this

flow by the ZETsection 2.1.2.1Vergara et al., 2017; Mongollén and Calil, 2017; Corredor
Acosta et al., 2015; Barrero, 20 capichun and Garcés, 2015; Yuras et al., 2@&%)me
seasonallyregulated upwellingepisodesdominate them Additionally Kelvin wave allows
upwelling to propagate beyond the region where the alongshore winds occur, and Ekman
transport gives upwelling.

SOUTHERN HEMISPHERE

HGURE2.5. BOUNDARY UPWELLING SYSTHMESOUTHERKEMISPHERIBARREIR@013)

The nutrients biought by the upwelling areprimarily N and P, which come from the
decomposition of marine organisfi®mnants known as detritugMogollén ad Calil, 2017;
Falkowski 1999. Detritus sinks tohe bdatom depth of the ocean at different speegl
depending on its sizé&spmezet al., 2017; Vergara et al., 201Rerobic bacteria demineralise
detritus in the upper layersand anaerobic bacteria in the deepest layergthwittle or no
oxygen (Thiket al.,2007; Falkowski 1994 Mogollén and Calil, 2017T.he bigeochemical
cycles affected in this process a&eON, P,and S The whole process is determined by many
factors that could occur over a few hours to days or take several thousands of years (Bigg,
2003).

2.1.2.1 Ekman Transport
The ZET can be calculated to estimate the upwelling and define how much nutrients are
supplied to the surface. ZEEpends on the meridional wind stress (JW3Vind stress is the
force that wind produces on the ocean surface. Although this variable is not obtained by
satellite imaging, it can be derived from wind speed using the following equation (Gémez et
al., 2012).

Y 7 D s (2.1)

Where” is air density (1.2 kg ®), 6 is the drag coefficient (0.0012) based on observational
data for winds below 10 m-s us is the wind speed, and is the meridional wind
component. Then, the ZET is calculatéddapichun and Garcés, 2015; Gaaret al., 2012;
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Liao et al., 2016). Here it was considetbhdt the geostrophictransportis negligiblgLiao et
al., 2016).

OOy — 2.2)

Where” is the seawater density (1026.97 kg®nand f is the Coriolis effect. The Coriolis
effect can be easily estimated lnyljil "Q¢whereKis the Eartl® angular velocity (7.2920°
s!) and—is the latitude of the study area. Negative ZET values imply offshore transport or
the opposite if it is positiveAncapichun and Garcés, 2015; Gémez et al., 2012). Then the
Ekman layer depth can be estimated uskig 2.3, where 3.2 combined other consta as
6 ,” and” (Liaoetal., 2016).

8

0 = (2.3)

The vertical speed of the ZET determines the speed of upwelling or downwelling,
denominating the Ekman pumping (EP) and is defined by the following equations
(Ancapichun and Garsg2015; Acapichun, 2012; Bravo et al., 2016).

00 2 (2.4)

6 6iaY — — (2.5)

The second term diqg. 2.4 is generally rejected becauseepresents the rate of variation of

the Coriolis between the latitudes in the Ekman transport, which are insignificant (Bravo et
al., 2016). The Curl represents Ekiaspiral spin (Bigg, 2003). Finally, any nutrient
concentration (mmom? s?) supplycan be obtained as total vertical transport multiplied by
the concentration of that nutrient (Liao et al., 2016).

0 AYoRe (i) ‘0000 (2.6)

The nutrient concentrations added come from the values located at a depth of the Ekman
layer estimated byeq. 23. The concentration multiplied by the ZET is at the coast but with a
Rossby radius deformation product of the Coriolis variation along thediti Thereforethe
radius will be shorter at higher latitudefor example,the Rosshy radius is 60 Kah 15°$

while at 19°S is 55 km. In comparison, the Eitsis multiplied by concentration at depth D
but on the coastal edge defined by the shelf wiltieo et al., 2016).

2.2 Main dimate Drivers that affect the South AmericaNest Coast

The ®uth Americam west coastis a very productive region, with more than 10% of the
worldwide marine fish catch, especiallytine PeruChile current system (Vergara et al., 2017;
Barrero, 2003 Salvatteci et al., 20)7This high production is related to tlsmutheast Pacific
Subtropical AnticyclonéSFSA and Humboldt Grrent System (HCSyvhichwill be explained

in more detailin this section Other climate signals that affect the SPSAdaHCS are thel
Nifio Southern Oscillatio(ENS®and Pacific Decadal Oscillation (P¥@rredorAcosta et
al., 2015;Ancapichun and Garcés, 20Q1Finally, the Antarctic OscillatiqldAO)presents a
relevant impact in the southern part of South Ameriéa¢apichun and Garcés, 2Q16ther
climate drivers that focus on the South Atlantie blocked by the Andes (CONAMA, 2008;
Quintana and Aceituno, 2011).
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2.2.1 Southern Pacific Subtropét Anticyclone(SPSA)
TheSPSA is the maaimospheric circulation componeint the South Pacific Ocean, affecting
from 0° to 42°Swith a higherpressure system (anticyclonic conditiomentred at 30°SThs
area includes the coast of EcuadPeru, andhe Northern toward the Gentral part of Qile
(Ancapichun and Garcés, Z)10n the other hand, Antarctica present low-pressure
system (cyclonic conditions)n the Amundsen and Bellingshausen Seasth systems are
linked,formingthe Sauth Pacifiadipole (Figure2.2, Garreaud et al.,220).

Assection2.1.1 mentioned, anticyclones in the Soeth Hemisphere are vortices where the
air sinks and spreadoutwards anticlockwise, producing arid conditions (Colling, 2001).
Hence, he SPSA leadoutherly winds from 18fo 40°S creating coastal upwelling because
this South America regionhas a relatively straight meridnally oriented coastlin€Thiel et
al., 2007) The Andesmountainsrestrain the SPSAnd block atmospheric frontabystems
from the southwestleading to particularly intense and dry win@arrett et al., 2009; Shultz
et al., 2011).However, if thewinds are too intensethey can produce turbulence. This
turbulence dispersethe nutrients and the plankton itse(fThid et al., 2007)For that reason
optimal conditions are driven by winds withedium speed, which are often found in this
EBUS, especiglin the Central Zone (30%40°S)of Chile where the SPSA centre is located
(Gomez et al., 2012; Salvettestial., 2017 Thiel et al., 2007 Addtionally, longshore winds
around 56m s! have shown an incremerim the pelagic fish populatiarVelocitiesover this
the flux becomesmore turbulent, harming larval transpor and affecting adguate nutrient
motion through the surface(Gomez et al., 201 2Thiel et al., 2007 In Southern Chile (40°
56°S) the westerly winds prevail due to the lepvessure located further south (Garreaud et
al., 2020).
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HGURE2.6. MONTHLY AVERAGBEALEVEIPRESSURISLPAND WINDS FROIO79T02018,USINGTHEERADATASETTHE PANELS
SHOW HOW THE HKPRESSURE CENTRE VARIESIRROARYLEFJ TOJUNE(RIGHYAND HOW THESE AFFECT THE WIND DIRECTION

The SPSA haseasonal, interannual and intezdadal cyclesThese cycles cause wind
fluctuations in direction and intensifydisruptingnormal conditions (Ancapichun and Garcés,
2015).Seasonally, thé t { ! Q dnovésaoNtBwardsduring the Austral summerto 35°S
leadng to southerly winds until 425Smeanwhile, i moves to the Equator in the Austral
winter (Figure 2.6) This produces a higlind variation between 3° to 42°S (Rahn, 2012;
Ancapichun and Garcés, 2Q1Aguirre et al., 2021 Due to this,cold fronts arrve inthe
Central Zone during the winterfrom the south producing westerly winds, intense
precipitation episodes andownwelling conditionsMeanwhile, from 40 to 42°S experience
dry summergAncapichun and Garcés, 2015; Rahn, 2012; Quintana and Acettuii), The
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windsin the sectionbetween 18° to 28°8o not change their directiout they experience
weakwinds (Ancapichun and Garcés, 2015; Rahn, 2@Quirre et al., 2021

On the interannual scale, SPSA variation is driven by ENSO and AAQ tiiee@outh Pacific

dipole (Ancapichun and Garceés, 20C@rreaud et al., 2020)n the case of its interdecadal
range, it is altered by the PDO (Quintana and Aceituno, 2001; Ancapichun and Garcés, 2015),
which will be discussed in the following sectioRmally,several studies have shown a wind
intensificationin this region along with EBUS of California and Benguela overebent

years owing to global warming &betteci et al., 2017)

2.2.2 Humboldt Current Systen(HCS)
The longshore winds formed by the SPSA and the oppdaxiriglis effect gien by Ekman
transport offshore drg the water oceanwards. This mass transp@tbalanced with the
upwelling ofcold waters resulting in a sebf cold currents mainly flowingnorthward along
the South American coagpassing through Chile from 42°S, Peru and Ecuador (Thiel et al.,
2007 Bigg, 2003; Colling 200The seasurfacetemperatures (SSTare5 to 10 °C colder than
out in the open oceaflCONAMA, 2008). The mochilled wates are a mixof surface waters
originating from subantarctic areas anddeepersubcurrents from the Equator thatontains
more nutrients NOy and PQ?), feeding the phytoplankton that reproduces quickly
(Mongollén and Calil, 2017; CorredAccsta et al., 2015Thiel et al., 2007 Zooplankton is
attracted by phytoplakton, and the fish feed othese

Part of these cold and relatively freshwaters are a branch of the Aarctic Circumpolar
Current (ACCthat flows around theAntarctc andbecomes part of the West Wind Drift
current (WWD). Thdéormation of the HCSis driven by the diversion of theWWDat 35 to
40°S during theAustral winter and £2°S in summedue to SPSA movemelfEigure 2.7;
Colling, 20@; Thiel et al., 200Marchant et al., 200;7Aracena et al2011). In that limit, the
currents split into two branches that flow in opposite direction€ONAMA, 2008). The
equatorward flowbeginsthe HGwhile the second jointhe Cape rn Current(CHC)which
flows alongthe coastline to thesouth into the Drake Passag@ining the ACQThiel et al.,
2007; Strub et al.,, 2019CONAMA, 20Q8Marchant et al., 2007Frenger et al., 2035
Although the ACC does not enter directly to the Chilean coast as it does to the Argentinian
side, sub-antarctic watersflow towards the Equatoat 400 to 1200m depthwith a lower
depth in the further south 5400 m (42%6°S) this is known as Antarctic Intermediate
Water (AAIW Marchant et al. 2007 Frenger et al., 20)5At the northern end of western
South America, hte poleward Equatorial SubsurfaceWater (ESSW; aka Gunther
Undercurrent)from the Equator flowsbetween 100 to 400m deptlover the continental
slope until the 55°S(CONAMA, 20Q8Sievers and Silva, 2008 he ESSW gpoaches the
surface in placeswing to the upwelling primarly until 35°S.However the AAIW also
appears at the surfaceduring intense wind periods (Marchant et al. 2007).The upwelling
water delives nutrient-rich, saline and lovoxygen water (Thieltel., 2007).

The Humboldt Current (HC) is th@imary current of the HCSt is 300 to 400 knoffshore

and goes to thaorth until the Equatorjoiningthe Southeast Equatorial Current (SESBC is

a westward surface current forced by the trade windigre 2.7; CONAMA, 2008; Bigg,
2003). The Chile Coastal Current (C@€pated lower than 100 km off the coasht the
surface,is driven by local winds. This branch flows primarily towards the Equator (Thiel et al.,
2007; Marchant et al., 2007T.his current is called the Peruvian Coastal Current (PCC) along
the coast of PeruThe poleward PerChilean Countercurrent (PCCC) betwehe HC and
CCC flowsransports subtropical water t&uthern Chile (Marchant et al., 2007; CONAMA,
2008).
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The upwellings and downwelliggnainly occur in th&€CCbecominghe most crucial current
(Marchant et al., 2007)The flow direction that theCCC takes depends on the coastal wind
patterns that seasonally changgection2.3.1). Therefore, the CCC does not change course in
northern Chile (1824°S). Beyond thiggion the CCC is poleward flowing during the winter,
especially from 35°S to the drof HCS (Thiel et al., 2007).

HC® autrients and oxgen levels aresusceptibé to equatorial ocean variationsuch as
ENSO altering the colith water flux Mogollén and Calil, 2017Thiel et al., 200y For
example,the increasing organic life leads oxygen consumption that, along with weak
aeration, forms minimum oxygen zones (OMZ) in surface wakéosgollon and Calil, 2017)
The OMZ affects the plankton predat@msobility to deeper watersOn the other hand, the
OMZ is where the anaerobic nignt degradation process occuréreas affected by this
phenomenon increasthe size of theOMZ regionduring the warm phase of ENSO (Thiel et
al., 2007; Mogollérand Calil., 2017). If ENSO is too severe, it could proelutcephication,
leading to red tidesn Southern Chile MénesguerandLacroix 2018; Wells, 1997).

= —30

Southern latitude

FHGURR.7. SURFACHC SSCHEMA SHGBWVHE DIRECTIONS OF THE CURRENHERBRNWDALSO GOES DIRECTLYHEACCGCURREN
(THIEL ET AL2007).

2.2.3 El Nifio Southern OscillatiofENSQ)

TheENSQs an ocearatmosphere system perturbation in the Pacific bakiat occurs vith a
2-7 year periodicity andypically startsin DecembefMarch (CONAMA, 2008)The name
ENSQomes from the Southern Oscillatioof, which El Nifio is parfThe Southern Oscillation
isthe variation betweerthe sea level pressurésLpover the tropicalindo-pacific region. Its
index quantifiesthe pressuredifferences in thePacific Bas® west and east coas{Bigg,
2003). The placesusually used are theDarwin and Tahiti stationsgalled the Southern
Oscillation IndexSOIColling, B01).

The ENSphenomenonaltersthe SLHRdifferenceson the west and east coast of the Pacific,
modifying the Walker atmospheric tculation located over the equatorial Pacific Ocean
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(Figure 2.8)Typially, thetrade winds createa high sea leveh the west andalow sea level
in the east. This createmabppositeslope in the thermocline as the warm water is in the
west (Figure2.8). During El Nifio conditiontie trade windsare reduced or change direction.
This produce a relaxation of the sealevel in the west flattening the thermocline (Bigg,
2003).Thus,the South Americartastcoastwaters have becomewarmer for two reasons.
Therelaxed euatorial current brings warm watehat propagates due t&elvin wavesand
the reducedupwelling in ®uth America brings less cold water to the surface duehe t
deepening of the thermoclindAncapichun andarcés, 2015Schollaert Uzt al., 2017
Echevin et al., 2034EI Nifio leads to increases between 1 to 4°C ondk®if the whole
Chilean coast (Gdez et al., 2012; Ancapichun a@hrcés, 2015; Saldias et al., 20¥8so,
The SST and atmospheric temperature inceepsoducedlow-pressure systems ariig in
the east Pacific midlatitudes, increasing the precipitatiand reducing the longshore winds
(Cordero et al., 2019; Garreaud et al.,, 2020 Vic&deano et al., 2016 hus, the warm
waters arelower in nutrients as a result of the deeper thermoclirend upwelled water
coming from shallower depths due to weaker upwelling wingslucing the pacific coaat
primary production(Mogollén and Calil, 2017).

El Nifo Conditions Normal Conditions La Nifia Conditions

Equator

Thermocline

|
120 80°W 120°€ 80W 1208 sow

HGURE2.8. THEWALKEFORCULATIGR SSTWINCS, AND THE THERMOCL(BEUE SURFACEARIATIONS DURIKEGNIRO, NORMAL
ANDLA NIRA cCONDIDNJCONAMA2008).

La Nifia ishe ENS@old phaseln La Nifia, th&STrops below 1-2°Cin the Equatorial Pacific
(NOAA, 2019)This variation increasdhe upwelling process due to strongeasterly wing
that produce ahigher sea levein the west (Mogollon and Calil, 2017; Gomez et al., 2012;
Ancapichun and Garcés, 2015; Saldias et al., 2016; Rahn, &fHdtaer Uz et al., 2017).
Therefore, La Nifidgncreasesthe nutrient supply owing to the rise of deeper cold water
(Schollaert Uet al., 2017)On the other handlLa Nifia enhansghe SPSA effect intengihg

the pressure difference on th&uth Pacific dipoleproducing drought winters in the
midlatitudes (Garreaud et al., 2020).

El Nifio duration varies from nineonths to two years because each event is unigue
intensity and duration(CONAMA, 2008; Bigg, 2003n extreme cases, a secondary
intensification appearsextendng EINifio for more than a year, agas seen in 1958973,

and 1983. These conditions finish when colder surface waters appear in the central Pacific.
Sometimes, the trade winds increase too much, formang Nifia event edlost immediately.
These happened in 1954, 1974 and 1998 (Bigg, 2083)ifa could lasine to three years
Recent strong El Nifio years were 199 and 201816, while La Nifia were 19980, 2007

08, and 201611 (NOAA, 2019)

EN® not only affecs the Padic east coast but the western sideand the Atlanticalso
exhibited extensive droughtduring El Nifig especially in the tropical region (Amaya and
Foltz, 2014) Other regions are also affected byN&Odue to its links with the Indian
Monsoon. For that reason, droughti® Africa and Asia have been detected during El Nifio
(Bigg, 2003).nlan extreme El Nifio event, cyclones dmrmed in French Polynesiand the
number ofstormsin North Americahas increasedwhile in La Nifia, the oppositefett is
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seen(Colling, 2001Bigg, 2008 Whether EIl Nifio has strengthened or diminished in the last
decades is debatable (Cordero et al., 2019; Colling, 2001).

Some authors hze described a new ENSO variant, called ENSO modoki, where the warmest
(coldeg) SST is in the middle of tiWalker cells during the El Nifio (La Nifia) event, which is
still unclear why it happens (Preethi et al.,, 2016; Cordero et al.,, 2019; Amaya and Foltz,
2014). Their impacts are slightly different; for instance, reggithe SSTn the northeastern
tropical, while the rest of the Atlantic is not affected (Amaya and Foltz, 2014). The central
eastPacificpresents droughtwhile thesouth has similar precipitation patterns as El Nifio but
further south (DMC, 2018). ENSO modoki yeas: 1986, 1990, 1991, 1994, 2002 and 2004
(Ashok et al., 2007 he years when ENS(Dd the other climate drivera/ere more intense

will be discussed ichapter 5.

2.2.4 PacificDecadalOscillation (PDO)
ThePDO is a cycle of oceatmosphere climatevariability centred on the midlatitudes of the
North Pacific Basin with an extension to the South Pg¢ificapichun and Garcés, 201Bhe
PDO cycles over twenty to thirty years and has a warthaoid phasdike ENSQQuintana
and Aceituno, 2011Correar-Acosta et al.2015) Cther studies mentioned that PDO could
even have a second cycle evegventyyears (Colling et al., P@). In generalENSrariation
has been well studied ovethe last centuy; PDO had not been documentdabfore 1960
because othe lack of reliable datdLinsleyet al., 2015).Considering the time PDO cycles
take, current information is notof sufficient duration tounderstand PDO fullyHowever,
NOAA (2019) usestatstical methods to reconstruct SST in a 2x2° grigxtend the PDO
record from 1854until now.

The PD(positive or warm phaseproduces positive SSAhomaliesin the North and South
Pacific centrabubtropicalgyresand a warmerequatorial western PacifidVieanwhile SS§
decayin the Easten tropical Pacific(Lindey et al., 2015) As a resultthe westerly wind in
the central North Pacifiare strengthened(Ancapichun and Garcés 2019he oposite
effect is seen during the P@egativeor cold phasel(insleyet al., 2015).These phases
affect the SSTprecipitation, wind patternsand SLRAncapichun and Garcés, 201insleyet
al.,2015.

PDO andENSQproduce similar SST patterns with some exceptions. PDO presents a more
extensive latitudinal range in the east part ofetiPacific anda bigger amplitude in the
midlatitudes than in the tropicsL{nsleyet al., 2015). Due t&NSCand PDO similarities but
with different time scalesThus a positive PDO intensifies the consequences of ENifio, while

a negative PDO enhances the impacts of La Nfia (Quintana and Aceituno, 201Corredor
Acosta et al., 2015)or instance, ghytoplanktonreductionwas observedn the upwelling
system, especially in Centi@buth Chileduring EI Nifio events coinciding with positive PDO
phases(CorredorAcosta et al.2015). The PDO haseen positive from the mid-seventies
until 1999 with brief negative periods. In1990, 19992002 and 20072014 PDO was
negative which means PDO has been more negative ld@arreund et al., 2020}t is worth
mentioning that the latantenseENSO episodes, such as El Nifios -B#9adnd 201516 as La
Nifias 19980, 200708, and 201a.1 were enhanced by the PDO.

2.2.5 Antarctic Oscillation (AAO)
AAQ akathe Southern Annular Modeis an oscillatiorwith interannual and interdecadal
variability, affecting the Southern Ocean AAO isa largescale atmosphericpressure
alteration between the low-pressure system in Antarctica and the hjglessure at the
midlatitudes (Stammerjohn et al2008). Thes anomaliesare linked tothe polar jet stream
motion between the Polar and Ferrel cells in the Southern Hemisphere, locasatamctica
andthe ocear® midlatitudes The polar jet streamlower in the atmospherés where strong
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westerly winds and storm systems oc¢®ahn, 2012Quintana and Aceituno, 201 Colling,
2001). AAQOis present the whole year with a high variaticlue to Rossby waveswvith
significantactivity during theAustral spring (Silvestri and \&r2003 Colling, 2001L

AAOhasthree stagesneutral, positive and negative. These phases have a time scale of two
weeks but could last longer (Hendon, 20dn)its positive phasethe SLRleclinesin the area
close to AntarcticaThis intensies the dipole@ SLPdifferences leadingto positive SLP
anomaliesin the midlatitudes that generate more intenselongshore windsand aridity
(Quintana and Aceituno, 2011; Ancapichun &drcés 2015; Garreund et al., 2020n
contrast,in the negative AAQhe dipole is invertedresultingin low-pressure systembeing
displaced to themidlatitudes by the higkpressureanomalyin Antarctica(Ancapichun and
Garcés2015, Rahn 201&tammerjohret al., 20@).
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The stronger westerly winds that AAO generates in the negative phase increase the
precipitation in Australia, South Americand South Africa (Hendon, 2007). They also
produce ahigherseaice concentration ad SST reduction in Antarctica (Gonz&Reyes and
Mufoz, 2013; Aravena and Luckman, 208&ammerjohn et al., 2@). In thecaseof Chile,

the positive AAO increaséhe southerlywinds and reducgthe precipitation in the region
around 34°S to 45°S, but especially in 4qFggure 2.9), retrieving the cold fronts to
Antarctica. While in the negative, these fronts moved towaridlatitudes, becoming one of

the precipitation sources for these latitudes (Aguayo et al., 2021, AncapichuGaraés

2015, Rahn2012). The AAO effect is exceptionally high toward the enélusfral summer
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and autumm Begiming (December to ApriFigure2.9; Cai et al., 2003; GonzalBeyes and
Mufioz, 2013; Aravena and Luckman, 2009; Sen Gupta and McNeil, 2012; Rahn 2012). As the
AAO index measures th@essurevariability between mid and high latituden the whole
Southern Hemishere Thus,its index doesnot necessarily indicate if Chiiginfluenced or

not by the AAQDMC, 2018).

Althoughthe AAO changes constantly, it has a clear interdecadal tendency. AAO had shown a
slightly negative tendency during tH980sand a more positiv@ne until now, espemlly in

the last decadgStammerjohn et al., 2@ NOAA, 2019). Howevehis more positive than
negativetendencyhas been shown in the most recent fifty yeamying to a knoclon effect

from the rise of C®and Ozone depletion, leading to drier conditions ir483Sduring that

period (Cai et al., 2003; Gonz&Beyes and Mufioz, 2013; Hendon, 2007; Cordero et al.,
2019; Aguayo et al., 202DMC, 2018

2.3Plankton

Plankton is defined asmall organisms lilng in the oceanwith weak or null swimming
abilities. Thustheir motion is limited and heavily influenced biye current flow (Pinet,
2009) It is considered the base of the marine trophic web tltatuld be divided into
zooplankton and phytoplankton (Rjg2003).

2.3.1 Phytoplankton.
Phytoplankton is classed as algae andyamobacteria that share the ability to
photosynthesise, playinga vital role in ocean biogeochemical cycles influencing the
concentration of certain atmospheric gases and aerosolab#orbsCQ to form organic
matter, so it is crucial to understand thdiehaviour(Vergara et al., 2017; Bigg, 2003

Many species arelassified as phytoplankton with differemharacteristics However, the
most importantin terms oftotal biomassare diatoms and flagellates. Diatoms atige most
abundant taxonomic groupthat play anessentialrole in organic matter export to thdeep
seaand are classified as large with> 0.5 mm Flagellatebelongs to several classes,
includingboth unicellular and colonial formsyith one, two, four, or eight flagella, with or
without cell walls. They usually have a small size comgarith diatoms (220um; Bigg,
2003; Sospedra et al., 2018 hytoplankton requires light conditions, nutrientahability,
and adequate temperaturefor photosynthesisand then produces carbohydrates plus
proteins and lipids. The proportion of products depends on environmental conditions and the
type of phytoplankton. The followinBg. can summarise the process (8i®003; Echevin et
al., 2014; Sospedra et al., 20Mogollénand Calil, 2017; Nakada and Nozaki, 2015).

§60 cEO0P &0 £00 & 8°0H @.7)

The ocean rapidly absorbs solar radiatiand only a little energy is left at a depth of 100m
(euphotic layer) Thus,the sectionof maximum photosynthesis is below the surface, where
the radiation is enoughbut at the same timethey are proteced from UV exposure. These
characteristics and annual and daily variation in the intensity of phyhipden energy
sources affect their phenology (Bigg, 2003). Phenology studies the relationship between
vegetative growth andhe environment often concerning seasonal changes in vegetative
growth and decline. These periods are studied in terms of duratiwth iatensity of the
bloom per yearby indicegCorredorAcosta et al., 2015Many plenological changes can be
monitored by remote sensing due to their difference in appearance and structure in their
period. TheWavelet Analysis is a way to understand mipfanktor@ phenology because it
allows observingits evolution identifying changesand periodic behavious where plants
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experencechemical, physical and biological changes known as senes@@aoedorAcosta
et al., 2015; Campbell, 2002).

The macronutrientsequired by phytoplankton ar&l and P These elements are necessary to
create new cells, and both are part of the DBtAucture. Some algae species can fix Nas N
but oceanic species usually absorb NNAO, and NH* (Bigg, 2003; Doch,1990. NQ needs

a significant effort to reduce over MH For that reason, phytoplankton may prefer NH
However, this depends on the quantity of light availabilityand thephytoplanktonspecies
(Iriarte et al., 2012)Some studies have showinat NH;" is not taken if its concentration is
considerably lower than NO(Dortch, 1990. The organism primarily absortsfrom PQ2
(Bigg, 2003; Vergara et al., 2017).

The light is also a critical limitation factor; for that reason, plankbooduction drastically
decreases during the winteNeveatheless even when phytoplankton light requirements are
satisfied, it could be limited biNO; or PQ2 (Bigg, 2003)Hence, the interaction of these
factors mainly marks phytoplankton behaviour. Bamkton depends on phytoplankton
because they feed on itConsequently, these facteraffect zooplankton as wellThe
phytoplankton bloom in spring and maybe a sed¢dn the autumn when the mixed layer
begins b deepen, nutrients bemme availableagain and the light is not limitingyet.
(CorredorAcosta et al., 2015Bigg, 2003) To keep a high production in summer, a
mechanism for renewing nutrients is required (Bigg, 2008)he same way, the persistence
of phytoplankton in that period is also relate the number of predators, such as
122 FylG2y 2N S@Sy 1T22LXIyl1id2yQa LINBRFGI2NER O¢H

The nutrient concentrationin the euphotidayerdepends on factors such as a combination of
coastal aerosols @, dust Vergamet al., 2017)In particular, rivers deliver various dissolved
and particulate elements to shelf waters adithit diffusion beneath the thermocline
Nutrients, organic and @rganic carbon, trace metals, pollutants and sediments, water
column effectsand the diverse nature of coastal benthic substrdiagea significanipart in

the biogeochemistry ofhe coastal ocean (lkema et al., 2013; Saldias et al.,; 20dri§ara et

al, 2017. Bacteria alsoprovide nutrients by decomposing dead organisms or living
organisms§kxcreta, especially zooplankton. Thegnsecrete enzymes that react chemically
with the detrital material (dead organisms and remains of shells from planktors pfbcess

is calledremineralisation, and its speed is determined by many factors that could occur over
a few hours to days or take several thousands of years (Bigg, ZD&3e nutrients can
return to the euphotic layer by upwellinggdmezet al., 2017 Vergara et al., 2017).

The temperature, pH, salinitgarbon availabilityand nutrients like~eand Siare also critical

in phytoplankton growth.Fe and Simay act as limiting factors for speciesuch as Si for
diatoms (Bigg, 2003). ThEerequired byphytoplankton is supplied by dust deposition and
sedimentmobilisation which happens the whole time (Echevin et al., 2014). Because coastal
waters are closer to shelf sediment, terrestrial sources are typioadise iron-rich than the
open ocean. Therefer deep water upwellingalong the coast tends to reduce thelite
concentration (Chase et al., 2002; Dezileau et al., 2004). HoweveFetteguired must be
dissolved involving the hydroxyl ion (QBigg, 2003)Then, some particles or colloidaca
deep-sea sources dfe such as lithogenic material, exist but aret permanentlydissolved,
leading to a weakefertilisation effect. Although the particles may dissolve by photolysis at
300-400nm, this process might be complicated in winter (Chasa.ef002; Dezileau et al.,
2004; Bigg, 2003).

Si has a similar function to N for some speciiks diatoms which require as much SasN
and Pfor their developmentDe La Torre, 201 @riarte et al., 201 In generalflagellates do
not require Si Silicate (Si¢¥) is a common component in the soil, which comes from
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dissolved clays inside the du8ospedra et al., 2018)lthough dust is the main fertation
process in some particular locations, such as the Sahara desepyimary delivery othese
elementsthrough the global ocean Isy continental fluvial systemxSuch as rivers (60%), the
particulate matter that is dissolved in the river (20%) and groundwater discharges (7%
Ridame et al. 2014 Sospedra et al., 2018These fluvial ediment alterations and
atmospheric depositions providthe remaining SiQ? into seawater. ThusSiQ? is more
abundant on the coast in the same wayFes Diatoms have a productive life in that area, or
they appear only during the sprifgjoom when the winter supply of entrainegiQ is still
relatively abundant (Bigg, 2003; Sospedra et al., 20M&)ce diatoms are more abundant in
places where the river discharges are significant, while flagellates tend to appear in oceanic
water whee the NO; and PQ? are more concentrated (De la Torre, 2018)ditionally,
dinoflagdlates are superior competitors when reducedid\dominant in the watersuch as
NH,* and organic N (Iriarte et al., 2012).

The Fe highly limis the productivity in the Southern Ocean, subarctic North Pacific and
Equatorial Pacific. In theaseof Pery upwelling systems have showie limits in winter,
while summer phytoplankton experiencedlQ;” and SiQ limitations. This phenomenon is
called hgh nutrientlow chlorophyll zones (HNLC) and occurs when some specific nutrients
are missing, usualll?, Feor Si(Dezileau et al., 2004; Chase et al., 20@2)other possible
explanation for HNLC is a high grazing pressure by herbivores such as zoopbaakenting
phytoplankton blooms (Harris et al., 2000). The laclkE®provokes the bloom of silicified
chainforming diatoms sinking very fast. Ir@tress diatoms consume tf&iQ2in the surface
water before they depletdNQs. This produces eapid consumptiorof SiQ2. Thus, Diatoms
need significant levels of Si and Fe (Vergara et al., 2017; Chase et al., 2002; Echevin et al.,
2014 Iriarte et al., 2012

Contrarily,if these ndrientsCabundances satisfied, itmay stimulate a rapid phytoplankton
and zooplankton increase. These also may produce a significant proliferation of higher forms
of plants living, such as greemacroalgaeon beachs, known as green tidesr some
phytoplanktonic species in coastaith red colair that is toxic, called red tideswhich are
common when only reduced forms of N are available such as (N\tdnesguenand Lacroix

2018; Wells, 1997riarte et al., 201R The consequences are several undesirable disorders in
the marine ecosystem such as a variation in flora and faunaffecting their entire
biodiversity and depleting oxygen due to msation. The lack of oxygen will provoke an
anoxic zone in the bottom water, causing fish and other spedisth. This process is called
Eutrophication, and in many circumstances, the overcharge of nutrients is an anthropic
effect, but it is also posdib to be produced by natural conditions or botMénesguenand
Lacroix 2018).

The oceanic concentration of carbon is two or three times greater i@ or PQ?2. CQ
transformation by photosynthesis is crucial for this conversion. Although atmospheric levels
of CQ seem high enoughit does not limit phytoplankton growth but low oceanic partial
pressures may hinder cell growth. The temperature works as a regulator of growth speed
rather than a limiting factor (Bigg, 2003).

2.3.2 Zooplankton
Zooplankton can be differgiated from phytoplankton either based on morphology or mode
of nutrition, autotrophic or heterotrophic. In general, they are considered microscopic
animals. Therefore, all species have developed movements to change their vertical position
but are not strong eaugh to overcomethe currents and turbulenceNonetheless this
mechanism helps to transfer carbon and nutrients in the water column (Harris et al., 2000;
Bigg, 2003).
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The term zooplankton considexsriousorganisms with thousands of species. They uguall

are classified by their size, splitting into five classes (Harris et al., 2000). Nanoflagellates
feeding on bacteria belorsgo Nanozooplankton (20 um), while ciliates and protozoans are
Microzooplankton (200 um). This class includesustacean plankton and meroplankton in
their early stages. Mesozooplankton (2@ mm) more common species are small
hydromedusa, ctenophoresChaetognatta, appendicularians, doliolids, final stages of
crustacean plankton and meroplankton larvae. Thalowing two size categories,
macrozooplankton (20 cm) and megazooplankton are not crucial because they do not
contain many species (Harris et, 2000).

Copepods are the most valuable specimehjchin their earlystage (copepoditexheir size

is 0.2um, while intheir mature stage form parts of the mesozooplankton group. They are a
type of shellfishandthe dominantspeciesin the samples for theibiomass Sincethe 2000s,

the importance of copeparhas become a relevant issue, particularly the feedimpgact on
phytoplankton and the contribution to organic matter fluxes and t8epresent in the
benthos due to their silicich shells (Lo et al., 2004; Harris et al., 2000). Ciliates also
accomplish that function. They are specialised protozoa withigader features. The most
important istheir cilia, short hairlike appendteswith different uses like feeding or moving.
Ciliates are very sensitive to chaisge phytoplankton variationsFor that reason they are
considered aioindicator: thus they react immediately to algal growth (Thorp and Rogers,
2016; Hatrris et al., 2000).

Zooplankton is the phytoplankton predatomhich transfers thér organic energyto higher
trophic levels. Thereforgplankton biomass fluctuationsr@ essential due taheir effect on
higher trophic levels, especially pelagic fisheir availability is vital during the first feeding
period of fish larva¢Harris et al., 2000).
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3. Study Area and Data.

In general termsChile is a large and narrow cdaonlocated in SouttAmericabetween the
18-and 56°S latitude and in the middle of 70°W longituidénorders Peru in the dtth, the
Drake Passaga the South, the Andes in the eastand the Ricific in the westThe coastline is
more than4300 km, while its width is 180 km on average (CONAMA, 20688)shelf is very
narrow in the Northern Zong18°-30°S) less thanl0 km, while the Centralafe (3°-40°S)is
broader but variable, reaching a maxim width of 70 km. The Southern Zonpresents a
more extendedshelfover 100 km wide further south of 4648ith many fjords, adding extra
complexity. The shelf edge has an approximate depth of 120 to 150l et al., 2007
Marchant et al., 2007Figure3.1).

Due to these particular geographic features, Chile contaivaskedly different climates
across its territory where theatmospherictemperatures slowly decrease and the rainfall
increase southwards (CONAMA, 200)ese are driven mainly by SPSA and th8,dich
PDO, ENSO and AAO intermittently pertuection 2.2; Mogollon and Calil, 2017,
Ancapichun and Garcés, 201Bhe SPSA generates a hgkssure system around the coast
that compreses and heas the descending air mass. Then, the HCS chills amatpidly,
creating a cold layer in the bottom, foing a temperature inversionwhich defines the
marine boundary layefMBL) thatis more pronounced in the Northern Zone (48Y°S) This
negative temperature gradient createsability conditions with veak winds and lovevel
stratocumulus that als@ontribute to coastal upwelling (CONAMA, 2008; Shultz et al., 2011).
Another factor is the Andes, whose high elevations ov@®® m(Figure3.1) have snowpacks

in their peaks, the riverimary freshwatersource (Cordero et al., 2019). Additionally, the
Andescongrains the SPSA, enhancing its effectiveness and leading to dry weather in Chile
andwet inthe Amazon basi(Barrett et al., 2009 Shultz et al., 201 Garreaud, 2000

HGURE3.1. CHILEAN OCEAN GEOLM@EWERATED BY COMPUTERS BASED ON REAL ARESOLUTION &:300x2,000 PIXELS
(NOAA, 2000)
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These climates are generally grouped into three Zotes Northern(18=30°S) Central (30°

40°S) and Southern Zone (45°S Thiel et al., 2007; CONAMA, 2008). The Northern Zone
climate is extremely arid, with almost no precipitation (Shultz et al., 2011). The Central Zone
is a Mediterraneanlike climate where most ofthe precipitation occus during a few winter
storms (Garreaud et al., 2020). Finally, the SeuthZoneis considered a hypdrumid
climate (Aguayo et al., 2021). These Zones will be discussadra detail inthe following
section

The Northern and Cetral Zone coastties are relatively straight(Figure3.1). However, the
topography produces current variations that are hard to predict (Thiel et al., 200i&)leads
to the formation of compleXayssystemswith counterrotating gyres thatould affectthe

plankton dynamics. At the same time, along the Chilean coast axésts with strong

upwellings due to their topographicapesforming eddies and filamentsThese arein

MejillonesAntofagasta 23.1223.6°S), Coquimbo (30°S), Valpara{88°S)and Concepcion
(36.8°S Figure3.2, Table 3.4 Thiel et al., 2007Gomezet al., 2012).
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HGURE3.2. STUDYAREAWITH THE PRINCIPAL UPWELLING REGIONS LOBETEREY POINTS ZREE WITH FREQUENT UPWELLING
WHILE THE BLACK DOTS ARE THE MAIN UPVAHLAMENTZONESHNALLY THE BLACK LINES SHOW THE COSETALCSI WITH
OCCASIONAL UPWELL(REELET AL, 2007)

Chile has experienced an essential variation in marine productivity in the last dduoade
changes inweather patterns related to climate chang€Dacre et al., 2018)Besices the
mentioned SST increasgimate changealso has produceddditional threatssuch aghe 10-
20% snow reedng in the Andes in the last decade aadbigdrought from 2010 to 2018 in
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the whole territory with a higher impact in the Central Zone (Garreaud et al., 2020; Cordero
et al., 2019; Aguayo et al., 202T}e main factors that influenced the rainfall in Chile are
ENSO and AAO. EI Nifo increases the precipitation and consequently the snow in the Andes.
However, El Nifio has reduced its impact from-38°S, while the AAO has been more
positive, dminishing therains from 34°45°Sin recentyears(Cordero et al., 2019; Aguayo et
al., 2021) The AA@ tendency is linked to GOncrement (Cai et al., 2003jaisingocean
acidification (lkema et al., 2013)ccording to Garreaud et al. (202@he bigdrought was
driven mainly bythe SST risén the last decadedncreasing the SLP anomalies in the Central
Zone and reducing the ENSO eff&ather notorious global warming effecése the Southern

and Central Zonéncreasng wildfires (Dacre et al., 200)8and red tides Buschmanret al.,
2016)

3.1.RegionalSummary.

3.1.1. Northern Zone of Chile (1830°S)
This Zone presentonstantsoutherlywinds from 18° to 28°Svith a low variabilityowing to
the SPSAresence the whole year and a low MBL with Jewel stratocumulugAncapichun
and Garcés, 2015; Yuras et al., 208bultz et al., 20t1Garreund, 2009Quezada et al.,
2010. Howeverthesewindsare weaker tharnn the rest of Chileespecially from 18 23°$
leading to an almost aseasonal equatorwards CCC in this regffora slight increase during
the autumn (Thiel et al., 2007Aguirre et al., 2021 These winds alsgroduce a constant
upwelling systenwith a formation of higher upwelling filamentgith relatively highNG; and
PQ?in the euphotic layer close to the coast Mejillones Antofagastaand Coquimbalue to
their topography(Figure3.2; Thiel et al., 2007)These capes occasionally retain part of the
CCC flow (squirt), chilling the coastal waters even more. Coquimbo bay tends to have more
squirts (Thiel et al., 2007).

Studies inthe south ofPeruand rorth of Chile have shown thdteis limiting, making ita
HNLC Zon@ezileau et al., 2004T.he reason for that is the very narrow continental shelf
lower than10kmwith a depth inferior to 100 m in some areasd the region@ aridityowing

to the SPSA presenéPezileau et al., 2004; Ancapichun and Gar28s5; Thiel et al., 2007)
Regions with a narrow shelf have a thin OMZ, limiting the natural biological degradation of
organic matter that regeneratethe nutrient supply(Thiel et al., 2007; Mogoll6n and Calil.,
2017) In contrast, the northern Peruvianoast shelf is over 100 kavide with seasonal
precipitation strong winds, along with low Coriali¥hese factordead to a constant Ekman
transport that delivers a continuous nutrient supply Beru that is transported by the
poleward current ESS{#chevin et al., 2014; Thiel et al., 2D&ffectively the Chilean region
near Peru (1822°S) has a NQconcentrationof 2uM on average with a better defined OMZ
region and, consequently, a more robust denitrification process (Thiel et al.,.2007)

The excessive ariditymakes the Northern Zone one of the drieplaces in the world, with
meagre precipitation along with hgh solar radiation(Shultz et al., 2031Garreaud, 2009
Quezada et al., 20)0The precipitationmaxinum fluctuates between 0.5 and 78 mm yr*

(Thiel et al., 2007). Thus, riverine and atmospheric inputs are insignificant (Dezileau et al.,
2004 Thiel et &, 2007. Waters with significant upwelling contributicand no freshwater
dischargeshave aSideficit (De la Torre, 2016), contributing to a higher predominance of
small flagellates (Iriarte et al., 200Barlow et al., 2018 This is the situatioim the Northern

Zone except foCoquimbg whose coastal wateiisteract with riverg(Thiel et al., 207).

Nevertheless, e Fe limitation is more intensein the winter becauseepisodic rainfall
appeas in the Andes during the summédurther north 1823°S (156300 mm yr) due to
convective storms related to the high radiatiomhich is required to becoe the Fe available
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(Thiel et al., 2007; DiTullio et al., 2009hese rain events are significant during La Nifia,
whereasthey are absenturingH Nifio (Garreaud, 2009Jhe precipitation of the rest of tis
Zone occursduring the winter which turns inb snow dueto the height of the Andes
(CONAMA, 2008; Dezileau et al., 20G&arreaud, 2009 The few rivers later transport the
melted snow during th Austral summerspring, deliveling Fe and Sito the ocean.These
sediment input§intensificationsshoulddrive higher local ocean productivi(ipezileau et al.,
2004).However, the river fluxehavereduced even more in the last decade (Cordero et al.,
2019).
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FGURE3.3. SUOMINATIONAIPOLARORBITINGPARTNERSHIP SATELLITE VIEAIAEAMA DUST PLUME TAREN'HE AFTERNOON OF

8™MILY2016(SUTHERLAN2016).

The Atacama Deserknown as thedriestregionwith 15 mm yr, is a high source of dust rich
in Feand Sithat could be transported to the ocean (Delizileau et al., 2004el et al., 2007
For instance, an enormous dust storm occurred in the Atacama Desert"ahl§ 2016
(Figure3.3). This storm moved along tmerth coast bythe easterlylow jet streamfrom the
Andes (Sutherland, 2016). This thin stream moves betweenat®D20,000 m over the
Earth@ surface with a speed of around 10 to 15 f(Aceituno and Quezada, 2003)ese
events do notfrequently happerbecause this region is not windy and flowssterlydue to
the Andes blocking the winds in the opposite directimileed, they are moré&equent in the
Atlantic, and they arenot completely clear whyhey happen(Sutherland, 2016Reyerset al.,
2019. Therefore, they have not been studied enoudttéitunoet al., 201%. Howevertheir
frequency has increased in recent years. For instasteilar events with lower intensity
have been reportedn the Northern Zondetween June to Septemb2015, 2016and 2018
2020 (24horas 2015; Chilevision, 2018; Araya, 2020).

The phytoplankton concentratiorand the oceanic featurem this Zonehave not been well
documented, but a few studies mention thathias a weak seasonaljtyith a slight increase
in the winter due to more constant weather conditionbeing HNLC and having a narrow
shelfof 5 km on average that it does not extend overkt® wide(Yuras et al., 2005; Thiel et
al., 2007 Marchant et al., 200)7 In-situ data have shown that in this area, higl@@torophyll
(Chl)concentrations are 2 mg ¥ they are limited to 30 km or less from the cof¥uras et
al., 2005).Despite this geeraly low response, pytoplankton tend to be higher in
AntofagastaMejillonesand Coquimbo bays owing to the mentioned filaments #mel fact
that the capes rstrict the phytoplankton. Another region with a high responseAisca
Iquique (185°-20.2°S,Figure3.2), owing to a permanent nutrient supply lilie poleward
ESSWrom Peru(Thiel et al., 2007, Echevin et al., 201®)us, this region has had more
fisheries since th&960s(Camus and Hajek, 1998).

H Nifo increasethe SST anwveakers the southerly winds in thiZone during theAustral
springsummer leading to a primary production reduction of 11 to 48&mpared toa
regular year (Iriarte et al., 2000; DMC, 2018). These effects are higher during El Nifio Modoki
(DMC, 2018). As La Niamengthensthe SPSA, the phytoplankton is enhanclonetheless,
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these impacts are minimal compared to the ENSO effects on the Central and Southern Zones
(Thiel et al., 2007).

In terms of anthropogenic activities that coutérm the phytoplankton, this Zwe is known

for its copper mining industry, which is theam economic activityf Chile (Jara et al., 2014;
Camus and Hajek, 1998). However, this activity generates significant trace metal levels in
their tailings, whichwere often discharged into the sear riversfor decades in the past
(Camus and Hajek, 199&lso, this industry requires large quantities of water, redutime
volume ofthe few rivers that exist in this region (Camus and Haje, 1998). Antofagasta to
Valparaiso Kigure3.2) is wherethe cgoper miningsare concentrated but Chafara(26.3°S

Table 3.4 wasthe most affectedoy dumping tailings into the coast from 1938 to 1990 due to
the lack of environmental policies to improve the Chilean economy (Lee and Correa, 2005;
Camus and Hajek1998). Studies reported significant Fe, Cu and Cr levels in Chafaral,
bioaccumulated by mollusdgara et al., 2014; Lee and Correa, 2008 and Correa (2005)
found that the zooplankton was loweon the Chafiaral coasts, particularly harming
copepods.Caldera (27°S) and Huasco (28.5°S) showed a high concentration of Cr with
similar effects to the previousase(Jara et al., 2014lable 3.3.

Mejillones which has one of the most significant upwelling filaments in this Zersmother

city severely plluted because itis one of the most industrial develed in the north, with
thermoelectric plants, coal loading docks, acid transfer plants for mining and fisheries located
across thebay (Valdez, 2012). Thiel et al. (2007) and Valdez (2012) reportedratedPb,

Cu, Ni, Co, Zn and Cd levels in the water column and sediments in Mejillong¢Sduag3.2

and Tble 3.4. Finally,anthropogenic activities have not severely affected Coquimbo Bay
(Thiel et al., 2007).

3.1.2. Cental Zone of Chile (3040°S)

This aregpresents a evidentseasonal coastal upwelling duritige Austral springsummer
and downwelling during the autumswinter due to the wind directiorin that perioddriven
by the SPSA movemengiving aMediterraneanlike climate (CONAMA, 20Q8Ancaichun
and Garcés, 2015Garreaud et al., ZD). Therefore the maximum precipitation occurs
during the Austral winter produced bycold fronts increasingthe number of nutrients
(Quintana and Aceintuno, 200Pelizileau et al., 2004 arreaudet al., 220). However, he
annual precipitation variedrastically southwardfrom 100mm at 30°Sto 2000mm at 38°$
driven by SPSA motiofGarreaud et al., 2020; CONAMA, 200Ble to these significant
differences the northern region 36-32°S has a smiarid climate whereas theSouthern-
Central Zone is semihumidto humid 36240°S (CONAMA, 2008)The Central Zonehas
suffered a precipitation decline since the latE970s For that reason this regionwas the
most affected bythe 20102018big drought,with a 25 to 45%deficit (Garreaud et al., 2D).

Coastalows temporarily change the typical wind direction for a few daykese events are
frequent, especially during the winter (Garreaud et al., 2002). The coastal lowevare
pressure gstemsin the area between 27° to 35°8iggered when a higkaltitude anticyclone
appears further south of 40°S,ignating from the west to the eas{Garreaud et al., 2002;
Aguirre et al., 2021 Coastallows initiate easterly winds from the Andes thatsdipate the
typical cloudiness from the north, increasing coastahospherictemperatures in the whole
mentioned region. Once the coastal low is well established, westerly winds appear in the
north pressure border (27°S), bringing back the cloudinesscaantingto that area, while in

the south border (35°S}he sunny conditions prevail until the lepressure vanisksin a
couple of days (Garreaud et al., 2002).

Caastallows culminationsometimesleads toshortlived southerly coastal lodevel jetsover
10 m s'in the Central Zon¢30%37°S) with more frequency in the sprisgmmer (Garreaud
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et al., 2002; Aguirre et al., 2021; Garreaud and Mufioz., 2005). Although these jets are 100
150 m above thesurfaceat 200 to 300 km from the cogsthey signiicantly enhance the
upwelling of the coastline Even occasionally, these jetsach the coast, increasing even
more the upwellingAguirre et al., 2021; Garreaud and Mufioz, 2005gsestrong windsare
followed by weak southerly or northerly winds (Ageiret al., 2021)Coastal lowlevel jets
episodes have increased in the last decade owing to SPSA intensificGaivadecci et al.,
2017;Aquirre et al., 2021Garreaud and Mufioz., 2005).

A strong kinetic eddy centred at 30°S is driven by the SPSA, @nyahe upwellingalong
the coast from 30°S to3S(Lengua de Vaca to Punta Lavapig)ing the warm seasoand
downwelling in the cold season, becoming the most studied Zone in (Elglere 3.2Thiel et

al., 2007). Thismeansthe CCC flows equatorwazdluring the upwelling season with a more
latitudinal direction from 35° to 40°S. Meanwhile, its flgaesoppositethe rest of the time
(Thiel et al., 2007). THESSWhat delivers nutrients during upwelling has a reduced impact
over 35°S. Here, AAIY\as a more significant role (Thiel et al., 2007; Marctetrdl., 2007).
Additionally, this Zone has a sheklow 10 kmwide until 35°S. Therits width southwards
until the endvariesfrom 40 to 70 km, except for the Arauco Peninsula-887S), which
reduces to 12 kn{Thiel et al., 2007Marchant et al., 2007

The upwelling conditions directly influence the phytoplanktomith abloom in theAustral
springsummerwith a minimumproduction in autumpawinter (CorredorAcosta et al., 2015;
Gomez et al., 207; Yuras et al2005) This is more significant southward 33°S, partidylar
Valparaiso and Concepcidrigure3.2and Table 3.4, due to itscapes forming filament spots
(Thiel et al., 2007)ndeed,this region (3336.5° presents higher phytoplankton ratesith

a Chl range of 3.8 to 26 mg%im the summer in comparison to the winter 1.0 to 2.5 mg m
due to moreadequatelongshore windsand many welkpacel riversthat add nutrients to

the mixed layersuch as N@(5-15 uM), PG2 (0.51 uM) and SiQ? (5-8 uM; Masotti et al.,

2018 Thiel et al., 2007 Examples of these rivers akdaipo (33.72°% Mataquito (34.98°S)

and Maule Rivers (35.41;3yt the most relevant are the Itaté36.47°Shand Biobio Rivers
(36.84°SFigures 3.4 and 3.5 Vergara et al., 203 Masotti et al., 2018 The NG and PQ2
added by these riversvary from 001 to 10.5 and 0.05 to 0.98 mg L%, respectively in a
plume areaof 0.29 to 0.77 krh(Masotti et al., 2018)At the same timethese ado provide
significant quantities of organic matter and trace metals in sediments, reducing the light
levels (Saldias et al., 2016). Additionally, they tend to produce coastal stratification, even
during the Austral summer whn the precipitationis low (Thel et al., 2007). This linsithe

depth of the turbulent miig, which is necessary to exchange nutrigint the euphotic layer
where the phytoplankton gros/(Aguayo et al., 2021Silva et al., 2009 Thus, these inputs
could positively ornegatively impact phytoplankton bloon{Saldias et al., 2016). However,
the Fe bioavailability of rivers is limited due to its poor solubility (Raiswell, 2011). This is
compensated by a vast number of streams (Saldias et al., 2016). During the bigtdrough
(20102018, the stream discharge through the ocean decreased®® due to its direct
relationship with the amount of precipitatio(Figure3.5; Garreaud et al., 202(Masotti et

al., 2018. This region is also well studi@d comparison to otherdecausenear the Itata

River there is Station 18 (37.5°S), where the nutrients are continuously measured (Figure
3.4; Masotti et al., 2018)

El Nifio produces aboweverage precipitation and river runoff in Central Chile {38°S)
during the winter andspring-summer (Gomez et al., 2017; Ancapichun and Garcés, 2015;
CorredorAcosta et al., 2015). Additionally, tlegmospherictemperatures slightly decrease

due to the cloudiness at 386.5°Sduring thespringsummer, which becomes shorter and
weaker duration ofphytoplankton developmentn that region(DMC, 2018)On the other

hand, duringthe La Nifia years, the opposite effect is seen (Gémez et al., 2017; Ancapichun
and Garcés2015). Hence, ENSO may modulate the Fe supply by rivers in the sea in those
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periods (Dezileau et al., 2004). El Nifio Modiki precipitation patterns are similar to the El
Nifio, but they are slightly lower and start at 35°S (DMC, 2018).

Although this Zone does not present as many industrial activities as the Northern Zone,
Ventanas (32.7°S) is the exceptiovith oil and copper refineries polluting the ocean with
heavy metals like Ni, V, Pb, Cr, Cu, Hg, As a(thBle 3.4. Minor copperand molybdenum

mines are other sources of contaminatiatischarging their residuals into the rivers (Jara et

al., 2014; Camus and Haje, 1998). Quintero bay (32.8°S) exhibited high Cr, Mo, and Cd levels
in the water, while Cr was present in molluscs tessthere (Jara et al., 201%able 3.4. The

sewage waters may also be relevant, considering that 70% of the Chilean populatsn live

this Zone (Garreaud et al., 2020).

FHGURE.4. LOCATION OMAIPQ MATAQUITOMAULE ITATA ANIBIOBIORVERANDSTATIONL8 USINGTERRAMODBIMAGEN THE
BACKGROUNSTATIONL8 IS THE ONLY PLACE WHERE CHEMICAL PARAMETERS ARE (WMNSTOREET A2018).

Hydrograph of Itata and Biobio Rivers
3500 T T i T

i Itata River 36.47°S
— — —Biabio River 36.84"S

3000 — I
2500 - | "

1

2000 — I
@ I
1

h

1500 —

1000 —

500 —

0
2003 2004 2005 2006 2007 2008 2009 2010 201 2012 2013 2014 2015 2016 2017

Year
HGURE3.5. HYDROGRAPH GIRTA ANBIOBIORVERSMEASURED BY TEBENERADIRECTORATE WATERMANAGEMEN{DGA)
THE FLUXES WERE NOT MEASURED ON SOME OCCASIONS OWING TO CLIMATIC CONDITIONS OR INSTRUNIENIAGUFRREOBLEMS

SHOWS &W THE FLUXBBVEDECREASED IN THE LATE YEAZ2018).

3.1.3. Southern Zone of Chile (40%6°S)
ThisZone is charactesed byintricate geographyith manyarchipelagos andiords mainly
locatedsouth ofChiloe Islandut with a shelf over 70 krwide and reaching more that00
km at 46°SFigures 3 and 3.8; Strub et al., 201Fhielet al.,2007 Marchant et al., 2007
This Zone marks thdiversion of WWD transportingorming the equatorward HCS and
poleward CHC aB87°S in the autumiwinter and 48°S in the sprirgummer, with some
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equatorwards currents at 51°S in the summer (Strub et al., 2@t8cena et al., 20})1
Similarly, the SPS#pactsaround40° to 45°S, depending on the season (Thiel et al., 2007).
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The channels and fjords Y& the AAIW which isrich in nutrients thatgenerally move
equatowards between the surface and 150 m depth, while at 150 to 300 m depth
remnants of ESSWhanging diretion in some of themsuch as Northern Patagonfgigure

3.6; Sievers and Silva, 2008). These cur@ntsraction, along with the complex submarine
geography such as submarine constrictions such as Desertores (42.5°S), Meninea (44°S),
Angostura Ingles8.2°S) and Carlos 1l (53.8°S) tend to form eddies and curls (Figure 3.6;
Aracena et al., 2011; Sievers and Silva, 2008). These eddies are anticyclonic during the
summer or spring and cyclonic in the winter, leading to upwelling and downwelling
conditions (Strub et al., 2019; Aracena et al., 2011).
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From 42°S polewardshis Zone is morénfluencedby the AAO,with higher precipitation
(2,000-5,000 mm yr), along withtop flow rivers (100-600 n¥s?) and glacies inputs (Lara et
al.,, 2010; Landaetaet al., 2011) giving this region a colder climate with maximum
precipitation (7000 mmyr') and westerly winds around 50°S (Aracena et al., 20LAg
Central Zone also has some glaciers, but there are a lot more in theeBoiditne especially
in Patagonia. Patagonian glaciare divided into three system3he Northern (4647°S), the
Southern (4&2°S) and the Darwin Mountains in Tierra del Fuege5&4&), with a total
surface of 16,000 kM(Figure 3.6;Aracena et al., 201). Theseare among the fastest
retreating glaciers in South America (Braun et al., 2019; Castillo et al., 2016). Thegaeput
to the ocean through the rivers. However, their exact contribution has been poorly studied
(Braun et al., 2019).

Hydrograph of Palena,Cisnes and Aysén Rivers
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Therefore, river inputs dominate in theubsectionbetween 44°46°S with the mainbeing
the Palena(43.82°S)Cisneq44.75°Sand Aysén Rivergl§.41°SAguayo et al., 202IFigure
3.7 and 38). Meanwhile,glacial meltwater dominates 553°S.These rivers havaveraged
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low NG and PQ%concentrations (1.5 and 0j8M) with low seasonal differences, whiQ?
varies from 40 to 15QuM (Castro, 2010; De La Torre, 2018he ivers fed by glaciers
increasethe dissolved Si slightly (15 to 50 pM), while dissolFedoncentrationis over 50
nM on averag. At the same time, they also hawgnificant cogentrations of coloidal
material reach in Si and Rkat can bepotentially dissolved(Pryer et al., 2020\Whenthe
fluxes of thesaivers are too high, they tend to reduce the salinityeating stratification in
the coast with a surface 280 m layer of water with low densiggnd generally low nutrients
except for he SiQ?, forming a sort of estuarine systemith high nutrient concentration
under that layerfrom AAMW (Landaeta et al., 2011Aracena et al., 2011Sievers and Silva,
2008; Figure 3)6Additionally, the nutrients in deepwater over 75aepth have a sgnificant
concentrationfrom the remineralsation procesqThiel et al., 2007De la Torre, 20)6The
extreme stratification has affected fish populations due to zooplan®osensitivity to
salinity,from 42°S southwards bwtith a higher frequencyn the region 52%53°S because it
also has lowSST(Landaeta et al., 2011Aracenaet al.,, 2011). These layers tend to mix,
bringing nutrients to the euphotic layer when the mentioned eddies occur during the spring
or summer (Aracena et al., 2011; Strub et al., 2019).

Furthermore, his stratification problem isncreased by precipitatns that occur mainly
during the winter, jord inputs and river discharges (Marchant et al., 200N@vertheless

from 42°S to the South, rainfall episodes are present the whole year due to the SPSA limits
(Quintana and Aceituno, 2011; Thiel et al., 20&I'Nifio has shown a precipitation reduction

in the Zone from 3821°S, especially in the following summeriven by SLP variations in the
mid and high latitudes that increase the southerly winds or block the storms from the south
(Montecinos and Aceitund®003 Strub et al., 2010 El Nifio modoki and La Nifia provoke the
opposite effect (GonzaleReyes and Mufioz, 2013; DMC, 2018). In any thserecipitation

in this Zone is more influenced liye AAQD Aegative phaseparticuarly from December to

April (GonzaleRReyes and Mufioz, 2013; Aguayo et al., 20Rahn, 201p Still, due to the

AAO positive trend and the big drought, the rainfall has declined in the last decade during
these months (Aguayo et al., 2021).

The phytoplankton bloom in this Zonmtil 45°Soccurs inspringsummerwith an essential
guantity of pelagic fishes, while during the winter, it is mainly populated by microorganisms
for the reducedsolar radiation(Landaeta et al., 201 astrg 2010; De La Torre, 2016trub

et al., 2019. The top laye® thicknesss narrow due to stratification. Thughytoplankton

does not have much space for dispersion forming patches, which are very common in this
Zone, especially during the cold seasdbandaeta et al.,, 2011 Strub et &, 2019. The
phytoplankton here tends to vary significantly in terms of space and seBsatoms are the
dominant species due to the ext@iand Fefrom the freshwater inputswhich areessential

for their development whereas dinoflagellates and narfexjellates are present on specific
occasions with higher frequency in the sumniiee La Torre, 201@\racena et al., 2031

Of all the islands located in the Southern Zone, the Chiloé is the biggest atédmportant
for its productivity with a signiftant Chl signalCONAMA, 2008; Ledviufioz et al., 2018;
Diaz et al., 2021). Indeed, thaterior Sea of Chiloé, located at 41-43°S, has complex
geography with micro-basins and geographical barriers that create a seosed
environment with depths fronb0 to 400m(Figures 3.6 and 38; Lara et al., 2010; Saldias et
al., 2016).This basin is also exposed to the oceanic regime in the witlstequatorwards
currents in the springummerthat enters by Corcovado Gulhd dischargefreshwater from
different riverswhere the most important are Petrohu@1.1°S) Colchamé (41.5°S) and
Puelo(41.6°Sjor the northern Interior Seavhile Yelho is for the cental(43.0°SFigures 3.6,
3.8; Aguayo et al., 2021Strub et al., 2019 Astudyin that area showed tha€hl @tterns are
higher in springgummer with a heterogeneous and compact distribution (30 km patehis
an averaged concentration over 4 mg*mith a range of 225 mg n¥). In contrastChlhad a
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lower concentration with a howgenous distribution (50 km patchesith an averaged
concentration of 322 mg m?®) during theautumnwinter. Therewas an anisotropic effect in
(hl in that period, with a predominant Ea¥tfest direction (Lara et al., 2018racena et al.,
2011). Thiseffect was caused by increased ocean stratification from extra rivertjipieal of

the winter and the general northerly winds influence that become southerly in the summer
driven by the SPSA motiofBaldias et al., 20165trub et al., 2019Thiel et al.,2007).
Phytoplankton behaviour in theufther south has not been well documented, but Aracena et
al. (2011) showed that they have a lower range than Chiloé-1®.Ing m®). The
phytoplankton bloom in North Patagonia (4348°S) also occurs during spriaigd summer
(Figure 3.6). In contrast, Central Patagonia@&5*S) has a lower signal that is slightly higher
during the spring. The Southern Patagonian{58°S) continues having a higher response
only in the spring, which is higher than Central Patagbniais still not as significant as the
North.

In terms of nutrients, these also have shown differences by season and region with an
intensive stratification. For example, the spring averaged surface concentratici@oP Q-

2and SiQ?in Chiloé (8, 1.0 and 7.9M) and North Patagonia (7.4, 0.9 and 15M) are

more significant than the Central (3.6, 0.7 and 4dM8) and Southern Patagonia (4.7, 0.7 and
4.4uM; Figure 3.6Aracena et al., 2011).

Since thel980s, the interior sea of Chiloé has been intensively used for economically
productive activities such as aquaculture (Lara et al., 2010; Saldias et al. | 20&&ufioz

et al., 2018 Diaz et al., 2021 In recent years this has become the fourth most imaott
economic activity in Chile, specsitlig in salmon farms with a production of 8000 tbnnes

per year, extendindurther south to55°S in 2015 (Castillo et al., 20Bijschmanret al.,
2016; Armijo et al., 2020). The extra feeding and faeces prodwgign#ficant level oNH,*

and P@? through the coastal waters, adding approximately 49 kg N and 8 kg Pmes of
salmon (Armijo et al., 2020). This extra intake of nutrieetpecially the Nf has increased

the eutrophication risk in this regiorparticularly in the fjords where the water is semi
constrained impactingthe oxygenatingenewal procesgs (Buschmanret al., 2016; Armijo

et al., 2020 Diaz et al., 2021The eutrophication produced by salmon farms is very common,
creating anoxic conditits. Thus, thecompanies must constantly monitéine nearby waters
(Sernapesca, 2018; Buschmann et al., 208Bhough this industry is the most relevant for
the Zone few studies exist concerning their impacts on the ocean and rivers (Castillo et al.,
2016).Moreover, a welkknown company with nineteen farm instalments at 5358F5°S in
Magallanes hsbeen fined by the ChileaBuperintendency of the Environment (SMA)
several infringements such as: modifying the Wéntsoils, counterfeiting the quantity of
salmon mortality, and managing ttselid waste poorly. These bad practices occurred at least
from 2013 to 201&Molinari, 2021)

Additionally, harmful algal bloomlave appeared in th&outhern Zonesince the1970s
particularly thespecimen calleded tides due to their pigmenthave caused more problems
(LeonMuiioz et al., 2018)However their frequency and intensity have risenrecentyears,
stretching to more orthern areasthan Chiloé IslandBuschmanret al., 2016 Strub et al.,
2019. Thisphenomenon has also been observed in other parts of the wanilekn by many
factors such as climate change, El Nifio dhe accelerated eutrophication caused by
aguacultue (LeonMufioz et al., 2018 Diaz et al., 2021Wells, 199). Red tides are a
proliferation of flagellates and dinoflagellatespable ofprodudng deadly toxinsfor fish,
molluscs or humans who have consumed infectedfood(Yang et al., 2018; Armijo et al.,
2020; LeorMuiioz et al., 2018Iriarte et al., 201

The redtides tend toincrease rapidly in enviroments with highSSTand a large quantity of N
and P(Wells, 1997; Armijo et al., 2020). For that reason, waters near salmon farms are

31



susceptible to hang a significant number of toxidinoflagellates (Buschmann et al., 2006).
Effectively, these algametabolise the excess of Njenerating deadly toxins i®@MZ. This
process is even faster wheNH;" is high Additionally, some red tide speciedike A
Alexandriumcatenellg are mixotrophicdevouting bacteria that grow in anaerobic conditions
(Armijo et al., 2020 Iriarte et al., 201p Although salmon farms tend to accelerate
eutrophication conditionsyhich leads to red tide cases, no study nor model has indicated
that farm salmon could cause a magsred tide alone (Armijo et al., 2020).

Two intense red tide blooms occurred in Chiloé from February to May 2016, the samasyear
an extreme El NinoRuschmanret al., 2016). The first waBseudochabnella veruculosa
bloom, which exterminated 4000tonnes of salmon. The second odexandrium catenella
bloom, was even more extensive and detrimental, reaching 3t$her north than ever
before (Armijo et al., 2020; LeeNufioz et al., 2018Buschmanret al., 2016)This specimen

is even more noxiosj causing human fatalitiel the pastin Chile(Buschmanret al., 2016
Armijo et al.,, 2020; Diaz et al., 202This second event attracted the pe&s attention
because the watewastinted red, and an enormous quantity of seabirds and molluscs were
found dead on the Child@ coasts (Armijo et al., 2020¢onseguertly, the govenment
banned the extraction of marine products for several weeks. This bloom was right after the
disposal 0f4700 tonnes of dead salmon near Chiloé IslaBdschmanret al., 2016; Leon
Mufoz et al., 2018Armijo et al., 202

3.2.Data ollection.

3.2.1. Introduction.
The data weremainly collected from satellite imager@2cean colour ensas provided this
data. Thebestknown of this type are the Sedewing Wide Fiel@f-view ®nsa (SeaWiFS)
and the Moderate Resolution Imaging Speetadiometer (MODISFranz et al., 2005). Both
scanning radiometers offaxtensie temporal and spatial coverage with a pisedolution of
1 km? at the nadir. The mission desigroals global observation of theaBh®@ surfacewice a
day with approximately constant speedlthough these satelliteare capable ofdetecting
phytoplankton in the ocean using thehlorophylth 6 I[(GAIRby the same algorithif.
3.1), they might offer slightly different valueslue to their spectralbandwidth differences
(Table 3.1, Franz et al., 2005 This algorithm is an empirical relationship between the
wavelengths €) of blue and greenA paricular satellitelike MODIS or Sea¥®% obtain both
SeaWiFS usesfand 5 bands for producing blue and green, while M@Ql& uses 40
and 12 Table3.1). Theh valuesused inE. 3.1 are standardised coefficients thdépend on
the nsa that providesthe information Table3.2, NASA, 2018)

G B | &a¢Q@— (3.1)

TABLE3.1. MODISAND SEANIFSSPECTRAL BANDS USE IN OCEAN COLOUR PROUHSSHNER MEANS NEARINFRARED BAND
(FRANZ ET AL2005;CamPBELI2002).

MODIS SeaWiFS MODIS MODIS SeaWiFS SeaWiFS Primary use
Band Band Bandwidth Wavelength Bandwidth Wavelength
(nm) (nm) (nm) (nm)
8 1 405420 412 402422 412 Blue; yellow pigment/phytoplankton
9 2 438448 442 433453 443 blue; Ch
10 3 483493 488 480500 490 blue-green; Chl
11 4 526536 531 500520 510 green; chl
12 5 546-556 551 545565 555 red; yellow pigment/ phytoplankton
13 6 662-672 667 660-680 670 red; Chl
15 7 743753 748 745785 765 NIR; landwater contact, atmospheric correction
16 8 862-877 869 845885 865 NIR; landwater contact, atmospheric correction

MODISAqua is the component of MODIS that focuses on ocean measurements. It has been
operational since approximately June 20Q&hile SeaWiFSvas from September 1997 to
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Decemler 2010 (Franz et al.,, 2005).h&se satellites also can measuother relevant
parameterssuch as SST.

TABLE3.2. MODISANDSEANIFSDEFAULT ALPHA VALUES USE IN OCEAN COLOUR PRISASANDA 8).
Alpha ho hy h, hg h,
MODIS 0.3272 -2.994 2.7218 -1.2259 -0.5683
SeaWiFS  0.2424 -2.7423 1.8017 0.0015 -1.228

There are many ways to obtain processed ocealour data. One of tteseis the SeaDAS
(SeaWiFS Data Analysis System). This program can display data extracted ttheddgban
colour website where the available information isrovidedin detail (NASA, 20)9Andher
possible option ishe GES DIS(@Goddard Earth Sciences Data and InfoinratServices
Cente) Interactive Online Visualization and Analysis Infrastructi@OVANNI)The web
page processsdata well It is more comfortableto access and contain 1981 variables from
different sourcesincluding MODIS and SeaWiEyen itcan deiver meansfor a specific
delimited areaor at its maxinum resdution. For instance,he first objective ains to define
the main parametersaffecting production so extracting high spatial/temporal resolution
data was unnecessarfor that reason, monthly value per parametdor a broader location
was consideredWhile for the other objectives, a full resolutioraaneeded. ThusGIOVANNI
accomplished both requirements.

3.2.2. Defining theSudy Area.

a) Zones:
The first step was to consider the reémces as Thiel et al. (200@nd state the different
Zones. Chile is ahgcountry withentirely different climates. Therefore, it was divided into
three regions mentionedh section3.1: Northern Zone (18°-30°S, coded as N), Centraing
(30°-40°S, coded a€) and Southernane (40-53.5°S coded aS Figures 3.2 and3.9). The
Southern Bne was Imited to avoid the Drake Passage in tkeuth, where the AAQis
dominant. Both also affedhe Southern Zongbut this study primary focuss on more local
impacts, such athe Kelvin waves transferring information southward and the runoff inputs
from the mountains along the coast, which are not relevatrthe Drake Passage.

b) Subsectios:
The Chilean shelf isariableand defines the onshorand offshoresubsectiondelimitation
(Figure3.1; Thiel et al., 2007)Bothtypes ofsubsectios, onshore and offshoreshould have
different Chlconcentrationsdue to the difference in dept and othermechanisns explained
above like upwelling. However, studig both is important becaustheir behaviourmight be
related For that reasonthe coastl stripwas coded as Tand the oceanwascoded as O
Authors likeVergara et al. (2017)uras et al. (2005and Goémezet al. (2017) considere@
100 km offshore distance to define their study area.This valueis approximatelythe
maximumChilean shelvidth located in the Southern Zor{@hiel et al., 2007)lThemaximum
ocean depthsaround 100 km offshor@scillate between 500 to 5500 m (NOAA, 2000
Table 3.3. This is also the typical distance where the surface waters are dragged during the
upwelling in the Northern and Central Zones in Chile (Thiel et al., ZO@atefore, he width
per subsectionwas defined ad®>1.5°% equivalent to almost 10-150 km. This esures that
the whole shelfis part of eachonshoresubsectionand is consistent with the width used for
mentioned authors

Each Dne was dividednto subsectiors to get more information.The main criterion in
dividing these zones wakased on the complexity of the coastline to study the capes
variation, keeping al00-150 km widthalong the coastal edge This decision was made
considering that Chile has a roughly straighiSbriented coastline (Thiekt al., 2007),
particularly in the Northern Zoné\s a result, this Zone was divided into three subsections
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(Table 3.3 and Figure 3.9@n the other hand, the Central Zone geography has a more
pronounced curve area, especially in thegion 32.7-35°S, sdour subsections were used
instead (Figure 3.9). Additionally, 3C and 4C have been highly studied due to their high
production {/ergara et al., 2017; Corredécosta et al.,2015) hus, having more information
about this area enables better comparisonstwiast work. The Southern territory is made

up of a fragmented territory (Lara et al., 2010). 1S was selected to focGsitmélsland one

of the most studied territoriesThe 23S division was chosen since the coastal edge has an
increasing curve irsubsection 45.8%47°S. However, the area from 450°S is relatively
straight, but westerly windstart to dominatefrom 50° to 53.5°S. The finsilibsection(50%
53.5°S) presents a width close to 250 km. This is the higher distance between the coastal
edge and the limitsubsectiorof the grid. This could be avoided by splitting 3S in two, but the
behaviour of the regions created through such a division should be similar, so it was not
considered. Also, ib subsubsections not populatedand has not been adpiately studied.

TABLE3.3. SUBSECTIGMCHARACTERISTIGELUINGTHEIR DEPTHS THE OCEANENGTHS AND WIDTHSERBN MEANSNVIDTH LIS
LENGTHANDD ISDEPTH

Subsec Initial Initial Final Final Wit w2nd Shortest  Longest L D1st D2nd

tion Lon. Lat. Lon. Lat. corner corner W (km) W (km) (km) Corner (m)  Corner
(km) (km) (m)

INT 71°W 18.3S 70°W 23°S 76 73 73 102 546 778 5200
1INO 72°W 18.3S 71°W 23°S 111 111 111 111 546 2600 4500
2NT 71.5°W 23°S 70°W 27°S 109 80 7 122 491 5600 4900
2NO 72.5°W 23°S 71.5°W 27°S 111 111 111 111 491 3900 4000
3NT 72.5°W 27°S 70.5°W 30°S 190 120 110 190 380 4000 5700
3NO 73.5°W 27°S 72.5°W 30°S 111 111 111 111 380 4000 4000
icr 72.5°W 30°S 71°W 32.7°S 120 111 89 122 351 6000 3500
140 73.5°W 30°S 72.5°W 32.7°S 111 111 111 111 351 4500 3700
2CT 73.2°W 32.7°S 71°W 35°S 180 110 110 186 308 4500 2000
200 74.2°W 32.7°S 73.2°W 35°S 111 111 111 111 308 4100 4800
3CT 74°W 35°S 71°W 36.4°S 188 120 120 198 193 5000 3000
300 75°W 35°S 74°W 36.4°S 111 111 111 111 193 4200 4200
ACT 74.6°W 36.4°S 72°W 40°S 170 98 98 183 510 4800 1800
400 75.6°W 36.4°S 74.6°W 40°S 111 111 111 111 510 4200 4000
1ST 75.5°W 40°S 72°W 43.5°S 196 122 122 260 522 4100 3400
10 76.5°W 40°S 75.5°W 43.5°S 111 111 111 111 522 4000 3500
28T 76°W 43.5°S 72°W 45.8°S 130 118 89 207 364 3600 3300
20 77°W 43.5°S 76°W 45.8°S 111 111 111 111 364 3500 2800
3ST T7°W 45.8°S 71°W 53.5°S 200 253 150 272 1328 2800 4000
30 78°W 45.8°S 77°W 53.5°S 111 111 111 111 1328 3200 2700

Ocean depths athe edge ofthe offshore and onshorsubsectionvary between 2600-5,000

m, except1NT, whichpresents a 778 m in its edgeibsection This is the shallowest of the
whole grid. This bordeis atthe limit with Peru and presents a curve that increases the shelf
width in that area, which is noticeabir Figure 3.1 Overall, it is a smaBubsectionthat only

is unusual at one end

TABLE3.4. MAINOTES PERUBSECTIQMNCLUDINGHEIR LATITUDES
Initial Final

Subsection Main Cities
Lat. Lat.
1N 18.3°S  23°S Arica (185°), Iquique (20.2°)
2N 23°S 27°S Mejillones(23.1°), Antofagasta (23.6°), Chafaral (26.3°)
3N 27°S 30°S Caldera (27.0°), Copiapo (27, Huasco (28.5°)allenar (28&°), La Serena (29.9°Coquimbo (30.0°)
1c 30°S  32.7°S Ovalle (30.6°), lllapel (31.6°)
2C 32.7°S 35°S Ventanas (32.7°Quintero (32.8°), Valparaig83.0°), Santiago (3®), San Fernando (3#¢), Curicé (3.0°)
3C 35°S  36.4°S Talca (354°), Linares (35.8°)
4C 36.4°S  40°S Chilén (36.6°), Concepcion(36.8°), Temuco (38.7°), Valdivia (39.8°)
1S 40°S  43.5°S Osorno (4®°), Puerto Montt (415°), Ancud (419°), Castro (45°)
2S 43.5°S 45.8°S Puerto Aysén (45.2°Foyhaique (45°)
3S 45.8°S 53.5°S Puerto Natales (51.7°punta Arenas (53°)
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Chilean Map delimitating the zones of the study
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AGURE3.9. CHILEAN MABELIMITNG THE ZONES OF STRF¥D FOR THYORTHGREEN FOR TENTRAL AND BLUE FOR SBIETH
PURPLEIGHT GREEN AND LIGHT BLUE TO SHOW THEIR RESPECTIVE OF f8NORESIBEEC TIGKNOAA2000)

3.2.3. Variables&lection andData Collection.
This study airs to understand theChilean alongshorphytoplankton variation and identify
its physical mechanismg€onsequentlyphytoplankton is the response variable, which could
be detected indirectly by thecear@ Chlconcentration (Franz et al., 2003;alkowski 1994).
Theprimary physical mechanism that affects phytoplankton is upwelling. This phenomenon
is provokedby equatorwardcoastal winds Kogollonand Calil, 2017; Vergara et al., 2017).
Upwelling also createa SSTdecreasg/Ancapichun and Garcés, 2015; Ywtal.2005). SST
could be used to determine the impact that is doneEyYSGas well. Considering these, SST
and wind speed and directiorage vital factors in the investigation.

The pecipitation rate(PR)wasincluded as wellThePRis aparameter that has mopposite
pattern in the Northern and Southerrode, while theCentral BAne presents an intermediate
behaviour (Thiel et al., 2007). This parameter could affect phytoplankiifierently,
depending on the amount of rain and the seaséor example, Thompson et al. (2015) found
a positive relationship between both components when falinhappens duringhe warm
seasonNonetheless it does not have the sameffect during the cold seasonkEventhough

no studies about the nutrient conogration in the rainfall in the South Pacific were found in
this investigation, they can be inferred from South Atlantic data. Baker et al. (2010) showed
averaged concentrations of 2.8 nmotn8.7 nmol ¥ and 12.4 pmol mi for NG, NH* and

PQ during regular rainfall events, while storms or extreme events could increase their
concentration to 3.5 nmol i, 6.4 nmol ¥ and 14.6 pmol i, respectively.

These inputs could be introdued through the ocean directly or indirectly by increasing river
flow and dischargingto the coastal seas (Dezileau et &004; Thompson et al., 2015). This
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is moreimportant in places where the precipitatiois occasional butlense as is thecasein

the Northern Chilea area However,a region with a high precigition levelcould provoke

the opposite effect. These extra inputs might create stratification, reducinditsteoceanic
layer@ thicknessowing to the obwer salinity (Landaeta et al., 2011). Thereforthe
phytoplankton movement is reduced. This stratification reduces the mixing process, affecting
the nutrient concentration (Silva et al., 2009). Finally, when this stratification occurs, the area
affected becomes more susceptible ENSCand red tides. This igh PRhappens in the
Southern #Zne (Landaeta et al.,, 201Buschmannet al., 2016). dble 3.5shows the
parameters considered in this study to achi€yd.

The wind vector has two components, Bable 3.5shows. This is important because only the
upwelling is generated by the southerly component (MiMhe case of straight {$-oriented
coastlines, which is the majority of Chilean shaiBsiel et al., 2007)If WV is negative, it will
lead to a downwelling, reducing phytoplankton productidre westerlywinds (UW) have
little influence on phytoplanktonThe SLPwas used in some circumstances to estimate the
SPSA in O.2n 0.3 was used to evaluate SPSA variation and positionuaerstand wind
patterns.

The GIOVANNdatabase comes from many sourcesr kis research, MODISqua was used

to obtain SST and CAIRMM (Tropical Rainfall Measuring Mission) and M&r(ModernEra
Retrospective analysis for Research Application, version 2) were used in the precipitation and
wind variables TRMM is a satetéi launched in 1997 to measunainfall in tropical and
subtropical areaglLi et al., 2018)In 2015, the Global Precipitation Measuremegwogram
replaced TRMM, using Mulsatellite Precipitation Analysis, which continlgiving PR data

until 2019 (Tanget al., 2020).Merra-2 is based on an atmospheric reanalysisN&SA&
current satellite data using models and actual observation data from different sources
(Gelaro et al., 2017).

The data extracted are the monthly means for easbsection Chl and SST date
available from July 2002. Precipitation Rate and Wind components are available from January
1998 and January 1986@espectively. Thughe O.1study period was defined basexh the

key parameters Chl an8ST because, in this period, all the variables are available. SeaWiFS
data is also available in the GIOVANNI library, where it measures Chl and SST from 1997 to
2010. However, it was decided to use MOBHta data to avoid mEsible errors using
different sensors (Franz et al., 2Q0mble3.1). Therefore the study Period for O.1 started in

July 2002and extendedo June 2018.

0.2 requires an extended time period in order to study climate drivexbile a better spatial

and temporal resolution is required for the case studies addressed in O.3. Giovanni had an
excellent spatial resolution for Chl and SST, but the wind resolution was deficient. Concerning
the time scale, GIOVANNI MORI§ia Chl and SST can be weekly, while MERR#IS can

be hourly and PR from TRMM are daily.

TABLE3.5. PARAMETERS USED FROEGIOVANNDATABASENASA2018).

Parameter Unit Source Temp res. Spatial res. Date begins  End Date

Chl mg m® MODISAqua Monthly 0.04° x 0.04°  2002/07/04 Until now

SST 11um (day) °C MODISAqua Monthly 0.04° x 0.04°  2002/07/04 Until now
Precipitation Rate mm mth? TRMM Monthly 0.25°x 0.25°  1998/01/01 Until now
Westerly Wind (10m) m st MERRA Monthly 0.63° x1.25° 1980/01/01 Until now
Southerly Wind (10m) m st MERRA Monthly 0.63° x 1.25°  1980/01/01 Until now

An alternative dataset source that accomplishes the requirements for these objectives is
ERA5 (ECMWF ReAnalysis) fiidm European Centre for MediuRange Weather Forecast
(ECMWE)This source contains the physical parameter dataeta 1979(Table3.6). ERA5

is the fifth integrated global forecast model system with the assimilation of satellite
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observations. Tis is a consistent dataset for the whole world dadvailable in Copernicus
Climate Change Service (C281; Hennermann andsuillory, 2020; Hersbach et al., 2020

The ERADS spatial resolution is a 0.25°x0.25° grid with 137 vertical levels from the surface to
0.01 hPa, reaching 80 km on an hourly and rbntscale (Hersbach et al., 2020). The
datasets are publiandavailable in MtCDF forma{C3S, 2P1).

TABLE3.6. PARAMETERS USED FROANDO.3 USINGGIOVANNANDC3SAS SOURCES3$2021).

Parameter Unit Source l}in(q)pz l}ing; Spatial res. b[:};is End Date

Chl mg m? MODISAgua Monthly Weekly  0.04° x 0.04° 04/07/2002 Until now

SST K ERA5 Monthly ~ Hourly 0.25°x 0.25° 01/01/1979  Until now

Total Precipitation m ERA5 Monthly ~ Hourly 0.25°x 0.25° 01/01/1979 Until now
Westerly Wind (10m) m st ERAS5 Monthly ~ Hourly 0.25°x 0.25° 01/01/1979  Until now
Southerly Wind (10m) m s° ERA4 Monthly Hourly 0.25°x 0.25° 31/12/1978  Until now
Sea Level Pressure Pa ERA5 Monthly ~ Hourly 0.25°x 0.25° 01/01/1979  Until now

ERAS5 beme available in 201 6eplacingERAiInterim with a higher spatial and temporal
resolution. ERA5also includes model improvements that give a better global balance of
precipitations and more consistent SST dod patterns than ERifterim, MERRA and
TRMM (Hennermann andGuillory, 2020; Hersbach et al.,, 2020ang et al., 2090 ERAS5
precipitation hourly dateaccuracyis lower than the monthly due to its lack of capacity for
reproducing diurnal cycles, biils precision improves daily. Howevet,had some trouble
with the rainfall quantities irthe arid regiongTang et al., 2020).

Then, all the physical parametersrfO.2 were taken from ERAS5 on a monthly scale (1979
2018), while the Chl data was still from GIOVANNI (ZWIB). This decision was made
because ERA5 data is available for a longer time, allowing studying the climate drivers
correctly and maintaimg the same source for all variables will help to be more consistent
results, especially considering that MERRRas a lower resolution. The Chl dateeve used

from GIOVANI over C3S becaitss reanalysed, becoming more accuraiée Chl data was
extended using statistical methods explainedfapter 5.

0.3 data source selection was the same as the 0.2 data source. The difference is that the
time scale here is weekly, and the period considered thassame as O.IThe weekly cale

for the physical parameters was calculated using the hourly data from ER#Afe 3.6).
Concerning SSWwhile this variable has a better resolution using GIOVANNI, ERA5 was
selected to be more consistent with the other variables, and its SST datandbgsesent

gaps due to cloudiness. Also, it is essential to highlight that precipitation might not be as
accurate in the arid zong3ang et al., 2020)
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4. Trends in Seasonal, Interannual and Spatial Variability for
Parameters that affect Phytoplankton Production [O.1].

4.1.Introduction.

This chapter addresses themes associated withl @nd will identify critical trends and
behaviour within theZones andsubsectios previously defined isectiors 3.2.1 and 3.2.2
from June 2002 to July 2018he parameters thatre used to addres©J1 are Chl, SST, PR,
UW and VW. These were measured by remote sensing dath models(MODISAqua
TRMM and MERRZ cf. Table 3.5and section3.2.3). All these data eve extracted usig
GIOVANNI except faubsectios 2S and 3B June of every yeaDue to the severe weather
conditionsduring winterin these locations, GIOVANNI could not prov@dinformation any
year that month. In this analysis, a linear interpolation between Magdaduly was
undertaken to derive these missing values.

The analyses presented here an® @hapter 5) will be used to select studpnses that will

form the basis for G (chapter 6). The methods used in thihapter represent the
application of statistical analyseg0.1.1], comparison plots, and correlation®.1.2] to
determine seasonal, interannual, and spatial variability in key parameters that directly affect
phytoplankton production. The methodology and results will be discussséditiors 4.2 and

4.3, respectively, while a generahalysiswill be discussed isection4.4. This latesection

will focus on theZone<behaviour, while the results wilbcus on the parameters themselves,
except when considering potential events selection, Wwhicconcentrated in the Zones

4.2. Methodology.

4.2.1. Parameterbehaviour and azonal overview [0.1.1].
The preliminary analysistudied the Chl general behaviour and howee change per
subsectionand Dne, usingboxplots (Figure4.1). A boxplot defines the outliers using the
interquartile range multiplied by 1.5 from the first and third quartile, respectively (Freedman,
2007). Von Storch and Zwiers (1999) recommended determining the outliers as the values
over two times thestandard devidabn (SD from the mean(p). This will be usefulo address
the O.3criteria selection for case studi@s chapter 6. After thateach paramete(Chl, SST,
PR, UW and VWyill be ploted per subsection focusng on the seasonahnd annualcycle
duringthe whole study periodJuly2002to June2018). This is the first step to understang
each paramete® particular behaviouiin each subsectionand how these are related
Furthermore, it is possible to establish relationships among parametersagkctios and
define whichsubsectios are the most productive during what time of year. This will also
help define the selection of extreme events.

Output plots show the maximum, minimum, mean aB®d values reached each month
considering the annual cycle and the whole study period. The difference between the
seasonal and interannual study pergid thatthe data were grouped per month in the first
one while the second wascollected per yeafFigures 4.1-4.3 andA.11-A.110). The plots in
section4.3.1 and Appendix Awere grouped bysubsection This allowst to notice how all
parameters behave in one particulaubsection The samergures contain the coastal and
ocean components pesubsection This was useful for noticirtge differences between both
strips.
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4.2.2. Datacorrelations and Parameterconnections[O.1.2]
Based on Chapter 3, the Chl is severely affected by the physical parameters chosen (SST, VW,
UW and PR), particularly the SST and the longshore winds, maitiyedgwinds (VW), due
to particular Chilean geography (Thiel et al., 2007). The last is a sensible factor to study
because its behaviour varied considerably across the three zones driven by the SPSA (Aguirre
et al., 2021). Finally, the PR is a poteiiaignificant parameter because it brings nutrients
into the ocean through the rivers in arid regions such as the Northern Zone (Dezlileau et al.,
2004). However, if it is too high, it can cause stratificatioeducing the Chl in rainy regions
like the Southern Zong.ara et al., 2010; Landaeta et al., 2011)

This hypothesis is sustained by the literature review donehapter 3, but it will be studied

in this chapter by arrelation analysis to establish vdfi zonessubsectioms (Figure3.9) and
parameters present possible links to each oth&hiswill be useful to determine which
parameters are dominant in whickone. To choose the best correlation tool is necessary to
know whether the data is skewed or néitst. Usually, climate data is skewed (Stoeaid
Zwiers, 1999). For eachubsection each paramete&® normality was checked using the
KolmogorovSmirnov test. This test is used when the data contain more than 50 samples. Its
purpose is to estimate theifference between the data and an empirical function that has a
normal distribution yon Storch and Zwiers, 1999).

a) Crosscorrelation Approach
Spearman correlation was selected instead of Pearson because the variable response in each
subsectiorwas skewednot fitting with a normal distributionWhen dataare not parametric,
Spearman is usetb avoid assumptions related to the frequency distrilbut and a possible
linear relationship between the two variables analysed (Xiao et al., 2016). This approach does
not allow the study of more than two variables at the same timea kcasesuch as here,
where more than two variables are of interest, alletlpossible interactions must be
estimated separately, and then they should be compared to each other (Hauoke
Kossorwski, 2011). However, the Spearman correlation produces similar sorts of output to a
Pearson correlation, with an R usually called Rho arfévalue related tothe statistical
significance level (Xiao et al., 2016). The Spearman correlation has a reduced sensitivity to
outliers. This is relevant considering the number of outliers detected in the variable response
at the selection of extreme even(Bigures4.1-4.3and A.1.3A.1.1Q Table 4.4).

The correlations wex calculated using the monthly anomalies instead of working with the
data directly. This helps to avoid an overestimation of the data from the annual cycle. The
anomalies were calculated by the differencetlveen observed datand the mean for a
given monh's data considering the study period @B2-2018) Work with data anomalies is
often used in climatology and oceanograplBkamples of this type are El Kenawapnd
McCabe (2016); Thiel et al. (2007); Anchpit and Garcés (2015Although a high
correlation does not necessarily mean causality, this could imply #hixtlsustains or deies

the initial hypothesis Therefore to ensure this, a multiple variable analysis looks for
interactions and consistencigavoiding physically implausible relationshipsauth, 2021)

Rho and Rralues were estimated for each parame®ecorrelationin eachsubsection This

was used to define which parameters present a potergtatisticallysignificant correlation,
deperding on theZone and thesubsection Rho takes values in a range-bfto 1. The sign
indicates if the variables present a negative or positive correlation. Rho also defines
relationship strength. In Table 4.1, the generic relationship between the valBRhofand its
strength is shown (Xiao et al., 2016}vddue is the most used technique to identify if the
relationship is statistically significant. Thevédue is the probability (@) that the null
hypothesis is correctln this case the null hypothesisneans the tested variableare not
related (Patiland Yaligar, 2017). Therefore, a loweiv&lue means a stronger relationship
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and that the null hypothesis is less likely to be true. The typicalffe ranges are shown in
Table 4.1 (Xiao et al., 2016).

TaBLE. 1. TYPICARHOSANDP-VALUBUSED TO IDENTIFY A RELATIONSHRENGTAND SIGNIFICANCRAO ET AL2016).
Relationship

Rho value Strength P-value Significance
+1to 0.8 Very strong 0to 0.01 Very significant
+0.8t0 0.5 Strong 0.01t0 0.05 Significant
+0.5 to 0.3 Moderate 0.05t0 0.1 Low significant
+0.3 t0+0.1 Weak 01lto1l Not significant
+0.1t0 0 very weak - -

The data in each subsectiovas correlated withthat in all others, including itself. The the

five parametersshown in &ble 3.5were correlated, considering thigventy subsectiois and

all their possible combinations. These generated a matrix with 100x100 correlations or
twenty-five matrices of size 20x20. Each of these matrices represents the whole system as
seen throughtwo paraneters. As a resulten-thousandcorrelations were made in total. A
matrix example is shown in Table34.

When asubsectionis correlated with itself (like ITLNT~@IINT in Table 8), this will be
referred to as a windowThe windov® Rho isone if the same parameter evaluates that
subsection However, Rho is not necessanye when different parameters correlateith the
window.

b) Dealing withleads]ags andKelvin waves
CoastaKelvin waves propagate poleward from the Equator along the Chileast in a time
scale ofsixty to seventydays (Echevin et al., 2014). To study this aspect, the parameter
anomalies were compared against data with one (+1) and-rtwath lags (+2). This was
useful for determining if distargubsectios presented a rel&nship due to the Kelvin wave
propagation. Spearman correlations were carried out for this tghited data.

As a first approach to this Kelvin wave propagatmmly the Chl, SST and PR were analysed
considering only the combinations that physicatiake senseThe wind components were
considered depending on the results. To not extenid work excessivelysome correlation
parameters were not taken into account for different reasons. Table 4.2 shows the
correlations that were made. The number of mlations that were carried out in this part of
the study wa$400.

TABLE4.2. CORRELATIONS USED TO STUDY CH&EUNN WAVE MOVEMENVHERE~ NOTATE THE CORRELATION BETWEEN BOTH
VARIABLES

Parameters Correlations
Chl Chl~Chl+1; Chl~Chl+2
SST SST~SST+1; SST~SST+2
PR PR~PR+1; PR~PR+2
Chl~-SST Chl+1~SST; Chl+2~SST;
ChlI~-PR Chl+1~PR; Chl+2~PR;

PR~SST PR+1~SST; PR~SST+1; PR+2~SST; PR~

For all the correlation analyses of the primary system and the Kelvin wave propagation, the
P-value was taken to define whether the relationship was significant or not. Rho was selected
to measure the relationship strength amigtermine ifit was positiveor negative. For better
visualisation, the results of each correlation were presented in a scheme that considered the
physical aspects of the whole system. This scheme contagrsty boxes that represent all

the subsectios. They kept the same location tdserve the physical links in a simple way.
The box colours and size were standardised to represent Rho values -aatlieB,
respectively. All the correlations per parameter combination evaluated are shown in one
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FHgure (sectionA.2). Thustwenty schemesepresent the whole system that was evaluated.
The six most significant correlation combinations are shownsgction4.3.2 (Figures 45-
4.10).

4 .3.Results

4.3.1. ParameterBehaviour and aRegionalOverview[O.1.1]
The first analysis implemented was to determine the Chl behaviousplesectionusing a
statistical summayr and boxplots (Figure 4.1). This defing which subsectionwas more
productive andgave an initial idea of the Chl distribution. Thidlowed the sekction of
possible outliers thamightbecome potentiatasestudies that will be studied ichapter 6 to
address O.3Table 4.3 and Table 4.4 show this statistmaihmaryand the numberf Chl
outliers persubsection

Figure 4.1 indicates that in terms of Zones, the Southern Zone had the highest productivity,
followed by the Central Zone. Although the Northern Zone usually had the lowest Chl coastal
levels, thesubsectionclose to Peru (INT) had slightly higher proditti In terms of
subsectios, 2NT to 1CT showed the lowest Chl concentration but with very similar
variability. However, 1CT had more outliers than the rest, reaching the highest
concentrations among this group. This lower productivgtiikely related b extreme aridity
assaiated with the SPSA around this area (Ancapichun and Garcés, 2015; Thiel et al., 2007).

The higher productivityvas reachedin 3CT to 2ST, wheredisat of 2CTwas between 1CT
and INT. This Chiesponsecomes from a more pronounceeasonal cycle due to the SPSA
movement allowing periods of precipitation during the wintdvat increa® the nutrient
uptake (Quintana and Aceintuno, 2002; Delizileau et al., 2004). This seasonal variation
increags southward, delivering more marked Chtigions between the winter and the
summer. Consequenthd, ST and 2ST lthmore extreme values than the rest. Although 2ST
showed a slightly lower median thd&T, its variabilitywashigher, having even the highest
Chl concentrationThiswasunexpected beause the SP$SAesponsible for upwelling winds,
generally doesot regularly extend to the Southern Zor{®uintana and Aceituno, 2011,
Thiel et al., 2007). This seasonal cycle will be studied in more detail in theseetidn
Finally, 3ST showeallower production and variability than this Zone Isirhilarto 1NT.

The ocean strip had loweThllevelsthan the coast with low variability in the whole system

From 1NO to 1CO, the variability was particularly low, while the rest exhibited aslightl
higher variability. Effectively, from 3CO towards 3SO, the number of extreme outliers
increased intensively. These findings are coherent with Yuras et al. (2005), who reported a
lower Chl in the Northern Zone that spread oceanwaaime 100 km. Meanwhilethe
productivity is higher and sprea@00 kmoceanwardn the Central Zone.

3CO and 2SO wersubsectios with the highest variability in the ocean stripvhich
coincidentallyhad the two highest outliers, which could be compelling case stuftieapter

6). Interestingly enough, their coastal counterparts showed the highest variability, proving a
possible correlation. The extreme cases mentionegte the 9.0 mg ¥ observed in 3CO
during May 2018, whiclwasthe highest Chl level on average for this stysdyriod (Figures

4.1, 4.3, andA.15, panel k and pand 2SO in November 2014 with (4.23 m¢j Figures 4.1,

4.4 andA.19 panel k and jp These two eventare potential case studiesor chapter 6
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Tables 4.3 and 4.4 present similar results to Figure 4.1abeitexpressed in numbers.
However, using the SD instead of the quartiles reduttee middle rangejncreasing the
number of outliers. In any case, these outliers will be used from now on. Observing Z&ble
and 4.4 and Figure 4.1 showed that the minimum Chl detestasiabove 0.15 mg ry which
means a nonzero background level. These minimum valees similarin the ocean and the
coastal strips.

TABLE4.3. STATISTICAL SUMMARY OF GHEPERSUBSECTION THE COASTAL STRIRERE 1 IS THE MEAN AIDIS THESTANDARD
DEVIATIONALL UNITSREMG M3,

Zones Northern Zone Central Zone Southern Zone
Subsection CHINT | CH2NT | CH3NT | CH1CT | CH2CT | CH3CT | CH4CT | CH1ST | CH2ST | CH3ST
Max 5.25 2.25 2.99 4.47 4,94 6.06 5.08 6.15 7.64 7.27
v 1.8 1.04 0.99 1.08 1.45 2.21 2.36 2.28 2.55 1.66
SD 0.68 0.32 0.45 0.64 0.8 1.17 1.04 1.03 1.46 0.9
Min 0.75 0.48 0.5 0.46 0.61 0.68 0.78 0.46 0.39 0.34
u+2SD 3.16 1.68 1.89 2.35 3.04 4.55 4.43 4.34 5.47 3.45
u-2SD 0.45 0.4 0.09 0 0 0 0.29 0.22 0 0
Higher Outliers 9 10 8 8 10 9 9 7 7 7
Lower Outliers 0 0 0 0 0 0 0 0 0 0
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TABLE.4. STATISTICAL SUMMARY OFGHEPERUBSECTION THE OCEAN STHIRE VARIABLES ARE DEFINED IN THE LEGEANBLEOR

4.3.
Zones Northern Zone Central Zone Southern Zone
Subsection CHINO | CH2NO | CH3NO | CH1CO | CH2CO | CH3CO| CH4CO| CH1SO | CH2SO | CH3SO
Max 0.96 0.67 0.81 1.17 2.34 9.01 3.44 1.45 4.23 2.96
vl 0.39 0.38 0.46 0.59 0.77 0.96 0.7 0.54 0.81 0.59
SD 0.12 0.09 0.1 0.17 0.31 0.72 0.34 0.24 0.5 0.35
Min 0.21 0.18 0.21 0.23 0.31 0.36 0.2 0.23 0.17 0.21
u+2SD 0.63 0.56 0.67 0.94 1.38 2.39 1.38 1.02 1.81 1.29
u-2SD 0.15 0.19 0.26 0.24 0.16 0 0.02 0.06 0 0
Higher Outliers 7 4 8 10 6 3 4 10 8 7
Lower Outliers 0 8 2 2 0 0 0 0 0 0

Northern Zone outliers comprisdifty-one events ovefforty different dates.Hence they do
not usually occur at the same time. The Central Zonedieg-one events ovelforty dates.
Finally, forty-six extreme episodes ithirty-one dateswere found for the Southern Zone.
Onlysevenof all these outliers were for low values of Chl. Thiese outlierswere in ocean
strips between 2N and 1@emonstrating that theminimum Chl levels were relatively stable.
However,the 2SD value was limited to a physically sensible minimum of zeragi e

subsectios.

For the Northern and Central Zone, extreme events in ocean strips were lower than for
coastal strips (37%). In contrast, in the Southern Zone, 54% of its total episodes were
offshore. The extreme ocean events showed some relation wighetkiremecoastalevents.

However, the ocean did not show much variability, giving a low SD. Therefore, the ocean

subsectionoutliers were not as extreme as the coastal values. The exceptigre extreme
events detected in the Central Zone and SoutherneZocean strips and the highest value
detected in each oceasubsectiormentioned before This will be studied in greater detail in

chapter 6.
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Once the Chl wastudied, the next step was to include the physical variables and compare
them with the Chl. Figures 4424 show the seasonal cycle aadnual meansver the whole
study period (20022018) for the middlesubsectionfor each of the three Zones. All theofd

for eachsubsectionalong the Chilean coast can be found in Appendix A.l. Studying these
plots of each variable in eacdtubsectionallowed the formulation of the following general
overview per parameter, which in section 4.4 will be analysed per Zone.

a) Chl:
As expected, the means showed the influence of the radiative seasons, having low
productivity in June and July and high productifigm September to Aprjlwith peaks in
September October and February. Thigasbecause sunlight is necessary finytoplankton
bloom. Also, summer presents favourable conditions for upwelling, at least for the Central
Zone and partly the 3Ssubsectios, while in the Nortern Zone the windswere present
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and were weakerthe whole year. Thus, this pattern got more marked moving southward.
However the plots showed soménterestingvariations. INT showed a slight increment in
September and Februaryhile 2NT was flaf{Figures A.1.1A.1.2 panel a)3NT to 2CT
showed an incremenfrom September to October, which was less inetiblein 3NT and
more pronounced in 2C{Figures A1.3-A.1.5 panel a)From 4CT to 2ST, the patteisias it
was described at the beginnin@rigures A.1.7A.1.9 panel a)Lastly in 3S asfor 3N, itsmean
Chl wadlat but with higher productivityfFigureA.1.10 panel a)

The maximdine, coloured red in the plotgxacerbatedhe average behaviour, marking the
difference between the cold and warm seasons. Thus, 2NT to 3NT showed an increment in
SeptemberOctober, plusn February in 3N{Figures A.1.2 to A.1.3 panel.dp 1CT and 2CT,

the peaks were in October, November andbRuary, whilein 3CT and 4CThere were
additional peaks in &ember and January. INT could also be in this last group, but the
difference herewasthat the maximdine wassigrificantly higher than the averagendicating

these wereinfrequent (Figures A.1.4A.1.7 and A.1.1 panel .aJhe Southern Zone maxima

line was less clear, with some extremes higher than the.rébese eventsvere due to
particular situations that will be investigated through case studabsmpter6). 3Sdisplayed
extreme events th whole year(Figures A.1.8A.1.10 panel a)

The seasonal cycle in the ocean in the Northsabsection1l-2NO presenteda slightChl
increment in the cold season but with low productivifyigures A.11 and A.12, panel R,

while the Central Zone didot follow aclear behaviour(Figures A.1.4A.1.7 panel k) This

may be because their values often did not change very much. However, 1S and 3S showed an
influence of the coast, with the coastal pattern being similar to offshore but with more
limited periads of extreme value@igures A.18 andA.110, panel k.

The annual cycle hedl determine which years had a more significant production per
subsection shown in Table 4.5. This, along with Figukekl to A.110 panel { revealthat

the Chl levels i2NT were the flattest with neignificantincrements. It alsshowedthat
20042005 was a particuléy high year with significant concentrations in the coastal strip of

1N, 1G2S.0n the other hand, 2012 preseard the lowest maximum values in the majority o

the subsectios. Oddly enough, the SPSwas below 0.2 in 2062005, driven by a weak El

Nifio and La Nifa, respectively. Meanwhile, 2012 showed no ENSO effect and a slightly higher
SPSA (0.5) but still low.

TABLEL.5. HVE HIGHEST MAXIMUAL YEARS IN EACH COASTAL SUBSECTION IN DECREASING ORDER

Subsection years wth high Max. Range (mg m) Averaged Max (mg rf)
INT 2003, 2004, 2017, 2005, 2011 3.1:5.2 2.8
2NT 2011, 2007, 2002003, 2012 1.923 1.7
3NT 2011, 2009, 2017, 2013, 2002 3.02.2 2.0
1CT 2004, 2002, 2003, 2010, 2005 2.74.5 2.4
2CT 2007,2004, 2005, 2009, 2011 3.35.0 3.0
3CT 2015,2014, 2005, 2009, 2007 4.96.1 4.4
ACT 2007, 2009, 2013, 2005, 2016 4.65.1 4.1
1st 2005, 2003, 2007, 2013, 2016 4.36.2 4.0
2ST 2003,2008, 2014, 2005,2010 5.7-7.7 5.3
3ST 2015, 2004, 2014, 2007, 2002 3.87.3 3.4

The higher concentrationa 1N and the Central Zoweere found more frequently from 2002
to 2005 especially in 1N, reducinthe mean concentrationby around 30% A low
concentration was found in thilorthern Zonein 2015 and part of the Central Zone {3C)
in 2016. Meanwhile, the Chl increased in 3C and 3S through 2015 &2@ ¥k016ln 2015

! The SPSA index was obtaineg Vicencio (2021), wheredhe ENSO index by NOAA (2019) both
indices are normadied. This will be discusd more fullyin 5.2.2.1.

45



there was an extreme EIl Nifidollowed by anextremey high SPSA in 2016, showing a
different effect per Zoneln Contrastthe La Nifia extreme in 200¥asalsoassociated witta
Chl incrasefrom 1C to 1SBesides tkse episodes, the Chl signaivent down from 2012
onwards from 2N t@C, while 3C to 2S rose again

b) SST:
SST was the only parameter that presengedimilar seasonal behaviour across the whole
system, with gpolewarddecreag of 0.5-1°C peisubsection exceptfor subsectiors 2S to 3S
where there wasa difference of2°C, probably because 3S hathare extensivdatitudinal
range(section3.22 for more details)The highest value was reached in Februdgnuary in
1N) and the lowest value in AugugfFigures A.11-A.110 panel . The average difference
between these months varied from 5@ (for 1N) t&°C(for 2N) for 1N to 2CThisrangewas
smaller in the rest (3€3S), moving from 4.2 (3C) to 4.9 (1S and Z8§ seasonal SST
variability was very low, expe for the warmest months. These high variations during the
summer were more evident at the coast. In general, SSldvien by the annual cycle in the
whole climate system witminor variations. The ocean strip, in general, had a &33°-
0.7°C highethan the corresponding coastal strip, as a result of the coastal upwelling, except
3S. Here, the coastal area was 0.5°C warmer than the Gudmection(Figures A.1-A.1.10
panel I)

Although the SST had a low variation per y@ageneral some tendenies were observed
(Figures A.1.1A.1.10 panel g)20152017 was the period with the highest SST in the whole
territory owing to El Nifio. 2002005 also hadh significant SST éneasefrom 3C to 4C.
Anotherinterestingpattern was the incrasein the maximdine in 20032005 and20082015

in the Northern and Central Zonehich wasnore marked in 3N2C.On average, the lowest
SSTawere in 2003 and 2002011 in the whole territory. However, this drop was more
significant in 3€C in 200&nd 2011 This behawur was coherent with the extreme La Nifa
episodes in 2002008 and 201€2011.Furthermore,the La Nifia effect was also reflected in

the minima line, reaching the lowest SST in 2007 in the three Zones excluding 3S. The minima
line showed the lowest variath of all thelines. The exceptiont® that were in subsectios

1IN and 3S. Both seem to be more influenced by ENSO, with lower values in 2007, 2010 and
2011 and higher from 2015 to 2017.

c) PR:
The overall PR tremdl to increase polewardas expected from largecale climate
considerationgTable4.6). Therefore, the further south theubsectionvas located, the more
rainfall there wasexceptthat 2S was higher than 3¥he ocean strip PR showed similar
values to the coastal strip, bukhe latter wasslightly lower, except for 3S, where its ocean
strip had higher PR(Figures A.1.1A.1.10, panels c and m)

Table4.6. CoASTAISUBSECTIGNPRANNUAL AVERAGEM MTHL), THE SECOND AND THRRIWS SHOWED THE LOWEST AND THE
HIGHEST AVERAGED YEAR

Subsection  Annual aver  lowest year highest year

INT 2.34 1.0 (2013) 4.0 (2004)

2NT 2.73 0.7(2013) 4.6 (2016)

3NT 3.47 1.4 (2007)  10.4 (2017)
1CT 11.18 4.9(2007)  21.9 (2017)
2CT 3261 18.9(2007)  44.7 (2005)
3CT 55.58 40.8 (2007)  80.9 (2005)
acT 85.91 69.3 (2007)  106.6 (2006)
1ST 107.53 81.6 (2007)  122.6 (2017)
2ST 123.68 98.4 (2007)  143.8 (2017)
3ST 84.24 65.4 (2016)  94.3 (2017)

The PRevents werescarce in theNorthern Zone with an averadime below 5mm mth?, but
with a fewextreme episodesEffectively, 3N showeiitenseextreme events where the most
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significant were in May 2017 (79.5 mm mjh June 2011 (37 mm nith and July 2004 (30
mm mth?; FigureA.1.3, panel c and hYhe first event was in one day, provoking a massive
flood in the cities located there (Sernageomin, 20150)bsectios 1N2N presented higher
values during summewhile 3NQ & S e$eyiniha winter, with the extreme eventsnore
concentratel from May to JulyFigures A.1.2A.1.3, panel c)

The PR increased significantly from 1C t¢T2®le4.6 andFiguresA.14-A.19, panel ¢. This
increasewas primarily duing the winte. Moreover, the rainfallsin that seasorwere more
pronouncedfrom 2C onwards, where the minima RRs not zero.However,the Southern
ZonePR2 events were also present in the rest of the year but with a lower interisitged,
in this Zonethe minima linewasnever zero33@ PRdid notgrow as muclduring the winter,
so they were lower than 1S and 2Figures A.1.8A.1.10, panel ¢)

Table 4.6 revealthat 2007 was the driest year from 3N to &Ssociated witithe La Nifa
episode. At the same time, 2016 was also very dry fA@no 3$Swhile the Northern Zone
waswetter than usual which might be associatedith the exreme El Nifio episode in 2015
and strong SPSA in 201@ contrast,2017 and 2005 also were very rainy in the whole
territory, whichwasunexpected because a weak La Nifia modulated both y&drs annual
plots show that Northern Zor@ extreme episodes occurred at particular tim@sgures
A.1.LA.1.3 panel m)LN® episodes stopped in 2008, ereas3N showed a few events with a
significat magnitude, as mentioned before. 2N events were more constaspecially in
recent years (201:2018).Still, from 2012 to 2015no0 significant event was registered 2N
These plots also show that the big drought, mentioned in the literabyeGarreaucet al.
(2020) and Aguayo et al. (2021yas more notorious in the Central Zonath low average
PRfrom most yeardrom 2009 to 2016TheMeteorological Directorate of Chile (DMC, 2018)
reported that the PR events had been reduced significantly in tidr&end Southern Zone
in recent yearsThough the datawere insufficiento affirm or deny this observation.

d) Winds
VW presented asoutherly wind dominance with a&easonal behaviour such that this
variablel values reached a maximum in summer ande@sed during winter from 1C to 2S.
Thisseasonalityincreased polewardwith 4C reaching the higher rang€he Southern Zone
exhibited the opposite effect decreasing the seasonal difference further dfigres A.1.4
A.1.9 panel e)The wind direction irthe Northern and Central Zone was unchanged over the
year, but this was not always the case in the South£ore. Moreover, 4C and 1S northerly
winds were more dominant during the winter, while 3C exhibited northerly winds &b th
seasonin a few yearssuch a2003 and 2008. The 3S general trend was to have northerly
winds the whole yearwhereas 28 southely winds were more frequent in the summer,
particularly in FebruaryTable4.7 andFiguresA.14-A.110paneke and).

TABLEA.7. COASTAISUBSECTIGRNVW AND VW ANNUAL AVERAGE S1), THE SECOND ANBIRD ROWS SHOWED EACH VARABLE
LOWEST AND HIGHEST AVERAGED YEAR

VW Uw
Subsection Annual aver lowest year highestyear| Annual aver lowest year highest year
INT 3.9 3.8(2003) 4.1 (2007) 1.6 1.5 (2016) 1.7 (2003)
2NT 5.0 4.7 (2003) 5.5 (2015) 1.7 1.6 (2014) 1.9 (2017)
3NT 6.5 6.1 (2012) 7.0 (2009) 2.0 1.8 (2013) 2.1 (2017)
1Cr 7.0 6.3 (2016) 8.0 (2003) 1.6 1.5 (2012) 1.7 (2005)
2CT 5.4 4.8 (2008) 6.6 (2003) 2.4 2.1 (2016) 2.5 (2009)
3CT 5.3 4.7 (2006) 6.0 (2003) 2.6 2.2 (2016) 2.7 (2006)
ACT 3.3 2.7 (2006) 4.2 (2013) 2.0 1.2 (2016) 2.3 (2017)
1sr 0.6 -0.2 (2017) 1.4 (2013) 2.5 1.4 (2016) 2.9 (2017)
28T -0.2 -1.2 (2017) 0.7 (2007) 3.7 2.3 (2016) 4.4 (2009)
3ST -1.7 -2.9 (2010) -0.5 (2015) 5.2 4.1 (2005) 6.2 (2009)
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The Northern Zonshowed a slight VW variation, with a low increment during the winter,
reaching its maximum value in September, where 1IN and 2N exhibited winds with a
maximum speed below 4.5 and 6 M sespectivelyFigures 4.1 and A.1:A.13 panel e). This

low maximumspeed range wabke 1S and 2S, varying from 0.8 to 5.6 ¥ Bespite the 3S
northerly winds trend, a few southerly winds can be seen throughout every year (except
2011), with slightly more frequency in the winter, but these were below 4'mThe
maximun speed winds, on average, were in-3®, reaching velocities over 9.0 and 9.5 s
almost every summer. However, 1C showed a higher variation than 3N. 3C also experienced
intense southerly winds through the summer, but these showed a more extensive,range
varying from 7.5 to 11 m’s while 2C and 4C were slightly lower with a range between 6.5
and 10 m 3. All these observations are related to the SPSA influence and movement.

Table 4.7 and Figurés1.2:A.1.10 panel flemonstrate that the wind variations were marked

from 3C to 3S withhe strongest southerly winds in 2013, 2007, 2009 and 2015. Except for
2007, the SPSA was below GWhile9 b { h Qa 0 S KonPlatdyddifidreatlinihe three

years In contrast, 20172010, 2006 and 201had the weakest winds. Excluding 2008,

these years the SPSA was more intense, or La Nifia was present. From 3N to 2C, the winds
were more intense in 2003 and 2009 and theakest in 2016, 2012 and 2008. Surprisingly,

the SPSA was lmel 0.3 in 2003 and 2009, while in 2012 and 2008, the index was close to
0.48. On the other hand, 208asone of the highest SPSA years. Thus, the climate driver
influence on the intensity of the southerly wingasnot as evident.

The UWcomponent showed westerly winds dominance with weak values and a low variation

in IN-1C, while tis component was more significant #383S(Table4.7 and Figures A.1-.1

A.1.10.panel d and)i The rest of thesubsectios had intermediateUW values. The

behaviour of this component showed weak values during the winter and strong during the

summer over 2C and 3Eigures A.1.5andA.1.6paneld ® CNRY n/ (2 o{3xX | 2 Q:
trend was not influenced by the seasons, but it had a significant variation.wHsisnore

marked in 2S and 3S, where westerly winds reached magnitudes overimthe winter

and 5 m g in the rest of the yearFurthermore,0 KA & @ NA I 6t SQa @F NRAF 0Af A (¢
in 4C to 3Sreaching easterly winds in 2004, 2005 and @0Weanwhile, 2017 and 2009

exhibited the highest westerly winds. 202617 werestrong SPSAvears, whereas it was

weak and negative AAO was more present in 2004, 2005 and 2009. fhieuisitensity was

not straightforward for these climate drivers, as with tgV.

The VW component represented more than 80% of the wind magnitude isubsectiors

1IN to 2C. From 3C to 1S, the UW values were more significant than VW on some occasions,
especially during the winter. However, this mixture was more similar in 1S ith8C. In
contrast, the UW component was the dominant component iR33S Here, UW was higher

than VW in many months. These values were more significant than VW on some occasions,
with more frequerty during winter. The SPSA movement that was describechapter 3
matches perfectly with these behaviours.

4.3.2. Data Correlationsand Parameter Connection®.2.2]

The data correlations were made per parameter combination Basethe data anomalies
relative to the monthly meansThe number of correlations required to evaluat@me
parameter combination (Chl~Chl) acrag® whole systemleads toa matrix of 20x20. An
exampe of this is shown in Table8.Twenty-five matrices are required to evaluate the five
parameters eighteenextra matrices were made to study thelvin wavepropagation A
summary figure was created for each parameter combinatmsitplifythe presentation of
the resultsfrom these correlations. A description of the struct is given irsection4.2.2.
Here, examples forChl~ChlSS*Ch| PR-Chl, VW~ChIl, UW~Cahd VW~SSTare shown in
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Figures 4 to 4.10. All the correlationFigures can be found in AppendixX2. Studying these
figures allowedhe identification ofthe links among the parameters astdibsectiors.

In these Figureghe cyan to blue scale was used to represent positive relationships (0 to 1),
while a gold to red scale, usiram orange variation in the middle, was used to represent
negative relationships-1 to 0). When a colour presentea darker shade, it mearthe
relationship wasmore robust The Rho scale was built with a 0.2 step. The significance was
standardised in four sizassing Pvalue (Table4.1.): very significant¥value< 0.01) with a
full-size block; significant (QL0< P-value <0.05) with a block 80% of its full size; low
significant (0.05Rvalue €.1) with a 40% block; Not significance with a 20% b{bcjures
45-4.10 and A.2). Rhos between 0.15 to 0.18 were significawhile Rhos over 0.19 were
very significant.This occurred owing to the quantity of data correlated, which was one
hundred ninetytwo dates (July 2002 to June 2018).

a) Chl~Ch
ChI~Chl, Chl~Chl+1 and €Il relationships are analysed her@igures A.21-A.23,
ChiI~Chls shown in Table 8.and Figure 4.5). The relationshig®re mainlypositive, with a
substantial similarity betweesubsectionneighbours. This linkvas present for Chl+1 but
weaker. Chl+2 hafitwer clear bonds, with some negative relationships.

INT, 1ND and 2NT did notorrelate wellwith the other subsectiols. 1NO presented a
stronger correlation with 1CT and 2(Higure4.5 or A.21). These correlations were seen in
Chil+1 and Chi+2 as well (Figufe®2 andA.23). 3NT had a better correlation withCT than

2NT. This correlation was only observedCinl, notin Chl+2. From 2NO to 1SO, a similar
and strong correlation was visible. This was so for all windows in thésgectios. The Rho

in the ocean strip was higher than it was along the coast. Gétigviour was also seen in
Chi+1, wherdt was stronger in some cas¢2NO). Chl+1 presented a weaker coastal strip
correlation than it was when Chl was evaluated. Some remains of the ocean strip relationship
can be seen when Chl+2 was evaluated, but theye weaker. This could reflect Kelvin wave
movement to thesouth or a lack of variability.

The Central Zone presented a higher correlation range compared with the Southern and
Northern Zone. At the same time, thi@®ne showed a better link with the Nitr. However,

4C to 2S presented an excellent correlati®ubsection3S did not show any relationship
beyond 1S. Thus, extreme areas presented a lowerthak the rest. This makes sense
because theyvere influenced by other factorthat the core Chileamoastlineis not.

TABLE.8. RHO RESULT FOR THE WHOLE SYSTEM EVAHIAGHD

Chl | INT | INO | 2NT [ 2NO | 3NT | 3NO | 1CT| 1CO| 2CT | 2CO | 3CT| 3CO | 4CT | 4CO | 1ST | 1SO | 2ST| 2SO | 3ST | 3sO
INT | 1.0 05 0.2 0.1 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.2 0.0 0.1 0.0 0.0 0.1 0.0
INO | o5 1.0 0.2 0.1 0.0 0.0 0.2 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.1
2NT [ o2 0.2 1.0 0.4 0.1 0.0 0.2 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.0 0.1 0.1 0.0
2NO | o1 0.1 0.4 1.0 0.2 0.3 0.2 0.4 0.1 0.2 0.2 0.2 0.1 0.1 0.0 0.2 0.1 0.1 0.0 0.0
3NT 0.1 0.0 0.1 0.2 1.0 0.3 0.5 0.2 0.2 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1
3NO 0.0 0.0 0.0 0.3 0.3 1.0 0.3 0.6 0.3 0.2 0.2 0.1 0.1 0.3 0.0 0.1 0.0 0.1 0.0 0.1
1CT | o1 0.2 0.2 0.2 0.5 0.3 1.0 05 05 0.2 0.4 0.1 0.1 0.0 0.1 0.1 0.2 0.1 0.0 0.0
1CO 0.1 0.1 0.1 0.4 0.2 0.6 0.5 1.0 0.5 0.5 0.3 0.2 0.1 0.2 0.1 0.2 0.1 0.1 0.0 0.0
2CT | o041 0.1 0.0 0.1 0.2 0.3 05 05 1.0 0.5 0.5 0.3 0.2 0.0 0.1 0.1 0.1 0.0 0.1 0.0
2CO 0.0 0.1 0.0 0.2 0.0 0.2 0.2 0.5 0.5 1.0 0.5 0.6 0.2 0.2 0.2 0.2 0.2 0.0 0.1 0.0
3CT 0.1 0.1 0.0 0.2 0.0 0.2 0.4 0.3 0.5 0.5 1.0 0.4 0.4 0.1 0.1 0.2 0.1 0.0 0.0 0.0
3CO | 01 0.0 0.1 0.2 0.0 0.1 0.1 0.2 0.3 0.6 0.4 1.0 0.3 0.3 0.1 0.2 0.1 0.0 0.1 0.1
4CT | -0a 0.0 0.1 0.1 0.0 0.1 0.1 0.1 0.2 0.2 0.4 0.3 1.0 0.3 0.4 0.2 0.3 0.2 0.0 0.1
4CO | 02 0.0 0.1 0.1 0.1 0.3 0.0 0.2 0.0 0.2 0.1 0.3 0.3 1.0 0.3 0.4 0.2 0.2 0.1 0.1
1ST 0.0 -0.1 0.0 0.0 0.1 0.0 0.1 0.1 0.1 0.2 0.1 0.1 0.4 0.3 1.0 0.3 0.5 0.2 0.1 0.1
1SO | -01 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.1 0.2 0.2 0.2 0.2 0.4 0.3 1.0 04 0.5 0.2 0.2
2ST | 0.0 0.0 0.0 0.1 0.1 0.0 0.2 0.1 0.1 0.2 0.1 0.1 0.3 0.2 0.5 0.4 1.0 0.4 0.5 0.3
2S0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.2 0.2 0.2 0.5 04 1.0 0.3 0.3
3ST | o1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.0 0.1 0.1 0.2 0.5 0.3 1.0 0.6
3SO | o0 0.1 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.2 0.3 0.3 0.6 1.0
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FGURHE.5. CHL~CHL CORRELATION IN THE WHOLE SYSTEM SHORBIN TABLE}.3VISUALLYTHE CYAN TO BLUE SHADES REPRESENT
POSITIVE RELATIONSHIP®1), WHILE A GOLD TO RED SCALE REPRMESEATIVE RELATIONSEHOP®-1). A FULLSIZE BLOCK MEANS
THATITIS VERY SIGNIFICARND.01)A SIGNIFICAND.01-0.05)IS REPRESENTED WWBHOCHB0%OF ITS FULL SIZBW SIGNIFICAN
(0.050.1)wiTH AM40%BLOCKNOT SIGNIFICAMWITH A20%BLOCK

Overall, Chl correlations from 3N to 2S were positive, with values over 0.3 against a
surrounding range of 8ubsectioms in the coastal strip. The ocean strip presented a constant
strong carelation from 2NO to 1SO. When Chl+1 and Chl+2 were evaluated against Chl,
these correlations were weaker. Only a fewbsectiod wK2 2 @S NLJ awere i K S
detected in Chl~CliFigures A.2.1A.2.3.).

b) SST~SST

SST~SST, SST~SST+1 and SST~S8dnghiptaare analysed hef€igures A.24-A.26). SST
preserted robust correlations, with almost the whole system beiwgll connected. This was
predictable based orits seasonal and interannuddehaviour, whib was studied in the
previoussection Even the furthest norttsubsectionINT, when it was correlated with the
furthest southsubsectios of 3ST and 3S@howed astatistically significantorrelation but it
was alower correlationvalue whencompared with therest. Thisdecline in correlatioomakes
sense due to the long distan@®tween thesubsectiors, combined withthe CHQR influence
in3S

The SST~SST+1 relatstip wasslighty weaker than SST~SST, but the correlatas still
high in strengthand statistically significantTheir linkng patterns remainedthe same as
SSTSST. SST~-SSRibDwere still statistically significant However,the Gentral Zone
presented less conneicin with the rest, especly 1CT and®CT. On the other hand, the
correlation between INT and 3ST wlaigher than the relationships that were found in
SST~SST and SST~SSBEAasvery similar acrosthe whole systemthus, the correlations
were very hidh even when SST+1 and SST+2 were evalu@keslis likely related to the low
variation and consistency that the SST had in the whole territory.

c) PR~PR
In this section PR~PR, PR~PR+1 and PR~PR+2 algseh(Figures A.27-A.29). These
correlations are essentially seeking evidence of awdwelation or persistence in similar
rainfall. There is little persistence apart from one month to the next then any PR influence
will be shortlived. PR correlationswere mainlypositive with a good connectiobetween
subsectionadjacents Tte three Zones presented a good correlatigvith their subsectioms.
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For instance, @ was strongly correlateavith IN and 3N, 1C with 4C an® With 3S.Ths
demonstratel that one of the maindifferentiating factors betweenzones was PR The
Central Zone showed a better link with the South. Twés likely owing to the Nortt@
dryness Furthermore, theNorthern Zonepresented more rainfall in the summer instead of
winter compared to the Central and Southern Zasse

When PRwas correlated with PR+1 it showed a weaker relationship than PR~PR. It also
showed a mix of negative and positive relationships. PR+1 had sareas of similar
correlations, as was detected witAR~PRsuch as 1MBN and 2SS but the correlatiors
were lessstatistically significaniThe exception was when theindow was in2NO. Herethe
strength was weaker than PR~PR-IIBD), but the ocean strip correlatisrasslightlyhigher
(ING2CO). The @¢ral Zonein PR+1 did not show any relevant relationshiPR~PR+2
showed mostly insignificant relationships with some exceptidtR3NO to PR2CO showed
statistically significanbut low (0.2) negative correlatiawith PR+22NT, 3NT)PR1NThad
statistically significantorrelations withPR+2(1NT, 2NT). Their Rhos werel @nd 025,
respectively.

Overal, the PR~PR showestrong positive correlations over 0.4 with the surroimgl area.
This area range dependexh the Zone. ThéNorthern Zonerange was 23 subsectiois, while

in the Centraland the 8uthern Zonethis extended ove#-6 subsectios. The PR+1 and PR+2
did not show these patterngndtheir correlations were quite weakvith some exceptions.

d) W~WV and UW~UWand their relationships
In this section both wind components were analydewhen they were evaluated by
themselvesand witheach other VW~VWFigureA.217) presented a good correlation with
nearbysubsectios. 3N-3C presented a strong correlatidghat was highly connectedcross
the band This aa also had stronger winds and a simisasoml variability In general
terms,the Central Zone presented a higher link with tathern Zone(ExceptLNT). This is
coherentwith+ 2 Qa a Gl GAadA Ol foled theCdnmlyaRdmNorderyZonelsy ¥t dzSy OS
2Sshowed a negative relationship with th&ubsectionrange 3N3C, while 3%howed a
statistically significanbegative correlatiorwith 3Conly, while with the rest of thesubsection
set, the correlations werenot statistically significantlN presented a lowecorrelationwith
other subsectios. INT did not show atatistically significantelationship with 3N, 2CO, 3C,
or 2S3S, wheras1C was negative. Thegeverse relationshifs couldbe anexpresson ofthe
SP3 movement.

UW~UWshowed a regular strongprrelationfrom 2C to2S(FigureA.218). This was because
UW did not becomestatistically significanuntil 2C. The Southern Zone correlasonere
even stronge. This Hne hada good correlatiorwith all its componentsThe North did not
show a constantorrelationwith the rest. Some interesting relationships were seen, such as
2NOand 3NO presentech negative correlatiorwith the Central and SouthernoBe. 3NT
presents aobustnegativerelationshipwith 1INO(-0.4).

VW~UW presented a negativelationship in the area near the windowhen it was
evaluated(FigureA.219). This was usually surrounddyy a sectionwith an insignificant or
positive relationshipThisbehaviouris consistent because both components presentad
opposite behaviourAn example of this was whevWW was evaluged in UW1NQ all the
Northern Hne was negative2G3C was positiveand the rest was insignificantVhen
UW1CT wasssesed, the Central Zone&orrelations wereentirely negativeand 1N2N was
positive. This expresses tlazitical difference that exists between each Zone. This makes
sense becausgWwas weak in the Nortrn androbustin the Soutlern Zone while VW had

the opposite behaviour.ie exception to this was 1NWhere both components were weak.
However,each patteri® limitsseemto be not soclear because therelationships change
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drastically whenthe window moves. Thefere, the variations were notvident when a
particular subsectionwas compared with aubsectionnext to it, but it wasstatistically
significantwhen compared with a distansubsection This also could be expressing the SPSA
movement.

VW~W with UW~W were compared with W~Wigures A.220-A.22), where W is the
magnitude of the wind vectorio® Yo . This showed thatvW had a moreevident
dominion in the Northern Zone There the UW almost had nopresence.Except forlNT,
where neither VW~Whor UW~Whad statistically significantcorrelations. Effectively, the
winds in thissubsectiorwere low. TheUW hada significantrole in the Southern Zone, with a
lower magnitude forVW. Both were present in the Central Zone cabat W had abigger
prominence ovethe UW from 1CG3C, while 4C was more similarlaw.

In generalwind behaviour could be splittm four sectiors. Inthe first (LIN-2N), the windwas
weak Next sthe 3N-3Csubsectios, where VWwas the dominant componenfhen,4G1S
where both components were presenthe finakectioncomprises e southernsubsectios
2535 where UW was the dominant componentThese resultsvere like those of the
previoussection

e) SSTFCht
SST~Chhind SST~CHl correlationsare analysed hergFigures A.210-A.211). Of these
SST~Chl shved the more evidentorrelatiors, while SST~Chl+1 did not show any statistically
significant correlation that was important.

SST~Chl showedo statistically significantrelationships from 1IN to 2NT Negative
correlationswere detectedfrom 2NG1S,while thosefrom 2S to 3S werall positive (Figure
4.6). In general terms|ower SSTis linked to more nutrients from upwelling. However, the
SouthernZoneusually has cold waters, but they are not produced by upwelling.hEne
Southern ZoneSSTreduction could beseasonalor due to another event suchas glacier
melting in 3Sand the increase of ver fluxesin 2Sthat affect phytoplankton development
(chapter 3). These positive correlatiors detected in the Southern Zone wesdso observed
when ChlI~SST+1 was evaluatétleed, insubsection3S there wasa more statistically
significantRhothan for ChI~SST
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HGURH.6. SST~M. CORRELATION IN THE WHOLE SB3stENOM.2.2ANDHGURELS FOR A FULL LEGESKPLANATION
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SST showed higher correlations in the offsheeetionbetween 2NA4CO along the central
zone, with some lower values. The 18@sectionpresented the highest Rho of 0.48.€Be
highest values may be related to the higher winds locateBNfLC The Offshoresubsection
also hada high correlation when SSTwas evaluated. This patterwas similar to the
arrangement observed in the Chl~Chl diagr@igure4.5). This could show the influence of
SST on Chl.

Overall, theCentral Bne presented higher SST~Chl correlatj@specially in 1C. Except for
the ocean &ip between 2N to 3N, theNorthern Zonedid not present anystatistically
significantcorrelation between these two parameters. The SarthZone showed a weak
but positive correlation from 2S to 3S.

f) PR-Cht

PR~Chand PR~Chl+Ztorrelatiors were made(Hgures A.212-A.213). Of thesethree, only

PR~Chl showestatistically significantorrelatiors, while the rest werénsignificant.PR~Chl
correlatiors were mainly negative, excegor subsectios 1N and 2N. Thiswas probably

because thesdwo subsectios had deficient levels of rainfall. In thicase precipitation

inputs could increase theumberof nutrientsthrough runoff. In contrast,increased rainfall
could produce stratification in a region with high preciita levels decreasing
phytoplankton productior{chapter3).

The highest PR~Chl correlations were observed betwee2(igure 4.7). These
correlatiors kept constant while the window was movifigm 4C to 2S. Furtherore, higher
correlatiors were found in the coastal stripghe maximum Rho-0.39) was detected iaST
This imples that the PRon the coastwas more relatedto reducing stratification in this
section In conclusion, the Southern Zgnglus subsectiondG showed a higher correition
between thesewo parameters.
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FGURH.7. PR~BL CORRELATION IN THE WHOLE S&TtEWOM. 2. 2ANDRGURE.5FORAFULL LEGEND EXPLANATION

g) VW~Chland UW~Chl
Thissectionanalyses VW~Chhd UW~Chl correlation&igures 4.8 and 49). In generalyW
showed positive correlatiowith Chl in thesubsectios surrounding the window that was
evaluated, wHe subsectios that were far fronit were primarily negative. W did not have
any statistically significantorrelations until 4C. From there to the southesabsection alll
the correlatiorswere negative.
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VW~Chkhowedstatistically significanpositive correlatios in2NO1CO(Figure4.8), along
with the coastal stips from 3C to 3Slts highest Rhos were detected whehlTST was
evaluated withVWLST andvW1SQ reachingRhosof 0.45 and 0.42respectively. These
correlations implya connection betweeithe offshore and onshore wd regiments,and the
WV influencedthe 1ST® Chlconcentration.
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FGURH.8. VW~GEL CERELATION IN THE WHOLE SYSEEWMIOM.2. 2ANDHGURE.5FORA FULL LEGEND EXPLANATION

UW~Chl hadgtrong negative correlatiain the region from 4C t8S(Figure4.9), where 1ST
showed the highest Rho valueaswas also found with/W. However, in thiscase the UW
subsectios from 2C to 2Shad statistically significantorrelations withChl located inLST
Moreover,4C to 1Swvere the highest correlationsvith Rhosover -0.4. Anaher sectionthat
gavea correlation over0.4 was GI3ST with W2S.
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FGURH.9. UW~CILCORRELATION IN THE WHOLE SYSFEMOM.2.2ANDHGURE.5FORA FULL LEGEND EXPLANATION

IN did not show anycorrelation with either of the wind componentsThus, its high
production must be related tmther parametersthat were possiblymore connecéd with
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those of Peru. These correlations could imply thatW had a negative influence on
phytoplankton, butit probably only means that if theUW componentis strong the VW
component will be weak and that the latterhad a statistically significantinfluence on
phytoplankton.

h) PR~SST

PR~SST, PR~SST+1 and PR+tei®&dtiors were madgFigures A.214-A.216). Of these
PR~SST and PR~SST+1 presented similar gatttare thecorrelatiors were lowwith some
exceptions while PR+1~S$®Fesented nostatistically significantorrelatiors. In subsectiors
1C and2G PRpositively correlatedvith SSTwith a Rho around 0:R.23, whichwas slightly
stronger whenPR-SST+was evaluated (0.230.26) This could be relatk to this region
havingthe strongest windsDespitethis, there was no other significacbrrelationbetween
thesetwo parameters.

i) VW~SSTand UW-SST
Thissectionanalyses wind component correlations with $8gures4.10, A.225 andA.226).
Both componens presented negative correlationgxcluding UW1N with SST1Which was
expected becausthe windsincreaseled to upwelling Consequentlythe SSTwasreduced.
VW showeda statistically significanbegative correlation only with the Northern and Central
Zmne. These correlationwere over-0.4 insubsectiols 3NT, 1CT and 3(Higure4.10) This
could berelated to 3NT and 1CT Viag the highest mean winds indlstudyarea
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FHGURH.10. VW~SSTORRELATION IN THE WHOLE SYSHEMOM.2.2ANDHGUREL.5FORA FULL LEGEREPLANATION

UW~SST presented negative correlations fros8333CT and 2CThé&se correlatios did not
cross the 0.»oundaiesandwere weaker whercompared with tle VW~SST Rhodthugh
UW did not generally have a statistically significantorrelation with the Northern zone,
UWINT with INT and 1ND& wefe the exception. However, itBho was below 0.2In
conclusion, VW had more influence over the SST thadW. These correlations were
exceptionaly high insubsectios with stronger winds.

) VW~PRand UW~-PR
In this section VW~PR and UWPR are analyse(Figures A.227 and A.228). VW~PR
correlations wereprimarily negative in the study areagxcept for LIN-2N, where rain was
barely seenThe correlations were stronger from 2CT to the Soutrsrbsectios, reaching
Rhovalues from-0.36 t0-0.6. PRcorrelationsin 1STand 2ST reached even highhos,
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which were over0.60to -0.67. NeverthelesstheseRhoswere obtained with theVW ocated
in 4CT andlSTinstead of 1STand 2ST, respectively. Theserrelationsreflect the SPSA
movement to thenorth during the winter allowing frontsn the Central Zone.

UW~PR had positive correlat®racrosshe whole study area, but they were spread with
limited physicalconnectiors between each other. However, thigndency changes from
subsection3CT to the end. Th&ubsectionsets presented amore consistent connection and
statistically significantorrelations, wherelSTand 2STPRpresented the highest Rho (0.6)
against the UWA4CO. Thigas quite similar to the pattern detected withW~PRThe other
Zones presented somestatistically significat correlations that are worthmentioning
Although1NT and 1Nnhave lowPRlevels, thesubsectios positively correlatedwith UW.
This could make sense because the precipitation in this area comes from the dxrfdasts
with low pressure Anaher interesting pattern was that PR2CT showedtatistically
significantcorrelations withUW ocean strips from 3N to 3C.

Overall, VW andJW showed strong correlations in the Southern Zpadfecting the PR
negatively and positivelfubsectiors 4C and STpresented the highest correlations for both
components.This is consistent, considering that high PR and westerly winds are associated
with low-pressure systems, while higltessure systems drive southerly winds.

4.4. Analysisper Zone

The results showed that the three Zones have differ@ concentrations The Soutlrn,
closely followed by the Central Zone, had the higlwestcentrdion, while theNorthern Zone

had the lowest Chl levels. The diverse interactions among the parameters produced these
differences.These connections were studied by correlation analygisch was explained in
section 4.3.3. However, the Chl correlations with the physical parameters are the most
relevant for this analysjsvhich are shown in Table 4.9.

TABLEA.9. CHL REGRESSION WITH THE PHYRRAMETERS PSBBSECTION THE COASTAL STRHE STATISTICALLY SIGNIFICANT
CORRELATIONS ARE UNDER{IN@D<PVALUES0.05) ANDTHE STATISTICALLY VERY SIGNIFICANT ARERNVABOLBES0.01).

Rho ChI~SS™ ChI~PR Chl~VW ChI~UW

INT -0.10 0.14 0.07 -0.12

2NT  -0.13 0.05 0.09 -0.03

3NT -0.12 -0.08 0.21 0.10

icr -0.16 -0.07 0.20 -0.03

2CT  -0.15 0.04 0.08 0.06

3CT -0.19 -0.20 0.27 0.20

4CT  -0.20 -0.33 0.38 -0.27

st -0.06 -0.39 0.45 -0.41

2ST  0.15 -0.24 0.26 -0.29

3ST  0.20 -0.20 0.23 -0.32

4.4.1. The Northern Zone
The mean coastal Chbncentrdion in the Northern Zone was around8Xo 1.5 mg n¥ in
2NT and 3NTLNT presented a higher output with a meahapproximately 14 to 2.6 mg m
3. INT showed a slight ireasein September and February, 2NT and 3NT showed andisere
from September to October, b@NTwasmore constant These conditions are driven by the
{ t {! QawhichZisdédtred in 3N1C 1IN to 2N showedstatistically significanpositive
correlations (0.8) with their ocean contra part, and 3NT presented a Rho of 0.47 with 1CT,
but the correlation with3NO was only 0.28.

The PR in the Zoneas below 5mm mth®. The threesubsectios presented different PR
seasonal cycles, where 1diid 2NTshowed higheiprecipitation in the summerwhile 3NT
was in the winter3NT experienced higher rainfalents including a flood event with 80 mm
mthin May 2017(Sernageomin, 2017)N and 2N also exhibited extreme events, but these
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were less intenseral common. Effctively, 1N extremes stopped in 2008hile 2N &ere
more frequent in recent year?R~Chl correlations weret statistically significan(below
0.15), where the most sigificant was INT with 0.14vith a RPvalue of 0.06 Table4.9). This is
coherent because INT highest production was 2R0@5, 2011 and 2017, while the highest
PR events were 2062008, 2015 and 201BST mean range in INT was from 1#42.6°C.
This range decreased lapproximately 1.3 °@er subsectionsouthwards.The maina were
reached in February for the threevhile the minima were in AugusiST~Chl presented a
insignificantnegative correlatior{Table4.9).

The WV component was dominant in this Zone but weaRkcreasng southwards. INT
showed thelowest andmost constantwinds (3.8-4.7 m s?), followed by2N (4.55.5m s?),
while 3N had one of the strongest southerly win@g-7 m s?). Also, 2NT showed minor
increase during the winter, reaching the maximum value in Septemhbecontrast, 3T
exhibited slightly higher southerly winds duritige warm seasonAs the VW was more
intense in 3NT, this showed tasgstically significant correlatiowith the Chl (1), while the
rest were insignificantSST and VW also showstdtistically significanhegative correlations
with a range 0f0.2 t0-0.44, with the highest peak in 3NT0(44). On the other hand, theW
was irrelevant in this Zone.

The North ocean sip showed a Chl concentration that was similar among the three
subsectios. Here, Chl reached concentrations around 0.3 to 0.5 g However, 3NO
showed slightly higher values (0.6 mg@)aSimultaneouslylNO and 2NO Chl showed a slight
trend to increas during the winter, while 3N® seasonal cycle was flat. Chl from 2NO to 4CO
showed astatistically significanpositive correlation among theubsectios, with a Rho
around 0.40.6. These correlations were still present wher+Qhand Chl+2 werevaluated

but weaker.

SSTs in the ocean wegenerally0.6°C warmer than the SST at the coast. They showed a
statistically significanbegative correlation of 0.28.27 to the Chl concentration in 2NO and
3NO. These tweubsectios presented similar Risovalues but positive correlations when the
VW was evaluated against Chl concentration. TWecdmponent in the northern ocean strip
was 1 m 3 faster than the coastal strip winds, with similar seasonal behaviour. PR in the
ocean was lower than was detedt in the coastal strip. The mean range was around 0.3 to
7.3 mm mth'. PR correlations with Chl wernasignificant, and their seasonal cycle Wess
variable However, 2NO and 3NO presented high episodic exaer 30 mmmth? related

to flood events(Sernageomin, 2017).

4.4.2. The Central Zone
TheChl concentrationn the coastal Central Zone showed a me&around 08 to 2.0 mg ni®
in the first two subsectios, with lower productivity in 1CTMearwhile, 3CT and 4CT
presented a higher production with a mean arouné o 2.9 mg m?®, where4CT showed a
slightly higher concentratignbut 3CT showed a higher variabilifyheir seasonal Chl cycle
was higher than the cycle observed in the Northern Zone duigstproduction increment
during the warm period. These seasonal differences were rpoveouncedin 3CT to 4CT,
related to the SPSA movemenCH~Chl correlations in1CT and2CT were statistically
significant with theirsurroundingsrom 3N to 3Cwith a Rho between 0.3 to 0.8When 3CT
and 4CT correlations were evaluated, this range moved from 1C to 4C and 3C to 2S,
respectively with a lower correlation

1CT and 2CT showed a &Rrage range oft.9to 45 mm mth, while 3CT and 4CT wer8é 4

to 107 mm mth™. The foursubsectios presented a seasonal cycle where the precipitations
were higher during the winter, especially in 3CT and 4CT. PR~Chl correlations were
insignificantand negdéive in 1C and 2C, while in 3C and 4C vggaiistically significamvith -
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0.2 and-0.34, respectivelyTable4.9) The SST mean range in 1CT was from°18.79.3°C.
The remaining Central Zorsubsectios had a reduction of 0.8°C psubsection SST~Chl
correlations wereslightly higher than the Northern Zoroeit statistically significant.ne most
significant were in 3C to 4C wit©.19 and-0.20.

The WV wasalsodominant in this Zongreaching higher averaged speeds in 12-&m s'),
followed by2G3C (4.86.5 m s, whilethosein 4C wereevenlower 2.7-4.2 m st). The VW
showed a cycle with lower values in the winter and higher in the summer. This cycle was
more marked moving southwards. Hence, 1C was barely noticeable, while 3C and 4C were
prominent. Furthermore, VW reached negative values during the winter in 3CT and 4CT. This
was linked to the SPSA moving northwards during the winter. Additionally, 1CT showed the
strongest winds because the V\howed less variability However, 3CT showed the
maxinum wind (11.37 m 3). The VW showedtatistically significanpositive orrelations
against Chl, with Rho values over 0.2 in the whole Zone, except in 2CT, where its correlation
was insignificant (0.08). The highest VW~Chl correlation was four@Tinvth a Rho of 0.38
(Table4.9). SST~VW showsthtistically significanhegative correlations witla Rhorange of
0.2-0.4. Two correlation peaks of 0.44 were found in SST1CT and SST3CT with VW1C and
VW3C, respectively.

UW was moregelevantin this Zonethan in the Northern, exhibiting a similar VW behaviour
but reduced in magnitudeThen, UW in 1C was relatively flathile 3C displayed a similar
pattern to VW but smoother4@ UW seasonal winddid not show a tendency buivas
almostflat but with a high variation, especially in thenter. Although the UW winds were
similar inthe Central Zone, the correlations showsttisticalsignificance for the Chl in 4€ (
0.27) and 3C (0.Zrable4.9). This is coherent because Southerly windse weaker here.
Moreover,3CT showed slightly stronger UW winds on averageZZ.2n s'), while 4CT had
a higher variation (1-2.3 m s.

The Chl in the ocean strip in the Central Zone presented a similar range among the
subsectios from 2CO to 4COheir concentrations were around 0.5 to 1.3 mg. mhe 1CO
range was slightly lower (0G.8 mg nv¥). Their seasonal production cycle in the Central
ocean strip was relatively flat, but it showed some particular, extreme events discussed in
section4.3.3. As the previousectionmentioned, the correlations between 2NO to 4CO were
statistically significantwith Rhos around (0-@.6).

SSTs in the ocean were 0.5°C warmer in comparison to the coast. They shstaBstiaally
significant correlation with the Chl in the whole ocean strip in the Central Zone. The
minimum of these correlations was found in 3CO wi@tl7, while the maximumwasin 1CO
with a Rho 0f0.48. The W component was 0.25 ni'faster than the coastal strip, while the
UW in the oceanwas 0.1 m 3 slower thanthe coastal strip showing a minor difference
between both. The VW annual cycle was very similar to the coastal strip butlegith
frequent northerly winds during the winteiThe UW component showed an annual cycle
flatter compased to the coastal stripVW~Chl correlations were positive. Only 1CO and 4CO
presented astatistically significantRho over 0.2, reaching 0.25 and Q.38spectively.
Although PR was lowdrere than the PR detected in the coastal strip, they had the same
seasonal behaviour. Only Chl in 4CO showsthtstically significantorrelation ¢0.32) with

PR

4.4.3. The Southern Zone
The Chl concentrationin 1S and 2S showed similar behaviour to 4C and &€pectively
(Figure4.1), which might be linked to the SPSA. Although the Chl concentration mean range
was almost identical iiSTand 2ST (18.2 mg n¥), 2ST had a higher variation reaching
higher values. Despite thi¢SThad the mgor stability with he highest mean and median.
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3ST had a slightly loweroncentration (1.2-2.1 mg n¥). The typical Chl seasonal cycle
behaviour of higher values in the summer was preseritSiiand 2ST, while for 3SVas flat.
Thiswas because theSPSA iseldompresent inthe final subsection Extreme events were
observedthroughoutthe whole year in 2ST and 3ST. The entire coastal strip showed strong
positive correlations close to 0.5 with the neighbouring coastdisectios. Their Rhos with
their ocean part were 0.3, 083and 0.6, respectivelyshowing avery statisticallysignificant
relationshipcompared to the other Zoneghis is likely related to the strong stratification
that this Zone has, spreading the Chl offshore.

The PR range in the Southern Zone varied fé@to 143 mmmth, whichwaspresent the
whole year 2ST showed the highest precipitation and 3ST the wsla#tee to 1Sand 2S
showing higher events during the winter, while 3S did not exhibit significant difference
throughout the year The PR~Chl showestatidically significantcorrelations 2ST and 3ST
presented Rho®f -0.24 and-0.2, while 1ST correlaton was-0.39. SST decreasduny 1°C
between1STand 2ST, with a further decrease of around 2°C in 3Bifcould be related to
the extended length of 3%section 3.22 for more details).SST~Chl correlations were
statistically significant and positiviea 2ST and 3$Teaching0.15 and 0.2, while 1STwas
negative andnsignificant(Table4.9).

UW showed a more significant role in this Zone rather than VW. Westerly winds
increased further South, whileW showedthe opposite behaviour. TheST) & rhean was
around 1.42.9 m s, while 3S® was4.1-6.2 m s'. A weak seasonal cycle was observed in
UW, owing to consistently strong winds with relatively low variation throughthe year.
Nonetheless, from4C to2S,the variations were more significant May, while in 3Sthese
occurred oveithe whole winter.1STQ VW mears range was0.2 to 1.4 m s?, while 3ST ha
mainly northerly winds from-2.9 to -0.5 m s’. Despite the 3S northerly wind trend, a few
periods ofsoutherly winds ould be seen throughout every year (except 2011), with slightly
more frequency in the winter, buhe strengthwere below 4 m 8. In general, 3ST was not
affected by the seasons, wlilSTand 2ST experienced Southerly winds mainly during the
warm seasonThe VW~ChI correlations westatistically significantthe highest correlation
was found inLSTwith a Rho of 0.45, while the other twsubsectios were close to 042 The
UW~Chl inlSTand 2ST were similar to VW but negat{v&41 and-0.29), while the strength
was greater in 3SFQ.32; Table4.9), demonstrating thémmenseinfluence that UW had in
the Southern Zone.

SST~VW showed rsiatistically significant correlations. However, SST~UW showed some
negative correlations with Rhos close 10.25 for 2ST and 3SBoth wind components
showed high correlations with PR; VW showed negative correlatimhiie UWR were
positive. In bothcases, the corrdations were over 0.45 in the coaststrip, but with winds

located ina southern location. Foexample, PR1Shad the highest correlation with UW

(0.60) and VW-0.65) both situated in 4CTThe strong PR and UW correlationgre
consistent, as both are ssociated withthe cold fronts.Neverthelessthe SST correlations

with VW and Chl were unexpeciebecause these first were low, while the others were
positive (Table 4.10). This could be related to very low SST and PR events increasing it in the
extreme uth. This will be investigated in chapter &dugh case studies.

The Chl in the Southern Zone ocean strip showed a similar range in 1SO and 3SO. The means
were around 0.4 to 0.8 mg Fwhile 2SO presented a slightly higher range with mean values
around 0.4 to 1.15 mg M This Zone also showed no seasonal cycle in the ot&ar, the
Chlshowed highstatistically significantorrelations (above 0.3) with the Chl detected in the
surroundingsubsectios. 3SO showed lower correlations with the rest, hHiBD showed
significant correlations with 4CO, 1CO and 2NO. Those thereemains of the correlation
connection seen in the Northern and Central Zone indbean strip.
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SSTs in the ocean strip behaved differently compared to the coastal strip of this1&e.
presented a difference of 0.61°C with 1SO, while 2ST and 2SO SSTs were very similar. Finally,
the 3S ocearsubsectionwas 0.5°C colder than the coast. 3SO had thly statistically
significant correlation between SST and Chl, with a Rho of 0.25. The PR in 2SO and 3SO had a
similar range (520 mmmth), while 1S@ level was a little loweRegardingts seasonal

cycle, 1SO and 2SO showed a similar cycthdio coastal stripcounterpart while 3SQwvas

not affected by the seasons. The PR in the ocean strip did not showstafigtically
significant correlation with Chl. However, PR3ST showsijriicant negative correlation

with the ChI3SO, with a Rho of 0.2heTocean W comporent across the Zone averagéd

m s faster than in the coastal strip, while theNWpresented a different range to that found

in the coastal strip but was still smaller than th&vVidomponent. UW~Chl correlations were
statistically signifiant, with Rhos close te0.2. For VW~ChI, only Chl 1SO presented a
correlation of 0.2 with VW in the sammibsectios of 1S. SST did not correlate with VW,

while SST~UW showasthtistically significantorrelations with a Rho range from 0.2 to 0.3.

4.5. Disassion

Overall, the SPSA is the main climate driver that creates southerly winds that produce
favourable upwelling conditions (Thiel et al., 2007; Rahn, 2012). This was observed in the
results by a high negative correlation between VW with SStibeecions from 1N to 1ST.

This driver is particularly dominant in the Central Z@figure4.10) in which 3CT-4CT is the

most productive region except fAIST and2ST in the Southern Zone. The SPSA moves to the
south during the summeandthe north during the winter (CONAMA, 2008)his provokes a
reduction in Chl during the winter in the Cent#&dneand 1ST (Rahn, 2012; Ancapichun and
Garcés, 2015)t also allows the intrusion of rain fronts andrtherly winds when SPSA is not
present.Nonetheles, some southerly winds were present in particular situatiom@ST and

3ST

Although climate drivers play a significant role in thiercing of theChl, the annual plots
showed confusing resulthat arehard to interpret. The only exception wagsomalies during

El Nifio 20182016, which revealeddifferent impacts on VW, PR and SST and consequently
the Chl across the three Zones. In contrast, La Nifia 2007 clearly increased the VW and
reduced the SST and PR in the Central and Southern Zone, resultinigl ira@seéCthat year in

these ZonesTherefore, climate drivers will be investigateddepth in the next chapter.

Another part of this study focused on establishing relationships among the parameters and
studying coastaKelvin wave§ossible propagation effecthis was based on finding possible
correlations withone andtwo months of time lag, consistent with likely coastalvie wave
speeds. This study showed that the Kelvin waves do not prodst®ng mean relationship

in the bng term

Except for INT,hie Northern Zone presented a low phytoplankton production with small
seasonal variability. This pattern is due to weak wigra in 3NI), lack of precipitation and
relatively stable weather conditions (Yuras et al., 2005). happens because of the SPSA
movement to thenorth during the winter (Thiel et al., 2007NT presented a higher Chl
concentration, but it waglmostconstant with a slight rise in September and FebruaFjpus,

its concentration is likely related to thimcreased production from neighbouring Peruvian
watersthat are brought by ESS{Echevin et al2014 Thiel et al., 2007 This was mentioned

in more detail in section 3.1.Chl in 3NT showed a weak seasonal cycle with a maximum
value in September thateems to bepartly triggeredby the high southerly winds in that
subsection(0.21) The Chl~PR showtsignificant butpositive correlatios in this Zonedue

60



to PRscarcity butwith occasional extreme eventlthough PR events might positively
impactthe Chlby alleviatingthe Fethrough runoff(Thiel et al., 2007; Dezileau et al., 2004),
extreme events could produce the opposite effect. IndeedT bid the highest correlation
with the Chl (0.14and Rvalue of 0.058 with a more constant PR. Hewer, INT highest
production (20022005, 2011 and 2017) loosely matches the high PR years-200& 2015
and 2017).

The Central Zone presented a seasonally varying production, with a high Chl concentration

during the summer and low winter. Thigas derived from the SPSA movement and the

sunlight reduction during the winte(Thiel et al., 2007)This seasonal difference was more

pronounced in 3C and 4C, leading to higher PR and lower VW during the winter, while 1C and

2C exhibited more significant longsie winds. As a result, 1CT and 2CT exhibited a low

production while 3CT and 4GMowed a more significant concentration, where 4CT showed a

slightly higher concentration, but 3CT showed a higher variability. Therdéfisesustains the

hypothesis thaPRmight havea significantole in increasing nutrient intaked F F SO0 A @St &> o/
YR n/ Q& / Kf SEKAOAGSR &aidldAaidAOl (TadedHAIYATAOl
However, a further study must be done to estimate the potential nutrient |dad

precipitation and rives compared to those from upwellinglt also should include other

factors, such as shelf widtohapter 7).

The Southern Zone has similar characteristics to the Central Zone but with extra complexity.
This complexity is assootat with the AAO effect, especially BST that is not affected by the
SPSA, while its effect is wemkthe othersubsectiols (Ancapichun and Garcés, 2015). The
SPSA dominantly producesutherlywinds along the Chilean margin, while the AAO is linked

to storm production and predominantly westerly windgat might affect the whole Southern
Zone Both wind componentiad strong correlations witithe Chl concentration idS being
influenced byWW positiely and UWnegativel (0.45,-0.41) UWhad a major impact on the
Chlin3S-i®don0 GKFY 2 06n0®HO0U0 X bukig &mio2waywWHOPZer f dzZSy OS R
UW -0.29) Hence,1STand 2ST Chl concentratisshowed aseasonal cyclavith a high
production aralogous to 4CT and 3®Ot with a slightly lower signal during the winger
respectively, while 3STproduction had almost no variatiorbut with still some Chl
concentration The rainfall mount, along with river and glacierflow, leads to ocean
stratification, reducingphytoplankton production (Lara et al., 2010; Landaeta et al., 2011).
Thus, ChI~PR in this Zone showegtadisticallysignificant negative relationshiparticuarly

in 1ST (-0.39) At the same time, both wind components showedtatistically significant
correlation with the PRshowing a negativinfluence withVW anda positive one with UW.

The ENS@npacted this Zondifferently fromthe Central Zone, which must be studied in the
following chapters.

4.6.Conclusion

In principle,the SST is a sensible component to predict the Chl concentr@@ichmollaert Uz

et al., 2017)The SST decrease is generally related to upwellsglting in a greater nutrient
supply andhigher Chl levelgThiel et al., 2007)This hypothesids true at least in the
Northern and Central ZondNevertheless, their correlations were weakly negatiuethe
Northern Zong-0.13 t0-0.1), mainly becauseat does not have a high variation in SST and Chl
(Yuras et al.,, 2005)As predicted from the abovergument, the relationships were
statistically significant in the Central Zoi®.20to -0.15) However, in the Southern Zone
the correlations weresimilar but positive(0.15 to 0.20, exceptfor 1ST (-0.06). his region
intrinsically has cold waters bagse of its latitude Still, SSTwas not affected much by VW,
linked to the upwelling.
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The PR is the parameter with a higher variation across the Zones, varying from scarcity in the
Northern Zone and high intensity in the Southern Z@mhiel et al., 207). The hypothesis

that involves the PR significance on the Chl is based on the factdbaive PR anomalies in

the Northern Zonemight produce a Chl risgue to a possible elevation tdw nutrient levels
through runoff (Dezileau et al., 2004 Meanwhile, the Southern Zone Chl concentration
might fall with increased precipitatiodue to the elevation obcean stratificatior(Lara et al.,

2010; Landaeta et al., 201The Central Zone could experience either aspleetding to PR

can cause changes todhocean that are different in different Zone¥he correlations
between the Chl and PR were statistically significant beyond 3C, where the PR increased
significantly.The strongest correlations were in BG0.33) and1ST (-0.39) but they are
negative These results are consistent with a hypothesised physical behaviour because the
ChI~PR correlations are positive in the Northern Zone, coincidingtiétiChl bloom in the
summeras well aghe PR, while in the Central and Southern Zone, thesHR the winter

when the Chl signal is weak. Also, the PR is driven by fronts associated with low pressure and
weak longshore winddNevertheless, more investigation is needed to determiné &l

impact on the Chl.

VW is themost critical factorin producing upwelling along the coast, driven by the SPSA
(Aguirre et al., 2021)Thus, the initial hypothesis states that VW triggibee Chl These were
reflected in the correlations obtained in thihapter with the Chl The majoritywere alout
0.2 to 0.3 which are statistically significantNT, 2NT, and 2 were below 0.1likely related
to the weak windsn the Northern Zoneaand low Chl activity in 2@t the same time, the
most productivesubsectios 40 and 1ST had the most significant correlation with38 and
0.45. The UW component was insignificaint its impact on Chl from INto 2CT. Further
south, the correlations werestatistically significanbut negative, being more thaf0.2 to -
0.3, except in 1S and 3S with41 and-0.32 Nonetheless, 3N and 10 had the highest V\V
but the Chl was lowimplyingthat the PRmight also havea relevantrole in the mix.Also,
these winds are over 6 m?swhich might produce turbulent upwelling spreading the
nutrients and phytoplankton (Thiel et.aR007).

Overall the correlation analysis supported the hypothesis that the main parameter affecting
the Chl concentration across all zones is the southerly winds, followed closely by.t®a PR
the other hand these parameters arlinkedto opposite conditions assatied with high and
low-pressure systemdriven by the SPSA and AAO. These readyailibrium in 3T to 15T,
having the highest Chl signddowever, 1N, 39, and 23 presented higher Chl levels that
were not necessarily related to wind patternsr PR Additionally, the ENSO extreme case
significantly impactedhe Chl, but the effectaried sibstantialy in the Central and Southern
Zone Thus,these subsectios and timate driverswill be studied in detail in théollowing
chaptes.

These correlations will be used as a guide for the physical parafipetssible effect on the

Chl in the climate drivers analysis éghapter 5. The Chl extreme cases mentioned will be
considered possible case studies @hapter 6.
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5. Understanding how Cimate  Drivers  Contribute to
Phytoplankton Production [O.2].

5.1.Introduction.

In chapter 4, the main physicalparameterswere analysedin order to understand their
general trends and behaviour per Zofar the period 2003 to 2018These parameters are
forced byknown climate drivers(ENSO, SPSA, PAd AAO),which havecharacteristic
cycleslt is clear that theselimate driverswill affect the main parametersat different time
and space scalesection 2.3, Ancapichun and GarcéspD5; Vergara et al.2017). These
effects were loosely observed in the parameters annual dfgeletion4.3.1.).However, their
impact was notstraightforward. Therefore, tlis chapter aims tounderstand how these
climate drivers contribute to phytoplankton production. To accomplish this, it is necessary
characterise the extent to which these fundamentelimate driverscontribute to the
obsened patterns in PR, SST, UWand VW in space/time and generate a baseline
understanding of phytoplankton status within the study region

Aschapter 2 mentionedhe climate driverscycles vary from decades to months depending
on what driver is studie@Ran et al., 2012Ancapichun and Garcés, 2013herefore, the
parameters must have a long extension in time. The physical paraswéee available from
1979 onwardsin ERA5but the Chl data is only available from 2003. Thus, the first sub
objective isto reconstruct the Chl timeeries [0.2.]. Thiswill be done by Canonical
Correlations Analysis (CCA), which earend a partially known variable in tinzad spaces

the Chl, using fully known parameter with a good relationship with the Qith as PRSST

or winds componentsThen, Chl is predicted in the unknown period based on the other
variable behaviour at that time using the correlations that both variables had in the known
period. This technique is often used with deconstructedrameters by Empirical Orthogonal
Function (EOF), which help maxmithe correlations between both parameters (Taylor et
al., 2013; Schollaert Uz et al., 2017he mathematicaldetails of how these methods work
will be discussed isection5.2.1.

Onceall variables are known for the whotew period (19792018) the next step is defining
each variabl@ responseduring every climate drivdIpositive and negative phaseThis is
done by generating climate compositg3.2.9 to facilitate data analysid.he composite map
is used to determine each varialeaverage behaviour using the yeavhen that climate

driver was more intensévon Storch and Zwiers, 199%achclimate driver intensity is
obtained by an index, which we&thown institutions measureAs all the climate drivers
overlap and do not have the same impact on Cliile,most relevanwill be studied

5.2. Methods and Workflow.

Here a range of standard indicesused to help quantify the impact of each climate driver.
These indicesinclude data obtained from NOAATable5.1). The SPSA indewas the only
exception, which was obtained by Vicencio (2021), but it wasalculatel by the
Meteorological Directorateof Clile (DMC) based on Quintana and Aceitu®0(2011)
methodology. Linear regressions were used to understand how these indices infiLieace
other and had a significant role in Childhe climate driverQinfluence on the different
parameters(Chl, SST, VW, UW and PR) is obtained by Composite Ap@lysi. This
contrasts the typical parameter behaviour under one particular climate driver in either its
positiveor negative phas¢von Storch and Zwiers, 1999). Then, the parameter anomalées a
averaged using the years whettee climate drivers were either strongly positive or negativ
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set by the climate driver indexAs a result,each map will represent a typical monthly
parameter variation in a year where that climate driver is domindhen, the study period
must be extended beyond 20020 the composite will have enough yeafsor that reason,
another source was used to obtain these data over an extended period.

As mentioned irchapter 3, the physical parametearme from ERAS because tluata was
available from 1979 onwards, and it has a better spatial resolution with 0.25°x0.25° (C3S,
2021). The Chparameterwas obtained from ®VANNLUsing the MODI8ersion of thedata
(20032018), keeping the same data soumnesed inO.1 Theextremesouthern part of Chile
presented relatively few satellite imagewvingto its excessive cloudinesparticularly during
Austral winter, approximately 24%Gomezet al., 2017) Thesedatagaps were filled upising

Data Interpolating Empirical Orthogonal Functions (DINE@¢jon5.2.1.2; Echevin et al.,
2014).

The Chl dataset from the long pMODIS period of 1979 to 2@@vas reconstructed using
CCA0.2.1. In this technique, another parameter is used to forecast the Chl. The variables
tested were UW, VW and SST, all of which had a high correlation with Chl accordidg to
results. Although the error asociated will be considerable, it will be enough tdaddish a
general Chl pattern thathis objective seeksThe CCAis an innovative approach to
environmental data reconstructignand recently successful Chl prediction using this
approach has been carried out by Taylor et al. (2013) and Schollaert U72011), where
instead of using the variables directihe EOF of each paramet&s used. The statistical
methods of EOF and DINEOF are functions extracted from the Sinkr R package (Taylor, 2017).
At the same time, the CCA code was written by Taylor Zp0he followingsection will
explain the indices calculation and the procedure needed to calculate the Chl

The Composite maps grid was built over the following coordinates 10° to 65°S and 85°W to
65°S both coordinates having a 0.25° step giving 1¢@iapoints. The ara of interestwas
expanded to facilitate analysis of higher latitude zoresincorporate possible patterns
connecting the Chilean coast with the open ocean, Rewithe Drake Passage

5.2.1. Chlorophyll TimeSeriesReconstruction [QR2.1].
Characterising and understanding the spatial and temporal variability in biological
parameters such as Chte challenging due t@omplex relationshipsvith a wide range of
variables. However, CCA has been shown to be a reliablfextilole analysis todlor these
data (Schollaert Uz et al., 2017). The CCA determines the number of relationships between
two or three sets of variables callgntedictorsand predictandsand projects them in a new
coordinate system. This achieved by sing the optimum correlation between variables via
EOF analysis (Schollaert Uz et al., 2017; Barnett and Preisendorfer, 1987). When the
predictand and the predictor have comparable/matching sptice layout enough to
establish a significant correlationCBcanforecast the predictand to a time gap based on the
predictor behaviouusing the best correlation possib(é/ilks, 2011).

CCA can be usedith the variable directlyas well, but Taylor et al. (2013) and Schollaert Uz
et al. (2017) have recommenddtie EOF approach. The advantage of using Spatial EOFs
instead of the original data is that only the relevant information remains, and the algebraic
calculations are more straightforwarddgn Storch and Zwiers, 1999).

Thus,CCA was used to determine tl@hl, during the extension period (192902). This

prediction is made following the maximised relationships that Chl had with the predictor

variable post2002. Therefore, the predictors must be availafdethe whole period (1979

2018;von Storch, 1995;®ollaert Uz et al., 2017; Wilks, 201)S | 2 A C{ Qa2 i omdpdT
was not used to extend the Chl time scale. This decision was made bebausement this
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chapter was done, the Chl data that fused both scales was unavailable due to maintenance.
Fusing bth scales by hand will increase thesaciated error considerably due to a spatial
and temporal resolution presented gaps hard to fix with no experience. Also, their spectral
bandwidth has significantlifferences(Table3.1; Franz et al., 2005).

Prior to carryingout the CCA itself, some preparation is needed. The first step is to identify
possible variables that could have a good relationship with the Chl and their availability in the
forecast periodon Storch and Wiers, 1999). Based oD.1 resultsChl has been shown to
correlate wellwith VW, SST and U\Table 4.9). However, these correlations varied per
subsection

Then the EOFs of each variable is estimated after normalisation and divided by its monthly
gridpoint SD (Schollaert Uz et al., 2017). The prediQoasdidates should bseparately
tested because if they are intercorrelated, the results will not be independentn@aand
Preisendorfer, 1987; Taylor et al.,, 2013). The variables studied present a high
intercorrelation. Thereforetiis sensiblenot to use more than one variable in the formal CCA

if they are relatedNonethelessdue to the spatial gaps in the Chl daiais not possible to
apply EOF techniques directly. Thus, DINEOF is used fiesfollowing section will explain

the basic maths of EOF, DINEOF and @EMINEOF fundamentals are related to EOFs, the
EOF technique will be explained first.

5.2.1.1. Empirical Orthogonal Function (EOF)
EOF is a multivariate statistical technique widely useseveral fields. EOF is the name used
in climate sciences. It is also known as Principal Component Analysis, which is the name given
in other areas such as genetics, chemistiryd ecology among others, where they work with
discrete datasets rather thaspatial grids (Beckers and Rixen, 2003; Hess and Hess, 2018).

EOF analysiselps determingpatterns in datasets with many variables and observations. The
main principle of this method is to create new variables called principal components or
spatial EORhat try to explain the significant variability in the dataset using minimal data
(Hess and Hess, 2018; Wilks, 2011). These components are linear combinations of the original
data in a new orthogonal coordinate system where the original data is projelkctatlis way,

it will be possible to explain the data patterns in a lower dimension, analysing only the
leadingspatial EOFdHess and Hess, 2018; Wilks, 2011).

Let X be a matrikepresenting a previously normalised datag&in Storch and Zwiers, 1999).

X also contains the intrinsic error associated with each value, such as the instrumental error,
which can be seen as noise (Becker and Rixen, 2003). Each element is defedidmre E

is the time component with a length ah, andEis the spatial index with a range of n.
Therefore, this can be seen as n column vectors with m &gs51). These column vectors

are timeseries samples from which the EOF patterns are derived (Taylor et al., 2013;
Bjorsson and Venegas, 199Mpwever, the position could be a single value such as the ENSO
index or a twedimension location referred t@s a coordinate system (Beckers and Rixen,
2003).

&) oo B (5.1)

There are many ways to estimate the EOFs, where the mmstmon techniqus are by
Covariancalecompositionor Singular Value Decomposition (SVD; Beckers and Rixen, 2003;
Wilks, 2011; Taylor et al., 2013). Both approaches have similarities with an eigenvalue
problem. An eigenvalue problem is expressed in Eg&i8.a square matrix, p is a naaro
@SOG2NE YR < Aa | alOlfFN¥» LY 9ld podu LI
respectively (Bjorsson and Venegas, 1997)
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8H _ N (5.2)

An eigenvector is a vectdhat is not affected by the linear transformation represented by
matrix A. The eigenvalue is a scalar that multiplies the eigenvector after the linear
transformation embodied in A has occurred (Bjérsson and Venegas, 1997). The SVD approach
decomposes X diregtlinto three matrices, as Eq. 5.3 shows (Beckers and Rixen, 2003). This
technique was used in this work because the covariance matrix that is needed in the
eigenvalue decomposition is hard to compute when X presents a high dimensionality (Wilks,
2011)

(A Y (0] 6 ® @ (o

(VIS (5.3)

In eq. 5.3 D is the identity matrix that had the singular valuesn its diagonal, care non

zero values (g=min(m); Taylor et al., 2013; Beckers and Rixen, 2008efore, Dand \Q

are retained to dimension g. The squared singular values are the same as the eigenvalues
(Taylor et al., 2013)J and V are matrices that contain spatial and temporal EOFs in their
columns, respectively. U is time and V spageraged and unitary matrices; thugscaling is

not necessary. U*D is the spatial scaled EOF (Taylor et al., 2013). The whole set is sorted in
decreasing order of (Beckers and Rixen, 2003; Wilks, 2011). The temporal EOF elements
are called loadingsral determine the weights from X to develop the Spatial EOF, while
spatial EOF elements are called scores or coefficients (Wilks, &1 $torch, 1995).

From the Eq. 5.3 decomposition only the first p EOFs are required to give an acceptable
approximatia of X on average where p<q. The percentage of the explained variance of the p
EOF igalculated as follows (Beckers and Rixen, 2003):

Q T ZPpTMT " (5.4)

The main idea of using p instead of g is separating X from noise. Noisse aotitext means
anything that is not relevanio the question under consideratiomhe EOFs that show well
defined extended patterns should be considered, while the EOFs that do not show a
dominant direction are noisewhich is determined by its variabylilvon Storch, 1995). Thus,
using previous equationsX can be reconstructed in, Xs Ej. 5.3, where only the most
relevant EOFs are retained. As a result of this, X redihedr dimensionality (Taylor et al.,
2013).

W W =Y O Q (5.5)

There are manytruncation approachesthe three more used are Rulé (Normalisation);

Define a particular valu® cut, which usually is 95%; and the Na&MRuleof-Thumb ¢on

Storch, 1995)0f these three, cut at 95% is seldom used, wRildeN is the most comman

This method truncates whetwo consecutiveeigenvalues reach the same value, meaning

that the rest will not contribute to the variability (Wilks, 2016K $ b 2 NIrd-Thémbw dzf S
definesa tolerance leveper eigenvalue and EQFes is shown in B95.6 and 5.7€xplained

below; von Storch, 1995 K S b 2 NJdofkriuénb wadzth&sebecauseit retainsonly a

small number of EOFs. Thus, N@tis considered the most honeapproach(von Storch,

1995; Wilks,2016).

% _ (5.6)
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In these equationsa and O represent their eigenvalue and EOFs selected, respectidriy;

the number of independent samples in the original datéile j is theO that is closer ta.
Therefore, the EOF sequence is truncated if successive eigenvalues differ by less than a factor
of (1+sqrt(2/n) (von Storch,1995).

As was mentioned, the@ approach was used to identify the main patterns of Chl, SST, UW
and VW. These patterngere thencorrelated using the CCA. This previous step increases the
prediction quality (Tgor et al., 2013; Barnett and Preisendorfer, 1987). Many authors
employ ths methodology alone to define Chl patterns in ChilerredorAcosta et al. (2015)

and Gémezet al. (2017) used the EOF method to describe Chl and SST patterns using only
two EOFs. Ancapichun ariarcés(2015) used EOFs to establish SST patterns orignati
from AAO, ENSO and PDO.

5.2.1.2. Data Interpolation using Empirical Orthogonal Function (DINEOF)
Most datasets have missing data for one reason or another, which is particularly true of the
Chl data. However, EOF requires a completely known matrix X. Misgmgah be filled in
with different interpolation technigues. The most used method is the DINEOF which is based
on the SVD methodEq. 53; Beckers and Rixen, 2003). This techniquesi@aultaneously
interpolate in space and time, is paramefieee and pemits an infilling of the data gaps
without requiring extra information (Gémez et al., 2017; Corredoosta et a| 2015). This
techniguecan reducehe noise intrinsic in MODIS dat@dmezet al., 2017).

DINEOF is an iterative technique tlestsumes that the missing dapmints are zero instead

of NaNs, which the entire matrix will be callegd Xhis implies that these points had no
variation; Therefore, this matrix must contain the Chl anomalies, not the absolute values. The
First UDV matriis estimated using thep¥atrix as outlinedn Eg. 5.3. The matrix (X is then
reconstructed using the first N EOFs.iXthen compared with oK with only the missing
values in Xbeing changed. The same procedure is repeatiedonstructing the new mai

(%a), with the condition thatN must be the same for the whole proce$$ represerd the
number of EOFs used per iteratiohhe iteration will be continuous until the convergence
tolerance criteria for the missing datae achieved (Beckers and Rix@003).

The N of EOFs per iteration can be calculatedifferent ways. The technique used here is
crossvalidation (Beckers and Rixen, 2003; Correfloosta et al., 2015). This technique has
several advantages and is able to provide an assessment afrpotation erros. The
procedure uses randomly discarded valid data points from the initial matrix. The volume of
data selected depends on the size of the real matrix, but it should be at least 30 points to
have a robust statistical estimati@r one per ent of the data if the size is largBeckers and
Rixen, 2003).

Thecrossvalidationtechnique is applied until thBINEOHRerations converge using only the

first EOF (N=1). Next, the interpolation error is estimated by the Root Mean Square (RMS).
Thismethod compares the distances between the data obtained by the DINE@EoONS

with the validation data. The initial matrix with the same data points set aside is interpolated
again, but ths time, the first two EOFs are considered for convergefitie ®w error is
calculated and compared with the previous iteration (Beckers and Rixen, 2003).

This proceduraises more EOFs each time until the error increaggsn or when N equals g.
However, it is recommeret! that it continue two or three morattempts ifthat erroris a
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local minimum.The number of iterations until conveggcewill not necessarily be the same
each time N changes (Beckers and Rixen, 2003).

Due to the poor weather conditions, many authors have used DINEOF to obtain Chl missing
data in theGentral-South zoneand extremeSouthern Chile For example, Correddgkcosta et

al. (2015) estimated the error using cresdidation with a tolerance of 10%. N fluctuated
between three and eight in thezase Gomezet al. (2017) used DINEOFitbthe gaps in Chl

and SST datalNevertheless no more information was reportedTaylor et al. (2013)
compared DINEOF witRecursivelyQubtracted Empirical Orthogonal Functions (RSEOF) and
LeastSquares Empirical Orthogonal Functions (LSE@#gre DINEOF showed the most
reliable result, especially with noisy data. However, RSEOF is less computationally demanding
and presens acceptable results.

5.2.1.3.  Canonical Correlation Analysis (CCA) mechanics
CCA and EOF share an analogue procedure using an eigemprstblicture, so the logic and
equations had some similaritie$he eigenvalues in the EOF represent the variance, so they
are used to identify which are the essential temporal EOFs. These work as a new coordinate
system; therefore, they must be uncorredat to each other\on Storch and Zwiers, 1999;
Wilks, 2011). In CCA, the eigenvalues represent the correlations between predictands and
predictors fron Storch and Zwiers, 1999; Barnett and Preisendorfer, 1987). The eigenvectors
establish new basigectors called Canonical Vectors that determine the correlation between
the predictor and the predictand in space (Wilks, 2011).

The spatial EOFs (U), called B and A of the predictor Y and the predictand X, are computed
using the SVD techniguexplained inEj. 5.3. The number oEOFs, q and p, respectively,
were selected using Nor@ Ruleof-thumb (Wilks, 2011; Barnett and Preisendorfer, 1987).
Both spatial EOFs are comparable because both have unit variance (Wilks, 2011; Barnett and
Preisendofer, 1987). Then, the maximised relationships existing among the covariance of A
(Gw) and B (&9 and the crossovariance (&) are computed by eigendecomposition (Wilks,
2011; Barnett and Preisendorfer, 1987; Friederiehsl Hense, 2003). This can bergoin

many ways, but SVibas used in the code provided by Taylor (2012).

6 1 8 6 0 YO O e (5.8)

This is only true if p is higher than g. In the oppos#ee the A and B covariances ordeill

be inverse, while transpose cressvariance will be used instead (Wilks, 2011). Rc diagonal
has the canonical correlations between X andepresented inE and F. Rexpresses how
good the correlation is (Barnett and Preisendorfer, 1987; FriededoksHense, 2003). The
set is arranged in decreasing order of Rc elements (W) (Wilks, 2011; Friedmrichénse,
2003). E and F eigenvectors are used to maximise theelation forming the Canonical
Vectors that set the linear combinations with their respective covariances, Hpr5.9
appears (Barnett and Preisendorfer, 1987; Wilks, 2011; Friederichs and Hense, 2003).

( 6 1 0 (5.9)
"0 6 1 o

H and G are the Canonical Vectordy. 5.9, also known as canonical mapgbese are the

basis change vectors of E and F to the original coordinate system. H and G are easy to
interpret because they are not itnvectors nor orthogonal to each other (Barnett and
Preisendorfer, 1987). H and G are related by the canonical correlation compuked 5¢8.
Assuming that p is higher than g, they are q pairs of H and G column vectors. The Canonical
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Vectors are the wegihts necessary to transform X and Y in new variablegg. 5.10 shows
(Wilks, 2011).

® @ O 0 Wi Qp (5.10)
w (A O 0 Wi Qp
(A [0 kO] x (5.10a)
) W 0 @&

In these equationsy and W are the Canonical Variates, the same as Spatial EOF (AX&nd B)
and Y are the variables reconstructed using E@¢ 5.5). The dimensiaam; and m
represent the time that both variables had. Consequentlyjsrhigher than m(Wilks, 2011,
Barnett and Preisendorfer, 1987), 2hd Y, can be reconstructed by transferring HAG to

the other side ofg. in 5.10, giving Eqg. 5.10a (Barnett and Preisendorfer, 1987.uéed to
reconstruct and forecast thep,Xrom my to m. by replacing V with W and the associated
canonical correlation(Eqg 5.8). Resulting in Eg. 5.11 (Barnett and Preisendorfer, 1987;
Schollaert Uz et al., 2017; Wilks, 2011).

8 7 2A 2 O xut Ex (5.11)

In Bg. 5.11, gQis less than g and represents the number of CCA components (modes) that
were used to reconstruct X (Barnett and Preisendorfer, 1987; Schollaeet dkz, 2017;
Wilks, 2011). Therefore, the number of modes is closely related taotingber of EOFs. The
number of modes can be computed in different ways, but here, the ¢Blatlett trace was
used (Friederichand Hense, 2003; Taylor, 2012). This tesiterion establishes a null
hypothesis that pis 0.E. 5.12 used a significae of p<0.050 reject the test(Friederichs
andHense, 2003)

& i (5.12)

In K. 5.12,F is the F cumulative distribution functicand mis the period both variables had

in common (m). This equation is only valid if p>q. In contrast, all the p will be g instead.
Although this test is more robust than others, it is more conservative (Friederichs and Hense,
2003). This method allowed the extension of the Chl data, winielped createCH
composites based on climate driv€extreme yearskgs. 5.10-5.11 can be used to obtathe

EOF of X. In thisase the Canonical Variates are calculated using A and B insteaauiod X,
respectively (Wilks, 2011).

5.2.2. Generation of Climate Drive€ompaosites[O.2.2].
In this section climate drivers will be selected to create composites. These composites will
be usefulfor understandinghow the parameters studied iohapter4 are affectedby the
climate driver€hegative and positive cycles. The gendhaviour of the indices over 1979
2018 was studied on a monthly and annual sq@igure5.1), and the five indices were
compared in a monthly and yearly range by regression analysis.

5.2.2.1.  Selection of Climate Drivers and Indices
Due toENSO'somplexity, many indices angsed to measure it. These indices astimated
using atmospheric andceanicdata. TheEl Nifio index is the most usechlculated by SST
anomaliesaveraged relative to a base period of thirty yearshe central Pacific (Vioge-
Serrano et al., 2016). These anomalies are measured in different re@igwe5.1). Each
sectiongives a different response to ENSO (NOAA, 2019). El Nifio 1+2 was the first Zone
discovered that is affected by ENSO, and it tends to have the mostastibstvariation

69



comparedto the rest. El Nifio 3 was the most studied Zone, but the investigators noticed that
the area mainly affected by atmosphenceanic interactions was El Nifio 3.4. El Nifio 4 is the
index that has the lowest variance with South Aroan conditions. This index represents the
SST variation in the Central Equatorial Pacific (Trenberth, 2020). BE3.Mifsoconsidered the
region that best represents the SST anomalies that affect South America, which is the main
interest of this project(Trenberth, 2020)The positive anomalies in El Niflo 3.4 index mea

an El Nifio year, while the negative represents a La Nifia (NOAA, 2019).

Nipo Index Rggions (SST)
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HGURES.1. OUTLINE OF REGIONS USED FOR DIFEERENOTINDICE$TRENBERTI2020). THE STIPPLED AREA SHOWS THE COMBINED
NINO3.4REGION

The SOI measures the atmospherégiation in the PacificAs mentionedn section2.3.3 the

SOl is based on thetandardSLPdifferencesbetween the stations located in Wi, French
Polynesia and Darwin, Australiihe SOI is computed followingg. 5.14, while the SLP
standadisation process is shown in 5.15, where N is the number of months considered,
generally thirty yeargColling, 2001; NOAA, 201%egative SOl meangahiti SLP is below
average and high in Darwin, while the positive phase represents the opposite behaviour
(NOAA, 2019).

YO O (5.14)

B

YO & Q01O EQ Q= (5.15)

The PDO index quarits the SST anomalies in the whole North Pacific Ocean Basin from
20°N northwards; thenthe first EOF (EOF1) is used to determine the index (Dexser
Trenberth, 2016 Ancapichun andGarcés 2013. Hence, PDO positivevalues represent
positive SST anomalies in the North and South Pagifiite the negative shows the opposite
effect (Lindey et al., 2015).

The AAO index is linked to the 7@tllibars height anomalies detected from 20°S to the
South Pole (Silvestri and Vera, 2003). As with the PDO, the data is condensed using only the
projection onto EOF1 to produce the index. The 8A@eatest impact is from 45° to 90°S
(NOAA, 2019Stammerjohn etl., 20B).t 2 A A GA PSS @l t dzSa Ay !l hQa
increase in SLP anomalies around Antarctica and the midlatitudes, respectively. Meanwhile,
ySaAl GA GBS @I t dzS actakwap in thib eBavid@umntuta andBceifuso, 2011;
Ancapichm and Garcés, 2015; Garreund et al., 2020).

TABLBS.1. INDICES SOURCE USED IN THIS WORK

Index Period Link
El Nifio 3.4 19502019 https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ENSOstuff/ONI_change.sh
SOl 1951-2019 https://www.ncdc.noaa.gov/teleconnections/ENSO/indicators/soi/
PDO 18542019 https://www.ncdc.noaa.gov/teleconnections/pdo/
AAO 19792019 https://lwww.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao.shtml

All indices used here were taken from NOAA data sources with a temporal resolution of a
month. Table 5.1 gives the URLs from which the data and metadata were taken. The
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https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_change.shtml
https://www.ncdc.noaa.gov/teleconnections/enso/indicators/soi/
https://www.ncdc.noaa.gov/teleconnections/pdo/
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao.shtml

Composites were created using the data from 1979 to 2018, as 1979 is the longest time
where all the paramete@ata and indices are available, except the Chl.

The SPSA index is calculated using montBlP anomalies normalised from eight
meteorological stations between the Northern and Central Zfrable5.2). TheSPSA has a
higher presace in these stationsancluding two Chilean island® measure the SPSA border
(Quintana and Aceituno, 2011). Similarly to AAO and PDO, the norm&listsdcompressed

to one metric, using the first EOF to credhe SPSAndex. Quintana and Aceituno@21)
introduced the methodology, and DMC compute®it a monthly scaleThe index results
were obtained by Vicencio (2021)herefore, positive values in the SPSA index mean an SLP
intensification over the normality in the Northern and Central Zone, withiée opposite is
seen when the index has negative valuRalfn, 2012; Ancapichun and Garcés, 2@4irre

et al., 2021)

TABLE5.2. METEOROLOGICAL STATIONS AND THEIR LOCADDOESEMATE TP SADEX QUINTANA ANBCEITUNGR011).

Station lat (°S) long (°W)
Arica 18.5 70.25
Iquique 2025 70.25
Antofagasta 235 70.5
La Serena 30 71.25
Santiago 335 70.75
Concepcion 37 73

Juan Fernandez 33.75 79
Easter Island  27.25 109.5

5.2.2.2. GeneralPatterns among Climate Drivers
ENSO:The El Nifio index shows a variable5/ear periodicity, but with some major
exceptions.The yearly means over 18Dwere in 2015, 1987 and 199Figure5.2). Also,
1982 was only slightly lower (0.99). The fifth highest value, detected in 2002, was
considerably lower (0.66). Five of these six years presented their peak in December or
November, while for 1987 was in September. The years 2015 and 1987tdgivie any
months with values below 0, while 1997 presented negative values from January to March.
1982 and 2002 only had one negative value in February and January, respectively.
Considering the pattern discussed above, 2015 and 1987 are peaks withimaiheEl Nifio
phase while the other three years show peaks during an opening El Nifio phase. This cycle
will be studied in detail in section 5.3.1.3. The strongest La Nifia was in20089 with an
annual average value below.22 and-0.85. The followingtronger La Nifia years were 2011,
1988 and 2008, reaching an average-0184, -0.81 and-0.76, respectively. The annual
minimum for 1999 and 1988 was in December and October, respectively. For the years 2000,
2011 and 2008, this was in January. That meé#mst 1999 and 1988 were more

NELINBaSYyGlrdAdS 2F [ bA3IQa 2L8yAy3d adl3So

bA3FQ& YFAYy &iGF3So

SOI It showed a relativdy constant cycle that looks opposite to the ENSO cydis cycle
usually takes two to thregearswith an annual positivanean, followed by two or three
years with an annual negative meéfigure5.2). The exceptions to this were the prolonged
negative period from 1990 to 1995 and the prolonged positive period from 2006 to 2013. The
latter included two extreme years with an average that exceeded 1 (2008 and 2011).

PDQ the PDO index is more stable due to its decadal natuie general, it presented
extensive periods on a negative scale with small positive per{&égure 5.2). This is
particulaty notable from 1997 to 201%hen only 2003 was positive. The minimum values
were reached in 1999, 200&nd 2011-2012. In the period from 1979 to 1998, the PDO
presented a more positive tendency. However, it was not as large or as stable as was seen in
its negative phase. Then only 1983, 1987 and 1997 means exceeded 1.
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SPSAThis index presented higher monthly variation and higher positive valdlean the

other indices due to its seasonal cyclelowever, its annual cycle duration seems to be two

to four years(Figure5.2). Also, its annual cycle presenietharked periodic tendency; with a
more negative trend inthe mid-1980sand 1990sfirst half, a more neutral behaviour from

2000 to 2005 andch positive from 2006 onwards. In that order, the positive years that had

values higher than 0.9 were 2010, 2017, 2018 and 2006. The negative years®8lovere
1992 and 1987. The SPSA intensification in recent years was reportgalviesteci et al.
(2017, Aguirre et al(2021) andGarreaud and Mufio£2005).

AAO: This index showed more positive annual values rather than negativeth an

increasing tendency over timeNine years had annual means that exceeded an average of
0.5, while four were below05 (Figurep ®H 0 ® b2 (S

GKFEG FTAQGS 27

from 1999 to 2018, and for the last four years (21B.8), there were only positive values.
The monthly data did not show a particular cycle that could be followed because the data
presenteda high variability per monthWorth noting that the positive annual valuesflect
the strong positive trend in the a@ral summer, whichhave been reported byCai et al.

(2003), GonzaleReyes and Mufioz (2013), Hendon (2007), Cordero et al. (2019), Aguay

al.(2021) andDMC(2018).
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5.2.2.3. Relationships amon@limate Drivers.
The relationships among the climate dnigsevere studied with Pearson correlation because
the distribution of each index was normal. This was checked with histograms. In Table 5.3,
the Pearson correlation is showmn general terms, Table 5.3 showed that the annual
correlation was higher than theonthly data.Nonethelessthe annual Rralues tend to be
less significant due to their lower dimensionality.

TABLES.3. QLIMATE DRIVERS REGRESSION RESULTS FOR (MPANRBIANNUAL(A) SCALER ANDP-VALIEESWEREESTIMATED USING
PEARSON REGRESSION
RMonthly ENSOm SOIm PDOm SPSAm AAOm PMonthly ENSOm SOIm PDOm SPSAm AAOmM

ENSOm 1 -0.72 0.43 -0.39 -0.13 ENSOm 0.000 0.000 0.000 0.000 0.005
SOIm -0.72 1 -0.40 0.50 0.14 SOIm 0.000 0.000 0.000 0.000 0.002
PDOm 0.43 -0.40 1 -0.19 -0.05 PDOm 0.000 0.000 0.000 0.000 0.292
SPSAmM -0.39 050 -0.19 1 0.24 SPSAmM 0.000 0.000 0.000 0.000 0.000
AAOmM -0.13 0.14 -0.05 0.24 1 AAOmM 0.005 0.002 0.292 0.000 0.000

RAnnual ENSOa SOla PDOa SPSAa AAOa PAnnual ENSOa SOla PDOa SPSAa AAOa
ENSOa 1 -0.90 0.55 -0.63 -0.15 ENSOa 0.000 0.000 0.000 0.000 0.343
SOla -0.90 1 -0.62 0.70 0.21 SOla 0.000 0.000 0.000 0.00 0.202
PDOa 0.55 -0.62 1 -0.38 -0.18 PDOa 0.000 0.000 0.000 0.005 0.278
SPSAa -0.63 070 -0.3 1 0.35 SPSAa 0.000 0.00 0.015 0.000 0.026
AAOa -0.15 0.21 -0.18 0.35 1 AAOa 0.343 0.202 0.278 0.26 0.000

As expected, ENSO showed the strongest negative correlation with SOl due to the inverse
nature of the two indices. However, the correlation for the yearly data was considerably
higher ¢€0.72m,-0.90a). ENSO also showed a significant negative correlatibrSRISA in the
yearly cycle -0.63a), while with PDO, it showed a moderate positive correlation
(0.40m,0.50a). These relationships are consistent with SPSA depenuleBtYSO and PDO
mentioned in section 2.2.

AAO presented weak correlations with mosttbé climate drivers, especially in its annual
cycle, where the valueswere mainlynot significant. The exception to this is the correlation
that AAO showed with SPSA (0.24m and 0.35a). This indicated thamigh©havebeen
related tothe SPSAThese rsults make sense because SPSA represents the midlatitude high
pressure centre that is part of the AAO influence ai®RSA is the index that is more linked
to the other climate drivers, showing its higher correlation with SOI (0.50m and 0.7a)
because bothare linked to theSLPvariation in the Pacific. Additionally, SPSA shows a low
monthly correlation with PDO.19) but was more significant on the annual scale (0.38).

5.2.2.4.  ClimateDriver Selection andComposite Qreation.
As shown above, ENSO is closely related to all climate drivers except AAO, and it is similar to
SOl for both to provide any measure of independent forcing. ENSO and SOI explain the same
climate phenomenon, but the ENSO index is mased and mentionedn the papers
compared to theSOI (Echevin et aR014, Vergara. 201 Gomezet al., 2017)Hence ENSO is
selected over SOI for this analysis. AAO is shown above to be an orthogonal driver, with high
contrast to ENSO, and it is known for its effect in 8wethern Zone Thus, AAO was selected
as an important driver as well.

The PDO and SPSA were also discarded for fuller analysis because PDO had a strong
correlation with ENSO, and owing to its decadal behaviour, it will be challenging to represent

in a compotke selected by the strongest years from a limited number of decades. SPSA, on
the other hand, was the only signal that showed a statistically significant correlation with all
the indices, including AAO and EN®@thors like Vergara et al. (201Ancapitiun and
Garcéq2015), Montecinos and Aceituno (2003), and Aguirre et al. (2021) have reported that
AAO and ENSO have a significant impact on the SPSAisirgdtile most significant climate

driver in Chile. Effectivelythese drivers represent the tropial and polar drivers that
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converge in Chile, modulating the SPSA significantly. Therefore, the SPSA relationship is likely
to overlap with the other two indices previously selected, plus the SPSA index did not show a
clear pattern due to its high monthlyaviation. Thus, representing it correctly through a
composite will be difficult.

ENSO anom aver (1979-2018)
I I I

Years

AAO anom aver (1979-2018)
T T T T

%, |
%

|
R S &

HGURES.3. ENSOaWD AAOANNUAL INDICEUNE TOMAY), WHERE THE DASHED LINES REPRESENT THE LIMITS THAT WERE SET TO
CREATE THE COMPOSITES

A more indepth annual behaviour study was made to construct ENSO and AAO composites.
ENSO generally showed a relativelpble cycle but readd high positive and negate
values. Strong El Nifio generally started a significant rise in Septdfigare5.4). The peak

of this risewasreachedfromb 2 3SYO6 SNJ (2 WF ydzr NEd ¢KS F2tf26AY:
decrease until March or Aprivhen the SSTanomalies are close to. Oherefore, the starting
month of an ENSO composite must be in June, so in that way, the highest point in the cycle is
centred and the composite does not cut the year ENSO cyitle AAQ@ycle did not show an
apparent annual behaviour owing to its shacle. This erratic behaviour can be seen in
Figure 5.4; a -8nonth period seems to appear in some years. However, some trends were
found. The highest value per year was found in December and July, nine times each. In its
negative peaks, five times were November. Hence, to simplify the comparison with ENSO,
June was chosen as the starting month for the AAO index composite as well. As a result of
changing the starting point to June, the annual average was calculated fagad®O and
ENSQgivenin Figure5.3.

The criteria to create the Composite was to have between four and seven outliers per cycle,
while at the same time keeping similar limits for both indices and ideally obtaining the same
quantity of values for the negative and positive Composite tarheone. These limits should

be the same for the positive and the negative phases as well. However, Figsleohsa
significant difference betweeENSCQand AAO. The limit selected for ENSO whswhich
means four positivg2015, 1997, 1981 and 199apd five negative outlier$1988, 1999,
2010, 1998, and 2007)
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ANDAAOINDICESTHE GREEN LINE REPRESENTS THE MEAN OF THE YEARS CONSIDEREDCDNERENEENIEHE BARS
SHOW THBD.

In the AAO case, it was more challenging to define peak limits owing to the differences found
in the negative AAOAAO) cycle were, apart from 1991 and 1980, the series did not show
high outliers, while the positive AAO (+AAO) showed a noticeable difference between the
highest values and the rest. The criterion selected was to use the same value for both
positive and negative excsion which gives us a similar number of outliers that ENSO
produced per level; the resulting value w#8.48. These limits give us seven +ARQ10,

1998, 1993, 2015, 2008, 1999, and 20&nRd four-AAO outliers(1991, 1980, 2000 and
2002) Figure 5.4 mows the largest and the smallest annual cycles selected and the
composite mean annual cycles for ENSO and #A©worth mentioning that AAO+ had one
year that belonged t@n El Nifio composite (2015) and three from La Nifia compgsitas
(21999, 2010 and 1998), wh#8AO had one EIl Nifio year (1991).

The ENSO curves had relatively similar shapes with smooth variations in relation to the
composite mean value, especially La Nifia, where the Composite is very similar to the
individual contriluting years. La Nifia (El Nifio) presented positive (negative) values,
indicating a high consistency. El Nifio showed a significant difference from August to
December, while La Nifia shedisome variation during June and July. However, overall, the
Composites a good representation of the annual cycle in both cases,Ratit Mean Square
Error RMSIEranges of 0.64€.23 for El Nifio and 0.1%.29 for La NifisRMSE is thdifference
between the data obtained by theomposite with the real driver index divided byhe
number of samplesBeckers and Rixen, 200Baylor et al., 2013

AAO shwed more variability in its annual cycle andas less well represented by the
Composite. These differences were more evident in-#th&Q where December showed the
same value foboth events but with the opposite sign. This difference is likely related to the
AAO short cycle mentioned ohapter2. NonethelessOctober and December were the only
months with significant variation in terms of Shile +AAQR composite shows relately

low variability. Therefore, the AAO composite lines fit with an RMSE range 0 386or

the positive Composite and 0.9B57 for the negative one
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5.3.Results

5.3.1. ChlorophyllIReconstruction[O.2.1].
In thissection Chl was reconstructed by CCAetdend the data from 2002018 to 1979
2018 to create Chl composites. CiSAhased on correlations obtained between the Chl EOF
and another EOF variable. The variables tested were SST, VW and UW. The data were
normalised and divided by their monthly gridpo SD. Before this, gaps in the Chl data had
been filled using the DINEOF. The results discussed here are divided intcubssetions.
Section5.3.1.1 explains the DINEOF and EOF results, while the CCA results are shown in
section5.3.1.2. Finally, aroverall analysis appears section5.3.1.3.

5.3.1.1.  CGanonicalCorrelation AnalysisSettlement.
Due to adverse weather conditions, around 24% of the Chl data were missing (553,891
points). Thesubsectiols affected by this were largeBS towards the Drake Passage from
April to August. The DINEOF technique was used to fill these gaps. The error was calculated
using croswalidation, so 1% of the remaining data (17,002 points) were discarded randomly.
As aresult, the final N was 22 after 169 iterations, while the RMS stabilised at 0.829. This is
acceptable consideringhe range ofChl anomalies was.3 to 3.6 which means a tolerance
error of around 12%Then, the EOF analysis was performed for the f@uiables; Figure 5.5
shows the truncation and the cumulative explained variance. The selection was made
F O02 NRAY 3 GaThnbEdrtikr3a.1.1y.dzf S
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Figure 5.55howsthat SST possessed the sharpest curve, followed by UW and VW. This means
that SST had more walkfined patterns, sodwer EOFsvere needed to obtain a good
approximation. On the other hand, the Chl cuwasvery shallow, which means the Ghhs

less well represented by its EOFs because it possésaeddistinct patterns than the rest.

Despite this, théd 2 NI K @&Thumbztriteria were fulfilled first by Chl needing only twenty
EOFsHowever, only 55% of the variance is kepiventyseven EOFs were needed for SST
and UW and nineteen for VW, explaining 92%, 90% and 89%, respectively. The sensitivity of
the Chl patten was tested by examining less (fifteen) and more (thirty) BE@kgretained,

leading to 50% and 61% of the variance being explained, respectively, showing no significant
differences to the Chl prediction.

5.3.1.2. CanonicalCorrelation AnalysisHnal Results
CCA maximised the correlation between the covariance of the predictor and the pred&tand
EOF, which is made by an SVD decomposition (For a full explarsgiaion5.2.1.3). Ths
result showsCanonical Vectors and their respective correlation (Canonical Correlation Rc).
The Canonical Vectors represent the weight needed to transform the predictor and
predictand that were previously reconstructed by EOF in the Canonical Va(iates.10).
Thus the predictor and the predictand can be obtained by rearrangiggs.10, where the
variables are equal to the Canonical Variate multiplied by its respective Canonical &ector (
5.10a). Finally, the predictand Variate is replaced by the predictor t¢amailtiplied by the
associated R(Eq 5.11). This allows extension of the predictand in time using the predictor.
The number of correlations used to predict the variable is called the mode, and it is the same
or lower thanthe number of EOFs used to rewtruct the variable in the EOF technique.

The prediction error was estimated in different ways. First, the prediction was correlated
with the Chl data that wre previously interpolated, showing the R per location in a map
(Figure5.6). The R means in absolute value were estimated as well as a reference. At the
same time, the Mean Absolute Error (MAE) was calculated using Eq. 5.13, where m1 is the
number of pairs that were compared (Taylor et al., 20MAE is enoughconsideringthat

data were previously normalised (Taylor et al., 2013).

D60 — &) &) (5.13)

However, this procedurgvasnot accurate because all the data were used in the prediction
(FultMode). Therefore, a TrainiFglode was tested; this consisted of performing CCA over a
shorter period where part of the Chl was not considered (Taylor et al., 2013; Schollaert Uz et
al., D17). For the Traininlylode period, the prediction was constructed using data from
2003 to 2013, while the predictegeriod was from 2003 to 2018. Théhl prediction
regression using SST, WANd VW versus the Chl is shown in Figu®& @hile Figure 5.
shows only the predicted period.
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HGURES.6. CORRELATION OF TBHL VS THEHL PREDICTED FIELDS USBIBYWANDUW (RIGHTCENTRE AND LERESPECTIVIELY
THE FIRST ROW SHOWS CHAPREDICTION USIRGLLCHL DATATHE BOTTOM ROW SHOWS TREININGMODE(20032013)
CORRELATED WITH @HE DATA20032018).

Figure 5.6 exhibitthat the best FulMode Chl prediction was made using SST-8HJIwith

R=0.45 on average and MAE=0.63, producing an error of 9.7%, while VW and UW showed R
on average of 0.21 and 0.23 respectively -E8T was also the best at the Traidihgde, but

the R fell to 0.33 with an MAE of 0.72, increasing the error to 1dH64ever, the R dropped

to 0.19, with an MAE of 0.85, when only the predicted time (2RQ48) was considered,
raising the error to 12.7%-{gure5.7). The VW and UW showed a lower MAE, but th@nR
averagewas lower than SST (0.14 and 0.12, respectively). It is worth noting tha¥\@hl
showed a better correlation in the Southern Zone coast, indicating thasthgherlywinds

heavily influence the Chl concentration thexien they are present

Although the redtionships are weak where real data was not present, the error was relatively
homogeneousecause the CCA method is based on patterns. The number of modes used to
construct the SST and Chl Variates was fourteen of twenty, with Rc ranging from 0.89 to 0.45
during FulMode. The Training/lode required sixteen Modes of twenty, with Rc ranging
from 0.93 to 0.46 Table5.4). The Traininylode presented higher correlations owing to its
shorter period. The criteria used to define the number of modes used thdcBiflglett

trace, as explained at the end sifibsectiorb.2.1.3.
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HGURED.7. CORRELATION OF 1B VS THEHL PREDICTED FIELDS USBIBYWANDUW (RIGHTCENTRE AND LERESPECTIVIELY
THE MAPS SHOWETRAININGMODE(20032013)PREDICTION CORRELATED WITBHTHEATA20142018).

TABLES.4. RCFOR THE MODES USBHESSTN THEFULEMODE ANORAININGMODE THE UNDERLINED VAINIHCATES VEN IT WAS
TRUNCATED

Mode FullMode TrainingMode

1 0.89 0.93
2 0.87 0.91
3 0.84 0.9
4 0.82 0.89
5 0.79 0.85
6 0.76 0.81
7 0.73 0.75
8 0.69 0.73
9 0.67 0.74
10 0.62 0.69
11 0.57 0.67
12 0.51 0.64
13 0.49 0.57
14 0.45 0.53
15 0.42 0.51
16 0.36 0.46
17 0.30 0.43
18 0.26 0.37
19 0.19 0.34
20 0.13 0.20

Figures 5.8 and 5.9 show how Variates SST and Chl in C@fdeulinode 1 (CCA 1) are
correlated using the whole Chl data and during the CCA Trautate mode (training CCA

1). The Variate is obtained by Eq. 5.10, where g=1, so only the first temporal EOF (V) is used.
Chl monthly anomalies patterns from the full CCA 1 and training CCA dlnaostidentical

but with the opposite sign, while the SST anomalies showed a slightly different pattern
(Figures 5.8 and 5.9). The Chl pattern showed a noticeable variation in the Northern Zone in
the open ocean, while the coastal strip did not show large spatial variability, except for
particular zones at 20°S, 40°S and the Southern Zone (50° to 60°S). ThiseZeratlyg
presents more variation due to its geomorphological complexity and possibly the AAO
impact.
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HGURES.8. HRSTCCAFULL MODBFCHL ANDSST20032018)MONTHLY ANOMAL|ESHE BOTTOM SHGWHEVARIATES CBHL
ANDSSBELONGING TO THE FREFWITH THEIR CORRELATRON

The Variates created using the Chl and SST data from 2003 to(B81@&mn Figure 5.8)
presented a threeyear parabolic cycle that repeated twice from 2005 to 20Ebm 2011
onwards it tends to have a flatter behaviour. The Variates in the TraiMogle (bottom
Figure 5.9) exhibited a lower variability with a parabolic cycle with a frequency that varies
from four to two years.

The CHR spatial EOFs (A) can be recreaisihg the CCA code based on the SST spatial EOF
(B). These were done by replacingaXd ¥ in Egs. 5.10 and 5.11 with their spatial EOFs.
Finally, A.s wasmultiplied by Qto add the units back. The first ten of twenty Chl EOFs for
the predicted data ad TrainingMode data are shown in Figures 5.10 to 5.13.

The first three Chl EOFs were reproduced with good accuracy HySThprediction at the
FullMode (Figures 5.10 and 5.11); this was especially the case fosE@Rd 3. The EOFs 7

and 14 also wexr well correlated, with an R over 0.7. In the case of the other EOFs, their
general tendency is matched with an R above 0.5, apart from EOF 12 (R=0.48). The main
differences in these were that the Predicted EOF curves had smoother beh#viouthe
originals, which presented a high variability. In the case of the TraMode Figures 5.12

and 5.13), the first three EOFs were also well reproduspdcificalyEOF 3. However, the
predicted EOFs did not follow the original EOF curves correatliytbe period in which the

data were not used (2012018). This reduced the correlation. Only E®B, 9 and 11 had

an R above 0.5. The EOFs 4, 10, 13, 15 and 16 were loosely followed, with R below 0.4.
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SST monthly anom training CCA 1 Chl monthly anom training CCA 1
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RGURES.9. ARSTCCATRAINING MODBF(CHL ANDSST20032013)MONTHLY ANOMAL|EHE BOTTOM SHGWHEVARIATES OF
CHL ANOSSBELONGING TO THE FBEAWITH THEIR CORRELATRON
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—— Chl EQF - portion used in CCA madel
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HGURES.11. CCACHI-EOF 6-10 PREDICTION19792018) USING CHI-SSTFUL:MODE (20032018). R INDICATES THE
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AGURES.13. CCAHLEOR-10 PREDICTION 9792018)USINGHL-SSTIRAININGMODE(20032013).RINDICATES THE
CORRELATION BETWEEN THE PREDICTION AND EMLE QAL

The fourteen modegTable5.4) used in the FuMode ChSSTcould explain the Chl EOFs
patterns responsible for 33% of the variance with an R over 0.6, while 13% of the variance
was followed with an R over 0.5. This represents 46% of the 55% Chl variance that could be
represented. In thecaseof the Training Mode, 27%f ¢he Chl total variance was reproduced

with an R over 0.5The FulMode reconstruction was used for the subsequent analysis, but
the error is likely mordike the Training Mode.

5.3.1.3.  Overview.
Overall, the SST variable was the best of the three parametarsiadered to predict Chl.
Although ChISST prediction showed a 0.45 mean R usingMade (Figure 5.6)and 0.19
taking into account only the Chekctionthat was not used in the forecast at Trainihtpde,
the MAE was acceptable in botases. This occurbecause the CCA predicts the general
patterns rather than the data itself. This prediction was autstanding achievement
representing 46% of the variance with an R aboveif.6ach Chl EOF (Figures 55101)
bearing in mind that Chl showed high vaila, needing twenty EOFs to explain only 55% of
the variance. Also, this 55% was reached using the DINEOF to fill the gaps. Thus, only 9% of
the variancecould notbe explained adequately through the CQAis data quality is enough
to establishreasonable Chl patterns that will determine how the climate drivers impact the
Chl through the composites. Thus, S8T FulMode data was used from 1979 to 2003, while
the remaining analysis used the Chl data interpolated directly.

5.3.2. dimate Driver Compsites[O.2.2].
5.3.2.1.  PhysicalComposites
Thissectionshows and discusses the SST, W and PR anomalies associated with positive and
negative ENSO and AAO compositdsese anomalies were divided by SD to normalise them.
Thewind was seen as a unique parametertiviarrows anda colour scale to represent its
direction and intensity. However, this information was complemented willv &nhd WV
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maps; these are not shown. In addition to this, difference maps between the positive and
negative parts of the respective cyslevere considered. The exception was the winds
because the differencevould create an arrow in a direction that physically does not make
sense. The construction of the ENSO and AAO compostxplained insection5.2.2.4 In

this section the anomalies higher than +1 were considered significant. Also, the discussion
will be mainly focused on the coastal stniith some exceptions.

a) El Nifia
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HGURE.15. ANNUAL WIND CYCLE ANOMALY NORMALISED COMPJSINEWDR

The EI Nifio SSFigure5.14) showed aignificantpositive anomaly coming from the Equator

and moving poleward along the Chilean coast. This anomaly was present the whole year, but
it covered an extensive area in Septemiatober where theSSTwas highest and raised in

the entireNorthern and parts oftte Central Zone. Then, thisarm anomalyslowly retreated,
covering only from the Equator to 2N by April. From July to October, the most affected
subsectios were 3NLC égection 3.2.2 to know how the subsectios were created).
Meanwhile, the Equator exhitgid a very significant positive anomaly for September to
March. The Southern Zone presented a slight positive anomaly during this time. However,
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this Zone suffered a significant SST increase from January to May that spread and moved
westward, particularlyn the 40° to 60°S strip. In May, this rise moved equatorward, meaning
that the whole Chilean coast experienced a consider8i3dise.
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FGURE.16. ANNUALPRCYCLE ANOMALY NORMALISED COMPOSH HNFIR

The El Nifio Wind composit@igure5.15) showed how the anomalies change the wind
direction, which nght reduce the coastal upwelling isubsectios 3N to 3Cin October,
DecemberandMarch, with a peak in Septembe3N also exhibited westerly wind anomalies
in June and July that could affect its regular upwelling. Howe3dr,with 2N, showed
southerly wind anomalies that increased the upwelling in Novem8ahsectiorilN showed
winds increasing that may raise the uplWmy in December, February and Apiilhe 3S
presented high anomalies adjusting the wind speed and dhamngth a significant southerly
componentfrom September, October, Februaand May.This is relevant because this Zone
does not present upwelling wits under normal circumstances.

The El Nifio PEFigure5.16) showed a positive PR anomaly in the Central Zon&ldnahile
the Southern Zone was mainly negatid®&-1Cwere the most affectecdubsectios reaching
significanty higher PR anomalies in Jufgjgust, October, December and Ap8lbsectios
2G4C also experieped a PRincrement in Septembe®ctober, which extend the regular
rainfall season from winter tgpring. Aslight PRincreasewasfound in1Sin July. The other
southernsubsectios exhibited a slight drop itheir anomaliesthroughout the year, with a
more significant reduction in Apiilay. The Peruvian Zone presented an incremiartheir
PRanomalies almost the entire year, except for Jame July.

Overall, El Nifio was characterised by SST and PR increment anomalies that mainly affected
the Central Zone. Positive SST anomalies were present the whole year in theilNattne
whereas in the Central Zon¢his was not thecasein most of the Austral summer and
autumn. The wind variations were less clear and sporadic. The changes experienced in the
Southern Zone were sporadi@Swas the most affected by episodic southerly winds &8I
anomaliesising from Januaryto May.

Based orchapter4 correlations summarsed in Table 4.@nd reproducedin Table 5.5the
SSTincrease mightdecreasethe Chl concentratiorin the Northern and Central Zone. The
Southern Zone showed elevated SST anomalies in the auiithra weak correlation with
the Chl This is consistent with the lack of southerly wintisading to low upwelling in this
Zone.The PR in the Nor#rn Zoneis positively correlated with Chivhile in the Central and
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Southern Zonavas negative Nevertheless, only frorBCto 3Sthe carelationswere strong
with Chl. The southerly wind#ere positively correlated with Chl, but theseere not
significant insubsectios 1N, 2N and 2C.

TABLES.5. CHL REGRESSION WITH THE PHYSICAL PARAMSTIBEERERN THE COASTAL STRHE STATISTICALLY SIGNIFICANT
CORRELATIONS ARE UNDER{IN@D<PVALUES0.05) WHILE THE STATISTICALLY VERY SIGNIFICANT ARB-WABOESO0.01).
Rho Chl~SS1 ChlI~PR Chl~VW Chl~UW

INT -0.10 0.14 0.07 -0.12
2NT  -0.13 0.05 0.09 -0.03
3NT -0.12 -0.08 0.21 0.10
1Cr  -0.16 -0.07 0.20 -0.03

2Cr -0.15 0.04 0.08 0.06
3Cr -0.19 -0.20 0.27 0.20
4CT  -0.20 -0.33 0.38 -0.27
1sT -0.06 -0.39 0.45 -0.41
2sT  0.15 -0.24 0.26 -0.29
3ST  0.20 -0.20 0.23 -0.32

Considering all of these, the Nodgim Zoneshould be affected negatively in thehl
concentrationduring El NinoThoughsubsectios 2N and 3N might experimentwith Chl rise

in June and November. The firgtas due to a very significant PR anomaiyhile in
November the risewould be related to southerly wind€\Nevertheless In Jungthe SST
anomalies increased thatedudng the Chl. ThereforeJune is less likely tbave a Chl
increment. The1Cand 2Cmight suffer a Chl reduction due to PR and SST increments from
June to Octoberplus January and May for SST incremsemtly, affecting 3C and 4C 3S
exhibited Southerly winds in September, October, February and Mag, thls subsection

and 2S suffered a SST increase and PR reduction anomalies in Aprilghatncrease the
Chl.

b) La Nifa
The La Nifia compositEigure5.17) showed only a slight drop in the SST anomalies along the
Chilean coast from June to Januarxcept for the Drake Passage, where there was a mild
SST anomaly increase from Julhy. The SST anomaly tended to disappear during February
and March;subsectiols 2N, 2G3Cand 2Snormalised slightly faster than the rest. However,
they cooled down again in April and May. The Central Zone was the most affected $§this
variation, reaching significant negative anomalies during Aught2G30Q, December IN,
40 and April {G2Q. Finally,1N also showed a significal®STdrop near the Peruvian coast
in October.
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The wind direction was not altereduring La Nifia, with some exceptionsgure5.18). The
Northern Zone showed southerly winds increment in July and March, whahproduce

more upwelling irsubsectios 1N2N. Although the southerly winds here are not weak these
months, the Chl is low due to the lack of radiation (chapter 4), so it will not necessarily
produce a Chl increment. 3N and 1C also showed variations in July, but these were westerly
winds anomaliesTrese westerlyanomaliesappeared in May in 2Mith low intensity In the
Central Zone, 4C showed a significant rise in their southerly winds anomalies during April,
whereas 1C exhibited westerly windgrementin August 3S typically had westerly winds
that do not produce upwelling, but parts of it exhibited significant northerly winds anomalies
that might provide an additional downwelling in Junghile in December and April, an
increment in the asterly winds anomalies appeared.
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HGURE.18. ANNUAL WIND CYCLE ANOYMDRMALISED COMPOSITES RORIA
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FHGURS.19. ANNUALPRCYCLE ANOMALY NORMALISED COMPOSIRENHIR

La Nifia had a weaker impact &Rthan El NifiqFigure5.19) The Northern Zone showed a
slight rise irtypical PRralues from October to December. The 1N increase in October was the
only signiftant anomaly on PR that happened in La Nifia tiearChileancoast.Along the
Peruvian coast, significant PR anomalies were observed from February toSpekction
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1G3C suffered a slight drop in July. A similar decline was detected-i546 Octobe
November (plus 2S), April and May (plus SspsectiorBS suffered a minor rise in a region
close to the Drake Passage. This happened in July, April and May. This increment on 3S
covered a higher extension In October and December, which included #me @gean strip,

but these were not significant.

In general, La Nifla showed some episodic significant SST reduction anomalies in the Central
Zone mainly a few southerly winds anomaly events in the Northern Zone. Considering
chapter 4 relationships, 1N gtt increase the Chl in July, October, December and March
owing to wind, SST and PR variations. 2N might show an increase in July due to wind
variation. 3C might exhibit a Chl increase in August (with 2C), November, December and April
(along with the resbf the central Zone) due to SST anomalies reduction. Finally, 3S might
have a Chl drop in June based on the northerly wind anomaly increment.

¢) ENSO comparisan
The difference in SST between EI Nifio and La Nifia is shown in Figure 5.@8mbinistrates
that the Northern and Central Zone (especiaB¥>3Q were thesubsectiols with the most
significam contrast between these phases. The highest difference was in Septerh8er.
presented different responses the entire year as well, but at aefomtensity. 2S53S
differences started in October, increasing slowly until January. They then slightly retreated in
FebruaryMarch to grow again in April. This analysis pointed out that El Nifio and La Nifa
share similarities in their SST patterns. Howewhe Northern Zone(SeptembetOctober,
March-May) and theSouthern ZongdMarch-May) were more affected by El Nifio. On the
other hand, La Nifia affectetCmore in August. December showed a significant impact from
La Nifia coverin@N and 4C
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FHGURE.20. ANNUALSS EYCLE ANOMALY DIFFERENCE BETWEEN THE POSITIVE ANENE@®AAEE COMPOSITES

The PR variations were more intense in the Central and Southern Zone during HHNSO (
5.21). During El Niflo, 3NC was the most affectedubsectionreaching the highest PR
anomaly in June, while 255 was the most affected negatively, getting the lowest value in
May. La Nifia showed an opposite pattern, but the differences Wese clearespecially in

the Central Zone. Although in the Southern region, the PR anomalies rise were present in
seven of twelve months. The Northern Zone showed some small PR increment during the
Austral spring.
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FGURE.21. ANNUALPRCYCLE ANOMALY DIFFERENCE BETWEEN THE POSITIVE ANENEG®ARSE COMPOSITES

d) PositiveAAO(+AAO)
The SSTAAOcomposite (Figure5.22) had a fairly general drop in the SST Wwak not
significant. This tendency for negative SST anomalies star@d im June and slowly spread
to the Northernand Southern Zoneovering the whole Chilean coast in December. However,
September and November showed local anomaly increment2G8C 3Swas the only
subsectiorthat suffered a Bght SST increase during June and,Juhjle the rest of the year
exhibited a negative ammaly. The3Svariation propagated from the Drake Passage directly.
Here, a significant drojm the SSwas found in the Austral summand May
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FHGURB.22. ANNUALSSTTYCLE ANOMALY NORMALISED COMPORHAAO.

Figure 5.23 shows the wind behaviour anomalies during a +AAO phase, indicating minor
variations. The great exceptiomas in Julywhen the wind patterns were significantly more
intense. This was particularly true $ubsectior2N, having higher southerly windsmomalies

but with a westerly componentwhile 3S exhibited artherly winds increment. The central
Zone remains in its typical nditions. The rest were minor occasional wind anomalies that
were not significant, such as a slight increase in salith@inds detected in 1S during
September and January, while February and March exhibited little northerly winds in 1S and
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