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Abstract. The Peruvian Upwelling System hosts an extremely high productive marine ecosystem
:
a
:::::::
marine

::::::::
ecosystem

:::::
with

::::::::
extremely

::::
high

::::::::::
productivity. Observations show that the Peruvian Upwelling System is the only Eastern Boundary Upwelling

Systems
::::::
System

:
(EBUS) with an out-of-phase relationship of

:::::::
between seasonal surface chlorophyll concentrations and up-

welling intensity. This "seasonal paradox" triggers the
::::::::
following questions: (1) what is the uniqueness

::::
What

::::
are

:::
the

::::::
unique

:::::::::::
characteristics

:
of the Peruvian Upwelling System,

:
compared with other EBUSthat leads to the out of phase relationship; ,

::::
that5

:::
lead

:::
to

:::
the

::::::::::
out-of-phase

:::::::::::
relationship;

:::
and

:
(2) how does this uniqueness lead to low phytoplankton biomass in austral winter

despite strong upwelling and ample nutrients
:::
How

:::::
does

:::
the

:::::::
seasonal

:::::::
paradox

::::::::
influence

:::::::::
ecosystem

::::::::::
functioning? Using obser-

vational climatologies for four EBUS,
:
we diagnose that the Peruvian Upwelling System is unique in

::
the

:::::
only

:::
one

::
to

::::::
reveal

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

model (CROCO-BioEBUS) to assess how the interplay between mixed layer and upwelling is regulating
:::::
layers

:::
and

:::::::::
upwelling10

:::::::
regulates

:
the seasonality of surface chlorophyll in the Peruvian Upwelling System. The model recreates

:::
Our

:::::
model

::::::::::
reproduces

the "seasonal paradox" within 200 km off the Peruvian coast. We confirm previous findings that deep mixed layers, which

::::::::
regarding

::
the

:::::
main

::::::::::
contribution

::
of

::::::
mixed

::::
layer

:::::
depth

::
to

:::
the

:::::::::
seasonality

::
of

::::::::::
chlorophyll,

:::::::
relative

::
to

::::::::
upwelling.

:::::
Deep

::::::
mixed

:::::
layers

::
in

:::::
austral

::::::
winter

:
cause vertical dilution and stronger

::
of

::::::::::::
phytoplankton

:::
and

::::::
strong light limitation, mostly drive the diametrical

seasonality of chlorophyll relative to upwelling. In contrast to previous studies, reduced phytoplankton growth due to enhanced15

upwelling of cold waters and lateral advection are
::::::::
impacting

::::::
growth.

::::
The

:::::
effect

::
of

::::::::
advection

:::
on

:::
the

::::::
buildup

:::
of

::::::::::::
phytoplankton

:::::::
biomass,

::::::
though

:
second-orderdrivers of low surface chlorophyll concentrations,

::
is

:::::::::
consistent

::::
with

:::::::
previous

::::::::
findings

:::
for

:::
the

:::::::
Peruvian

::::::
system

::::
and

:::::
other

::::::
EBUS,

::::
with

::::::::
enhanced

::::::::
offshore

:::::
export

::::::::
opposing

::::
the

::::::
coastal

:::::::
buildup

::
of

::::::::
biomass.

::
In

::::::::
addition,

:::
we

:::
find

::::
that

:::
the

::::::::
relatively

::::::
colder

:::::::::::
temperatures

::
of

::::::::
upwelled

::::::
waters

::::::
slightly

:::::::
dampen

::::::::::::
phytoplankton

:::::::::::
productivity

:::
and

::::::
further

:::::
slow

::
the

:::::::
buildup

::
of

::::::::::::
phytoplankton

::::::::
biomass. This impact

::::
from

:::
the

::::::::::
combination

:
of deep mixed layers and upwelling propagates up20

::::::
through

:
the ecosystem, from primary production to export

:::
and

:::::
export

:
efficiency. Our findings emphasize

::::::::
emphasise the crucial

role of the interplay of the mixed layer
:::::::
between

::::::
mixed

::::
layer

:::::
depth

:
and upwelling and suggest that surface chlorophyll may

increase,
:
along with a weakened seasonal paradox

:
, in response to shoaling mixed layers under climate change.
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1 Introduction25

The Peruvian Upwelling System (PUS) hosts a disproportionally productive ecosystemand supports
:
,
:::::::::
supporting

:
10% of the

world’s fishing yield while covering only 0.1% of the ocean area (Chavez et al., 2008). As one of the Eastern Boundary

Upwelling Systems (EBUS), upwelling-favorable winds bring up
:::::
winds

::::::::
favouring

:::::::::
upwelling

::::
raise

:
cool, nutrient-rich waters to

the surface, supporting high primary production and fish yield. At the same time, the
:::::::::::::
Simultaneously,

:
high primary production,

together with subsequent export and remineralization in part causes
:::::::::::::
remineralisation

::::::::::
contributes

::
to

:::
the

:::::::::
formation

::
of

:
a sub-30

surface oxygen deficient
::::::::::::::
oxygen-deficient zone which is particularly shallow and intense in the PUS (Fuenzalida et al., 2009;

Stramma et al., 2010; Getzlaff et al., 2016). Particularly via
:::
due

::
to

:
its high productivity, the response of the PUS to climate

change is of great social and economic interest (Pauly et al., 1998; Bakun, 1990; Bakun et al., 2010), and a variety of studies

have investigated how physical and biogeochemical processes influence the production of phytoplankton and
::
as

::::
well

::
as

:
its

potential links to ecosystem functioning in the PUS.35

While the PUS has been frequently compared to other EBUS (
:::
e.g.,

:
the Benguela, California, and Canary Systems), it

is set apart by how the surface chlorophyll responds to the variation of upwelling on a seasonal scale. The high produc-

tivity of EBUS primarily benefits from the upwelling of nutrient-rich waters, driven by the alongshore equatorward winds.

Hence, it is commonly assumed that the magnitude of phytoplankton biomass in EBUS is directly correlated with the wind-

driven upwelling intensity (Bakun, 1973). However, in the PUS, upwelling intensity and surface chlorophyll are not cor-40

related on the seasonal scale (hereafter referred to as "seasonal paradox"; Chavez and Messié, 2009). Indeed
:
a

:::::::
seasonal

:::::
scale

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(hereafter referred to as "seasonal paradox"; Chavez, 1995; Thomas et al., 2001; Echevin et al., 2008; Chavez and Messié, 2009)

:
.
::::::
Instead, they are out of phase, with the lowest surface chlorophyll concentration in austral winter when upwelling intensity is

highest
::::::::::::
corresponding

::
to

::::::::
maximum

::::::::
upwelling

::::::::
intensity (Calienes et al., 1985). Echevin et al. (2008) and Messié and Chavez (2015)

argue that mixed layers are deep when upwelling and nutrient supply is highest. Deep mixed layers would cause dilution of45

phytoplankton, and growth to be limited by
::::
used

:
a
:::::::
regional

:::::::
coupled

:::::::::::::::::::::
physical-biogeochemical

:::::
model

::
to

::::::::
simulate

:::
the

::::::::
"seasonal

:::::::
paradox"

::::
and

:::::
found

:::
that

:::::
deep

:::::
mixed

:::::
layers

::::::
caused

:::::::
dilution

::
of

::::::
surface

:::::::::::::
phytoplankton,

:::::::
reduced

::::::
growth

:::
due

::
to
:::::::
limited light, and

subsequently iron
::::::
reduced

::::
iron

:::::
levels (as phytoplankton needs

::::::
require

:
more iron under low light condition), leading

::::::::
low-light

:::::::::
conditions).

:::::
This

::::::::
ultimately

:::::
leads to low chlorophyll under strong upwelling conditions. Lower surface radiation

::::::
Results

:::::
from

::::::::::::::::::::::
Messié and Chavez (2015)

::::::::::
corroborated

::::
iron

::::
and

::::
light

:::::::::
limitations

::::::
found

::
in

::::::::::::::::::
Echevin et al. (2008),

::::::::
showing

::::::::::
additionally

::::
that50

:::::::
relatively

::::::
strong

:::::::
offshore

:::::::::
advection

::
in

::::::
austral

:::::
winter

::::::::
regulated

::::
the

::::::
buildup

::
of

:::::::::::::
phytoplankton

:::
and

::::
thus

::::
also

::::::::::
contributed

::
to

:::
the

:::::::
seasonal

:::::::
paradox.

::::::::::::::::::::::::
Guillen and Calienes (1981)

::::::::
suggested

:::
that

:::::
lower

::::::
surface

:::::::::
irradiation in winter might amplify light limitation

(Guillen and Calienes, 1981). Hence, while upwelling and mixed layer depth both regulate phytoplankton , the interplay of

the two has not been assessed. Further, it remains unclear
:::
and

:::::
further

:::::
limit

::::::::::::
phytoplankton

:::::::
growth,

::::
while

:::::::::
insolation

::::
was

:::::
found

:::
not

::
to

::::
play

:
a
:::::
major

::::
role

::
in

:::::::::::::::::
Echevin et al. (2008).

:::::::::::
Additionally,

::::::::::::::::::
Echevin et al. (2008)

::::::::
concluded

::::
that

::::::::::
temperature

::::::
played

::
no

::::
role55

::
in

::::::::
regulating

:::::::::::::
phytoplankton

::::::
growth.

:::::::
Despite

::::::::
previous

:::::::
research

:::
on

::::::
surface

::::::::::
chlorophyll

::::::::::
seasonality,

::::::::::
uncertainty

::::
still

:::::::
remains
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::::::::
regarding why the seasonal paradox occurs only in the PUS and not in the other EBUS,

::::
and

:
it
::
is

::::::::::
unexplored

:::
how

:::
the

::::::::
seasonal

::::::
paradox

::::::
affects

:::::::::
ecosystem

::::::::::
functioning.

To this end, this study will address
::::
This

:::::
study

::::::::
addresses the following key questions: (1) what is the uniqueness of PUS

:::
are

::
the

::::::
unique

:::::::::::::
characteristics

::
of

:::
the

:::::
PUS, compared to other EBUSthat leads to the

:
,
:::
that

::::
lead

::
to

::::
this seasonal paradox; (2) how60

does the unique mechanism limit phytoplankton from growing under strong upwelling
::::
what

:::
are

:::
the

::::::::::
mechanisms

:::
that

:::::
cause

::::
low

::::::
surface

::::::::::::
phytoplankton

::
in

:::::
winter; and (3) how will this further

::
do

::::
these

:::::::::::
mechanisms affect ecosystem functioning.

2 Data and Methods

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

We use
:
a
::::::::::::
climatological

:::::::::
simulation

::
of

:
the three-dimensional regional ocean circulation model CROCO (Coastal and Regional65

Ocean COmmunity model; Debreu et al., 2012) coupled with the biogeochemical model BioEBUS (Biogeochemical model

for the Eastern Boundary Upwelling Systems; Gutknecht et al., 2013) for this study.

We use the same technical set-up
:::
The

:::::
same

:::::::
technical

::::::
setup,

:
including the model grid

:
,
::
is

::::
used

:
as in José et al. (2017)

:
,

::::
along

:
with an updated version of the ocean circulation model CROCO. CROCO is

:::
the

::::
next

:::::::::
generation

::
of

:::
the

::::::
ROMS

:::::::
AGRIF

:::::
model

::::::::::::::::::
(Tedesco et al., 2019),

::::
and

::
is

:
a free-surface and split-explicit regional ocean model system (ROMS; Shchepetkin and70

McWilliams, 2005). We employ a two-way nesting approach, with the larger coarser-resolution domain covering the Southeast

Pacific and the smaller higher-resolution domain focusing on the PUS. The larger domain has a 1/4� resolution, spanning from

69�W to 120�W and from 18�N to 40�S. The embedded "child" domain has a resolution of 1/12� and extends from 5�N to

31�S and from 69�W to 102�W (Fig. A1) which
:::
and

:
is used in this study. Both coarse

:::
the

::::::
coarse- and fine-resolution domains

use 32 sigma levels in the vertical direction, with finer resolution towards the surface and shallower regions. The surface75

layer thickness is ranging
::::::
ranges from 0.5 m in the coastal region (water depth around 50 m) to around 3 m in the offshore

region(water depth ,
::::::::::::
corresponding

:::
to

:
a
:::::
water

:::::
depth

:::
of more than 4000 m). Initial and boundary conditions are provided by

the monthly climatological SODA reanalysis (Simple Ocean Data Assimilation; Carton and Giese, 2008) from 1990�2010.

The surface
::::::
Surface

:
forcing is based on the monthly climatological heat and freshwater fluxes from COADS (Comprehensive

Ocean-Atmosphere Data Set; Worley et al., 2005), along with wind data from QuikSCAT (Quick Scatterometer; Liu et al.,80

1998). The physical setup is the same as in José et al. (2017) and has been evaluated therein. The model simulates eddy kinetic

energy, sea surface height and alongshore current well, with an underestimation of the intensity of the Equator–Peru coastal

current and Peru–Chile undercurrent
:
,
:::::::
showing

:::
that

:::
the

::::::
model

:::::::::
reproduces

:::
the

:::::::::
circulation

::
of

:::
the

::::::
region

:::::::::
reasonably

::::
well.

The biogeochemical BioEBUS model used in this study was developed explicitly for applications to EBUS and oxygen

minimum zones
:::::::::::::::::::
(Gutknecht et al., 2013). BioEBUS is a nitrogen-based model

:
, originating from the N2P2Z2D2 model by Koné85

et al. (2005). It simulates two phytoplankton and two zooplankton groups: small and large phytoplankton, along with micro-

and mesozooplankton. Further
::::::::::
Furthermore, there are two detritus poolscategorized based on

:
,
:::::::::
categorised

:::
by

:
size. BioEBUS

resolves the N species (nitrate, nitrite and ammonium) and simulates processes under oxic, hypoxic and suboxic conditions

(e.g.remineralization, ,
:::::::::::::::

remineralisation, nitrification, denitrification and anammox).
:::
The

:::::::::
BioEBUS

::::::
model

:::
was

::::
first

::::
used

:::
to
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::::
study

:::
the

::::::::
Peruvian

::::::
marine

::::::::::::::
biogeochemistry

:::
by

::::::::::::::::
Montes et al. (2014)

:
,
:::
and

::
is

:::::::
capable

::
of

:::::::::
producing

:
a
:::::::
realistic

:::::::::
simulation

:::
of

:::
the90

::::::
oxygen

::::::::::
distribution.

:
Initial and boundary conditions for nitrate and oxygen are

::::
taken

:
from CARS (CSIRO (Commonwealth

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

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

estimates. A detailed description of
::::
these

:
biogeochemical processes can be found in Gutknecht et al. (2013). The parameter

settingis
::::::
settings

:::
are the same as in José et al. (2017),with

:::::
except

:::
for a few adjustments to biological parameters (Table. A1) to95

makethe
::::::
improve

:::
the

::
�t

:::::::
between

:::
the

:::::::::
simulated ecology, in particular phytoplankton and zooplankton biomass and seasonality,

better�t
:::
and

:
the observations.

CROCO-BioEBUS is run in coupled mode from thestart
::::::::
beginning

:::
of

:::
the

:::::::::
simulation. The time-stepping of the physical

model is the same as the couplingtimestep,
::::
time

::::
step,

::::
with

:
a

:::::::
duration

::
of

:
1200 seconds. The time-stepping of the biogeochemical

modelis
:::
has

::
a

:::::::
duration

::
of 400 seconds. The coupled model is run for a 25-year spin-up period.Biogeochemicalandphysical100

�elds arespun-up
:::::::
Physical

:::
and

::::::::::::::
biogeochemical

::::
�elds

::::
are

::::
spun

:::
up after one year for the upper 10 mwhile it takeslongerfor

the deepwaters(1000
:
,

:::::
while

::::::
waters

::
in

:::
the

:::::
depth

::::::
range

::
of

:::::::::
upwelling

::::::
source

::::
(100 m)

:::::
require

:::::
3–10

:::::
years

::::::
longer

:
to reach a

statistical quasi-equilibrium (Fig. C1).In this study,we usemonthly outputof the �nal
:::
We

:::
run

:::
the

::::::
model

:::
for

:
a
:::::

total
::
of

:::
30

:::::::::::::::::::
climatologically-forced

:::::
years,

:::::
using

:::
the

:::
last �ve years forouranalyses(years26� 30)

::
the

::::::::
analyses. As welook at

::::::
observe

:::::
from

the surface ecology, our results are not sensitive tothedeep
:::
deep

::::::
ocean spin-up. This study focuses on the 200 km band off the105

Peruvian coast (white line region in Fig. 1a-b)whereshowsthe
:
,
:::::
which

::::::
shows clear seasonal variationalongwith the

::
as

::::
well

::
as strong upwelling.

2.2 Analyses
:::::::
Analysis approaches

To assess the seasonal variance of phytoplankton biomass concentration in each grid box (C)we analyzewith ,
:::
we

::::::::
analysed

the budget of the phytoplankton biomass and how its tendency is driven by physical versus biological processes:110

@C
@t

= PHY (C) + BIO (C) (1)

with:::: [BIO = PP � GRAZ � MORT � EXU � SINK ; PHY = MIX + ADV
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

]

PHY represents the physical processes,
:
including advection and mixing. TheBIO termstandsfor ,

:::::::
whereas

::::
BIO

:::::::::
represents the

biological processes, namely primary productionPP, consumptive mortality
::::::
GRAZ , natural mortality, exudationandsinking.115

We analysein
:::::::
MORT ,

::::::::
exudation

::::::
EXU

:::
and

:::::::
sinking

:::::::
SINK .

:::
All

:::::::::
biological

:::
and

:::::::
physical

::::::
�uxes

:::::
except

:::
for

::::::::::
entrainment

:::::
were

::::
saved

::::::::
monthly

::::
from

:::
the

::::::::::
simulation,

::::
with

::::
units

::
of

::::::
mmol

::
N

::::
m� 3

::::
s� 1,

:::
and

:::
we

:::::::::
integrated

:::
the

:::::
terms

::::::
of�ine

::::
over

:::
the

:::::
mixed

:::::
layer

::::
depth

:::::::
(MLD)

:::::
using

:::
the

:::::::::
croco-tools

::::::::
provided

:::
for

:::::::::::::
post-processing

::::::::::::::::::::::::::::::::::::::::::::::
(https://www.croco-ocean.org/download/croco-project/).

:::
We

::::::::
calculated

:::
the

:::::::
monthly

::::::::::
entrainment

::
as

::
a

:::::::
residual,

::::::::
following

:::
the

:::::::::
calculation

::
of

::::::::::
entrainment

:::
for

:::::::
physical

::::::::
variables

::
in

::
the

::::::::
CROCO

::::
code.

::::
That

:::
is,

::::::::::
entrainment

:::
was

:::::::::
calculated

::
as

:::
the

:::::::::
difference

:::::::
between

:::
the

::::::::::::::
MLD-integrated

:::::::
biomass

:::::::
tendency

::::
and

:::
the

::::
sum

::
of

:::
the120

::::::::
biological

:::
and

::::::::
physical

:::::
�uxes

::::::::
integrated

::::
over

:::
the

:::::
MLD

::
of

:::
the

::::::::
previous

::::::
month.
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:::
We

:::::::
analysed

::
in

:
detail the drivers ofPP: PP is

:
,

:::::
which

::::
was determined by phytoplankton concentration (C) and the growth

rate(J )
:::::
factors

::::::::::::::::::
(L (P AR ) ;L (T ) ;L (N ) )

PP = C � J (N;PAR;T )L (P AR ) � L (T ) � L (N )
::::::::::::::::

(2)

wherethegrowthrateJ is relatedto light availabilityfor photosynthesis(PAR:photosyntheticallyactiveradiation),temperature125

(T) andnutrients(N: nitrate,nitriteandammonium).Thegrowthratehereis
::::::::::::::::
L (P AR ) ;L (T ) ;L (N ) ::::::::

represent
:::
the

:::::
light-,

::::::::::
temperature-

::
or

:::::::::::::
nitrogen-related

::::::
growth

::::::
factors,

:::::::::::
respectively.

::::
Here,

:::
the

::::::::::::
phytoplankton

::::::
growth

::::
rate

:::
was

:::::::
de�ned

::
as a multiplicative function of

the light-, temperature- or nitrogen-related growth factors.To quantifythe
:::
The

:
limitation experienced by phytoplankton within

the mixed layerL mld , it is calculated from each growth factor (L (PAR), L (T) andL (N)):, using phytoplankton concentration (C)

within the mixed layer as a weight (Eq. 3). Light-, temperature-or
:::
and nitrogen-related growth factors that each phytoplankton130

cell experiencesare
::::::::::
experienced

::::
were

:
computed online.

L mld =
P mld

0 L (PAR) � L (T) � L (N) � C
P mld

0 C
(3)

For the analysis, weattribute
:::::::
attributed

:
the seasonal change of the average phytoplankton biomass concentration (Cmld :::::

� Cmld)

within the mixed layer to the changeof
::
in the integrated phytoplankton content within the mixed layer (Bmld), andthechange

of the
:::::::
� Bmld),

::
as

::::
well

::
as

:::
the

::::::
change

::
in

:
volume of the mixed layer (Vmld). With

:::::::
� Vmld).

:::::
Using the chain rule and

:::
the

::::::::
condition135

:::
that

:
V 2 >> V � V , we approximate

:::::::::::
approximated a discrete changeof

::
in the mixed layer tracer concentration (� Cmld) with

::
as

:::::::
follows:

� Cmld =
1

Vmld
� Bmld � Bmld

� Vmld

V 2
mld

=
Bmld

Vmld

� Bmld

Bmld
�

Bmld

Vmld

� Vmld

Vmld
(4)

To assess the relative contributionswe thendivide
:
,

::
we

::::
then

:::::::
divided byCmld = Bmld � V � 1

mld to obtain

� Cmld

Cmld
=

� Bmld

Bmld
�

� Vmld

Vmld
(5)140

whichallowsattributingadecreaseof
::::::
allowed

:::
us

:
to

:::::::
attribute

:::::::::
decreased

:::::::::::
concentration

::
of

::::::::::::
phytoplankton

::
in the mixed layerphytoplankton

concentration
:
, Cmld:

, to a decreaseof
::
in the phytoplankton biomassBmld or an increaseof themixedlayer

::
in

:::
the

::::::::::
mixed-layer

volumeVmld,
:
and vice versa.

2.3 Model
:::::::::::::
Observational

::::
data

::::
and

:::::
model

:
assessment

:::
For

:::::
EBUS

::::::::::::
comparisons,

:::
we

:::::::
digitised

:::::::::
SeaWIFS

::::::::::::
climatological

::::::
surface

::::::::::
chlorophyll

::::
and

::::::::
upwelling

::
(a

:::::::::::
combination

::
of

:::::::
Ekman145

:::::::
transport

:::
and

::::::
Ekman

::::::::
pumping,

:::::::::::::::::
Messié et al. (2009)

:
),

::::::::
estimated

:::::
based

::
on

:::::
winds

:::::
from

:::::::::
QuikSCAT,

:::::
from

:::::::::::::::::::::
Chavez and Messié (2009)

:
.

::::::::::
Additionally,

:::
we

::::
used

:::::::
surface

:::::
nitrate

::::
data

::::
from

:::
the

::::::
World

:::::
Ocean

:::::
Atlas

::::::::::::::::::::::
(WOA; Garcia et al., 2019)

:
,

:::
the

::::::
gridded

::::::
ARGO

::::::
mixed

::::
layer

::::::
dataset

::::::::::::::::
(Holte et al. (2017),

::::::::::::::::::::::::
http://mixedlayer.ucsd.edu/),

:::::::
monthly

::::::::::
climatology

::
of

:::::::
MODIS

:::
sea

::::::
surface

::::::::::
temperature

::::::
(SST)

:::
and

::::::::::
chlorophyll

:::
data

:::::::::::::::::::::::::::::::::::::
(https://oceancolor.gsfc.nasa.gov/data/aqua/)

::
to

::::::
analyse

::::
and

:::::::
evaluate

:::
the

:::::
model

::::::
results.

:
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The model
:::
was is evaluated based on averages over the focus regionwith observationaldatain monthly resolution,

:::::
with150

:::::::
monthly

:::::::::::
observational

::::
data. The correlation coef�cient between the model simulation and observations, the root mean square

error (RMSE) and thenormalized
::::::::
normalised

:
standard deviation (SD) of the observations relative to the model results are

shown in a Taylor diagram as a summary of the evaluation (Fig. 1c, Taylor et al. (1991); a comparison of the spatial pattern

and the seasonal cycles of variablesare
:
is

:
provided in the appendix, see Figs. B1-B4). Model results �t the observational data

reasonably well. The modelperformswell in simulating
::::::::
effectively

:::::::::
simulated sea surface temperature (SST) withR>0.95,155

1<� � <1.2 andRMSD �
:::::::
RMSE � <0.4 (R: correlation coef�cient,� � : normalized

:::::::::
normalised

:
SD, andRMSD� : normalized

RMSD). The modelcaptures
:::::::
RMSE� :

::::::::::
normalised

:::::::
RMSE).

::
It

:::
also

::::::::
captured

:
the observed seasonal cycle wellwith

:
,

::::::
though

::
it

:::::::
produced

:
slightly stronger seasonal variations compared to

::::
those

::::
from

:::
the

:
observational data.As for

:::::::
Although

:::
the

::::::::
seasonal

:::::::
variation

::::
was

:::::::::
somewhat

::::::::::::
overestimated,

:::
the

:::::::::
simulated MLD (de�ned based on a 0.2oC temperature difference criterion),

thoughtheseasonalvariationis somewhatoverestimated,themodelsimulationis
:::::::
remained

::::::
mostly

:
within the observed range160

of ARGO basedMLD mostof the time
:::::::::::
ARGO-based

:::::
MLD

:
(Fig. B3). As for biogeochemical variables, the modelsimulates

surfacenitratewell
:::::::::
effectively

::::::::
simulated

::::::
surface

::::::
nitrate,

:
with R>0.95, 0.6<� � <1 andRMSD �

:::::::
RMSE � <0.4but overestimates

:
,

::
but

::::::::::::
overestimated the nitrate compared to WOA. Cruise data (Fig. B2c-d)shows

::::
show that the overestimation couldarise

::::
have

:::::
arisen from WOA failing to capture thehigh surface

::::::::::
high-surface

:
nitrate concentration in the coastal regionwith

::::
under

:
strong

upwelling. A comparison of the simulated and observed seasonal cycle of surface chlorophyll in the focus region (Fig. 1d)165

reveals
:::::::
revealed that modelled chlorophyll generallyfollows

:::::::
followed

:
the seasonal trend of satellite andin situ data

:
, with the

amplitude of the seasonal cyclefalling in between
:
in

:::::::
between

::::::::::
amplitudes

::::
from

:
satellite andin situ data. Overall, the model

shows
::::::
showed

:
reasonably good agreement with observational data on a seasonal scale, suf�ciently supporting an investigation

of the seasonal paradox with CROCO-BioEBUS.

3 Results170

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

system

Compared with other EBUS
::::::
(spatial

:::::
extent

::
of

::::::
EBUS

:::::::
regions

::::::::
indicated

::
in

::::
Fig.

:::
A2), the Peruvian system is unique in that it

shows a clearanti-correlation
::::::::::::
anticorrelation between surface chlorophyll concentration and upwelling intensity on a seasonal

scale, with lowest chlorophyll concentrations when upwelling is most intense (Fig. 2a,R2 = 0 :71; Chavez and Messié, 2009).175

While the surface chlorophyll in the Benguela system does not feature a strong seasonality, surface chlorophyll
:::::
closely

:
fol-

lows upwelling intensitycloselyin the California (R2 = 0 :92) and Canary (R2 = 0 :88) systems, suggesting that upwelling of

nutrient-rich waters fuels thechlorophyll increasein thesetwo systems.
:::::::
increase

::
in

::::::::::
chlorophyll.

:
Indeed, comparatively low

surface nitrate concentrations indicate that nitrate isusedup and
:::::::
depleted,

:
potentially limiting phytoplankton growth through-

out the year in the California system, andfor about
:::
and

:::
for

::::::::::::
approximately

:
half the year in the Canary system (Fig. 2b).For the180

remainderof theyear,in theCanarysystemenhancedsurfacenitrateconcentrationsarepositivelycorrelatedwith chlorophyll,

suggestingthat phytoplanktonis stimulatedby enhancednitrateavailability. In contrast, the Benguela (R2 = 0 :63) and the
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Figure 1. (a) Spatial distribution of theseasonality
:::::::
amplitude of

::
the

::::::
annual

::::
cycle

::
of surface chlorophyll in log scale

:
(log(chl (mg m � 3) � 1));

(b) Map of annual mean upwelling velocity w (m d� 1) at the bottom of the mixed layer, with contour lines indicating MLD (m). White lines

highlight the focus area; (c) Taylor diagram for seasonal SST (red), MLD (yellow), surface nitrate concentrations (blue
:::::
purple) and chlorophyll

(green). The black dot indicates the model simulation as a reference. The radial distance from the origin is proportional to the standard

deviation(normalized,
:::::::::
normalised by the standard deviation of the data). The green dashed linesindicate

::::
show the RMSE. The correlations

between model and observations are given by the azimuthal position; (d) Seasonal cycles of surface chlorophyll concentration from model

simulation (black solid line), satellite data (dotted line; SeaWIFS (diamond) and MODIS (square)) andin situ
::::
in-situ

:
data (digitized

::::::
digitised

from Pennington et al. (2006, star)
:::::::::::::::::::::::::::::::::::::::::
Pennington et al. (2006, star, 250 km band off the coast) and Echevin et al. (2008, cross)).

Peruvian system
:
s (R2 = 0 :90) feature replete surface nitrate over most of the year.With

::::::
Because

:
higher nitrate concentrations

correlated
:::::::
correlate with lower chlorophyll, this suggeststhat

::
in

::::
these

::::::
cases, nitrate is notlimiting

::::::::
observed

::
to

::
be

::
a

:::::::
limiting

:::::
factor.185

In the Peruvian system, a strong relationship exists between deepening mixed layers and decreasing chlorophyll (Fig. 2c,

R2 = 0 :91), supportiveof
:::::
which

:::::::
supports

:
the notion that dilution of phytoplankton over a deeper mixed layer and/or light

limitation plays a role, assuggested
:::::
found

:
by Echevin et al. (2008). The California system shows a similaralbeit damped

response to mixed layers variations (R2 = 0 :62), suggesting that the same process may play a rolehere,too. The weaker

increaseof phytoplanktonconcentrationswith shallowingmixedlayerscomparedto thePeruviansystemis consistentwith a190

greaterrole of nutrientlimitation. The Benguelasystem,if at all (insigni�cant), showsa very weakresponseto mixed layer

depthvariations,despitequitesomerangeof mixedlayerdepthsoverthecourseof theyear.TheCanarysystemdoesnotfeature
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asubstantialmixedlayerdepthvariability.Rather,in theCanarysystem,mixedlayersareshallowthroughouttheyear,possibly

contributingwith favorablelight conditionsto comparativelyhigh chlorophyll concentrationsthroughouttheyear.All in all,

thePeruviansystemshowsthestrongestresponseto MLD variations.Surfacechlorophyllcorrelatespositively
::::
there

::
as

:::::
well.195

::::::::::
Additionally,

:::::::
surface

::::::::::
chlorophyll

:::::
shows

:::::::::
signi�cant

:::::::::
correlation

:
with SST in the Peruvian (Fig. 2d,R2 = 0 :73) and California

systems (R2 = 0 :65)andto a lesserextentin theBenguelaupwelling(R2 = 0 :41), suggesting that increasing temperaturesare

stimulating
:::::::
stimulate phytoplankton growth.TheBenguelasystemalsoupholdsthetrendof increasingchlorophyll following

theincreasingtemperature,thoughthecorrelationis not signi�cant. As for MLD, theCanarysystemdoesnot reveala strong

seasonalSSTvariancealbeitfeaturescomparativelyhighSSTsthroughouttheyear.200

Strikingly, the Peruvian system is the only one of the four EBUS where high upwelling coincides with deep MLD (Fig. 2e,

R2 = 0 :79). The Canarysystemfeaturesa seasonalityof upwelling but shallowmixed layersthroughoutthe year,while the

Benguelasystemdoesnotvarymuchin termsof upwellingwhile varyingin termsof
:::
and

::::::::
Benguela

:::::::
systems

::::::
exhibit

::::::::::
pronounced

:::::::::
seasonality

:::::
either

::
in

:::::::::
upwelling

::
or

::
in

:
mixed layer depth,

::::::::::
respectively. In the California system, the relationship of upwelling

and mixed layer depth is opposite to that of the Peruvian system, with the highest upwellinginto
::::::::
occurring

::
in the shallowest205

mixed layers.

Given the paradox that strong upwelling in the Peruvian system occurs at the time of the yearly chlorophyll minimum, it is

intuitive that the concurrent deep mixed layers offset the positive impact of upwelled nutrients.In otherwords,morenutrients

only havea stronglocal positiveeffect if concentrationsare low / would be low otherwise
:::::::
Nutrient

::::::::::
enrichment

:::::
would

:::::
only

:::::::
stimulate

::::::
higher

::::::::::
productivity

::
if

:::
the

::::::
region

::::
was

::::::
nutrient

:::::::
limited. If concentrations are

::::::
already elevated, adding more nutrients210

will
:::::
would have a weak impact. We willlook further into

::::::
further

:::::::::
investigate

:
the interplay of the seasonality of mixed layers

and upwelling in the Peruvian system in the following
::::::
sections.

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

We use
::::
used

:
a regional ocean circulation model,

:
coupled to a marine biogeochemical model (CROCO-BioEBUS)

:
, to further

analyse the Peruvian system (seeMethods
::
the

:::::
“Data

::::
and

::::::::
Methods”

::::::
section). The modelreproduceswell

::::::::
effectively

::::::::::
reproduced215

the observed estimate of the seasonal out-of-phase relationshipof
:::::::
between surface phytoplankton biomasswith upwelling

intensityand
:::
and

::::::::
upwelling

:::::::
intensity

:::
as

:::
well

:::
as nitrate concentrations (Fig. 2, open circles).In themodel

::::
Over

:::
the

::::::
course

::
of

:::
the

:::
year, surface chlorophyllandnitrogenconcentrationstogetherwith

:
,

::::::
surface

:::::::
nitrogen

:::::::::::::
concentrations,

:
upwelling intensity and

MLD all displaya 40-60%seasonalvariability
:::::
varied

:::
by

::
40

::
-

::::
60%

::::::
relative

::
to

::::
their

::::::
annual

:::::
mean

::::::
values. Surface phytoplankton

biomass concentrationis highestin
::::::
reached

::
its

:::::::::
maximum

:::::
from late austral summer to early autumn (March to April)when220

upwellingis
:
,
:::::
when

::::::::
upwelling

::::
was relatively weak (Fig. 3a,b).Less

:::::
During

::::
this

::::
time

:::::::
window,

:::
less

:
nitrogen is available within

a shallow MLD compared with the rest of the year. In austral winter (July to September), when upwellingbringsup
:::::::::
introduces

ample nitrogen into the deep mixed layer, surface phytoplankton concentrationis lowest
::::::
reaches

::
a

::::::::
minimum.
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Figure 2. Correlations of surface chlorophyll (SeaWIFS climatology, inmg m� 3) with (a) upwelling (a
::::::::::
combination

::
of

::::::
Ekman

:::::::
transport

:::
and

:::::
Ekman

:::::::
pumping,

:
estimated based on winds from QuikSCAT, inSv, digitized

::::::
digitised

:
from Chavez and Messié (2009),

::
for calculations

see Messié et al. (2009)); (b) surface nitrate concentration (WOA, inmmol N m � 3); (c) MLD (ARGO, in m); (d) SST (MODIS, inoC) and

(e) correlation of MLD and upwelling transport among four eastern boundary upwelling systems (EBUS); for
:
.
:::
For the Peruvian system,

:
we

showalso
:::
show

:
the model (CROCO-BioEBUS) results. Lines andR2 values aregiven

:::::::
displayed for correlations withR2 > 0:5.
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Figure 3. Seasonal cycles of (a) upwelling intensity (inSv, solid line) and surface dissolved inorganic nitrogen (DIN) concentration (in

mmol N m � 3 , dotted line); (b) surface (inmmol N m � 3 , solid line) and mixed layer depth (MLD)-integrated phytoplankton biomass (in

mmol N m � 2 , dotted line); (c) phytoplankton depth-month distributionwith ,
:::::::
showing the seasonal cycle of MLD (inm, solid line) within

the focus region. The shaded area indicates the decline phase ofMLD integrated
::::::::::::
MLD-integrated

:
phytoplankton biomass.

3.3 Biomass dilution by the deepening mixed layer

Dilution of phytoplankton in deepening winter mixed layers is a key driver behind the seasonality of surface phytoplankton225

concentration. Within the research area, the MLDshows
::::::
showed

:
a seasonal variation with the shallowest mixed layer in austral

summer(
:
, around 10 m), and the deepest mixed layer in austral winter(,

:
around 45 m). Phytoplanktonis .

::::::::::::
Phytoplankton

:::::
were

vertically well mixed within the mixed layer throughout the year (Fig. 3c). In austral winter,in
:::::
within the `deep-mixing' regime,

phytoplanktonis
::::
were

:
evenly distributed over a relatively deep mixed layer, diluting phytoplankton biomass. Accordingly,

phytoplankton biomass concentrations in the mixed layer, andalongwith it
:
as

::::
well

:::
as

:
at the surface, decrease

::::::::
decreased.230

Hence,
:::
we

::::
infer

::::
that

:
seasonal mixed layer deepening and shoaling alone is an important factor in driving phytoplankton

concentrations at the ocean surface,
:
as observed for instancebasedon

::::
from

:
satellite images.

While dilution causesa decreaseof
::::::
caused

:
a

::::::::
decrease

::
in winter surface phytoplankton biomass, itexplains

::::::::
explained only

part of the observed biomass decrease: the declinepersists.
::::
The

::::::
decline

::::::::
persisted, even though attenuated,if we integrate
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::::
when

::::::::::
integrating phytoplankton over the mixed layer (Fig. 3b). The phytoplankton concentration at the surface(and within235

the mixed layer) declines
:::::::
declined

:
by around 70%while declines

:
,

:::::
while

::
it

:::::::
declined

:
by around 30% for MLD-integrated

biomass between late April and late July (shaded area in Fig. 3 &4
:
4, hereafter referred to as the decline phase). The decline

of surface phytoplankton concentrations can be attributed to the decline due to the increaseof the
:
in

:
mixed layer volume� V

(dilution effect, see Eq. 5) anda decreaseof the
::
the

::::::::
decrease

::
in biomass� B within the mixed layer(through local biological

and physical processes,
:
(see Eq. 5). During the decline phase,� V contributes

:::::::::
contributed

::
by

:
slightly more than half to the240

concentration change
:
, while � B contributes

:::::::::
contributed slightly less than half. That is, the dilution effect due to the deepening

mixed layer in the decline phaseampli�es
::::::::
ampli�ed

:
the decline of surface biomass concentrations byabout

::::::::::::
approximately

a factor of two.Yet, dilution can
::::::::
However,

:::::::
dilution

:::::
could

:
not fully explain the low phytoplankton biomass in conditionsof

ample
:::::
where

:::
the

:
supply of nitrogen

:
is

::::::
ample;

::
in

::::
such

:::::::::
conditions, MLD-integrated biomass stilldeclinesby around35

:::::::
declined

::
by

::::::
around

:::
30%.245

3.4 Biological and physical processes change
::
the

:
total biomass within the mixed layer

3.4.1 Disentangling physical and biological processes

Besides
:
In

::::::::
addition

::
to

::::::
causing

:
dilution due to the deepening mixed layer, the imbalance of a series of biological and physical

processes during the decline phasealsodiminishes
:::::::::
diminished

:
phytoplankton concentrations. To disentangle their contributions

to the decline of phytoplankton concentration without thecomplication
:::::::::::
complicating

:::::
factor

:
of the dilution effect, we next250

analyze
:::::::
analysed the change of phytoplankton biomass integrated over the mixed layer (Fig.4

:
4a) and its drivers, thatis

:
;
:::
that

:::
is,

the mixed layer budget of phytoplankton biomass (Eq. 1, SupplementaryFig. C2). Weseparate
::::::::
separated

:
biological processes

(e.g., primary production, grazing from zooplankton, natural mortality, exudation,
:::
and

:
sinking) and physical processes (mixing,

advection and entrainment) that affect the integrated biomass(Fig. 4b)..
:
Throughout the year, the net biological �uxis positive

, actingasasourcefor MLD-integratephytoplanktonbiomass,while
:::
(the

::::
sum

::
of

::
all

:::::::::
biological

::::::
�uxes)

:::
was

:::::::
positive

::::::::::
("biological255

:::::
gain",

:::
Fig.

::::
4b),

::::
thus

:::::::::
supporting

::
an

:::::::
increase

::
in

:::::::
biomass.

::
In

:::::::
contrast,

:
the net physical �uxis negative, actingasasink.Thebalance

of thesetermsdeterminesif the total biomasswithinthe mixed layer decreasesor increases.Most biological and physical

processesdecreasefrom the start (t1) to the end ,
:::
the

::::
sum

:::
of

:::
all

:::::::
physical

::::::
�uxes,

::::
was

:::::::
negative

:
(
::::::::
"physical

::::::
loss"),

::::::::
therefore

:::::::::
supporting

:
a
::::::::
decrease

::
in

::::::::
biomass.

::::
The

::::
time

:::::
point

:::
t1

:::::
marks

:::
the

::::::::
seasonal

:::::::::
maximum

::
of

::::
the

:::::::::::::
MLD-integrated

:::::::::::::
phytoplankton

:::::::
biomass,

::::
and t2)

:::::
marks

:::
the

::::::::
minimum

:::
at

:::
the

:::
end

:
of the decline phase.

:::
At

::
t1

::::
and

::
t2,

:::
the

::::
net

::::::::
biological

::::
and

:::::::
physical

::::::
�uxes260

:::::::
balanced

:
(Fig. 4c-d).While mortality is largerat t2 thant1,it is only dueto a suddenincreaseby theendof thedeclinephase

::::
4b,c)

:::
and

:::
the

::::::::
tendency

::
of

:::
the

:::::
mixed

:::::
layer

::::::::::::
phytoplankton

:::::::
biomass

:::
was

::::
zero

:
(Fig.C2).Themorerapiddecreaseof netbiological

sourcerelativeto netphysicallossleadsto biomassreductionduring thedeclinephase
::::
4a).

:::::::
Between

::
t1

::::
and

::
t2 (Fig. 4b)

:::
4b),

::
the

:::
net

::::::::
biomass

::::::
supply

:::
due

::
to

:::::::::
biological

:::::
�uxes

:::::::::
decreased

::::
more

:::::::
quickly

::::
than

:::
the

:::
net

:::::::
biomass

:::::::
removal

::::
due

::
to

:::::::
physical

::::::
�uxes,

:::::::
resulting

::
in

::
an

:::::::::
imbalance

::
of

:::
the

::::::
�uxes

:::
and

:::
the

:::::::
decrease

::
in

:::::::
biomass

::::::::
between

::
t1

:::
and

::
t2.265

The biological andphysicalprocessesthat promotea declineof the MLD-integratedbiomassarea reductionof primary

productionandentrainedphytoplankton,alongwith anenhancedphytoplanktonoffshoretransport
::
To

::::::::
determine

::::::
which

:::::
terms
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::::
from

:::
Eq.

::
1

::::::
mostly

::::::
drove

:::
the

:::::::
decrease

:::
of

:::
the

:::::::
biomass

::::::::
between

::
t1

::::
and

::
t2

:
(Fig. 4e-f). Among the biological processes,the

reductionof primary productionas the only sourceprocessoverpowersthe weakeningof biological sink processesand

signi�cantly promotesthe biomassdecline.Within the physicalprocesses,the net effect of lateralandvertical transportof270

phytoplanktonbiomass(advection)ispicking up
:::
5a),

:::
we

:::::::::
integrated

:::
the

::::::
change

::
of

::::
each

::::
term

::::
over

::::
time

:::::
(that

::
is,

:::
the

::::::::::
derivatives)

:::::::
between

::
t1

:::
and

:::
t2.

:::::::::
Therefore,

::
in

::::
Fig.

:::
5b

:::
and

::
c,

::
if

:
a
::::
bar

:::
was

:::::::
positive

:::::
(red),

:::
the

:::::::
change

::
of

:::
the

::::
term

:
during the decline phase,

leadingto a netoffshoreexportof phytoplanktonbiomass.In addition,while phytoplanktonis entrainedinto themixedlayer

from belowwhenmixedlayersdeepen,therateof entrainmentdecreases
:::
(t1

:
-

:::
t2)

::::::::
promoted

::
an

:::::::
increase

:::
of

:::
the

::::::::::::
phytoplankton

:::::::
biomass,

::::::
mostly

:::
as

:
a

:::::
result

:::
of

:::::::
reduced

::::::
grazing

::::::::
pressure

:::
and

:::::::
reduced

:::::::::
downward

:::::::
mixing.

::
If

:::
the

:::
bar

::::
was

::::::::
negative

::::::
(grey),

:::
the275

::::::
change

::
of

:::
the

::::
term

:
during the decline phase

::
(t1

:
-
:::
t2)

:::::::
opposed

:::
an

:::::::
increase

::
in

:::::::::::::
phytoplankton

:::::::
biomass.

::::
The

:::::::::
"opposing

::::::
terms"

:::
that

:::::
acted

::
to

::::::
reduce

::::::::::::
phytoplankton

:::::::
biomass

::::
were

:::
the

::::
ones

::::
that

::::::::::
contributed

::
to

:::
the

:::::::
seasonal

:::::::
paradox;

::::
that

::
is,

:::::::
decline

::
in

:::::::
biomass

::::::
despite

::::::::
increased

::::::
supply

::
of

::::::::
nutrients

:::
due

::
to

:::::::::
upwelling.

::::::
These

:::::
terms

::::::
mostly

:::::::
referred

::
to

:::
the

:::::::
reduced

:::::::
primary

::::::::::
production,

::::
with

:
a

:::::::::
secondary

::::::::::
contribution

:::::
from

:::
the

:::::::
reduced

::::::::::
convergence

::::
due

::
to

:::::::::
advection,

::
as

::::
well

:::
as

:
a
:::::
small

:::::
effect

::::
due

::
to

::::::::::
detrainment.The

decreasingrateis dueto decreasingphytoplanktonconcentrationsat thebottomof mixed layersasmixed layersdeepen.All280

otherbiologicalandphysicalprocessesactto opposethedeclineof phytoplanktonbiomass, suchasanattenuationof mixing

outof themixedlayeroverthedeclinephase.Details regarding the two major contributors, primary production and advection,

are presented in the following sections.

3.4.2 Factors limiting primary production285

Primary productionchanges
:::::::
changed due to variationsof

::
in both the growth factor and the biomass (Eq. 2). The growth factor

(calculated as in Eq. 3, Fig. 6a)combines
::::::::
combined the effects of light, temperature and nitrogen on phytoplankton growth. It

shows
:::::::
showed a clear decrease(

:
of

:
around 30%) during the decline phase. Optimal phytoplankton growth conditionsare

::::
were

reached in March
:
, despite the low dissolved inorganic nitrogen (DIN) conditions,with

:::::
within the warmest and brightest envi-

ronment. The lowest growth rateoccurs
:::::::
occurred just after the decline phase,

:
despite relatively high nitrogen concentrations

:
,290

due to limiting light and temperature conditions.

Strong light limitation experienced by phytoplankton
:
, in combination with low temperaturesslowsdownthe

:
,

::::::
slowed growth

during the decline phase. Light conditions for phytoplankton growthare best
:::
were

:::::::
optimal

:
in March when the wateris

:::
was

:
rather strati�ed andworsens

:::::::
worsened

:
over the decline phase to a minimum in August when the water columnis

mixeddeepest
:::
was

:::::
most

::::::
deeply

::::::
mixed. The light-related growth factordeclines

::::::
declined

:
by 17% during the decline phase295

and would decrease the growth factor byaround
:::::::::::
approximately

:
60% in the absence of other limiting factors(estimatedbased

on ,
:::::::::
estimated

::::
from

:
Eq. 3). The decreasingtemperatureis .

::::::::::
Decreasing

::::::::::
temperature

::::
was

:
the second most importantfactor

to slow
:::::::::
contributor

::
in

:::::::
slowing

:
the growth ratein

:::::
during

:
the decline phase. The temperature-related growth factorreaches

::::::
reached

:
its maximum by March,similarly

::::::
similar to the light-related growth factor, and

:::::::
reached its minimum by October. The

temperature-related growth factordeclines
::::::
declined

:
by 12% and would decrease the growth factor by around 40%

:::::
during

:::
the300

::::::
decline

:::::
phase,

:
in the absence of other limiting factorsduringthedeclinephase. In contrast, the seasonality of the growth factor
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Figure 4. Seasonal cycles of (a) total phytoplankton biomass change (� B;
:

in themixed layer (in
:::::
mmol

:
N

::::
m� 2

::::
d� 1); gray .

:::::
Grey shading

indicates the decline phaseas in Fig. 3, with t1 :
t1

:
and t2 :

t2
:
marking the beginning and end of the decline phase; (b)MLD-integrated

phytoplankton
::::
�uxes

:::::::
resulting

::::
from net biological

:::
gain

::::
(bio)

:
and

::
net physical�uxes

:::
loss (

:::
phy,

:
in

:::::
mmol

:
N

::::
m� 2

:::
d� 1 , as shown in Eq.1

:
1
:
plus

the entrainment
:::
and

:::::::::
detrainment introduced by theintegration

:::::::
temporal

:::::::
variation

::
of

::
the

:::::
MLD); bar plots of (c) biological and(d) physical

�uxes
:::::
Stacked

:::
bar

::::
plots

::::::::
displaying

::::::::
balancing

::::::
budgets atthestart(t1 , light green)andend(t2, darkgreen)of declinephase;barplotsof the

integratedchangeoverthedeclinephaseovermixedlayerdueto (e) biology and(f) physicswithin thefocusregion.Redandgreyindicate

promotingandopposingML-integratedphytoplanktonbiomassdecline.pp
::
PP stands for primary production;graz

::::
GRAZ

:
for consumptive

mortality; mort
::::::
MORT for natural mortality;exu

::::
EXU for exudation;sink

::::
SINK

:
for sinking;mix

::::
MIX for mixing; adv

::::
ADV for advection

andentr
:::::
ENTR for entrainment.

::::
Fluxes

:::
are

::::::::::
distinguished

::
as

::::::
sources

:::::::
(positive

:::::
values)

:::
and

::::
sinks

:::::::
(negative

::::::
values)

::
of

:::::::::::
phytoplankton

:::::::
biomass,

:::
with

:::
the

:::
sum

::
of

::
all

::::::
source

:::
and

:::
sink

:::::
terms

:::::::
balancing

::
at

::::
times

::
t1

:::
and

::
t2.

:::
All

:::::
�uxes

::
are

::::::::
integrated

::::
over

::
the

:::::
MLD.

due to nitrogenshows
::::::
showed

:
the opposite seasonality compared to the total growth factor. Clearly, light and temperature

regulate
:::::::
regulated

:
primary production andoverride

:::::::
overrode

:
the effect of nitrogen supply during the decline phase. Therefore,

while light is
:::
was

:
the dominant mechanism thatreduces

::::::
reduced

:
productivity towards winter, we�nd that temperatureplays

:::::
found

:::
that

::::::::::
temperature

::::::
played

:
a relevant secondary role.305

Stronger light and temperature limitation during the decline phaseare
:::
were

:
due to deeper mixing and stronger upwelling

::
of

::::
cold

::::::
waters, respectively (Fig. 6b-c). While upwelling intensityis

:::
was

:
approximately correlated withdeepmixed layers

occurringwhen upwelling is high, the peakof upwelling happens
:::::
MLD,

:::
the

:::::::::
maximum

:::::::::
upwelling

:::::::
occurred

:
just after the

deepest mixed layers. The variation of MLD-averaged light limitationis
:::
was

:
correlated (R2 = 0 :92) with the change of MLD.

As phytoplanktonis
::::
were

:
evenly distributed within the mixed layer, deeper MLDmeansmorephytoplanktonis exposedto310

a relatively lower light conditionon averagein
:::::::
indicated

::::
that,

:::
on

:::::::
average,

:::::
more

::::::::::::
phytoplankton

:::::
were

:::::::
exposed

::
to

:::::
lower

:::::
light

::::::::
conditions

::::::
during

:
the decline phase, with a minimum in August when mixed layersare

::::
were deepest. The change of the

temperature-related growth factor within the mixed layeris closelyrelated(R2 = 0 :83)
:::
was

::::::
closely

::::::
related

:
with the seasonal

13



Figure 5.
::
(a)

:::::::
Seasonal

::::
cycle

::
of

:::::::::::
phytoplankton

:::::
source

:::
and

::::
sink

::::::::
processes,

::
as

::::
well

::
as

:::::::::::
phytoplankton

::::::
biomass

::::::
change

::::
(� B

::::::::
multiplied

::
by

::
a

::::
factor

::
of

:::
10;

::::
solid

::::
line);

:::
bar

::::
plots

::
of

::
the

::::::::
integrated

:::::
change

::::
over

::
the

::::::
decline

:::::
phase

:::
due

:
to

:::
(b)

::::::::
biological

::::
�uxes

:::
and

:::
(c)

::::::
physical

:::::
�uxes

:::::::
averaged

:::
over

:::
the

::::
focus

::::::
region.

:::
Red

:::
and

::::
grey

::::::
shading

::::::
indicate

:::::
�uxes

:::::::
promoting

::::
and

:::::::
opposing

::
an

::::::
increase

::
in

::::::::::::
MLD-integrated

:::::::::::
phytoplankton

:::::::
biomass,

:::::::::
respectively.

:::
The

::::::::
magnitude

::
of

:::
the

:::::::
integrated

::::::
change

:
is

:::::
given

:
as

:::::::
numbers

:::::
above

:::
and

::::
below

:::
the

::::
bars.

::
PP

:::::
stands

:::
for

::::::
primary

::::::::
production;

::::::
GRAZ

::
for

::::::::::
consumptive

:::::::
mortality;

::::::
MORT

:::
for

:::::
natural

::::::::
mortality;

::::
EXU

:::
for

::::::::
exudation;

:::::
SINK

:::
for

::::::
sinking;

::::
MIX

:::
for

::::::
mixing;

::::
ADV

:::
for

::::::::
advection

:::
and

:::::
ENTR

::
for

::::::::::
entrainment.

::
All

:::::
�uxes

:::
are

:::::::
integrated

::::
over

:::
the

:::::
MLD.

variation of upwelling intensity
:::::::::
(R2 = 0 :83), with the lowest values

:::::::
occurring

:
in September and October when upwelling

intensityis highest.In
::::::
reached

:::
its

:::::::::
maximum.

::::::
During the decline phase, cold watersare

::::
were

:
upwelled into the mixed layer at a315

higher rate, further damping phytoplankton growth in addition to the
::::::
effects

::
of limiting light conditions. Reduced winter surface

solar radiation and heat loss to the atmosphere, alsoplay
:::
also

::::::
played

:
a role in the seasonality of the light and temperature

growth factors, respectively (Fig. C2),yetof muchlessimportance
::::::
though

::
to

:
a

:::::
much

::::::
smaller

::::::
extent (not shown).

3.4.3 Enhanced upwelling and offshore transport of phytoplankton

An enhanced advective loss of mixed layer phytoplankton is a second-order process,
:
promoting the decrease of MLD-integrated320

phytoplankton biomass during the decline phase.Like
::::::
Similar

::
to

:::
the

:::::
effects

::
of

:
nutrients, phytoplankton biomass is affected by

the seasonality of upwelling and offshore export of waters.Phytoplanktongrowingatthebottom
::::::::
Relatively

:::::
dilute

::::::::::::
concentrations
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Figure 6. (a) Seasonal cycles of thenormalized
::::::::
normalised total (black) growth factor,

::
and

:
light (yellow)-, temperature (red)- and nitrogen

(blue)-related growth factors, asexperiencedby
::
for

:
phytoplankton over the mixed layer. The grey shading indicates the decline phase;

:
.

(b) seasonal
:::::::
Seasonal correlation of MLD and mixedlayeraveraged

::::::::::
layer-averaged

:
light-related growth factor; (c) correlation of upwelling

intensity and mixedlayeraveraged
::::::::::
layer-averaged

:
temperature-related growth factor.Colors

::::::
Colours indicate the time of the year (months)

:
,

with black edgesmarking
:::::::
indicating

:
the months of the decline phase.

:::
The

:
R2 value

:::::
values

:
of thecorrelationis

::::::::
correlations

:::
are

:
shown in the

right of
:::::::
right-hand

::::
sides

:::::
within

:
the panels

:
.

::
of

::::::::::::
phytoplankton

:::::::
growing

::::::
below

:::
the

:::::
base of the mixed layeris being upwelledand later pushedoffshorealong with the

phytoplanktonthat is growing in the mixed layer
::
are

::::::::
upwelled

::::
into

:::
the

::::::
mixed

:::::
layer,

:::::
while

::::::
waters

::::
with

::::::::::::::::::
mixed-layer-averaged

::::::::::::
phytoplankton

::::::::::::
concentrations

:::
are

::::::
pushed

::::::::
offshore. During the decline phase, the upwelling and offshore transport of water325

increasesandmoreof whatis
::::::::
increased

:::
and

:
a
::::::
greater

:::::::
volume

::
of

::::
what

::::
was produced in coastal watersis

:::
was exported offshore:

4% of primary productionis
::::
was lost via advection by the end of the decline phase compared to 2% gained at the beginning.

This greater loss of biomass due to divergentadvectionis
:::::
lateral

::::::::
advection

::::
was

:
mainly caused by stronger upwellingin

:::::
during

the decline phase (Fig. C3).
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3.5
:::::::
Seasonal

::::::::
Paradox:

:::::
from

:::::::::::::
phytoplankton

::
to

::::::
export330

:::::
Small

:::
and

:::::
large

::::::::::
zooplankton

::::::
exhibit

:::
the

:::::
same

::::::::
"seasonal

::::::::
paradox"

::::::
pattern

::
as

::::::::::::
phytoplankton,

::::
and

::
so

::::
does

:::
the

::::::
export

::
of

:::::::
organic

:::::::
material

::
to

:::
the

:::::
deeper

::::::
ocean.

:::::::
Similar

::
to

::::::::::::
phytoplankton,

::::
both

:::::
small

::::
and

::::
large

:::::::::::
zooplankton

:::
are

::::::::
vertically

::::
well

:::::
mixed

::::::
within

:::
the

:::::
mixed

:::::
layer

:::::::::
throughout

:::
the

::::
year

:::::::::
(contours

:::
and

:::::::
colours

::
in

::::
Fig.

:::
7a,

:::::::::::
respectively);

::::::::
biomass

::::::::::::
concentrations

:::
are

::::
high

:::
in

::::::
austral

::::::
summer

::::
and

:::
low

:::
in

::::::
austral

::::::
winter,

::
in

:::::::::
opposition

::
to

:::
the

:::::::::
upwelling

:::::
trend.

:::::::::::
Additionally,

:::
the

:::::::::
particulate

:::::::
organic

::::::
matter,

:::
the

::::
sum

::
of

:::::::
plankton

::::::::
biomass

:::
and

:::::
other

::::::
organic

::::::::
particles,

:::::::
follows

:::
the

:::::
same

:::::::
pattern,

::::
with

::::
large

::::::::
amounts

::
of

:::::::::
particulate

:::::::
organic

::::::
matter335

::::::::::
concentrated

::
in

::
a

:::::::
shallow

::::::
mixed

::::
layer

::::::
during

:::
the

::::::::::
productive

:::::::
summer

::::
(Fig.

::::
7b).

::::
The

::::::
pattern

:::
of

::::::
organic

::::::
matter

::
in

::::
the

:::::
water

::::::
column

::
is

::::
then

:::::::
re�ected

:::
in

:::
the

:::::
export

:::::::
pattern

::
of

::::::
sinking

:::::::
organic

::::::::
material,

::::::::
composed

::
of

:::::
large

::::::::::::
phytoplankton

::
as

:::::
well

::
as

:::::
small

:::
and

::::
large

:::::::
detritus

::::
(Fig.

::::
7c).

::::::
Export

:::::
below

::::
100

::
m

:::::
depth

:
is

::::
high

::::::
during

:::
the

:::::::::
productive

:::::::
summer,

:::::
when

:::
the

::::::
mixed

::::
layer

::
is

:::::::
shallow

:::
and

:::::::::
particulate

::::::
organic

::::::
matter

::
is

:::::
large,

:::
and

:::
low

::
in

::::::
winter

::::
(Fig.

:::
7b,

:::::
black

:::::
line).

::::
That

::
is,

:::
the

:::::::
model's

:::::::::
ecosystem

:
is

:::::::
affected

:::
by

:::
the

:::::::
seasonal

:::::::
variation

:::
of

::
the

::::::
MLD.340

::::::
Finally,

::::::
export

::::::::
ef�ciency

::::
also

::::::
follows

:::
the

::::::::
seasonal

:::::
cycle

::
of

:::
the

:::::
MLD.

::::::
Export

:::::::::
ef�ciency

::
is

::::::
de�ned

::
as

:::
the

::::::
export

::
of

:::::::
sinking

::::::
organic

:::::::
material

:::::::
through

:::
the

::::
100

::
m

:::::
depth

:::::
level,

:::::::
relative

::
to

:::::::
primary

::::::::::
production

::
in

:::
the

:::::
upper

::::
100

:::
m.

::
It

::::::
reaches

::
a

:::::::::
maximum

::
in

::::::
austral

:::::::
summer,

:::::
when

:::::
MLD

::
is

::::::::
shallow,

:::
and

::
a

::::::::
minimum

::
in

::::::
austral

:::::::
winter,

:::::
when

:::::
MLD

::
is

::::
deep

:::::
(Fig.

::::
7d).

:::
As

::::
both

::::::
export

:::
and

:::::::
primary

:::::::::
production

:::::
show

:::
the

:::::
same

:::::::
seasonal

:::::
trend

::
as

::::::::::::
phytoplankton

::::::::
biomass,

:::::
export

:::::
must

:::::::::::::
overcompensate

:::
the

:::::::
change

::
in

::::::
primary

::::::::::
production

:::
and

::::
vary

::::
even

::::::
more,

::
in

:::::
order

::
to

:::::
allow

:::::
export

:::::::::
ef�ciency

::
to

:::::
reveal

:::
the

:::::
same

:::::::
seasonal

::::::
trend.

::::::
Export

::::::
largely345

::::::
consists

::
of

:::::
large

::::::
detritus

:::::::::
originating

:::::
from

::::
large

::::::::::
zooplankton

::::::
faecal

:::::
pellets

::::
and

:::::::
mortality

:::::
(Fig.

:::
7c).

:::::
Since

::::
large

:::::::
detritus

::::::::
possesses

::
the

::::::
fastest

:::::::
sinking

:::::
speed

::::::::
compared

::
to

:::::
other

::::::::::
components,

::
it

:::::
sinks

:::
the

::::
most

:::::::::
ef�ciently.

::::
The

::::::
relative

:::::::::::
contribution

::
of

::::::::::
fast-sinking

::::
large

:::::::
detritus

::
to

::::
total

:::::
export

::
is

::::::
largest

::
in

::::::::
summer,

::::
close

::
to

::::
100

:::
%,

:::::
which

::::
may

:::::::
partially

:::::::
explain

:::
the

:::::
higher

::::::
export

:::::::::
ef�ciency.

::
In

:::::::
addition

::
to

:::::::
changes

::
in

::::::::::
composition

::
of

:::
the

:::::::
sinking

::::::
organic

::::::::
material,

:::::
other

::::::::
processes

::::
may

:::::
cause

::::::
export

::
to

::
be

::::::::
ampli�ed

:::::::
relative

::
to

::::::::::::
phytoplankton

:::::::::
production.

::::::
These

:::::::
include:

::
(1)

:::::::
changes

::
in

::::::::
structure

:::
and

:::::::
trophic

::::::
transfer

:::::::::
ef�ciency

::
of

:::
the

:::::::
plankton

::::
food

:::::
web,350

:::
and

:::
(2)

:
a
:::::::
varying

::::::::::
degradation

::
of

:::::::
sinking

:::::::
organic

:::::
matter

::
in

::::
the

:::::
upper

:::
100

:::
m,

::::
that

::
is,

::::::::::
differences

::
in

:::
the

::::::::::::::
remineralisation.

::::
The

::::::
detailed

:::::::::::
mechanisms

::::::
behind

:::
the

:::::::::
seasonality

::
of

::::::
export

::::::::
ef�ciency

:::
are

:::::::
beyond

:::
the

::::
focus

:::
of

:::
this

:::::
paper

:::
and

::::
will

:::
be

::::::::::
investigated

::
in

:
a

:::::::
separate

:::::
study.

:

4 Discussion

4.1 Mixed layer depth drives surface phytoplankton biomass seasonality in the Peruvian upwelling system355

The regional ocean circulation-biogeochemical model that weusesuccessfullyreproduces
::::
used

::::::::::
successfully

::::::::::
reproduced the

"seasonal paradox",with
::::::
de�ned

::
as

:::
the

:
seasonal out-of-phase surface chlorophyll concentration and upwelling intensity, as

derived from observations. As shown in the results, the low surface chlorophyll concentration in high upwelling conditionsin

australwinter is
:::::
during

::::::
austral

:::::
winter

::::
was

:
constrained by a combined effect of MLD-drivenprocessesand upwelling-driven

processes. Underhighupwellingconditionsin
:::::
strong

:::::::::
upwelling

::::::::
conditions

::::::
during austral winter, phytoplanktonis

::::
were diluted360

over a deeper mixed layer, leading to a decreaseof
::::::
within the mixed layer, andlikewise,

:
.

::::::::
Likewise,

:
surface phytoplankton
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Figure 7.
:::::::
Monthly

::::
depth

:::::::::
distribution

::
of

::
(a)

:::::
large

:::
and

::::
small

:::::::::
zooplankton

:::
(in

::::::
colours

:::
and

::::::
contour

::::
lines,

::::::::::
respectively)

:::
and

:::
(b)

::::::
organic

:::::
matter

:::
with

:::
the

:::::::
seasonal

::::
cycle

::
of

::::::
vertical

:::::
export

::::::
through

:::
the

:::
100

::
m

:::::
depth

::::::
horizon

:::::
(black

::::
line);

:::
(c)

:::::::
Seasonal

::::
cycle

::
of

:::
the

::::::
relative

::::::::::
contributions

::
to

:::::
sinking

::::::
organic

:::::
matter

::::
from

::::
large

:::::::::::
phytoplankton

:::::
(green)

:::
and

:::::
small

::::
(blue)

:::
and

::::
large

:::::::
(purple)

::::::
detritus;

:::
(d)

::::::::
correlation

::
of

:::::
export

:::::::
ef�ciency

::::
with

::::
mixed

:::::
layer

::::
depth

::::::
(MLD)

:::::
within

:::
the

::::
focus

::::::
region.

:::
The

:::::
export

::::::::
ef�ciency

::
is

:::::
de�ned

::
as

:::
the

::::
ratio

::
of

:::::
export

::::::
through

:::
the

:::
100

::
m

:::::
depth

::::
level

::
to

::::::
primary

::::::::
production

::
in

::
the

:::::
upper

:::
100

::
m.

:::::::
Colours

::::::
indicate

::
the

:::::
month

::
of

:::
the

::::
year.
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concentrations
::::::::
decreased

:
by over 50%. Also, phytoplankton growthis sloweddown as they experience

::::
was

::::::
slowed

:::
due

:::
to

deteriorating light and temperature conditions. On top of that,strongupwellingpushes,
::
as

::::
well

:::
as

:::::
strong

:::::::::
upwelling

:::::::
pushing

phytoplankton offshore.

Several previous studies have also focused on the possible reasons behind the seasonal paradox in the PUS. Echevin et al.365

(2008) alsosuggestedbasedonmodelresultsthatrelative
::::
used

:
a
:::::::
regional

::::::
ocean

::::::::::::::::::::::
circulation-biogeochemical

:::::
model

::
to

::::::::
examine

::
the

:::::::
reasons

:::
for

:::
the

::::::::
relatively low surface chlorophyll concentrationin australwinter off the Peruvian coastis

::
in

::::::
austral

::::::
winter.

:::::
Based

::
on

::
a

:::::
series

::
of

:::::
model

:::::::::
sensitivity

::::::::::
experiments

::::::::
regarding

::::::
vertical

:::::::
mixing,

::::::
surface

::::::::::
temperature,

::::
iron

::::::::
limitation

:::
and

:::::::::
insolation

:::::
cycle,

:::::::::::::::::
Echevin et al. (2008)

:::::::::
concluded

:::
that

:::
the

::::
low

::::::
surface

::::::::::
chlorophyll

::
in

::::::
austral

:::::
winter

::
is

::::::
mainly

:
generated by the combined

effect of dilution and deteriorating lightlimitation with deepening mixed layers.In addition,Messié and Chavez (2015)�nd370

::::::::::
Additionally,

:::
the

::::
iron

:::::::::
sensitivity

:::::::::
experiment

:::::::::
con�rmed

::
the

::::::::
existence

::
of

::::
iron

::::::::
limitation

::
in

::::::
austral

::::::
winter,

:::::
which

:::::::::::
corroborated

:::
the

::::::
�ndings

:::
in

:::::::::::::::::::::
Messié and Chavez (2015)

:
.
::::::::::::::::::::::
Messié and Chavez (2015)

::::::
pointed

:::
out

:
that more severe iron limitation under low light

conditioncould also be one of the reasons behind low primary production underhigh
:::::
strong upwelling conditions. According

to results from culture experiments, phytoplankton iron demand would increase under light limitationconditions(Sunda and

Huntsman, 1997). Based on observations, Friederich et al. (2008)suggest
::::::::
suggested

:
that winds in thewinter high-upwelling375

conditionsfavor curl driven
:::::
winter

:::::::::
conditions

::::::
favour

:::::::::
curl-driven

:::::::
offshore

:
upwelling, which would draw more offshore iron-

de�cient waters to the surface. On the contrary, a model study (Albert et al., 2010)�nds thatstrongerwind-curldrivenupwelling

actuallyis recruiting
:::::
found

:::
that

:::::::
stronger

::::::::::::::
wind-curl-driven

::::::::
upwelling

:::::::
actually

:::::::
recruits more nutrient-rich water from a shoaling

coastal undercurrent, thuscontributingto enhancing surface chlorophyll concentrations. Wecannot
:::::
could

:::
not assess the role of

iron in regulating the seasonality of phytoplankton biomass because our biogeochemical modeldoes
::
did

:
not simulate iron(see380

Sect.B).
:
. Nevertheless, our studycon�rms

::::::::
con�rmed

:
the importance of vertical redistribution of biomass and light limitation

due to vertical mixing.Here,weemphasizetheimportanceof thedeepeningmixedlayersin thedeclinephase.

4.2 Upwelling into deep mixed layers: A unique feature of the Peruvian upwelling system and its implications

As we just argued
:::::
stated

:
in the previous paragraphsusingthedifferencesof ,

:::::
based

:::
on

:::
the

::::::::::
differences

::
in the seasonalities of

MLD and upwelling in the Peruvian system. Theupwellingof nutrientrich watershappens
:
,
::::::::
upwelling

:::
of

::::::::::
nutrient-rich

::::::
waters385

:::::
occurs

:
when growth conditions aretheworst,i.e.

::::
least

:::::::
optimal,

::
in

::::::::
particular

:::::
when light availability is lowest due to deep mixed

layers.Also, theupwelledwatersarecomparativelycoolandin deepmixedlayersmaywarmuprelativelyslowly. At thesame

time,theupwellingwill chargethedeepmixedlayerswith nutrientsthatallow for growthoncethemixedlayershallows.That

is, theupwellinginto deepmixedlayersin thePeruvianmaypreconditionhighsummerphytoplanktonproduction.

In contrast,in
:::::
within

:
the California system,

:
nutrients are upwelled into the shallowest mixed layers. While this nutrient390

supply coincides with shoaling mixed layersandassociated
:
,

:::::::::
associated

::::
with improved light conditions and reduced dilution,

it does not result in as high
:
a

:::::
level

::
of

:
phytoplankton concentrations as for the Peruvian system. This supports that nutrient

limitation is important
:::::::::
contributes

:::::::::::
substantially

::
to

:::::::::
processes

::
in

:::
the

:::::::::
California

::::::
system, as the supply of nutrients to shallow

mixed layersby upwelling appears
::::::
through

:::::::::
upwelling

:::::::
appears

::
to

:::
be insuf�cient to relieve nutrient limitation.We speculate

that thechargingof deepmixedlayersasin thePeruviansystemis moreef�cient in supplyingnutrientsto theeuphoticzone395
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comparedto upwellinginto shallowwatersasin theCaliforniansystem,possiblywarrantingfurtherstudies.Also,
:::::::::::
Additionally,

if nutrients arebeingupwelled into deep mixed layers and allow the onset of a bloom, zooplankton standingstock
:::::
stocks might

be low andtakea while
:::::
require

:::::
more

::::
time to catch upandeventuallyreduce

:
,

:::::::::
eventually

:::::::
reducing

:
phytoplankton biomass. On

the contrary, if nutrients arebeingupwelled into shallow mixed layers, zooplankton standingstockis probablyalreadyhigh

andzooplanktoncanacton thespotto limit
:::::
stocks

:::
are

:::::
likely

::::::
already

::::::::
elevated,

:::::::
allowing

::::::::::
zooplankton

:::
to

::::::::::
immediately

::::
limit

::::
any400

:::::::
increase

::
in phytoplankton biomass.

While the Canary and Benguela systems lack a
:::::::::
pronounced

:
seasonality in MLD and phytoplankton, respectively, wemark

::::
point

:::
out

:
a few aspects that maypoint towardsa

:::::::
elucidate

:::
the role of MLDalsoin these systems. Given that the Canary system

does not feature a substantial seasonal MLD variability, it is intuitive thatit
::::::::::::
phytoplankton follows the seasonality of upwelling

intensity more strongly compared to the other EBUS. While mixed layer conditions do not modulate the seasonality of phy-405

toplankton,
:
they may contribute toCanaryhigh phytoplankton concentrations

:
in

::::
the

::::::
Canary

::::::
system

:
insofar as mixed layers

are shallow throughout the year, creatingfavorable
:::::::::
favourable light conditions. Finally, the Benguela system features a rather

constant upwellingthrough
::::::::
throughout

:
the year into varying mixed layers. Thenon-responsiveness

::::::::::::::
unresponsiveness

:
of phy-

toplankton to the varying MLDhypotheticallycould
::::
could

::::::::::::
hypothetically

:
be due to compensating effects of deepening mixed

layers that dilute phytoplankton and deteriorate light conditions, butthe sametime areaccompaniedby
:::
are

:::::::::::::
simultaneously410

:::::::::::
accompanied

::
by

::
an

:
enhanced supply of nutrients thatare

:
is

:
mixed up from below.Thehighersurfacenitrateconcentrationsin

conditionsof deepmixedlayersin theBenguelasystemcouldbeinterpretedthisway.Enhancedgrowthdueto highernutrient

availability would thenoffset,yet not completely,theworseninglight conditionsanddilution. Finally, thestrongresponseof

phytoplanktonin thePeruvianupwellingsystemto mixedlayerdepthwould thenbedueto theuniquesituationof upwelling

into deepmixedlayers.415

Again, other
:::::
Other

:
factors may alsoplay a role in

::::::::
contribute

::
to

:
regulating phytoplankton in the EBUSnext to

::::
aside

::::
from

:
nutrients, dilution and light associated with upwelling and MLD(see also Results section; Messié and Chavez, 2015)

:::::::::::::::::::::::::::::::::::::::::::::
(also see the Results section; Messié and Chavez, 2015), including the advection of biomass and regulation by temperature

that varies with upwelling (see Results). In addition, Lachkar and Gruber (2011) suggest that a longer residence time because

of a wide shelf and weak mesoscale activity may also promote phytoplanktongrowing.Also,next
:::::
growth

::
in

:::
the

::::::
Canary

:::::::
system.420

::::
Next to iron supply from the shelves and upwelling of source waters, Fung et al. (2000)

:::
also

:
found that atmospheric deposition

of iron varies between EBUS.

4.3 From phytoplankton to
:::::::
Seasonal

::::::::
paradox

::::
and ecosystem functioning

The interplay of mixed layer depth and upwelling that leads to the seasonal paradox in the PUSis further propagating

:::::::::
propagates

::::::
further up the food chainandmodulates

:
,
::::::::::
modulating the trophodynamics. In austral summer,whenthe shallow425

mixed layer along with the add-on effect from upwelling supports the highest phytoplankton biomass and primary production,

it provides
::::::::
providing

:
an ideal feeding place for zooplankton. In contrast,in winter zooplanktonis facing

:::::
during

:::
the

::::::
winter

::::::::::
zooplankton

::::
face a food shortage, less ef�cient grazing due to dilutionandtransports

:
,
:::
and

::::::::
transport

:::::::
offshore

:
due to enhanced

upwelling. Similar to the spatial match-mismatch observed for phytoplankton and toppredatorin
:::::::
predators

::
in

::::
the Benguela
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system (Grémillet et al., 2008), mesozooplankton withits slowergrowthrate
:::
their

::::::
slower

::::::
growth

::::
rates

:
may also beaffectedby430

upwelling,with phytoplanktonthriving nearthe coastandzooplanktonconcentratedfurther offshore.
::::::::
negatively

:::::::
affected

:::
by

::::::::
enhanced

:::::::::
upwelling.

In our model, mesozooplanktonis
:::
are responsible for the major part of the export in the coastal upwelling region. During

the productive season, the faecal material of mesozooplankton accounts for close to 100% of the sinking matter,
:
which is in

good agreement with whatis foundin Stukel et al. (2013)
:::::::::::::::
Stukel et al. (2013)

::::::::
observed for the California system.435

Both primary production and exportarefoundto bedeterminedby
::
can

:::
be

:::::::::
determined

:::::
from the mixed layer dynamics and

foodwebstructures
::::
food

::::
web

::::::::
structures(Ducklow et al., 2001; Turner, 2015; Steinberg and Landry, 2017). The ef�ciency of the

export, de�ned as the ratio of export to primary production, is also related to trophodynamics.Exportef�ciency depends,as

:::
We

:::
�nd

::::
that

:::::
export

:::::::::
ef�ciency

:
is

:::::::::
positively

::::::::
correlated

::::
with

:::::
MLD

:::
on

:
a

:::::::
seasonal

:::::
scale.

:::
As

:
mentioned above,

:
it
::::::::
partially

:::::::
depends

on the composition of the exported material.In the PUS,it is positively correlatedwith net primary production(Fig. C5).440

Mesozooplanktonproduces
::::::::::::::
Mesozooplankton

:::::::
produce

:
fast-sinking large detritus, which enhances the export ef�ciency dur-

ing the productive season.In both the PeruvianandCalifornia systems,high primary productivity coincideswith a shallow

MLD. What is different in the California systemcomparedto the Peruviansystemis that in the former the time of shallow

mixed layersandhigh primary productivity is alsothe time of strongestupwelling.Strongupwelling andoffshoretransport

may leadto theabovementionedspatialmismatchbetweenphytoplanktonandmesozooplankton,becausemesozooplankton445

growsmoreslowly. This maythenresultin comparativelylow largedetritusdespitehigh primaryproduction.Therefore,high

primaryproductionmaynot necessarilytie in with high mesozooplanktonbiomassandsubsequenthigh export.Indeed,Kelly

et al. (2018) observed that export ef�ciency is negatively correlated with net primary productivity in the California system.

However,they suggestedthat this negativecorrelation
::::
They

::::::::
suggested

::::
that

:::
the

:::::::
negative

::::::::::
correlation

::
in

:::
the

:::::::::
California

::::::
system

arises from a seasonal decoupling of export and particle production through long-lived, slowly sinking particlesthat would450

:::::::
particles

:::
that

:
introduce a temporal lag of mesozooplankton production and export to depth.In addition,Henson et al. (2019)

�nd
:::::::::::::::::
Henson et al. (2019)

:::
also

:::::::
identify a negative correlation between export ef�ciency and primary productivity on a global

scale. They imply in their study thatit is not just the phytoplankton community,
:
but also thefoodwebstructure

::::
food

::::
web

:::::::
structure,

::
is

:
important to export ef�ciency.

::::::::
Currently,

::
it

::
is

:::
not

::::::
entirely

:::::
clear

::::
why

:::
the

::::
PUS

:::::
export

:::::::::
ef�ciency

::::::
behaves

::::::::::
differently.

We suggest that therole of the interplay of the mixed layer and upwelling in EBUS and ecosystem functioningis closely455

linkedandwarrants
::
are

::::::
closely

::::::
linked,

:::::::::
warranting

:
further examination.

4.4 Potential changeunder global warming

Our �ndings suggestthat for an assessmentof the responseof the EBUS to climate change,it is important to consider

the potentialchangeof the interplay betweenthe mixed layersand upwelling dynamics.Phytoplanktonwill inevitably be

in�uencedby climatechange,respondingto thechangesin thebiotic andabioticenvironment.Impactsin a changingclimate460

will arisefrom changesof strati�cation andupwelling that further leadto shifting growthconditionsdueto changesof light,

temperatureandnutrient(Behrenfeld, 2014). Previousobservationsindicatethat watersnearthe coasthavecooledsincethe

1950s,possiblyduetoanincreasein upwelling(Gutiérrez et al., 2011). A recentregionalmodellingstudy(Echevin et al., 2020)
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projectsan intensivesurfacewarmingalongwith a weakeningof wind-drivenupwelling. While studiestypically focuson

changesin upwelling,our resultssuggestthatMLD changesmaybeevenmorerelevant.Assumingthatwindswill nevercease465

entirelyandhencetherewill alwaysbesomeupwelling that rechargesthemixed layerwith nutrients,shoalingof themixed

layercausedby intensivesurfacewarmingmaydominatetheresponseof phytoplanktonandecosystemfunctioning.A shoaling

MLD mayreleasethephytoplanktonfrom thestrongdilution andlight limitation in australwinter,alongwith betterlight and

temperatureconditionin australsummer,leadingto theexpectationof anattenuationof theseasonalparadoxin future.While

modulationof growthconditionsdueto changingtemperaturesandnutrientsupplyfrom changingupwellingalsomayplay a470

role,Echevin et al. (2020)simulationssuggestthatsurfacechlorophylloverallwill increasein thePUSdueto globalwarming.

5
::::::::::
Conclusions

::::
and

::::::::
potential

:::::::::::
implications

In summary, CROCO-BioEBUS performs wellcompared
::::
with

::::::
respect

:
to observational data and successfully reproduces the

"seasonal paradox" with an out-of-phase relationshipof
::::::
between

:
surface chlorophyll and upwelling intensity in the Peruvian475

coastal waters.The
::
In

:::::::::
agreement

::::
with

::
an

::::::
earlier

:::::
model

:::::
study

::::::::::::::::::
(Echevin et al., 2008),

:::
the

:
seasonal cycle of surface chlorophyll

concentration in our simulations is driven mostly by MLD-related processes(,
::::::::::
speci�cally dilution and light limitation), with

:
.

::::::::::
Furthermore,

::::
our

:::::
model

::::::
results

:::::::
provide

:::::::
evidence

:::
for

:
secondary contributions from upwelling-related processes(

:::
such

::
as

:
tem-

perature limitation and advection). Unlike otherEBUS,thePUSfeaturesa uniquepositivecorrelationof themixedlayerand

upwelling,with thestrongestupwellinginto thedeepestmixedlayers,whosecombinedimpactsleadto theseasonal�uctuation480

of surfacechlorophyllconcentration..
::::
This

::
is

:::::::::
consistent

::::
with

:::::::::::::::::::::::
Lachkar and Gruber (2011)

:::
and

:::::::::::::::::::::
Messié and Chavez (2015)

:
,

::::
who

::::::::
suggested

:::
that

:::::::::
advection

::
is

::::::
relevant

:::
to

:::
the

:::::::
seasonal

:::::
cycle,

:::
but

::
in

:::::::
contrast

::
to

:::::::::::::::::
Echevin et al. (2008)

:
,
::::
who

:::::
found

::::
that

::::::::::
temperature

:::
was

:::
not

:::::::::
important.

::::::::::
Differences

::
in

::::::
results

:::::
from

::::::::::::
Echevin et al.

:::
and

:::
our

::::::
results

:::::
likely

::::::::
originate

::
in

:::
the

:::::::
different

::::::::::::::
biogeochemical

:::::
model

::::::::::
components

::::
(e.g.,

::::::::
different

::::::::::::::
parameterisations

::
of

::::::::::
temperature

:::::::::::
dependencies

::
of

::::::::::::
phytoplankton

:::::::
growth).

::::::
Given

::
the

::::::::
disparity

::
of

:::
the

:::::::
models,

:::
the

::::
role

:::
of

::::::::::
temperature

:::::::::
limitation

::
in

::::
the

::::
PUS

::::::::
warrants

::::::
further

::::::::::::
investigations

:::
in

:::::
order

::
to

::::::
better

::::::::
constrain485

::::::::::
second-order

:::::::
drivers

::
of

:::
the

::::::::
seasonal

::::::::
paradox.

::::
The

:::::::::
sensitivity

::
of

:::
the

::::::::
different

::::::::
processes

::::::
within

:::
the

::::::::
plankton

:::::::::
ecosystem

:::
to

::::::::::
temperature,

::
as

::::
well

::
as

:::::
their

::::::::
interplay,

:::
are

:::::
topics

::
of

:::::
active

:::::::
research

::::
(e.g.

:::::::
Thomas

::
et

:::
al.,

:::::
2017;

:::::
Chen

::::
and

:::::
Laws,

:::::
2017;

::::::
Morán

::
et

::
al.,

::::::
2018;

::::::::
Marañón

::
et

:::
al.,

:::::::::::
2018;Barton

:::
and

::::::::::::::
Yvon-Durocher,

:::::
2019)

:::
and

:::::::
relevant

::::::::::
particularly

::
in

::::
light

::
of

::::::
global

::::::::
warming.

We �nd that the seasonal variability of phytoplanktonfurtherpropagates up the food chain andaffectsthetrophodynamics,

andultimatelyexportef�ciency. Therefore,
:
is

:::::::
re�ected

::
in

:::::::::::::
trophodynamics

::::
and

::::::::
ecosystem

::::::::::
functioning.

::
In

:::::::::
particular,

::::::::::
zooplankton490

:::
and

::::::
organic

::::::
matter

:::::
within

:::
the

:::::
water

::::::
column

::::::
mirror

:::
the

:::::::
seasonal

::::
cycle

:::
of

::::::::::::
phytoplankton.

::::::
Finally,

::::::
export

:::
and

::::::
export

::::::::
ef�ciency

:::
are

::::::::::::
well-correlated

::::
with

:::
the

:::::
MLD

::::
over

::
the

::::::
course

::
of

:::
the

::::::
annual

:::::
cycle.

:::::
Given

:::
that

:::::::
changes

::
in

:::::
MLD

:::
are

::::::::
correlated

::
to

:::::
many

:::::::::
ecosystem

::::::::::
components

::::::
related

::
to

:::::::
plankton

:::::::::
ecosystem

::::::::::
functioning,

:::
we

:::::
argue

:::
for a more thorough understanding of the interactions behind

the mixed layer and upwelling dynamicsalongwith the
:
,

:::::
along

::::
with food web processeswill .

::
A

::::::
better

:::::::::::
understanding

:::
of

::::
how

::
the

::::::::
interplay

::
of

:::::
MLD

:::
and

:::::::::
upwelling

:::::::
impacts

::
the

:::::::::
ecosystem

::
in

:::
the

::::::::::::
contemporary

::::
PUS

:::
will

:::::::::
ultimately help to better project how495

coastal upwelling ecosystems, and in particular the Peruvian system, may vary under climate change.
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::::::::::::
Phytoplankton

:::
will

:::::::::
inevitably

::
be

:::::::::
in�uenced

::
by

:::::::
climate

::::::
change,

::::::::::
responding

::
to

:::::::
changes

::
in

::
the

:::::
biotic

::::
and

::::::
abiotic

:::::::::::
environment.

::::::
Impacts

:::
in

:
a
::::::::
changing

:::::::
climate

::::
will

::::
arise

:::::
from

:::::::
changes

:::
in

::::::::::
strati�cation

::::
and

:::::::::
upwelling,

::::
that

::::::
further

::::
lead

::
to

:::::::
shifting

:::::::
growth

::::::::
conditions

::::
due

::
to

:::::::
changes

::
of

:::::
light,

::::::::::
temperature

:::
and

::::::::
nutrients

::::::::::::::::
(Behrenfeld, 2014).

::
A

:::::
recent

:::::::
regional

:::::::::
modelling

:::::
study

::::::::
(Echevin

:
et

::::
al.,

:::::
2020)

:::::::
projects

::
a

:::::
weak

:::::::
decrease

:::
in

::::::::
upwelling

:::::
along

:::::
with

:::::::::
increasing

::::::::::
strati�cation

:::
in

:::
the

::::
PUS

::::
due

::
to

:::::::
climate

:::::::
change.500

:::
Our

::::::
results

:::::::
suggest

:::
that

:::
the

::::::::::
decreasing

::::::::
upwelling

::::
and

:::::::::
increasing

::::::::::
strati�cation

::::
will

::::
both

:::::::::
contribute

::
to

:::
an

:::::::
increase

::
in

:::::::
surface

::::::::::::
phytoplankton,

::
in

:::::::::
agreement

::::
with

:::
the

:::::::
�ndings

::
of

:::::::::::::::::
Echevin et al. (2020).

::::::
While

:
a

::::::::
reduction

::
of

:::::::::
upwelling

:::::
might

::::
lead

::
to

:
a

:::::::
reduced

:::::
supply

::
of

::::::::
nutrients,

:::
the

::::::
region

::
is

::
far

:::::
from

::::
being

:::::::
nutrient

:::::::
limited.

:::::::::
Therefore,

:
a

::::::::
reduction

::
in

::::::::
upwelling

:::::
could

:::::
rather

::::
have

:::
an

:::::
effect

::
via

:::::::::::
temperature,

:::::::
reducing

:::
the

:::::::
cooling

:::::
effect

::
of

::::::::
upwelled

::::::
waters.

:::
We

::::::::::
hypothesise

:::
that

:::
the

::::::
coastal

::::::
region

:::::
would

:::::::::
experience

:::::
more

::::::::::::
phytoplankton

::::::
growth

:::
and

:::::::
biomass

:::::::
buildup

::::
with

:
a
::::::::
reduction

:::
of

:::::::::
upwelling,

:::
due

::
to

:::::::
warmer

::::::
surface

::::::
waters

:::
and

:::::::
weaker

:::::::
offshore505

::::::::
advection

::::::::
compared

::
to

:::
the

::::::
current

::::::::::::
environmental

::::::::
situation.

:::::::::
According

::
to

:::
our

:::::::
results,

:::::::
shoaling

::
of

:::
the

::::::
mixed

::::
layer

::::
will

::
be

:::::
more

::::::
relevant

::::
than

::
a

:::::::
decrease

::
in

::::::::
upwelling

::::::::
intensity,

::::::::
reducing

:::
the

::::::
dilution

::
of

::::::::::::
phytoplankton

::::
and

:::
the

::::
light

::::::::
limitation

::
in

::::::
austral

::::::
winter.

::::
This

:::::
could

:::::::
possibly

::::
lead

:::
to

::
an

::::::::::
attenuation

::
of

:::
the

::::::::
seasonal

:::::::
paradox

::
in

::::
the

::::::
future.

:::
As

::::::
export

:::
and

::::::
export

:::::::::
ef�ciency

:::
are

::::
also

:::::::
regulated

:::
by

:::::
MLD

:::::::::
dynamics,

:::
we

::::::
expect

:::
not

::::
only

::::::::
enhanced

::::::
export

:::
but

::::
also

::
an

:::::::
increase

::
in

:::
the

:::::::
fraction

:::
of

::::::
primary

::::::::::
production

:::
that

::
is

:::::::::
transported

::
to

:::
the

:::::
deep

:::::
ocean

:::::
under

:::::
global

::::::::
warming.

:
510

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

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

Appendix A: Methods

A1 Two-way nesting approach

Figure A1visualizes
::::::::
visualises

:
the coarser-resolution parent and nested �ner-resolution child domain that contains the focus515

region. The variables in section B are shown for the child domain.

A2 Adjustment of biogeochemical model parameters

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

ogy (phyto- and zooplankton biomasses, productivity) better �t observational data. The changed parameters along with value

ranges from literature are listed in Table A1 and will be further explained below.520

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

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

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

evaluated based on WOA and cruise data while simulated MLD has been validated against the ARGO mixed layer database
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Figure A1. Bathymetry of the "parent" (1/4� resolution) and "child" (1/12� resolution) domains. White lines near the coast highlight the

focus region.

(Holte et al. (2017), http://mixedlayer.ucsd.edu/).525

Appendix B: Model evaluation

B1 Surface chlorophyll concentration

The large-scale spatial pattern of annual average surface chlorophyll of the monthly climatology of MODIS data and CROCO-

BioEBUS are similar (Fig. B1), with higher chlorophyll concentrations in coastal regions and lower concentrations offshore530

(note that chlorophyll is shown in log-scale). The satellite data features a higher cross-shore chlorophyll concentration gradient

compared to the model simulation. The model's overestimation of the low offshore chlorophyll and hence weaker cross-shore

gradient potentially is due to the lack of iron limitation in the model. Apart from that, the model is also not able to correctly

capture the alongshore pattern (Fig. B1), i.e. it misses two observed high surface chlorophyll concentration patches between

8� S to 10� S and 12� S to 14� S (Bruland et al., 2005). Within a 200 km band near the coast, both satellite data and the model535

simulation show a similar seasonality with maximum chlorophyll concentrations exceeding 4 mg /m3 from March to April and

minimum concentrations around 2 mg /m3 in August. In general, simulated surface chlorophyll concentrations agree reasonably
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Figure A2.
::::
Map

::
of

:::::
annual

::::
mean

::::::
surface

::::::::
chlorophyll

:::::::::::
(mg chlm � 3)

:::
with

:::::
white

::::
lines

:::::::
highlight

::
the

::::::
regions

:::
that

::
we

::::::
average

::::
over

:
in

:::
our

:::::::
analyses

:
in

:::::
Fig.2.

::::::
Coastal

:::::
EBUS

::::::
regions

::::::
picking

:::
here

:::
are

::
the

:::::
same

:
as

::::::::::::::::::::
Chavez and Messié (2009)

well with satellite data.

B2 Surface nitrate concentration540

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

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

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

This notion is supported by nitrate concentration data from a cruise in austral summer that show nitrate concentrations in the

coastal region are high compared to the model data.545
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Table A1. Adjusted biological Parameters and range of published parameter values

Parameters Symbols Units Value Range

Max growth rate ofPL aPL d� 1 0.6 0.6a -3.0b

Mortality rate ofPL � PL d� 1 0.15 0.027c-0.2d

Preference ofZS for PS eZ S PS - 0.65 see referencese

Preference ofZS for PL eZ S PL - 0.35 see referencese

Preference ofZL for PS eZ L PS - 0.1 see referencesf;g

Preference ofZL for PL eZ L PL - 0.4 see referencesf;g

Preference ofZL for ZS eZ L Z S - 0.5 see referencesf;g

Excretion rate ofZS 
 Z S d� 1 0.1 0.03h -0.1i

Excretion rate ofZL 
 Z L d� 1 0.1 0.05h -0.1i

Mortality rate ofZL � Z L mmol N m � 3 d� 1 0.135 0.05a -0.25j

The values for diet preferences were picked based on a combination of calibrating the model against observations of

plankton biomasses and observed qualitative diet preferences in the references.
a Gutknecht et al. (2013)
b Andersen et al. (1987)
c Koné et al. (2005)
d Taylor et al. (1991)
e Bohata (2016)
f Kleppel (1993)
g Schukat et al. (2014)
h Aumont (2005)
i Fennel et al. (2006)
j Lima and Doney (2004)

Figure B1.Annual mean surface chlorophyll concentration (inlog(chl (mg m � 3) � 1)) distribution of (a) MODIS and (b) CROCO-BioEBUS.

White lines highlight the focus region.

B3 Mixed layer depth

We validate the simulated MLD against the gridded ARGO mixed layer dataset (Holte et al. (2017), http://mixedlayer.ucsd.edu/)

both in terms of spatial pattern and seasonal variability within the research area (Fig. B3). The annually averaged spatial dis-
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Figure B2. Spatial distribution of surface nitrate concentration based on (a) WOA and (b) CROCO-BioEBUS; (c) January and (d) February

as simulated by CROCO-BioEBUS. Dots indicate measurements from the cruises M92 (January) and M93 (February); (e) seasonal cycle

of surface nitrate concentration from WOA (cross), CROCO-BioEBUS (line) and cruises (pentagram, hexagram) within the focus region.

White lines highlight the focus region. The black box indicates the maps of panel c-d.

tribution of MLD within the research area presents the same features as ARGO: shallower MLD in the coastal region (around

20 m) and deeper MLD in the offshore region (around 80 m). The simulated seasonal variability of MLD within the research550

region generally follows the seasonal trend of the Argo data. The water column within the research region is most strati�ed

in February to March and most deeply mixed in August. Although simulated MLD in austral winter is somewhat deep, the

simulated MLD are largely within the range of the ARGO data.
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Figure B3. Annual average spatial distribution of mixed layer depth (MLD) from (a) ARGO and (b) CROCO-BioEBUS; (c) Seasonal

variation of average mixed layer depth from ARGO (crosses, with lines indicating the standard deviation) and model simulation (line) within

focus region. White lines highlight the focus region.

B4 Sea surface temperature

The simulated SST has been validated against monthly climatological MODIS data in terms of both spatial pattern and seasonal555

variability within the research area (Fig. B4). The annually averaged spatial distribution of SST is well simulated by the model.

The model successfully captures the cold coastal upwelled water as well as slightly warmer water masses further offshore.

The simulated SST seasonality within the research region generally follows the seasonal trend of the observations, with a

cool bias of less than 1oC. The surface waters within the research region are warmest in February to March matching the

modelled/observed shallowest mixed layers and coldest from August to October. In general, the simulated SST matches the560

observations well both in terms of spatial pattern and seasonal variation.

B5
:::::::::::::::
Mesozooplankton

:::::::::::
distribution

::
In

:::::::
addition,

:::
we

::::::::
calibrated

:::::::::::
zooplankton

::
in

:::
the

::::::::
BioEBUS

::::::
model

::::::
against

:::::::::::
observational

::::::::
estimates

::::
(Fig.

::::
B5).

::
It

::
is

::::::::
something

::::
that

::
is

::::
often

:::::::
omitted,

::::::
despite

:::
the

::::::
central

:::
role

::
of

:::::::::::
zooplankton

::::::::::::::
parameterisations

::
on

::::::::
plankton

::::::::
dynamics

::::::::::::::::::::::::::::::::::
(Anderson et al., 2010; Prowe et al., 2012)

:
.

:::::
While

:::
the

:::::::::::
observations

:::::
show

::
a

:::::
large

::::::
spread,

:::
the

:::::::::
simulated

:::::::::
large-scale

::::::
spatial

::::::::::
distribution

:::
of

:::::::::::::::
mesozooplankton

::::::::
generally565

::::::
follows

:::
the

::::::::
observed

::::::
pattern,

:::::
with

::::
high

::::::::::::::
mesozooplankton

:::::::
biomass

:::
in

:::
the

::::::::
upwelling

::::::
region

:::
and

::::
low

:::::::
biomass

::::::
further

::::::::
offshore.
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Figure B4. Annual average spatial distribution of sea surface temperature (SST, inoC) from (a) MODIS and (b) CROCO-BioEBUS; (c)

Seasonal variation of average sea surface temperature (SST) from MODIS (cross) and model simulation (line) within focus region. White

lines highlight the focus region.

:::
The

::::::
model

::::::::
simulates

:
a
:::::
stripe

:::
of

:::
low

:::::::::::
zooplankton

:::::::
biomass

::::::::::::
concentrations

:::
in

:::
the

:::::
focus

:::::
region

::::
near

:::
the

:::::
coast

::::
(due

::
to

::::::::
offshore

::::::::
advection

::::::::
combined

::::
with

:::::
slow

::::::::::::::
mesozooplankton

:::::::
growth)

::::
that

::
is

:::::::
dif�cult

::
to

::::::
assess,

::
as

:::::::::::
observations

::::
near

:::
the

:::::
coast

:::
are

::::::
sparse.

:::::::
Though,

:::
the

::::::
feature

::
is

:::::::
apparent

::
to

:::::
some

:::::
extent

::
in

:::
the

:::::::::::
observations

::
in

:::
the

:::::::
southern

:::::
focus

::::::
region.

Appendix C: Additional Figures570

The whole time series of temperature and nitrate concentration at 10 m and1000
:::
100 m are shown in Fig. C1a-b. Surface

�elds are spun up after one year whiledeepwatertakes
::::
water

::
at

::::
100

::
m

:::::
takes

::::
3-10

:::::
years longer to reach a steady state. In the

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

Detailedseasonalcyclesof phytoplanktonbudgetsintegratedoverMLD is shownin Fig. C2, includingprimaryproduction

(pp), consumptivemortality (graz),naturalmortality (mort), exudation(exu), sinking (sink), mixing (mix), advection(adv)575

and entrainment(entr). Further,seasonalitiesof net biological (bio) and physical(phy) �uxes along with MLD-integrated

phytoplanktonbiomasschange(� B ) is alsoshownin the�gure.
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