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1. Introduction

The SEACLIM milestone, MS1@lelivers two reference hindcasts, one covering the North

Eag Atlantic (NEATL12C) and the second covering the Nordic Seas and the Arctic

(TOPAZ). These simulations sent&o main objectives.

The first is to provide a reference regional free simulation forced by global reanalysis
datasets: ERAS for atmospheric varialldgk or tap here to enter textGLORYS12v1

(Lellouche et al., 202 1FREEBIORff&m the Copernicus Marine Service, used respectively

for physicalandbiogeochemicabariables (as lateral boundary and initial conditionsgs&h
simulatiors represent the best possible model performance without data assimilatieiiland
serve as a reference for evaluating downscaled regional ocean decadal predictions and climate
projections For the wave componeint the AtlantiG as no spectral boundary data are

available for the regional configuration, a free simulation at 1° resolution was performed for
this purpose, incorporating surface currents from GLORYS12v1.

The second objective is to provide initial conditions for retrospective decadal predictions (also
referred to as hindcasts in WP2).

This reportcontainsa descriptiorof the model configurations (Section 2jdethevalidation

of the key model output paraers (Section 3) The output of the reference rumssbeen

uploaded as NetCDfles on the Edito platform. Section 4 debes how to access the model
results.

2. Hindcast configurations

2.1. Model setup and configuration TOPAZ

2.1.1.The weanmodelHYCOM

The Hybrid Coordinate Ocean Mod@leck, 2002)s a general circulation ocean model that
combines isopycnal layersjevels, and terraufiollowing coordinates. This hybrid approach
leverages the strong conservation properties of isopycnal coordinates in the ocean interior
while high vertical resolutiom the weltmixed surface layer and coastal regions. HYCOM
has been widely used for both global and regional applicateogsBraby et al., 2020;
Chassignet et al., 2009; Xie et al., 2020)

Theversionused in this study builds on previom®dellingsystems for the North Atlantic
and Arctic OceanfBertino & Lisaeter, 2008; Sakov et al., 2012; Xie et al., 20th8)
implementation is based on HYCOM versioB and configuredor Arctic applications. The
full model code is available in the NERSC Git repository:
https://qgithub.com/nansencenter/NERSEY COMCICE/tree/develop

2.1.2. Theseaice model CICE

The sea ice component, CICE version (Binke et al., 2015)s coupled to HYCOM using

the Earth System Modeling Framework (ESMF). Ci@&es theelasticviscousplastic (EVP)

rheol ogy and represents sea iclkauwsiagf odér mel &
is applied to simulate variable sea ice salinity and evolving freezing temperdwnesr &

Hunke, 2015)

The $ortwave radiation and albedo through snow and sea ice are computed using the delta
Eddington approac{Briegleb & Light, 2007yhich implicitly accounts for melt ponds by

8
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adjusting albedo based on surface conditions. The model represents a smooth decrease in
albedo with decreasing ice thickness. Although CICE includes an optional sea ice
biogeochemistry modul®uarte et al., 2015)his feature is not activated in our setup.
However, the light transmission module within CICE is used to allow phytoplankton growth
beneath sea ice under sufficient light conditions.

2.1.3. Thebiogeochemicamodel ECOSMO [I(CHL)

We used an updated version of ECOSMO I[I(CHYumruktepe et al., 2022an
intermediatecomplexity lower trophic level biogeochemical model, to simulate the processes
in the water column and the sediment layer in the higher latitudes of the North Atlantic and
the Arctic Ocean. ECOSMO II(CHL) resolves nitrate, ammonium, gieispand silicate as
inorganic nutrients, diatoms and flagellates as primary producers - rarconesesize

classes as herbivorous and omnivorous zooplankton respectively. The model uses the molar
Redfield ratio (106 16: 16: 1) between C : N : Si : Eomponents and simulates oxygen as

an explicit state variabl®oth dissolved (DOM) and particulate (detritus) organic matter are
included in the model. Each phytoplankton has its own chlorophyll *a*glchbmponent as

a state variable that actively resolves the carboraehtiowhich is modelled using thieght-
dependentormulation by Geider et a{1998).

2.1.4. Thecoupledsystem

The coupled HYCOMCICE-ECOSMO modeling framework forms the basis for the
development of the TOPAZ data assimilation systéhe coupling between the HYCOM and
CICE uses the Earth System Modeling FrameveoakplerEarth System Modeling
Framework(ESMF, version 8.0.}, while ECOSMO is couple using the Framework for
AquationBiogeochemicaimodels(FABMBruggeman & Karsten Bolding, 201This

coupled ocedrsea icébiogeochemistry system provides forecasts and reanalyses of physical
and biogeochemical ocean conditions and is specifically configured for the North Atlantic and
Arctic regions. For this project, we use a relatively coagseltion setup (average grid

spacing of ~17 km) to produce mwjtearhindcastof key physical andiogeochemical

variables, includingalinity, temperaturenutrients, oxygen, primary production, and
zooplankton biomass. Model performance is evaluatehstga situ observationgcean
reanalysis (GLORYSv12viljatellite data, and climatological datasets.

2.1.5. Model configuration

The present configuration focuses on the Nordic Seas and Arctic Ocean, with spatial
resolution increasing towards the Arctic. The model is configured on a relatively coarse
resolution ranging between 13 and 20 Kxg(rel). Atmospheric forcing data are obtained
from the 6hourly ECMWF ERADS reanalysis (Hersbach et al., 2020), including 10 m wind
speed, 2 m air temperature, 2 m degint temperature, atmospheric pressure, total
precipitation, andong- andshortwave radiation.

The model has been spun up with ocean physics afideséa ten years starting 1977 with
lateral boundary nudging of World Ocean Atlas 20VOA2018)climatology(Locarnini et
al., 2019; Zweng et al., 2009he biogeochemistry tracers, i.e., nutrients and carbon, are
initialised with World Ocean Atlas 2013 monthly climatology profiles on 1O8D1.The
hindcast simulation covers the period from November 1992 to &t ocean physicand
biogeochemistryvere initialized fromaresartfile in September 199During 1992,
temperaturesalinity and biogeochemical tracensere relaxed towards the corresponding
monthly climatology from WOA2018nd WOA2013t the lateral boundaries. This
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relaxation was implemented using zones with a width of twenty grid cells and a relaxation
timescale of twenty days.

From 1993 onwards, nesting conditions were applied at the lateral boundaries using data from
the GLORYS12 V1 reanalysis (daily outputs at 1/12° horizontal resolution and 50 vertical
levels; doi:10.48670/med0021)andand the global biogeochemical hindcast
(https://doi.org/10.48670/mot00019 for thebiogecochemical varibables. Thesting

process used relaxation zones with a width of twenty grid cells and a relaxation timescale of
twentydays. This approach was applied to sea surface height (SSH), temperature, salinity,
horizontal ocean currentslontgomery potentialnutrients(nitrate, phosphate and silicate)

and oxygen

Model results were saved as daily means. Restart files were saved every 10 days, with an
additional restart file written on Novemb&¥ of each year throughout the reference run.

Model domain and resolution in km

13

Figure 1. Model domain and resolutioof TOPAZ2

Table 1. List of outputs (only validated ones)

Variable Unit Variable name Frequency
Physical variables 3D

Ocean Temperature degC thetao monthly
Ocean Salinity - o) monthly
Oceanwater x velocity | ms-1 uo monthly
Ocean water y velocity | m s-1 VO monthly

Sea surface degC sst daily
temperature

Sea surface salinity - SSs daily

10
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Sea surface height m Z0s daily
Ocean mixed layer

thickness defined by m mlotst daily
density

Nitrate mmol m-3 no3 monthly
Phosphate mmol m-3 po4 monthly
Silicate mmol m-3 Si monthly
Oxygen mmol m-3 02 monthly

Biogeochemical variables 2D
Integrated primary

production mgC m2 -d npp daily
Sea-ice variables 2D

Sea ice thickness m hi daily

Sea iceconcentration - aice daily

2.2. Model setup and configuration NEATL12C

NEATL12C is a regional ocean model for the nestistern AtlantiandEuropean northwest
shelf including the North Sea and the western MediterraneanFsgar¢2). It derives from
the IBI reanalysis configuration developfed the Copernicus Marine Servicgof:
10.48670/moi00029 and isdedicatedo climate studies (Chaigneau et al. 2022).

Bathymetry (m) 0

20°W 10°W 0 10°E 20°F \/ -5000

Figure 2. Model domain and bathymetry (m) of NEATL12C.

2.2.1.0cean physicg NEMOV5.0

The NEATL12C configuration is based on the primitive equation NEMO ocean model
(Nucleus for European Modelling on the Oceddlladec et al.2024) version 5.0 to represent
ocean physics. In the horizontal direction, NEMOV5.0 uses a curvilinear orthogonal grid, with

11
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a 1/12° resolution @ km approximately), covering the region from 25°N to 65°N and 21°W

to 16°E Figure2). The vertical direction is split in 75 levels with a variable thickness (about

a meter near the surface and up to 200m near the bottom). To represent the diversity of
situations encountered in the ocean on the vertical, NEMOV5.0 uses a space and time
dependent vertical coordinate (xoordinatethusconsidering the variation of the sea surface
height byimplemening a variable voluméLevier et al., 2007 Additionally, to better fit the
bathymetry, NEMOV5.0 uses a partial step metfigetnard et al.2006). For further details

on the Ocean physics representation in the configuration, the reader is referred to Chaigneau
et al.(2022.

Initially, NEATL12C was based on NEMO v4.2 but for SEACLIM project, the ocean physics
component was updated to NEMO v5.0 (Madec et al., 2024). NEMO v5.0 features two time
stepping schemes: Modified Leap FiddLF Leclair & Madec, 2009)esinger& Arakawa,

1976 and Runge Kutta 3rd ord@RK3 Wicker &Skamarock, 2002The RK3 scheme, beside

its higher formal accuracy than MLF (3rd order vs less than 2nd order for linear terms), has
the advantage of requiring less memory storage and being more computationally efficient.
Then, by using XIOS3, activating RK3 and doublthg time step, NEMO v5.0 can be up to

2.5 times faster than NEMO v4. More details about differences between NEMO v5.0 and v4.2
can be found in NEMO user guidgtps://sites.nemcocean.io/userguide/changes.html

2.2.2.0cean biogeochemistrg PISCESv2

To represent the ocean biogeochemistry, NEATL12C configuration relied on PISCES
(Pelagic Interaction System for Carbon and Ecosystem Studies) biogeochemical model,
version 2(Aumont et al., 201p which is part of the NEMO modelling platform. PISGES

is a model of intermediate complexity, which simulates the lower trophic levels of marine
ecosystems and the biogeochemical cycles of carbon, oxygen and the main nutrients
controlling the phytoplarton growth. The model features 24 prognostic variables which
includes four types of plankton based on size (two zooplankton, nigcnall) and meso

(large) zooplankton; and two phytoplankton, nguinytoplankton (small) and diatoms (lajyge
detritus, maimutrients (P, N, Fe, and Si), oxygen and a representation of carbonate system.

Both phytoplanktorare represented (i.e., a prognostic variable is available) in carbon, iron,
silicate (only for diatoms) and chlorophyll with variable Fe/C, Si/C and Chl/C ratios. Both
zooplankton are only represented in carbon (no silicified zooplankton considere€CERIS
For all species, C/N/P and O2 ratios are assumed constant, set to values d@iakethashi

et al. (1985andKortzingeret al.(2001), respectively. Three types of detritus are defined:
small particulate organic carbon, large particulate organic carbon andeddedissolved
organic carbon, in which only the iron, silicon and carbonate contents of the particles are
computed prognostally. Additionally, PISCESv2 includes a representation of the carbonate
system using alkalinity and dissolved inorganic carbon as input variables, then computing pH
and marine pCO2.

PISCESv2 was used in various studes Bopp et al., 2005; Gehlen et al., 2006, 2007,
Schneider et al., 200&éférian et al., 2013Bteinacher et al., 2010; Tagliabue et al., 2010

and br products delivered to the Copernicus Marine Service: the global ocean analysis and
forecast product at 1/48oi: 10.48670/moi00019, the global ocean nesssimilative

hindcast product at 1/48loi: 10.48670/moi00019, the IBI norassimilative hindcast

product at 1/12° (doil0.48670/mot00029 and the IBI analysis and forecast product at 1/36°
(doi: 10.48670/moi00026§, for example.
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2.2.3.Waves ¢ MFWAM

The wave component of NEATL12C in SEACLIM is based on the model system currently
used for the wave reanalysis in the Copernicus Marine Service for these (dgiedanoet

al., 2022)and works with a comparable spatial resolution than the physical system (1/10°
native) while angular and spectral resolutions are respectively 24 directions for 30
frequencies. The computing code is based on MFWAM, a-gerceration wave model

derived fom ECWAM (IFS38R2, ECMWF 2012) that includes specific terms for dissipation
by wave breaking and swell damping due to air friction at the sea surface. Theayuteg
dissipation is ST4ike (Ardhuin et al., 2010and the model has been enhanced with
adjustments to dissipation terms and an improved drag coefficient using a Philips spectrum
tail for high-frequency waves. The wind input term uses the one proposRiiloy et al.

(2007, modified for short waves and a negative swell damping term.

Within the SEACLIM framework, the wave model accountsdogan currents, but alsea

level variations, which are of primary importance in the context of climate change (Chaigneau
et al., 2022). For the IBI region, this approach additionally enables the representation of tide
wave interactions, which are particularly significant inliieh and English Channel waters.
Coastal wave breaking is also activated following the formulation of Batti@ganssen

(1978).

r 800

=2}
=]
(=]

Bathymetry [m]

400

200

15°W  12°W  9°W  6°W 3°W 0° 3°E

Figure 3. Model domain and bathymetry (m) of MFWAM.

2.2.4.The oupled systeng NEATL12C

As a part of the NEMOV5.0 modelling platform, PISGESis coupled to NEMOV5.0 physics
component via the TOP component (tracers component), which manages thessgurce
equations associated to PISCESbiogeochemical variables. The coupling is performed
online which means that physics and biogeochemistry run in parallel. The coupled
configuration horizontal resolution is the same as specified in secBidn 2/12° (67 km
approximately).

13
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Waves are natoupled but rather forced ltlge hourly surface currents and ssh produced by
the coupled configuration as forcings. The grid on which they are computed is slightly
different than the one used for the coupled configuration. Due to the number of boundaries
support by the configuration, the wavesdelcannotuse the extended grid used by the
coupled configurationRigure2). Additionally, the resolution is 1/10°, which is lower than the
one used for the coupled system but remains comparable.

2.2.5. Model configuration

The periodcoveredby the reference hindcast is 199324. The simulation starts by using the
ocearreanalyze$GGLORYS12v1 and BIORYS4 as initial conditions on Janudty1993
(beginning of the reanalysis period) sfin upwas performed by looping 5 times over the
year 1993nd allowed to reach satisfyingequilibriumstate For the wave component, a
threemonth spirup period is applied, which is largely sufficient for wave systems
propagating over the global ocean to reach equilibrium.

Thehindcast is forced bthe sama&eanalysess the initial conditiorat open boundaries:
physics variables (temperature, salinity, sea surface height and currents) are provided by
GLORYS12v1 for the whole run peripdiogeochemical variables are provided by three
versions of the biogeochemistry reanalysis: BIOR¥&n{ 1993 to 2019 BIOMER4v2

(from 2019 to 202Band BIO4GLO14from 2023 to 202¥ depending on their availability
The wave component uses wave spectra derived from gléleal 1° simulation, with
boundary forcing provided by ERA5 atmospheric fields and GLORX/1 ocean currents.

Results files are providad netCDF formathrough XIOS3Main output \ariables and
associatedrequenciesrespecifiedin Table2 (validated variables onlgeethe EDITO
platformfor afull datasetfile outputs_hindcast.ods for the descripjiorheywere chosen
based on deliverable1 (Datamanagemerpan,Data summary tabJaVP3 tab) Considering
storage limitations, choices have been made to limit the total size of hindcast YWhetlts.
more than one frequency was specified, the lower one was chosen for the 3D variables.
Moreover, some variabldgmvebeen grouped in a same results file to avoid writing again
dimension variables which avaitten by default in all files.

Table 2. List of outputs (only validated one, a detailed version is available on EDITO platform), with
frequencies and associated files.

Variable | Variable long name Units Frequencies Files suffix
Hourly
. 25h average
h f heigh
Ss Sea surface height m Monthly
Yearly
2DT-oce
_ ) Hourly
Mixed layer thicknesg Daily
mlddt02 defined by m Monthl
temperature onthly
Yearly
thetao Temperature °C 25h average 3DT-thetao
SO Salinity - Monthly 3DT-so
uo Currents ({axis) m.s1 Yearly 3DU-uo

14
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VO Currents ({jaxis) m.s1 3DV-vo
spco2 Surface marine pCOj patm
Cflx Air-sea CO2 fluxes | mol.m2.s1 Daily
zeu Euphotic layer depth m Monthly 2DT-bgc
Vertically integrated Yearly
npp primary production by mol.m2.s1
total phytoplankton
Total chlorophyll
chl concentration mgChl.m-3 3DT-chl
phyc Total phytoplankton | mmolC.m-3 3DT-phyc
zooc Total zooplankton mmolC.m-3 3DT-zocc
alk Alkalinity mmol.m3 3DT-alk
: Dissolved inorganic
dic carbon mmolC.m-3 I\/IYontr:Iy 3DT-dxc
ph PH (total scale) - eary 3DT-ph
no3 NO3concentration | mmoIN.m-3 3DT-no3
po4 PO4concentration mmolP.m-3 3DT-po4
Si Siconcentration mmolSi.m-3 3DT-si
02 Dissolved oxygen mmolO.m-3 3DT-02
concentration
Spectral Significant
VHMO Wave Height m
Spectral moments
VTMO02 (0,2) wave period S
(Tm02) Hourly IBl-wav
Wave period at
VTPK spectral peak / peak S
period (Tp)
VMDR Mean wave direction degree

3. Model validation

3.1. TheNortheast Atlantic

The hindcast simulation from NEATL12C is evaluated against observations and reanalyses,
leveraging on the Copernicus Marine product quality assessment fram&@iedssessed 2D
and 3D variables by usirgpthobservations and reanalyses datasésed datasetaclude

satellite data (mukyear reprocessed observations from Copernicus Marine/C3S, including
based on ESACCI processing chains), in situ observations, and IBIRYSv3 (1/12° reanalysis

15
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More details abouhese datasetan be found in bok. In the following, the validatiors
separatedh threesubsectionsphysical validation, biogeochemical validation and waves
validation.In each part, a table summarizing the data sets, metrics and type of figure chosen
for each validated variable is provided.

3.1.1. Physical validation

In this section, we present the validation of physical variables validated variables are
specified inTable3. We also present thesed datasets, the metrics and the chosen type of
figure for visualization.

Table 3. Validated physical variables, with associated figures, metrics and reference datasets. (*: Figure
available in appendix).

Variable Tf?/gpui;f Metric s Reference dataset
2D variables
2D Bias Reanalysis: IBIRYSv3 (1/12 *
surface
maps . .
(average - Multi observation global chan ARMOR3D L4
Sea of the Bias, reanalysis
surface | period | RMSE | [MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015_
temperatur| 1993i 2]
e 2024)

Time . . .
series at Global OceanlIn-Situ NearReatTime Observations
moorings None |[INSITU GLO PHYBGCWAV_DISCRETE_MYNR1

. 13 030
sites
2D Bias Reanalysis: IBIRYSv3 (1/12 *
surface
maps . .
Sea (average Multi observation global Ocean ARMOR3D L4
surface | © oo Bias, reanalysis
salinity period RMSE | [MULTIOBS GLO_PHY_TSUV_3D_MYNRT_015 |
1993i 2]
2024)
2D
surface
maps

Surface | (average
currents of the
period
1993i
2024)
Time
Sea series of| Linear
surface ssh regressi ReanalysisiBI36RYS (1/36°)
height | anomalie on
s (period

Bias Reanalysis: IBIRYSv3 (1/12°)
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19947
2024)

2

2D
surface
maps of
slatrend| None
(period
19937

024)

European Seas Gridded L4 Sea Surface Heights A
Derived Variables Reprocessed 1993 Ongoing
[SEALEVEL_EUR_PHY_L4 MY_008_068

Mixed

surface
maps
(average
(ljaeyi;] of the

b period
1993i

2D Bias

Reanalysis: IBIRYSv3 (1/12°)

Bias,
RMSE

2024)

Multi observation global Ocean ARMORS3D L4
reanalysis
[MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015 |

2]

3D variables

Temperatu
re

Salinity

Hovmoall

diagrams

1)
er

(period:
1993i Bia
2024) S
Mean
2)_ bias,
Vertical
. Correl
profile
(average
of the
period
19937

Reanalysis: IBIRYSv3 (1/12°)

2024)
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Temperature
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Figure 4. Surface temperature (a) from the hindcast simulation and (b) satellite observations
(ARMORS3D), for the period 19932024 (averaged). Both are compared by calculating (c) the mean
bias (model observations) and (d) the mean RMSE for the same period.

Surfaceocean temperature is compared to ARMOR3D dataset by calculating the mean bias
and RMSE Figure4). Another comparison to IBIRYSv3 is also available for the surface in
AppendixA. In both cases, comparisons are made over the entire hindcast period (1993
2024).

Hindcast surface temperature is generally in good agreements with ARMOR3D temperature:
bias Figure4c) is mainly included betweer®.5°C and 0.5°C and RMSEiQure4d) is

relatively low (around 0.5°C). The hindcast is almost systematicatiierthan the

observations, except in two main areas: the Mediterranean coasts (Alboran gyre especially
Figure4c) and the northwestern African codsdbte that this bias was also observed in
GLORYS12v1, which is used to force our hindcast simulation.
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Figure 6. Hourly surface temperature at four mooring sites: (a) Gijon, (b) Arcachon, (c) Le Havre and
(d) Wadden (sekigure 5 for moorings site locations). The chosen period depends on the availability of
data.

The hindcast surface temperature is also qualitatively compared to mooring sites
measurementourly measurements)rhis comparison allows us to test the ability of the
model to reproduce surface temperature seasonal cycle at coastalfmintsooring sites
were selected based on the WP5 chosen sites: Gijon, Arcachon, Le Havre and Wadden
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(Figure5). The model manages to reproduce the seasonal cycle at each select@eiqoimt

6).
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Figure 7. Hovmoller diagrams of mean temperature (°C, domain average). Panels a, b and ¢ show the
results for the whole water column while d, e and f focus on tB@00n layer. (a, d) is for the hindcast
simulation and (b, e) for the reanalysis (IBIRYSv3),tfar period 1993 2024. (c, f) Both are compared
by calculating the mean bias (°C, modeteanalysis) for the same period. (g) Mean vertical profiles
(domain and period average) of the hindcast and reanalysis temperature (°C).

Domain averaged temperature of the whole water column is compared to the reanalysis
IBIRYSv3 (Figure7), by calculating the bias and the mean vertical profillee hindcast
temperature is in good agreement with the reanalykisbias Figure7c) is mainly included
betweeri 0.5°C and 0.5°Cshowing three different layers based on the bias sign. Gk the
1000m layer, the hindcast temperaturarsund0.5°Cwarmerthan the reanalysig his

pattern is even more visible when looking atltemoller diagrams for the-ROOm layer
(Figure7d to f) andsurface2D mapqFig.Al) wherethe bias is systematically positive. On
the 10063000m layerthe hindcast temperatuiearound 0.=colderthan the reanalysis
Finally, below 3000nthe hindcast temperature is slightiigher than the reanalysis (positive
bias below 0.5°C). Note that the Hovmoller diagram of bias alsoshaevent of higher
reanalysis bottom temperature for the year 2000.

When looking at thenean vertical profiléFigure7g), theagreement between the hindcast
and reanalysis is even beteorrelation of 1 and a slightly positive bias of 0.Q7@ith a

good reproduction of the pattern observed for the whole water column (thermocline depth
especially)
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Figure 8. Surface salinity (a) from the hindcast simulation and (b) satellite observations (ARMOR3D),
for the period 1993 2024 (averaged). Both are compared by calculating (c) the mean bias (finodel
observations) andd) the meanRMSE for the same period.

Such as surface ocean temperature, surface ocean salinity is first compared to ARMOR3D
dataset by calculating the mean bias and RMSgu(e8). Another comparison to IBIRYSv3

is available for the surface in Appendix A. In both cases, comparisons are made over the
entire hindcast period (19932024). Offshore, in the Atlantic Oceapen watersthe

hindcasd salinity is quite close to the observed one, showing an almost O bias and a really
close to 0 RMSE. However, when lookingsaallower waterssalinity biases and RMSE are
higher, especially in theoastaNortheastern area. In these areas, biases are mainly negative
(hindcasffresherthan the observed ona) the coastandpositive n the NorthSea Salinity

near the coast is strongly linked to river forcings, which could explain the obtained bias here.
Indeed, we use a climatologiai& Trenberth 2002) which fails to catch the high frequency
variability. The Mediterranean Sea also shows higher bias than the Atlantic offshore area, but
lower than the ontoundin the Northern regian

Domain averaged salinity of the whole water column is compared to the reanalysis IBIRYSv3
(Figure9), by calculating the bias and the mean vertical profile. The three lay&EOQ@n,
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15003-:3000m and below 3000m¢producedy the reanalyses are well reproduced by our
hindcast, same for the decrease of salinity with depth. Bias is generally low (béth2&n

and 0.2%. In the surface layer, the bias is mainly negative (hindcast salinity lower than the
reanalysis) except around the year 200igre9f); in the midlayer (200m to 1000m) the

bias is mainly positive (hindcast salinity higher than the reanalysis) and t#ilgbottom

layer (below 1000m) the bias is mainly negative (hindcast salinity lower than the reanalysis).
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Figure 9. Hovmoller diagrams of mean salinity (domain averadgeanelsa, b, and ¢ show the results for
the whole water column while d, e and f focus on #200m layer. (a, d) i$or the hindcast simulation
and (b, e) reanalysis (IBIRYSv3), for the period 199324. (c, f) Both are compared by calculating the
mean bias (modél reanalysis) for the same period. (g) Mean vertical profiles (domain and period
average) of the hindcasnd reanalysis salinity.

When looking at the mean vertical profileidure9g), the agreement between the hindcast
and reanalysis is high (correlation of 0.997 and a slightly negative bia9a¥) withgood
reproduction of the pattern observed for the whole water co{aorface freshening,
subsurface increase and decrease from 200m

Surface currents

Surface currents are compared to IBIRYSv3 over the entire hindcast period (2093). At
large scale, the hindcast and reanalysis show good agredfigene (0, Figurell). The
major currents are visible: one branch of the North Atlantic Drift, the Azores current, the
Liguro-Provencal current and the Algerian current.
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Figure 10. Surface currents (eastwardaixis) (a) from the hindcast simulation and (b) reanalysis
(IBIRYSvV3), for the period 19932024 (averaged). (c) Both are compared by calculating the mean bias
(modeli reanalysis) on the same period.
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Figure 11. Surface currents (northwards;gxis) (a) from the hindcast simulation and (b) reanalysis
(IBIRYSvV3), on the period 19932024 (averaged). (c) Both are compared by calculating the mean bias
(modeli reanalysis) on the same period.

Seasurface height

To validatesea surface height, we compatkd hindcasESHanomalies to IBI36RYSSH
anomalies by calculating a linear regresgieigure12). The calculation was made by using
the OD variable sshtoglobal averagesea level changeavailable inthe 1/36° reanalysis (not
available in the 1/12° reanalysi€)alculatedslopes are similar (2.9 mmazrfor the hindcast
vs 2.6mm.yr-1 for the reanalysjs We conclude that the hindcast reproduces wekd#ze
level risetrend depicts by theeanalysis
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Figure 12. Sea surface height anomalies referenced to the mean sea level over the wholdégrgadd
the Hindcast simulation and (b) IBI36RYS reanalysis. Anomalies are compared by calculating a linear

regression (with formulation in the right bottom corner).

We also compared sea level trend to satellite observdfamsel13). Overall, the model
tends to underestimate the tradebscribe by satellite observations.
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Figure 13. SLA trend calculated for the period 1982024, for (a) the Hindcast simulation and (b) the

Altimetry product.

Mixed layer depth

Mixed layer thicknesgs compared to ARMORS3D dataset by calculating the mean bias and
RMSE (Figure14) andto IBIRYSv3by calculating the bia@=igurel5). In both cases,

comparisons are made over the entire hindcast period (18934).The observatiofbased
productshows the deepest mixed layer depth in thertRevestern corner of the area. The
shallowest ones are observed on the continental sheih ahel Mediterranean Sea. This

pattern is well reproduced by the hindcast, with, however, systematically highes valu

(deeper mixed layer depth). The higher bias and RMSE are obtained in the Northwestern area,
showing thatonvective and turbulent processes that affect MLD may be too saondghat
boundariexonditionshave a strong imga in this areaHigh bias and RMSE are also

obtained in Gulf of Lionwhich is characterised by significant winter deep convection events,

24



SEACLIM MS10 SEACLIM | st sen

not visiblewhen looking at the observations, certainly due to fiaited spatial resolutiorf~
13km).
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Figure 14. Mixed layer thickness (a) from the hindcast simulation and (b) satellite observations
(ARMOR3D), for the period 19932024 (averaged). Both are compared by calculating (c) the mean
bias (model observations) andd) the meanRMSE for the same period.
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Figure 15. Mixed layer thickness (a) from the hindcast simulation and (b) reanalysis (IBIRYSv3), for the
period 1993i 2024 (averaged). (c) Both are compared by calculating the mean bias (inodel
reanalysis) for the same period.

Hindcast mixed layer depths are similar to the one obtained in the reafBigare15). The
most significant bias is obtained in the Gulf of Lion, where the reanalysis shogfsdeeper
mixed layer.

3.1.2. Biogeochemical validation

In this section, we present the validation of biogeochemical variables. The validated variables
are specified imable4. We also present the used datasets, the metrics and the chosen type of
figure for visualization.

Table4. Validated biogeochemical variables, with associated figures, metrics and reference datasets. (*:
Figures available in appendix).

. Type of | Metric
Variable figure S Reference dataset
2D variables
2D

surface
maps

(average : o
of the Bias Reanalysis: IBIRYSv3 (1/12%)
period
19981

Surface 2024)
hl hyl : ; :
c 010p y 2D Mediterranean Sea, BidecChemical, L4, monthly
surface means, daily gapfree and climatology Satellite
maps | |0 Observations (199@ngoing)

(average 095() '2 1 [OCEANCOLOUR_MED_BGC_L4 MY_009_144]
of the RMéE Atlantic Ocean Colour (CoperniciBlobColour), Bie
period GeoChemical, L4 (daily interpolated) from Satellitg
1998i Observations (199@ngoing)

2024) [OCEANCOLOUR_ATL BGC L4 MY_009 118]
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Surface
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phytoplankt
on

2D
surface
maps
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of the
period
193
2024)

Bias

Reanalysis: IBIRYSv3 (1/12°)

Surface
total
zooplankto
n

2D
surface
maps
(average
of the
period
1993i
2024)

Bias

Reanalysis: IBIRYSv3 (1/12°)

Surface
primary
production

2D
surface
maps
(average
of the
period
1993i
2024)

Bias

Reanalysis: IBIRYSv3 (1/12%)

2D
surface
maps
(average
of the
period
1998i
2024)

Bias,
RMSE

Mediterranean Sea, BideocChemical, L4, monthly
means, daily gapfree and climatology Satellite
Observations (199@ngoing)
[OCEANCOLOUR_MED_BGC L4 MY_009 144]
Atlantic Ocean Colour (CopernicislobColour), Bie
GeoChemical, L4 (daily interpolated) from Satellite
Observations (199@ngoing)
[OCEANCOLOUR_ATL_BGC_L4 MY_009 _118]

Euphotic
zone depth

2D
surface
maps
(average
of the
period
1993i
2024)

Bias

Reanalysis: IBIRYSv3 (1/12°)

Surface
nutrients
(NO3,
PO4, Si)
and oxygen

2D
surface
maps
(average
of the
period

Bias

Reanalysis: IBIRYSv3 (1/12%)

WOA2023 climatology
(https://www.ncei.noaa.gov/access/wortdceanatlas
2023))
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Total chlorophyll concentration

The surface chlorophyl concentration (Chl) ifirst evaluated using satellite ocean colour
products for the Atlantic and Mediterranean regionghe period 1998 2024 (Figurel16).
Another comparison to IBIRYSv3 is also available for the surface on the period 2223,
in AppendixA.

In the Atlantic area,atellite observationshowthefollowing pattern:lower chlorophyll
concentrations in the Atlantic subtropical gfr€0.1 mg.n¥), these concentrations increase
following the latitudeandreach the higrst values on theontinental shelf~ 3 mg.nr).
Specifically, high values are observed in the shatloparts of the Nortrn Shelfand
northwestern French, Portuguese 8utoccancoast.Productivity is high in these regions
due to high nutrients inputs from rivers, or upwelling events.

The hindcast reproduced the lower and higher valutdtsese areasutthe regions cover by
these values are generally smaller than the one observed, then leantipgrtant biasand
RMSE. On the continental shelf, hindcast chlorophyll concentraoa®wer than the
observed one. In contrary, offshore, in the Atlantic Ocean, chlorophyll concentia@t&ons
higher than the observed ones.

This is espcially truealong the northern boundary of the doméiigh chlorophyli
concentrations are modelled but wbserved neither in the satellite data nor the reanalysis
(Figurel6aandFig.A3). These valuesan be explainelly phytoplankton and zooplankton
biomasses which will be studied in the next parts.
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Figure 16. Surface total chlorophyll concentration (a) from the hindcast simulation and (b) satellite
observations (CMEM®TL), for the period 1998 2024 (averaged), in the Atlantic Ocean
(Mediterranean excluded). Both are compared by calculating (c) the mearfro@deli observations)
and (d) the mean RMSE for the same period.

In the Mediterranean Sea, satellite observations show the higher chlorophyll concentration in
the Alboran Sea (near the coasts, gyre excluded) and near the Northeri(Fegastd 7b).

The hindcast reproduces the high values obtained in the Alboran Sea and heathbm
coastsHowever, it does not manage to reproduce the low concentrations observed in the
middle of theMediterranean Seaear the Baleares
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Figure 17. Surface total chlorophyll concentration (a) from the hindcast simulation and (b) satellite
observations (CMEMS/ED), for the period 1998 2024 (averaged) in the Mediterranean. Both are
compared by calculating (c) the mean bias (mddebservations) andd) the mean RMSE for the same
period.
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Figure 18. Hovmoller diagrams of mean total chlorophyll concentration (mg,rdomain average) (a)
for the hindcast simulation and (b) reanalysis (IBIRYSv3), on the periodil2924. (c) Both are
compared by calculating the mean bias (md,modeli reanalysis) on the same period. (d) Mean
vertical profiles (domain and period average) of the hindcast and reanalysis total chlorophyll
concentration (mg.fM). Figure focuses on the-B00 layer.

Domain averagedhlorophyllof the0-200m layelis compared to the reanalysis IBIRYSv3

(Figure18), by calculating the bias and the mean vertical prdflladcast chlorophyll
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concentration igienerallyhigherthan the reanalysis one, excépim 125mdownwards for

specific yearsThe different layersimulatedby the reanalysis are reproduced byhhelcast,

but they tendo be deeper as the layer wittethighest chlorophyll concentration is wider than
the reanalysis one.

Mean vertical profiles exhibit same patterns, showing good agreement between the hindcast
and the reanalysis.

Euphotic zone depth

The euphotic zone depth is compared to IBIRYSv3 by calculating theFaps€19).

Comparison is made over the entire hindcast period (L2924). The reanalysis shows the
shallowest euphotic zone in the Northeastern area, on the continental shelf and the deepest in
the Southwestern corner of the area. This pattern is well reprbttydbe hindcast with,

however, ashallowe euphotic zone depth in the Atlantic andeepe one in the

Mediterranean Sea.

Euphotic zone depth (m) Euphotic zone depth (m)
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Figure 19. Euphotic zone depth (a) from the hindcast simulation and (b) reanalysis (IBIRYSv3), for the
period 1993i 2024 (averaged). (c) Both are compared by calculating the mean bias (inodel
reanalysis) for the same period.

The euphotic zone depth pattern is strongly linked to the chlorophyll one. Then, the biases
obtained for the chlorophyll can be used to explain the results obtained for the euphotic zone
depth. Aspreviouslyshownin Figure16, the hindcast shows higher chlorophyll concentration

in the southwestern corner of the area, then resulting in shallower euphotic zone. Reasoning in
the Mediterranean can be done in the same way: a lower chlorophyll concentration is
modelled in the hinded, then resulting in deeper euphotic zone.

Nutrientsand dissolved oxygen concentration

The surface nutrients concentrati@mcluding NG, PQy and Si)is evaluatecggainst
WOAZ2023 climatology. This climatology ismparedo theentire hindcasperiod(1995 i
2024 (Figure20-Figure22). Another comparison to IBIRYSv3 is also available for the
surface on the period 1993024, in AppendiA.
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Figure 20. Surface N@concentration (a) from the hindcast simulation and (b) observations (WOA2023),
for the period 1993 2024 (averaged). (c) Both are compared by calculating the mean bias (fodel
observations) for the same period.
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Figure 21. Surface PQconcentration (a) from the hindcast simulation and (b) observations (WOA2023),
for the period 1993 2024 (averaged). (c) Both are compared by calculating the mean bias (fodel
observations) for the same period.

Patterns descrilidby observations for N&)PQOs and Siare similarlow NOs, POs and Si

concentrations are observed in the south (Atlantic subtrogycal and in the Mediterranean
Sea(Figure20-Figure22). The concentrations increase to the North with the highest ones
observedn the Northwestern ardar NOs and PQ andnear the eastern Irelan coast for Si
For NG, high values are also observed neaMNbéherlands coast, in the North Sea
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Figure 22. Surface Si concentration (a) from the hindcast simulation and (b) observations (WOA2023),
for the period 1993 2024 (averaged). (c) Both are compared by calculating the mean bias (model
observations) for the same period.

Overall, the model manages to reproducesN€D, and Si distributions, however:

p The model shcwscengheat i §@s t han WOA2023 c

Nort hwestern area, where the highest conc
p The model does not maNmxge ctemtrreapri odhisc e btsthe
the coast of the NekFhgk@xadnds, in the Nort
p NQbi ases tend to be positive offshore, in

higher than the observed one) and negatiyv
(the hindcast concentratiFomg2®¥®.| ower t han
p The model showescbhghati 8@s than WOA2023 c

coast of the Net herilg&rmgs, in the North Se
p PQbi ases tend to be positive in the North
(Figatke.

p The model does not mé&rcagec ethd rrad pmreaadsu dd stehr
eastern I(FiedZaphe coast

p Si bi ases are al most systematically negat
concentration aremoud@degr2€xti mated by th

Domain averaged nutriengdongthe whole water column are compared to the reanalysis
IBIRYSv3 (Fig22, 23,24), by calculating the bias and the mean vertical prafiieltiple
patterns are visible on theanalysis Hovmoller diagrams, especially for3@d Si(Fig.22,
24).

Low NOs concentrations are obtained in the surface [&3:&0Mm, Figure23e), corresponding
to thehighest chlorophyll concentrationBigure 16, Figurel7). The model succeeds in
reproducing trs patten buttends to emphasize in the 670m layer, hindcast concentrations
are lower than the one obtained in the reanalatow, hindcast concentrations are higher.
These differences emphasize the contrast between the two WWyers.looking at the whole
water column, N®@biases are mainly positive, except in the 1000m layer, showing an overall
oveestimation of nitrate concentration in the water colultean vertical profiles show good
agreement between both simulatievith increasing bias witdepth
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Figure 23. Hovmoller diagrams of mean N@oncentration (mmol.iy domain average). Panels a, b,
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for the hindcast simulation and (b, e) are for the reanalysis (IBIRYSv3), on the period 2923. (c, f)
Both are conpared by calculating the mean bias (mmol,modeli reanalysis) on the same period. (g)
Mean vertical profiles (domain and period average) of the hindcast and reanalysis NO3 concentration
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Figure 24. Hovmoller diagrams of mean R@oncentration (mmol.M domain average Panels a, b and
¢ show the results for the whole water column while d, e and f focus on20@n0 layer. (a, d) aréor
the hindcast simulation and (b, aje for thereanalysis (IBIRYSv3), on the period 1992024. (c, f)
Both are compared by calculating the mean bias (mmdlmodeli reanalysis) on the same period. (g)
Mean vertical profiles (domain and period average) of the hindcast and reanalysisdP@entration

(mmol.m3).

POy concentrations exhibit the same patterns thas Wit similar biases sign for the whole
water column: mainly positive except for the 1000m Ig¥ggure24). In the 0200m layer,
contrary to N@, the bias sign is homogeneous, showing an overall overestimation of the PO
concentration in water columilean vertical profiles show good agreement between both

simulations with increasing bias with depth.

35



SEACLIM MS10 SEACLIM | st sen

eNEATL12-REF IBIRYSV3 Bias (model - reanalysis) Yearly mean profiles
si (mmol.m-3) si (mmol.m-3) si (mmol.m-3) si (mmol.m-3)

(@) (b) (c) eNEATL12
1000 1000 0 — IBIRYS

2000 2000

3000 3000 —

4000 1000

5000

o o > o Q Ol O
) ) & £ > X v v
JC I S S &S 2000

3000

4000

200

5000

e & & P O L O
P & &S
LMY O R O O A

Mean bias =-0.399
Correlation =0.999

0 1 2 x| 4 S 0 1 2 3 4 5 -1.0-0.8-0.6-0.4-0.2 0.0 0.2 04 06 08 1.0 (g)

o 10 20 30 40 50

Figure 25. Hovmoller diagrams of mean Si concentration (mmdl.alomain average Panels a, b and ¢
show the results for the whole water column while d, e and f focus or266r0 layer. (a, d) aréor the
hindcast simulation and (b, @re for thereanalysis (IBIRYSv3), on the period 1992024. (c, f) Both
are compared by calculating the mean bias (mmd].modeli reanalysis) on the same periodg)
Mean veg)tical profiles (domain and period average) of the hindcast and reanalysis Si concentration
(mmol.nm?).
The reanalysis displays low Si concentrations in #26@0m layemand higher ones below
(Figure25). The hindcast concentrations reproduce this distribittigrare lower in the-0
200m layer, generally higher in the 20000m layer and lower belowMean vertical profiles
show good agreement between both simulations with increasing bias with depth.
Regarding the oxygethe modein generakucceeds in reproducing the regional distribution
of the surface concentratiptinat is anncrease of the oxygen concentration with the latitude
(Figure26a, b) However hindcast concentrations are lower than the fome WOA2023
for almost all the regions (negative biggyure26c).
Overthewholewater columnwe can make the following observations:

pIn the surface | ayer, hindcast oxymaen

o0bser wateksiog@sifaenkli g 2 6) e

p The oxygen miendnaumt éd alyercd od aaer shkemdtthhee s ur f
hi ndEag2@e.lm) t hitdhel adyerd,cast sMbws a posit
di fference bet we e nexbhetdbhh teee mon |l aer ohsal spab
which show | ower axypeoOmwmoincENnNh2glreamsl ys

pIln the bohetomi hayes, mainly positive (hind

reanal ysis ones).
p Excepte fabatthhe oxygen minimum | ayer
hi ndcast, mean vertical
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Figure 26. Surface Q concentration (a) from the hindcast simulation and (b) observations (WOA2023),
for the period 1993 2024 (averaged). (c) Both are compared by calculating the mean bias (fodel
observation} for the same period.
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Figure 27. Hovmoller diagrams of mean,@oncentration (mmol.iy, domain average Panels a, b and

¢ show the results for the whole water column while d, e and f focus on2b@nd layer. (a, d) aréor

the hindcast simulation and (b, aje for thereanalysis (IBIRYSv3), on the period 1993024. (c, f)

Both are compared by calculating the mean bias (mmdlmodeli reanalysis) on the same period. (g)
Mean vertical profiles (domain and period average) of the hindcast and reanalysisn@entration
(mmol.md).

Finally, a set of vertical profiles waglectedo test the ability of the hindcast simulation to
reproducehe distribution of nutrients and oxygen in the water column at different locations
of the studied area. Bppoints were choseio cover representative regions in the area: three

in the Atlantic Ocean (North, center and south) and one in the Mediterranegfigbea28).
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The hindcast is compared to WOA2023 climatolbgycalculating the bias and the absolute
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Figure 28. Profiles locations. Black lines represent the area limits.

Mean vertical profiles for South ameéntralAtlantic points show good agreement between

model and observatiorfigure29). The model manages to reproduce the vertical distribution

of NOs, PQy, Si and Q but the minimum values of N{@Figure29a, 5001 1000m layer) and

Oz (Figure29d, h, 1000m) tends to be underestimated by the model. At the North Atlantic
point, NG; concentrations are overall overestimated by the modelaR@Si concentrations

were well reproduced except between 600 and 800 meters, where observations show a
decrease in these concentratiddsis the least well represented as the hindcast failed at
reproduce the observations variation range. Mediterranean profiles show the most differences
between model and observations with high absolute bias for each variable.
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Figure 29. Mean vertical profiles (average of the period 1993024) at 4 points (3 points in the
Atlantic ocean and 1 point in the Med sé&agure 28 for locations), of (a, e, i, m) hindcast and
WOA2023 climatology N&concentration, (b, f, j, n) hindcast and WOA2023 climatology PO

concentration, (c, g, k, 0) hindcast and WOA2023 climatology Si concentration, and (d, h, I, p) hindcast

and WOA2023 climatology £roncentration.

Phyto- and zooplankton

The surface total phytoplanktgnancephytoplanktont+ diatomg and zooplanktofmicro- +

mesezooplanktoh carbonbiomasss evaluated using the reanalysis as refereneeperiod
(19931 2024)(Figure30, Figure31).
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Figure 30. Surface total phytoplankton concentration in carbon (a) from the hindcast simulation and (b)
reanalysis (IBIRYSv3), for the period 1992024 (averaged). (c) Both are compared by calculating the
mean bias (modél reanalysis) for the same period.
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Figure 31. Surface total zooplankton concentration in carbon (a) from the hindcast simulation and (b)
reanalysis (IBIRYSv3), for the period 1992024 (averaged). (c) Both are compared by calculating the
mean bias (modédl reanalysis) for the same period.

In the reanalysis, high biomasses of phytoplankton and zooplankton are modelled in coastal
areas, especially in the English Channel and the North Sea. High phytoplankton biomass
covers a larger area than high zooplankton biomass which is concentraeedaadts. In

both cases, the hindcast reproduces this distribution but exhibits much higher biomasses,
leading to strong positive biasegeralmost the entire are&ifure30, Figure31).
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Figure 32. Hovmoller diagrams of mean total phytoplankton (mmdl.shomain average) (a) for the
hindcast simulation and (b) reanalysis (IBIRYSv3), on the period 199®4. (c) Both are compared by
calculating the mean bias (mmofinmodeli reanalysis) on the same period. (g) Mean vertical profiles
(domain and period average) of the hindcast and reanalysis total phytoplankton concentration (mmol.m
%). Figure focuses on the-R0Om layer.
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Figure 33. Hovmoller diagrams of mean total zooplankton (mmdl.aomain average) (a) for the
hindcast simulation and (b) reanalysis (IBIRYSv3), on the period 199®4. (c) Both are compared by
calculating the mean bias (mmofinmodeli reanalysis) on the same period. (g) Mean vertical profiles
(domain and period average) of the hindcast and reanalysis total zooplankton (mihdfigure

focuses on the-200m layer.

Domain averaged phytoplankton and zooplankton carbon biomass e2@tsrOlayer are
compared to the reanalysis IBIRYSVEdure32, Figure33), by calculating the bias and the
mean vertical profile. As shown with the previous 2D surface maps, biomasses in the surface
layer are overestimated. The bias tends to decrease with depth as biomass are close to 0.
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Primary production

Depth integratednimary production (PPjs compared to the reanaly¢isgure34) and

satellite derived dat@igure35, Figure36). We canmakethe following observations:

p Reanalysis andsmhdowghvRBRPi vabubsthn coast al
reproduced by the hindcast.

p Both comparisons exhibit high biases and
overestimates the PP in the Atlanti c.

p Compar i Saotne twhittthe alssd r@xiyi mietgat i ve bi ases
area and in the English Channel and North
p I n the Mediterranean Sea, strong negative
while strong positive biases are obtained
gyrerompared to both reanalysis and obser
p Finally, PP is strohgbywi hgksdmi bbachbobase

Figure 34. Depth integrated primarproduction (a) from the hindcast simulation and (b) reanalysis
(IBIRYSvV3), for the period 19932024 (averaged). (c) Both are compared by calculating the mean bias
(modeli reanalysis) for the same period.
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