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The Benguela Upwelling System is one of the most productive marine coastal
ecosystems globally, driven by wind-induced upwelling of cold, nutrient-rich
deep waters. However, the system’s complexity, combined with data scarcity, has
left its dynamics and long-term response to a warming climate insuf�ciently
understood. This study employs a high-resolution coupled physical-
biogeochemical modeling system, using a two-way nesting strategy, to
investigate the dynamics of the Benguela Upwelling System over a four-
decade period (1980–2020). The physical model component, the Nucleus for
European Modeling of the Ocean (NEMO), is coupled with the Biogeochemical
Flux Model (BFM) to reproduce both physical and biogeochemical dynamics
within a high-resolution Benguela domain. The physical component
demonstrates good skill in replicating observational annual and seasonal
climatologies of seawater temperature, salinity, and near-surface currents. The
simulated biogeochemical �elds satisfactorily compare with observational
datasets available in the Benguela region for inorganic nutrients, dissolved
oxygen, and upper ocean Chlorophyll-a (Chl-a) concentrations. Model
outcomes were then used to investigate the long-term sea surface
temperature and Chl-a trends by focusing on the upwelling zone, where a
cooling trend was detected in both the northern and southern Benguela
subregions, suggesting the occurrence of an upwelling intensi�cation in recent
decades. Although a positive Chl-a trend was observed in both subregions, the
loose correspondence in either location or timing with the surface temperature
signal indicates that algal growth is only partly in�uenced by the upwelling
intensity. This coupled modeling framework provides valuable insights into the
Benguela Upwelling System and could serve as a basis for improving our
understanding of the variability in physical and ecological processes over
recent decades.
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1 Introduction

The Benguela Upwelling System (BUS) is one of the most
productive marine systems within the Eastern Boundary
Upwelling Systems (EBUS) and at the global ocean scale (Carr,
2001; Messie�et al., 2009; Messie�and Chavez, 2015). This translates
into signi�cant economic and ecological values (Hamukuaya, 2020;
Kainge et al., 2020), highlighting the need for a better understanding
of its current and future dynamics. Wind-driven upwelling is the
primary driver of the BUS’s high productivity since the along-shore
winds in combination with Earth’s rotation advect surface waters
offshore, and determine the ascent of deep, cold, and nutrient-rich
waters from the deeper layers (Kämpf et al., 2016), which in turn
fuels the marine trophic web (Garcı�a-Reyes et al., 2015). However,
under climate warming, stronger upwelling may increase nutrient
supply, while intensi�ed offshore Ekman transport can displace
primary producers from coastal zones (Cury and Roy, 1989; Bakun,
1990; Bakun et al., 2015), highlighting the importance of
investigating the system’s long-term dynamics.

Upwelling-favorable winds in the BUS arise from the pressure
gradient between the Angola thermal low over land and the St.
Helena high-pressure system over the ocean (Lima et al., 2019). The
system exhibits pronounced spatial heterogeneity, with a major
division at the Lüderitz persistent upwelling cell (~26°S), which
separates two distinct subregions: the northern (NBUS) and the
southern (SBUS) Benguela (Figure 1B). This division re�ects
differences in shelf width, coastal topography, and atmospheric
forcing (Hutchings et al., 2009). The NBUS experiences sustained
upwelling in austral winter (June to August, JJA), while the SBUS is
characterized by pulsed, intermittent upwelling that peaks in austral
summer (December to February, DJF) and is often disrupted by
warm water intrusions that restrict productivity to a narrow coastal
band (Hagen et al., 2001; Veitch et al., 2009). At Lüderitz, strong
winds, a narrow shelf, and intense turbulent mixing suppress
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phytoplankton accumulation (Hutchings et al., 2009). Circulation–
productivity interaction is further shaped by boundary-driven
currents: for example, the intrusion of the Angola Current in the
northern Benguela region and the intrusion of the Agulhas Current
from the southern boundary. These warm waters enhance lateral
mixing and may reduce productivity (Rossi et al., 2008; Biastoch
et al., 2024). Hence, the investigation of the BUS variability requires
an integrated approach capable of capturing its inherent physical
and biogeochemical complexity.

Compared to other EBUS, the Benguela Upwelling System has
received less intense scienti�c scrutiny throughout time. Furthermore,
the lack of high-quality observations in this region has prevented a
sound understanding of its internal dynamics (Brandt et al., 2024). As
a result, numerical models have become essential tools for researchers
working in this region (Penven et al., 2001; Veitch et al., 2009; Chen
et al., 2012; Santos et al., 2012; Schmidt and Eggert, 2016; Tomety,
2022), offering both temporal and spatial coverage to complement
observational gaps. The BUS represents a peculiar modeling case study
due to its pronounced spatial heterogeneity, re�ected in contrasting
upwelling seasonality and intensity between its subregions. Moreover,
the restriction of upwelling events to a narrow coastal band, and the
complex circulation patterns pose considerable challenges to any
numerical modeling effort.

Several modeling applications were developed to address the
physical and biogeochemical dynamics of the Benguela Upwelling
System, each facing speci�c challenges related to four key factors:
horizontal spatial resolution, temporal coverage, domain extent,
and biogeochemical model complexity. In the early work of Penven
et al. (2001), a regional physical model with a one-way nested
Benguela subdomain (1/12°) was driven by 1° monthly
climatological atmospheric �elds. While upwelling events were
clearly identi�ed, an overestimated in�ux of cold water in the
upwelling zone was attributed to the low spatiotemporal
resolution of the forcing �elds. Subsequently, Kone� et al. (2005)
FIGURE 1

(A) The global ocean ORCA025L75 con�guration at 1/4° resolution, and (B) the nested regional domain BENGUELA16 at a resolution of 1/16°. The
colormap represents bathymetry derived from the GEBCO dataset (GEBCO Compilation Group, 2021). The right panel shows the subdivision of the
Benguela region into northern (NBUS), Central (CBUS), and Southern (SBUS) subregions, with dashed horizontal white lines indicating the boundaris
of each.
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simulated primary and secondary production in the Benguela
ecosystem using two nutrient-phytoplankton-zooplankton-
detritus networks with increasing complexity. The more complex
ecosystem structure enabled a better representation of the seasonal
phytoplankton cycle and nutrient concentrations. The coupled
physical-biogeochemical model by Gutknecht et al. (2013) was
successfully used to identify the role of large-scale circulation in
shaping the ecosystem dynamics of the northern and southern
Benguela. However, this application was generally limited to
relatively short time windows (up to 15 years), constraining the
analysis of long-term variability within the system. The nested
physical model developed by Small et al. (2015) demonstrated
that increasingly �ner horizontal resolution of wind stress �elds
(up to 0.5°) failed to reproduce realistic upwelling structures unless
winds were adjusted toward coastal observations. Schmidt and
Eggert (2016) employed a regional high-resolution coupled
physical-biogeochemical model, forced by realistic time-varying
atmospheric �elds, to investigate the impacts of physical and
biogeochemical processes on dissolved oxygen dynamics in the
BUS over 15 years (1999–2014). More recently, Six and
Mikolajewicz (2022) used a global con�guration model to show
how varying spatial resolution can improve simulations of
biogeochemical processes within the BUS.

In light of previous applications, we here present a coupled
physical-biogeochemical modeling system for the broader Benguela
Upwelling System (northern, central, southern, and Agulhas bank
subregions) (Figure 1B), designed to address prior limitations by
offering high spatial resolution, expanded temporal coverage, and the
use of high-grade atmospheric forcing data. The physical component
of the regional BUS modeling system is two-way nested into a general
circulation model of the global ocean, allowing for an accurate
speci�cation of physical lateral boundary conditions. This solution
provides reliable boundary conditions for the regional model, as it
allows dynamic feedback from the high-resolution regional domain
to the global one by improving the consistency of large-scale
dynamics near the regional boundaries (Herzfeld and Rizwi, 2019).
Moreover, this approach will ensure that the biogeochemical
component will bene�t from the improved representation of the
physical processes, enhancing the realism of transport dynamics
within the system and across the oceanic boundaries. The
biogeochemical model component is structured toward an
intermediate complexity of lower trophic level interactions, with
explicit representation of stoichiometric variability in primary
producers, organic matter, and pelagic-benthic interactions. The
coupled modeling system was forced with state-of-the-art high-
resolution atmospheric reanalysis �elds (ERA5) to simulate the
BUS dynamics in a temporal extent spanning four decades (namely
1980–2020) and outcomes were validated against multiplatform
observational datasets. This modeling framework is employed to
simulate key environmental features of the Benguela Upwelling
System under changing climate conditions, with a focus on the
interplay between upwelling dynamics and the spatio-temporal
variability of marine productivity. The validated system enables the
investigation of long-term changes in sea surface temperature and
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upper ocean Chl-a, providing insight into the BUS’s response over
four decades.

The following section provides a detailed description of the
coupled modeling framework, followed by an evaluation of the
simulated BUS dynamics over the study period using observational
datasets encompassing both physical and biogeochemical
parameters. A thorough discussion of the results is then provided,
leading to the conclusions of the study.
2 Coupled physical-biogeochemical
modeling system

2.1 Physical component

The ocean’s general circulation is simulated using the open-source
“Nucleus for European Modelling of the Ocean” (NEMO v.4.2.2; Madec
and the NEMO System Team, 2023). This three-dimensional, �nite-
difference ocean model solves the Navier-Stokes primitive equations and
employs a non-linear equation of state that couples active tracers with
�uid velocity, following hydrostatic and Boussinesq assumptions.

The physical component of the modeling system is constituted
by a global ocean con�guration that utilizes a global ORCA tripolar
grid (Madec and Imbard, 1996) with a nominal horizontal
resolution of 1/4° (~27.75 km) at the equator, re�ning to
approximately 14 km at 60° latitude. A regional domain
representing the BUS is nested within the global con�guration
using the “Adaptive Grid Re�nement in Fortran” tool (AGRIF;
Debreu et al., 2012). This regional domain achieves a higher
horizontal resolution of 1/16° (~7 km) and extends from 15.71°S
to 44.89°S and from 7.03°W to 27.28°E (Figures 1A, B). A two-way
nesting method is adopted, enabling the regional con�guration to
receive lateral open boundary conditions from the global one,
whose physical �elds are then improved by means of the regional
high-resolution oceanic conditions. Herein, the global con�guration
is referred to as ORCA025L75 and the regional con�guration as
BENGUELA16. Both con�gurations share the same vertical z-
coordinate system, consisting of 75 layers ranging from a few
meters near the surface to approximately 200 meters in the deep
ocean. Data from the General Bathymetric Chart of the Oceans grid
(GEBCO; GEBCO Compilation Group, 2021) were used to generate
the bathymetry of each con�guration.

Vertical mixing is parameterized using the turbulent kinetic
energy scheme (Blanke and Delecluse, 1993), while the advection of
active tracers (temperature and salinity) is computed using a total
variance dissipation scheme, and the lateral mixing is applied
through a Laplacian formulation along iso-neutral surfaces.
Bottom friction is modeled using a quadratic formulation. In the
global con�guration, additional parameterizations account for the
subgrid-scale vertical mixing and the diffusive bottom boundary
layer. Momentum and heat exchange at the air-sea interface are
simulated through the ECMWF bulk parameterization scheme
(Brodeau et al., 2017), while near-surface atmospheric forcing
data were obtained from the ERA5 reanalysis dataset (Hersbach
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et al., 2020), which has a horizontal resolution of 31 km and an
hourly frequency. A spatially explicit, time-invariant geothermal
heat �ux is prescribed at the sea�oor using data from Goutorbe et al.
(2011). Riverine freshwater inputs are derived from the Global
Flood Awareness System reanalysis (GloFAS v2.1; Al�eri et al.,
2013), setting as inputs values zero salinity and the same
temperature of the corresponding ocean grid-point.

A spin-up simulation is conducted by repeating the forcing
conditions from 1980 over 15 annual cycles. The initial three-
dimensional temperature and salinity �elds are obtained from the
1981–2010 climatology of the World Ocean Atlas 2018 (Locarnini
et al., 2018; Zweng et al., 2019). Temperature and salinity are not
restored toward surface reference �elds. The time integration of the
ocean model is performed with a timestep of 1200 s for the global
con�guration and 400 s for the regional one. The �nal physical state
at the end of the spin-up period serves as the initial condition for a
41-year hindcast simulation, covering the period from January 1980
to December 2020.
2.2 Biogeochemical component

The biogeochemical component is provided by the
“Biogeochemical Flux Model” (BFM v.5.3; Vichi et al., 2023).
BFM is an open-source, community-developed, generic biomass-
based marine biogeochemical model. It represents the system in
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Eulerian coordinates, simulating the pelagic dynamics of the marine
ecosystem through a suite of chemical and biological processes. The
pelagic-benthic coupling is implemented via a simple benthic
closure, where �xed quotes of the sedimented organic matter are
remineralized and returned to the water column as nutrients.

The model organizes elemental components—carbon, nitrogen,
phosphorus, silicon, iron, and oxygen—into chemical functional
families, forming the structural elements of both living functional
groups and non-living organic matter. Biogeochemical cycling is
solved independently for the following dissolved components: nitrate
(NO3

-), ammonium (NH4
+), phosphate (PO4

3-), silicate (SiO4
4-),

iron (Fe), and oxygen (O2). The ocean carbonate system is modeled
with dissolved inorganic carbon (DIC) and total alkalinity as
prognostic state variables, following the best practices outlined by
Orr et al. (2017). The lower-trophic level ecosystem interactions
represented in this study by the BFM can be considered of
intermediate complexity (see, e.g., Lovato and Butenschön, 2023).
The ecosystem structure accounts for �ve living functional groups:
heterotrophic bacteria, two phytoplankton groups (diatoms and
nano�agellates), and two zooplankton groups (microzooplankton
and mesozooplankton). A schematic diagram illustrating the
relationships and interactions between the different model
components is provided in Figure 2.

The coupling between the physical and biogeochemical
components of the modeling system is achieved through an
of�ine procedure, utilizing high-frequency physical �elds
FIGURE 2

Schematic representation of the lower trophic level ecosystem structure used for the BENGUELA16 con�guration of the BFM model. Living
Functional Groups are represented by bold-line square boxes, non-living Functional Groups by thin-line square boxes, and inorganic components by
rounded boxes. Black dashed lines indicate the �ow of inorganic nutrients, solid black lines the �ow of organic matter, and the gray solid lines the
gas exchanges. The subscript i in the component’s short names denotes the selected Chemical Functional Families (C, N, P, Si, Fe,…). Double arrows
indicate the exchanges at the boundaries with atmospheric and land systems.
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previously computed for the BUS regional con�guration. These data
are processed by the NEMO interface “Tracers in Ocean Paradigm”
(TOP; Aumont et al., 2019) to resolve the advective and diffusive
transport of biogeochemical tracers, while reaction terms computed
by the BFM are integrated using a source-splitting method (see
details in Lovato and Butenschön, 2023). The advection of passive
tracers is solved using the monotonic upstream scheme for
conservative laws (MUSCL), while lateral diffusion follows the
same approach used for physical active tracers. A key advantage
of the of�ine coupling procedure is the ability to use a longer
integration timestep which was set to 900 s.

Similar to the physical component, a spin-up simulation of
marine biogeochemical quantities was conducted for 15 years by
repeatedly applying the physical circulation �elds of the year 1980.
Initial conditions for O2, SiO4

4-, PO4
3-, and NO3

- were derived from
the World Ocean Atlas 2018 (WOA18; Garcia et al., 2019a, 2019b),
while total alkalinity and dissolved inorganic carbon concentrations
were sourced from the climatological gridded dataset of the Global
Ocean Data Analysis Project (GLODAP v2; Lauvset et al., 2022). All
other variables were initialized with uniform values in the upper
ocean (0–100 m), as described in Orr et al. (2017). Climatological
river nutrient loads were prescribed using �elds produced by the
Global Nutrient Export from Watersheds 2 model (NEWS2;
Mayorga et al., 2010). Lateral open boundary conditions for
biogeochemical variables were obtained from monthly �elds
generated in the historical and ssp245 experiments by the
CMCC-ESM2 model (Lovato et al., 2023a, 2023b).

After the spin-up simulations, the regional BUS con�guration
was used to simulate the evolution of marine biogeochemistry over
the period 1980–2020.
2.3 Observational datasets

A comprehensive set of multiplatform observational datasets,
including global gridded products and local in-situ measurements,
was used to assess the performance of the coupled modeling system.

Global scale gridded datasets employed in the validation of marine
physics accounted for three main seawater parameters, namely
temperature, salinity, and near-surface current speed. Satellite-derived
data products from the European Space Agency-Climate Change
Initiative (ESA-CCI) comprised the sea surface temperature (SST,
Merchant et al., 2019) at 5 km of spatial resolution over the period
1982–2020 and the sea surface salinity (SSS, Boutin et al., 2021)
covering the years range 2010–2019 with a nominal resolution of
25 km. Reference �elds of the near-surface (15 meters depth) current
velocities were obtained from the Ocean Surface Current Analyses
Real-time (OSCAR) from 2012 to 2020 and with a third of degree (~37
Km) horizontal resolution (ESR, 2009). The subsurface ocean
validation of three-dimensional temperature and salinity �elds was
addressed using the multi-observation global ocean ARMOR3D
analysis at a resolution of 25 km (CMEMS, 2022), which merges in-
situ and satellite observations over the 1993–2020 period using multiple
linear regression methods that relate surface and subsurface data
(Guinehut et al., 2012).
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The validation of the biogeochemical component focused on
dissolved inorganic nutrients (NO3

- and PO4
3-), dissolved oxygen,

and Chl-a from either gridded climatologies or in-situ datasets.
Annual climatological data of dissolved oxygen, NO3

-, and PO4
3-

were sourced from the CSIRO Atlas of Regional Seas (CARS, 2009),
at half a degree (~55 Km) of horizontal resolution and over 79 depth
levels, with vertical intervals ranging from 5 m near the surface to
250 m at deep layers. Upper ocean Chl-a concentrations were
obtained from satellite observations based on the Copernicus-
GlobColour processor, using the Garver-Siegel-Maritorena (GSM)
algorithm, covering the period 1998–2020 at a resolution of 4 km
(CMEMS, 2023).

In-situ observations were retrieved from different sampling
cruises and monitoring platforms, as illustrated in Figures 3A, B.
Dissolved inorganic nutrients (NO3

- and PO4
3-) pro�les come from

two oceanographic cruises. The RV James Cook cruise (JC032) held
in April 2009, conducted at a latitudinal transect near 24°S,
extending longitudinally from 6°W to 14°E, including 23 vertical
pro�les, each with approximately 24 depth levels from the surface
down to 5500 m depth (Schuster et al., 2013). The RV Africana
cruise (Afr258) in December 2009 accounts for 16 pro�les along the
Benguela coastal zone between 17°S and 33°S (Rixen and Flohr,
2012; Flohr et al., 2014).

Chl-a vertical distribution was assessed using 325 pro�les
collected by Biogeochemical Argo (BGC-ARGO) �oat number
6901582 between December 2014 and September 2018 in the
open waters of the southern Benguela subregion, extending from
the surface to 1000 m of depth (Wong et al., 2020). Daily dissolved
oxygen observations were derived from a high-resolution glider
deployed from February to June 2018 in the NBUS (Lovecchio et al.,
2022). The glider followed a ~12 km triangular path and pro�led to
1000 m depth with ~20 cm vertical resolution, surfacing 5–6 times
daily and sampling primarily on upward dives.
3 Results

This section presents the validation of the model simulations,
providing a concise assessment of the global ORCA025L75 physical
component and a more detailed evaluation of the BENGUELA16
regional domain. The comparison with climatological gridded
datasets aims to evaluate the presence of systematic spatial biases
in the long-term mean state simulated by the model across the
different BUS subregions, while the comparison with discrete in-situ
measurements assesses the capability of the modeling system to
realistically capture observed spatio-temporal features.

Overall model performance is evaluated using spatial bias
(Model - Observations), normalized standard deviation (STD),
normalized root mean square difference (RMSD), and the
correlation coef�cient (r). The latter three metrics are visualized
using a normalized Taylor diagram (Jolliff et al., 2009), where the
azimuthal angle represents the correlation coef�cient, the radial
distance indicates the normalized standard deviation, and the
RMSD is shown as the distance from the reference point on the
x-axis labeled “OBS”. This point represents an ideal agreement
frontiersin.org
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between the model and observations, with a correlation coef�cient
and normalized STD equal to 1 and an RMSD of zero. Closer
proximity to this point indicates better model performance relative
to observations.

Observational gridded datasets were interpolated onto the
model grid, with 2D datasets adjusted horizontally and 3D
datasets interpolated both horizontally and vertically. In-situ
observations were compared with simulated values at the nearest
grid point and corresponding time frame. Linear trends from both
the model and observations are computed using classical least
squares regression for each calendar month and for the Benguela
subregions, based on the latitudinal boundaries shown in Figure 3A.
3.1 Validation of global ocean physical
�elds (ORCA025L75)

A brief description of the main physical results from the global
ocean con�guration is provided here to complement the overall
modeling system assessment, with a focus on the reliability of the
simulated �elds in the South Atlantic region surrounding the
Benguela upwelling area.

The global ocean con�guration ORCA025L75 demonstrates
satisfactory skill in reproducing the annual climatology of SST
patterns when compared to ESA-CCI satellite observations
(Figures 4A–C). The model accurately captures the horizontal
distribution of SST, with a spatial mean bias of about 0.02 °C.
However, localized positive biases of approximately 3 °C are evident
along western boundary current regions, where strong horizontal
circulation patterns exhibit substantial variability. Seasonal patterns
of SST climatological �elds are also fairly well represented by the
model (Supplementary Figure S1), with mean seasonal biases
ranging from 0.11 °C in austral summer (DJF) to -0.05 °C in
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austral spring (September to November, SON). A quantitative
evaluation of the 3D temperature climatology is conducted using
a normalized Taylor diagram (Figure 5A), compared against
ARMOR3D data. Both annual and seasonal climatological values
consistently cluster below 0.40 RMSD and show remarkably high
positive correlation coef�cients exceeding 0.95 across all depth
ranges. The close agreement between ORCA025L75 and
ARMOR3D is further supported by the proximity of normalized
STD values, indicating the model effectively captures the amplitude
of variability in observed data.

The comparison of simulated SSS annual climatology with ESA-
CCI satellite observations (Figures 4D–F) also reveals a rather good
agreement, with a spatial mean bias of approximately -0.03 PSU and
seasonal differences ranging from -0.04 to -0.02 PSU in JJA and
DJF, respectively (Supplementary Figure S2). Nonetheless, the
comparison highlights both positive and negative SSS biases near
river mouths. In the vicinity of the BUS, the SSS bias remains
minimal, within ±0.50 PSU (Figures 4D–F). The normalized Taylor
diagram (Figure 5B) shows that values are more scattered in near-
surface layers than at depth, with RMSD values below 0.50 and
generally high positive correlations (> 0.80) in most instances.

Annual climatological �elds of near-surface (15 m depth)
horizontal current speeds, as simulated by ORCA025L75, are
compared with OSCAR analysis data (Figures 4G–I). Mean biases
remain well below -0.01 m/s, and the model effectively reproduces the
main patterns of oceanic circulation. However, notable deviations are
observed primarily in the equatorial band and along western
boundary currents, consistent with the SST bias patterns.

Overall, the mean oceanic physical conditions simulated by the
global component of the modeling system are characterized by
relatively modest biases in the South Atlantic region surrounding
the Benguela upwelling area, helping to provide improved
boundary conditions.
FIGURE 3

Location (A) and source details (B) of the diverse in-situ measurements collection used to validate the BENGUELA16 biogeochemical component.
NBUS, CBUS, and SBUS refer respectively to the Northern, Central, and Southern Benguela subregions. The green dots represent the BGC-ARGO
observations pro�les (Wong et al., 2020), where labels indicate the prospective locations of the �oat over time.
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3.2 Benguela regional model validation
(BENGUELA16)

3.2.1 Marine physics
The performance of the physical component in the

BENGUELA16 domain was assessed by comparing long-term
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climatological surface �elds with satellite-derived observations
and analysis datasets (Figure 6). The simulated data exhibit low
mean spatial biases for SST, SSS, and near-surface current speed,
with respective values of -0.10 °C, 0.04 PSU, and 0.02 m/s.
Compared to ESA-CCI SST data (Figures 6A–C), the
BENGUELA16 physical component correctly reproduces the
FIGURE 5

Normalized Taylor diagrams summarizing the comparison of climatological (1993–2020) seawater temperature (A) and salinity (B) �elds from the
ORCA025L75 physical simulation and the ARMOR3D analysis (CMEMS, 2022). Symbols refer to different depth levels, while colors indicate both
annual and seasonal mean values. Each Taylor diagram reports the correlation coef�cient (azimuthal angle; gray dashed lines), normalized standard
deviation (radial distance), and root-mean-square difference (RMSD; bold black contours).
FIGURE 4

Long-term average climatological �elds for sea surface temperature (A–C), sea surface salinity (D–F), and near-surface current speed at 15 m depth
(G–I). For each variable, panels show output from the ORCA025L75 (A, D, G), corresponding observational datasets from ESA-CCI (B, E) and OSCAR
(H), and the model–observation differences (C, F, I).
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