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Abstract

This thesis investigates the production and evaluation of three ocean reconstructions for
1993{2014 using an eddy-resolving con guration of the model NEMO. The experiments
assess di erent nudging approaches toward a reference reanalysis, comparing results with
that dataset and independent observations. All experiments accurately reproduce the ob-
served mean climate state and variability of surface temperature and salinity, capturing
key circulation patterns. The Surface Nudging experiment shows the best agreement with
observations of the Atlantic Meridional Overturning Circulation (AMOC) at 26° N and
the mixed layer depth in the Greenland{lceland{Norwegian seas. The reference reanaly-
sis shows inconsistencies in dynamic variables, notably an unrealistic evolution of mixed
layer depth in the Labrador Sea and a decoupling of AMOC strength from convection.
Results highlight the non-linear e ects of di erent nudging choices and recommend opti-
mizing nudging coe cients and improving sea-ice representation. This study contributes
to improve the initialization of the IFS-NEMO climate prediction model.



1 Introduction

Climate modeling has emerged as a highly in uential eld of research in recent years, with
its importance growing due to the signi cant climate changes caused by anthropogenic
emissions. By o ering valuable insights into climate patterns and risks, climate modeling

supports policymakers and public safety o cials in preparing for hazards and reducing

the impacts of climate-related events.

One of the most valuable outputs from climate modeling is the ability to predict how
the climate will evolve. To build con dence in future predictions, it is crucial to rst
demonstrate their skill in reproducing past changes in the physical system by performing
retrospective predictions. Our predictive capacity has seen major improvements in recent
years due to two key factors. First, the increase in availability of world-wide high-quality
ocean observations, especially from 1993 onward, which has been critical to better con-
strain the initial state of the ocean and thus leverage the predictability that arises from
internal variability sources. The second relates to massive improvements in the comput-
ing capabilities, which has enabled the use of higher resolution climate models, capable of
explicitly resolving key physical processes, like mesoscale ocean eddies, which encapsulate
part of the predictive capacity of the climate system.

The growth in the number and quality of observations is due in part to the deployment of a
global satellite network capable of indirectly measuring a wide range of climate variables,
as well as the Argo array in the ocean: a global network of pro ling oats designed to
provide high-frequency in situ measurements of temperature, salinity and other physical
and biogeochemical properties from the ocean surface down to a depth of 2000 meters
[1]. These datasets have not only enriched our observational network, but also boosted
the quality of ocean and atmosphere reanalysis datasets. Reanalyses are blended model-
observational products that combine real-world measurements with climate models via
assimilation techniques to Il spatial observational gaps via the model physical equations.
Reanalyses supply continuous world-wide values for all of the model's prognostic vari-
ables (i.e., the ones generally assimilated because they dictate how the simulated climate
evolves) as well as a large selection of diagnostic variables (i.e., those depending on the
prognostic variables and that are not necessarily observed nor assimilated). All the re-
analysis outputs are aligned with other real-world observations, but also consistent with
each other thanks to the physical laws built into the model.

In this study, we have run and evaluated three di erent in-house reanalysis simulations
performed at a very high spatial horizontal resolution of 1/12 These are very costly
model con gurations that can only be run in a timely manner through access to large
high-performance computing resources combined with the use of parallelized computa-
tional schemes. High resolution is important because, while large-scale ocean motions are
primarily driven by buoyancy (di erences in water density), resolving the mesoscale also
requires accounting for the Earth's rotation, which becomes signi cant at horizontal scales
substantially lower than 100 km. This is the upper limit for which the formation of small
ocean vortices, known as eddies, starts to be observed and simulated. Figure 1 highlights
the importance of resolution in simulating these smaller-scale circulations, showing that
they only start to be clearly visible at a 1/12 resolution. These mesoscale processes are



key contributors to internal climate variability, and failing to resolve them would lead to
important model biases that compromise the realism of the reanalysis products.

Mesoscale eddies normally develop and change with timescales of the order of a month
and they can develop both at the ocean's surface as well as at depth. They can take
on various forms, as illustrated in Figure 2. The biggest ocean eddies form when strong
horizontal di erences in current speed cause the water ow to become unstable. This
typically occurs in ocean currents that ow along the edges of ocean basins, like the Gulf
stream. At slightly smaller scales, on the order of tens of kilometers, eddies are generated
due to side-by-side di erences in ocean density. Because denser water masses tend to move
underneath the lighter water layers, instabilities develop, and the ocean starts to swirl.
These are known as baroclinic instabilities, which arise when surfaces of constant pressure
(isobars) intersect, rather than align with, surfaces of constant density (isopycnals).

Figure 2: False color satellite im-

age of ocean water color. Image
Figure 1: Ocean surface currents from climate models at three di erent resolutions: courtesy of NASA-GSFC [3]. The
(left) /12 ©, (middle) 1/4 ©, (right) 1 °. Courtesy of Malcolm Roberts [2]. circular blue in the middle left is ap-

proximately 100km in diameter.

Eddies have a large impact on Earth's climate. They are responsible for major heat trans-
ports from the tropics to the poles, especially in the Southern Ocean and they a ect the
vertical transfer of heat in the ocean, largely moving heat upwards to partially compensate
for the downward heat transport produced by large-scale currents. Because they impact
local temperature pro les, their presence may lead to regional changes in sea level. Eddies
typically exhibit di erent properties to their surroundings, and therefore they transport
properties such as heat, salt, and carbon around the ocean, thereby supplying nutrients
to coastal zones and the surface ocean. In coupled climate simulations, it has been shown
that the presence of eddies leads to a more accurate representation of large-scale ocean
circulations and atmospheric jets, which are narrow and fast currents characterized by a
turbulent ow [4].

This study is a contribution to a project which aims at using eddy-resolving coupled
models of the ocean, sea-ice and atmosphere to produce seasonal and decadal climate
predictions, to understand the predictive value of mesoscale eddies. The initial phase of



this project involves conducting an in-house reanalysis for the ocean and sea-ice compo-
nents of the climate model IFS-NEMO.

The in-house ocean reanalysis experiment involves running NEMO forced with surface
elds from the atmospheric reanalysis ERA5, and applying some assimilation to data
from the well-established ocean reanalysis GLORYS12. This approach serves one main
purpose: to generate ocean states for a selection of start dates (speci cally each 1st of
November from 1993 to 2024) that are dynamically consistent both with the model's
physics and observations. This state will then be used as the initial condition for the
envisaged seasonal to decadal prediction experiments. The atmosphere initial conditions
will come from ERAS and therefore do not need to be generated. Three di erent in-house
ocean reanalyses have been produced to identify the best strategy to generate the initial
conditions.

The importance of this study lies in the fact that the quality of forecast experiments
depends heavily on the reanalysis experiment, which provides their initial conditions. As
shown by Tietsche et al. [5], if certain variables in the chosen reanalysis exhibit time-
varying deviations from observations, so-called non-stationary biases, it becomes impos-
sible to reliably assess the performance of the forecast systems that are initialized with
them. Their study also highlights the importance of investigating potential model errors
that are compensated for through data assimilation. Although they may remain hidden
when evaluating the overall performance of the hindcast experiment, these errors can
negatively impact predictions, which cannot be corrected by data assimilation.

This thesis aims to compare GLORYS12, the reanalysis data assimilated during the ex-
periments, with the three in-house reanalyses performed with the NEMO ocean model. In
addition, both sets of results are compared with independent observations to assess their
validity and to qualitatively evaluate the uncertainties associated with certain variables.
Our goal is to understand whether the simulations reproduce the main ocean circulation
patterns and, if not, to investigate the possible causes of any observed discrepancies.

The contents of this thesis are organized as follows. Section 2 provides a brief description
of the climate variables selected to diagnose the ocean state. In Section 3 we outline the
computational model used to construct our in-house reanalysis, including the con gura-
tions adopted for the three experiments. This section also describes the assimilated data,
the independent observations used for validation, and the statistical techniques applied.
Section 4 presents a detailed analysis of the results, both for the time-averaged ocean
state and its temporal evolution. Finally, Section 5 summarizes the main conclusions and
outlines potential directions for future work.



2 Climate diagnostics

Running our ocean model is computationally expensive, as it simulates a large, high-
resolution 3D system. As a result, we must carefully select which variables to store during
simulations. For this study, we chose variables that are most indicative of the ocean's
mean state and variability, and its evolution over time.

2.1 Surface salinity and temperature

Surface salinity and temperature are among the selected variables because they play a
key role in controlling vertical water movement in the ocean. This is due to their in uence

on water density: warmer and fresher water is less dense, while colder, saltier water is
denser. These density di erences drive buoyancy forces that cause denser water masses to
sink toward the ocean oor, a process which is called convection, while lighter, less dense
water rises to the surface.

Out of the chosen variables, surface salinity has the highest uncertainties associated to
it. This is mainly because in situ observations are challenging to obtain, and satellite
measurements rely on indirect methods that involve many assumptions to estimate salinity
values. In contrast, sea surface temperature is more straightforward to measure remotely,
as it directly relates to the outgoing heat ux from the Earth, which satellites can observe
with greater accuracy.

2.2 Mixed layer depth

The mixed layer depth is typically used to characterize deep water formation in key regions
of the North Atlantic Ocean, such as the Irminger and Labrador seas.

The mixed layer is the upper portion of the ocean where properties such as temperature
and salinity are nearly uniform with depth. This homogenization results from turbulent
mixing, primarily driven by two mechanisms: wind-driven currents, which generate veloc-

ity shear, and surface cooling processes. These cooling processes include evaporation and
brine rejection and contribute to an increase in surface water density, hence promoting
convection and vertical mixing.

The depth of the mixed layer is very important for determining the temperature range in
oceanic and coastal regions, because the speci c heat of ocean water is much larger than
that of air. The top 2.5 m of the ocean holds as much heat as the entire atmosphere above
it. Besides, an increase in the mixed layer depth replenishes near-surface nutrient stocks,
as deeper water masses are brought closer to the surface.

Oceanographers use various de nitions to measure the mixed layer depth. It may be
de ned as the depth for which there is an abrupt change in temperature, salinity, density,
nutrients or oxygen. In our case, the de nition is based on the changes of potential density.
The mixed layer depth is taken as the depth where the density di erence is 0.01 kg i
compared to the reference density at the surface.

Seasonal variations in mixed layer depth are pronounced, with the deepest mixed layers
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typically forming by the end of winter. This is because sea surface temperatures are at
their lowest during this time, increasing surface water density and enhancing convection,
which deepens the mixed layer.

2.3 Sea level height

Sea level height is a particularly interesting variable, as it allows oceanographers to in-
fer geostrophic ocean currents from its measurements. Due to the Earth's rotation, any
moving mass on its surface experiences a force acting at right angles to its direction of
motion, known as the Coriolis force. Whenever the pressure gradient force in the ocean
is balanced by the Coriolis e ect, the resulting current is said to be geostrophic. The di-
rection of geostrophic ow is parallel to the isobars, which are constant pressure contour
lines.

If the geostrophic balance holds, the water's velocity along the earth's surface is directly
proportional to the pressure gradient along the earth's surface, which in turn depends on
how the sea level height varies across the globe. So, having access to this variable, makes
the computation of surface geostrophic currents possible.

Another advantage of selecting this variable is that it is measured by satellites, which
ensures global coverage and provides a large amount of data from recent years.

Sea level height is a relative measurement, meaning it's measured with respect to a spe-
ci c reference point. So, in order to compare that variable in observations and di erent
reanalysis, which might have di erent references, we have normalized the sea level height
across the globe, setting it's spatial mean to zero.

2.4 Sea ice concentration

Sea ice is frozen ocean water that oats on the ocean surface. In the Northern Hemisphere,
sea ice typically reaches its maximum extent in March or early April, and melts to its
minimum extent around mid-September.

Sea ice plays a important role in Earth's climate system by regulating heat exchange
between the polar oceans and the atmosphere. Its bright, re ective surface sends most
incoming sunlight back into space, helping to keep polar temperatures low. When sea ice
melts, however, it reveals darker ocean water that absorbs much more sunlight, leading to
increased warming, in turn reducing the sea ice extent even further. This self-reinforcing
cycle has led to a decrease of sea ice across the globe over the years, especially since 1960

[6].

Sea ice acts as an insulating layer between the atmosphere and the ocean. When sea ice
Is removed or melts, it exposes the ocean surface to atmospheric forces like wind, which
transfers momentum to the ocean surface, generating waves and mixing the upper ocean
layers. Therefore, loss of sea ice can promote a local increase in ocean convection.

Sea ice concentrations are usually measured as a percentage of an area covered in ice. By
convention, an area is considered ice-covered, if the concentration is 15% or higher.
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2.5 Atlantic Meridional Overturning Circulation

The ocean's water is constantly circulated by currents. One very important system of
currents that moves water throughout the Atlantic Ocean is the so-called Atlantic Merid-
ional Overturning Circulation (AMOC). It consists of both surface currents which are
driven primarily by wind and also other much slower currents that ow from the sur-
face to the ocean oor driven by variations in salinity and temperature, a process known
as thermohaline circulation. The AMOC transports warm water from the tropics to the
Subpolar North Atlantic and returns cold, deep water southward. This circulation plays
a vital role not only in distributing heat across the planet but also in delivering nutrients
that sustain marine ecosystems. Besides, it largely contributes to the uptake and storage
of anthropogenicCO; in the deep ocean.

The sequence of events that powers the AMOC begins with the Gulf Stream transporting
warm, salty water along the surface into the subpolar North Atlantic. In this region,
the water cools, for example through heat loss to the atmosphere, and sea ice begins to
form. As sea ice forms, it excludes most of the salt in a process known as brine rejection,
making the surrounding water even saltier. Combined with the cooling, this increases
the water's density, causing it to sink and form what is known as North Atlantic Deep
Water. This dense water then ows southward along the ocean oor via the deep western
boundary current. Eventually, it is drawn back toward the surface through a process called
upwelling, where winds cause deeper waters to rise and replace surface waters that have
been displaced [7]. This return ow completes the overturning circulation. Figure 3 shows
a schematic representation of the AMOC.

Figure 3: Schematic representation of the Atlantic meridional overturning circulation. Orange arrows symbolize water ow
on the surface levels of the ocean, while blue arrows point in the direction of deep currents. Picture sourced from reference

(8.

The AMOC's strength is usually characterized by the so-called meridional overturning
volume streamfunction ( ). A streamfunction is a mathematical tool used to represent
ow in a two-dimensional incompressible uid, such as large-scale ocean currents, in a
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way that inherently satis es the continuity equation (volume conservation). is de ned
as the cumulative sum, from bottom to top, of the return ow, see Eq. 1,

ZZ ZXE

(ty;z) = v(t;x%y; 29 dx°d2° 1)

z20= H x%=xyw

wherexy and xg are the west and east boundary longitudes of the basiHi, is the basin
depth, t is time, y is the latitude coordinate, z is the vertical coordinate, andv is the
water velocity vector. This quantity measures the total ux of water moving from south
to north through a surface de ned by the set:

(x%y; 2% : x°2 [xw;xel;2°2 [ H;z]

It has units of Sverdrups (1Sv = 10°m3s 1) and it is de ned positive for a northward
ow. Note that, changes in indicate whether the total water ow, integrated from west
to east, is northward or southward at a certain deptlz and latitude y (see equation 2).

@ (t;y; 2)
@z

The subindexx indicates that this velocity is integrated across longitudes.

Vx(ty;z) = (2)

One can de ne the AMOC's strength as, for each latitude and moment in time, the
stream function's maximum across depths. That is indicative of how strong the AMOC's
overturning component is. A strong overturning component means most northward water
Oow occurs at surface levels and most southward ow occurs at depth.
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3 Methodology
3.1 NEMO Ocean Model

The in-house reanalysis in this study were produced with the Ocean-Sea Ice model
NEMOA4-SI3, which is integrated within the NEMO (Nucleus for European Modelling
of the Ocean) modelling framework.

NEMO's ocean model solves the Navier Stokes equation and two other non-linear equa-
tions which relate the water's velocity to its temperature and salinity. For this model
some assumptions are also made, which include approximating the geopotential surface
as a spherical surface, when in reality the Earth is attened at the poles, considering a
constant water density except when you compute its contribution to the buoyancy force
(Boussinesq approximation), considering ocean water to be an incompressible uid and
assuming the hydrostatic hypothesis. The latter approximation implies that the vertical
momentum equation is reduced to a balance between the vertical pressure gradient and
the buoyancy force, as expressed in equation 3.

@

@z
In the above equation,p is the pressure, is the ocean's density,g the gravitational
acceleration, andz the vertical coordinate.

g )

Because the gravitational force dominates large-scale motions, the remaining primitive
equations are also separated into a vertical component, which is aligned with the gravi-
tational force and a horizontal component, tangent to the geopotential surface.

The vector invariant formulation of the momentum conservation equation for the hori-
zontal components of the velocity vectotJy, , can be expressed as

Qy

1 1
o (r U) U+§r(U2) fk U —Orhp+DU+FU (4)

h

where the subindex h denotes that only horizontal components should be considered,
including for derivatives. The heat and salt conservation equations are

%I: r (TU)+DT+FT (5)
%fé r (SU)+D®+F*® (6)

with t representing time, , a reference density and =2 k =2 sin( ) the Coriolis
acceleration (where is the Earth's angular velocity vector,k is the unit vector along
the vertical direction and is the latitude). DV , DT and DS are the parameterizations
of small-scale physics for momentum, temperature and salinity, respectively, aRd , FT
and F S surface forcing terms.
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The ocean and sea-ice model are run on a tripolar grid with a 1/2orizontal resolution
that corresponds approximately to 9 km in the tropics and to approximately 5 km at mid-
latitudes and even ner resolutions at the highest latitudes of the Northern Hemisphere.
Prognostic variables are the three-dimensional velocity eld, the sea surface height, the
temperature and the absolute salinity.

For a comprehensive description of the model's dynamics, numerical procedures, and
physical processes we refer the reader to NEMO System Team [9].

To study sea ice and its interactions with other components of the Earth system, we
used the SI3 sea ice model, part of the NEMO modeling framework. SI3 assumes that
sea ice drift and deformation occur only in the horizontal plane, while heat transfer is
treated exclusively in the vertical direction. This is a reasonable approximation, given
that sea ice is much wider (on the order of 100{1000 km) than it is thick ( 1 m).
The model's prognostic variables include the two-dimensional horizontal velocity eld, ice
volume and area, enthalpy, salinity, snow volume and enthalpy, and melt pond volume
and area. The framework couples a halothermodynamic module|describing melting and
freezing processes in ice, snow, and melt ponds|with a dynamical momentum equation
to simulate sea-ice variability. An extensive description of the sea ice model and a user
guide are available online (see Vancoppenolle et al. [10]).

3.2 Experiment con gurations
Three di erent NEMO reconstructions are analyzed in this thesis:
1. No Nudging (NN)

In this rst con guration, the model's behaviour is solely constrained through 3-
hourly surface forcing reanalysed elds that are applied as a boundary condition.

2. Surface Nudging (SN)

In the second experiment, in addition to imposing atmospheric uxes, a nudging
procedure is applied at the ocean surface layer towards monthly temperature and
salinity reanalysed elds.

3. Full Nudging (FN)

The third experiment extends the nudging to the deep ocean as part of the data
assimilation scheme.

The nudging procedure consists of adding a mathematical term to the salinity and tem-
perature conservation equations, such that simulated values are corrected towards the
reanalysis reference, with a given strength that is controlled by a nudging coe cient.
The terms added to the equations are:

@T_

o T T @
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T (S So) (8)

T, and S, are the temperature and salinity elds toward which the model is nudged during
the assimilation process. Note that the nudging coe cient depends on space and is not
a global constant. In fact, its value decreases with depth, because the timescale of the
deep ocean dynamics is considerably greater than that of surface levels.

Because changes in the deep ocean occur much more slowly, the "No Nudging" (NN)
experiment was initialized in 1977. Its initial conditions were derived from the 1977 state
of a coupled IFS-NEMO simulation driven by historical radiative forcing. The rst 17
years of the simulation, up to 1993, serve as a spin-up period to allow the e ects of surface
forcing to propagate throughout the ocean, including the deep layers. Both the "Surface
Nudging" (SN) and "Full Nudging" (FN) experiments are subsequently initialized from

the ocean state of the NN experiment at the end of this stabilization phase. The NN and
SN experiments cover the period 1993-2024, and FN the shorter period 1993-2014 due to
some technical issues.

The surface forcing elds are provided by ERA5, a global atmospheric reanalysis, which
uses the same atmospheric model, as the one that will be used for the predictive coupled
simulations with IFS-NEMO. The forcing elds correspond to heat uxes, liquid and
solid precipitation, sea level pressure, surface winds and others. The ocean reanalysis
assimilated in the SN and FN reconstructions is GLORYS12. The con guration of the
experiments is summarized in Table 1.

Table 1: Experiment con guration

Common settings
Surface forcings ERA5
Nudging elds | GLORYS12

Name | Description | Time period | Initial condition
NN | No nudging 1977{2024 | Coupled IFS-NEMO simulation
SN | Surface nudging| 1993{2024 | NN (1 Jan 1993)
FN | Full nudging 1993{2014 | NN (1 Jan 1993)

3.3 Reanalysis and Observations

As previously mentioned, the data assimilation was carried out using the GLORYS12
reanalysis product, mainly because the ocean and sea-ice model it uses is also based on
NEMO's modelling platform. Besides, this reanalysis has also been constructed with a very
high resolution of 1/12. GLORYS12 is available as monthly averaged data and extends
over the time period of January 1993 up to December 2024. Its start year, 1993, coincides
with the time when high-resolution altimeter satellite data became available, allowing for

a better description of the ocean's mesoscale. GLORYS12 assimilates altimeter sea level
anomalies, satellite sea surface temperature, sea ice concentration, and in situ temperature

16



and salinity vertical pro les. The technical aspects and quality tests of the GLORYS12
reanalysis are extensively documented in Jean-Michel et al. [1].

The independent observational datasets used for comparison with our results are the
following:

~ Sea level height from AVISO.
" Mixed layer depth and salinity from ARMOR3d.
" Temperature from HadISST version 1.

Regarding the AMOC, we have compared our results with data from the RAPID-MOCHA
monitoring array, a network of instruments located near 26 N, that spans across the
Atlantic from Morocco to Florida, measuring temperature, salinity and current velocities
from the surface to the sea oor in real time. These measurements are combined with
observations from the Florida current and satellite measurements of surface winds to
compute the overturning circulation.

3.4 Statistical methods and plane projection

The data we analyzed in this thesis have been represented as climatological properties,
in particular the long-term time-averaged values of di erent oceanic quantities and their
standard deviations () in time, which are computed using equation 9.

S p— :
Jatisr) - ar)j?

N (r)

(r) = 9)

a(ti;r) represents a data variable de ned at certain discrete moments in timg. a(r)
represents the time average of the data anl (r) is the total amount of discrete time
steps. All terms dependent orr because this standard deviation is computed for every
point in space given by our three dimensional grid.

We have also computed local linear trends, which correspond to the slopes obtained by
linearly tting the data in time. For standard deviations and linear trends, annual means
were used, because we are interested in interannual to multi-decadal variability. 1t should
be noted that to ease their interpretation, linear trends are presented in variable units
(e.g. °C for sea surface temperature) per decade.

In this work, we de ne anomalies as deviations from the temporal mean, while biases

refer to systematic di erences between the model outputs and a chosen reference dataset,
such as a reanalysis or an observational data. The term climatology is used to refer to the

spatial distribution of the mean in time of a certain variable.

To represent our data on two-dimensional maps, we chose the Miller cylindrical projec-
tion, a re ned adaptation of the traditional Mercator projection. This method maintains
straight latitude and longitude lines, o ering a clean, rectangular grid that is ideal for dis-
playing global datasets. While it does not preserve area or shape with perfect accuracy,
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it e ectively minimizes polar distortion, making it a practical and widely used option for
global visualizations.

18



4 Results

We compare our three experiments with the GLORYS12 reanalysis using two approaches.
First, we qualitatively describe patterns of the mean climate state and its average variabil-
ity over the 1993-2014 period, including long-term means, standard deviations over time,
and linear trends. We analyze both thermodynamical variables, which are scalar quanti-
ties contributing to the equation of state, and dynamical variables, which are primarily
associated with the ocean's velocity eld and governed by the conservation of momentum.
Second, we analyze the time evolution of some key climate variables in certain regions of
interest in the North Atlantic, to evaluate whether the simulations successfully reconstruct
the observed variations.

4.1 Climatological states
4.1.1 Thermodynamical variables

The salinity and temperature temporal means are, in general, in good agreement across
all the datasets (see rst column of Figures 4 and 5). However, notable di erences in
Arctic surface salinity are evident, particularly in the Kara Sea, Laptev Sea, and East
Siberian Sea (o the north coast of Russia) and in the Beaufort Sea (o the north coast
of North America). In these regions, ARMOR3D shows a lower surface salinity than
GLORYS12. These dierences suggest that the quality of our in-house reconstructions
cannot be evaluated in these speci c regions.

The simulations show even lower salinity levels than GLORYS12 in the same regions.
In addition, the Nordic Seas (Greenland-Iceland-Norwegian Seas) are also fresher in the
simulations. NN is much fresher in the whole basin, reaching a di erence of 2 PSU. The
surface salinity of FN is close to that of NN, however, it is closer to GLORYS12 in the
Norwegian Sea next to the coast. SN shows the smallest bias towards GLORYS12 surface
salinity values in the region. It is only slightly fresher in the middle of the Greenland Sea.
Therefore, the surface nudging plays an essential role in correcting the negative bias in
this region. At the same time, these biases can be related with many other processes that
may not be properly solved, like sea-ice extension (discussed later).

The standard deviation of surface salinity is generally low across all datasets (middle
column in Figure 4), with the exception of the East Siberian Sea in GLORYS12, where
variability is more pronounced and dominated by a strong decreasing trend, that is not
evident in the other observational product (i.e. ARMORS3d). In general, linear trends are

more pronounced in GLORYS12 than in ARMOR3d and observations, especially in the
Ba n and Hudson Bay areas between Canada and Greenland.

Among the in-house reanalyses, the NN experiment fails to reproduce the spatial pattern
of trends seen in GLORYS12, which makes sense, as it does not assimilate it in any way.
The other two experiments, SN and FN, represent some of the features of these local
trends in GLORYS12, with FN showing a better agreement in terms of magnitude.

Regarding the standard deviation of the sea surface temperature (middle column of Figure
5), we observe similar patterns across all datasets. However, the standard deviation in high
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