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FutureMARES Project

FutureMARES - Climate Change and Future Marine Ecosystem Services and Biodiversity is
an EU-funded research project examining the relations between climate change, marine
biodiversity and ecosystem services. Our activities are designed around two Nature-based
Solutions (NBS1 habitat restoration, NBS2 conservation) as well as Nature-inclusive
(sustainable) Harvesting (NIH).
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We are conducting our research and cooperating with marine organisations and the

public in Case Study Regions across Europe and Central and South America. Our goal is to
provide science-based policy advice on how best to use NBS to protect future biodiversity
and ecosystem services in a future climate.

FutureMARES provides socially and economically viable actions and strategies in support of
nature-based solutions for climate change adaptation and mitigation. We develop these
solutions to safeguard future biodiversity and ecosystem functions to maximise natural
capital and its delivery of services from marine and transitional ecosystems. To achieve this,
the objectives of FutureMARES defined following goals:
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List of symbols, abbreviations and a glossary

BA Bias Adjustment

CC Climate change

CM Climate Model

CMIP Coupled Model Intercomparison Project

CORDEX  Coordinated Regional Downscaling Experiment

DoA Description of Action, a part of the project Grant Agreement describing
the project work plan

EC European Commission

EC GA European Commission Grant Agreement — a contract between the
European Commission and FutureMARES consortium

ESM Earth System Model

GA Grant Agreement

IPCC Intergovernmental Panel on Climate Change

MIP Model Intercomparison Project

NBS Nature-based Solutions

NIH Nature-inclusive (sustainable) Harvesting

RCP Representative Concentration Pathway

SD Statistical Downscaling

SSP Shared Socioeconomic Pathway

Tn.x Task — an sub-component of a work package where “n” is a number of
the work package and “x” is a number of the task within this work
package

WP Work Package
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Executive Summary

This report presents an updated version of the Statistical Downscaling Ensemble for the
Regional Seas of FutureMARES, a quantitative evaluation of its performance against
observations compared to the performance of the original Climate and Earth System Models
from the CMIP6 archives and an assessment of the uncertainties attached to the future
projections investigating three sources of uncertainty: internal variability, model uncertainty
and scenario uncertainty.

The ensemble provides datasets for 5 different indicators of the marine habitat conditions
(temperature, salinity, pH, dissolved oxygen, chlorophyll) at three distinct depth levels
(surface, sub-surfaces and seafloor) for the years 1993 — 2100 under three different future
scenarios. It is produced via bias adjustment and statistical downscaling of 4-6 individual
Climate or Earth System Models, depending on the variable, and provides projections for
three different pathways of greenhouse gas emissions, Global Sustainability (SSP1-2.6 ),
Middle of the Road (SSP2-4.5) and World Markets SSP5-8.5.

Validation of the ensemble against observations (CORA v2.5 dataset) and observation based
climatologies (World Ocean Atlas) show that model bias has been successfully removed
across all quantiles, the ensemble faithfully represents the present state of the system and its
variability reducing inter-model differences significantly.

The future projections of the ensemble qualitatively resemble the trajectories of the global
simulations at basin average except from the Baltic Sea which is much more affected by
local, coastal processes than the other regions, leading to significant uncertainties in the
projections. Warming is evident across all regions, even if it fully emerges from the
background uncertainties related to internal variability and model differences only in the
second half of the century with substantial difference in between the greenhouse gas
emission trajectories. Acidification has significantly emerged from model uncertainty and
internal variability already at present day, while the different scenarios lead to distinct
trajectories in surface pH starting from little earlier than mid-century. Deoxygenation appears
to be present across all domains, but the signal is significantly weaker compared to the other
two pressures when compared to model uncertainty and internal variability and the impact of
different greenhouse gas trajectories is much less distinct.

It should be noted however, that these qualitative characteristics vary considerably in extent
and show substantial local heterogeneity within each domain underlining the importance of a
spatially explicit and well resolved approach to address the question of impacts of
anthropogenic climate change on the marine ecosystem functions and services.

Contribution to the project

The ensemble, originally presented and published in D2.1, and its subsequent assessment
and analysis provides the physical and biogeochemical science basis depicting the changing
habitat condition in response to anthropogenic green-house gas emissions for the
FutureMARES Storylines. The particular strength of this contribution with respect to existing
datasets is to provide information on the extent and uncertainty of environmental change at
scales that are relevant and accessible for the problems addressed by the Storylines of this
project aiming to support the local to regional management of ecosystem services related to
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the Nature-based Solutions (NBS) and the Nature-inclusive Harvesting (NIH) addressed in
FutureMARES.

This report provides an updated and much extended version of the basic report
accompanying the release of the first version of the ensemble dataset. It includes a detailed
description of the statistically downscaled regional ensemble of physical and biogeochemical
habitat conditions for the regions of interest of the FutureMARES project with a natural focus
on the European Seas. It also assesses its performance against observations and explores
and documents the uncertainties in the projections.

Dissemination and Exploitation

The ensemble dataset and the information on the extent of physical and biogeochemical
changes in marine and coastal habitats derived from it, along with uncertainty estimates, has
been distributed to all project partners. These projections provide a basis for much of the
scenario explorations performed in FutureMARES, particularly the single-species to
ecosystem models projections of the impacts of scenarios of NBS and/or NIH implementation
(WP4), as well as the downstream spatial, bioeconomic and/or Bayesian statistical analyses
(WP6.1, 6.2 and 6.3). The first version of the underlying datasets was published Open
Access for non-commercial use with D2.1 in May 2022. In the following 9 months, it has been
viewed and downloaded several hundreds of times. Further iterations and additions to the
datasets have been made available internally to project partners and will be made publicly
available upon publication of a manuscript that is currently under preparation based on the
contents of D2.1 and the analysis presented in this report.
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1. Introduction

Climate and Earth System Models (CMs and ESMs) are used as a primary means to
understand how habitat conditions have changed in the past and are expected to change in
the future due to a range of scenarios of anthropogenic green-house gas emissions. These
models are complex tools that can simultaneously model the physics, chemistry, and biology
of land, ocean, atmosphere, and cryosphere allowing researchers to explore the intricate
relationships and dependence of these earth systems. An important part of the IPCC
Assessment reports (IPCC, 2021) is the analysis of output from the Coupled Model
Intercomparison Project (CMIP) which simulates future climate using the described Shared
Socioeconomic Pathways (SSP) narratives and Representative Concentration Pathways
(RCPs) of future emissions. The CMIP models are global in scope and cover the
atmosphere, land, and ocean. They provide a wealth of invaluable, broad information at large
spatial scales illustrating the evolution of the mean state of the Earth System and,
importantly, the uncertainties involved in the model projections. In fact, an important
characteristic of the CMIP approach is the standardised sets of experiments (the so-called
MIPS) based on well-defined protocols and supported and applied by a large international
modelling community.

The relatively coarse-scale resolution of these CMIP models (most are 1x1-degree longitude-
latitude in the ocean for the current CMIP6 generation of models) does not adequately
resolve details of the regional and coastal domains of marine habitats that are increasingly
required for the strategic planning and management of marine resources and ecosystem
services as well as for the development of climate change adaptation and mitigation policies.
Addressing of these shortcomings clearly requires the downscaling of the global datasets in
order to obtain dataset at adequate resolutions that are consistent with the large-scale
information from the ESM and CM projections.

While a significant number of individual dynamical downscaling products exist for regional
ocean domains, these lack the conceptual and standardised approach of the CMIP
experiments or the CORDEX experiments available for regional atmospheric domains.
Dynamic downscaled products also lack the broadness of the global datasets in terms of
experiment realisations. This strongly limits the comparability of results among different
systems and does not adequately quantify the uncertainties involved in the projections
(Drenkard et al., 2021).

To overcome these shortcomings, we applied a statistical bias-correction (BA) and
downscaling (SD) of the global CMIP6 projections. The BA corrects systematic errors in the
climate data to minimize the errors between observed and modelled values for a specific
control period, while the SD allows us to establish an empirical relationship between
historical fine-scale data and large-scale climate variables and applies this statistical
connection to project future climate at smaller (local) scales. This approach produces a high-
resolution climate dataset using a range of CMIP6 models and ensemble members
(realizations) containing both the historical (1993-2020) and future projections (2021-2100)
that captures the uncertainty across models. This document provides a detailed description
of the ensemble dataset, the approaches that were taken to build it, an assessment of its
performance, and underlying uncertainties of these projections.
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2. Methodology

2.1. Downscaling and Bias Correction

2.1.1 Preparation of global climate data

The raw global climate models (GCMs) and Earth System Models (ESMs) can be
represented on a variety of grids covering the globe. Some of these grids have
higher resolution in one part of the world, e.g., around the equator, while others can
have 2 north poles and 1 south pole to avoid the singularity of the north pole at 90N.
To be able to work consistently with these model outputs, we interpolated the data to
a uniform cartesian grid of 0.5 x 0.5-degree longitude-latitude. This interpolation was
done using the Earth System Modelling Framework (ESMF) to allow for fast
interpolation in a tested framework. We also used the Python xesmf interface to the
ESMF package which further simplifies the conversion from the native grid to a
uniform grid. Once the GCM/ESM data were converted to the standard grid, we
performed a bias-corrected statistical downscaling of the data including two steps: 1)
bias-correction and 2) statistical downscaling.

2.1.2 Bias correction

CMs and ESMs are inherently biased from historical observations as they focus on
efficient representations of large-scale processes and feedbacks at the Earth System
interfaces rather than regional and local fidelity. Rather, the CMs and ESMs
represent the probability distributions of physical and biological variables, their
variability, and the long-term trends as observed. To correct this offset in the global
models, we performed a bias-correction where the large-scale climate signal was
constrained to the historical ranges by using detrended quantile mapping
transformation removing bias across the entire spectrum of the model distributions.
The bias-correction removed systematic errors in the climate data to minimise the
errors between observed and modelled values for a specific control period. This bias-
correction was performed at the resolution of a standardised 0.5 x 0.5-degree
latitude-longitude grid.

In addition, it should be noted that CMs and ESMs are spun-up over centuries to
reach the internal model equilibrium and sent off uninitialized in the production runs
starting at preindustrial age. This is done to avoid long-term drifts in the energy and
biogeochemical budgets and trustworthy represent long-term trends in the natural
system. Therefore, they cannot be expected to match historical interannual variability
in phase and should not be used in the context of short-term predictions or forecasts.

2.1.3 Statistical downscaling

Statistical downscaling allows us to establish an empirical relationship between
historical and large-scale climate variables and to apply these statistics to project
future climate at local scales. The bias-corrected fields at 0.5 x 0.5 degrees
longitude-latitude resolution are used as input to the statistical downscaling algorithm
which is a detrended quantile mapping transformation onto a high-resolution
historical reanalysis. The reanalysis used is GLORYS12V11 from Mercator Ocean,
an operational service from the Copernicus Marine Service Center
(marine.copernicus.eu). The global ocean physics is well represented in the
GLORYS12V1 reanalysis, at 1/12th degrees resolution, and has been thoroughly
validated against observations (Drévillon et al., 2022). The GLORYS12V1 reanalysis
assimilates available historical data (e.g., satellite, CTD, XBT, buoys) for the period
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1993-2020, and represents state-of-the-art hydrodynamic biogeochemical modelling.
The temporary period covered by the reanalysis is from January 1993 to December
2019. The model has 50 vertical depth levels which were linearly interpolated if
downscaling was performed at an intermediate depth level. A linear interpolation was
also performed on the global climate model outputs as downscaling was done at
individual fixed depth levels. An exception was the bottom, where each grid point had
a unique depth level.

The downscaling was performed on anomalies rather than actual values. The
anomalies were obtained from both the GLORYS data and the CMIP6 climate data
by removing the detrended monthly climatology. This removal of the seasonality
allowed a much bigger dataset (and therefore statistical coverage) to be generated
over the historical time period which was used to train the downscaling algorithm
(324 data points per grid point). Once the downscaling was completed, we added the
detrended GLORYS climatology which preserved the trend from the CMIP6 model.
This approach is different from typical atmospheric downscaling which is often
performed on a monthly basis due to the daily frequency of data, providing a much
larger dataset to be used for training of the downscaling (see e.g., ISIMIP3BASD).

Historical biological observations such as oxygen, chlorophyll, and pH were obtained
from the biological model Global Ocean Biogeochemistry hindcast (GOBH) from
Mercator Ocean for oxygen and chlorophyll. The GOBH model used the PISCES
model to represent biogeochemistry and a non-assimilative version of GLORYS for
physics (Perruche et al., 2019). The GOBH model had a slightly coarser resolution of
1/4th degrees. To be able to directly compare the downscaled physical and biological
results, we interpolated and extrapolated the biological model data onto the grid of
the physical model, allowing us to deliver biological downscaled data at 1/12™" degree
resolution.

2.1.4 Final product

Once the downscaling was finished, the results were stored as NetCDF4 files which
contain self-describing metadata of the downscaled variable. We also stored the
bottom depth matrix for easy filtering of data based on maximum depth. The
downscaling was performed for a range of CMIP6 models (4-6) per variable per
climate scenario (see Table 1) at three discrete depths corresponding to surface
(5m), subsurface (25m) and seafloor, and the final product to be used by researchers
is an ensemble of these individual downscaled models.

2.2. Domains

The domains of the European Seas over which the statistical downscaling was
applied is depicted in Figure 1. They contain all major basins and shelf seas of the
European continent except for the Black Sea and cover all FutureMARES Storylines
located across European coasts and seas.
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Figure 1 Map showing the 4 FutureMARES European regions for statistical downscaling of CMIP6 modelled
projections; the Baltic Sea (brown), the North Sea (blue), the Bay of Biscay (green), and the Mediterranean (red).

2.3.

Ensemble members and strategy of ensemble composition

We filtered models by their ability to provide a full range of variables across the historical and
the three future scenarios. The CMIP6 models were accessed through the Google Cloud
repository, which is not as complete as the ESGF archives, but data is more easily
accessible. Compared to the datasets provided by D2.1, in the most recent version of the
ensemble we selected a consolidated set of members in order to have a fixed (4-6) number
of realisations per variable for a consistent representation of model spread. Still, some
models are represented by several member ids (e.g., r1i1p1f1 and r3i1p1f1 for the IPSL-
CMB6A-LR model) or model variations (e.g., CMCC) simply because those models perform
well across a range of variables. The total number of models was also kept to a lower
number compared to D2.1 to reduce computational costs and time needed to repeat the
model runs.

Table 1 The CMIP6 models and scenarios used for the downscaling of the various variables and scenarios.

Temperature
SSP1-
2.6,SSP2-4.5,
SSP5-8.5

Model name id

IPSL-CM6A-LR rli1p1f1 X X X
(Boucher et al., r3i1p1f1 X X X
2020)

X X X
X X X
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MPI-ESM1-2-LR r1i1p1f1 X X X
(Mauritsen et al.,
2019)
GFDL-ESM4 r1i1p1f1 X X X
(Dunne et al., 2020)
CMCC-ESM2 r1i1p1f1 X X X
(Lovato et al., 2022)
CMCC-CM2-SR5 rli1tp1f1 X X X
(Cherchi et al., 2019)

2.4. Scenarios

For the CM and ESM projections, expected global greenhouse gas concentrations (emerging
from the Representative Concentration Pathways - RCPs) under different shared
socioeconomic pathways (SSPs) up to the year 2100 (O’Neill et al., 2016) were used as
external forcings. For the 6th Intergovernmental Panel on Climate Change (IPCC) report, five
narratives provide alternative socio-economic developments for the world including
sustainable development (SSP1), regional rivalry (SSP3), and inequality (SSP3, SSP4),
fossil-fuelled development (SSP5), and middle-of-the-road development (SSP2). These are
combined with green-house gas concentration trajectories that are labelled according to the
radiative forcings they would approximately produce in W/m? by the end of this century (year
2100). While in principle the two development streams of climate scenarios and socio-
economic scenarios are independent, not all combinations are feasible. This dataset, in
particular, focused on the combinations SSP1-RCP2.6, SSP2-RCP4.5, and SSP5-RCP8.5,
all part of the Tier1 simulations of ScenarioMIP and, therefore, were covered by a reasonable
number of model realisations within CMIP6. At the same time, these combinations provided a
wide spread of future scenarios corresponding roughly to strongly mitigated, middle of the
road and largely unmitigated pathways. These large contrasts were needed in the
FutureMARES Storylines and across all analyses in WPs 4, 5 and 6 (e.g. Global
Sustainability SSP1-2.6 versus World Markets SSP5-8.5).
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Figure 2 Overview of SSP-RCP scenarios adopted within ScenarioMIP experiments of CMIP6. (taken from O’Neill
et al. 2016).

2.5. Validation of the Ensemble

In order to assess the performance of the downscaled product with respect to the original
CMs and ESMs, several standard metrics were computed for the spatial fields of the
seasonal climatologies of surface temperature and surface dissolved oxygen. These
climatologies were compared against World Ocean Atlas climatology (Locarnini et al., 2018;
Garcia et al., 2019) and then averaged over seasons. We used the recently published
WOA23 for temperature and WOA18 for oxygen.

These metrics are:

¢ the ratio of the model mean over the mean of observations assessing the overall
bias of the model fields for each season;

¢ the ratio of the model standard deviation over the standard deviation of
observations assessing the overall spread of the model fields for each season;

¢ the Pearson correlation coefficient of the spatial fields from model and
observations assessing the spatial mismatch of local features and local bias.

These metrics were further combined into a summary metric providing a single number for
model skill. Several approaches of combinations have been used to report model skill in the
literature (Nash and Sutcliffe, 1970; Gupta et al., 2009; Liu, 2020). We chose the Liu-mean
efficiency skill score which provided a more balanced representation of the individual
components that has shown to yield superior results to the previous methods when used in
model optimisations and can, therefore, be considered more accurate (Liu, 2020).

This skill score combines the individual metrics according to the following equation:

LSE = 1 — J(pa— 1) + (B — 1)?,
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where p is the Pearson correlation coefficient, a is the ratio of the model mean over the
observation mean and B is the ration of model standard deviation over observation standard
deviation.

In addition, Taylor diagrams (Taylor, 2001) were used to validate the results of the seasonal
downscaled products with the CORA 5.2 (Szekely et al., 2019) dataset for global in situ
temperature and salinity measurements. The skill of individual downscaled CMIP6 models is
shown in these diagrams, where the seasonal cycle was removed, and we correlate
timeseries (per grid point) within a single season. The figure summarizes the standard
deviations of both the observations and downscaled product, the root-mean square
difference (centred), and their correlations. More specifically, in each diagram, the radial axis
indicates the standard deviations (the dashed circle indicates the observed one), while the
seasonal correlations with observations are given by the azimuthal angle. The radial distance
from the black star on the x-axis shows the unbiased root-mean square difference to the
observations for individual CMIP6 models and the ensembles.

2.6. Uncertainty Assessment

The uncertainties in the downscaled ensemble product were assessed by evaluating the
three principal categories of uncertainty in these types of simulations (Hawkins and Sutton,
2009):

e scenario uncertainty, the uncertainty related to the different green-house gas
concentration and shared socioeconomic pathways affecting the global climate;

e model uncertainty, the uncertainty related to the different structure and
parametrisation of the CMs and ESMs;

e internal variability, the uncertainty related to the natural variability of the climate
system in absence of external forcing caused by intrinsic processes of the ocean,
atmosphere and land dynamics.

These three components have different relative importance at different lead times of a
climate projection with the latter two dominating at shorter time scales, while the scenario
uncertainty becomes increasingly important as the projection evolves with time due to the
increasing spread between the scenario pathways (Frdlicher et al., 2016).

In our uncertainty assessment in this report, we illustrate the spatial distribution of changes in
three key ecosystem pressure indicators induced by anthropogenic greenhouse gas
emissions relating them to each source of uncertainty via their ratio (|Jchange|/uncertainty).
Significant changes are indicated where the ratio exceeds values of 1.

For the purpose of this assessment, future changes were computed from the ensemble
mean for the middle of the road Scenario (SSP2-4.5) for the mid- and long-term IPCC
assessment periods (2041-2060 and 2081-2100 respectively) by subtracting the mean
conditions of the present-day time slice (1995-2014) from the mean conditions of the future
time slice.

The uncertainty fields used to compute the significance ratios for each source of uncertainty
were computed as follows:

e scenario uncertainty: changes were computed for each scenario in the same way
as for the baseline scenario SSP2-4.5 described above. The uncertainty was then
determined as the min-max range of all scenarios in each spatial pixel;
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¢ model uncertainty: changes were computed for each individual model realisation
of the baseline scenario SSP2-4.5 in the same way as for the ensemble mean
described above. The uncertainty was then determined as the min-max range of
all model realisations in each spatial pixel,

¢ the evolution of annual means in the ensemble mean of the baseline scenario
projection including the historical period was detrended using a 21 year annual
mean to remove long-term variability. Internal variability was then approximated
by the interannual variability of this time series, i.e. the min-max range of the
detrended time-series in each pixel.

The results from this assessment are provided as spatial maps of the change in each
variable and its significance levels with respect to each source of uncertainty. This spatial
representation allows for an appreciation of the varying importance of the sources of
uncertainty at different locations.

3. Results

3.1 Validation

In the following, we compare the SD results against available observational datasets. We
focused on temperature and oxygen as key indicators for the purpose of this report for which
comprehensive datasets exist that allow for a spatially representative comparison. We
compared the ensemble and its members against the spatially continuous WOA climatology
for surface temperature and dissolved oxygen to obtain spatially continuous gapless
comparison. In addition, we compared surface temperatures against the temporally
comprehensive but spatially discrete in-situ data collection of the CORAS5.2 dataset.

To gain an appreciation of the improvements achieved by the bias adjustment and statistical
downscaling that was applied to the CMs and ESMS considered in the ensemble we
compare the performance of the SD products against the performance of the original ESMs
both with respect to the WOA climatologies of surface temperature and surface oxygen.

The performance of the model products was summarised by the Liu-Mean Efficiency in
Figure 7 for the SD products and in Figure 8 for the original ESMs. It shows a clear
improvement in model skill for both surface temperature and surface oxygen across all
regions with a higher skill for temperature compared to oxygen with a difference of around
0.2 - 0.4 points. It is worth noting that the BA and SD have significantly reduced model
differences in performance while for the original ESMs the inter-model differences can be
substantial. The skill score also points to individual performance issues that solicitate further
investigation.
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Figure 3 Liu-Mean Efficiency of the Statistical Downscaling Products for surface temperature (thetao) and surface
oxygen (02) for each basin. The evaluation is based on present day seasonal averages against WOA climatology.

Earth System Model - Spatial Liu-Mean Efficiency

-0.376
o

O h el
& & & s & v
£ & & & o &
& o o @\_s» &
K E

1.0
MED surface thetao

NorthSea surface thetao
BayOfBiscay surface thetao
BalticSea surface thetao
Chile surface thetao

MED surface 02

NorthSea surface 02
BayOfBiscay surface 02

BalticSea surface 02

Chile surface 02

Figure 4 Liu-Mean Efficiency of the original Earth System Models for surface temperature (thetao) and surface
oxygen (02) for each basin. The evaluation is based on present day seasonal averages against WOA climatology.

The decomposition of the performance analysis into its components (Figure 9 to Figure 14)
shows that, for the SD products, the penalisation of the skill score was mainly attributable to
the spatial correlation coefficient (Figure 9), while the ratio of means and ratio of standard
deviations were essentially flawless for these products. For the original CM and ESM
simulations, the ratio of means was also generally very close to 1, but both the Pearson
correlation and the ratio of standard deviation indicate substantial shortcomings in skill.
However, as for SD products the main driver for lack of skill was also a deficiency in
correlation which is significantly stronger than the mismatches of standard deviations.

Statistical Downscaling - Spatial Pearson Correlation
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Figure 5 Pearson Correlation for the Statistical Downscaling Products for surface temperature (thetao) and
surface oxygen (02) for each basin. The evaluation is based on present day seasonal averages against WOA
climatology.
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Earth System Model - Spatial Pearson Correlation
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Figure 6 Pearson Correlation for the original Earth System Models for surface temperature (thetao) and surface
oxygen (02) for each basin. The evaluation is based on present day seasonal averages against WOA climatology.
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Figure 7 Ratio of Means for the Statistical Downscaling Products for surface temperature (thetao) and surface
oxygen (02) for each basin. The evaluation is based on present day seasonal averages against WOA climatology.
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Figure 8 Ratio of Means for the original Earth System Models for surface temperature (thetao) and surface
oxygen (02) for each basin. The evaluation is based on present day seasonal averages against WOA climatology.
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Figure 9 Ratio of Standard Deviations for the Statistical Downscaling Products for surface temperature (thetao)
and surface oxygen (02) for each basin. The evaluation is based on present day seasonal averages against WOA
climatology.
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Earth System Model - Spatial Ratio of Standard Deaviations (Model/Observations)
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Figure 10 Ratio of Standard Deviations for the original Earth System Models for surface temperature (thetao) and
surface oxygen (02) for each basin. The evaluation is based on present day seasonal averages against WOA
climatology.

Figure 3 to Figure 6 show the Taylor diagrams for the comparison of the surface
temperatures in the ensemble average against the CORA 5.2 dataset. The variability across
the ensemble compared very well to the variability in the observations except for the Baltic
Sea. In the Baltic Sea, variability differences between models and observations were slightly
higher compared to the other regions with overestimation by the models in winter and spring
and underestimation in summer and autumn.

Correlations between model and observations were generally high, around 0.9 or higher, with
the lowest correlation for all regions (around 0.8) occurring in winter and in the Baltic Sea as
low as 0.7.

Similarly, root mean-square differences were highest in winter but remained mostly at values
around 1 or lower.

Skill differences between model realisations were comparatively low with none of the
ensemble members being particularly high or low in skill compared to the others. The highest
spread (differences) between models occurred for the Winter season in the Baltic Sea.

Overall, the SD products compared well against the CORA 5.2 dataset, particularly
considering that these are based on uninitialised CM or ESM simulations that, by design,
cannot capture the phase of the short-term variability.
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Figure 11 Taylor diagram for the temperature at 5 m depth compared with CORA 5.2 for the Mediterranean.
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Figure 12 Taylor diagram for the temperature at 5 m depth compared with CORA 5.2 for the North Sea.
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Figure 13 Taylor diagram for the temperature at 5 m depth compared with CORA 5.2 for the Bay of Biscay.
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Figure 14 Taylor diagram for the temperature at 5 m depth compared with CORA 5.2 for the Baltic Sea.

3.2 Uncertainty across Regions

In this section, we illustrate the changes induced by anthropogenic greenhouse gas
emissions in three key ecosystem pressures: two direct pressures, warming (represented by
the sea surface temperature) and acidification (represented by surface pH) and one indirect
pressure, deoxygenation (represented by bottom dissolved oxygen). The latter is considered
to be an indirect pressure here as it is a cumulative result of the other pressures and their
effect on the ocean dynamics and the biological production in the water column. The
significance of the induced changes was further analysed by comparing them to three
separate sources of uncertainties in climate projections: i) internal variability, ii) model
uncertainty, and iii) scenario uncertainty. In the following subsections, we present the results
of this analysis by region.

3.2.2 Mediterranean Sea
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Figure 15 shows the Mediterranean Sea basin average timeseries of the three ecosystem
pressure indicators from the recent past up to the end of this century for the three different
scenarios represented by the SD ensemble product. The patterns are qualitatively
comparable to those observed for the global mean trajectories (IPCC, 2021; Kwiatkowski et
al., 2020). For the unmitigated scenario SSP5-8.5 (FutureMARES World Markets) the bulk
surface temperature of the Mediterranean Sea rises gradually up to 5 °C higher than present
day. For the middle of the road scenario SSP2-4.5, the increase in temperature from present
day is substantially lower reaching approximately 2 °C. For the strongly mitigated scenario
SSP1-2.6 (FutureMARES Global Sustainability), the temperature initially increases then
stabilizes towards the middle of the century at around 1.5 °C of warming. Model spread is
moderately high (2.5 to 3.0 °C), such that the differences between the two scenarios
producing weaker warming are partially blurred, while for the strong warming the difference
in temperature emerges from the model uncertainty. Interannual variability is low compared
to the long-term changes. In terms of ocean acidification, SSP5-8.5 shows a strong gradual
decrease in ocean pH up to about 0.4 units from present day conditions, while SSP2-4.5
stabilizes towards the end of the century at about a 0.2 decrease in pH. SSP1-2.6 shows a
slightly reversing trend, limiting the overall decrease in pH to less than 0.1 units in 2100.
Uncertainty for this variable is inherently low and differences in the changes are clear. For
bottom oxygen, uncertainty was highest relative to the changes observed among the three
scenarios. For all three scenarios, oxygen decreases, by 0.5 ml/l for SSP5-8.5, and
approximately 0.2 for SSP2-4.5 and 0.1 for SSP1-2.6.

25 historical historical
—— SSP1-2.6 B 4.2 —— SSP1-2.6

55P2-4.5 < SSP2-4.5
—— S5P5-85 —— SSP5-8.5
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Figure 15 Time series of Mediterranean Sea average surface temperature (°C), pH and bottom oxygen [ml/l] over
the historical time slice and the three scenarios. Full lines show the ensemble, shaded areas show the ensemble
spread based on the 2.5 and 97.5 percentiles of the model distributions.

To give a clearer picture of the relative importance of the different sources of uncertainty and
their role in different locations, Figure 16 and Figure 17 show maps of the changes of the
three indicators for the ensemble average of scenario SSP2-4.5 as absolute values and
relative to the uncertainties in each spatial point. It can be seen that surface temperature rise
is strongest in the Adriatic and Aegean Sea with generally higher changes in the Eastern
compared to the Western Basin. Warming almost doubles from mid to the end of the century
with no major difference in the spatial distribution of changes in between the two time slices.
At mid-century interannual variability and model uncertainty are of the order of the changes
across the basin while the differences in between the scenarios are significantly lower than
the changes induced. This situation essentially inverts for the long-term changes which
become a little more significant with respect to interannual variability, while the difference
between the scenarios have grown relatively to be comparable to the magnitude of change.

Acidification in the Mediterranean results strongest in the Northern Adriatic with generally
slightly higher decreases of pH in the Northern parts compared to the Southern coast of the
basin. As could be inferred from the basin mean time series, changes are strongly significant
for both time slices with respect to interannual variability and model uncertainty, while the
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difference in between the mitigation pathways are of the order of the changes at mid-century
and dominate the signal towards the end of the century.

For bottom dissolved oxygen the situation is much less clear. While on average a decrease
in seafloor oxygen is visible from the time series, some areas even show increase in oxygen
for the ensemble mean (most evident in the Aegean Sea), interannual variability and
particularly model uncertainty is high in these areas. Areas of oxygen decrease on the
contrary clearly emerge from interannual variability and are also slightly significant with
respect to model uncertainty. Similarly changes in mitigation pathways play a much more
important role in areas of oxygen increase with respect to the areas of decrease, where the
differences between scenarios are smaller than the induced decrease.

Mid term Change Mid term Term Change / Interannual Variability Mid term Term Change / Model Uncertainty Mid term Term Change / Scenario Uncertainty

Mid term Term Change / Interannual Variability Mid term Term Change / Scenario Uncertainty
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-0.11
012
-0.13

-0.14

-0.15

Mid term Change Mid term Term Change / Interannual Variability Mid term Term Change / Scenario Uncertainty

Figure 16 Significance of mid-term changes in the Mediterranean Sea against three sources of uncertainty under
scenario SSP2-4.5 for three ecosystem pressures. From left to right: changes between long-term conditions
(2081-2100 mean) and present-day conditions (1995-2014); changes relative to internal variability; changes
relative to model uncertainty; changes relative to scenario uncertainty. Top to bottom: Surface Temperature [K];
surface pH; bottom dissolved oxygen [ml/].
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Figure 17 Significance of long-term changes in the Mediterranean Sea against three sources of uncertainty under
scenario SSP2-4.5 for three ecosystem pressures. From left to right: changes between long-term conditions
(2081-2100 mean) and present-day conditions (1995-2014); changes relative to internal variability; changes
relative to model uncertainty; changes relative to scenario uncertainty. Top to bottom: Surface Temperature [K];
surface pH; bottom dissolved oxygen [mi/].

3.2.1 North Sea

The basin-scale mean evolution of induced changes in the wider North Sea area (Figure 18)
was similar to the changes in the Mediterranean Sea. Warming is a less accentuated though
with only three degrees increase at the end of the century for the unmitigated scenario
SSP5-8.5 and less than a degree for the moderate and strong mitigation scenarios.
Acidication levels range from little less than 0.1 units (SSP1-2.6) to around 0.5 units of
decrease in surface pH (SPP5-8.5), while seafloor oxygen decrease (~0.1 — 0.3 ml/l) is a little
less evident due to a higher internal variability (up to ~0.2 ml/l) ‘compared to the that
observed in the Mediterranean Sea.
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Figure 18 Time series of North Sea average surface temperature (°C), pH and bottom oxygen [ml/l] over the
historical time slice and the three scenarios. Full lines show the ensemble, shaded areas show the ensemble
spread based on the 2.5 and 97.5 percentiles of the model distributions.

Looking in more detail at the spatial distribution of changes and uncertainties (Figure 19 and
Figure 20) it can be observed that warming is strongest towards the Eastern parts of the
European shelf, while comparatively week towards the open Atlantic. These trends however
are only very weakly emerging with respect to internal variability and model uncertainty on
most of the continental shelf while they are generally slightly overshadowed by internal
variability and model uncertainty in the oceanic parts (except for the long-term changes with
respect to interannual variability that are slightly emerging throughout the domain). The
difference between the mitigation pathways is only of minor importance at mid-century
(approximately 1/3 of the change signal across the basin) but reaches about the same order
of magnitude as the induced change in the long-term. Seafloor oxygen changes in the
ensemble average are of considerable magnitude only in the open ocean areas along the
shelf break where dissolved oxygen is declining by up to 1 ml/l. These changes are only
mildly emerging at mid-century while they become increasingly significant towards the end of
the century. The difference of these changes between mitigation scenarios is minor even
towards the end of the century.
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Figure 19 Significance of mid-term changes in the North Sea against three sources of uncertainty under scenario
SSP2-4.5 for three ecosystem pressures. From left to right: changes between long-term conditions (2081-2100
mean) and present-day conditions (1995-2014); changes relative to internal variability; changes relative to model
uncertainty; changes relative to scenario uncertainty. Top to bottom: Surface Temperature [K]; surface pH; bottom
dissolved oxygen [ml/l].
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Figure 20 Significance of long-term changes in the North Sea against three sources of uncertainty under scenario
SSP2-4.5 for three ecosystem pressures. From left to right: changes between long-term conditions (2081-2100
mean) and present-day conditions (1995-2014); changes relative to internal variability; changes relative to model
uncertainty; changes relative to scenario uncertainty. Top to bottom: Surface Temperature [K]; surface pH; bottom
dissolved oxygen [ml/I].

3.2.3 Bay of Biscay

In the area around the Bay of Biscay the domain averages roughly follow the pattern of the
previous two regions with strong continuous warming up to 3 degrees by 2100 and
acidification of up to 0.4 pH units for SSP5-8.5 and gradually attenuated trends for the
moderate to strong mitigation scenarios (with pH starting to revert the acidification trend in
the second half of the century for SSP1-2.6). Acidification trends are strongly significant while
the warming trends emerge less clearly due to considerable model uncertainty (~1.5 up to
3.5 degrees), particularly for the two pathways producing weaker changes. Deoxygenation
shows considerable model (~0.4-0.5 ml/l) and interannual variability (up to 0.2 ml/l).
Curiously, trends appear almost absent for the strongest scenario for the first couple of
decades, followed by a few years of strong interannual variability and a rapid decay in
surface oxygen that then continues more gradually until the end of this century, while the
other two scenarios show a weaker, more continuous decay similar to the other two regions
illustrated above.
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Figure 21 Time series of Bay of Biscay average surface temperature (°C), pH and bottom oxygen [ml/l] over the
historical time slice and the three scenarios. Full lines show the ensemble, shaded areas show the ensemble
spread based on the 2.5 and 97.5 percentiles of the model distributions.

The spatial distribution of these domain average patterns (Figure 22 and Figure 23) indicates
the Northern coast of the Iberian Peninsula and the northern coast of Britany as focal points
of surface warming with the former one particularly strong in the mid-term (up to 1 degree)
and the latter particularly strong in the long-term (almost 2 degrees). Relative to interannual
variability and model uncertainty however these changes are only slightly emerging in the
mid-term, while changes in the deeper Atlantic are subject to significant ranges of uncertainty
for these two sources. In the long-term changes become significant with respect to
interannual variability while model uncertainty remains present to the same degree as in the
mid-term. As for the previous domains, warming is only mildly affected by the differences of
mitigation pathways in the mid-term, while in the long-term the different mitigation strategies
lead to differences in warming of the same order as the change signal itself. Acidification
trends are comparatively homogeneous across the basin with little stronger trends in the off-
shelf areas of the North-Eastern Atlantic. This pattern is consistent between the two time
slices, however with acidification levels about 50% higher at the end of the century compared
to the mid-term changes. The trends are strongly significant with respect to model
uncertainty and interannual variability for both time slices. The difference between scenarios
is roughly of the same order of magnitude as the induced changes at mid-century, while at
the end of the century the mitigation pathways become increasingly important as the
difference between scenarios reaches twice the magnitude of the change signal.
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Figure 22 Significance of mid-term changes in the Bay of Biscay against three sources of uncertainty under
scenario SSP2-4.5 for three ecosystem pressures. From left to right: changes between long-term conditions
(2081-2100 mean) and present-day conditions (1995-2014); changes relative to internal variability; changes
relative to model uncertainty; changes relative to scenario uncertainty. Top to bottom: Surface Temperature [K];
surface pH; bottom dissolved oxygen [mi/l].
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Figure 23 Significance of long-term changes in the Bay of Biscay against three sources of uncertainty under
scenario SSP2-4.5 for three ecosystem pressures. From left to right: changes between long-term conditions
(2081-2100 mean) and present-day conditions (1995-2014); changes relative to internal variability; changes
relative to model uncertainty; changes relative to scenario uncertainty. Top to bottom: Surface Temperature [K];
surface pH; bottom dissolved oxygen [ml/].

3.2.4 Baltic Sea

While the basin mean trends of warming, acidification and deoxygenation are present also in
the Baltic Sea, their behaviour and relation to uncertainty is in some aspects substantially
different in this coastal, semi-enclosed basin when compared to the other regions as shown
in Figure 24. A fundamental difference is the large model uncertainty (up to 0.8 pH units) and
increased interannual variability (up to 0.05 units) of surface pH with respect to the induced
changes (0.1-0.5 pH units). This difference can be attributed to the fundamentally different
character of this brackish water basin where pH conditions are not only driven by
atmospheric carbon dioxide concentrations, but also affected by a series of coastal
processes, such as changes in water catchment, precipitation patterns, weathering and
liming (Gustafsson and Gustafsson, 2020). In addition, the deoxygenation trend (~0.2 ml/I)
here is significantly weaker and interannual variability is significantly higher (up to 0.5 ml/l) as
the oxygenation of the Baltic Sea is to a much lesser degree influenced by large scale
ventilation and much more affected by coastal influences. Warming trends (2-5 degrees) on
the contrary are comparatively similar to the other basins.
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Figure 24 Time series of Baltic Sea average surface temperature (C), pH and bottom oxygen [ml/l] over the
historical time slice and the three scenarios. Full lines show the ensemble, shaded areas show the ensemble
spread based on the 2.5 and 97.5 percentiles of the model distribution.

Looking at regional differences in these trends (Figure 22 and Figure 23) warming in the
ensemble average of the Baltic Sea for scenario SSP2-4.5 at mid century is strongest in the
Bothnian Sea and the Gulf of Riga and weakest at the margins of the Bothnian Bay and the
Southern Baltic Proper. This pattern persists also at the end of the century with the two
warming hot-spots spreading into the Northern Baltic Proper. Compared to interannual
variability and model uncertainty the trends are only weakly emerging across the basin.
Differences between mitigation pathways are neglectable at mid-century but reach the order
of magnitude of the induced changes by 2100. For acidification, which is strongest in the
Bothnian Bay, there is a clear distinction in the impact of interannual variability and model
uncertainty on the significance of the mid- and long-term trend. While trends clearly emerge
from interannual variability, they are subject to significant model uncertainty as was visible
already in the basin average time series that reaches more than twice the level of the trend.

The bottom oxygen field for mid-century shows deoxygenation across the whole basin except
for a small cell of oxygen increase north of Gotland that extends to the whole Gotland basin
at the end of the century. It should be noted however that these changes are comparatively
uncertain with respect to interannual variability and model uncertainty across the entire Baltic
Sea and are particularly uncertain in the area of oxygen increase. This area is also the only
area in which scenario differences in oxygen trends are significantly bigger than the actual
oxygen trend making it essentially an area of uncertain outcome in all aspects. In other
areas, the impacts of different mitigation pathways reaches the levels of the induced changes
by the end of the century.
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Figure 25 Significance of mid-term changes in the Baltic Sea against three sources of uncertainty under scenario
SSP2-4.5 for three ecosystem pressures. From left to right: changes between long-term conditions (2081-2100
mean) and present-day conditions (1995-2014); changes relative to internal variability; changes relative to model
uncertainty; changes relative to scenario uncertainty. Top to bottom: Surface Temperature [K]; surface pH; bottom
dissolved oxygen [ml/I].
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Figure 26 Significance of long-term changes in the Baltic Sea against three sources of uncertainty under scenario
SSP2-4.5 for three ecosystem pressures. From left to right: changes between long-term conditions (2081-2100
mean) and present-day conditions (1995-2014); changes relative to internal variability; changes relative to model
uncertainty; changes relative to scenario uncertainty. Top to bottom: Surface Temperature [K]; surface pH; bottom
dissolved oxygen [ml/I].

3.2.5 Chile

For the area of the Chilean Pacific the evolution of the three analysed ecosystem pressures
is once again qualitatively similar to global trends except for the deoxygenation where there
appears to be no difference at basin scale in between the three mitigation pathways
analysed. In addition, warming appears to be a little weaker (up to 3 degrees) compared to
global changes (up to 4 degrees, (Kwiatkowski et al., 2020)).
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Figure 27 Time series of surface temperature (C), pH and bottom oxygen [ml/l] for the Chilean Pacific over the
historical time slice and the three scenarios. Full lines show the ensemble, shaded areas show the ensemble
spread based on the 2.5 and 97.5 percentiles of the model distribution.

The spatial patterns of these trends display a clear coastal gradient with increased warming
and reduced acidification towards the coast compared to offshore waters, most likely caused
by a reduced upwelling, a process that dominates the abiotic and biogeochemical
characteristics of these waters. Warming trends, however, only clearly emerged from
interannual variability and model uncertainty by the end of century. An exception was the
waters at the western edge of the domain towards the open Pacific. Acidification trends were
significant with respect to both sources of uncertainty at both time slices. Differences in
between the scenarios for warming and acidification are still comparatively small compared
to the trends at mid-century (roughly %4 of the trend for warming and % for acidification) while
they become substantial towards 2100 (1.5 times the trend for warming and about 3 times for
acidification). Deoxygenation was projected to occur across nearly all of the domain (except
for the north-western edge at both time slices) and significant with respect to interannual
variability. These trends are, however, subject to substantial model uncertainty diminishing
the confidence of these results. The different greenhouse gas emission pathways appear to
have a neglectable impact on deoxygenation in this domain.
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Figure 28 Significance of mid-term changes in the Chilean Pacific against three sources of uncertainty under
scenario SSP2-4.5 for three ecosystem pressures. From left to right: changes between long-term conditions
(2081-2100 mean) and present-day conditions (1995-2014); changes relative to internal variability; changes
relative to model uncertainty; changes relative to scenario uncertainty. Top to bottom: Surface Temperature [K];
surface pH; bottom dissolved oxygen [ml/I].
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Figure 29 Significance of long-term changes in the Chilean Pacific against three sources of uncertainty under
scenario SSP2-4.5 for three ecosystem pressures. From left to right: changes between long-term conditions
(2081-2100 mean) and present-day conditions (1995-2014); changes relative to internal variability; changes
relative to model uncertainty; changes relative to scenario uncertainty. Top to bottom: Surface Temperature [K];
surface pH; bottom dissolved oxygen [mi/l].

4. Summary

The assessment and analysis presented within this report provides an overview of the
performance (skill) of statistically downscaled ensemble datasets for regional physical and
biogeochemical habitat conditions originally published in D1.2 “Ensemble Data Set of Key
Model Variables”. The skill of these projections was assessed via comparison to
observations and the original ESM simulations. This report also present analyses of three
key sources of uncertainties related to ensemble projections.

There was a clear improvement in model skill (Section 3.1) of the downscaled products
compared to the original CMs and ESMs that were at the base of the bias adjustments and
statistical downscaling. Nearly all of the bias of the original simulations was removed across
all quantiles of the model data distributions leading to values of mean and standard
deviations of the seasonal spatial climatologies that match those observed and reported in
the WOA climatologies. In addition, inter-model differences in skill were strongly reduced in
this process. The direct validation against the CORA 5.2 dataset for surface temperature was
encouraging in terms of performance, particularly considering the limitations that inherently
exist for uninitialized systems such as CMs and ESMs in matching particular phases of
interannual variability.
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The uncertainty analysis has highlighted some interesting and important features of the
ensemble datasets. In general, the regional, basin-scale trends produced by the ensemble
largely, qualitatively reflected the global changes but, importantly, were not distributed
homogeneously across the regions. An exception to this was the Baltic Sea, a largely
enclosed sea that is under much stronger influence than the other regions from coastal
(watershed) processes. Warming was projected across virtually all domains but only fully
emerged from the background uncertainties at the end of the century, except for the
Mediterranean Sea. Our analyses revealed that warming emerged from projection
uncertainties by the mid-century time slice, confirming that the Mediterranean Sea is a
hotspot of global climate change. Ocean Acidification trends were fully significant at both the
mid- and late-century time slices and show neglectable model uncertainty and interannual
variability (with the exception of the Baltic Sea). On the contrary, trends in deoxygenation
were much less clear and displayed high model uncertainty. Deoxygenation is a more
complex process indirectly affected by anthropogenic greenhouse gas emissions via
chemical (solubility) and biological (production and respiration) pathways.

Differences in IPCC RCP scenarios were generally detectable by mid-century, but fully
apparent towards the end of the century, underlining the importance of consistent actions
related to policies of climate change mitigation and adaptation.
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uncertainty under scenario SSP2-4.5 for three ecosystem pressures. From left to right:
changes between long-term conditions (2081-2100 mean) and present-day conditions (1995-
2014); changes relative to internal variability; changes relative to model uncertainty; changes
relative to scenario uncertainty. Top to bottom: Surface Temperature [K]; surface pH; bottom
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Figure 27 Time series of surface temperature (C), pH and bottom oxygen [ml/l] for the
Chilean Pacific over the historical time slice and the three scenarios. Full lines show the
ensemble, shaded areas show the ensemble spread based on the 2.5 and 97.5 percentiles
of the model diStrIDULION. ........c.oiiii e 36
Figure 28 Significance of mid-term changes in the Chilean Pacific against three sources of
uncertainty under scenario SSP2-4.5 for three ecosystem pressures. From left to right:
changes between long-term conditions (2081-2100 mean) and present-day conditions (1995-
2014); changes relative to internal variability; changes relative to model uncertainty; changes
relative to scenario uncertainty. Top to bottom: Surface Temperature [K]; surface pH; bottom
diSSOIVEd OXYGEN [MI/]. ...ttt bttt 37
Figure 29 Significance of long-term changes in the Chilean Pacific against three sources of
uncertainty under scenario SSP2-4.5 for three ecosystem pressures. From left to right:
changes between long-term conditions (2081-2100 mean) and present-day conditions (1995-
2014); changes relative to internal variability; changes relative to model uncertainty; changes
relative to scenario uncertainty. Top to bottom: Surface Temperature [K]; surface pH; bottom
diSSOIVEd OXYGEN [MI/]. ...ttt 38
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