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EXECUTIVE SUMMARY

This deliverable presents a catalogue of state-of-the-art land surface response tools and models applied,
refined and/or developed in ARSINOE. The suite of models covers local and catchment-scale hydrology,
inundation/flood modelling, extreme temperatures, and integrated models, including economics and
water resources. This book-of-models provides a comprehensive technical and scientific description as
well as short examples of all the land surface response tools used within ARSINOE, e.g. in the case studies.
It must be noted that the current tools have not yet been exposed to the final climate forcing; so while
methodological developments have reached a high readiness levels, results are yet preliminary and will
be further updated in the run-time of the project. The current state of findings and results, as per case
study, can be summarized as follows:

In CS1, where a multi-layer GIS tool is applied, the proposed multi-dimensional analysis offers a
comprehensive and detailed hotspot map of the identified environmental and socio-economic hazards
for the city of Athens. The presented hotspot approach and its outcome can benefit the realization of
multifaceted urban risk management and resilience strategies with targeted site and threat-specific
solutions.

In CS2, climate change impacts on the wave disturbance in the basins of the port of Piraeus, Greece and
port of Limassol, Cyprus are investigated by means of numerical modelling. An extremal wave height
analysis is carried out to determine extreme wave conditions in relation to various return periods and
data regarding the mean sea level rise due to climate change and sea water elevation due to storm surge
are considered, with numerous simulations being carried out with the advanced wave model Maris HMS
A comparative analysis provides critical insights on the operability and stability of the port infrastructure.

In CS3, spatially explicit and process-based hydrological modelling reveals that climate change will amplify
the intensity and frequency of extreme events in the Main river basin. It is shown that management
practices have a substantial impact on water scarcity, in case the limits of agricultural irrigation are not
respected in the region. Further management options, especially nature-based solutions, as well as
adaptation of land use will be tested for their impact of water resources.

In CS4, simulations with the IWAMM application shows that both lakes will be affected by climate change,
manifested by an increasing deficit of water, with the most affected sectors being the environment,
agriculture, and the energy sector. While sectoral trade-offs have been identified, no transboundary
issues in the common water use and share have been identified and no issues are expected in the future,
taking in consideration the awareness, concern and shared responsibility of all parties and sectors.

In CS5, two major advances have been made: i) a 3D geological model of the island has been established,
using all available previous information and the GeoModeller software, paving the floor for an
implementation in future Hydrological Plans for the islands and serving as a fundamental tool to establish
management measures that consider future scenarios derived from climate change; and ii) the
hydrodynamic model MIKE21 has been developed to predict the coastline in the years 2050 and 2100 for
the islands of La Palma and El Hierro. This model allows for a detailed study of different areas of the
islands, revealing that beach areas are more susceptible than cliff areas.

In CS6, the HEC-HMS model is developed for river Aliakmonas digital twin. The developed model was
calibrated for 1 year and was evaluated for a longer time period of 3 years, demonstrating adequate
performance prior to the full deployment of an optimisation algorithm. In 2021 more data were collected
regarding the water flow in the reservoir, thus the coupling with the optimization algorithm is expected
to improve the final results, while its connection to online meteorological and energy production
databases can promote strategic management alternatives for the reservoir.
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In CS7, the DamageCost model finds an optimal protection level of approx. 4.8 m above sea level
considering the potential economic impacts of an extreme storm surge on buildings in Esbjerg. The
seawall will eventually be complemented by extensive and multi-functional green infrastructure in the
form of a dike slightly further in land, which will combine hydrological, recreational, commercial, cultural,
and natural functions. DamageCost is an adequate tool for analyzing not only the future coastal flood risk
but for delineating the complex future adaptation pathways in Esbjerg from a holistic perspective.

In CS8, the CAFlood model is employed to simulate multiple flood scenarios in Torbay, UK. With the inputs
of terrain data, rainfall data, roughness and infiltration parameters, upstream inflow and downstream
boundary conditions, the CAFlood model has replicated the flood event that occurred on 22 June 2004,
in Brixham. Additional events or scenarios will be examined and simulated in the other two primary
locations in Torbay.

In CS9, the AQUACROP model is implemented to assess climate change change impacts on durum wheat
production, and consequently to the food chain that derives from it. Reduced water availability is
expected to be one of the main limiting factors in durum wheat growth. To assess water requirements
for stabilising durum wheat production in the Campidano region of Sardinia, the model is used to perform
a sensitivity analysis to evaluate the potential impact of rainfall reduction and temperature increase on
durum wheat productivity.
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0.0 Introduction

This Deliverable assesses the land surface response to climate forcing and related risks (e.g. floods,
droughts, yield potential, renewable energy potential, forest fires) to provide a building block for the
multi-sectoral dynamic modelling framework (Deliverable 3.5). To capture the challenges of gradually
shifting systems (e.g. water or energy balance) and dynamically altered extreme events under climate
change, land surface modelling tools are important elements to evaluate the non-linear behavior of
meteorological drivers and (managed) land surface responses, including compound events and cascading
effects. ARSINOE CSs cover a range of system states, process interactions and dependencies, scales of
application, levels of data scarcity and user needs. This Deliverable responds to these challenges by
building a modular suite of land surface response tools - comprising data-driven (using Machine
Learning), conceptual and process-based model elements - as an innovation package to provide users
with tailored solutions for multi-sectoral resilience to climate change. This task delivers procedures to
build and guidelines on how to utilize parsimonious and robust land surface tool sets, considering
appropriate spatio-temporal resolution and adjusted levels of data and model complexity for any given
Cs.

1.0 Hydrological models

1.1 WaSIM (CS3)

Modelling of hydrological extreme events in the Main River Catchment

Andrea Bohnisch, Johannes Brunner, Isabella Fritz, Alexander Sasse,
Florian Willkofer, Raul Wood, Ralf Ludwig

Abstract

Using a regional climate model large ensemble (CRCM5-LE), the process-based hydrological model
WaSIM was driven to generate 50 realizations of hydrological time series data. This allows for 98 gauging
stations across Bavaria to:

- Derive robust values for extreme flood annualities for the reference period 1981 to 2010

- Analyze change signals of mean and flood discharge

- Determine climate-induced changes in extreme flood events

- Assign extreme events to one or more processes, i.e. claryfing the drivers and attributing main
features of (compound) extremes

Example applications of the WaSIM-Large ensemble in the Main area include water temperature
projections with machine learning methods (LSTM) and the integration of the WaSIM irrigation module.

1. Introduction

The considerable disruption and damage caused by extreme hydrometeorological events in recent years
(floods, droughts) have brought concerns about the possible negative consequences of climate change in
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Bavaria to the forefront of scientific and social interest. While research has to deal with increasingly
complex questions about the drivers and process understanding behind these extreme events, the water
management administration is confronted with the challenges of improved forecasting of such situations,
new adaptation strategies and the effects on the associated risk management.

Due to the often comparatively short time series of meteorological measurement data, many applications
lack a sound understanding of the range of natural variability of the climate system. As a result, the
measurements of extreme flood events or periods of drought in the Bavarian river basins are based on
robust statistical methods. However, it is difficult to determine whether a realistic range of hydrological
system states can be mapped with the available data. It can therefore be assumed that the current
assumptions on flood annualities, for example, are subject to considerable uncertainty. A second critical
guestion is whether and how climate change contributes to a dynamic change in the intensity and
frequency of extreme hydrological events; this is also largely unclear, especially in a regional context.

A model chain - from climate model simulations to a complex hydrological process model, Figure 1.1.1 -
was therefore created for Bavaria to investigate robust change signals of extreme hydrometeorological
events under climate change conditions. Such process models are necessary because the occurrence of
extreme hydrological events is not exclusively controlled by meteorology, but area conditions and
hydrological process chains are usually non-linearly related to the meteorological conditions.
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Figure 1.1.1. Process chain from global climate model to hydrological simulation in Wasim.

2. Methods and Data

Various institutions around the world have developed a range of global climate models (General
Circulation Models, GCMs) that differ in their structure, formulation and resolution. Although the models
are fundamentally similar in many respects, the differences can sometimes have a strong impact on the
behaviour of the models. Different models therefore provide different responses to the same radiative
forcing ("model response uncertainty"). A further uncertainty arises from the use of regional climate
models (RCMs), which are externally driven by a GCM and provide higher resolution results over smaller
domains such as Europe, which are often essential for regional climate impact research (approx. 12-50
km compared to approx. 200 km for GCMs).
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In the production of the data set used here, the first two sources of uncertainty were excluded, as only
one scenario (RCP8.5) and one model combination (CanESM2-CRCM5) were used. This makes it possible
to isolate the third component - natural variability. This is achieved by starting the model several times
in the same configuration, but with minimally different initial conditions. This gives the model the leeway
it can have due to the natural variability of the system alone. Such a setup is referred to as a Single Model
Initial-conditions Large Ensemble (SMILE). The regional SMILE used here is the CRCM5-LE (large
ensemble). It enables:

- Investigations into natural variability: The 50 members of the CRCM5-LE cover a broad spectrum
of natural variability, allowing its influence in climate projections to be quantified more precisely.
This includes, for example, an improved uncertainty analysis or a clearer distinction between
natural variability and a resulting climate change signal.

- Studies on extreme events: The period available for the analyses (1955-2099) results in
50x145=7250 years of modelled climate. This fifty-fold increase in the database makes it possible
to statistically analyse rare - i.e. extreme - events much more robustly than with a single model
run (or even with observational data often covering only a few decades). For a climatic reference
period of typically 30 years, this results in 1500 years in the CRCM5-LE.

This SMILE data now serves as a meteorological driver for the process-based hydrological model WaSIM
(Schulla 2021) to investigate the effects of natural climate variability and climate change on water
balance, runoff behavior, hydrological state variables and hydrological extreme events for 98 river
catchments in Bavaria. The gauges describe the three large Bavarian river catchment areas (Danube, Inn
and Main) as well as a small part of the Elbe catchment area. Some of the rivers in this "hydrological
Bavaria" are heavily influenced by hydraulic engineering measures. These include above all barrages and
reservoirs, as well as overpasses, diversions and supply lines. Although natural lakes are not equated with
these measures, a discharge rule for a lake in WaSIM is similar or the same as an operating rule for a
reservoir.

A special feature of the model setup used is that, contrary to standard hydrological practice, the entire
hydrological Bavaria is to be simulated with a single model to achieve comparable and reproducible
results both for the long-term mean discharges and for the flood discharges at the 98 gauging stations of
hydrological Bavaria (Willkofer et al. 2020). The main expected advantages of such a global calibration
are, for example, the creation of consistent spatially distributed model parameters or the transferability
of the parameterization to river basins without gauging stations. This so-called global calibration is based
on the work on a global calibration of large catchment areas by Ricard et al. (2012) and Gaborit et al.
(2015). The calibration shows satisfactory results for most gauges in hydrological Bavaria.

For data production, WaSIM was run with the following modules:

- Evapotranspiration: Penman-Monteith

- Snowmelt: enhanced energy balance with snow redistribution by wind and gravitation
- Soil water movement: Richards equation

- Groundwater movement: Darcy equation

- Soil parameterization: Van Genuchten parameter
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Figure 1.1.2. Mean annual runoff changes in 98 Bavarian catchments between 2070-2099 and 1981-2010. The red
frame highlights all CS3 relevant catchments (Main River).

The long-term mean discharge for the distant future shows a significant decrease at all gauging stations
in hydrological Bavaria north of the Alps (Figure 1.1.2). The decrease can be explained by a general
decrease in precipitation in the summer months, which cannot be compensated for by a smaller increase
in the winter months. This also results in a change in the discharge regime at many gauging stations.
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Figure 1.1.3. Frequency changes of current high flow (HF) 100 in Bavaria (left) and intensity changes of HF100
(right) between 2070-2099 and 1981-2010.

The large database of the hydrological ensemble with 1500 model years per 30-year period allows a
detailed statistical analysis of these extreme events. Figure 1.1.3 (left) shows the change in the annuality
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of the HF100 compared to the reference period for the distant future, i.e. how the return period of an
HF100 will change in the future compared to the reference period. For most gauging stations, an increase
in frequency can be observed here, for example to 40-80 years in the Main catchment. In addition, the
change signal of the intensity of the HF100 is also important (Figure 1.1.3, right). A change in intensity
indicates how much the discharge of the HF100 will increase or decrease in the future. Most gauging
stations north of the Alps show an increase of between 10 and 30 %. Based on these results, it is therefore
likely (except for the Alpine gauging stations) that a 100-year flood will occur more frequently in the
future. The discharge value of the HF100 will increase slightly to moderately in the future. However, these
increases in discharge are regionally above the value of 15 % used in previously valid recommendations
for action to adapt to climate change.

Showecase 1: Water temperature projections using machine learning in the Main river region.

One application of the hydrological data set is to set up different machine learning methods for 3 hourly
stream water temperature (Tw) simulations at the Main river basin. One of the tested methods, the
neural network model long short-term memory (LSTM), is then applied to produce Tw projections based
on 10 members of the Ensemble and corresponding WaSiM-ETH streamflow projections. The LSTMs are
used in two approaches, firstly one LSTM model is used per study site, and secondly a regional LSTM
model is applied across all study sites. The aim of this study is (1) to assess the suitability of the tested
machine learning models for projections under climate change conditions, and (2) to use the produced
Tw projections to analyse how Tw of the Main river will be affected by climate change following
Representative Concentration Pathway (RCP) 8.5. The Tw projections show one major limitation of the
LSTM models for that task: The models do not predict outside of their training range. This means that
potential increases in maximum Tw, which are likely to be reached due to increases in summer air
temperature, cannot be simulated. Other smaller caveats of the LSTM born projections are slight
underestimation of median Tw and partly large discrepancies between the modelling approaches.
However, the projections are still able to inform about Tw changes of the Main river under RCP 8.5.
Compared to the period 1981 to 2010 median Tw is projected to increase by +1.66°C for the period 2050
to 2075 and +2.48°C for the period 2075 to 2099 (Figure 1.1.4). Corresponding air temperature increases
are +3.22°C and +5.0°C respectively (Figure 1.1.5). Tw increases mostly in the summer months with
projected increases of daily median Tw of +2.5°C to more than +5°C for the period 2075 to 2099 over the
period 2001 to 2020. Furthermore, the frequency of days with Tw above 25°C increases tenfold in the
same time frame. Especially the simultaneous occurrence of low flow periods and high Tw in summer
holds ecological risks for the Main river (Figure 1.1.6).
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Figure 1.1.4 Projected water temperature increase in the Main river basin
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Figure 1.1.5. Yearly median and maximum of air temperature and streamflow for the catchment Kleinheubach.
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Figure 1.1.6: Relative changes in Tw across the year compared to the reference period.

Showcase 2: Effects of climate change and irrigated agriculture on the dynamics of low flows in the
catchment of the river Wern (Mainfranken)

Another application is the analysis of irrigation needs for an exemplary catchment. The irrigation module
implemented in WaSiM is used to investigate how irrigation with water withdrawals from the river and
groundwater affects low flows. For this purpose, four different scenarios are developed, which differ in
the number of pixels, which could potentially be irrigated. Water demand is calculated using a threshold
method based on the ratio of actual to potential evapotranspiration. Climate change leads to decreases
in mean minimal runoff of 29 % in the distant future. Also, the number of days per year on which the
lowest mean value of seven consecutive days of the reference period is undercut will increase by 75 % in
the future. Both, the areas irrigated in the future and the irrigation requirement per area, will increase.
In very dry years, over 400 mm of irrigation water is needed per pixel (Figure 1.1.7). This further
aggravates the low water situation and leads under one scenario in the future to a drying up of the river
on several days per year. At the same time conflicts of use between the different stakeholders in the
water sector will increase. The assumptions made increase the uncertainties of the modelling, especially
with respect to the irrigation module, and highlight the need for further research.
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Figure 1.1.7-: Overview of the four irrigation scenarios in the reference period (1980 -2010) and the distant future
(270-2099), as well as the extraction from groundwater or surface water per pixel.

4. Discussion and conclusion

It should be noted that the results shown here are a combination of a single climate model and a single
hydrological model. The selected RCP8.5 emission scenario generates an extreme change signal, which
must be considered when interpreting the results. The great advantage of this model setup is its capacity
to reveal not only the ranges of natural climate variability but highlights the non-linearities between
climatic forcing and hydrological response, especially when it comes to extreme events (Brunner et al.
2021).

It must be expected that climate change will amplify the intensity and frequency of extreme events in the
Main river basin. It is shown that management practices have a substantial impact on water scarcity, in
case the limits of agricultural irrigation are not respected in the region. Further management options,
especially nature-based solutions, as well as adaptation of land use will be tested for their impact of water
resources.

As soon as data from CORDEX become available, the experiment will be updated. The discussions led in
the living lab have revealed specific interest in a new set of hydroclimatic services, e.g. groundwater
recharge or soil temperature, which shall be provided in a spatially explicit manner.

5. References

Brunner, M.l., Swain, L. Wood, R.R., Willkofer, F., Done, J.M., Gilleland, E. and R. Ludwig (2021) An
extremeness threshold determines the regional response of floods to changes in rainfall

ARSINOE Deliverable 12



extremes. Communications Earth & Environment, Vol. 2, 173, https://doi.org/10.1038/s43247-
021-00248-x

Gaborit, Etienne; Ricard, Simon; Lachance-Cloutier, Simon; Anctil, Frangois; Turcotte, Richard (2015):
Comparing global and local calibration schemes from a differential split-sample test perspective.
In: Canadian Journal of Earth Sciences 52 (11), S. 990-999.

Ricard, S.; Bourdillon, R.; Roussel, D.; Turcotte, R. (2012): Global calibration of distributed hydrological
models for large-scale applications. In: Journal of Hydrologic Engineering 18 (6), S. 719-721.

Schulla, J. (2021): Model Description WaSiM (Water balance Simulation Model). Version 10.06.00.;
http://www.wasim.ch/en/index.html

Willkofer, F., Wood, R. R., von Trentini, F., Weismdiiller, J., Poschlod, B., and Ludwig, R. (2020): A Holistic
Modelling Approach for the Estimation of Return Levels of Peak Flows in Bavaria, Water, 12,
https://doi.org/https://doi.org/10.3390/w12092349.

ARSINOE Deliverable 13


https://doi.org/10.1038/s43247-021-00248-x
https://doi.org/10.1038/s43247-021-00248-x

1.2 GW-EH-LP (CS5)

The impact of the European project Arsinoe on the management of the aquifer of the islands of El
Hierro and La Palma (Canary Islands, Spain)

Alejandro Garcia-Gil, Miguel Angel Marazuela, Noelia Cruz-Pérez,
Joselin S. Rodriguez-Alcdntara, Juan C. Santamarta

Abstract

The ARSINOE project seeks pathways to resilience by combining the Systems Innovation Approach (SIA)
and the Climate Innovation Window (CIW), with the aim of building an ecosystem for climate change
adaptation solutions. Climate adaptation encompasses all approaches adopted to adjust, prepare, and
accommodate new conditions created by climate changes. For natural resource managers, adaptation
strategies also include measures to help natural resources adjust to new climate conditions and address
the socio-economic repercussions of climate migration crises.

In the case of the Canary Islands, ARSINOE focuses on ecological transition and the vulnerability of
aquifers in volcanic islands, as well as primary production, including agriculture, water management, and
clean energy infrastructure. The project considers the interdependence between water and agriculture,
as the agricultural sector is the largest water user in the islands. Therefore, increased sustainability within
the water sector will positively impact the agricultural sector and the hydrological and energy situation
of the archipelago.

1. Introduction

Hydrogeological modelling of the island of El Hierro and La Palma had not been thoroughly analysed until
now. The most comprehensive studies of this kind, conducted in the Canary Archipelago, focus on the
islands of Gran Canaria and Tenerife, with less information available about the non-capital islands'
aquifers. However, more detailed hydrogeological studies began to be published from 1975 onward,
stemming from the Scientific Study of Water Resources in the Canary Islands Project SPA/69/515 (SPA-
15 1975).

Currently, Hydrological Plans are the documents containing technical information on the island's water
resources and serve as reference points. In planning efforts with a special focus on water resource,
management, allocations, and reserves are estimated. Regarding water quality, the state of water bodies
is defined through monitoring networks, establishing quantitative, qualitative, and chemical states
(CIAEH 2018).

As for recent book publications, in 2018, "El Aprovechamiento Tradicional de las Aguas Subterraneas"
was published, referencing traditional methods of obtaining water resources and providing a scientific-
technical description of water galleries and wells (Santamarta 2018). Finally, in 2020, a book on
hydrogeology in volcanic terrains (Custodio 2020) was published, addressing El Hierro Island and
providing a general characterization of its geology and groundwater resources, primarily focusing on
hydro-chemical characteristics resulting from interaction with the aquifer.

2. Methods and data

For the development of the 3D geological model of the island of El Hierro and La Palma, the GeoModeller
software has been utilized. This software enables the construction of complex 3D geological models by
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using geological data from both surface and subsurface, applying a geostatistical algorithm to obtain the
3D geological model.

However, before employing this software, a preliminary data compilation effort has been undertaken
(see Figure 1.2.1):

— Consultation of Geological Maps from the Geological and Mining Institute of Spain (IGME). These
geological maps depict the nature of materials (rocks and sediments) on the Earth's surface, their
spatial distribution, and the geometric relationships between different cartographic units, along
with some geological profiles

— Previous scientific publications: In addition to the background mentioned in the Introduction, the
chapter "La geologia de El Hierro" within the book "La Geologia de las Islas Canarias" (Troll &
Carracedo 2016) was consulted

— Database of Water Points in the Canary Islands: This is a tool provided by IGME that allows for
the consultation of water points (wells, boreholes, and galleries) with stratigraphic columns, as
well as their most relevant characteristics.

Main Objective

To obtain the hydrogeological model of the aquifer

A 4

Input Data

Geological maps, information from installed sensors, historical data from the Island
Water Council

Main expected outcome

To be able to reliably estimate the natural recharge of the aquifer

Figure 1.2.1-. Process followed for the development of the hydrogeological model on the islands of El Hierro and La
Palma.

One of the objectives of the Arsinoe Project for CS5 is, therefore, to develop a 3D geological model of the
island of El Hierro and La Palma to enhance the management of the island's aquifer and obtain accurate
values for natural recharge for the first time (see Figure 1.2.2). Natural recharge will be influenced by
climate change, as changes in the amount or recurrence of precipitation will also impact the amount of
water infiltrating the subsurface, consequently reducing the quantity of water considered within natural
recharge (Candela et al. 2009).
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Hydrogeological models are being developed for the islands of La Palma and El Hierro,
considering their relevance following the volcanic eruption in 2021 and their manageable size.
These models will provide key insights for water resource management, disaster preparedness,
and environmental conservation. The goal is to create easily replicable models for other
Canary Islands, involving gathering accurate data, building robust models, documenting the
process, and training local experts to ensure sustainable water resource management
throughout the region

Figure 1.2.2-. The two selected islands for developing the hydrogeological model, due to their size and the recent
eruption that occurred on the island of La Palma

3. Usein Arsinoe

In this way, by consolidating all available information, the 3D geological model of the island of El Hierro
is ultimately developed (Figure 1.2.3). In this model, up to 11 types of geological formations have been
distinguished. This model will serve as a foundation to understand the aquifer recharge and model it
under various future scenarios, using the scenarios proposed by the Intergovernmental Panel on Climate
Change (Amblar-Francés et al. 2017).

Obtaining the 3D geological model of the island of El Hierro, in which up to 11 types of geological formations have
been differentiated, and which will serve as a basis for knowing the recharge of the aquifer and modelling it in
different future scenarios (using the scenarios proposed by the IPCC)

Figure 1.2.3-. 3D Geological Model of the island of El Hierro, created using GeoModeller software

4. Discussion

Regarding natural recharge, a study published by the Geological and Mining Institute of Spain, titled
"Sistemas acuiferos del Archipiélago Canario” (IGME 1992), discusses System N2 87 Hierro detailing the
main geological characteristics of the aquifer and production values. It estimates the aquifer's recharge
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at 21 hm?3/year and discharge at 8.8 hm?3/year into the sea. This is the most comprehensive study to date
on the island's hydrogeology, compiling information from all studies published between 1965 and the
late 1980s, with advancements from the 1990 Hydrological Plan. As can be seen, these data are outdated
and based on estimates, as there was not a comprehensive understanding of the aquifer's functioning
until now, developed through the Arsinoe Project.

The latest publications related to groundwater on the island of El Hierro include more specific scientific
studies, such as those linked to the underwater eruption in 2011 (Pérez et al. 2012), radon measurements
in water galleries (Santamarta et al. 2020), and the presence of emerging contaminants (Gasco Cavero et
al. 2023).

Likewise, a comparable situation occurs on the island of La Palma. Following the recent eruption in 2021
that led to the formation of the new volcano named Tajogaite, numerous studies related to the quality
of groundwater after this eruption have been published (Garcia-Gil et al. 2023a), (Garcia-Gil et al. 2023b).
However, detailed information about the functioning of the aquifer is still not available. It is anticipated
that this information will become a reality through the Arsinoe project. This project will play a crucial role
in providing a more comprehensive and detailed understanding of the state and behaviour of the aquifer
on the island of La Palma.

5. Conclusions

This is the first time that such progress has been made regarding the hydrogeology of the island of El
Hierro and La Palma, as we have been able to obtain a 3D geological model of the island using all available
previous information and the GeoModeller software. This methodology can be exported to the rest of
the Canary Islands, proving crucial for gaining a better understanding of the behaviour of island aquifers.
The newly acquired information can be implemented in future Hydrological Plans for the islands and
serving as a fundamental tool to establish management measures that consider future scenarios derived
from climate change.
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1.3 HEC-HMS (CS6)

A HEC-HMS model for the river Aliakmonas Digital Twin.
N. Theodossiou, Z. Mallios, Ch. Stavridis, D. Frysali

Abstract

This study presents the application of the Hydrologic Engineering Centre’s Hydrologic Modelling System
(HEC-HMS) for the simulation of hydrologic processes in the Aliakmonas river basin. HEC-HMS facilitates
the analysis of hydrologic events, continuous simulations, and the assessment of various hydrologic
phenomena, aiming to enhance water management strategies including flood prevention and irrigation
efficiency. Within the ARSINOE project, the main aim is not only to simulate the hydrologic processes of
the watershed, but also to establish a Digital Twin to investigate rational management scenarios
regarding the optimal operation of the Agia Varvara reservoir focusing on irrigation planning of the
agricultural land in the region, as well as on flood prevention.

1. Introduction

Aliakmon River, the largest river in Greece, has a total length of 297 km and its basin covers an area of
approx.. 11,000 km?2. Its topography is mountainous/semi-mountainous, with an average altitude of 750
m. The mountainous terrain has distribution slopes which, combined with the sedimentary formations,
lead to intense erosion and sediment transport to the river delta (Ministry of Environment—Special
Water Secretariat 2014). It has a critical role in Greece’s economy as it is used as an essential water source
for various uses, including power generation, irrigation, and domestic water supply. Thus, balancing the
competing water uses is a challenge, especially after considering the effects of climate change on the
hydrological regime.

To simulate and study the Aliakmon River, the open-source and widely used HEC-HMS is utilised. HEC-
HMS is designed to simulate the complete hydrologic processes of dendritic watershed systems, freely
available by U.S. ARMY Corps of Engineers. It includes hydrologic analysis procedures, such as event
infiltration, unit hydrographs, and hydrologic routing but also processes necessary for continuous
simulation including evapo-transpiration, snowmelt, and soil moisture accounting. Advanced capabilities
are also provided for gridded runoff simulation using the linear- quasi-distributed runoff transform
(ModClark). Supplemental analysis tools are provided for model optimization, forecasting streamflow,
depth-area reduction, assessing model uncertainty, erosion and sediment transport, and water quality.

Within the scope of work, a digital twin will be ultimately developed for the Agia Varvara reservoir, to
improve its water management.

2. Methods and Data
As input parameters, the following data are used:

- To estimate the Canopy Storage, Corine Land Cover and the Surface Slope, the high-resolution
layers obtained from Copernicus are used

- Constant rate of initial and constant loss correspond to saturated hydraulic conductivity. Data
are obtained by the European Soil Data Centre (ESDAC) (resolution: 3D Soil Hydraulic database
of Europe at 1 km and 250 m resolution)
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- Meteorological Data regarding precipitation, temperature etc, are retrieved by the ERA5-Land
dataset

The model is calibrated by using the following data:

— Data on electricity production (in hourly time step) and data on reservoir capacity, available
online from the Greek Independent Power Transmission Operator (IPTO)

— Field data from the monitoring station, which belongs to the Soil and Water Resources Institute
(SWRI; Hellenic Agricultural Organisation “DEMETER”), located near the estuary of the Aliakmon
River.

3. Example use in ARSINOE

For the purposes of ARSINOE project, the developed model will firstly be calibrated based on data
received by the Greek Independent Power Transmission Operator (IPTO) and the data received by the
monitoring station of the Soil and Water Resources Institute (SWRI; Hellenic Agricultural Organisation
“DEMETER”). Next, the developed model will be connected with streaming meteorological data and
energy production recordings. An optimisation algorithm will be developed and used to identify and
promote strategic management alternatives for the Agia Varvara reservoir. Finally, a digital twin will be
implemented for investigating rational management scenarios regarding the optimal operation of the
Agia Varvara reservoir focusing on irrigation planning of the agricultural land in the region, as well as on
flood prevention.

4. Discussion and Conclusions

An in-depth analysis of the hydrological modelling of the hydrologic response of the Aliakmon River in
Greece using HEC-HMS is implemented for the Agia Varvara reservoir (seen in Fig.1.3.1).
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Figure 1.3.1. Agia Varvarra reservoir and the irrigation channel (Frysali, Mallios and Theodossiou, 2023)

The developed model was calibrated for 1 year and was evaluated for a longer time period of 3 years and
it demonstrated adequate performance prior to the development and fully deployment of an
optimisation algorithm, as it is seen in Fig.1.3.2.
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Simulation results for the hydrologic year 2019-20 at Monitoring Station
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Figure 1.3.2. Simulation results for the hydrological year 2019-2020 at the Monitoring Station in Agia Varvara
(Frysali, Mallios and Theodossiou, 2023)

Considering, the fact that since 2021 more data were collected regarding the water flow in the reservoir
of interest, the coupling of the developed model and the optimization algorithm is expected to improve
the final results, while its connection to online meteorological and energy production databases can
promote strategic management alternatives for the reservoir.
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2.0 Inundation and flood models

2.1 h2d hydrodynamic model (CS5)

The increase in sea level and the coastline of the Canary Islands in the year 2050 and 2100

Bruna Faria, Alejandro Rueda, Noelia Cruz-Pérez, Joselin S. Rodriguez-Alcantara, Juan C. Santamarta

Abstract

Islands, due to their geographical location, are particularly vulnerable to climate change, and the rising
sea levels associated with global warming could impact them more rapidly. In this context, a model has
been developed within the Arsinoe project to predict the coastline in the years 2050 and 2100 for the
islands of La Palma and El Hierro. This model allows for a detailed study of different areas of the islands,
revealing that beach areas are more susceptible than cliff areas. The rugged topography of the Canarian
terrain, with significant elevations on practically all islands in the archipelago, will enhance the resilience
of this territory to climate change.

1. Introduction

According to the United Nations Convention on Climate Change (UNFCCC), climate change is directly or
indirectly attributed to human activities that modify the composition of the global atmosphere and
contribute to the natural changes occurring on the planet. Consequently, weather systems undergo
alterations, sea levels rise, and weather events become more extreme. Presently, while some global
models facilitate the examination of climate change consequences, many are designed at a global level
with low spatial resolution. This underscores the necessity for detailed studies of coastal zones that
generate high spatial resolution information (Campbell & Wang 2019).

Numerical modeling of natural events is a crucial tool for studying the progression of phenomena over
the years, particularly those related to climate change. In the study of coastal flooding and simulating sea
level rise in the Canary lIslands, numerical modeling was employed. Continuous bathymetry data,
indicating a seamless transition from deep to shallow water, is essential for accurately simulating wave
RUN-UP propagation (Han et al. 2022). In essence, the accuracy of wave propagation depends on having
a series of continuous bathymetric datasets. Any uncertainty in bathymetry data can significantly impact
the results of flooding studies.

To implement sea level rise modeling, the first resource utilized was the globally available bathymetry
dataset from GEBCO (Gouretski 2012). This dataset has a spatial resolution of 450 meters between
isobaths and is more suitable for studies conducted in deep waters. However, in the case of volcanic
islands like La Palma and El Hierro, the nearshore bathymetry undergoes dramatic changes within
hundreds of meters from the coast. In these regions, isobaths stack up closely, necessitating a high spatial
resolution between lines in a dataset to accurately detect these subtle nearshore bathymetric changes.

2. Methods and data

This section provides a characterization of oceanographic variables based on climate change projections
for the Canary Islands, with a focus on El Hierro and La Palma islands. The key variables considered include
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sea level, wind velocity and direction, as well as significant wave height, direction, and frequency.
Information for each variable is extracted from selected points within the study area, and the average
climate change projection regime is analyzed. Following these steps, the creation of modeled flood
scenarios at a local level becomes feasible.

The initial step involves Topo-bathymetric processing. This task involves obtaining the topography and
bathymetry of the study area in raster format. Subsequently, interpolation is applied to create the Digital
Terrain Model and define the most pertinent outlines and geographic elements. The second step focuses
on validating the model's stability using instrumental data (historical records) to reconstruct previous
sea-level rise (SLR) and then develop SLR projections for the region of interest (ROI). Once the numerical
scenarios are validated, the team introduces the effect of the average and extreme tide regime to
estimate the intensity of overwash events.

Beforehand, the team conducted a comprehensive analysis of the wind data series from the ERA5
satellite, covering the period from 1959 to 2021. Additionally, a parallel run of the forecast was performed
from 1959 to 2015 to validate the methodology and ensure a robust match between historical and
forecast data.

In Figure 2.1.1, a three-dimensional view is presented, showcasing the morphological structure of a
segment of the Canary archipelago, a crucial factor in the modeling processes.
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Figure 2.1.1-. 3D bathymetry of the Canary Islands considering GEBCO information at 450m

The input data comprised: i) Sea state; ii) MDT (Mean Dynamic Topography) + Bathymetry; iii) Coastline
form. Additionally, the proposed scenario for flooding in the climate change projection is determined by:
a) the sea state in the most likely direction, contingent on the most extreme wave height; b) the sea level
with the highest probability of non-exceedance; and c) the most probable wind at the highest speed.

3. Usein ARSINOE

When overlaying the official coastline shapefile onto ortho-territorial images from the Canary Islands, it
became evident that it did not accurately depict the true boundary between the sea and the continent.
Consequently, the results derived from the coastal flooding model, particularly for the total elevation of
the sea surface, were susceptible to inherent errors given their dependence on the coastline shape.
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In our Case Study, we harbored doubts about the suitability of the National Geographical Institute (CNIG)!
coastline, despite its claim on the website to be up-to-date. Subsequently, an investigation was
conducted to discern the source of the imprecision. It was discovered that the coastline obtained from
CNIG is derived from the electronic nautical charts (ENC) of purpose 4 and 5 of navigation, published by
the Hydrographic Institute of the Navy (IHM) of Spain. Quoting the official website “It should be noted
that, in general, the geometry with which each line is inscribed in the RCC has a geometric uncertainty
due, fundamentally, to its age, since they were obtained from very small-scale cartography and also in
ED50 datum, forcing their transformation to the ETRS89 datum.” 2

To address this uncertainty, the team opted to digitize the coastline from the most recent ortho-territorial
image available for the islands of interest, namely La Palma and El Hierro (refer to Figure 2.1.2).

I Ol constine =) Digtakzod coasthen from 2023 orhoumage

The coastline digitalized by Elittoral was chosen to be employed in the SLR study because it
presents higher accuracy and precision compared to the official data available,

Figure 2.1.2-. Comparison between coastline digitalized by orthophoto — IDECanarias Ortofoto Territorial Campafia
2022/2023 and CNIG coastline 10/2022

The MIKE21 HD model was utilized for the simulation. The spatial discretization of equations relies on a
finite volume scheme. Dynamic time steps are employed in the model to enhance simulation speed,
ensuring numerical stability with Courant-Friedrichs-Levy (CFL) and accounting for the Coriolis forces of
barotropic density that vary within the domain. The HD model utilizes an unstructured mesh (refer to
Figures 2.1.3 and 2.1.4), featuring finer resolution near the coast, particularly in the flood zone up to
approximately ~40 meters.

1Visit the website: https://www.ign.es/web/ign/portal/gsm-cnig

2 https://www.idee.es/csw-inspire-idee/srv/spa/catalog.search?#/metadata/spaihmLC
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Figure 2.1.3-. Grid detail of Valle del Golfo (El Hierro island)
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Figure 2.1.4-. Grid detail of Tazacorte (La Palma island)
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The islands were divided into smaller regions to focus on specific, more vulnerable, and at-risk areas,
aiming to reduce the computational load for model execution. For each of these areas, beach profiles
were calculated to evaluate the coastal transgression linked to sea level rise. In less susceptible areas, the
coastline remained stable, primarily due to the prevalence of cliffs. As a result, these regions demonstrate
decreased vulnerability and a lower risk of being affected by the rise in sea levels.

The rise in sea levels is expected to alter the coastlines of various beach areas in La Palma. Figure 2.1.5
illustrates the projected coastlines for Tazacorte in 2050 and 2100. The average coastline transgression
is estimated to be 23.87 £ 12.73 meters for 2050 and 75.07 £ 54.32 meters for 2100.
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Figure 2.1.5-. Variations in the coastline for the simulated scenarios at Tazacorte beach (La Palma island)

4. Conclusions

Spatial resolution plays a pivotal role in capturing nuanced details and variations in the landscape.
Concerning the model's spatial resolution and cell size, it pertains to the dimensions of the grid cells
utilized to depict the study area.

A smaller cell size results in higher spatial resolution, enabling a more intricate portrayal of the terrain.
However, employing smaller cells raises computational demands, runtime, and memory usage. The
selection of cell size typically involves a trade-off between computational efficiency and model accuracy.
While larger cell sizes are more computationally efficient, they may compromise accuracy in representing
intricate coastal dynamics.

It is crucial to validate the model at various spatial resolutions to ensure that the chosen cell size yields
reliable results. Validation entails comparing model outputs with observed data to evaluate accuracy and
dependability. In conclusion, the model's spatial resolution significantly influences addressing
uncertainties related to the depiction of coastal features and the precision of predictions. Striking a
balance between computational efficiency and the necessity for detailed simulations is vital for effective
coastal flood modelling in volcanic islands.
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2.2 CAFlood (CS8)

Simulating multiple flood scenarios in Torbay, UK, using the CAFlood model

Qian Li, Albert Chen

Abstract

Flooding has emerged as one of the most pervasive natural hazards, posing a significant threat to the lives
and assets of citizens. Therefore, it is crucial to comprehend the dynamics of the flooding process, quantify
flood risk, and evaluate the potential impact of floods. In this project, the CAFlood model is employed in
CS8 to simulate multiple flood scenarios in Torbay, UK. With the inputs of terrain data, rainfall data,
roughness and infiltration parameters, upstream inflow and downstream boundary conditions, the
CAFlood model has replicated the flood event that occurred on 22 June 2004, in Brixham. Additional
events or scenarios will be examined and simulated in the other two primary locations in Torbay.

1. Introduction

Urban flooding can threaten people’s lives, damage properties and disrupt infrastructure networks. With
the acceleration of urbanisation and climate change, urban flooding has become one of the most
widespread natural hazards causing huge human and economic losses every year across the world. It is of
great significance to understand the underlying physical processes of urban flooding and develop effective
strategies to manage the flood risk. Numerical modelling has become an indispensable tool to support
this. In this project, the CAFlood model is employed to analyse flood dynamics, either by integrating real-
time weather observations/forecasting or by considering various user-defined scenarios that encompass
a broad spectrum of environmental changes and adaptation measures. CAFlood, as an open-source, high-
performance analysis tool, utilizes advanced parallel computing technology to simulate flooding
consequences from diverse sources (Guidolin et al. 2016; Ghimire et al. 2013). The simulation results offer
detailed information, including the extent, depth, duration, and velocity of flooding, aiding first
responders and citizens in identifying vulnerabilities and strengthening protective measures.

2. Methods and data

CAFlood is a rapid 2D urban flood simulation model based on a cellular automata system. It utilizes a
weight model to distribute water flows among each adjacent computational grid cell. The model has
undergone validation against several UK Environment Agency test cases, and previous research has
demonstrated good consistency when compared to the commercial flood model Infoworks ICM (Guidolin
et al. 2016; Ghimire et al. 2013; Wang et al. 2018). In this project, CAFlood is employed to replicate the
evolution of floods under various scenarios. Additionally, when driven by real-time rainfall observations
or forecasting, the CAFlood model is anticipated to provide flood nowcasting/forecasting, enabling local
residents to swiftly implement hazard mitigation strategies. Five main data inputs are required for
CAFlood: terrain, rainfall, infiltration, roughness and boundary conditions.

Terrain

DTM (Digital Terrain Model) and DSM (Digital Surface Model) are two types of digital elevation models
(DEM) employed in generating terrain data for flood modelling. DTM represents the bare Earth's surface,
excluding objects like buildings, trees, or other structures. In contrast, DSM encompasses not only the
bare Earth's surface but also temporary objects like vehicles, people, animals, and permanent features
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such as vegetations, buildings structures, etc. CAFlood can take either DTM or DSM as model input, but
often data pre-processing is required to better reflect terrain physical influences of flood propagation.

Infiltration

In the CAFlood model, two primary types of infiltration are taken into account. Soil infiltration is applied
in green areas to depict the soil's capacity to absorb surface water. Additionally, constant infiltration is
considered in roads or other manmade areas, simulating the capacity of underground sewer systems to
drain surface water away. Calibration of infiltration rates for different land covers is recommended to
accurately capture the actual capacity for removing surface runoff within a specific simulation area.

Roughness

Roughness in the CAFlood model is represented by Manning's roughness coefficient to reflect the
resistance of terrain situations to runoff. Various land cover types, including grass, concrete, or
vegetation, have different roughness parameters. According to Environment Agency (EA) in the UK
(Environment Agency 2013), the suggested Manning’s roughness coefficients are as follows: 0.02-0.05 for
roads, 0.03-0.1 for natural environments, 0.015-0.1 for buildings, and 0.035-0.04 for water courses. It's
essential to note that these values are general guidelines, and accurately assigning roughness parameters
to specific land surfaces is both challenging and crucial. The precise assignment directly influences water
flow dynamics during flood events. Calibration of Manning’s roughness coefficients are recommended for
a specific simulation area to improve the accuracy of CAFlood model.

Rainfall

Rainfall serves as a significant contributor to surface flooding, particularly in pluvial flooding. CAFlood
considers the spatiotemporal variations of rainfall as model input to simulate the response of surface
runoff. The rainfall could be obtained from statistical analysis of past records such as intensity-duration-
frequency as the design rainfall event. The observations of actual events from rain gauges or radar can be
also used as model inputs.

Boundary conditions

In CAFlood, various boundary conditions can be configured. For locations where water may enter the
simulation domain, water level or discharge hydrographs could be set as the boundary conditions, where
the inflow will be determined for modelling. For boundaries with flood defence that prevents surface
runoff exiting the domain, closed boundary will be set. On the other hand, for locations where the
overland flow may leave the domain without being affected by backwater, a free outfall boundary will be
set.

3. Example used in ARSINOE

In this project, Torbay has been selected as the study area within CS8. CAFlood is utilised to replicate
various flood scenarios, contributing to flood risk assessments for local authorities. Torquay, Paignton,
and Brixham are the three specific target areas within Torbay. For illustrative purposes, Brixham is chosen
as an example here to showcase CAFlood's capabilities in flood simulations.

The section illustrated flood modelling of a heavy rainfall event on 22 June 2004 in Brixham. On that day,
the UK Met Office issued a severe weather warning, forecasting substantial rain in the Torbay area. To
recreate this flood event, radar rainfall data was retrieved from the Met Office's NIMROD system at the
CEDA archive (https://catalogue.ceda.ac.uk/). According to the radar rainfall data, precipitation
commenced around 10:30 am and ceased around 21:00 pm. Fig. 2.2.1(a) illustrates the spatial distribution
of accumulated rainfall during this flood event in Brixham. The accumulated rainfall ranged from 22.6 to
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26.4 mm. Fig. 2.2.1(b) presents the rainfall series at an upstream radar grid cell (marked by the red
outline), with the peak rainfall intensity occurring at 20:05, reaching 22.9 mm/h.
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Figure 2.2.1. Radar rainfall observations of 22 June 2004 in Brixham: (a) accumulated rainfall (b) rainfall
hyetograph at the areas with maximum accumulated rainfall value

Fig. 2.2.2 illustrates the terrain data of Brixham. The initial DTM and landcover data for Brixham were
obtained from Digimap (https://digimap.edina.ac.uk). The elevation within each building footprint was
adjusted using the equation outlined below. Additionally, the road elevation was lowered by 0.125 m.

Zom +20+03  0<0.1
7 — { mean ]
P = Zyre + 0.3 0=0.1

Among them, Zup is the new building elevation applied to all grid cells within a given building footprint,
Zmean is mean of all “bare earth” elevation within a given building footprint, Zsar is the original “bare earth”
elevation within a given building footprint, o is the stand deviation of all “bare earth” heights within a
given building footprint.

The landcover types (Fig. 2.2.3) in the study area are classified into five categories: roads, buildings, green
spaces, railways, and multiple areas (areas around buildings containing paths and gardens). The roughness
rates utilized in this project are derived from the EA surface flood mapping guidance (Environment
Agency, 2013): (1) 0.05 for buildings; (2) 0.02 for roads; (3) 0.03 for green spaces; (4) 0.05 for railways;
and (5) 0.035 for multiple areas.

Considering the radar rainfall data, the preceding day experienced rainfall, potentially saturating the soil.
Consequently, the infiltration rate for green space is set to 0 mm/h. The road infiltration rate is set to be
13 mm/h, which is recommended by EA (Environment Agency 2013).

The downstream boundary condition is set to be ‘free outfall’, which means the surface water can leave
the simulation domain freely at downstream boundaries. Brixham is situated in a coastal area, but the
tidal effect at downstream boundaries is not considered in this project.
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Figure 2.2.3. Brixham landcover types

4. Conclusions

Fig. 2.2.4(a) illustrates the maximum inundation map during the entire flood event. The map selectively
displays inundated areas with a water depth exceeding 0.1 m for enhanced visualization, as
recommended by the EA. The inundation primarily concentrates along three main flow paths from
upstream to downstream in Brixham. During this event, 23 buildings were reported as flooded, with 15
experiencing external flooding and 8 facing internal flooding. Fig. 2.2.4(b) showcases some of the
internally flooded properties.
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Figure 2.2.4. Maximum water depth (a) and zoon in map with internally flooded building(b)

To count flooded buildings in the simulation results, a buffer was applied around buildings. Externally
flooded buildings employed an 8 m buffer area, while internally flooded buildings used a 2 m buffer. All
15 buildings externally flooded in the reports were accurately predicted to be inundated in the simulation
results. Out of the 8 buildings internally flooded in the report, 6 were successfully simulated as flooded.
Upon analysis, the 2 missing buildings are located in high-elevation areas, ensuring their safety even
during extremely intense rainfall events.
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3.0 Surface temperature

3.1 Multi-layer network / GIS tool (CS1)

Multi-dimensional hotspot identification

Nefta — Eleftheria Votsi, Georgios Papangelis, Panagiotis Sismanidis, Konstantinos Varotsos, Eleni
Athanasopoulou, Danai-Eleni Michailidou, Anna Karali, Dimitris Karagianis Pelagia Koutsantoni, Chris
Kiranoudis, Iphigenia Keramitsoglou, Christos Giannakopoulos, Evangelos Gerasopoulos

Abstract

A multi-dimensional approach is opted for the hotspot mapping of the Athens Municipality, which is
highly multidisciplinary and includes diverse modeling approaches regarding climatology, remote
sensing, air quality, geospatial analysis and urban vulnerability assessment. The hotspot identification
method consists of the prioritization of sites with the worst conditions related to urban heat and air
pollution, as well as the lack of green urban areas and socio-economic vulnerability levels. A detailed
evaluation and quantification of the above parameters provides the necessary input framework to
determine multi-hazard hotspots at the city-scale. In the context of ARSINOE project, the final output, an
integrated multiparameter hotspot map in raster format, is produced by applying a spatial overlay
analysis and spatial statistics that reveal both spatial patterns and statistically significant clusters of high
or low values that are hot or cold spots of environmental and socio-economic vulnerability, respectively,
for the city of Athens.

1. Introduction

Hotspot mapping is the methodological approach of discovering spatial patterns to effectively direct
policy and decision making in environmental sciences (Nayak et al. 2018; de Sherbinin et al. 2014).
Hotspot mapping has been adopted in manifold prioritization processes, such as identifying areas with
high levels of air pollution (Krefis et al. 2018), Urban Heat Island (UHI) effect (Athens-Resilience-
Strategy?), or even planning for the distribution of public services based on population density (Nnadi et
al. 2021). However, an integrated method of incorporating the prevailing environmental and socio-
economic threats to map and prioritize the most vulnerable sites remains inadequate, according to a
thorough literature review (Tzortzi et al. 2022, Badach and Raszeja 2019).

2. Methods and Data
2.1 Multi-dimensional hotspot identification

A multi-dimensional approach is opted for the hotspot mapping of the Athens Municipality (CS1), which
is highly multidisciplinary and includes the following diverse modeling approaches and data: Climatology
(section 2.2), satellite thermal infrared (TIR) data processing (section 2.3), air quality modelling (section
2.4), geospatial analysis of green areas (section 2.5), and vulnerability assessment (section 2.6). Our
hotspot identification method consists of the prioritization of sites with the worst conditions, within the

3 https://resilientcitiesnetwork.org/downloadable_resources/Network/Athens-Resilience-Strategy-
English.pdf
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Athens Municipality, related to urban heat and air pollution, as well as the lack of Green Urban Areas
(GUA) and socio-economic vulnerability levels. A detailed evaluation and quantification of the above
parameters provides the necessary input framework to determine multi-hazard hotspots at the city-scale
(see workflow diagram in Figure 3.1.1).

Post-processing of the above modelling output establishes the appropriate integration of the examined
environmental threats and socio-economic vulnerability and includes the following steps: i) Definition of
a common coordinate reference system (CRS) projection (EPSG: 4326 - WGS 84) and ii) rasterization of
each model output (100 m? cell size), iii) clip rasters to the extent of our case study, the Athens
Municipality consisted of 7 Municipal Districts (MD), iv) combination and normalization of layers
(unweighted), v) spatial statistical analysis (Getis & Ord indicator — Gi*, Getis and Ord 1992).

Methods / Input data
Urban Heat
v L9 LST (June, July,
S . August 2020-2023)
Urban Heat Island ,. .
Landsat imagery

Climatic parameters
CHT climate index

(1981-2000)

Climatic Parameters
Global Climate models & Obs

Air Quality

. . A ’ Air Quali
Copernicus Atmospheric Monitoring Service Ak Quality

AQI>= 3 (June 2019)

Green Urban Areas

Copernicus Urban Atlas, Open Street Map TR > i i I
2 Green Urban Areas
. 5-min city concept

iv. Hot spot Map

Figure 3.1.1. Multi-dimensional hotspot identification methodology workflow.

2.2 Climatology

Climatological conditions of the study area are analysed by using daily gridded maximum and minimum
temperatures of the summer period (June, July & August) covering the period 1981-2000 (Varotsos et al.
2023). Specifically, to express heatwave properties, the aforementioned datasets are post-processed in
order to calculate the Combined days of hot days and tropical nights (CHT) climatological index. CHT is
given on a 1 km x 1 km spatial resolution raster layer, which expresses the average number of combined
hot days and tropical nights (days with maximum temperature exceeding 35 °C and minimum night-time
temperature higher than 20 °C).

2.3 Urban Heat

Remote sensing monitoring of land surface temperature (LST) over cities is commonly used to assess the
impact of urbanization, land-use dynamics and climate change. Here, Landsat satellite imagery (Wulder
et al. 2019) is being employed to derive LST measurements. LST is derived through the conversion of
digital numbers to radiance, using sensor specific calibration parameters and also atmospheric correction
algorithms are applied regarding the influence of atmospheric constituents on the thermal signal. For the
Athens Case Study (CS1), 185 images from available Landsat data, for months June, July and August over
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a period of 3 years (2020-2023), are selected and processed to acquire a representative mean distribution
of LST with a spatial resolution of 100 m.

2.4 Air Quality

Air quality (AQ) identification analysis utilizes output data from AQ simulations carried out with a city
scale chemistry transport model (CTM), EPISODE-CityChem (Karl et al. 2019). The CTM is driven by
Copernicus Atmospheric Monitoring Service (CAMS) emission data and regional AQ predictions that serve
as boundary conditions. Meteorological initial and boundary conditions are provided by the Weather
Research and Forecasting (WRF) regional model (Skamarock et al. 2019). The high resolution CTM
captures area, point and line sources (e.g., road networks, emission points) and provides output fields of
pollutants, on a 100 by 100 m grid, evaluated with air quality monitoring data. For the Athens AQ analysis,
the month of June 2019 is selected as a representative summer month according to mean monthly values
of observed NO, and PM, ;s and their correlation to CTM predictions. Identification of air pollution hotspots
at the urban scale (res. 100 m) is based on the European Air Quality Index (AQl)
(https://airindex.eea.europa.eu/AQl/index.html#) calculated by the mixture of CTM predicted pollutants.
Hourly AQl index occurrences with values corresponding to air pollution conditions in the “moderate” to
“hazardous” range, are used to identify specific areas of air pollution extremes. The final dataset is given
in raster format with a spatial resolution of 100 m.

2.5 Accessibility of Green Urban Areas

The results of the network analysis, to identify the accessibility of citizens (by means of number of
residential polygons and population density) within a 5-minute (300 m) walking distance are used as one
of the final incorporated layers of the hotspot mapping methodology for Athens. The QGIS model of the
geospatial analysis was developed by using Urban Atlas datasets (i.e., residential polygons, urban
greenery and forests) overlapped with the road network (OpenStreetMap). The network analysis extracts
the Service Areas of each centroid of the residential urban area polygons that can be covered in 5-minute
(300 m) walking distance. Then, Service Areas are spatially joined with the largest intersected urban green
and urban area polygons. The results of the accessibility analysis refer to whether a residential polygon,
along with its citizens, has (or not) access within a distance of 5 min/ 300 m from larger than 0.25 ha
GUA.

2.6 Vulnerability

Independent variables are selected based on their contribution to socioeconomic vulnerability, as per
(Nayak et al. 2018), for the regions covered by the municipality of Athens, in order to calculate the final
vulnerability index raster map (100 m resolution). These variables are: the percentage of elderly, retired,
unemployed, renting, living alone, residing in houses smaller than 60m?, living in houses built before
1980, and people as immigrants from developing countries (Ziliaskopoulos 2023).

3. Results & Discussion

A three-stage prioritization approach is followed to map the most vulnerable and multi-threatened sites
within Athens Municipality. First, the five produced layers of CHT index (section 2.2), mean LST (section
2.3), AQl (section 2.4), accessibility of GUA (section 2.5) and vulnerability (section 2.6) are post-processed,
using the QGIS software, to enable their spatial combination.

In the second stage, the integration of the examined environmental hazards to determine priority areas
by superimposing the five post-processed layers, is carried out. This is achieved by overlaying and adding
together all layers to rank cells (4818 cells) and measuring the collective environmental and socio-
economic vulnerability within the extent of our case study. Cells with the least combined values (closer
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to 0) are characterized by good overall environmental conditions and those with the highest values (closer
to 1) are considered more vulnerable, Figure 3.2.2 (left).
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Figure 3.2.2. (Left) Normalized combined hot spot map from climatic, land surface temperature, air-quality,
accessibility and vulnerability layers, for the 7 Municipal Districts of Athens. Values closer to 0 denote good
environmental conditions while values closer to 1 denote a degradation of overall conditions. (Right) Getis-Ord (Gi*)
indicator results, where high values show statistically significant hotspot clusters.

In the third and final stage, the local Getis-Ord (Gi*) indicator is applied over the final normalized hotspot
map. Gi* is a common indicator used for the exploration of spatial patterns, and specifically clusters of
high or low values that are hot or cold spots of environmental and socio-economic vulnerability,
respectively (Zartarian et al. 2024).

Gi* results, presented in Figure 3.2.2 (right), indicate a large cluster of high overall vulnerability in the
center of the study area ranging from north to south. This cluster overlaps partially with 5 municipal
districts, namely 1, 3-6. Two more degraded areas can be observed in the first municipal department (in
Exarchia and north of Monastiraki). In the south, there is a vulnerable area on the limits between the first
and second municipal department and a smaller one in the 3rd municipal department. On the other hand,
the least vulnerable areas can be found at the periphery of Athens municipality, while larger clusters are
limited to the north.

4. Conclusions

The applied prioritization process, highlights the importance of selecting the appropriate datasets used
as input for each modelling approach. At the same time, the combination of each model output, as
different data layers (hazards), must be carried out in a compatible and consistent way (e.g. rasterization,
reprojection, normalization, spatial overlay). Results from the proposed multi-dimensional analysis offer
a comprehensive and detailed hotspot map of the identified environmental and socio-economic hazards
for the city of Athens. The presented hotspot approach and its outcome can benefit the realization of
multifaceted urban risk management and resilience strategies with targeted site and threat-specific
solutions.
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4.0 Integrated models

4.1 IWaMM (CS4)

Simulating complex hydro system operation under superposed climate and socio-economic scenarios

Nensi Lalaj, Dijana Likar, Orfeas Rousos

Abstract

IWaMM is an integrated water management model across environmental, social and economy sectors.
It calculates and presents results of simulation of a complex hydro system operation under superposed
climate and socio — economic scenarios. Simulation includes Business-as-Usual (BAU) as well as
adaptiveness scenarios, applied in form of measures / actions for rational and effective use of water
across sectors, thus ensuring water availability within the analysed time frame.

The consumers per sectors are taken in consideration, based on a water — energy — food approach, and
balanced in a fair priority order, using multi objective optimization for that purpose. Time resolution on
a monthly basis is applied, in order to capture seasonal character of some of the users , which usually
coincides with the seasonal minimum of water natural supply or recharge.

In the course of the project ARSINOE, the model has been deployed in the Case Study of Ohrid and Prespa
lakes that are shared by three countries in Balkan Region (North Macedonia, Albania and Greece), in
order to provide an improved representation of a climate resilient, cross sectoral and transboundary
integrated water management under climate change scenarios.

1. Introduction

The model estimates a long-term water balance under conditions of climate impacts (affecting both
supply and demand side of a hydro system), demographic changes and economic sectors (agriculture,
industry, seasonal sectors as tourism) foreseen growth, as well as energy generation (hydropower), while
taking in consideration environmental constrains (water needs and dependence of environmental
ecosystems). It integrates hydrological, meteorological, climate changes and socio —economic processes
and impacts thereof on water availability and couples multi sectors water use to provide equilibrium and
fair water allocation among water users, in long term conditions.

The core loop is the mass balance as the governing equitation set for a hydro system that includes a
reservoir (natural - a lake or artificial — dam impounded), supply and demand side, as well as losses,
optimizing water preservation in terms of providing a long term availability and preventing overflows as
well as water deficit. Calculations include water stocks and flows across sectors, in discrete time steps
(mean monthly water volumes), identifying deficits (and time spots of occurrence) that may appear as a
result of climate influence or / and sector policy.

The model uses nationally or regionally available data related to climate and socio economy indicators.
2. Methods and data

The specific of the method is in its composition, complementarity and integration of the analytical,
planning and simulation part.
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- Analytical: Data collection, sectors identification, diagnosis of water scarcity, baseline setting

- Simulation: Climate — hydro climate modelling enables creation of projections that help
understand / forecast availability of water in the region and the observed sectors;

- Planning: Identification of endangered sectors, selection of priorities, fair allocation and
operation regime, ranking and scheduling of adaption strategies, for a long term management
of water resources in a climate resilient manner.

The hydro - climate modelling applied in CS4 is based on a seven - step methodology:

— Step 1: Setting the baseline — ANALYTICAL PART

— Step 2: Development of hydro — climate projections up to the projecting horizon - SIMULATION
PART

— Step 3: Water balance projections of the two lakes

— Step 4: Socio — economic projections (GDP, population growth) that impact water consumption

— Step 5: Water consumption projection per social and economy sectors

— Step 6: Energy production projection

— Step 7: Identification, ranking and selection of adaptiveness strategies of water use across sectors
— PLANNING PART

Measured data used in the model:
The following measured data for the two selected climate indicators (temperature and precipitation)
were provided:
— Ohrid : Two meteorological stations, one in Mk, one in AL, for time series: 1961 -2020 and 1980-
2020, respectively
— Prespa: Two meteorological stations, one in Mk, one in AL, for time series: 1981 -2020
— At the moment of setting the baseline, there weren’t data in sufficiently long time series
available from the Greek part of the Prespa watershed
— Data on water consumption per sectors were provided by analysis of available studies and
report, as well as by a field research (municipalities and local water utilities).
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Figure 4.1.1. Ohrid (1.404 km?) and Prespa watershed .360 km? ) boundaries (and /cation of meteoro/?)gica/
stations
3. Example use in ARSINOE

Within the Step 1, the following parameters for the modelling were adopted:

— Climate scenarios: RCP 2.6 RCP 8.5, with data downscaled from RCMs, CMIP5 series,
— Socio — economic scenarios coupled with selected climate change scenarios: SSP1, SSP5,
respectively,
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— Representative climate change indicators: mean monthly sum of precipitations and mean
monthly air temperature,

— Time projection horizon: 2100; milestone: 2050,

— Time resolution: mean monthly data,

— Spatial coverage: watershed areas of Ohrid and Prespa Lake in the three countries.

The main outputs achieved by the model first run were:

— Projections of selected climate change indicators (mean monthly sum of precipitations, mean
monthly air temperature), for RCP 2.6 and 8.5, in the period 2021 — 2100

— Water balance results on mean monthly basis, separately for Prespa and for Ohrid Lake (2021 -
2100), for the two selected climate scenarios

— Lakes’ status presented as lake water level on monthly basis, up to the projecting horizon (2100)

— Projections of mean monthly surface water discharge (Crn Drin River) from Ohrid Lake, towards
the five hydropower plants (HPPs) downstream (two in North Macedonia, three in Albania)

— Projections of the monthly and annual impact of variations of discharge from Ohrid Lake, on
hydro power generation, in the cascade HPPs

— Projections of GDP growth in the region

— Projections of change of population number for six municipalities in the three countries (2021 —
2100, SSP1 and SSP5)

— Projections of water consumption per explored social and economy sectors (tourism,
agriculture, industry, households)

— Projections of availability of water resources (water quantities, water levels ) under selected RCP
and SSP scenarios, by 2050 and 2100

— Suggested allocation of water per users / sectors, in a long time frame.

The results listed above provided a basis for recommendations for enhanced resilience of the observed
sectors, in aspect of reduced dependence on fresh water use, without negative impacts for
environmental systems, human health and life standard.

In the second run, the following improvements of registered inconsistency and uncertainty were applied:

- Variation of the groundwater discharge from Prespa Lake, due to variation of the lake water level
- Variation of the water consumption per sectors (in the span of +/= 15%)
- Variation of forecasts of the economic indicators affecting water consumption.

Results of some of the projections listed above, are presented on the next figures (Figures 4.1.2, 4.1.3).
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Figure 4.1.2. Sum of annual Precipitations in Prespa (1980-2100), RCP 2.6 and RCP 8.5 (measured — blue line;
projections — red line)
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Figure 4.1.3. Change of Prespa Lake water volume (1980-2100), RCP 2.6 (measured data — blue line; projections —
red line)
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Figure 4.1.4. Typical diagram of a water consumption forecast in a municipality

4. Findings and conclusions

The main findings from IWAMM application are given below:
1. Both lakes will be affected by the climate changes, manifested by deficit of water.
2. The most affected sectors will be environment, agriculture, and energy sector.
3. Sectoral trade-offs have been identified:
-between water supply from groundwater sources (households, agriculture), in Prespa
- between environment and energy (hydro power generated), at the Ohrid Lake watershed.
4. No transboundary issues in the common water use and share have been identified and no
issues are expected in the future, taking in consideration the awareness, concern and shared
responsibility of all parties and sectors.

The main conclusion is that all the observed sectors would have to adapt to the water scarcity in the

region, induced by the climate changes (reduced sum of precipitations and increased mean air
temperatures).

ARSINOE Deliverable 42



Based on the Systems Innovation Approach (SIA) applied in 3 consecutive sessions, the following groups
of adaptation measures have been identified:

1. Improved measurement and monitoring of water resources, especially of groundwater

2. Improved measurement and monitoring of water consumption side

3. Improved (innovative) technologies for effective use of water in sectors

4. Improving capacity, awareness, knowledge and skills of stakeholders and water sector actors.

For evaluation and ranking, the module of Multi-Criteria Analysis (MCDA), based on the Analytic
Hierarchy Process (AHP) approach, has been applied. The criteria for evaluation have been adopted by
taking in consideration the KPIs declared in the GA:

1. Climate resilience (improved sectors’ independence on fresh water)

2. Cost effectiveness and grounds set for increase of green investments

3. Environmental positive impacts (more water available for bio systems)

4. Social and economic progress (demographic growth, employment, GDP growth)
5. Area of coverage of the measures — the span of affected sectors and systems.

In the next steps, the results of ranking, that suggest the schedule of implementation of adaptation
measures, will be discussed with the stakeholders, to result in adoption of a sustainable transboundary
water management plan.
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4.2 Damage Cost (CS7)

Assessment of damage costs from storm surges to support decision-making
on climate change adaptation

Per Skougaard Kaspersen, Kirsten Halsnaes and Martin Drews

Abstract

The DamageCost model provides a methodological and modelling framework to support comprehensive
and multi-sectoral economic damage assessments of flooding on land from pluvial, coastal, and riverine
sources. The model rests on open geographical data and assumes the availability of flood hazard maps.
Depth-damage functions for multiple economic sectors are included. In the current version, geographical
data and depth-damage functions are only available for Denmark, however this can easily be extended
to other countries, where similar information is available. The DamageCost model is developed as an
open-source plugin within the open-source GIS software QGIS. In context of the ARSINOE project, the
DamageCost model is to assess, from an economic perspective, the optimal adaptation pathways for
protecting the city of Esbjerg from flooding during extreme storm surges, including the height of a
planned seawall. To examine the sensitivity of this adaptation solution towards uncertainties in climate
projections and parameter choices in the economic assessment, several climate change scenarios are
developed and combined with variations in the applied damage functions.

1. Introduction

Assessment of economic losses from flooding is an important input to decisions regarding cost-efficient
protective measures (e.g. Halsnaes et al. 2015). Assuming that all possible losses are considered, an
economic loss assessment can for example provide an estimate of the upper limit on how much society
should be willing to pay to protect a given local area, city, or region, and in this way feed directly into a
cost-benefit analysis of adaptive measures. A comprehensive and accurate assessment of flood damage
costs necessitates a broad range of high resolution and high quality geographical and statistical data
describing exposed assets and activities located in the area of interest. In many cases, such data are not
readily available, or require large amounts of processing before they can be applied. Similarly, open
access to high quality flood hazard maps from state of the art hydraulic and hydrological models is rarely
available for any geographical location. Instead, data and models are often delivered commercially by
major consultancy companies, and they tend to come at great cost to public administrations and other
key actors involved in decisions on climate change adaptation. Consequently, adaptation analyses are
frequently based on data and information of lower quality, which can lead to maladaptation and
malinvestments. The DamageCost model addresses the issue of limited open access to high quality data,
and to science-based damage-loss functions, in the context of economic flood risk and loss assessments.
In the following, we demonstrate how the DamageCost model can improve confidence in such analyses
to better underpin decisions on and investments in climate change adaptation, ultimately leading to
better and more cost-effective decisions.
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2. Methods and data
The following section describes the general methods and data embedded in the DamageCost model.
Model interface

The DamageCost model has been developed as an open-source plugin with the open-source GIS software
QGIS. This means that the modelling engine, software environment, and the included data are free of
charge to anyone who wants to use it, including for commercial applications and consultancy services. A
screenshot of the plugin is shown in Figure 4.2.1.

The embedded depth-damage functions comprise a set of SQL commands, which combines the input
data with auxiliary data tables that are installed together with the plugin. To optimize the speed and
stability of the computations and the data processing, all calculations are carried out within a PostgreSQL
database. QGIS is only used to run the models and to view the results.
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Figure 4.2.1. Screenshot of the DamageCost model plugin in QGIS.

The current version of the DamageCost model supports damage cost assessments across ten different
sectors (Figure 4.2.2). To identify those assets that are affected by a flood, the model conducts a spatial
overlay analysis using the sector-specific data as well as flood hazard maps provided by the user. For
applications in Denmark, the modelling suite includes a set of state-of-the-art flood hazard maps. For six
of the ten sectors, the model estimates losses due to flooding in monetary values, whereas for the last
four sectors exposed features are highlighted using indicators. The DamageCost model is based on
flexible and modular framework, where both the sector-specific data and the flood mapping can easily
be updated by the user.
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Figure 4.2.2. Sectors included in the DamageCost Model

Depth-damage functions

For the six sectors, where a monetary loss is estimated, different methods are used for calculating the
economic flood losses, cf. Table 4.2.1. These are also described below.

The DamageCost model includes national data for Denmark for eight of the ten sectors, where data is
publicly available. These data are updated biannually. For the human health and traffic sectors, data is
not publicly available, and it is not possible to allow users access to these datasets.

Table 4.2.1. Calculation of economic losses for the different sectors

Sector Calculation of economic loss

Buildings Damage to buildings and replacement of contents.

Reduced sale price of affected buildings and neighboring buildings.

Roads and traffic Economic losses from extra travel time.

Repairment of road infrastructure.

Humans and health Direct costs associated with lost working capacity, forced vacation days,
rehousing and sick days.

Tourism Lost tourism revenues.
Recreation areas Economic costs of a recreational area not being accessible for a period.
Agriculture Loss of yields due to flooding of agricultural areas.

Buildings

The economic loss for buildings damaged by flooding is derived from registered insurance payouts, and
thus reflects the actual repairment cost of the buildings, including tangibles. There are different damage
functions for pluvial, coastal and river flooding, and for different types of buildings affected by each type
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of flood. For coastal and river flooding, the damage function depends on the inundation depth affecting
the buildings, meaning that a higher inundation depth will lead to a higher economic loss. For pluvial
flooding, a threshold-based approach is used, where a constant economic loss per m? of the affected
buildings is used above a given inundation depth threshold.

The default inundation depth for all types of floods is set to 20 cm. Below this water level, no economic
loss is calculated. The damage is calculated for each building by combining the total square meter of
ground floor for each building with the inundation depth intersecting the building, and damage functions
that are specific to the building type. This implies larger damages for buildings with larger ground floor
areas. The buildings are divided into ten different categories based on the usage of the building, each
with a unique damage function. The damage categories are: Residential, industrial, leisure homes, utility,
cultural, public, annex, garage, other and no data.

Roads and traffic

The embedded roads and traffic model calculates two different types of losses: (i) repairment and
cleaning of roads after a flood; and (ii) extra travel time, e.g. the indirect economic loss due to road
infrastructure being flooded.

For the repairment and cleaning loss, the length of the flooded road is calculated by analyzing the overlap
between the road data set and the flood map. The default depth-damage loss value is set to 3 EUR per
meter of affected road.

Extra travel time is estimated based on traffic data at road section level and a unit cost of EUR 40/vehicle
hour (Nationale standardskadevaerdier 2021). The calculation of extra travel time caused by floods is
based on simulations carried out by the Technical University of Denmark using the national traffic model
(Landstrafikmodellen, LTM). LTM is a unified traffic model for Denmark and describes how changes in
demography and the economy affect transport systems across different modes of transport
(Vejdirektoratet 2021). The duration of road closure is per default set to 24 hours, but this parameter can
be modified by the user.

Humans and health

This sub-model assesses the human costs associated with flooding. This includes direct economic costs
associated with lost working ability, number of vacation days, rehousing, as well as costs in the form of
stress, anxiety, and other psychological consequences. Additional consequences of floods on health can
be linked to the physical impact of the flood (e.g. high flow velocities) and to pollution from sewage runoff
and the like. These are not yet included in the DamageCost model.

Based on a questionnaire among the residents of Jyllinge Nordmark, an area which were affected by
severe floods from the storm Bodil in 2013, the following time consumption has been identified (Table
4.2.2). The loss is calculated by combining the extra time with a unit cost of 40EUR/hour.

Table 4.2.2. Average cost per person in Jyllinge Nordmark because of the storm Bodil (Halsnzes et al. 2021).

Description Cost
Work time (cleaning) 138 hours
Extra travel time from re-housing 23 hours
Iliness 64 hours
Holidays 26 hours

Tourism

Buildings used for overnight stays by tourists are combined with the average revenue generated by
different types of tourists to calculate the lost tourism revenues due to flooding. The repairment
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time/number of lost overnight stays is set to 60 days per default but can be modified by the user. The
building types include hotels, summer cottages, camping sites etc.

Recreational areas

The economic value of different recreational areas in Denmark has been estimated using a travel-cost
method and is calculated based on a recent survey on people's outdoor activities in nature and larger
recreational areas in Denmark (Zandersen et al. 2020). The economic loss from the flooding of
recreational areas is assessed as the value of the different flooded areas multiplied by the temporal
duration of flooding. The default value of this duration is set to 30 days (1/12 of a year), but this can be
modified by the user.

Agriculture

Sale values for different crop-types are combined with field-specific geographical data on planted crops
to calculate the average loss per m? flooded. Finally, the total flooded area per field is multiplied by the
average loss. A total of 42 different crop categories with individual sales prices are included.

Flood hazard

High quality flood hazard maps are generally not publicly available in Denmark. For use in the
DamageCost model, four different (simple) flood maps covering Denmark have been developed and
embedded in the model covering pluvial and fluvial flood hazards, respectively. Details on these flood
maps are provided in Table 4.2.3.

Table 4.2.3. Flood hazard maps available in the DamageCost model

Type Method Return period Climate scenario

Pluvial Bluespot modelling 100 years SSP2-4.5, 2071-2100

Pluvial Arc-Malstrgm?* 10 years Present day

Coastal RCP 8.5, 2071-2100
Terrain model (static) 100 years

Coastal Present day

3. Usein ARSINOE

Flooding from different sources is a critical climate challenge in many coastal cities, including coastal,
surface water, and riverine flooding, sewers overflowing, and rising groundwater levels induced by
enhanced river run-off, intense rainfall events, extended periods of rains, generally changing rainfall
patterns and combinations thereof. Likewise, nearby coastal areas are inherently susceptible to erosion
caused by tides and storm surges. The city of Esbjerg and the surrounding areas, including part of the
nearby island municipality of Fang, are among the most flood-prone areas in Denmark as singled out
under the European Floods Directive. Dating back to the 1300’s, the region has thus been subject to
several catastrophic floods from the sea causing widespread damage and thousands of deaths. As a
result, different protective measures and strategies for risk management already exist or are planned to
mitigate the risks of storms and storm surges. However, due to rising sea levels, it is highly likely that
current practices may not even be enough today to protect local communities and their activities.
Meanwhile, further climate change impacts in the form of more frequent and intensive extreme
precipitation, rising groundwater levels, and even drought are also increasingly being felt.

4 Balstrgm & Crawford (2018).
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One of objectives of the ARSINOE project is identify optimal climate change adaptation solutions to cope
with the increased water challenges from “all sides” in Esbjerg. For this aim, the DamageCost model is
applied as a means to identify the optimal height of a concrete seawall that will add to the natural
elevation of the terrain and protect the city from flooding during current and future storm surges until at
least the mid-century. The DamageCost model has been used to calculate the economic losses from storm
surges in Esbjerg for current climatic conditions and for climate scenarios with different projections of
sea level rise to assess the robustness of the results, i.e. testing the sensitivity of the seawall height
against climate change uncertainties. The results of the simulations are used as quantitative measures of
the benefits in a cost-benefit analysis of the seawall.

Storm surge flood hazard maps

Flood hazard maps depicting the impact of storm surges of varying severity are produced using the MIKE
21 2D hydraulic simulation tool developed by DHI (MIKE by DHI, 2024). These replace the default flood
maps mentioned above. Using MIKE 21, storm surges with a duration of 6 hours and with maximum
heights varying from 300-520 cm above normal sea level are modelled (Table 4.2.4). The primary output
of these simulations are maps highlighting the maximum inundation depth on land during individual
storms. The simulated storm surges correspond to return periods from 4 to 30,000 years under present-
day climate conditions, and from 1 to 1,000 years under the SSP5-8.5 climate scenario, which has the
highest projected sea level rise (median value, projected sea level rise under different climate scenarios
was obtained from the Danish National Climate Atlas, hosted by the Danish Meteorological Institute).

Table 4.2.4. The storm surge height (max water level) for the flood model simulations included in the study, and
the associated return periods (in years) for present day climate and three different climate scenarios.

Storm surge height Present day SSP1_26 SSP2_45 SSP5_85
2 2 1 0.5
300 cm 4 3 2 1
320cm 6 4 3 2
340 cm 10 5 4 3
360 cm 15 8 5 4
380 cm 30 10 8 5
400 cm 90 20 10 8
420 cm 270 50 20 10
440 cm 1000 100 50 20
460 cm 5000 500 100 50
480 cm 10000 5000 500 100
500 cm 20000 10000 1000 500
520cm 30000 20000 5000 1000

The planned seawall will be placed in a withdrawn and already elevated position, approximately 2-500 m
from the sea, in the northern part of the Esbjerg harbor (Figure 4.2.3). The withdrawn position implies
that buildings and other assets on the outside of the wall (closest to water) are not given additional
protection by the seawall. Many of these assets belong to the Port of Esbjerg, which is commercially
operated and responsible for their own flood risk management. The location for the seawall has been

ARSINOE Deliverable 49



decided by the Municipality of Esbjerg, and it was not a part of this study to investigate if there are other
(more) suitable locations.

Figure 4.2.3. Location of a concrete seawall to protect the City of Esbjerg against flooding during storm surges.

Economic losses from coastal flooding in Esbjerg

Using the DamageCost model, economic losses are calculated for different storm surge heights as
summarized in Table 4.2.4. Figure 4.2.4 shows examples of flood hazard maps for Esbjerg corresponding
to different extreme sea levels. The figure also shows the planned location of the seawall for visualization
purposes only (the planned seawall is not modelled). Subsequently, risk assessment is performed by
combining the calculated economic losses with the frequency of the individual events. It is evident from
Figure 4.2.4 that the seawall will not protect the outermost parts of the harbor, and that the additional
protection is against storm surges above approximately 4 m, corresponding to a statistical 100-year event
under present-day sea level conditions.
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Figure 4.2.4. Flood hazard maps for storm surges with different maximum water levels. The location of the
proposed seawall is highlighted on the maps (but is not included as a barrier in the hydrodynamic model).

Figure 4.2.5 indicates the size of the protected area and the number of protected buildings for different
combined heights of terrain plus seawall. From here it is evident that a very large area and high number
of buildings are protected already at a combined seawall height of 4.2 m (red areas and buildings). There
is only a minor increase in the number of protected buildings when increasing the protection level to 5
m. However, at 5.2 m, a significant increase is shown (indicated in purple on Figure 4.2.5 — right). From
visual interpretation it appears as if either a sea wall height of 4.2 m or 5.2 m are appropriate decisions,
depending on the required protection level.
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Figure 4.2.5. Protected areas (left) and number of protected buildings (right) with different seawall heights.

Choosing the optimal seawall height

In quantifying the optimal seawall height, we conduct a cost-benefit analysis, where we combine the
investment cost and maintenance of the seawall with the present-day value of the reduced economic
losses from current and future storm surges due to the presence of the seawall. We conduct cost-benefit
analyses for seawall heights ranging from 4.2-5.2 m, and for three different future climate scenarios. By
probing different scenarios, we assert whether the optimum seawall height found from this analysis is
sensitive towards different climate projections. The results of the cost-benefit analysis are presented in
Figure 4.2.6 for the SSP2-4.5 climate scenario. Based on the economic assessment, we find an optimal
protection level of 4.8 m, with a net benefit of 268 mio.kr (approximately 36 mio. EUR) considering only
the building sector. It should be noted that there are only minor differences between the net benefit of
seawall heights ranging from 4.6-5.0 m. Analyzing the sensitivity of these results, we find a different
height (4.6 m) only in the case of the lowest climate scenario (SSP1-2.6).
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Figure 4.2.6. Estimation of the optimal protection level — SSP2-4.5 climate scenario.

ARSINOE Deliverable 52



4. Discussion and conclusions

Using the DamageCost model, an optimal protection level of approx. 4.8 m above sea level is found
considering the potential economic impacts of an extreme storm surge on buildings in Esbjerg.
Interestingly, there is a significant change in the economic losses from approx. 4.2 m to 4.8 m above sea
level. While the associated uncertainty on sea level rise projections and storm surge statistics for Esbjerg
is of a similar magnitude, it is clear that high values may be at risk in Esbjerg. Since for reasons of e.g.
traffic safety the concrete seawall will rise to maximum 90 cm from the terrain, this means that the
planned protection is expected to have a limited lifetime.

For this reason, the seawall in Esbjerg will eventually be complemented by extensive and multi-functional
green infrastructure in the form of a dike slightly further in land, which will combine hydrological,
recreational, commercial, cultural, and natural functions. DamageCost is an adequate tool for analyzing
not only the future coastal flood risk but for delineating the complex future adaptation pathways in
Esbjerg from a holistic perspective. These will be investigated within the ARSINOE project. Also, several
new components have been co-identified with stakeholders and users and added to the model, including
the response of agriculture to surface flooding, and support for different financial models and urban
development planning.
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4.3 Aquacrop (CS9)

Assessment of water requirements for stabilising durum wheat productivity in Mediterranean areas
under climate change

Elena Cristiano, Marino Marroccu, Gabriella Pusceddu, Marco Dettori, Roberto Deidda, Francesco Viola,
Valentina Mereu, Giulia Urracci, Gianluca Carboni

Abstract

In Mediterranean areas climate changes are expected to lead to an increase of the daily average
temperature and to a reduction of the mean annual precipitation, with less frequent but more intense
rainfall events. These changes could have strong impacts on durum wheat production, and consequently
to the food chain that derives from it. Reduced water availability is expected to be one of the main limiting
factors in durum wheat growth, which in Mediterranean areas is usually rainfed. In this context, we
investigated the possibility to adapt to climate change in Mediterranean durum wheat growing areas. To
assess water requirements for stabilising durum wheat production in the Campidano region of Sardinia,
an implementation of the Aquacrop model was set up using climatic and soil characteristics as the local
main forcings. The model has, then, been used to perform a sensitivity analysis to evaluate the potential
impact of rainfall reduction and temperature increase on durum wheat productivity.

1. Introduction

According to the Food and Agriculture Organization of the United Nations (FAO), to meet world food
demand, agricultural production would have to increase by 50% by 2050. At the same time, however,
due to climate changes, an average increase in daily temperature and CO, concentration and an average
reduction in annual precipitation is expected in Mediterranean areas. These changes in climatic
conditions could have a negative impact on agriculture, and in particular on durum wheat production,
whose end-use products (e.g. pasta, cous-cous and semolina breads) are a pillar in the Mediterranean
diet. Not only achieving the FAQ's proposed target might be difficult, but also stabilising durum wheat
yield in a context of climate change will be challenging. To avoid the reduction in durum wheat yield, and
the consequent repercussions on the entire bread and pasta supply chain, different crop field
management strategies, including aid irrigation, need to be deeply analysed and discussed. In this
framework, we aim to investigate the durum wheat production in the Campidano plain in Sardegna (lItaly).
This plain shows a great land variability, due to its ancient geological origin, and a prevalence of alluvial
soils with expandable grid clay in the most fertile areas and soils with variable texture in the less fertile
ones. Durum wheat fuels several upstream activities, such as seed production, as well as downstream
ones such as milling, bread- and pasta-making. However, durum wheat production and yield stability are
seriously threatened by climate change, thus jeopardising food security and social stability in the whole
Mediterranean basin.

2. Methods and data

AquaCrop model is a crop growth model developed by FAO’s Land and Water Division to address food
security and assess the effect of the environment and management on crop production
(https://www.fao.org/aquacrop). AquaCrop simulates the yield response of herbaceous crops to water
and is particularly well suited to conditions in which water is a key limiting factor in crop production.
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AquaCrop has been widely used in the literature to simulate durum wheat yield and production,
especially in arid and semi-arid countries (Kourat et al. 2022; Soddu et al. 2013).

As input for the model, Aquacrop requires climatic data and soil and crop characteristics. Climatic data
include maximum and minimum temperature, precipitation, evapotranspiration rate, which can be
estimated with ETo calculator developed by the FAO, and CO; concentration.

Moreover, information regarding field management, including irrigation, presence of weeds and use of
fertilisers, can be included in the simulations. The model can be run at daily or monthly scale, and for the
investigated case study the daily scale has been selected.

The approach followed in this study is illustrated in Fig. 4.3.1, and it can be summarised in four main

steps:

1.

Collection of data for the creation of the Aquacrop model

The crop model requires multiple parameters that need to be estimated. Most common
parameters required as input for the crop model are related to climatic variables (e.g., rainfall,
temperature, CO, concentration, potential evapotranspiration), to crop characteristics (e.g.,
sowing date, harvesting date, harvesting index, etc..), to soil characteristics (e.g., soil type and
thickness, hydraulic conductivity, etc..) and to the field management (e.g., irrigation, uses of
pesticides and/or fertilisers). While some of them can be derived from literature or in-situ
experiments (e.g., soil characteristics), some others need to be calibrated based on assumptions.
Simulation of the required irrigation to maximise the productivity

The crop model has been used at first to estimate the irrigation needed to increase the actual
durum wheat productivity in the Campidano region and to evaluate whether it could be possible
to meet the FAO requirements with the current climatic conditions.

Sensitivity analysis with different climatic input

Before evaluating the durum wheat productivity under future climatic conditions, a sensitivity
analysis to investigate the influence of temperature, rainfall and CO, concentration has been
conducted.

Evaluation of the durum wheat productivity in a context of climate change

Using the Aquacrop model, the durum wheat productivity will be simulated using as climatic data
climate change projections from CORDEX experiments on the European region. CORDEX consists
of high resolution (0.11°x0.11°) RCM simulations representing different future socio-economic
scenarios (forcings), different combinations of GCMs and RCMs and different ensemble members
of the same GCM-RCM combinations (Coppola et al. 2020; Jacob et al., 2014).

This study is carried out by comparing this historical and scenarios data:

e Historical: CORDEX CNRM-ALADING63 (France) experiment which covers a period from 1976 to
2005 for which modern climate observations exist. Boundary conditions are provided by GCMs
CNRM-CERFACS-CMS5 (France). These experiments, that follow the observed changes in climate
forcing, show how the RCMs perform for the past climate when forced by GCMs and can be used
as a reference period for comparison with scenario runs for the future.

e Scenario: CORDEX CNRM-ALADING3 (France) climate projection experiments using RCP
(Representative Concentration Pathways) forcing RCP 2.6 and 8.5 scenarios providing different
pathways of the future climate forcing. The period covered is 2021-2050.

The choice of the GCM/RCM combination was made based on the well-known characteristics of
the models over the Mediterranean area. This should be considered a first attempt looking
forward in future developments to evaluate other combinations.
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Figure 4.3.1. Methodological steps for investigating the climate change impacts on the durum wheat production.
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3. Results in ARSINOE

Following the Methodology described in the previous section, in Case Study 9 of ARSINOE, Aquacrop has
been used to simulate the responses of durum wheat in different climate scenarios.

The first analysis focused on the evaluation of the additional water requirements to reach the maximum
durum wheat production, investigating historical data between 1995 and 2012. Results showed that,
when rainfall is not enough to ensure the maximum yield production, additional irrigation can support
the yield growth (an example is illustrated in Fig. 4.3.2). For a few years, however, the maximum yield
production is reached just with rainfed. In the other cases, additional irrigation (average 60 mm, range
49 mm to 111 mm) would have ensured the maximum production, with an average increase of 0.32
ton/ha (range 0.15 ton/ha to 0.69 ton/ha).
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Figure 4.3.2. Example of potential increase of durum wheat production with additional irrigation simulated with
Aquacrop

The sensitivity analysis investigates different scenarios to evaluate the impact of a rainfall decrease and
temperature increase. Regarding the rainfall analysis, three scenarios (S1, S2 and S3) with a progressively
decrease of total annual rainfall (from 10% to 50%) have been investigated and compared with the
historical results (SO) and the maximum achievable production, as shown in Fig. 4.3.3. The overall
decrease in the yield production underlines how rainfall depth can be a limiting factor for the durum
wheat productivity and needs to be compensated with additional irrigation to ensure a stable and
maximised production.
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Figure 4.3.3. Variation of durum wheat production considering different rainfall scenarios (S1, S2 and S3), with
respect to the maximum production achievable with additional irrigation

The model, calibrated based on data available in the literature and on specific assumptions, will be
validated using the data collected during the field experiment, carried out between December 2022 and
June 2025. These field experiments evaluate the durum wheat production in two sites (with different soil
characteristics) and three repetitions characterised by three water managements: (i) no irrigation (check,
rainfed) with water supply based on natural rainfall; (ii) reduced irrigation, with 50% of total crop water
requirement covered by irrigation; full irrigation, with 100% of total crop water requirement covered by
irrigation. This 3-repetition experiment is carried out on 432 square metres plots (18 m length; 24 m
width) in two sites: Benatzu (Vertic epiaquept, USDA soil taxonomy), high fertility soil with a high Water
Soil Capacity (WSC) due to the prevalence of high expandable clay (e.g. montmorillonite); and Ussana
(Petrocalcic Palexeralf, USDA soil taxonomy), medium-low fertility soil with reduced WSC due to the
prevalence of low expandable clay (e.g. kaolinite). So far, the field experiment has been carried out in
two different cropping seasons: 2022-23 (figure 4.3.4, A and B) and 2023-24 (ongoing). The figures show
the aerial images of the experimental layout both in Benatzu and Ussana in 2022-23.
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Aerial imags of the experimental layout both in Benatzu (A) and Ussana (B) in 2022-2023
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4. Discussion and conclusions

Preliminary results show that additional irrigation should be considered not only to increase the durum
wheat productivity, but also to stabilise the actual production, especially in a context of climate changes,
where the average annual precipitation is expected to decrease. Different adaptation strategies (e.g.,
rainwater harvesting systems to collect additional water for irrigation and conservation agriculture)
should be evaluated to reduce the pressure additional irrigation would put on the water supply system.
The sensitivity analysis confirms that rainfall is a limiting factor for durum wheat production in Sardinia.
While it is true that an increase in temperature and atmospheric CO; levels may initially promote higher
yields in durum wheat due to enhanced photosynthesis and accelerated growth, it is essential to consider
the potential trade-offs in terms of grain quality. Elevated temperatures and CO, concentrations can
adversely affect the nutritional composition and quality attributes of durum wheat grain. Impact on
quality factors such as: decreasing protein content, altered gluten composition, reduced micronutrients
content and increased vulnerability to pests and diseases should also be considered. For this reason, it is
also necessary to invest in genetic crop improvement, the use of appropriate fertilisers, and the
development of sustainable agronomic practices. Although not explicitly mentioned in this report, these
aspects are part of the Sardinian case study. Other factors, such as change in soil parameters and growing
cycle, including sowing date, can have a strong impact on the yield production.
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5.0 Other models

Other land surface response models not included above.

5.1 Wave model (CS2)

Investigating the climate change impacts on the wave disturbance in the basins of the port of Piraeus,
Greece and port of Limassol, Cyprus, by means of numerical modelling.

Chondros, M.K., Metallinos, A.S., Papadimitriou, A.G., Chalastani V., Tsoukala V.K.

Abstract

The climate change impacts on the wave disturbance in the basins of the port of Piraeus, Greece and port
of Limassol, Cyprus are investigated by means of numerical modelling. First, the mean annual offshore
wave climate is constructed based on the data provided by the Copernicus Climate Change Service for a
period spanning from 1976 to 2100 for three periods: the historical 1976 to 2005, the medium term 2040-
2070 and the long term 2070-2100, both for RCP 4.5 and RCP 8.5. Moreover, an extremal wave height
analysis is carried out to determine extreme wave conditions in relation to various return periods and
data regarding the mean sea level rise due to climate change and sea water elevation due to storm surge
are considered for the said investigation. Subsequently numerous simulations are carried out by
implementing the advanced wave model Maris HMS (developed by Scientia Maris 2022), which is
responsible for simulating the wave propagation and transformation from offshore to nearshore, the
wave penetration into the port basin and the wave disturbance. Finally, a comparative analysis of the
results is carried out to elucidate the changes of the disturbance patterns of the port basin in the coming
years, providing critical insights on the operability and stability of the port infrastructure and thus paving
the way for accommodating the new conditions that will be created by the changing climate.

1. Introduction

Ports play a crucial role in facilitating maritime transportation and are indispensable components of the
global trading network. Maintaining minimal wave agitation within port basins is critical for ensuring safe
port operations and fostering economic growth. Although climate change is anticipated to affect the
wave patterns, its specific influence on wave behavior within port basins remains largely unexplored. This
research aims to assess, through numerical modeling, the potential alterations in the wave dynamics
within the basin of the port of Piraeus, Greece, and port of Limassol, Cyprus, resulting from climate
change impacts. This investigation utilizes data sourced from open oceanographic databases to
comprehensively evaluate the implications of climate change on port operations and infrastructure.

2. Methods and data

For investigating the impact of climate change on the wave disturbance and wave overtopping in the
considered Port basins the following steps (Figure 5.1.1) are carried out:

1. Determination of mean annual offshore wave climate for each port and for each considered time
horizon. Namely, offshore of each port, the wave characteristics significant wave height, peak
wave period and mean wave direction are obtained from the Copernicus Climate Change Service
(Caires and Yan 2020), for a period spanning from 1976 to 2100. In particular, the data analysis
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(and consequently the simulations and the conclusions to be drawn) will be performed for three
periods: the historical 1976 to 2005, the medium term 2040-2070 and the long term 2070-2100.
The data analysis for the medium- and long-term analysis is performed both for RCP 4.5 and RCP
8.5. The obtained datasets consist of thousands of values and therefore an algorithm in
programming language has been constructed for handling such big data. The mean annual
frequency of occurrence is determined for each equally spaced wave height group of 0.5m (i.e.,
[0,0.5],(0.5-1.0], (1.0-1.5], etc) and for each 30-degree directional bin (i.e., 12 sectors). The mean
annual offshore wave climate is presented for each port and for each considered period and RCP
in a tabular form and as a rose diagram. These data serve as input for investigating the wave
disturbance.

2. Moreover, an extremal wave height analysis is carried out to determine extreme wave conditions
in relation to various return periods. These data serve as input for investigating the wave
overtopping over selected transects of the ports’ works.

3. Furthermore, data regarding the mean sea level rise due to climate change and sea water
elevation due to storm surge are obtained (Yan et al. 2020) to be considered for the said
investigations. The main variables used are the Mean Sea Level (m), the Storm Surge Residual (m)
and the Total Water Level (m).

4. The bathymetric grids have been constructed for each considered port representing the water
depths inside and outside the basins and the existing port works. Accompanying eddy viscosity
grids have been developed to feed the wave propagation model, representing the anticipated
reflection coefficients of the various existing fronts (e.g. quays, revetments, natural beach).

5. Subsequently numerous simulations are carried out by implementing the advanced wave model
Maris HMS (developed by Scientia Maris 2022), which is responsible for simulating the wave
propagation and transformation from offshore to nearshore, the wave penetration into the port
basin and the wave disturbance (Chondros et al. 2022, 2024). It is a nonlinear irregular wave
model based on mild-slope equations, capable of simulating accurately all the dominant
phenomena, i.e., shoaling, reflection, diffraction, refraction and breaking. The spatial resolution
of the model is equal to 2.5 m and it runs for numerous simulations representing the mean annual
incident wave climate as derived from for the historical datasets and for the two RCPs.

6. Furthermore, calculation of wave overtopping at carefully chosen transects along the outer port
works (i.e. breakwaters) are carried out by taking advantage of the simulated results and the
overtopping Artificial Neural Network of EurOtop (2018).

7. Finally, a comparative analysis of the results is carried out (Kollias et al. 2023) to elucidate the
changes of the disturbance patterns of the port basin in the coming years, providing critical
insights on the operability and stability of the port infrastructure and thus paving the way for
accommodating the new conditions that will be created by the changing climate.

. 2. Construction of 3. Simulation of wave )
1. Gathering sea state ) . 4. Comparative
topo-bathymetrical penetration & wave X
data R R . analysis of the results
numerical grids overtopping

Figure 5.1.1. Methodological steps for investigating the climate change impacts on the wave disturbance in port
basins.
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3. Example use in ARSINOE
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Figure 5.1.2. Indicative illustration of the spatial distribution of wave heights in the wider area of the port of
Piraeus, Greece for an incident wave coming from the South sector.
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Figure 5.1.3. Indicative illustration of the spatial distribution of wave heights in the wider area of the port of
Limassol, Cyprus for an incident wave coming from the South sector.
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4. Discussion and conclusions

The analysis is currently underway. Variations in the wave disturbance pattern within the port basins are
being noted, contingent upon both the 30-year investigation period and the RCP scenarios.
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6.0 Summary and conclusion

This Deliverable serves as an evaluation of the land surface's response to climate influences and
associated risks such as floods, droughts, yield potential, renewable energy prospects, and forest fires.
Its purpose is to lay the groundwork for a comprehensive multi-sectoral dynamic modeling framework.
Addressing the complexities of shifting systems and the impact of climate change on extreme events
requires sophisticated land surface modeling tools. These tools are crucial for understanding the
nonlinear relationships between meteorological drivers and the responses of managed land surfaces,
including compound events and cascading effects.

The ARSINOE Case Studies encompass a wide range of system states, process interactions, scales of
application, levels of data availability, and user requirements. In response to these challenges, this
Deliverable aims to develop a modular suite of land surface response tools. This suite, incorporating data-
driven techniques such as Machine Learning alongside conceptual and process-based models, forms an
innovative package tailored to enhance multi-sectoral resilience to climate change. It provides users with
customizable solutions, ensuring appropriate spatio-temporal resolution and balancing data and model
complexity for each specific Climate Scenario.

This task also entails establishing procedures for building and guidelines for utilizing parsimonious yet
robust land surface toolsets. These considerations include adjusting the spatio-temporal resolution and
complexity levels of both data and models to suit the needs of the various and diverse case studies.

Furthermore, this deliverable presents a comprehensive catalog of cutting-edge land surface response
tools and models utilized, refined, or developed within the ARSINOE project. These models encompass
various aspects such as local and catchment-scale hydrology, inundation and flood modeling, extreme
temperature prediction, and integrated models incorporating economic and water resource components.
Each model within this repository is accompanied by detailed technical and scientific descriptions,
supplemented by brief examples illustrating their application within specific case studies.

It is important to note that while methodological developments have reached advanced readiness levels,
the results presented in this Deliverable are preliminary. The current tools have not yet been subjected
to final climate forcing scenarios. Therefore, ongoing updates and refinements will occur throughout the
duration of the project to ensure the accuracy and reliability of the modeling outputs.
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Systems Innovation Approach (SIA) addresses the growing complexity, interdependencies and
interconnectedness of modern societies and economies, focusing on the functions of the cross-
sectoral system as a whole and on the variety of actors. The Climate Innovation Window (CIW) is the
EU reference innovations marketplace for climate adaptation technologies. ARSINOE shapes the
pathways to resilience by bringing together SIA and CIW, to build an ecosystem for climate change
adaptation solutions. Within the ARSINOE ecosystem, pathways to solutions are co-created and co-
designed by stakeholders, who can then select either existing CIW technologies, or technologies by
new providers (or a combination) to form an innovation package. This package may be designed for
implementation to a specific region, but its building blocks are transferable and re-usable; they can
be re-adapted and updated. In this way, the user (region) gets an innovation package consisting of
validated technologies (expanding the market for CIW); new technologies implemented in the specific
local innovation package get the opportunity to be validated and become CIW members, while the
society (citizens, stakeholders) benefits as a whole. ARSINOE applies a three-tier, approach: (a) using
SIA it integrates multi-faceted technological, digital, business, governance and environmental aspects
with social innovation for the development of adaptation pathways to climate change for specific
regions; (b) it links with CIW to form innovation packages by matching innovators with end-
users/regions; (c) it fosters the ecosystem sustainability and growth with cross-fertilization and
replication across regions and scales, at European level and beyond, using specific business models,
exploitation and outreach actions. The ARSINOE approach is show-cased in nine widely varied
demonstrators, as a proof-of-concept with regards to its applicability, replicability, potential and
efficacy.

@Q'ARSINOE

CLIMATE-RESILIENT REGIONS THROUGH SYSTEMIC SOLUTIONS AND INNOVATIONS

i This project has received funding from the European Union’s Horizon H2020 innovation action
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