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Abstract

Mountain regions are facing multiple impacts due to climate change and anthropogenic activities.
While shifts in precipitation and temperature are affecting the available water, current water demand
for economic activities still rely on large quantity of water making mountain regions particularly
susceptible to water scarcity.

These conditions call for innovative methodologies accounting for such complex interplays involved
in multi-risk processes and describing climate-related water issues so to understand and adapt to
future climate change impacts.

For these reasons, a literature review considered five innovative modelling approaches (i.e. Bayesian
networks, agent-based models, system dynamic models, event and fault trees, and hybrid models),
exploring their advantages and limitations in multi-risk assessments and providing a roadmap to
enhance methodological and technical implementations for climate change adaptation.

Among these methodologies, System Dynamics Modelling (SDM) was selected and applied to
explore multiple interactions and feedback loops associated to hydrological processes and human
demands in the Alpine Noce river catchment in the Province of Trento (ltaly).

The first application explored the vulnerability of the S.Giustina dam reservoir in the Noce catchment
in terms of water stored and turbined considering conditions of water availability and demand for
future climate change scenarios. By doing so, the aim was to assess the climate-related risk for the
hydropower sector considering impacts of different climate change scenarios and of anthropogenic
management.

The SDM model was then extended including multiple water demanding sectors of the Noce
catchment to evaluate the risks of potential mismatch in future water availability and demand
conditions for hydropower production, agricultural production, domestic, and ecological flow.
Results show a precipitation decrease affecting river streamflow with consequences on water stored
and turbined in all dam reservoirs of the Noce catchment, especially for long-term climate change
scenarios. Moreover, temperature scenarios will increase the amount of water used for agricultural
irrigation from upstream to downstream. Nevertheless, decreasing population projections will have a
beneficial reduction of water demand from residents, hence partially counterbalancing an increasing
demand from the other sectors. Such conditions have relevant effects on the Noce catchment as a
whole, considering upstream high water availability areas to downstream high water demand areas.
These results call for the need to prepare to future water availability and water demand conditions in
different areas of the Noce catchment. Adaptation strategies should consider a different timely of
water storing patterns together with a reduction of consumptive.

Finally, the assessment aimed to identify critical states coming from a systemic perspective of water
availability and water demand in three sub-catchment areas discussing possible climate adaptation
strategies to inform local decision makers and prepare for future multi-risk conditions of water
scarcity.
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“I am a short-term pessimist, but a long-term optimist”

Zygmunt Baumann



Introduction

Climate change effects are already visible and leading to severe impacts in vulnerable areas of the
world (IPCC, 2018). While the number and intensity of natural hazards is changing, land-use and
socio-economic changes are increasing exposure and vulnerability hence exacerbating the overall risk
conditions. The interactions among multiple hazardous events, evolving exposure and vulnerability
conditions can generate multi-risk processes (Kappes et al., 2012; Gallina et al., 2016; Tilloy et al.,
2019). Assessing the dynamics of multi-risk requires unravelling both the bio-physical interactions
that can trigger multiple natural hazards through cascading, synergic or antagonistic effects (Gill and
Malamud, 2014, 2016; Xu, Meng and Xu, 2014; Kumasaki et al., 2016), and the socio-economic
relations exposed to multiple climate hazards that can generate cascading effects on other
anthropogenic processes due to their interdependent vulnerabilities (Gill and Malamud, 2017; Zio,
2016; Petit et al., 2015; Rinaldi et al., 2001).

However, current risk assessments often account for a one-hazard perspective or a static
representation of vulnerabilities, without considering their interactions and misrepresenting the real
multi-risk (Bell and Glade, 2004; Marzocchi et al., 2009, 2012; Kappes et al., 2012; Harrison et al.,
2014; Forzieri et al., 2016; Gill and Malamud, 2016; Mehran et al., 2017; Tilloy et al., 2019).

The importance of addressing multi-risk is internationally recognized by the Unites Nations Sendai
Framework for Disaster Risk Reduction and the International Panel on Climate Change as necessary
for disaster risk reduction (UNISDR, 2015; IPCC, 2018).

This is particularly relevant in mountain regions where climate change is already having
significant impacts (UNESCO, 2010; Zebisch et al., 2011). In the European Alps climate change is
threatening their role as “water towers” affecting water availability currently used for several
activities such as large hydropower plants and intensive agriculture (Majone et al., 2016; Beniston and
Stoffel, 2014; Permanent Secretariat of the Alpine Convention, 2013). Moreover, since different
human activities rely on the same resource such conditions can potentially propagate impacts across
multiple areas and across different sectors (Viviroli and Weingartner, 2004; Mountain Partnership,
2014).

Previous studies mainly focus on specific aspects of water management in mountains (Farinotti et
al., 2012; Bellin et al., 2016; Etter et al., 2017; Wever et al., 2017; Huss and Hock, 2018) without
adopting an integrated multi-risk perspective.

These conditions call for applications unravelling this complexity, considering such interplays and
system behaviours and describing the factors involved in climate-related water issues towards climate
adaptation strategies identification.

Starting from a better comprehension and representation of multi-risk characteristics, different
modelling approaches were selected and reviewed looking at their advantages and limitations in
addressing distinctive features of multi-risk assessments with a specific focus on mountain regions.

Among them, System Dynamics Model (SDM) has already been applied in the water-food-energy
Nexus research field looking at the interactions of different sectors (Kotir et al., 2016; Ansell and
Cayzer, 2018; Susnik et al., 2018). It represents a suitable approach to investigate the spreading of
hazards consequences to environmental and anthropogenic elements at risk and interacting with each
other (Simonovic, 2015; Halbe, 2016).

For these reasons, this thesis aims to advance the current perspectives on multi-risk assessments
developing and implementing a SDM for the Noce catchment (Province of Trento, Italy) to
investigate how climate- and human-induced changes in water availability and demand can lead to
mismatch between water availability and demand, hence leading to multiple impacts.



The SDM model was initially tailored to replicate the S.Giustina dam reservoir assessing the
climate-related risk for the hydropower sector considering impacts of different climate change
scenarios and of anthropogenic management. The SDM was then extended to account for multiple
water demanding sectors in different areas of the catchment. In particular, hydropower, agriculture,
domestic and ecological water demand were evaluated in three sub-areas of the Noce catchment,
selected according to their morphological features. By doing so it was possible to evaluate the risks
affecting multiple interrelated sectors considering potential mismatch in water availability and
demand from high water availability upstream areas to high water demand downstream areas.

The SDM application considered climate change RCP4.5 and 8.5 short and long-term simulating
future conditions of water availability in terms of volume stored in different reservoirs and river
streamflow. Moreover, water demand was replicated considering the hydropower needs in terms of
water turbined, agricultural need in terms of water for irrigation, domestic demand for inhabitants and
tourism presences, and finally ecological flow demand to sustain the existing mountain Noce river
ecosystems.

Final outcomes explored potential unbalanced conditions of water use in the three sub-catchment
areas looking at their future conditions that can potentially lead to water scarcity with multiple effects
on different economic activities. In particular, results show a precipitation decrease affecting river
streamflow with consequences on water stored and turbined in all dam reservoirs of the Noce
catchment, especially for long-term climate change scenarios. Moreover, temperature scenarios will
increase the amount of water used for agricultural irrigation from upstream to downstream.
Nevertheless, decreasing population projections will have a beneficial reduction of water demand
from residents, hence partially counterbalancing an increasing demand from the other sectors. Such
conditions have relevant effects on the Noce catchment as a whole, considering upstream high water
availability areas to downstream high water demand areas.

These results can foster the discussion at local level supporting dam managers and decision-makers
to implement European policies to make our water management systems more resilient through
climate adaptation strategies at regional and local level (European Parliament & Council, 2000;
Alpine convention, 2013; European Commission, 2013).

Scope and objectives

This thesis aims to advance the current knowledge on multi-risk assessments adopting a systems
thinking perspective. This perspective aims to account for dynamical interactions among variables
involved in risk processes for the assessment of multi-risk conditions. In particular, the water-energy-
food Nexus perspective was here transferred to unravel complex interplays characterizing multi-risk
processes towards a more comprehensive assessment of risk.

The thesis structure is based on three research papers exploring multi-risk processes and the use of
an integrated System Dynamics Modelling approach to address climate and anthropogenic impacts on
water availability and demand. All the papers are connected together to address multi-risk
assessments within the climate change context in mountain regions.

Moreover, each paper is characterised by specific research questions defining the goal and
boundaries of the study. For each research question, different sub-questions were identified to better
characterize the research objectives.

The first paper investigated the current challenges related to multi-risk assessments exploring the
current definitions and proposing an innovative framework that integrate multiple relations among the
main components of the risk equation. Starting from such a definition, a literature review on different
methodological applications (i.e. Bayesian networks, agent-based modelling, System Dynamics, event
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and fault trees and hybrid model) was implemented addressing multi-risk assessments with a specific
focus on mountain regions. This explorative study aimed to clarify what a multi-risk assessment
means and what are the available tools to address it.

Research questions paper 1:

* What are the essential characteristics of a multi-risk process?
e How can multi-risk processes be modelled in order to represent their essential characteristics
(e.g. spatial, temporal variation and uncertainty)?
* What are the available and innovative methodologies to support multi-risk assessments for
climate change adaptation?
Within these research questions, we aimed to fulfil two main objectives:

Objectives paper 1:

* To explore and better characterise multi-risk assessments definition
* To identify and analyse advantages and drawbacks of 5 available methodologies for multi-
risk assessments within the climate change context in mountain regions
Starting from the paper 1 findings, we identified SDM as a suitable methodology providing

innovative insights on dynamic variable interactions and feedback loops. This approach has already
been applied by the water-food-energy Nexus community and we transferred and extended such
perspective to the multi-risk assessments field. A System Dynamics Model was then applied to
characterise the vulnerability of the S.Giustina mountain dam reservoir in the Italian Alps looking at
how climate change effects and hydropower operations may lead to potential water scarcity issues due
to a high water demand for hydropower production. This risk assessment application involved a case
with only one sector (i.e. hydropower demand) exposed to future climate change projections. In
particular, a System Dynamics model was coupled with probabilistic assessments of variables
dynamic interactions providing useful insights on dam functioning and the water volume stored.

Research question paper 2:

* How well System Dynamics Modelling can account for dynamical interactions of climate
change and water demand to assess long-term risk of water scarcity for a mountain dam
reservoir in the Noce catchment (province of Trento, Italy)?

Considering these research questions, we aimed to fulfil two main objectives:

Objectives paper 2:

e To explore the use of System Dynamics Modelling for a risk assessment considering its
potentialities and limitations
e To integrate statistical assessments within a SDM considering multiple sources of data for
climate risk assessments
The third study transferred and expanded the knowledge and findings gained in the two previous
applications into an integrated multi-risk assessment evaluating water scarcity effects on different
economic sectors (i.e. hydropower, agricultural, domestic and ecological). A systemic perspective was
hence considered encompassing interactions of climate change and anthropogenic activities and their
effects on both water availability and demand for future climate scenarios. This is of particular
importance for mountain regions where climate change is causing severe impacts on glacier melting
and snowfall reduction, while anthropogenic activities and their demand is growing. Moreover, the
high connectivity between upstream and downstream areas plays a significant role for a sustainable
water resource management. Multi-risk conditions can propagate spatially due to the lack of an
integrated management triggering impacts from upstream to downstream areas. For these reasons, the
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SDM developed in the second paper was further expanded including a cross-sectoral and spatially
explicit assessment of bio-physical and socio-economic interactions involved in unsustainable
conditions of water use within the Noce river catchment. This methodological application represents
an initial step to work at intra-regional level addressing water scarcity and drought events
intensification providing useful information for policy-makers.

Research question 3:

* How well can System Dynamics Modelling integrate biophysical and socio-economic dynamic
variables interactions to assess potential multiple-risk conditions due to water scarcity in the
mountain Noce catchment (province of Trento, Italy)?

Within these research questions, we aimed to fulfil two main objectives:

Objective 3:
* To develop a cross-sectoral and spatially explicit System Dynamics Model to assess multi-risk
conditions

* To contribute to improve water management in a mountain case study preparing for future
conditions of water scarcity
Finally, Figure 1 depicts the thesis structure representing the consequentiality of each paper aiming
to explore the current challenges of multi-risk assessments within the context of climate change in
mountain regions.

Introduction

Research questions and papers objectives

¢

Literature review

Multi-risk terminology and framework
Comparative review of innovative methodologies for multi-risk assessments

¥

Stochastic System Dynamics Modelling

Climate risk assessment of water scarcity for one alpine dam reservoir implementing a
stochastic System Dynamics Modelling

L

Integrated multi-risk assessment

Cross-sectoral and spatially explicit multi-risk assessment of water scarcity in the Noce
catchment (Italy)

¢

Discussion and conclusions

Key findings of research
Future developments

Paper 1

Paper 2

Paper 3

- vy R A . S

Figure 1 - Thesis structure
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Paper 1 - Multi-risk assessment in mountain regions: a review
of modelling approaches for climate change adaptation

Introduction

Future scenarios of climate change show an increase of frequency and magnitude of natural
hazards that will affect our society and the environment (IPCC, 20144, 2014b; European
Environmental Agency, 2017). The need to prepare and adapt to multiple climate events is
internationally recognised as a fundamental step towards the development of resilient societies
(UNISDR, 2015). Assessing the dynamics of multi-risk processes and climate change requires
unravelling the magnitude and frequency of different hazardous events over space and time, and
exploring how these extremes interact with dynamic social and economic fabrics and processes.

Various possible combinations generating climate risk are characterised by non-linear interactions
and feedback loops among three crucial components: (i) climate hazards (e.g. heat waves, droughts,
floods, landslides, avalanches), (ii) territorial elements exposed to risk (e.g. built-up areas, critical
infrastructures, agriculture, tourism) and (iii) cross-sectoral and dynamic vulnerabilities of the
exposed elements (e.g. people mobility, education levels and technology diffusion) (Gallina et al.,
2016; Kappes et al., 2012; Carpignano et al., 2009). In particular, the interactions among
environmental variables constitute the mechanism triggering potential cascading, synergic or
antagonistic effects of different natural hazards (Gill and Malamud, 2014, 2016; Xu, Meng and Xu,
2014; Kumasaki et al., 2016). In addition, socio-economic activities can be exposed to multiple
climate hazards or generate cascading effects on others anthropogenic processes due to their
characteristics of high interdependent vulnerability (Gill and Malamud, 2017; Zio, 2016; Petit et al.,
2015; Rinaldi et al., 2001).

Mountain regions represent significant vulnerable areas with specialized natural and human
systems (e.g. alpine species, valley population density, tourism-based economy) exposed and
susceptible to climate change (Zebisch et al., 2011; United Nations, 2012). Modifications in snow
precipitation and glaciers melting trigger consequences in the management of water used for
hydropower production and for agricultural irrigation, calling for climate change adaptation measures
to avoid future cascading impacts on different sectors (Beniston and Stoffel, 2014; Fuhrer et al., 2014;
Balbi, 2012).

Currently, holistic assessments of future climate change impacts in mountain environments are
still in their infant phase. Pioneering multi-layer single hazard/risk analysis integrating cause-effect
matrices, vulnerability indices and fragility curves have been recently used as first step toward multi-
risk assessment (Forzieri et al., 2016; Kappes et al., 2012; Marzocchi et al., 2012, 2009; Delmonaco et
al., 2006; Bell and Glade, 2004;).

However, they show some limits in modeling the dynamic interdependencies and cascading
effects among (and within) the risk components and can result in misleading assessments of potential
impacts.

Therefore, there is the need to identify cutting-edge modeling approaches and tools able to: consider
correlations among multiple (conjoint or cascading) hazard events; evaluate the multiple risk
pathways for natural and human systems under current or future climate and anthropogenic pressures
(e.g. land use changes).

Bayesian networks, agent-based models, system dynamic models, event and fault trees, and
hybrid models have been recognised as suitable methodologies in addressing a wide range of complex
environmental problems. These methodologies have been used in integrated environmental modelling
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through the combination of qualitative and quantitative information (Mallampalli et al., 2016;
Hamilton et al., 2015; Kelly et al., 2013; Jakeman et al., 2006), in climate change impact studies
through uncertainty analysis (UK Climate Impacts Programme, 2003; Maani, 2013) and in the critical
infrastructures field through the analysis of interdependencies and cascading effects (Ouyang, 2014;
Satumtira and Duenas-Osorio; 2010 Eusgeld et al., 2008).

However, previous applications of these methodologies addressing multi-risk assessments,
climate and future changes for vulnerable regions are limited in number (Sperotto et al., 2017; Gallina
et al., 2016; Nadim et al., 2013; Environment Agency, 2007).

This study profiles five broad categories of methodologies analysing their contributions and
limitations in addressing critical aspects of multi-risk modelling within the context of climate change.
We explored their applications for vulnerable environments with a focus on mountain regions
distressed by climate change impacts (e.g. temperature increase, precipitation variation) and direct
anthropogenic pressures (e.g. socio-economic development, population growth, land-use change).

After introducing a conceptual framework showing the complexity and challenges of multi-risk
components in mountain regions (Section 1); the paper discusses the main methodological and
technical features of multi-risk assessments (Section 2) and finds out benefits and limitations of five
distinguished modelling approaches (Bayesian networks, agent-based models, system dynamic
models, event and fault trees, and hybrid models) for climate change multi-risk assessment in
mountains (Section 3). Finally, Section 4 synthetizes the main findings of the review highlighting the
future challenges to represent climate change effects on multi-risk processes for an effective
implementation of climate adaptation strategies.

1. Multi-risk and climate change in mountain regions

At an international level, the fifth Assessment Report (AR5) of the IPCC Working Group |1
(WGII) has defined the key components that lead to climate-risk events: hazard, exposure and
vulnerability. While climate change exacerbates the development of hazards, the number of elements
exposed and their degree of vulnerability are affected by socioeconomic processes (Figure 1).

IMPACTS

Vulnerability SOCIOECONOMIC
(bl PROCESSES

Socioeconomic
Pathways

Natural
Variability

Adaptation and
Mitigation
Anthropogenic Actions

Climate Change

Governance

EMISSIONS
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Figure 1 - IPCC AR5 components leading to risk of climate related impacts (IPCC, 2014a)
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Even if the IPCC diagram provides a general conceptual basis for climate risk assessment, it does
not represent the multi-faceted relationships typical of multi-risk processes (e.g. chain of impacts and
feedback loops) (Zscheischler et al., 2018). As recently endorsed by the United Nations Sendai
Framework (UNISDR, 2015), it is important to integrate the concepts of multi-hazard and multi-
sectoral assessments to strengthen risk reduction practices. According to recent literature (Kappes et
al., 2012; Gallina et al., 2016) the adoption of a multi-risk perspective requires the consideration of a
specific glossary including new concepts such as multi-hazard, multi-vulnerability and multi-hazard
risk. In particular, as explained in Gallina et al. (2016), it is necessary to expand the traditional risk
components (hazard, exposure and vulnerability) into multi-hazard, exposure and multi-vulnerability
dimensions in order to represent the complex multi-risk interactions.

Here we show the application of the multi-risk paradigm in climate change impact and adaptation
assessments, with an illustrative example of a conceptual framework for mountain regions (Figure ).
As discussed in the following sections, within the figure is possible to identify the variables to be
analysed for each multi-risk component and their interactions (e.g. floods triggering erosion and
landslides). However, other important features of multi-risk assessments, such as feedback loops and
cross-components relations (e.g. the double effects of urban-land regulations on both the number of
element exposed and the hydrological conditions linked to hazards development), are still difficult to
be represented in a diagram, and require further level of analyses through innovative modelling
approaches.

1.1. Mountain multi-hazard

Multi-hazard refers to the different interacting hazardous events that can lead to greater impact
than the sum of the single hazard effects. The nature and combination of these interactions (e.g.
cascade events, increase/decrease of probability and spatio-temporal coincidence) has already been
analysed by different authors (Gill and Malamud, 2014, 2016; Xu, Meng and Xu, 2014; Kumasaki et
al., 2016; Mignan, Scolobig and Sauron, 2016). However, this framework focus on potential
cascading effects in mountain environments, therefore shifting the attention from a multi-layer single
hazard approach to a multi-risk perspective. Blue boxes outline hazard factors and biophysical
processes that affect hydrogeological extreme events (e.g. landslides, floods, avalanches). Although
spatio-temporal dynamics are not represented in the description of risk processes, both interactions
and feedback loops show the high connectivity of multiple consecutive events, for example the
landslide-flood cascade. In addition, climate change and socio-economic processes act as external
drivers on the biophysical multi-hazard processes affecting both their probability of occurrence and
magnitude, as also shown in the IPCC AR5 diagram.
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Figure 2 - Conceptual framework for mountain regions expanding the risk components into multi-hazard, exposure, multi-
vulnerability and multi-risk.

1.2 Exposure and multi-vulnerability

IPCC (2014a) defined exposure as “the presence of people, livelihoods, species or ecosystems,
environmental functions, services, and resources, infrastructure, or economic, social, or cultural assets
in places and settings that could be adversely affected”. Moreover, the IPCC also defines vulnerability
as “the propensity or predisposition to be adversely affected. Vulnerability encompasses a variety of
concepts and elements including sensitivity or susceptibility to harm and lack of capacity to cope and
adapt”.

To extend these concepts towards multi-risk assessments it is important to refer to a multi-
vulnerability perspective as the ensemble of interconnected and dynamic vulnerabilities among
different exposed elements (Jurgilevich et al., 2017;Connelly et al., 2015).

Mountain ecosystems, built-up areas, transport route, tourism, critical infrastructures, agriculture
and health are possible exposed macro-categories represented in orange boxes, while factors of
sensitivity, coping and adaptive capacity are reported in green boxes (e.g. age, technology diffusion,
ecosystem specialization), in the multi-vulnerability component. Blue arrows highlight the presence of
interdependencies on different exposed elements, such as the increase of tourism fluxes sustaining the
creation of new built-up areas, or the connection between a transportation route and a critical
infrastructure (e.g. a hospital). Dependencies are also shown within the multi-vulnerability box
reporting connections involved both in the susceptibility variables (e.g. age->mobility>risk
preparedness) and in the coping or adaptive capacity (e.g. governance->regulations—>subsidies—>crop
variety). Moreover, exposure and multi-vulnerability are strictly related. Critical infrastructures
represent a clear example of these relations, providing services to other sectors (e.g. tourism and
health) and having consequences on the vulnerability of other elements if affected (e.g. mountain road
interruption due to a landslide can increase health vulnerability for elders). Finally, the various
combinations of vulnerability factors and exposed elements in the multi-risk issues call for a joint
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analysis of these two components integrating competences and information coming from different
fields (i.e. social, economic, and environmental).

1.3. Multi-risk

The comprehension of the multi-risk concept is based on the multi-hazard and multi-vulnerability
pillars (Gallina et al., 2016). In particular, the multi-hazard refers to all the possible interacting
hazards that can affect the same elements exposed, while the multi-vulnerability considers dynamic
and connected vulnerabilities of different elements exposed. Therefore, as depicted in Figure , multi-
risk stem from the multi-faceted combinations and interactions among multi-hazard, exposure and
vulnerability, determining multiple “risk pathways”, pictured by the shaded grey triangle in figure.

Considering the complexity of representing all the possible combinations of risk pathways, in
Figure we reported few examples illustrating two possible multi-risk configurations due to: (i)
dependent vulnerabilities among elements exposed for the left red boxes (i.e. a landslide damaging a
critical infrastructure and affecting the access to health services), or due to (ii) the presence of
multiple hazards affecting the same elements exposed, for the right boxes (e.g. a flood and a landslide
hitting the same built-up areas).

Despite the inclusion of a multi-hazard perspective, Figure still demonstrates limitations in
capturing the complexity of multi-risk processes both providing little information on the sequence of
risk dependencies and neglecting feedback loops and interactions among risk components.

The number of components, interactions and combinations of risks make the study of climate
change issues of particular complexity. Although it is internationally recognised to adopt multi-risk
governance principles, it is still not clear how to assess the combination of multiple effects and
integrate effective strategies.

A clear analysis of multi-risk processes calls for the application of innovative methods that are
able to represent distinctive features of risk such as cross-disciplinary features, spatial and temporal
dynamics and possible future scenarios of impacts.

2. Challenges of modelling multi-risk in mountain regions

Once we recognised the components and the complexity of multi-risk processes, two main
guestions emerged: (i) what are the distinctive features of multi-risk processes? (ii) what are the
available tools to address them?

The aim of this section is to identify and describe the methodological and technical distinctive
features (i.e. criteria) characterizing a comprehensive multi-risk assessment. Seven criteria were
chosen to explore the suitability of each model to address: (i) uncertainty management, (ii) feedback
loops, (iii) temporal dynamics, (iv) spatial analysis, (v) cross-sectoral assessment, (vi) stakeholder
engagement and (vii) adaptation strategies integration. In addition to these, (viii) data input and (ix)
level of complexity provided technical information on models suitability.

2.1. Uncertainty management

Dealing with interactions of natural hazards with society in the context of climate change means
handling frequency of occurrence and joint probabilities of multiple impacts (Warren, 2011).
Considering that various chains of events can lead to the evaluation of direct and indirect impacts
propagation, the uncertainty assessment is challenging but fundamental for the comprehension of
future climate impacts.
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This criterion was selected to account for the uncertainty surrounding risk modelling in short and
long-term: from the uncertainty of occurrence of future natural hazards where there have never been
(e.g. water scarcity in mountain regions) to that of socio-economic dynamics influencing the number
of exposed elements and their vulnerabilities (e.g. population concentration in flood-prone valley
bottoms).

Finally, the integration of uncertainty analysis in a model offers a support for risk modellers and
analysts in selecting suitable approaches and fostering informed and transparent decision processes.

2.2. Feedback loops

Natural hazards, socio-economic systems and climate change are characterized by non-linear
interactions and feedback loops within and across them (European Environmental Agency, 2017,
Dawson, 2015).

The identification of interactions distinctive of mountain environments underpins a comprehensive
assessment of the causes, cascading effects and adaptation strategies of risk processes (Gallina et al.,
2016; Birkmann et al., 2013).

This criterion was selected to provide information on the reinforcing and balancing characteristics
of interactions within and across mountain hydrogeological processes leading to hazard phenomena
(e.g. glaciers melting—>smaller glaciers creation—>increase of glaciers melting). Moreover, it
considers socio-economic fabrics looking at potential interactions influencing the vulnerabilities of
elements exposed in a risk perspective (e.g. economic subsidies to high water consuming agricultural
practices triggering water issues for domestic use).

2.3. Temporal dynamics

One of the challenges posed by multi-risk events is the representation of their dynamics in space
and time. For this reason, the concept should incorporate dynamic changes of vulnerability for
different categories of exposed elements and connected among each other (Gallina et al., 2016). This
concept brings about the necessity of representing evolving interactions of both socio-economic and
biophysical dynamics which contribute to the development of risk processes (Fuchs et al., 2013).

This criterion addresses the methodological integration of dynamical processes to describe both
slow-onset projections (e.g. permafrost melting, demographic increase) and rapid changes in the risk
assessment chain (e.g. rock-fall preventive evacuation). Specific information on the simulation time
length and steps adopted are provided for each application in Table 1 of the Supplementary Material.

2.4. Spatial analysis

Spatially explicit risk assessments can help planners and decision-makers to estimate the risks
identifying the most exposed areas (Grét-Regamey and Straub, 2006; Gallina et al., 2016).
Characterizing the overlapping hazards, the number and category of elements threatened by multiple
events, and their future scenarios can foster the prioritization of adaptation strategies.

In our review, the spatial analysis refers to the integration of remotely sensed data on land use and
cover at valley bottoms and on slopes, potential hazard extensions and locations of affected
population and infrastructures using geographic information systems. Finally, the use of hotspots
indicators provide information on the type of territorial systems exposed to overlapping hazards,
connecting spatial data to social and economic fabrics potentially affected.
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2.5. Cross-sectoral assessment

The importance of analysing future climate impacts spanning across different sectors has been
introduced in Gallina et al. (2016) in order to “systematically estimate the chain from greenhouse
gases emissions, climate change scenarios and cascading impacts affecting simultaneously multiple
natural systems and socio-economic sectors”. This criterion moves away from the perspective of
independent single sectors causing misrepresentation of climate impacts and hence of possible
adaptation measures (Harrison et al., 2016).

Here we consider interactions and feedbacks among mountain hydrogeological features and
socio-economic characteristics (e.g. water availability-hydropower production-industrial production),
exploring if the applications achieve a cross-sectoral assessment and which sectors have been
considered (e.g. biophysical, social and economic).

2.6. Stakeholder engagement

The cross-disciplinary nature of climate-risk issues and their consequences on human-
environment systems need the integration of experts and stakeholder knowledge (van Aalst, Cannon
and Burton, 2008; Dd6ll and Romero-Lankao, 2017). Although a hazards probability assessment is
usually performed through expert knowledge and quantitative modelling, a collaborative approach
integrating qualitative information from the social and environmental fields can improve the
understanding of risk processes and adaptation measures effectiveness (Komendantova et al., 2014;
D6ll and Romero-Lankao, 2017). For this reason, this criterion considers the engagement of
stakeholders for model design, implementation and for communication of results (Table 1). Finally,
for each application specific information on the modality of stakeholder involvement is demonstrated
according to the use of surveys, workshop, conferences or role games in Table 1 of the Supplementary
Material

2.7. Adaptation strategies integration

The final aim of climate-risk studies often involves the identification of effective adaptation
strategies robust to future changes in climate and socio-economic conditions (Harrison et al., 2016).
Misleading risk assessments can lead to the implementation of maladaptation practices, for example
reducing the risk to one hazard can actually increase the risk to another hazard (e.g. adaptation
strategy of moving houses from an area exposed to flood to an area exposed to landslide), or ignoring
the effects of one hazard on the adaptation strategies again another hazard (e.g. earthquake damaging
river levees that collapse during a flooding event (Griinthal et al., 2006)). Hence, multi-risk
assessments should evaluate the efficiency of adaptation options and strategies through consideration
of cross-sectoral interactions and cascading effects (Birkmann, 2011; Dawson, 2015).

For these reasons, this criterion is here used to explore which studies have assessed climate-risk
implementing and evaluating the effectiveness of adaptation strategies both structural (e.g. flood
barriers, rock protection nets) and non-structural (e.g. evacuation routes, preventive behaviours). This
distinctive feature of multi-risk assessments moves the attention from an impact assessment
perspective towards active strategies that can be put in place to make our communities more resilient.
For each model description, different types of adaptation strategies have been analysed, highlighting
the feasibility of including them into each modelling technique.

2.8. Data required
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The choice of a modelling technique often has to consider the quantity and quality of available
data. Similarly to Kelly et al. (2013) and Eusgeld et al. (2008), this criterion takes into account the
various input data ranging from surveys with stakeholders providing qualitative indicators, to
guantitative measurable observed parameters. For this reason, two classes of data have been
identified:

2.9.

Qualitative: considers data coming from local stakeholder and expert involvement, providing
opinions and semi-quantitative values (e.g. ordinal rankings), for example, on hazards
extension and vulnerability perception. This class embraces risk perceptions of local
population and their evaluation on the need or the effectiveness of territorial risk reduction
practices.

Quantitative: refers to measurable data used as input for the modelling approaches.
Quantitative data provides precise information of variables of interest, which can be used for
simulations of hazards and vulnerable systems dynamics for risk management purposes.
Among others, it included land use data, population census data, time series and future
scenarios of temperature and rainfall data.

Level of complexity

Similarly to Mallampalli et al. (2016) and Ouyang (2014), this indicator provides concise
information on the resources (i.e. quantity and quality of input data), time and ease of use needed for
the application of modelling approaches. In order to cover the wide differences in complexity, we
have characterised three levels: low, medium and high.

Low complexity accounts for an intuitive graphical representation fostering the integration of
stakeholder information within the model. Although this process speeds up the creation of a
model and can include local knowledge and needs (e.g. from mountain communities), a low
complex model shows limitations in representing spatial and temporal dynamics.

Medium complexity encompasses the use of either spatial or temporal representation,
provides accurate information on a mono-sectoral perspective and usually integrates
guantitative data.

High complexity includes elements of sectoral interdependency, spatial and temporal
dynamics of risk. According to the aim of the analysis, different models can be combined
working in synergy at macro- and micro- levels with both socio-economic and environmental
information towards an integrated risk assessment.

3. Reviewing five modelling approaches for climate multi-risk

assessments

The need to explore new approaches to model multi-risk, climate change impacts and
vulnerability fostered the analysis of different methodologies (Kappes et al., 2012; Gallina et al.,
2016). This review does not claim to cover all the available methodologies for multi-risk assessments,
but it profiles Bayesian networks (BNs), agent-based models (ABMs), system dynamic models
(SDMs), event and fault trees (EFTSs) as well as hybrid models (HMs), since they have been used to
address a wide range of complex environmental problems:

in integrated environmental modelling through the combination of qualitative and quantitative
information (Mallampalli et al., 2016;Hamilton et al., 2015; Kelly et al., 2013; Jakeman et al.,
2006),
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¢ inclimate change impact studies through uncertainty analysis (UK Climate Impacts
Programme, 2003; Maani, 2013) and

¢ in the critical infrastructures field through the analysis of interdependencies and cascading
effects (Ouyang, 2014; Satumtira and Duenas-Osorio, 2010; Eusgeld et al., 2008).

Moreover, Sperotto et al. (2017), Gallina et al. (2016), Dawson (2015), Nadim et al. (2013) and
Environment Agency (2007) recommended the application of these approaches as a feasible way in
addressing complex risk assessments.

For each approach a general description is provided, followed by an overview of applications in
multi-risk assessments based on the benchmarks established in the multi-risk distinctive criteria
(Section 2). Finally, the main drawbacks and advantages for the application of each modelling
approach for multi-risk assessment mountain areas are discussed, providing a roadmap for future
research in this field. Whereas studies on mountain risk processes were not found, the review included
references to risk assessments in different environments (e.g. urban, coastal, plains) whose
considerations can be extended to specific aspects of mountain risk analysis (e.g. water management
consequences for lowlands). A qualitative synthesis of limitations and benefits for each methodology
can be found in Table 1, while a discussion on each methodology’s application according to more
specific criteria is demonstrated in Table 1 of the Supplementary Material.

3.1. Bayesian networks

General description

Bayesian networks (BNs) are a tool explicitly dealing with probabilities of occurrence and
uncertainty analysis. They represent a set of random variables and their conditional dependencies
according to the definition of Directed Acyclic Graph (DAG) (Pearl, 1988). Each node in the graph is
associated with a random variable, while the edges between the nodes represent probabilistic
dependencies among the corresponding random variables.

Mountain applications

BN studies have been applied to perform decision-making in risk assessments for a wide range of
environmental issues (\VVogel et al., 2014; Uusitalo, 2007;). However, BNs applications considering
climate and multi-risk are still limited, especially in mountain regions. In particular, Song et al.
(2012), Balbi et al. (2016) and Grét-Regamey & Straub (2006) are reported and analysed for their
specific focus on mountain risk assessments. Song et al. (2012) considered a potential interaction of
two hazards (i.e. earthquake triggering multiple landslides) analysing the most influential parameters
involved in landslide generation. Balbi et al. (2016) considered flood risk coupling quantitative and
semi-quantitative data for the assessment of potential human impacts and effectiveness of early
warning systems. Grét-Regamey & Straub (2006) performed an avalanche risk assessment at local
level in Switzerland considering potential impacts for people, buildings and transportation means.

Multi-risk criteria fulfilment

The graphical representation makes BN suitable for application in decision-support for the
management of complex environmental issues through the involvement of experts and stakeholders
(Cain, 2001; Aguilera et al., 2011). Although their use in describing relations and uncertainty in
multi-risk perspective is not yet largely diffused, Nadim et al. (2013) presented and discussed the
advantages of BN applications in addressing multi-risk issues within the European FP7 MATRIX
project. Their inherent management of uncertainties make them a suitable tool for studying the
occurrence of multiple events and climate change projections characterized by high degree of
uncertainty (Sperotto et al., 2017).
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Moreover, Liu et al. (2016a), van Verseveld et al. (2015) and Song et al. (2012) represented the
interactions of multiple hazards striking on the same exposed territorial systems accounting for
potential cascading effects among hazards. In particular, Liu et al. (2016a) and van Verseveld et al.
(2015) respectively considered two independent hazards and four simultaneous hazards, while Song et
al. (2012) carried out a multi-hazard assessment, focusing on the landslides distribution and assessing
the factors influencing earthquake-induced landslides.

Despite the fact that BN are acyclic graphs, and hence cannot represent feedback loops among
their nodes, it is possible to overcome this limitation introducing a time step approach. Through this
particular technique, also known as “dynamic Bayesian network”, feedback loops are considered as
connections at a precise time step (Sperotto et al., 2017). In particular, Molina et al. (2013)
implemented a time step approach to evaluate future impacts of climate change scenarios on
groundwater resource in SE Spain, assessing potential adaptation strategies in vulnerable aquifer
systems. Moreover, Catenacci & Giupponi (2009) reviewed the effectiveness of BN in addressing
future scenarios of climate change for adaptation policies. Although some applications explored
dynamic simulations, the temporal dynamic integration still represents one of the main weaknesses of
BN, bringing an increase of complexity and computation time in case of time steps management
(Aguileraet al., 2011).

In addition to temporal dynamics, a multi-risk perspective can make use of spatial analysis and
characterisation to support decision makers. However, BN cannot autonomously manage spatial
evaluations, but it can be combined with GIS software to deal with the assessment of hydrogeological
hazard extension and exposed mountain territorial elements. Within this context, Balbi et al. (2016)
described the probability of direct injury for people exposed to flooding events working with a GIS
polygons approach. In the same way, Grét-Regamey & Straub (2006) assessed mountain avalanche
risk in Switzerland using a GIS cell-by-cell method. Moreover, in both these publications, risk
adaptation strategies (i.e. evacuation and early warning system) have been included in the models,
allowing the assessment of risk reduction practices and their uncertainty.

BN can also integrate nodes representing indicators on potential elements exposed and their
vulnerability from a socio-economic point of view as implemented by Balbi et al. (2016) and Liu et al.
(2016a). These cross-sectoral information contributed to a better description of vulnerability dynamics
and a more accurate quantification of the impacts of natural hazard (Liu, Siu and Mitchell, 2016a).

The flexibility to integrate experts’ opinion, indicators and qualitative information with empirical
data makes BN suitable for participation of stakeholders and experts in the whole model development
process. However, the degree of participation of stakeholders depends on their knowledge and
comprehension of the conditional probability concept (Cain, 2001; Aguilera et al., 2011).

Finally, BN can be used to communicate results to experts and assist the decision-making process
considering the uncertainty associated to the results (Balbi et al., 2016).

Different studies on natural hazards have also adopted a data-driven learning approach for the
creation of BNs starting from historical data and their dependencies (Vogel et al., 2014; van
Verseveld et al., 2015).

Although this approach provides a quantitative identification of the relations, it also requires a high
amount of input-data. In these cases the complexity can easily increase, especially if integrates a
dynamic Bayesian method, where conditional probabilities have to be update at each time step.

Future challenges

BNs applications demonstrated already existing knowledge dealing with mountain environment
and multi- risk assessments. The explicit management of uncertainty in this method makes it a
suitable tool to study potential interactions of hazards accounting for their probability of occurrence.
Applications mainly involved quantitative information, nevertheless Pope & Gimblett (2015) engaged
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the population for a bottom-up network creation, showing their use in case of poor quantitative data
and stakeholder engagement. However, integration of feedback loop, spatial and temporal dynamics
represent the future challenge to be explored to enhance the effectiveness of this method for climate
change adaptation.

3.2. Agent-based models

General description

Social interactions and dynamics towards the representation of emergent phenomena at macro
level (Gilbert and Troitzsch, 2005; Janssen, 2005). Within this field, agent-based models (ABMs) are
used for the description of the ensemble dynamics of a system and are composed of three elements:
the agents, the environment and time. These elements interact according to natural and social sciences
rules (i.e. physical based and behavioural theories) creating an overall dynamic which is not just the
aggregation of the individual entities.

Mountain applications

When dealing with complex systems in mountain regions, ABMs were applied to understand the
emergent behaviour in case of climate change scenarios. In particular, Balbi et al. (2013) applied an
agent-based approach to assess the socio-economic consequences at local level looking at behaviours
of winter and summer tourists for different snow cover scenarios in the Alps. Moreover, Girard et al.
(2015) considered a mountain environment to understand salamander population distribution and
dynamics in case of temperature and water availability variation due to climate change.

Multi-risk criteria fulfilment

Due to their abilities of representing collective social dynamics, ABMs have also been applied for
the study of different conditions of social and policies choices during disasters (Eid et al., 2017;
Mashhadi Ali, Shafiee and Berglund, 2017). These characteristics make ABMs suitable to trace
behavioural features, social interactions and feedback loops among agents subjected to physical
pressures from natural hazards in different spatial and social contexts (e.g. mountain regions, social
and economic networks) (Sobiech, 2013).

Often a conceptual framework is developed before their implementation. This step is used for a
clear definition of the dynamics and to visualize the overall model structure. For this purpose, Acosta
et al. (2014) and Balbi et al. (2013) applied the unified modelling language (UML), coming from
computer science techniques, but other “class diagrams” are also available (Muller et al., 2013;
Grimm et al., 2006). In particular, guidelines and techniques to improve the application of ABMs
were introduced by Grimm et al. (2006), Grimm et al. (2010) and Mdiller et al. (2013) in order to
review the standard protocol, to describe agent’s behaviours and define human decision-making rules.

Due to its characteristics of explicit temporal dynamic description, ABMs were applied to look at
future scenarios of human-environment interactions. In particular, Mashhadi Ali et al. (2017), Haer et
al. (2016) and Girard et al. (2015) integrated future scenarios of climate change representing social
dynamics and interactions with the environment for risk assessment purposes. In addition to climate
change scenarios, Acosta et al. (2014) and Balbi et al. (2013) also considered future economic
changes as main drivers of social emergent behaviours, assessing potential consequences at local
level.

Another important characteristic of ABMs is the ability to reproduce movements and changes
over a space grid, importing geographic information from GIS software and working on a cell-by-cell
basis (Eid et al., 2017; Acosta et al., 2014; Filatova et al., 2013; Dawson et al., 2011). The grid-based
maps outputs of the simulations can also integrate vulnerability changes over time, accounting for
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human behaviours during flood events and providing guidance for decision making strategies as in
Dawson et al. (2011) and Haer et al. (2016).

Moreover, structural and non-structural adaptation measures can also be implemented and tested
within the model, evaluating their effectiveness in the whole risk assessment chain: from emergency
strategies to reduce the number of exposed targets, to preventive actions for hazards extension
containment and post-events impact evaluation (Balbi et al., 2013; Sobiech, 2013; Balbi and
Giupponi, 2009).

One limitation of ABMs is their lack to explicitly assess uncertainty, which make them a
deterministic method and can lead to the “truth-machine” misinterpretation (Balbi and Giupponi,
2009; Sobiech, 2013). However, simulations through Monte Carlo analysis remain a common
approach for the management of uncertainties (Mallampalli et al., 2016; Kelly et al., 2013).

On the other side, their high potentiality for stakeholder involvement make them suitable for
identification and description of agent’s behaviour rules through the use of workshops and public
surveys. In particular, Becu et al. (2016) showed how the application of immersive game theory for
stakeholder involvement can foster social learning on coastal risk prevention measures. Although this
application focuses on coastal environment, the game approach can be extended to engage inhabitants
in mountain environment, collecting risk perception information on gravitational processes, enhancing
risk awareness and giving credibility to risk reduction behaviours.

However, dealing with behavioural rules also means to collect and work with a big amount of
data related to agents profile characterization and complex social and physical interactions (Balbi et
al., 2013; Acosta et al., 2014). In case qualitative data are collected through stakeholder involvement,
it has to be translated into a semi-quantitative or quantitative input for the ABMs simulation. For this
reason, a trade-off between an extensive characterisation of environment and agents’ profiles, and the
complexity of the system under study needs to be considered to overcome a high level of complexity
and time required for its implementation.

Future challenges

ABMs demonstrated their capabilities in addressing climate change actions involving
interdisciplinary information across environmental, social and economic fields. However, mountain
applications are still limited in number although their characteristics make it a promising method for
risk assessment integrating micro-level interactions among agents and the environment with explicit
spatio-temporal references.

3.3. System dynamic models

General description

System dynamic models (SDMs) include a wide group of approaches to represent non-linear
behaviour of complex systems on a macro-level. Among these, the “stock-and-flow” approach
introduced by Forrester in 1971 to deal with macro analysis of socio-economic processes, it is
composed of quantities accumulation (i.e. stock) and quantity changes during time between stocks
(i.e. flow). SDMs representation is based on the analysis of the aggregated dynamics of systems
components whose systemic behaviour cannot be explained in terms of the sum of the single
components (Simonovic, 2015). SDMs have been used to describe dependencies and interactions
among different elements of a complex system in order to find the leverage points: parts of the system
to act on in order to trigger changes on the system as a whole. By doing so, it is possible to identify
the key points of a system and seek for possible measures to change its status.

Mountain applications
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None of the applications here considered involve multi-risk assessments or mountain regions
studies, but some of their considerations can be extended also for mountain regions applications.

Multi-risk criteria fulfilment

One of the main advantages of using SDMs models is the explicit representation of feedback
loops demonstrating the reinforcing and balancing effects among the elements of a system. The use of
feedbacks loops contributes to improve the comprehension of nonlinearities and complexity of the
considered system (Li & Simonovic 2002). Consequently, applications of SDMs are frequent for
macro analysis of social and ecological systems, which are characterized by a high degree of
complexity (Elsawah et al., 2017; Armenia et al., 2014). However, although multiple risk processes
are characterised by interdependencies, feedback loops and high complexity, risk assessments for
mountain environment involving SDMs need to be further explored. Deterministic representations of
uncertain behaviours of a system and models validation are among the limitations that needs to be
overcome through external methods, such as Monte Carlo simulations and model testing (Barlas,
1996).

Although SDMs well grasp temporal dynamics of the system, it shows limitations in representing
spatial characteristics (Simonovic and Ahmad, 2005; Ahmad and Simonovic, 2004). Improvements
have been reached through the combination of SDMs with GIS software. Sahin & Mohamed (2014)
and Maxwell (2011) showed cases where the spatial analysis was combined with SDMs model for a
spatio-temporal assessment of sea level rise and storm surge risks. Although the considered issues
refer to coastal environments, the methodological process could be extended to address hazard
characteristics in mountain regions and potential climate impacts on vulnerable exposed. In particular,
Maxwell (2011) integrated economic, social, environmental and cultural indices analysing the
dependencies among different sectors exposed. In the same way, Simonovic & Ahmad (2005)
integrated socio—economic information for the assessment of the major factors influencing human
behaviour during flood evacuations. In this case, the acquisition of socio-economic qualitative and
semi-quantitative data was performed through field surveys with the affected communities
representing the characteristics of the population and their risk perception. By doing so, it was
possible to translate data from the survey into input for the SDMs model and improve policy choices
related to evacuation warning dissemination (Simonovic & Ahmad 2005).

The integration of participatory approaches can strongly enhance the assessment of potential
adaptation measures looking at both structural and non-structural strategies for risk adaptation
(Simonovic and Ahmad, 2005; Stave, 2010). Although the translation and comparison of qualitative
to quantitative information is still an open-problem for risk modellers, the participation of
heterogeneous stakeholders can improve the effectiveness and credibility of adaptation strategies.
Moreover, stakeholder involvement aims at promoting social learning and identifying leverage
points for policy making purposes (Stave, 2010). Duran-Encalada et al. (2017) integrated several
policy adaptation measures (i.e. better infrastructures for water supply, water consumption reduction
and virtual water reduction) under different anthropic and climate change scenarios, extending their
assessments to future patterns of water use and availability.

The use of qualitative data in the model can represent a problem for accurate simulations. In
particular, whenever data is assumed by the modellers becomes difficult to find a correct way for its
calibration, affecting the accuracy of the simulation’s results. For this reason, SDMs are mostly
applied to foster the comprehension of the elements interactions within the system improving a
system-thinking approach.

Future challenges
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The level of complexity of SDMs depends on the system under study and the representation of its
spatial-temporal interactions. Higher number of connections and feedback loops can limit non-experts
participation, increasing the computational time and having consequences on leverage points
identification. SDMs have been used to depict intertwined socio-ecological system and the impacts on
natural resources, such as in water resource management under climate scenarios (Mereu et al., 2016).
However, their limited use in describing the interaction of multiple events and the cascading impacts
on exposed systems represents a future challenge to tackle forthcoming climate issues in vulnerable
environment.

3.4. Event and fault trees

General description

Event and fault trees (EFTs) methodologies have found wide applications in the field of safety
engineering, dealing with causes of infrastructure failures and the best ways to reduce them (Ruijters
and Stoelinga, 2015; Rosqvist et al., 2013; Clifton and Ericson, 2005). Fault trees have been used to
trace the events that can contribute to an accident or failure, while event trees consider the
consequences due to an accident, hence the identification of mitigation strategies (Sebastiaan et al.,
2012). Similarly to BN, these logic diagram are composed of nodes connected by means of branches
identifying different events scenarios. Each event is characterised by a defined probability of
occurrence, making these tools useful in identifying and modelling chains of events that lead to risk
processes (Dalezios, 2017).

Mountain applications

Applications in mountain environments for multi-hazard assessments purposes are presented
by Lacasse et al. (2008), Marzocchi et al. (2012), Sandri et al. (2014) and Neri et al. (2008). In
particular, Lacasse et al. (2008) addressed the potential risk arising from a rock-slide triggering a
tsunami, scrutinizing different potential early warning systems with the involvement of different
stakeholders. Moreover, the characteristic of mutually exclusive logic has been mostly used in a
multi-hazard perspective to evaluate chains of hazards originated from volcanic eruptions (Sandri et
al., 2014; Marzocchi et al., 2012; Neri et al., 2008).

Multi-risk criteria fulfilment

In case of non-linear systems, EFTs show limitations in representing feedback loops and bi-
directional relationships (Sebastiaan et al., 2012). Similarly to BN, they evaluate the probability of
occurrence of events using a probability density function, providing information on the uncertainty of
potential risk and considering temporal dynamics, through the “dynamic tree” method (Nadim et al.,
2013). Within this context, Frieser (2004) applied a dynamic event tree to assess flood prediction and
coordination of people evacuation. His application considered a probabilistic evacuation decision-
making model based on minimization of the overall costs (i.e. evacuation and flood damage).
Specifically, the evacuation decision-making process relied on flood level information updated on a
time step basis. Few applications considered EFTs together with spatial analysis. Marzocchi et al.
(2012) integrated a spatial analysis of the tephra fall hazard maps for Mount VVesuvius reporting the
percentiles of the annual probability per map pixel. Similarly, Sandri et al. (2014) mapped on 1x1 and
5x5 km grid the yearly annual probability for different hazards triggered by a volcanic explosion.
Finally, Neri et al (2008) integrated percentiles of hazard probability based on a broad segmentation
of the volcano area due to the topography characteristics.

Moreover, the flexibility of EFTs to incorporate qualitative and quantitative data makes them
a suitable tool for stakeholders and experts involvement. Participatory approaches can be included
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throughout models design and for the identification of potential mitigation strategies. In particular,
Lacasse et al. (2008) and Rosqvist et al. (2013) involved stakeholders and experts through workshops,
for an inclusive decision-making process on the risk perceived and the assessment of
countermeasures. Rosqvist et al. (2013) introduced an economic evaluation of the losses caused by
different future scenarios of flooding events, hence assessing the costs and benefits of flood protection
measures.

Other examples of adaptation strategies integration can be found in Peila & Guardini (2008),
where they considered different structural passive protection installations against rock falls for the
assessment of the yearly fatality risk reduction on a road. Furthermore, Lacasse et al. (2008) involved
scientists from different field of expertise to examine the most important factors characterizing
effective early warning systems against a rockslide. In this context, EFTs showed to be an intuitive
technique to set risk assessment with participatory purposes. In case of complex systems, they show
limitations in grasping non-linear behaviours and an increase in data required, with difficulties for the
involvement of public stakeholders and limiting the participation to experts only.

Future challenges

A possible layout for EFTs application is the bow-tie method. This approach, largely used in
industry risk assessments, integrates together EFTs for a comprehensive investigation of the upstream
conditions triggering an event, and the consequences downstream (Cockshott, 2005; Weber, 2006;
Shahriar, Sadig and Tesfamariam, 2012; Ravankhah, Schmidt and Will, 2017). Overall, applications
in mountain regions showed the suitability of EFTs in assessing chains of natural hazards. However,
this methodology has been mostly used to assess scenarios of hazard occurrence rather than
vulnerability factors. For this reason, the inclusion of spatio-temporal dynamics to fully represent risk
processes represent a future challenge for this methodology.

3.5. Hybrid models

General description

One of the main challenges in multi-risk assessment is the integration of information coming from
different fields and with different scales into one single assessment (Poljansek et al., 2017). Although
social and environmental sectors play a fundamental role in risk approaches (i.e. categories of
elements exposed and their multi-vulnerabilities), often risk assessments consider a multi-hazard risk
perspective for physical and economic losses evaluation (Gallina et al., 2016; Poljansek et al., 2017).
The combination of two models (i.e. hybrid model, HM) represents one possible path towards a better
comprehension and description of the multi-risk processes from different levels and sectors of
analysis. The studies here analysed regard mainly biophysical and socio-ecological processes linked
with water issues (i.e. floods, drought and water quality problems), looking at social and economic
components for an integrated risk assessment.

Mountain applications

Also for hybrid models, specifically applications involving multi-risk assessments or mountain
regions studies are very limited. For this reason, here we analyse studies that can be extended for
mountain regions applications.

Multi-risk criteria fulfilment

Existing studies considered the combination of a probabilistic evaluation performed by BN with
one deterministic approach, like SDMs or ABM (Bertone, et al. 2016; Phan et al. 2016; Wang et al.
2016; Pope & Gimblett 2015; Kocabas & Dragicevic 2013b). Advantages of this “hybridization”
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include the capacity of dealing with a high degree of uncertainty, the use of feedback loops and the
integration of quantitative and qualitative data.

Qualitative-data driven BN involving a participatory approach through stakeholder involvement
allows a quick creation of a model and the inclusion of local information to better characterise
people's perception on risk areas and legitimate risk reduction measures (Pope and Gimblett, 2015;
Phan, Sahin and Smart, 2016).

Moreover, Wang et al. (2016), Pope & Gimblett (2015) and Kocabas & Dragicevic (2013)
performed a spatial analysis together with discrete temporal representation, looking at changes of
systems variables and creating output maps. In addition to that, Pope & Gimblett (2015) also extended
the analysis to future scenarios of climate change, assessing water scarcity impacts across different
sectors (i.e. social, ecological and biophysical). Another example of evaluation for future conditions is
carried out by Kocabas & Dragicevic (2013) considering future increase of population and land use
change in urban environment. They incorporated agent’s behaviour and different decision-options into
a land-use hybrid model combining social and environmental perspectives.

The second “hybridization” category was applied by Martin & Schliiter (2015) combining ABM
and SDM. In this case, the hybrid model integrated emergent patterns of micro-level decision-making
with the analysis of the feedbacks and dynamics at systemic level. In this way, they worked on the
connections between environmental and socio-economic sectors looking to the emergent dynamics.
Specifically, they considered the ecological problem of anthropic pressures on a shallow lake,
simulating different human behaviours in terms of emissions and time needed for the lake ecological
restoration.

The evaluation of ecological dynamics and social processes allowed performing a cross-
disciplinary assessment of the sewage water pollution, unpacking the complexity of the socio-
ecological system. Moreover, they included a temporal assessment of the lake restoration dynamic
based on a public survey in order to understand the social conditions leading to the implementation of
ecosystem management measures.

Future challenges

As reported in Section 3.3 on system dynamics models, the amount of data required can be very
large according to the level of details used for the representation of the system. Overall, hybrid
models are highly complex due to the integration of methodologies working at aggregated or
disaggregated scales that need to communicate (Martin & Schliiter 2015, Kelly et al. 2013).
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Table 1- Decision matrix with five selected methodologies in the rows and nine criteria of multi-risk analysis in the columns. Qualitative information is provided for each cell and colours
correspond to the degree of fulfilment of the criteria: green= very suitable; yellow= suitable but with limitations; red= not suitable

Uncertainty Feedback Temporal Spatial Cross-sectoral Stakeholders Adapta.tlon . . .
. . ) strategies Data required Level of complexity Literature references
management loops dynamics analysis assessment involvement . .
integration
Medium complexit;
Stakeholder . . plexity (Dol and Romero-
. Model able to deal with | depending on the o
involvement through The model can L . Lankao, 2017; Liuetal.,
- Not common, . limited and large amount and quality .
Considering . . . . workshops at integrate L . 2016a; Balbi et al., 2016;
i Implementation Implementation of | although possible Integration of R . . amount of quantitative of data considered.
. conditional ; . . ) - . different stages: uncertainty . B van Verseveld et al.,
Bayesian networks s of a time step a time step if the model is socio-economic . data. It can include Time and data .
probabilities X . model design, assessment of L . . 2015; Molina et al.,
. approach approach integrated with parameters s . qualitative information needed can increase
among variables application and adaptation . . . 2013; Song et al., 2012;
GIS software L through participatory in case of continuous .
results policies r0CesSEs conditional Grét-Regamey and
communication P - Straub, 2006; Cain, 2001)
probability update
The model The model . Eid etal., 2017;
. Stakeholder . The model requires a ( AT
represents - Integration of . . represents social Mashhadi Ali et al.,
. . . The model exhibit k . involvement in . large amount of
Implementation of interactions and . socio-economic adaptation o 2017; Becu et al., 2016;
the dynamics of The model works workshops to R quantitative data to o
Agent-based model Monte Carlo feedbacks among ; . . parameters and . behaviours . s Haer et al., 2016; Girard
. . the simulated with grid maps simulate emergence determine agents .
simulations agents, . rules of collective plans and through agents behaviours and changes etal., 2015; Acosta et al.,
environment and 4 interactions . P interactions . . g 2014; Balbi et al., 2013;
. actions . in the environment
future scenarios representation Dawson et al., 2011)
The model can be
developed usin Medium-high ( Duran-Encalada et al,
Not common Stakeholder The model can ualitaltjive info?mation complexit g 2017; Mereu et al., 2016;
. . Considering both v Used to describe involvement in the include g . N P X Y Armenia et al., 2014;
System dynamic Implementation of X . although possible . . . . and improving the depending on the .
reinforcing and The model . ) physical, social model design, adaptation L Sahin and Mohamed,
models (stock & Monte Carlo . . if the model is X . . system thinking, or type of data and the . .
i X balancing describes changes . X and economic application and strategies 2014; Hartt, 2011; Stave,
flow) simulations N integrated with - need large amount of number of feedback . .
feedback loops of stock over time processes results affecting the o . 2010; Simonovic and
GIS software L quantitative data for loops considered for o
communication level of stocks . R X . Ahmad, 2005; Li and
simulating changes of the simulation . .
. Simonovic, 2002)
stocks over time
Low complexity, .
The model can The model uses they are eF:is t(t)ylearn ( Sandri et al.,, 2014,
- Not common, Stakeholder . quantitative data for Y y Rosqvist et al., 2013;
Considering If the model . . . . integrate I and understand, . .
L . although possible Integration of involvement in the . probabilistic X Marzocchi et al., 2012;
Event and fault probability of implements a . . k . uncertainty . albeit proper
« . if the model is s0cio-economic development stage assessment, but it can - Lacasse et al., 2008;;
trees occurrence for dynamic fault . X assessment of . R application depends . R
o — trees” anproach integrated with parameters and results adaptation provide solutions also on the level of detail Neri et al., 2008; Peila
By GIS software communication p in the event of limited and Guardini, 2008;
policies o of the represented .
qualitative data Frieser, 2004)
system
. Through Through X Adaptation Bertone et al., 2016b;
Hybrid models g 9 Often the final goal P . ( . ’
. . exchange of exchange of . strategies can be . Phan et al., 2016; Wang
. can investigate . . . . of hybrid models, . . Generally high amount
Implementation of i K information information . . . included in the et al., 2016; Pope and
. interactions and but it requires Depending on the . of data due to methods . .
Hybrid models Monte Carlo between methods between methods 3 models design . . Gimblett, 2015; Martin
. . feedbacks X X suitable selected models working at different B
simulations working at working at . and/or can . and Schliter, 2015;
between the connections among scale of analysis

involved models

different temporal
level

different spatial
level

models

emerge from
outcome analysis

Kocabas and Dragicevic,
2013)
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4. Discussion and conclusions

This review represents the starting point for risk modellers interested in exploring and selecting
methods for multi-risk assessment and climate change adaptation in mountain regions. The interactions
among biophysical variables in the hydrogeological processes, the consequences of anthropogenic
activities, and the uncertainty associated with future climatic and socio-economic changes make the
assessment of multi-risk processes particularly complex.

The high non-linearity of these processes has also been reinforced by the evaluation of the multi-risk
framework developed following the IPCC AR5 risk definition. For these reasons, it is necessary to work
towards an improved comprehension and representation of the multi-risk characteristics. Starting from
this need, we first identified nine distinctive features as the current challenges for comprehensive multi-
risk assessments. They were chosen to explore models suitability in representing risk analysis looking at
both the methodological and technical characteristics of each modelling technique. Successively, we
reviewed risk and climate change impact studies involving five modelling categories: Bayesian networks,
agent-based models, system dynamic models, event and fault trees and hybrid models. For each approach,
gualitative information on the fulfilment of the criteria for a full multi-risk assessment was reported as a
decision matrix in Table 1. Moreover, for each application we identified information on potential
applicability of the five approaches in the mountain region, shedding light on potentialities and drawbacks
in addressing additional and more specific features of multi-risk assessment (Table 1 of Supplementary
Material).

In particular, Bayesian networks provide an explicit representation of the probability, dealing with
uncertainty management of hazards occurrence and future land-use scenarios. Although they are limited
in representing spatio-temporal references or feedback loops, they offer a reliable statistical method also
in case of limited data availability that can include bottom-up qualitative information for a quick
participatory creation of the model. Similarly, event and fault trees explicitly manage the probability of
occurrence when working on mutually exclusive events, which is particularly useful in case of impact
chains. Their extensive applications in the industrial field have supported the use in natural hazards
contexts, although their limitations in representing spatial outputs and in feedback loops have affected
their diffusion. If the objective of the multi-risk assessment is to focus on the collective behaviours
emerging from the interactions of agents among them and with the surrounding environment, then agent-
based models are a valuable tool. Applications rely on simple behavioural rules definition for the agents,
which account for a high amount of information to develop agents choices scenarios.

If agent-based models work at the micro-level, system dynamic models can be used to evaluate
changes over time at macro-level on the system accounting for the interactions and feedback loops among
aggregated variables. This method offers the opportunity for interdisciplinary modelling and is used to
improve the general understanding of a system. The lack of a spatial analysis and of uncertainty
assessment are among its main limitations that need to be explored in the future. In those cases where the
analysis aims to integrate information from different disciplines a combination of modelling techniques
can be more appropriate. This configuration overcomes the limitations of a single model application and
support interdisciplinary research in those cases where a high amount of data is available.

Indexes and expert-based approaches were not included in the review, although they represent a large
percentage of currently used approaches dealing with natural hazards and risk assessments. This choice
was justified considering indexes as a synthesis of information rather than a methodology itself; hence,
being applied in the analysis of models output. Moreover, this study has provided an overview of
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approaches commonly used to tackle interplaying biophysical and socio-economic processes extending
their use for mountain applications and going beyond mono-disciplinary expert-based models.

In summary, results showed the wide range of problems these approaches are used for, but also
highlighted the limited number of models applications dealing with climate impacts in mountain
environments (Grét-Regamey and Straub, 2006; Lacasse et al., 2008; Marzocchi et al., 2012; Balbi et al.,
2013, 2016; Girard et al., 2015). This gap is particularly clear for system dynamic models and hybrid
models, highlighting potential room for further applications and methodological improvements. The
analysis also showed the limitations of each methodology to address a thorough multi-risk assessment,
especially because of the combination of information from the social and environmental fields as well as
spatial and temporal dynamics. Although single approaches are still widely applied, the increase of data
availability and speed of processing can foster models combination, therefore addressing the distinctive
features of multi-risk assessments identified in this review. For this reason, better understanding of
anthropogenic and climate change in mountain regions involve the integration of models able to grasp
spatio-temporal dynamics, combination of deterministic and stochastic approaches as well as quantitative
and qualitative data to tackle future climate-risk challenges.
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Paper 2- Stochastic system dynamics modelling for climate
change impact assessment and adaptation in the alpine case
study of the Noce river (ltaly)

Introduction

Mountains serve as “water towers” providing freshwater resources to a large portion of the global
population (Viviroli et al., 2007; United Nations, 2012; IPCC, 2014b, 2018; Rull, 2014). Climate change
is affecting mountain environments more rapidly than many other places, with impacts on glaciers, snow
precipitation, water flows and hence on the overall supply of water (Viviroli et al., 2011; Barnett et al.,
2005). These increasing impacts call for the need to shift water management into more sustainable and
resilient systems and practices. Adaptation delays and unpreparedness to water availability changes can
spread consequences across multiple systems, from natural ecosystems to anthropogenic activities relying
on water (Mehran et al., 2017; Fuhrer et al., 2014; Xu et al., 2009).

The European Alps are among those mountain regions where water abundance triggered the increase
of several activities such as large hydropower plants and intensive agriculture, exposing them to future
impacts due to water availability changes (Majone et al., 2016; Beniston and Stoffel, 2014; Permanent
Secretariat of the Alpine Convention, 2013). Moreover, water scarcity issues have been considered less
likely to happen in such regions, and hence can have larger impacts on unprepared systems when
occurring (Di Baldassarre et al., 2018).

For these reasons, previous studies have assessed the hydrological processes involved in mountain
environments, looking at the overall hydrological dynamics (Bellin et al., 2016) or specifically assessing
topics such as glaciers melting and runoff (Huss and Hock, 2018; Farinotti et al., 2012), and snowpack
and runoff (Etter et al., 2017; Wever et al., 2017).

However, the tangle of interplays connecting natural processes and socio-economic activities,
sometimes known as sociohydrology (Sivapalan, Savenije and Bloschl, 2012; Di Baldassarre et al., 2015)
call for further research. There is a need to implement methodologies with the ability to unravel this
complexity, dynamically describing such interplays and system behaviours in order to find which and
how adaptation strategies across economic sectors can effectively tackle climate-related water issues.

System Dynamics Modelling (SDM) is a methodology created to improve the understanding of
complex systems and their dynamic interactions. Previous applications of SDM often rely on
deterministic assumptions (Susnik et al., 2013; Sahin and Mohamed, 2014; Mereu et al., 2016), while
statistical analysis of variables trends and interactions are of great importance in the context of climate
change and risk assessments (Terzi et al., 2019). These conditions call for probabilistic system dynamics
assessments to better understand the dependencies between the anthropogenic activities and the stochastic
environmental processes that can lead to multiple impacts, water disputes and crisis. For these reasons,
statistical methods combined with SDM present an innovative and powerful opportunity to overcome the
current limitations involved in deterministic assessments.

Hence, this study explores the vulnerability of a major reservoir in the Noce catchment (Province of
Trento, Italy) considering the current situation and future climate change effects influencing the water
stored and flow diverted to reservoir hydropower turbines and the amount of water remaining for other
activities. By doing so, the aim is to test and demonstrate a probabilistic SDM assessment expanding the
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information coming from a hydrological model as a quick and effective tool on reservoir future conditions
for climate change risk assessment and adaptation planning.

In section 2, the concepts behind SDM and the innovation of its applications are described. Section 3
focuses on the case study characteristics and the recently arisen water management challenges. Section 4
describes the methodology, data and scenario used for the simulations. Section 5 focuses on the results of
such SDM application for both the baseline and future projections simulations. Section 6 involves the
discussion of the analysis results and its limitations. Future developments and applications are described
in section 7, towards more integrated climate risk assessments including future scenarios of socio-
economic pressures for climate adaptation strategies identification.

1. System dynamics modelling background

System dynamics modelling (SDM) is an approach used to foster the understanding of complex
system behaviour. SDM allows the exploration of variable interactions and feedback loops in order to find
the leverage points: parts of the system to act upon in order to trigger maximum influence on the system
as a whole. Since system-wide complexity can be modelled, indirect impacts of changes can be assessed
and delay and emergent processes may be identified. SDM was originally developed by Jay Forrester
(Forrester, 1971) to improve industrial business processes and then successfully applied to model global
human and natural resources interactions in the publication “Limits to Growth” (Meadows et al., 2018).
Moreover, SDM applications span a wide range of problems, from climate change risk assessments
(Duran-Encalada et al., 2017; Gohari, Mirchi and Madani, 2017; Masia et al., 2018), water management
issues (Davies and Simonovic, 2011; Gohari, Mirchi and Madani, 2017), disasters studies (Simonovic,
2001, 2015), water-energy-food Nexus studies (Susnik et al., 2018; Davies and Simonovic, 2008) and
applications fostering participatory modelling (Stave, 2010; Malard et al., 2017).

It is therefore the ideal tool to study complex interactions and dynamic behaviour in a wide variety of
complex systems (Ford, 2010), such as climate impacts on water management in the Noce catchment.

SDM software makes use of three main modelling elements connected to each other: stocks (system
state variables) — stocks ‘store’ or accumulate material (e.g. water in a reservoir); flows (variable’s rate of
change) — flows move material into and out of stocks (e.g. river inflow and outflow, evaporation losses)
and converters (parameters influencing the flow rates, e.g. evaporation rates modulated by seasonal
variation). The combination of these elements is applied to represent temporal changes in system
elements accounting for both endogenous and exogenous influences on the overall system behaviour. This
concept encourages a system thinking approach, splitting large systems into sub-systems and
progressively increasing their interactions and complexity (Mereu et al., 2016; Gohari, Mirchi and
Madani, 2017). SDMs can combine different metrics and indices, improving models by adding social,
economic and environmental sectors (Terzi et al., 2019). Moreover, it can implement a graphical
interface, supporting the visualization of interactions and feedback loops during participatory approaches.

However, SDM also shows some limitations, such as (i) the limited spatial representation since it
works with lumped regions, although some research has recently coupled SDM to GIS to account for
spatially explicit system dynamics (Neuwirth, Hofer and Peck, 2015; Xu et al., 2016) ; (ii) the reduced
accuracy in comparison with dedicated physically based models; (iii) applications usually accounts for
deterministic approaches, although recently, stochastic analysis have been used for probabilistic SDM
output (Susnik et al., 2018); (iv) ease of creating very complex what-if scenarios that can be difficult to
validate, but which are useful for exploration of indicative system behaviour under different potential
futures, giving general ideas of likely system trajectories.
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This study focuses on a novel refinement of previous SDM applications implementing a stochastic
assessment of variables interactions for a more robust validation of their uncertainties and trends,
particularly useful in the risk assessments field. In particular, conceptual diagram of system variables
interactions were elaborated using the Stella software (https://www.iseesystems.com/) while statistical
correlations and dependencies between variables were analysed in R (R Core Development Team, 2013).
This innovative combination contributes to improving SDM analysis accounting for the uncertainty
associated with past and future water flow data. Moreover, the modular nature of SDM allows to lay the
foundation for future expansion of the systemic model to include different other anthropogenic activities
(e.g. agriculture and domestic) and their consequences on the system as a whole.

2. Case study

The Noce river is in the Province of Trento (Italy) in the south-eastern part of the Alps (Figure 2) and it is
one tributary of the Adige river, the second longest river in Italy. The Noce river basin is a typical Alpine
basin characterized by intensive anthropogenic activities: from hydropower plants in the upper part of the
catchment mostly relying on glacier melting, to intensive apple orchards shaping the landscape of valley
bottoms, and tourism flows with high water demands mainly during winter and summer time for sport
activities (i.e. skiing, hiking and kayaking).
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Figure 2- Map of the Noce river basin

Although water has always been considered abundant in the region and in the Alps in general, recent
events of water scarcity in 2017 and 2015 raised concerns about water quantity and quality with
consequences on the overall catchment (Laaha et al., 2017; Chiogna et al., 2018; Hanel et al., 2018).
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Temperature increase, loss of glacier mass volume and decreased snow precipitation during winter are
among the causes of reduced summer discharge and water availability both in the mountain areas and
downstream. At the same time, numerous activities have flourished such as increasing hydropower
plants, agricultural production, urbanisation, industrial activities and more intense tourism all requiring a
large amount of water to satisfy their need. However, tensions for water allocation have recently arisen
asking for a fair use of the resource among the different actors. In particular, associations and civil society
groups (e.g. local association for the Noce river safeguard: https://nocecomitato.wordpress.com/) were
established showing at provincial level their concerns about ecological impacts of further rivers
exploitation (i.e. hydropower plants). Within this context, climate change effects at regional level have
already been recognized acting on the current water balance and triggering multiple impacts on a wide
range of economic activities relying on water use (La Jeunesse et al., 2016; Zebich et al., 2018).

In the heart of the Noce river basin, the Santa Giustina (hereafter S.Giustina) reservoir provides a large
buffer for water resources regulation. The reservoir has a storage capacity of 172 Mm? (equal to a
maximum net available volume of 152.4 Mm?), the largest reservoir volume within the Trentino-Alto
Adige region. It was built in the 1940’s and 1950’s for hydropower purposes. Nowadays, the reservoir has
a multipurpose function, producing a large amount of energy (i.e. installed power of 108 MW), but also
regulating the water flow for downstream users and providing water for agricultural irrigation. Moreover,
the local water use plan (Provincia Autonoma di Trento, 2006) established a monthly minimum
ecological flow threshold ranging from 2.625 to 3.675 cubic meters per second to sustain the fluvial
ecosystems, raising concerns among the different stakeholders on the possible economic impacts of such
unused water releases.

Within this context, better understanding of the complex variables interactions in the S.Giustina water
management represents a crucial step to prepare to future impacts of climate change on freshwater
resources affecting different sectors. The representation of connections and interactions using SDM can
help to depict the S.Giustina reservoir dynamics and its responses to future pressures, including climate
change and anthropogenic factors. Such information could then inform water dam operators, local and
provincial authorities fostering a discussion on the implementation of climate change adaptation strategies
in line with the Water Framework Directive (European Parliament & Council, 2000).
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3. Material and methods
3.1. Integrated risk modelling

Considering features and vulnerabilities of the case study area, we developed a system dynamics model
integrating multiple sources of data (e.g. real observations, modelled values and climate projections) and
connecting climate change effects with dam reservoir operations. By doing so, it was possible to explore
the use of SDM together with statistical assessments of variables interactions considering resulting effects
of climate change, water streamflow changes and their effects on water stored in S.Giustina, and used for
hydropower production.

The framework in Figure 2 summarises the different models components, converging into the system
dynamics modelling for the assessment of the S.Giustina reservoir operations and possible critical states.
The climate projections box provides information on the models used at global level then downscaled to
regional level, and bias corrected with local weather stations to better simulate climate local conditions.
The regional climate model COSMO-CLM (i.e. Climate Limited-area Modelling) was considered in this
study for its spatial resolution of 0.0715° x 0.0715° (= 8kmx8km) allowing to look into climate impacts
at local level (Rockel and Geyer, 2008). Such model information was developed by the CLM community
and provided by Euro-Mediterranean Centre on Climate Change (CMCC) for the application to the Noce
catchment (Bucchignani et al., 2016). Temperature and precipitation information were then used as an
input to the already existing physically-based model “GeoTransf” together with other topographical
information so to replicate streamflow conditions of the Noce river within the OrientGate project (Box 2
in Figure 3). GeoTransf was already calibrated and validated on past water flow data in the case study
area considering a baseline time range from 1980 to 2010 (Bellin et al., 2016; Majone et al., 2016). This
model provides a description of the hydrological dynamics within the Noce alpine river catchment,
assessing possible variations in water contributions coming from climate change effects in terms of
temperature, soil moisture, glaciers, snow and rainfall.

Moreover, GeoTransf was applied with future COSMO-CLM future precipitation and temperature
scenarios from 2021 until 2070 over the Noce catchment, to assess future conditions of river discharge at
local level for the Representative Concentration Pathways 4.5 and 8.5 (Bucchignani et al., 2016). These
already available applications of GeoTransf were then used as input data to the stochastic system
dynamics model to focus on S.Giustina reservoir functioning operations and simulate future conditions
accounting for both climate change impacts and human management.

Baseline simulation period was bound to the actual available data. In the case of climate data coming
from COSMO-CLM, precipitation and temperature information was available from 1975 to 2005. This
data was used to look into the Noce catchment climatology and to compare the baseline with future
conditions of precipitation and temperature for the two future RCP scenarios (Table 3). While for water
flows data to and from the reservoir and the water volume stored, baseline period goes from 1999 to 2004
and from 2009 to 2017.
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Figure 3 — Integrated modelling approach to quantify the impacts of climate change on water streamflow, water stored and
turbined for hydropower production. Sources: adapted from Ronco et al., 2017; Vuong et al., 2018

As part of this study, we introduced the modelling set up and the SDM application aiming to estimate
water availability variations being affected by both future climate change scenarios and water demand
from the S.Giustina dam reservoir operations. The SDM approach was here implemented for integrated
risk modelling of variables dynamic interactions related to one reservoir and one sectorial water demand,
allowing further developments according to its modular approach.
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3.2. System Dynamics modelling set up

3.2.1. Causal loop and input data

A first system conceptualization aims to identify the variables and their interactions involved within
the description of the S.Giustina dam management and climate effects on water availability.

According to the most recent terminology developed by IPCC, 2014a within the 5™ Assessment
Report, a causal loop diagram was developed in STELLA to graphically support the comprehension of
risk variables and their interactions for risk assessment of critical states for the S.Giustina water reservoir
operations (Figure 4). Climate hazard was considered as future regime variations of temperature and
precipitation with respect to the baseline. Vulnerability variables refer to physical-environmental
definitions only, while exposed elements considered the S.Giustina dam reservoir and its operations
potentially involved in risk conditions related to variations in the water turbined and the water volume
stored in time. Others elements related to socio-economic vulnerability and the inclusion of other sectors
characterizing the total water demand in different parts of the catchment will be included in a further
SDM application.
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Figure 4 — Conceptual causal loop model used to describe the risk variables and their interactions leading to critical states of
S.Giustina reservoir operations. Green variables comes from COSMO-CLM model, blue variables represent some of the
GeoTransf hydrological model components. Yellow variables are those included in the SDM model converging into the final
assessment of critical states.
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The current SDM was built from GeoTransf outputs aiming to subsequently integrate human dynamics
in a probabilistic manner, assessing the management of the reservoir and its future vulnerability to
changing environmental conditions (Figure 4).

The SDM reservoir model covers two variables exposed to critical conditions: one focusing on the
water volume stored within the reservoir and the other representing the water outflow diverted to the
turbines for hydropower production.

Data availability was constrained by the time range of volume observations. The dataset used to
represent each parameter of the SDM is summarised in Table 1. Due to the sensitivity of such data used
for licensing water withdrawals, the analysis could only focus on 14 years of volume measurements.

Table 2 - Details of parameter values used in the S.Giustina reservoir SDM

Data type Data type Time range Data source/reference
Water inflows [m%/s] ) 1981-2010
Continuous
Reservoir water outflow for | daily data 1981.2017 Province of Trento — Agency for
hydropower use [m®/s] water resource and energy
. Continuous 1999-2004
R I Mm?3 .
eservoir volume [Mm-] daily data 2009-2017
Future projections of Continuous
temperature [K] daily data 2021-2050 Euro-Mediterranean Center on
Future projections of Continuous 2041-2070 Climate Change
precipitation [mm] daily data

3.2.2. Variables interaction analysis

In both modules, a linear mixed effects model was selected among other regression techniques (i.e.
generalized additive models and support vector regression were tested) because of its ability to account
for monthly variation (i.e. month effect) and its lower proneness to overfit the calibration data (i.e.
compared to flexible non-linear models). The linear mixed effects model was calibrated and validated for
168 months (i.e. data available for two consecutive periods for a total of 14 years: from 1999 to 2004 and
from 2009 to 2016). A monthly temporal step was chosen to better describe the intra-seasonal dynamics
of water availability, which can be useful in case of water demand assessments, and for long-term
dynamics representation for climate impact assessment. The model was then tested on the basis of
multiple temporally independent test observations and finally applied to predict future conditions on the
basis of climate scenario data.

Reservoir volume

The simulation of reservoir water volumes and outflow for hydropower production was developed
combining the Stella software with statistical analysis using R. We used the Ime4 package in R (Bates et
al., 2015) to perform a linear mixed effect analysis of the relationship between water volumes stored in
the reservoir (i.e. V) and water flow into the reservoir (i.e. Q;;,) (Equation 1):

44


https://www.cmcc.it/models/cosmo-clm-climate-limited-area-modelling-community
https://www.cmcc.it/models/cosmo-clm-climate-limited-area-modelling-community

V(t) = f(Qin(t — 1), month) Equation 1
where, as fixed effect, we considered the water inflowing to the reservoir component (i.e. Q;;,), hence
accounting for the linear relation with the water volume stored. As random effect, we selected the month
of the year factor (i.e. month) for its grouping effect on the recurrent water volume variations at a monthly
scale. By doing so, it was possible to describe the reservoir water volume and future changes combining
the physically-based model outputs with statistical models and analysis aiming to explore the reservoir
volume vulnerability to future changing conditions.

Hydropower

The second module of the SDM simulates the turbined outflows from the S.Giustina reservoir for
hydropower production. Similarly to equation 1, we selected and performed a linear mixed effect analysis
considering the relation between the water diverted to the turbines and the water inflow to the reservoir
(Equation 2).

Qout (V) = f(Qin(t — 1), month) Equation 2

The water diverted to the turbines was linearly correlated with the water inflowing the reservoir (i.e. Q;,,)
and the month of the year, considered as a grouping factor, influencing the amount of water diverted to
the turbines.

3.2.3. Model calibration and validation

The SDM model was calibrated and validated over 168 months of available data for the baseline period: a
total of 14 years from 1999 to 2004 and from 2009 to 2017. Although this amount of data was limited, a
forward time-window approach was applied as a cross-validation technique to better estimate model
fitting (i.e. based on training data) and predictive performance (i.e. based on temporally independent test
data) using the root mean square error (RMSE) metric. The applied methodology is based on multiple
separations of training and testing data sets. Within the first repetition, the predefined model setups (i.e.
dam reservoir volumes and turbined outflows models) are calibrated using a subset of the original data
that relates to the first 130 months of available data. Equations 1 and 2 are then tested using both training
data (i.e. fitting performance) and the data set that relates to the remaining (not yet) considered months
(i.e. predictive performance). The following 37 repetitions are based on the identical procedure, but on
increasingly larger training data sets (i.e. consecutively adding 1 month within the forward time-window
approach). This methodology allows to overcome some limitations of common one-fold non-temporal
validation methods (splitting of training and test data randomly; e.g. hold-out validation) associated with
data temporal dependencies (i.e. autocorrelation) and an arbitrary choice of training and validation
subsets. Furthermore, the applied procedure allows a more robust estimation of model performance and
its variability using multiple temporally independent subsets of the original data (Hastie, 2009; Varma
and Simon, 2006; Tashman, 2000; Kohavi, 1995). A major advantage of such multi-fold partitioning
strategies, as often applied in the field of machine learning, consists in the possibility to exploit all the
available data for the generation of the final prediction model.

3.2.4. Future projections
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Once the models were calibrated and validated on past observations, future conditions of water inflow to
the reservoir coming from the GeoTransf application were used to simulate future volumes stored in the
S.Giustina reservoir. GeoTransf simulations considered unchanged maximum water withdrawals in the
Noce catchment in the future and integrated downscaled COSMO-CLM climate scenarios (Bellin et al.,
2016; Bucchignani et al., 2016). Such climate projections have already been demonstrated to well
represent climate forcing variables (i.e. precipitation and temperature) over complex Alpine regions
(Montesarchio et al., 2013). For this reason, they were included in the GeoTransf hydrological
application, which were made available from partners involved in the Orientgate project
(http://www.orientgateproject.org).

Two Representative Concentration Pathways (RCPs) were selected according to the IPCC AR5 to
simulate both the Paris Agreement emission stabilization scenario (RCP 4.5) and a business as usual
emission scenario (RCP8.5) (IPCC, 2014a). Simulations stretched over two 30-year time horizons to
represent short-term (2021-2050) and long-term (2041-2070) future climate conditions, affecting the
Noce river flow, and finally the S.Giustina dam reservoir and its management.

Moreover, this study considered the number of times volume projections in the future overcome the
30" and 80™ quantile thresholds corresponding to low and high level of volume stored respectively. Such
thresholds were calculated from the baseline data and were already identified in previous studies as
significant levels to assess critical states in reservoirs (Yilmaz, Gupta and Wagener, 2008; Majone et al.,
2016).

For this case, a Monte Carlo approach was implemented by randomly sampling from the simulated
future water volume predictions and replicating possible reservoir critical state conditions more than
10.000 times per each future climate scenario. In particular, the Monte Carlo approach considered a
moving sampling set having a time-window of 14 years across the simulated 30 years of future water
volume predictions per each scenario, so to directly compared such future values with the 14 years of the
baseline. By doing so, it was possible to work on a wider range of possible predicted volume values and
statistically inspect critical states in the future looking at the differences with respect to the baseline.

4. Results
4.1. Baseline period

The linear mixed-effect model was used to replicate past observations of water volumes stored in the
S.Giustina reservoir (Figure 4). The model was calibrated and validated using a forward time-window
approach (described in Section 4.4) resulting in a R?= 0.71 and an estimate of the mean Root Mean
Square Error (RMSE) equal to 13.5. Figure 4 shows the results, where stored water volume can fluctuate
between 0 (i.e. no usable volume) when the hydropower production is interrupted, and a maximum level
of 151.20 Mm3, or up to 159.30 Mm3 in case of flood prevention downstream the reservoir. In those
cases of simulations projecting values of water stored greater than the maximum allowed, simulation
values were set at such a maximum value.
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Figure 5 — S.Giustina time-series of water volume. Measured (blue line) and modelled (red line) water stored in S.Giustina from
1999 to 2017. R?= 0.71, mean RMSE= 13.5

The same procedure was undertaken for simulating water flows diverted to the turbines (Figure 6). In this
case, the maximum discharge of water flow to the turbines is 176 Mm? month for 31 days of full
operations due to penstocks size. Equation 2 was applied so to estimate the water diverted from the
reservoir to the turbines for hydropower production. In both cases, the water inflowing to the S.Giustina
reservoir and modelled using the GeoTransf hydrological model played a key role influencing the
operations related to the flow diverted to the turbines and hence the water stored.
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Figure 6 — S.Giustina time-series of water diverted to the turbines. Measured (blue line) and modelled (red line) water
outflowing from the S.Giustina dam reservoir from 1999 to 2017. R?= 0.79, RMSE= 4.7
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4.2,

Future projections

Future GeoTransf model results forced by the COSMO-CLM climate projections depict a situation of
generalized decreases in precipitation and water inflowing to the reservoir (Table 3). However, such
decreases differentiate for the two considered climate change scenarios. The short-term RCP4.5 scenario
shows a substantial decrease of precipitation compared to the baseline and to the RCP8.5 scenario, which
projects a slight increase of precipitation until 2050. However, such little increase seems not to have
substantial consequences on the water flowing into the reservoir and consequently on the volume of water

stored.

Table 3 — Average values of temperature and precipitation (COSMO-CLM projections), water inflow to the S.Giustina reservoir,
volume stored and water turbined (SDM simulations), and their percentage differences compared to baseline values.
*Baseline period for climate data goes from 1975 to 2005, while for water inflow and volume stored spans over 14 years from

1999 to 2004 and from 2008 to 2017.

Baseline* RCP4.5 RCP8.5
2021-2050 2041-2070 2021-2050 2041-2070
Value Value A Value A Value A Value A
E,ecn]]perat“re 5.06 646 | +05% | 75 |+09% | 663 |+05% | 81 |+1,1%
e
recipitation 14951 | 143355 | -4,1% | 13915 | -6,9% | 1516,3 | +1,5% | 14307 | -4,3%
[mm/year]
Water inflow ) ) i
Giusti 27.4 21, 221 250 | -88% | 214
to S.Giustina 8 20.4% 19.3% 5.0 8.8% 91.9%
[Mm3/month]
Volume stored | ), ¢ 107 | -41% | 107 | -41% | 110 | -14% | 106 | -5.0%
[Mm3]
Water turbined - - -
24, 20.4 20.7 229 | -76% | 201
[Mm3/month] 8 04 117796 | 297 | 16.5% 9 6% | 201 119 0%
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A Future water inflow for RCP4.5 and 8.5
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Figure 7 — Plots in A show future projections of simulated water inflow to the S.Giustina reservoir. Plots in B
show simulated future water diverted to the turbines and plots in C simulated future water volume stored in the
S.Giustina reservoir. Dotted lines indicate baseline 30 and 80 % quantiles. Grey shaded represents the confidence
interval for the simulated outflows and water volumes.

49



On a long-term perspective, the trend of precipitation is negative reaching a 6.9% reduction for
RCP4.5 and causing a reduction of 19.3% in river flow and of 4.1 % in volume stored compared to the
baseline. The RCP8.5 scenario predicts a reduction of 4.3% in precipitation, but a higher decrease in
water inflow to the reservoir of 21.9% and water stored of -5%. This is likely due to an increase of mean
temperatures in the long-term scenarios (+1.1%) causing higher evaporation and evapotranspiration and
hence reducing the flow of water to the reservoir and the volume stored.

Results from the SDM simulation at monthly temporal resolution are reported both in Figure 7 and
then averaged over 30 years and compared to the baseline (i.e. percentage change; Figure 8). On the one
hand, all the climate scenarios show agreement on the generalized decrease of volume for the spring and
summer time going from April to September down to a minimum of -15.3% for RCP4.5 for the short-
term case. Scenarios also agree on the negative trend in November where RCP8.5 in the long-term
scenario reaches a minimum of -6.1% of volume difference. Moreover, agreement is shown on the
increase of volume stored for January up to +2.7%. On the other hand, scenarios show cases of
disagreement for February, March, October and December.

Legend
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Figure 8 — Percentage change of volume [%] comparing the 4 climate scenarios to the baseline at monthly level

Such disagreement provides important information on the timing of reservoir management
improvements. In particular, short-term RCP4.5 depicts a condition of continuous negative volume trends
througout the year with positive, albeit minor, volume increases during October and December (+1.8%
and +1.6%). Long-term RCP4.5 extend the positive months to January and February (+2% and +1%).
Short-term RCP8.5 shows the most favourable conditions of water volumes, depicting positive
differences in January (+2.6%) , February (+0.9%), March (+1.3), October (+4.0%) and December
(+2.5%). While the long-term RCP8.5 envisages the first three months of the year only having positive
values (+2.6%, +2.3%, +2.1%) and the rest of the year with negative values down to -14.3% in May.

Moreover, potentially critical states of stored reservoir water volumes (both high and low) were
explored to further understand how climate change may impact on long-term reservoir operation and
resilience (thresholds identified in section 3.2.4). For this reason, the number of events lower than the 30™
and greater than the 80" quantiles were calculated on future predictions considering a moving time-
window of 14 years and comparing such values to the 14 years of the baseline (Figure 8). In this case,
boxplots of the 30" quantile threshold show an increasing number of low-volume events for RCP4.5,
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passing from 53 events for the baseline to 61 (i.e. +15.1%) for the short-term and 65 (i.e. +22.6%) for the
long-term. RCP8.5 shows a potential decrease in the short-term to 52 events (-1.9%), but higher values in
the long-term (i.e. average of 64 events, +20.8%) though having a wider interquantile range.

A better defined situation is represented in case of events greater than the 80" quantile. All scenarios
show a decrease in the number of high volume events compared to the 49 events of the baseline.
Consistent with previous considerations, RCP4.5 predicts a decrease in the number of high volume
events, confirming the trend of water stored reduction both in terms of minimum and maximum volumes
(i.e. -6.1% for the short-term and -12.2% for the long-term average values). RCP8.5 depicts a less defined
condition of high volumes, reaching the minimum number of high volume events (i.e. 39 events, -20.4%)
in the short-term scenario, but also showing a strong decrease in the long-term scenario reaching 44
events (-10.2%). Overall, all future scenarios predict conditions of reduced high volume events being
their 75% percentile lower than the baseline value and hence confirming the trend consistency.
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Figure 9 - Number of events lower than the 30" and greater than the 80" baseline quantile for future scenarios of water volume
in the S.Giustina reservoir using a Monte Carlo approach. The dotted line shows the number of events for the baseline.
Finally, future conditions of water flow diverted to the turbines show similar trends of monthly

decrease (Figure 9). Consistent with Figure 9, the water flow diverted to the turbines at monthly
resolution and averaged over 30 years of simulations were compared to the baseline. The water flow
diverted have the highest percentage changes during spring and summer with differences up to -5.2% for
the RCP4.5 long-term scenario. Scenarios show agreement on a reduction of water flow during November
reaching a minimum of -2.6% of volume difference for RCP8.5 long-term scenario.

In all the other months of the year, scenarios depict varying conditions of water flow. In particular,
RCP4.5 depicts conditions of negative differences to the baseline for almost every month of the year, with
exceptions during October (+0.4%) and December (+0.2%). Increased number of positive differences are
predicted for long-term RCP4.5 during January (+0.6%) and February (+0.3%). Also for water flows
diverted, short-term RCP8.5 shows larger positive differences during January (+0.7%), February (+0.4%),
March (+0.4%), October (+1.3%) and December (+0.7%). However, long-term RCP8.5 projects negative
trend for most of the year reaching a minimum difference of -5.2% during June and only showing positive
values for January (+0.7%), February (+0.9%) and March (+0.7%).
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Figure 10 - Percentage of monthly water flow diverted to the turbines over the total annual water flow [%], comparison of the 4
climate scenarios to the baseline at monthly level
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5. Discussion

The S.Giustina reservoir plays a crucial role in buffering water variations in the Noce catchment and
downstream. Due to its size, type and position is strategic for hydropower regulation and hydrologically
disconnecting upstream with downstream river flow.

The application of an integrated risk modelling approach including climate change models,
hydrological models and a stochastic assessments of variables interactions proved to be a quick and
effective method to characterize the S.Giustina reservoir volume and flows management looking at their
critical future conditions due to climate change effects. Such a method supports the identification of
variables affecting dam operations and a quantitative evaluation of their interactions going beyond
traditional deterministic hydrological assessments and paving the way for a more integrated assessment.

Results described in section 4 show how precipitation patterns change for the COSMO-CLM
scenarios, influence the amount of water flowing to the reservoir and its future conditions, even in the
RCP4.5 scenario (i.e. case of implementation of the Paris Agreement emission reductions objectives). On
one side, results during months of highest reduction of volume and water flow to the turbines (i.e. from
April to September) provide useful information on possible consequences coming from the combination
of business as usual water withdrawals upstream the reservoir and climate change effects (i.e. -15.3% of
volume reduction, +22.6% in the number of events with low stored volume, -20.4% in the number of high
volume events and -5.2% of water diverted to the turbines). In particular, the SDM represents the overall
trend of the system characterized by conditions of high water demand for hydropower production and
slow onset conditions of water availability variations over a 30 years period. Such conditions affect the
actual water turbined and hence the hydropower production, which plays a strategic role in the economy
of the province, as in the whole alpine region. Moreover, reduction in the water streamflow can have
consequences in terms of ecological hazards and water quality supply downstream the reservoir.

On the other side, looking at those months of positive variations of volume and turbined water flow
(i.e. autumn and winter months, November excluded) provides insights on the need to implement
precautionary water conservation practices upstream, to reduce the number and intensity of water
withdrawals. Moreover, there is a need to plan adaptation strategies to improve the management of the
S.Giustina reservoir according to the timing of positive water volume changes aiming to prepare to
increasing (spring and summer) conditions of negative variations. These results are in line with other
findings in the Alps showing the need of an earlier reservoir water accumulation during winter to prevent
downstream conditions of water issues during summer time (Hendrickx and Sauquet, 2013; Brunner et
al., 2019).

Such negative variations are confirmed by the increasing number of future water scarcity conditions of
high and low volumes stored, especially in a long-term perspective. At the same time, high volume events
are decreasing in number, confirming previous results of generalized negative trend of water stored.
Results on the increase in the number of low-volume states are in agreement with the predictions reported
in Majone et al., 2016 on future reductions of medium and low flow. Moreover, the Monte Carlo results
in Figure 8 provide additional information on the substantial reduction of high-volume states in
S.Giustina for all future climate scenarios.

In general, the results hint at exacerbated risks to reservoir operation especially in terms of low flows
in the summer threatening water supply security, hydropower production, and ecosystem services in the
valley. Results presented here should be considered in future plans to change S.Giustina management
practices in order to mitigate the impacts of climate change on reservoir operation. The findings presented
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here are in line with studies from similar regions (Hendrickx and Sauquet, 2013; Biemans et al., 2019),
further reinforcing the vulnerability of Alpine ‘water tower’ regions to supply water, power and
ecosystem services to an increasing water demand.

Limitations of the study

This study is mostly driven by the GeoTransf applications considering the COSMO-CLM climate
projections. However, several assumptions were involved hence introducing some limitations.

Accounting for the GeoTransf application means relying on a very accurate water evaluation within
the catchment, but also considering only one climate model (i.e. COSMO-CLM) for future projections.
Such climate model has been proved to well represent conditions in mountain regions (Montesarchio et
al., 2013) and differently from other climate models depict generalized conditions of decreased
precipitation over the catchment (Table2) and hence providing more conservative information on possible
impacts on streamflow and volume management.

Moreover, although local events of intense rainstorms and flash floods may occur, the study here
presented considered precipitation, water flow and volume trends over a 30 years period and hence
focusing on their long-term positive and negative variations.

The results coming from the GeoTransf application assumed a conservative condition of upstream
water use set at the maximum licensed withdrawals values. This information was kept unchanged also for
future scenarios, although possible variations in the future (e.g. from agricultural and touristic uses) may
affect river water flows.

As reported in section 3.2.3, the available data on the reservoir volume was limited, hence affecting
the model predicting performance. However, due to such condition, more advanced validation techniques
were investigated and employed (i.e. forward time-window approach), contributing to a better
understanding of the model error and performance.

The statistical models proved to be a quick and effective tool to replicate past observations of water
volume and turbined water outflows. Applying such a regression to future conditions of predictors, we
assumed the existence of the same statistical relations in case of future conditions. Nevertheless, such
constrain is justified by the high uncertainty associated to future changes in production patterns affected
by societal conditions (e.g. energy price fluctuations) (Gaudard et al., 2014; Ranzani et al., 2018).
Moreover, few variables were considered within the models and although some other variables play
important roles within the management of the reservoir at different temporal resolution (e.g. hourly
energy market price), in our monthly simulations it proved to be the best model possible.

6. Conclusions

This analysis sheds light on the need to consider future changes in water availability and their
consequences on already existing human activities relying on abundance water resources, and hence
unprepared to quickly adapt to future climate impacts.

This is the first step of a more comprehensive multi-risk assessment of water scarcity in order to give
policy-makers a better idea on the overall system behaviour and to identify climate adaptation strategies
to gain systemic leverage effects. Due to its modular approach, future model improvements include the
integration of other components for the development of different scenarios of both water demand and
availability variations to support decision-makers in a more resilient management of water resources. By
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doing so it will be possible to ensure a sustainable long-term water management limiting climate change
impacts on those economic activities relying on a high water availability.

These objectives are in line with the European Water Framework Directive on sustainable water
management (European Parliament & Council, 2000), climate change adaptation (Zambrano Leal, 2012;
European Commission, 2013), and in terms of adaptation to future climate change impacts in the Alps
(Alpine convention, 2013).

Moreover, such a stochastic SDM is applicable to other cases at interregional / transnational scale to
evaluate possible water management effects going beyond national boundaries hence enhancing the
existing cooperation structures within and outside Europe in line with the objective of the Action group 8
of the European Strategy for the Alpine region (EUSALP).

In conclusion, the stochastic SDM approach was able to represent the effect of climate change and
reservoir operations demonstrating the suitability of this method to extend deterministic applications
commonly applied in the SDM community, accounting for a wider range of uncertainty.

Improvements and model extensions include the need to better characterize the influence of climate
change and upstream human withdrawals on the reduction of water availability flowing to the reservoir,
inspecting the relations between upstream socio-economic activities and downstream consequences.
Finally, extending reservoir operations to future environmental and human conditions allows to better
understand criticalities connected to unsustainable water demands and anticipate critical conditions, to
inform dam managers and local authorities on the best climate change adaptation strategies to implement.
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Paper3 — Integrated System Dynamics Modelling for a multi-
risk assessment of water scarcity in the south-eastern Alps

Introduction

Mountain regions are facing multiple impacts due to climate change and anthropogenic activities.
While shifts in precipitation and temperature are affecting the available water, current economic activities
rely on high water demands (Milner et al., 2017; Rull, 2014). The Alps are among those areas where
recent events of decreased water availability already triggered emerging water disputes and spread of
impacts across multiple economic sectors, such as hydropower, agriculture and tourism (Alpine
convention and Convention, 2009; Beniston and Stoffel, 2014; Hanel et al., 2018; Majone et al., 2016).
Moreover, the already existing issues are likely to become even more relevant within future climate
change and human development projections (Gobiet et al., 2014; Milano et al., 2015). Both reliance on
abundant water availability and on the same resource make economic sectors (e.g. hydropower,
agriculture and tourism) exposed to primary climate change effects in terms of water availability
reduction and to secondary cascading effects due to competing water demands from multiple
anthropogenic activities (Pescaroli et al., 2018; Steele et al., 2018). In particular, such water scarcity
events arise when anthropogenic water demand is higher than the actual water availability triggering
multi-risk conditions on all the sectors relying on the same resource (Mehran et al., 2017).

Moreover, multi-risk assessments involving potential cascading effects over time and accounting for
interrelated effects are internationally recognized as an emerging issue to address (UNISDR, 2015).

Hence, there is an urgent need to unravel interplays and dependencies that can lead to cascading
impacts across interdependent sectors so to make our water management systems more resilient (Harrison
etal., 2016).

However, current assessments dealing with climate change usually account for a mono sectoral and
single risk perspective and hence can potentially lead to misrepresentations of the actual systemic risk
conditions (Terzi et al., 2019).

For these reasons, multi-risk assessments represent an innovative perspective to better understand and
investigate multiple impacts across sectors within a system. Among different available methodologies,
System Dynamics Modelling (SDM) represents an innovative tool to investigate the spreading of hazards
consequences to environmental and anthropogenic elements at risk interacting with each other. SDM is
implemented to conceptualize complex systems accounting for interactions among multiple physical,
ecological and socio-economic variables, across different areas and scales, where one change in a sub-
system can have an unexpected impact in the larger system. It usually encompasses positive and negative
connections in a causal loop diagram (Di Baldassarre et al., 2018), and it is then translated into a
guantitative assessment integrating systems variables changes in time and their flows causality (i.e. stock
and flow diagram) (Visconti, 2018). Although this methodology was already applied to assess natural
resources variations, few applications considered risk and impacts assessments in mountain regions from
natural hazards (Terzi et al., 2019).

In this study, a SDM was implemented to investigate how climate- and human-induced changes in
water availability and demand can lead to mismatch between them, and hence to possible impacts. The
SDM was applied to the Noce catchment (Province of Trento, Italy) combining outputs from physically
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based models and probabilistic assessments towards the assessment of water availability and water
demand to sustain strategic activities for the economy of the area.

The integrated SDM considered water demands from four water sectors relying on the same resource:
i) water turbined by large dam reservoirs for hydropower production, ii) apple orchards cultivation, iii)
domestic and seasonal tourism activities and iv) minimum ecological water flow conditions. The analysis
was performed accounting for spatial variability of both water availability and demand within the whole
catchment, looking at its characteristics in three lumped areas. This application represents an innovative
improvement for SDM since it is usually applied with limited or no spatial variability assessments over
aggregated areas.

The aim of this study is hence to explore potential unbalanced conditions of water availability and
demand, assessing the potential cascading effects propagation from upstream to downstream parts of the
Noce catchment. Such conditions represent common features of mountain regions making this approach
transferable to other mountain areas of the world to represent their highlands and lowlands spatially
connection and dependency on the same water resource.

In particular, section 1 describes the conceptualization of the SDM, from an integrated cascading risk
framework to a diagram identifying the variables of our system, their causalities and the data available to
describe them. Section 2 focuses on the set up of the system dynamics modelling describing in details the
components involved in water availability and water demand assessments, both for the baseline and for
future scenarios. Section 3 includes the results coming from the assessment of the SDM application for
both the baseline and future projections. Finally, section 4 includes the discussions and conclusions of the
assessment explaining the limitations of this study and possible ways for future improvements.

1. Cascading risk framework in the Noce catchment
1.1. Study area

This study scrutinised the Noce catchment (1367 km?) located in the south-eastern side of the Italian
Alps within the Trento province. The area is a typical alpine catchment characterized by glaciers and
winter snow precipitation contributing to the Noce river discharge. The catchment is also characterized by
several economic activities, such as hydropower production, agriculture and tourism, differently spread
within its area. Spatial variability of the catchment exists both in terms of bio-physical conditions
affecting runoff regimes and in terms of anthropogenic activities affecting for example land-use and
population density conditions. For these reasons, three lumped regions, each having a homogeneous
characteristic were identified within the Noce catchment (Figure 11Error! Reference source not f
ound.). The upstream part (i.e. A polygon in Figure 11) refers to the “Val di Sole” area and is
characterized by three dam reservoirs (i.e. Careser, Malga Mare and Pian Palt) mainly fed by glacio-nival
streamflow and producing about 34% of the total annual hydro energy. Climatological and topographical
conditions also affect the water demand due to limited number of inhabitants (20% of total catchment
population) and agricultural extension (14% of total agricultural lands) compared to the other areas.
Nevertheless, seasonal tourism activities represent an important source of income (52% tourism presences
over the total catchment for 2017). The middle part of the catchment (i.e. B polygon in Figure 11) refers
to the “Alta Val di Non”, an area characterized by the main dam reservoir for water volume stored of the
whole Trentino-Alto Adige region (i.e. S.Giustina) with a maximum storage capacity of 171 Mm3
providing 33% of the annual hydro energy of the whole catchment. Moreover, this area has limited
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number of inhabitants (21% of total catchment population), very extensive agricultural lands famous for
their apples production (48% of the total agricultural extension) and limited tourist presences (8% over
the total catchment for 2017). Finally, the lowest part of the catchment (i.e. C polygon in Figure 11) is the
“Bassa Val di Non”, where the Mollaro reservoir is located producing about 33% of the total annual
hydro energy. Moreover, 59 % of total catchment population is located in the lowest part of the
catchment, which is also characterized by still intensive apple production (38% of the total agricultural
extension) and with high touristic attractiveness (40% tourism presences over the total catchment for
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agricultural
land

“Alta Val di Non”
“Val di Sole”
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8% of tourist
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Figure 11 - Schematic representation of Noce catchment and its sub-division. We summarised each sub-catchment area characteristics and
their downstream effect due to water availability and demand interactions. The Noce catchment is divided in three parts: the A grey polygon

represents the “Val di Sole”, the B brown polygon the “Alta Val di Non” and C green polygon the “Bassa Val di Non”. Dam reservoirs
positions and names within the three sub-catchment areas are reported in the figure

2017).

In addition, such subdivision allowed us to investigate possible consequences originating from the
interactions among the three selected areas in terms of their water availability and demand ratio from

upstream to downstream. Figure 11 reports the cascading effects propagation where upstream conditions
variations affect downstream management of water.

1.2. Integrated framework

According to the characteristics of the Noce catchment and their spatial variations, we developed an
integrated framework expanding the analysis performed in paper 2 on a larger scale. In this case, we
considered potential impact relations leading to cascading effects among multiple sectors applying a
water-food-energy Nexus perspective (Susnik et al., 2012). Such application aimed to better describe all
the components involved in climate change effects on water availability and demand from different

62



sectors of the Noce catchment (Figure 12). Variables from the climate modelling to the hydrological
components and to the SDM are then connected to each water demand sectors to explore possible
unsustainable conditions between water availability and water demand.
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Figure 12 - Integrated framework bringing together different modelling approaches to quantify climate change effects on water availability
and water demand from different sectors within the Noce catchment. Sources: Adapted from Vuong et al., 2018

1. Information on the climate models used at global level, then downscaled to COSMO-CLM regional
level and bias corrected to climate local conditions were provided by the Euro-Mediterranean Centre
on Climate Change (CMCC) for the application to the Noce catchment (Bucchignani et al., 2016).
COSMO-CLM climate projections of temperature and precipitation from 2021 to 2070 for two
Representative Concentration Pathways 4.5 and 8.5 were used as climatological input for the
hydrological model “GeoTransf”.

2. The “GeoTransf” hydrological model was developed, calibrated and validate in the Noce catchment
by the University of Trento (Bellin et al., 2016). Results from the hydrological model provided
information on the Noce river streamflow and contributed to the definition of the total water
availability in different parts of the catchment.

3. A System dynamics modelling was then used to characterize water demands from the main water
demand sectors within the Noce catchment integrating different modelling approaches. The
representation of 5 dam reservoirs operations within the Noce catchment provided information on
their water demand (i.e. water turbined) and the water availability as water accumulated in time (i.e.
reservoir volume). Moreover, a soil and water balance model (i.e. SIMETAW) was directly integrated
to describe the water demand for irrigation of apple orchards (i.e. net water application). Domestic
water demand was described considering both inhabitants data and their future projections elaborated
by the Province of Trento, and a statistical regression of tourist presences based on previous
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observations. Finally, minimum ecological flow information were retrieved from the Provincial Plan
for Public Water Use (PGUAP, 2006) and kept constant for future scenarios.

1.3. Causal loop and input data

Starting from the representation of system macro components and modelling approaches used in the
integrated framework, we focused on a causal loop diagram to further conceptualize the specific variables
involved and their interactions (Figure 13). The approach used here, started and further expanded the
conceptualization and application of one single element exposed to water scarcity conditions previously
explained in paper 2 to a wider geographical areas, integrating the interplay among sub-basins and
considering different sectors and their water demand. In particular, components related to socio-economic
vulnerability were included (e.g. population variation and crop type) considering multiple elements from
different sectors exposed to water scarcity, relying on the same water resource. The system expansion
encompassed the application of a similar logic to different parts of the catchment resulting in a spatially
explicit assessment of unbalanced water conditions leading to multiple cross-sectoral impacts. The
System Dynamics Model in this study is composed of modular parts describing the water availability
coming from hydrological processes and water demand to sustain hydropower production, agriculture,
domestic and the minimum ecological flow water needs.

This model was developed combining a first causal loop conceptualization using the Stella software
(https://www.iseesystems.com/), which was then translated into a quantitative model assessing variables
interactions and causality through statistical analysis using R Studio (R Core Development Team, 2013)
and physically based models.

Figure 13 shows the main variables and their interactions considered in the conceptualization and
then used for quantitative assessments. In particular, this study focused on the evaluation of total water
demand and total water availability so to represent possible unbalance conditions potentially leading to
multiple water scarcity impacts on different sectors. Total water demand is driven by the sum of
hydropower, agricultural, domestic and ecological water demands. Both hydropower and ecological water
demands are directly affected by streamflow quantity and hence by precipitation and temperature
variations. Climate change also affects the evapotranspiration calculation leading to variation in the
agricultural water demand. Finally, the water use % factor depicts unbalanced conditions between
availability and demand variables leading to possible conditions of water scarcity. To do so, data from
different sources were collected and used to characterize variables interactions within the causal loop. A
summary of each variable name, type and source was reported in Table 4 together with a classification of
the macro field (i.e. hydropower, agricultural, domestic, ecological and climate)
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Figure 13 - Causal loop diagram for an integrated water scarcity risk assessments in the Noce catchment. Yellow variables are
related to domestic water demand. Light blue variables are the hydrological variables related to the assessment of total water
availability and affecting the hydropower water demand. Pink variables refers to ecological water demand, green variables are
related to agricultural water demand, while variables in brown represent climate drivers.

65



Table 4 - Datasets used to characterize both sectoral water demand and water availability for the baseline and future projections

Variables

Data type

Time range

Data source

Dam reservoirs minimum and maximum volume
[Mm3]

Average thermal radiation [W/m?]

Horizontal and vertical wind components [m/s]

% Discrete data (Majone et al., 2016)
8 | Dam maximum turbined flow [m3/s] varying per each
o
§ S | ) . dam
ams volume time series . .
T Daily values Province of Trento — Agency for water resource and energy
Dams water flows (inflow, turbined and released)
Agricultural land extension [ha Spatial vector data 2007 .
g [hal P Open data Trentino
E Crop type [-] -
2 | Bud break date [day of the year] - (Eccel et al., 2000; Rea and Eccel, 2006; Zucaro et al., 2009)
2 | Irrigation method [-] Discrete data 2018 Erovmual federation _of irrigation and territorial
2 improvement consortia
Harvest date [day of the year] - (Zucaro et al., 2009)
Per capita water demand [m3/person-day] Discrete data - Technical report on the Noce river (Tovazzi, 2012)
% Inhabitants for the baseline [#] Monthly values at 1985-2017
o i i municipal level - . . .
g Tourists presences (baseline) [] 3 yearspstep Srojections at ;ggg 2851;; Province of Trento - Institute of Statistics
8 ] ] - -
Future inhabitants [#
uture inhabitants [#] valley level 2040-2070
Minimum ecological flow conditions [m?/s] Discrete data Provincial Plan for Public Water Use (PGUAP, 2006)
E varying per each
(@] .
L Discrete data at dams .
% Minimum dam releases [m3/s] ! . dam Province of Trento — Agency for water resource and energy
S releases location
Daily maximum and minimum temperature [K]
© Total precipitation amount [mm/day]
© | Relative humidity [% L . .
E y_[ _0] > Daily gridded values 1971-2005 Euro-Mediterranean centre on Climate Change
3 Average solar radiation [W/m?]
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2. System Dynamics Modelling set up

The SDM is here described considering the modelling background leading to the assessment of water
availability and water demand. For each component, we aimed at assessing the amount of water
available, which was then related to each sub-catchment area. In case of water availability, natural
streamflow and reservoir volume stored were considered and summed up per each month, while in
case of water demand we accounted for the needs for hydropower production, agricultural irrigation,
domestic demand and minimum ecological flow.

2.1. Water availability

Streamflow

The hydrological dynamics within the Noce catchment were already described by previous
applications of the GeoTransf hydrological model created and applied by Bellin et al., 2016 and
Majone et al., 2016. This model was already calibrated and validated on historical observations well
representing the hydrological dynamics associated to glaciers and snow processes and their
consequences in terms of rivers streamflow. GeoTransf application provided daily values of
streamflow in different parts of the catchment considering a baseline from 1981 to 2010. This
information was aggregated at a monthly temporal resolution due to its suitability to describe potential
water scarcity issues accounting for seasonal variability (Brunner et al., 2019b).

Furthermore, GeoTransf was also applied to the Noce catchment within the OrientGate project
simulating natural conditions of streamflow without human withdrawals. This particular application
provided useful information on the actual effects of upstream water demand on the residual water
availability downstream and hence the assessment of any related unbalanced water use conditions and
cascading effects.

Reservoirs volume

Five dam reservoirs within the catchment were considered for the volume analysis (names and
position reported in Figure 11). Historical values of water volume stored in reservoirs were made
available by the Agency for water resource and energy (Table 4) for each reservoir. According to the
availability of each reservoir historical data, different statistical models were selected, calibrated and
validated to replicate past observations (Table 6). Due to the tight nature of reservoir stored water and
water diverted for hydropower demand, further details on the statistical models used are provided in
the following section.

2.2. Water demand

Total water demand accounted for four main user-sectors: i) hydropower ii) agriculture, iii)
domestic and iv) ecological flow. These sectors were recognised as the most relevant for both their
water demand and their strategic economic role in the Noce catchment (Table 5).

Water demand comprised both consumptive and non-consumptive water uses. On the one side,
agriculture demand was considered as a consumptive user due to the high rate of spring and summer
evapotranspiration and hence it was assumed not to be available for downstream users. On the other
side, hydropower, domestic and ecological water demands were considered as hon-consumptive,
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hence accounted within the total water demand of the area they belong to, but then released and made
available again for downstream areas.
Table 5 — Licensed water withdrawals per sector (year 2017) and respective percentage. Large hydropower plants (average

nominal capacity greater than 3MW) water withdrawals are excluded (Data source: Provincial Agency for Water and
Energy).

Sector Licensed water withdrawals [m?%s] | Percentage [%0]
Agriculture 148928.0 9.48
Other 2515.9 0.16
Domestic 67702.1 431
Hydropower 1323083.0 84.24
Industrial 8269.4 0.53
Snowmaking 4712.7 0.30
Fish farming 15307.6 0.98

The assessment of water demand in different sectors relied on outputs from physically-based
models and statistical analysis of variables correlation and future projections.

Hydropower

Within the Noce catchment, we considered water stored in each dam reservoir and their
hydropower water demand, neglecting small run-of-the-river hydropower plants. Hydropower
management plays a dual role in terms of water demand diverted to the turbines and affecting the
reservoir volume and hence total water availability.

Moreover, we assumed the total storage capacity of the existing reservoirs in each sub-catchment
area of the Noce catchment as a single, virtual reservoir (Brunner et al., 2019a; Garrote et al., 2018).
In particular, total hydropower water demand was computed for each single dam reservoir and then
aggregated per sub-catchment area into an overall hydropower water demand.

In this case, water demand was considered as a non-consumptive use since all the water diverted
to the turbines is then released into the natural river for downstream users.

GeoTransf streamflow simulations were used as input values through stochastic SDM assessments
so to replicate trends of water stored in the main dam reservoirs and their water demand in terms of
water turbined for hydropower production. Stochastic SDM models considered a linear mixed-effect
model selected for its ability to represent both environmental dependencies affected by climate change
(i.e. Q;,,) and recurrent dam operations influenced by specific timing (i.e. day or month random effect
variables). In those cases where simulation was first run on a daily level and then aggregated monthly,
day of the week was found to have significant effects and was considered as an important proxy
variable of energy market prices influencing the hydropower production.

In particular, since the Malga Mare reservoir directly receives the water turbined from the Careser
dam we neglected Malga Mare water demand in terms of water turbined so not to double count the
hydropower water demand within the Val di Sole considering the same water turbined twice by in
series Careser and Malga Mare hydropower plants.

68



Table 6 - Summary of dam reservoir characteristics and model used to represent their turbined outflows and volume stored
both for the baseline and for future projections. Not significant volume refers to those reservoirs where inflow is equal to
turbined outflow due to their limited volume capacity.

Dam . Turbined outflow equation R? Stored volume equation R? Data time
reservoir range
V(t) = V(t-1)+Qin (t-1)- 1990-

Careser Qturbined (t) = f(Qin(t'1)1 month) 073 Qturbined (t‘l)‘ Qiecological(t‘ 075
2010
1)

. . 2004-
Pian palu Quurbined (t) = f(Qin(t-1), month) | 0.74 | V(t) = f(Qin (t-1), month) | 0.66 2013
1999-
. 2004
S.Giustina | Qurbined () = f(Qin(t-1), month) | 0.79 V(t) = Qin (t-1), month) 0.71 2009-
2017
Qturbined(t)zf(Qin(t'l), . g i 2000-
Mollaro weekday, month) 0.99 Not significant volume 2010

Moreover, Mollaro dam water turbined was evaluated considering daily values due to their better
performance and then aggregated at monthly resolution for volume calculation. A summary of each
dam reservoir equation on their water turbined and volume stored is reported in Table 3. Moreover,
Mollaro reservoirs work as intermediate reservoirs all the water inflowing is then diverted to the
turbines for hydropower production and hence the statistical models shown high performances. For
this reason, their total capacity is very limited and not accounted within the total water availability
calculation. Finally, S.Giustina dam reservoir operations and management was already investigated
more in details in Paper 2 of this thesis.

Agricultural

Agriculture is the second sector for water demand within the Noce catchment (Table 5).
Simulations aimed to represent monthly water demand for irrigation considering climate change
effects in terms of temperature and precipitation variations.

In this case, agriculture was considered as a consumptive sector assuming water used for drip
irrigation fully evaporates or evapotranspirates. This assumption was justified by conditions of full
irrigation associated to drip irrigation methods leading to optimum soil water conditions (i.e. no water
stress) and hence to maximum evapotranspiration rates (Testa et al., 2011).

In order to evaluate agricultural water demands, we considered the soil and water balance model
SIMETAW_GIS for its previous applications, performance and ease of use (Mancosu et al., 2016;
Masia et al., 2018). This physically based model evaluated the net water application calculating the
potential evapotranspiration trough the Penman-Monteith equation (Testa et al., 2011). Climate
variables were retrieved using COSMO-CLM data with a spatial resolution of 0.0715° x 0.0715° (=
8kmx8km) as reported in Table 1. Moreover, climate variables time series were provided by CMCC
having already applied a Quantile Mapping bias correction method on station points locations within
the Orientgate project. Such application is commonly performed in order to correct usual mismatches
between climate model representations and actual local measurements, especially for complex
mountain orographic and climate conditions (Bucchignani et al., 2016; Maraun, 2016). Bias corrected
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values of temperature and precipitation were then spatially interpolated from station locations to grid
maps having the same COSMO-CLM climate resolution. Such method was applied using the external
drift kriging method through the gstat R package (Gréler et al., 2016; Hudson and Wackernagel,
1994). Altitude, aspect and slope were selected and used as the external drift variables for spatial
interpolation. The other climate variables used within the Penman-Monteith equation (i.e. wind speed,
relative humidity and solar radiation) were not bias corrected due to the lack of local measurements.
Bias and non-bias corrected variables were then used as inputs to the Penman-Monteith equation so to
better evaluate evapotranspiration conditions and hence net water applications within the Noce
catchment.

Net water applications were then associated to each agricultural land polygon available from the
Trentino Open Data portal (Table 4Error! Reference source not found.). In particular, we assumed a
n apple orchards dominated cultivation due to the intensive monoculture apple production in the
catchment (Marini et al., 2012; Tattoni et al., 2017) and a growing season range from 15" April to 1%
October (Zucaro et al., 2009). Using this information, the total water demand for irrigation was
computed at a monthly time step per each sub-catchment area.

Modelling baseline considered a time range 1971-2005, while results within the whole catchment
span in a range of 714 - 3000 m3/ha per year and agree with provincial yearly range values of 1395 -
10050 m3/ha.

Domestic

Domestic water demands account for both permanent inhabitants living in the area and population
variation due to seasonal tourism presences. In particular, tourism presences differentiate across the
three sub-division areas due to their landscape characteristics and presence of accommodation
facilities (e.g. presence of ski resorts), contributing to the total domestic water demand. Population
water demand was characterized by 0.250 cubic meters per day per capita, since it is the standard
value in provincial assessments (Tovazzi, 2012). Historical and future projections of inhabitants data
were available from the Provincial Statistical department respectively at municipal or valley level
(Table 4).

However, tourism data was only available for historical presences. For this reason, historical
tourist presences from 1985 to 2017 were used as a dataset for a statistical model implementation.
Tourism presences are particularly difficult to predict due to the high dependence on uncertain socio-
economic conditions at national and international levels. However, we represented tourism presences
for each sub-division through a mixed effect linear-regression model using the Ime4 package available
in R (Bates et al., 2015). Such regression replicated past tourist presences as a function of “date” and
accounting for each “month” of the year as a grouping factor, relevant to describe the seasonality
patterns of tourism presences.

Ecological

Minimum ecological flow aims to preserve an optimal ecological status also during months of
reduced streamflow availability. Recent events of water scarcity in 2017 and 2015 raised concerns not
only on the amount of streamflow, but also on the ecological status related to the quality of water with
consequences on the overall catchment (Chiogna et al., 2018; Hanel et al., 2018; Laaha et al., 2017).
For these reasons, minimum ecological flows are regulated by Provincial law (Provincia Autonoma di
Trento, 2006) introducing monthly thresholds for minimum streamflow discharge and releases from
hydropower dam reservoitrs.
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2.3. Future projections

All future scenarios were based on the same temporal extension of medium-term (2020-2050) and
long-term (2040-2070) time scenarios at a monthly time step for two representative concentration
pathways (RCP) 4.5 and 8.5. Future climate COSMO-CLM (i.e. climate limited-area modelling)
climate scenarios were developed by the CLM community and provided by the Euro-Mediterranean
centre on Climate Change (CMCC)(Bucchignani et al., 2016). Due to their spatial resolution
COSMO-CLM projections are considered as a suitable model for climate impacts assessments at local
level (Rockel and Geyer, 2008).

Climate data were used as input for the hydrological model GeoTransf which outputs were used
as information within the SDM (Figure 12)

Streamflow

GeoTransf was applied within the OrientGate project together with climatological data and
providing information on the Noce river streamflow in different sections of the catchment in natural
conditions (i.e. without human withdrawals).

Reservoirs volume
Future projections of reservoir volumes were simulated reproducing the statistical linear-mixed
effect models retrieved using historical time series to include future GeoTransf streamflow values

Hydropower

Future conditions of water used for hydropower production were modelled by the statistical
relations among predictors extracted from historical values. We considered no changes in the
production patterns, hence assuming relation valid in the past will be valid in future too. This
assumption is motivated by the high uncertainty associated to future changes in production patterns
affected by societal conditions (e.g. energy price fluctuations) (Gaudard et al., 2014; Ranzani et al.,
2018)

Agriculture

Water demand for irrigation was estimated considering potential evapotranspiration driven by
future climate conditions of COSMO-CLM spatial data. Agricultural land extension, growing period,
harvest date, crop type and irrigation method were assumed constant in time.

Domestic

Future projections of inhabitants were provided by the Provincial Statistical department based on
past and current conditions of population age distribution. Population was projected to decrease in all
sub-catchment areas affecting the overall domestic water demand.

Future tourist presences were projected using a linear-mixed effect model regression. Future water
demand for this sector considered the same amount of capita water demand as assumed for
inhabitants.

Ecological
Future conditions of minimum ecological flow are assumed to remain constant as in the baseline
for all the future scenarios.

2.4, Cascading effects
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The final evaluation of possible cascading effects on water availability and its use from upstream
to downstream it was conceptualize in Figure 13 and then translated into a stock and flow model in
Figure 14. The final aim of this assessment was to apply the SDM model to each sub-catchment area
subtracting the agricultural demand from the water availability for downstream uses.

The easiness of creating a stock and flow model using the Stella software allowed to bring together
many components from different analysis into one single model keeping a wider perspective on the
whole system.

Figure 14 shows a consecutive application of the stock and flow model to each area according to
its features of water availability and demand. Agricultural water demand is the only component which
was subtracted from the water streamflow component going into the following downstream area.

First, the stock and flow approach can be applied to polygon A (1) to assess total water availability
and demand within its borders. Second, streamflow to polygon B would be reduced by the amount of
water demanded for agricultural purposes (2). Third, the approach is repeated to polygon B assessing
total water availability and demand (3). Fourth, streamflow to polygon C is decrease by the amount of
agricultural water demanded in polygon B (4), and finally the stock and flow approach is applied to
polygon C (5).

The process is repeated for each area assessing any water scarcity issues arising with concurrent
conditions of high water demand and decrease in streamflow.
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Figure 14 - Stock and flow diagram applied to each sub-catchment area to characterize water availability and demand, and
its effect on downstream streamflow.

For each application of the stock and flow approach to each sub-catchment area conditions of
water scarcity can be assessed looking at water use as a ratio between water availability (i.e. sum of
monthly water stored in reservoirs and streamflow conditions) over water demand (i.e. sum of water
for monthly hydropower production, agricultural irrigation, domestic uses and ecological flow).
Future monthly values of water use can detect conditions of possible water mismatch with
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consequences on the selected sub-catchment area and to those downstream. For these cases, water use
index can have values greater than 1 showing no water scarcity issues in the area, equal to 1 when
water availability and demand has the same value, or lower than 1 when water demand is higher than
availability.

3. Results

Preliminary results are here presented considering the Val di Sole (A polygon) and Alta val di Non
(B polygon) only. Next development will consider the assessments of the Bassa val di Non area.

3.1. Baseline
Results are divided according to each macro-area (polygons A and B in Figure 1) reporting the
contributions from the selected sectors.

A Polygon — “Val di Sole”:

Careser and Pian Palu are the main dam reservoirs in the Val di Sole with a storage capacity of
15.2 and 15.3 Mma3. Statistical models for the baseline simulations show to grasp monthly trends
replicating average volume observations (Table 6). However, they also show limitations in
representing particular variations in terms of sudden operational modifications related to human
decision-making especially in the case of water turbined for the Careser dam reservoir.

Careser Pian Palu
15- |
)
e <
i g
5- -
0 Legend
Modelled
< S — Observed
§10- =
£ =
o™ C
E 5 ' » ‘ ' o
= =
— @
o

"3 Q P o 0 O P P © i
Time [months]

Figure 15 -. Careser and Pian Palu dam reservoir volume stored and water turbined for their baseline periods (x scales are
different)

B Polygon — “Alta val di Non”:

The S.Giustina dam reservoir has a maximum net available volume of 152.6 Mm3 and is the only
reservoir located within the Alta val di Non area. Results from the statistical modelling provided
sufficient accuracy to replicate past observations especially of the overall trend (R?= 0.71 and mean
Root Mean Square Error of 13.5).
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Figure 16 - Baseline reservoir volume and water turbined simulations for S.Giustina. Red line represents real observations
and light blue represents simulated values.

Agriculture

Agricultural baseline for water demand was selected implementing SIMETAW in a time range
from 1975 to 2005 and at a monthly time step. Results were multiplied by the extension of
agricultural land hence providing information on the total net water application used to irrigate.
Moreover, baseline results show a clear difference between the three selected areas due to differences
in agricultural land extensions. In particular, Alta val di Non shows the highest extensions of
agricultural land (5068 ha) compared to Bassa val di Non (4698 ha) and val di Sole (1434 ha).

Results were compared with provincial agricultural reports analysing the amount of water needed
in past observations per hectare to sustain the apple production. SIMETAW outputs fitted the
provincial ranges hence confirming the accuracy of SIMETAW water demand assessment.

Baseline water demand
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Figure 17 - Water demand for the baseline (1975-2005) for polygons A (“Val di Sole”) represented in red, B (“Alta Val di
Non”) in green and C (“Bassa Val di Non”) in blue.
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Domestic

A, B and C Polygons - “Val di Sole”, “Alta val di Non” and “Bassa val di Non”

Tourist presences were analysed considering the available data spanning from 1985 to 2017 from
the Province of Trento (Table 4). Figure 18 reports the baseline period and the differences among two
sub-catchment areas in terms of tourist presences. Past observations were replicated through a linear-
mixed effect model able to simulate seasonality conditions. Although such model simplified the
possible variations in presences number, it replicated the overall linearly growing trend and the

monthly differences, especially for maximum values.
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Figure 18 - Number of tourist presences per selected area from 1985 to 2017 at a monthly time step

For the Val di Sole conditions of water demand for the tourist sector during the baseline period spans
from a minimum of 11783 m® per month to a maximum of 2242103 m? per month, for the Alta val di

Non spans from 2963 to 505920 m® per month, while for the Bassa val di Non spans from 975 to
1851848 m? per month.
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Figure 19 - Modelled (red line) and observed (light blue line) number of tourist in the baseline. Prediction performance is
evaluated by mean RMSE using a moving window approach (further explanation in section 3.2.3 of paper 2): Val di Sole =
39961; Alta val di Non = 5443; Bassa val di Non= 22868

Ecological

Minimum ecological values were set at the values established by Provincial laws and were kept
constant for future scenarios too. Minimum ecological flow values are set for each dam reservoir
release as well according to the upstream area and for each month of release (Table 7).

Table 7 - Minimum ecological flow values for each dam reservoir releases. Values are available per each month

Dam reservoir Minimum ecological flow value
Careser 0.081 m3/s
Pian Palu from 0.179 to 0.277 m3/s
3.2. Future projections

Future water availability
Streamflow: A Polygon — “Val di Sole”

Streamflow for the head part of the catchment shows a glacial behaviour, with only one clear
yearly peak for the baseline period. However, future climate change projections are shifting towards a
more nivo-glacial behaviour characterized by a second lower peak during autumn time. Maximum
peak for the baseline is lowered from 82.7 to 57.7 Mm3/month for the long-term scenario of RCP4.5
and expected to anticipate by one month from July to June for short-term scenarios, and to more than
one month for long-term scenarios (i.e. anticipation of snow and glaciers melting periods).
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Future streamflow Val di Sole - RCP4.5 and 8.5
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Figure 20 - Monthly average over 30 years of simulation for the Noce streamflow at the end of the Val di Sole for RCP4.5
and 8.5, short and long-term scenarios.

B Polygon — “Alta val di Non”

The Alta val di Non already shows a nivo-glacial behaviour for the baseline, which is going to
persist for future climate conditions. However, future scenarios of streamflow show a significant
reduction of the maximum yearly peak with a greater difference from 117.57 down to 87.80
Mm3/month for the RCP4.5 long-term scenario. Moreover, long-term scenarios for both RCPs show
an anticipation of the maximum discharge peak of one month.

Future streamflow Alta val di Non - RCP4.5 and 8.5
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Figure 21 - Monthly average over 30 years of simulation for the Noce streamflow at the end of the Alta val di Non for
RCP4.5 and 8.5, short and long-term scenarios.

C Polygon — “Bassa val di Non”

The Bassa val di Non shows a river flow regime having nivo and glacial contributions peaks. The
baseline scenario also shows a third peak during September due to the regulation of the S.Giustina
reservoir greatly affecting downstream flows. Future scenarios depict a generalized trend of peak flow
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reduction and anticipation for RCP4.5 during the 2021-2050 time range. RCP4.5 for the 2041-2070
period is the only case with an increase of maximum flow peaks during spring and autumn time.
Maximum reduction of streamflow is expected for RCP8.5 during 2041-2070 time range, shifting
from -8.35% in December to -28.9% in August, but an increase of streamflow up to +29.4% in March.
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Figure 22 - Monthly average over 30 years of simulation for the Noce streamflow at the end of the Bassa val di Non for
RCP4.5 and 8.5, short and long-term scenarios.

Reservoir and water turbined simulations show different trends according to each dam reservoir and
scenario.

Reservoirs and hydropower: A Polygon — “Val di Sole”:

The Careser dam reservoir is highly affected by the upstream glaciers dynamics feeding it. Figure
23 shows such dynamic in terms of recurrent empty volumes during winter months. In RCP4.5 short-
and long-term scenarios the volume dynamics are not suffering high variations, while in the long-term
RCP8.5 there is a clear decreasing trend of the volume stored.
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Careser future volume
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Figure 23 - Careser reservoir stored volume for future scenarios of climate change

Such conditions of reduced stored volume seems to have little consequences on the amount of water
turbined in Figure 24.

Careser future water turbined
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Figure 24 — Careser water turbined for future scenarios of climate change and streamflow

While different conditions are expected for the Pian Palu future water turbined in Figure 25. Similarly
to the trend of future Careser volume, the Pian Palu water turbined is severely affected in the worst

case scenario, with a decrease in the number of maximum values especially in the last 10 years of
simulation.
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Pian Palu future water turbined
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Figure 25 — Pian Palu water turbined for future climate change scenarios

B Polygon — “Alta val di Non”:

Results for the S.Giustina reservoir were already assessed more in details in paper 2. Results
showed a decreasing trend in the number of maximum volume stored for all scenarios. At the same
time, the number of minimum values of water stored is increasing.

Future water volume stored for RCP 4.5 and 8.5
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Figure 26 - S.Giustina volume for future scenarios of climate change and streamflow

Consequences of reduced streamflow are more evident in case of water turbined. Limited
variations are expected for the RCP4.5 both short and long-term, while RCP8.5 shows a decreasing
trend especially in the long-term (Figure 27).
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Future turbined outflows for RCP 4.5 and 8.5
80. RCP4.5 2021 2050 RCP4.5 2041 2070
60-
40-

20-

I e T T T S S S A Legend

O LD B DS Pe OB D 1Y D DD 1L x40 DD e D DD e O DA
O R TR RO LR PR AR R IRV = RoP4.5 2021 2050

=

| -

o NARAN) AN AN QAN

g 'L'L‘L‘LQL‘L'L‘L%‘L‘L‘L(L‘L'L‘L‘L‘LW'L‘L —RCP4.5:2041:2070
2 7 RCP8.5 2041 2070 —~ RCP8.5_2021_

= 80 RCP8.5 2041~

Q?pu@%cwwb%cmu@%gwmmb%gwh@%gwm@%gm
RO QRO KOO0 b2 B DD DR DD R0 K RO R O EE B O A
e S NI S S
Time [Months]

Figure 27 — S.Giustina water turbined for future climate change scenarios

C Polygon — “Bassa val di Non”

The Mollaro reservoir operates only diverting water already turbined from S.Giustina to another
penstock, hence all water incoming to the Mollaro reservoir is turbined and released downstream.
Such reason, justify the high model performance replicating past water turbined observations.

Future water demand
Agriculture
A, B and C Polygons - “Val di Sole”, “Alta val di Non” and “Bassa val di Non”

Preliminary results of monthly averaged water demand for both RCP 4.5 and 8.5 short term and
long-term scenarios show a substantial increase for apple cultivation with respect to the baseline.
Anticipation of water demand is higher for long-term scenarios for all the three areas.

Val di Sole shows increase both for RCP4.5 and 8.5, the latter having lower maximum values but a
generalized larger increase over all the considered growing period. In the short term, RCP4.5 increase
ranges from 8% in June to 31.8% increase in April, while in the long-term scenario from 11% in
September to 36.9% in May. RCP8.5 shows short-term values increase ranging from 7% in September
to 16% in July, and long-term increases from 17% in September to 36% in July.

Alta val di Non also shows a lower increase of water demand compared to the Val di Sole. In
particular, Alta val di Non includes an agricultural land extension 3.5 times larger than Val di Sole
and still values increase ranges for RCP4.5 short-term from 0.5% in June to 7% in July; for RCP4.5
long-term
from 6% April to 17% July; RCP8.5 short-term 0.5% in June to 7% in July, and finally RCP8.5 long-
term from 16% in May to 28% July.
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For Bassa val di Non the increases are the highest most likely due to the larger extension in
agricultural land and a lowest altitude locations, meaning a higher increase of temperature values in
future. Such conditions leads to increases of RCP4.5 short-term from 65% April to 86% July; RCP4.5
long-term from 63% in April to 103% in July; RCP8.5 short-term from 55% in April to 80% in June,
and finally RCP8.5 long-term ranging from 78% in April and 106% in July.

Noce catchment agricultural water demand
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Figure 28 — Percentage changes of agricultural water demand (already accounting for agricultural land extension): in red
percentage differences between the 2021-2050 scenario and baseline, in light blue differences between the 2041-2070
scenario and baseline.

Domestic
Future inhabitants projections depict a decrease of population living in all the valley of the Noce
river from 54692 in 2020 to 43156 in 2070. This is likely due to a combination of low birth rates and

an already existing and persistent trend of rural population move towards urban centre that is common
across all mountain areas in Europe (Lasanta et al., 2017; van den Belt et al., 2010).
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Noce catchment inhabitants projections
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Figure 29 —Future inhabitants’ projections of inhabitants for the whole Noce catchment

In case of future tourist presences scenarios, the Val di Sole area (A) is projected to reach and
going beyond 350000 presences for the long-term scenario, doubling values from 1985. Maximum
values of presences are projected to occur during winter months of January, February and March, and
summer season (i.e. in particular July and August) corresponding to the peaks of seasonal outdoor
activities and leading to a maximum water demand of 96000 m? per month for the long-term scenario.
Similarly the projections for the Alta val di Non (B) depict maximum values during the summer

period from July to September and leading to maximum of water demand of 20000 m? per month in a
long-term perspective.
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Figure 30 —Future scenarios of tourist presences for Val di Sole (A) and Alta val di Non (B) using a liner-mixed effect model
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Ecological

Minimum ecological flow kept constant according to the Provincial regulation (Provincia
Autonoma di Trento, 2006). Future scenarios not considered any modifications in the minimum flow
to sustain ecological systems.

84



4. Discussion and conclusion

This study provides insights on the Noce river mountain catchment and the assessment of climate
change and anthropogenic effects on water availability and demand. In particular, it widen traditional
single-risk perspectives adopting a SDM to include multiple and cross-sectoral components involved
in water scarcity issues. This application encompassed bio-physical and socio-economic factors
related to multi-risk processes. In particular, SDM was applied to multiple areas where economic
sectors share and depend on the same water resource and are exposed to potential cross-sectoral and
cascading effects caused by upstream withdrawals. The aim of the integrated multi-risk assessment
was to investigate possible conditions of unbalanced water use at different locations. By doing so, we
explored potential impacts of water scarcity propagation from upstream to downstream exacerbated
by climate change and increasing water demand for anthropogenic activities.

Preliminary results showed climate change influences decreasing river streamflow in the Val di
Sole and Alta val di Non characterized by an anticipation of the monthly averaged maximum peak of
discharge of one month. This result has consequence on the amount of water turbined, especially for
the Pian Palu and downstream to S.Giustina dam reservoirs. While for the baseline scenario
streamflow peaks timing (i.e. May, June, July, August) mostly overlaps with months of maximum
water demand for agriculture and tourism (i.e. June, July, August and September), for future scenario
a streamflow peak anticipation can lead to consequences for the availability of water for all the sectors
at the same time. This is particularly significant for long-term RCP8.5 scenario where the agricultural
water demand is increasing up to 60% for the Val di Sole case and to 90% for the Alta Val di Non
during the worst scenario. Moreover, tourism is projected to linearly increase in time leading to a
significant water demand increase in a long-term scenario. Nevertheless, inhabitants scenarios depict
conditions of decreased population living in the valley, hence compensating the increasing water
demand from the other sectors. This is of particular importance as the number of population living in
the Noce catchment increases from upstream to downstream although the current and future
depopulation trend could compensate conditions of increased water demand from agriculture and
tourism downstream the catchment.

Possible adaptation strategies for the Noce catchment should involve coordinated actions among
all sectors. An increase of water stored in reservoirs (either with new reservoirs or improving the
already existing ones) can provide water during those months of peak demand. Moreover, an earlier
filling of reservoirs in winter and autumn are also identified as a beneficial strategy to support months
of higher demand (Hendrickx and Sauquet, 2013; Brunner et al., 2019).

Strategies for the tourism sector could aim to spread possible unsustainable water demand during
periods of relatively mild pressure. This would be possible attracting tourists during those months
when presences are at the lowest as opposite to high peak seasons (Becken, 2014; Bonzanigo et al.,
2016; Debarbieux et al., 2014; Gossling et al., 2012; Meyer-Cech and Prdbstl, 2006; Permanent
Secretariat of the Alpine Convention, 2015; Scott et al., 2019).

For the agricultural sector, a transition from apple orchards dominated cultivations into more
diverse and less water demanding crop types should be considered to mitigate potential economic
losses in case of water scarcity affecting the whole apple production sector.

Finally, spring and summer months are the most exposed to water use critical states, where
emergency strategies need to be implemented in order to limit water demand and possible impacts on
multiple sectors. Strategies identification and adoption should be conducted together with various
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local actors (e.g. hydropower companies, agricultural associations and local municipalities) to
minimize the spread of unexpected consequences that can have high impacts on multiple sectors. A
participatory approach could be set up engaging local stakeholder to present and discuss the results
from this analysis, fostering the discussion on possible trade-off solutions.

Limitations of the study

The objectives of this study were achieved implementing some assumptions in order to model and
represent a complex reality related to water management in the Noce catchment. Here we summarised
the most relevant assumptions according to the field of application.

From a climate modelling perspective, we considered COSMO-CLM climate model only. This was
due to the already existing application of GeoTransf coupled with COSMO-CLM climate models to
represent future streamflow conditions from the OrientGate project. Although current approaches
consider ensemble means of multiple climate models, our approach considered a conservative
perspective associated with COSMO-CLM precipitation prediction reduction.

Within the assessment of unbalance water availability and demand conditions, we considered
water demand instead of water consumption. This was due to the lack of past data on actual water
consumption for different sectors (e.g. agriculture and domestic) evaluating the real consumption of
water. For this reason, we adopted a more conservative and applicable perspective accounting for the
theoretical water demand per each sector.

For the assessment of hydropower demand, the numerous small run-of-the-river power plants in
the Noce river were excluded. The aim was to account for the main water users understanding their
water demands. This is particularly relevant since implementing adaptation strategies on high
demanding sectors means having the greatest benefits in terms of sustainable water management. In
the case of in-series hydropower water diversions, we considered only the hydropower plant having a
higher demand. This was assumed not to double account for multiple in-series uses of water leading to
a very high (greater than 100%) ratio between water used and water available.

In case of water demand from agriculture, we considered future agricultural land extension and
growing period being the same as in the baseline. These assumptions were justified by the lack of
information on agricultural future scenarios, but we are aware their characterization represent a future
improvement to this study so to better describe the impacts of temperature increase on agricultural
areas and growing period.

Moreover, the crop type within SIMETAW simulations considered apple orchards only. This
assumption is supported by literature data on the very intensive apple production characterizing the
Noce river area (Marini et al., 2012; Tattoni et al., 2017). Moreover, the assumption of apple orchards
dominated cultivations contributes to a more conservative description of agricultural water demand.

In case of domestic water demand, tourist presences for future scenarios was explained extending
its growing trend to the future without considering a maximum carrying capacity. Although defining a
maximum carrying capacity can lead to more realistic results, it is also a threshold difficult to define
and in this case was not considered so to depict conservative conditions for a higher tourist water
demand.

Moreover, the spatial assessment performed with SDM allowed to aggregate results over a certain
area, but also reducing landscape heterogeneity. Such approach was considered due to the need of
bringing together many dataset and modelling outputs into one map, hence relying on a computational
efficient approach to represent the general system conditions.
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Overall, this study showed the complexity arising when bio-physical and socio-economic factors
are interacting together within a multi-risk framework. The adoption of an integrated perspective is
fundamental to address complex multi-risk issues in a comprehensive way. Within this context,
System Dynamics Modelling represents a valuable support to bring together contributions from
deterministic and stochastic assessments in a wider perspective. Although in this way uncertainties
associated to different modelling approaches can increase, this application represents an initial step to
investigate unknown consequences from future scenarios of climate change across different water
demanding sectors. A systemic perspective is particular important and needed to better understand
possible unexpected consequences on the whole system and finally find leverage strategies to trigger
maximum climate adaptation benefit.
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Discussions and conclusions

This thesis focused on multi-risk assessments considering future climate change projections in
mountain regions. The initial literature review on multi-risk applications was based on the current gap
of an internationally recognised multi-risk definition. Different modelling approaches were reviewed
looking at their advantages and limitations in addressing distinctive features of multi-risk assessments
with a specific focus on mountain regions.

As a result, System Dynamics Modelling was identified and selected as a suitable methodology to
investigate variables interactions and feedback loops characteristics of multi-risk conditions. In
particular, the SDM approach is used to conceptually and quantitatively describe bio-physical and
socio-economic variables interacting in time and allowing to adopt a cross-sectoral perspective for a
systemic representation of their dynamics.

Such methodology was implemented aiming to depict varying conditions of water availability and
demand on strategic economic sectors of the Noce river catchment in the Italian Alps.

Within this context, SDM was first applied to the case of the S.Giustina dam reservoir in the Noce
river catchment (Italy) integrating statistical assessments of variables interactions to describe the dam
functioning in terms of water turbined and volume stored and looking at future climate change
scenarios.

This application provided information on the risk conditions associated to future critical states of
the S.Giustina dam reservoir and the impact on the water stored and turbined water used for
hydropower production. Moreover, it provided information on the temporal dynamics of the critical
states, highlighting the need of seasonal dam operations in order to prevent possible water scarcity
issues arising during spring and summer: months of maximum water demand. The results from this
application represent an important foundation to inform local decision-makers and dam managers on
the need to prepare to future reduced conditions of water volume and streamflow. In particular,
actions should be taken acting in cooperation with the territorial local actors for trade-off solutions in
agreement with the international objectives coming from the European Water Directive to make our
water management resilient to climate change effects (European Parliament & Council, 2000).

The third paper widen the previous risk assessment application integrating a larger set of bio-
physical and socio-economic factors defining water demand from hydropower, agriculture, domestic
and ecological need. Water availability was described considering streamflow values and the amount
of water stored in multiple reservoirs within the Noce catchment. This application overcome usual
spatial limitations associated with SDM studies considering three sub-catchment areas and evaluating
their water use defined as the ratio between water availability and demand from multiple sectors. By
doing so, it was possible to look at potential unbalanced conditions of water use that can propagate
downstream the catchment.

Overall, SDM fosters a system thinking perspective, helping modellers and decision-makers to
better understand the variables involved in risk processes analysing their dynamic connections and
feedback loops. Although previous SDM applications mainly relied on deterministic explanations of
variables interactions, SDM applications integrating both deterministic and stochastic models
represent a valuable improvement to address uncertainties associated with risk assessments. Spatial
assessments represent another limitation of SDM applications. However, in this thesis a spatial
lumped subdivision was considered accounting for spatial heterogeneity within the Noce catchment.
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The SDM approach implemented in this thesis connected for the first time the main water
demanding sectors within the Noce catchment providing insights on possible cascading effects. Such
methodological application could be extended to include other areas (e.g. Adige river) and working at
intra-regional level where recent water scarcity and drought events are becoming more relevant and
impacting current human activities and ecosystems (Chiogna et al.2018; Hanel et al.2018). Moreover,
SDM can encompass participatory approaches to identify suitable adaptation strategy together with
relevant local stakeholder. In particular, social-related qualitative variables involved in water
management could be integrated within the SDM. Such application can provide innovative insights on
the way to couple guantitative and qualitative information to tackle climate-related water scarcity.
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Supplementary Material

Table 1- Analysis of multi-risk and climate change assessment applications with the 5 selected methodologies

. Climate
Bayesian Management Hazards Exposed Cross-sectoral . Temporal Stakeholder
References . Hazards . . change Spatial scale . . Software used Case study
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. related indicators Delta (China)
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2. 2016) system assessment Flood None People None None (78 km2) None a anel of experts integrated through (Switzerland)
for urban flood P P k.LAB platform
. XBeach model, Rockaway
. Simultaneous . X .
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’ Ti f 1-Sali
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Agent-based . Hazards Cross-sectoral Climate change . Temporal Stakeholder Software
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System

. Management Hazards Cross-sectoral Climate change . Temporal Stakeholder Software
dynamic References . Hazards . . Exposed types . Spatial scale . X Case study
models issue interactions assessment scenarios dynamic involvement used
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Event and . Hazards Cross-sectoral Climate change . Temporal Stakeholder
References Management issue Hazards . . Exposed types . Spatial scale . .
fault trees interactions assessment scenarios dynamic involvement Software used Case study
Simulations
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phenomena: . No dynamics
the hazard:
lahars, X . represented. -
. . . spatial grid A El Misti
(Sandri et al., Assess volcano multi- pyroclastic . " probabilistic .
1 . X None None None None with a finer None Eject! Volcano,
2014) hazard probabilities density assessments refer X
1x1-km, and a . Arequipa (Peru)
currents, to one year time
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tephra fall and N window
ballistic ejecta spacing up to
90km from the
volcano
Economic AlB IPCC Four areas . . Three workshop R
. . . Infrastructures, . . Simulations look to . . . Kokemaki river
(Rosqvist et al., Flood protection of critical . . (emergency scenario on considered : ) during one year with ThinkTank group . .
2. . Flood None residential . ! future climate L city of Pori
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represented.
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3. . . floods, Simultaneous People None None municipality None None municipality,
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4. . - . . Cascade None None None extension (~1 None with scientist and None
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. . 269.157 km of .
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3. 9 v model and management r quality None Water flow None None &g observations: 2010- None 7 Songhua River,
2016) . N deterioration the river and . L .
bayesian strategies . . 2012 Netica Jilin (China)
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Bayesian Herd. riparian Two scenarios: a period of Stakeholders
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model services
dataset) collect data
Social (environmental La_ke dynamics at
(Martin and System Ecosystem laws, population daily scale and Surveys for Archetypical
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40)
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model behaviour 9 (2001-2021) (Canada)
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Critto A.

“An integrated System Dynamics Model for multi-risk
assessment for water scarcity in the Noce river catchment
(Province of Trento, Italy)” (poster and travel grant winner)

Terzi S., Susnik J., Masia S., Schneiderbauer S., Torresan S.,
Critto A.

“Integrated System Dynamics Modelling for a multi-risk
assessment of water scarcity in the south-eastern Alps” (poster)

Terzi S., Susnik J., Schneiderbauer S., Torresan S., Critto A.
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International workshop on
modelling risk and resilience
in human and natural systems,
Bern (CH)

The Fourth Northern European
Conference on Emergency and
Disaster Studies, Uppsala (SE)

International Mountain
Conference,
Innsbruck (AT)

2018

Inquimus,
Venice (IT)

Natural Hazards and Risks in a
Changing World,
Potsdam (DE)

Italian Society for Climate
Science,
Venice (IT)

European Geosciences Union,
Vienna (AT)

2017

European Geosciences Union,
Vienna (AT)

“System Dynamics Model for mountain water management and
climate change adaptation in the south-eastern Alps” (poster)

Terzi S., Schneiderbauer S., Torresan S., Zebisch M., Critto A.
“Impact Chains and System Dynamics Modelling for multi-risk
assessments and climate change adaptation” (poster)

Terzi S., Susnik J., Masia S., Schneiderbauer S., Torresan S.,
Critto A.

“Multi-Risk Assessments of Water Scarcity in the Alps: a System
Dynamics Model for Climate Change Adaptation” (oral
presentation)

Terzi S., Susnik J., Masia S., Schneiderbauer S., Torresan S.,
Critto A.

“Integrated System Dynamics Modelling for a multi-risk
assessment of water scarcity in the south-eastern Alps” (poster)

Terzi, Susnik, Torresan, Schneiderbauer, Critto, Marcomini
“Multi-risk assessment on mountain water resource: a System
Dynamics Model for climate change adaptation in the south-
eastern Alps” (poster)

Terzi, Torresan, Schneiderbauer, Critto, Zebisch, Marcomini
“System Dynamics Modelling for mountain water management
and climate change adaptation” (poster)

Terzi, Torresan, Schneiderbauer, Critto, Zebisch, Marcomini
“Climate change impact assessment on mountain water
resources: a System Dynamics approach supporting multi-risk
management and adaptation planning” (poster)

1) Terzi, Torresan, Schneiderbauer, Critto, Zebisch, Marcomini
“Climate change impacts on water management in mountain
regions: a complex system framework” (poster presentation)

2) Schneiderbauer, Zebisch, Renner, Terzi, Kofler
“Multi-hazard and multi-risk in mountains - applying the IPCC-
AR5 concept in practice” (PICO presentation)

Terzi, Torresan, Schneiderbauer, Critto, Zebisch, Marcomini

“A comparative review of multi-risk modelling methodologies for
climate change adaptation in mountain regions” (poster
presentation)
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Terzi, Torresan, Schneiderbauer, Critto, Zebisch, Marcomini
“Multi-risk analysis in mountain regions: a review of models,
methodologies and future perspectives for climate change
adaptation” (poster)

European Climate Change
Adaptation conference,
Glasgow (UK)

Terzi, Torresan, Schneiderbauer, Critto, Zebisch, Marcomini
“Reviewing five modelling techniques for multi-risk assessments
and climate change adaptation in mountain regions” (poster)

Inquimus,
Salzburg (AT)
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