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Abstract

Climate change represents a major global challenge, with semi-arid regions like the province
of Almeria being particularly vulnerable. Almeria's dependence on climate-sensitive sec-
tors such as agriculture and tourism, coupled with the absence of perennial rivers, increases
its exposure to extreme events including heatwaves, droughts, and extreme precipitation
events like storms. This study proposes a semi-quantitative methodology to assess climate
risk across different sectors at the municipal level, combining indicators of hazard, exposure
and vulnerability within the framework of the IPCC AR6. Exposure and vulnerability
indicators were derived from regional, national and European datasets, while hazards
were characterized using downscaled Essential Climate Variables. After data collection, the
indicators were normalized using a percentile-based approach to ensure their comparison
and replicability, especially in data-scarce contexts. The results reveal both sectoral and
spatial patterns of risk under three different climate change scenarios, highlighting munici-
palities with a higher level of exposure, vulnerability and risk. Although the static nature

of exposure and vulnerability indicators represents a limitation in future risk quanti ca-
tion, the ndings remain valuable for identifying priority areas for targeted adaptation
and mitigation strategies. The proposed semi-quantitative risk methodology based on
indicators is of great interest and relevance for understanding differences at local scales, as
well as for implementing adaptation and mitigation solutions adjusted to the real needs of
each municipality.

Keywords: climate change; hazards; exposure; vulnerability; risk

1. Introduction

Climate change is one of the greatest global challenges of the 21st century, with signi -
cant impacts on ecosystems, societies and economies]], and the Mediterranean region in
which Almeria is located, is a climate change hotspot [ 2]. Climate change is intensifying
natural and socio-economic risks at the local scale, particularly in vulnerable regions such
as the province of Almeria, where arid conditions, pressure on water resources, and the
exposure of key sectors—such as agriculture—amplify adverse effects [3]. The increase in
climate variability, as well as the frequency and severity of extreme events such as heat
waves, droughts and oods in this Mediterranean region, require robust approaches for
climate risk assessment, in which the interaction between climate hazard, exposure and vul-
nerability is evaluated [ 4,5]. In this context, risk assessment methodologies integrating the
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three main risk components are essential for informing adaptation planning and decision-
making based on scienti ¢ evidence. Taking this into account, access to information about
potential climate-related risks is essential in effectively planning adaptation measures and
justifying their implementation [ 6].

Vulnerability and risk assessments that highlight the risks related to climate change
have become a growing trend, helping to bridge the knowledge gap in risk quanti ca-
tion [ 7,8]. Traditional climate risk assessment approaches can be classi ed as qualitative,
semi-quantitative, and quantitative. While qualitative methods rely on expert knowledge
about the risk, quantitative approaches use mathematical models and complex simula-
tions to calculate the risk [ 9]. However, quantitative approaches may be limited by data
availability and the uncertainty inherent in climate projections due to the limitations of
models, like the resolution or the comprehension of systems and related interlinkages. In
this regard, semi-quantitative methodologies, which combine the exibility of qualitative
approaches with the objectivity of quantitative techniques, have gained relevance in climate
risk assessment [L0]. Its adoption is justi ed when a limited availability of quantitative data
is identi ed, the systems involved are complex, and the multiple dimensions of risk need to
be integrated: hazard, exposure and vulnerability [ 9]. Semi-quantitative methods employ
quanti able indicators that allow for the normalization and aggregation of information
to systematically characterize the different components of risk [ 11]. Indicator selection
is key to avoiding biases in the risk characterization if they do not clearly represent the
speci cities of each sector. Although these semi-quantitative methods do not constitute a
full and comprehensive quantitative risk analysis, they allow for a structured, transparent,
and exible risk characterization, which is especially valuable in decision-making envi-
ronments that require a trade-off between technical quality and practical applicability [ 12].
Furthermore, they allow for the capture of subjective opinions, fostering debate and serving
as a foundation to identify areas where additional analytical effort is needed [ 13]. These
methods have been successfully tested in situations where uncertainty is high or knowledge
is incomplete, supporting systematic reasoning and the communication of risk [ 14].

The Fifth and Sixth Assessment Reports of the IPCC (AR5 and ARG6) have established
a conceptual framework for climate risk assessment based on the interaction of the three
main risk dimensions: hazard, exposure and vulnerability [ 15]. This IPCC framework
has been used in many studies to determine the potential risks associated with climate
change and extreme events [L6,17]. The use of indicators has become a useful tool for
operationalizing the risk assessment under the IPCC framework. Indicators enable the
translation of climate and socio-economic variables into comparable and scalable metrics,
facilitating the identi cation of the most vulnerable areas, the main hazard to be studied,
as well as the sectors exposed and affected by climate-change-associated impactsi8,19].

The normalization of indicators is a critical step in the implementation of the semi-
guantitative risk assessment methodology, ensuring indicator comparison and allowing
different types of data to be integrated into a common scale for the risk characterization [ 20].
Common normalization technigues include Min-Max Scaling, Z-score transformation and
percentile-based classes §]. These techniques help to generate comparable indicators
within the basis of a boundary, generating understandable patterns for the areas under
assessment. The choice of one or another normalization method has direct implications for
the interpretation of the risk components and results, being crucial for the identi cation of
priority areas and sectors for adaptation to climate change.

In this study, we present a semi-quantitative methodology for climate risk characteri-
zation based on the normalization and application of indicators, following IPCC guidelines,
to evaluate the risk of each municipality in Almeria according to three different climate
hazards. This methodology is designed to provide a replicable and adaptable approach at
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different spatial scales and sectors of analysis, making it easy to understand climate risk
from a multisectoral perspective. Through a set of selected indicators per variable (hazard,
exposure and vulnerability) and sector, the proposed risk characterization framework
assesses the interaction between hazard, exposure and vulnerability, offering a valuable
tool for planning adaptation and mitigation strategies for climate change. To test the robust-
ness of this methodology, the article describes its application in the province of Almeria
(Spain), allowing one to collect insights about its ability to understand climate change
risks in an arid region like Almeria that is highly affected by climate change and suffers
from signi cant heat waves and long periods of drought. The study area has not been
addressed in multi-sectoral studies on risk quanti cation and evaluation, which generally
limit themselves to evaluations in a speci ¢ sector, as in the case of water resources and
their implication in the sustainability of economic activities [ 3.

2. Materials and Methods
2.1. Study Area

The study area used for the risk assessment semi-quantitative methodology is the
Province of Almeria. It includes 103 municipalities and is located in southeastern Spain
within the Andalucia region (Figure 1). It has a semi-arid Mediterranean climate, character-
ized by low rainfall and generally high temperatures. The region frequently experiences
extreme droughts, and the absence of perennial rivers means that aquifer systems, together
with desalination, serve as the primary water source for both irrigation and consumption.
However, these aquifers are severely overexploited, with agricultural water extraction
negatively affecting not only the quantity but also the quality of water [ 3,21,22]. This, in
turn, aggravates deserti cation processes, reducing land productivity.
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Figure 1. Map of the municipalities in Almeria with each unique identi cation number (ID) listed

in Table A1 of Appendix A.1, and grouped by population density and territorial characteristics as
Coastal and Densely Populated areas, Rainfed Agricultural and Moderately Populated areas, and
Mountainous and Sparsely Populated areas.
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Despite these challenges, Almeria's dry climate and abundant sunshine throughout
the year have created signi cant opportunities for agricultural production. Thanks to a
combination of a subtropical climate and fertile soils, horticulture has become the province's
most important economic sector. The region's greenhouses produce over three million tons
of fruit and vegetables annually, much of which is exported to the rest of Europe. The agri-
cultural sector has also played a key role in the region's demographic and socioeconomic
transformation. Over the past 50 years, Almeria has evolved from being one of Spain's
poorest provinces to one of the wealthiest. The development of agriculture has driven
continuous migration ows, particularly from Africa, as many migrants seek economic
opportunities in the sector. However, this growth has come at a cost. The agricultural
industry places immense pressure on water resources, threatens biodiversity, and has been
subject to international scrutiny for its exploitation of migrant workers, who often live and
work under poor conditions [ 3].

Tourism is the second-largest consumer of water in the province after agriculture.
This sector has long been a key driver of the local economy, attracting both domestic and
international visitors. With long beaches and year-round sunshine, the region is a popular
winter sun destination. However, tourism in the area is highly seasonal, peaking during
the summer months when warm temperatures also drive high water demand. Managing
this challenge is essential to ensuring the industry's sustainability throughout the year.
In recent years, golf tourism has also gained popularity, leading to the development of
numerous courses and resorts that further increase water consumption. This not only adds
to the already high year-round demand but also causes spikes in energy and water usage
during the summer, precisely when natural replenishment through rainfall is minimal or
nonexistent [23].

2.2. High-Resolution Datasets Under Different Scenarios of Climate Change

To obtain high-resolution climate datasets for Almeria, information from Global Cli-
mate Models (GCMs) was statistically downscaled at a ner spatial resolution (5.5 km)
using a non-parametric Empirical Quantile Mapping (EQM) method [ 24]. Eight CMIP6
models (ACCESS-CM2, CESM2, CNRM-ESM2-1, EC-Earth3-Veg-LR, HadGEM3-GC31-LL,
IPSL-CM6A-LR, MIROC6 and NorESM2-MM), de ned in[ 25], have been used to generate
downscaled climate information for speci ¢ Essential Climate Variables (ECVs) (mean,
maximum and minimum daily temperature, daily accumulated precipitation and mean
daily wind speed) in Almeria province as the case study area, selecting three different
climate scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). These climate data are requested as
the basis for hazard characterization and quanti cation. The EQM method was used to
retrieve point-by-point statistical relationships between interpolated climate projections
(GCM to CERRA climate reanalysis [26]) and reference time series (CERRA climate reanaly-
sis) during training, and to apply these relationships in the prediction mode (downscaled
GCMs). EQM is a method that trains transfer functions over a control period, mapping all
the quantiles from the model output's empirical Cumulative Distribution Function (CDF)
onto the corresponding reference distribution [ 24,27,28]. Figure 2 shows the statistical
downscaling work ow implemented to obtain high-resolution ECVs. The adoption of a
non-parametric approach for the EQM adds exibility to the method, avoiding the selection
of speci c statistical functions to t the empirical CDFs. This exibility shows that the
method could be used for any climate variable, regardless of the statistical function that
best represents it.
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Figure 2. Statistical downscaling work ow.

2.3. Semi-Quantitative Risk Methodology

The risk assessment method employed in this paper follows a semi-qualitative ap-
proach that implements quantitative indicators to derive qualitative values for Hazard,
Exposure, Vulnerability (combining Sensitivity and Adaptive Capacity) and Risk. This
indicator-based approach is among the most widely used risk assessment and mapping
methods, alongside quantitative risk assessment, event tree analysis, and the risk matrix
approach [29]. It is particularly applied when quantitative risk analysis is unfeasible due
to data limitations that compromise the quanti cation of components such as hazard fre-
qguency, intensity, and physical vulnerability. Furthermore, the indicator-based approach
enables the inclusion of social and environmental vulnerability and facilitates comparisons
between different areas or communities, which can be challenging in quantitative methods.
The approach used in this study is inspired by [ 20], which de nes an indicator-based
approach procedure for ecosystem-based adaptation measures.

The steps followed for the risk assessment in this study are displayed in Figure 3 and
further described in the next subsections.

Definition of
1 Hazards
«
Identification ) Data N Data Definition of Definition of :
S : : S > . > Map creation
of indicators collection processing Exposure Risk

« Definition of
Vulnerability

Figure 3. Work ow of the quanti cation and mapping of Risk and its components.

2.4. Selection of Indicators for the Risk Components and Data Collection

The initial step of the quanti cation process involves identifying the indicators of
hazard, exposure, sensitivity and adaptive capacity. These indicators were collected from a
literature review [ 10,30,31], previous studies in the province and region [ 32] and have been
adapted based on Almeria's climate and geographical conditions. An additional criterion
for indicator selection was the availability of data at the municipality level, which was
crucial for risk characterization. Finally, complementary indicators were de ned by the
authors to t the speci c characteristics of the study area, ensuring the representation of its
key sectors such as agriculture, energy, industry, forest and biodiversity, tourism, society,
transport, urban and water management. After the identi cation of the indicators, these
were assigned to each risk component and sector. An indicator could be included in more
than one sector. The list of indicators with their descriptions and units is displayed in
Table A2 of Appendix A.2.

After de ning a set of indicators for exposure, sensitivity, and adaptive capacity, their
values were extracted from regional, national, and European databases for each municipal-
ity in the case study area. Data are provided in Excel les (alphanumeric values) or spatial
layers (vector or raster) and processed using spreadsheets and geographic information
systems such as QGIS version 3.40.8 (with techniques such as raster statistics analysis,
spatial joins or interpolation analysis) to obtain indicator values for each municipality.
The results are integrated and stored in the municipality database using an identi er per
municipality to ensure that all data have a spatial correspondence.
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The hazard characterization involves not only describing the hazard indicator, but
also establishing thresholds derived from the literature for each indicator. These thresholds
(e.g., temperatures exceeding 25 C), along with climate variables (e.g., temperature), are
gathered for the historical period and various climate change scenarios (SSP1-2.6, SSP2-4.5,
SSP5-8.5), and are used to determine hazard exceedance/occurrence probabilities (e.g., the
likelihood of hot days). The most signi cant hazards selected for the risk assessment of
Almeria province are heatwaves, droughts, and storms. These hazards are aligned with the
region's climate challenges and territorial constraints, particularly the absence of perennial
rivers. Table 1 presents the thresholds and de nitions used for the characterization of the
hazards affecting the study area.

Table 1. Selected hazards for Almeria province including the description and calculation threshold.

Hazard Description
5 consecutive days with Maximum Temperature higher
Heatwave . .
than the 90th percentile of a reference period
Drought At least 30 consecutive days without precipitation
Storm Number of days with Precipitation higher than 50 mm

2.5. Data Processing

As outlined in the previous section, hazard exceedance/occurrence probabilities are
calculated by applying thresholds to relevant variables and determining the probability
values for each hazard across the historical period and future scenarios within the study
area. The project considers three scenarios, each further divided into three future time
periods: 2015-2040, 2041-2070, and 2071-2100.

The collected values for exposure, sensitivity, adaptive capacity, and hazard proba-
bilities are normalized by assigning each indicator and municipality a value of 1, 2, or 3.
These values are determined based on the 25th and 75th percentiles of all municipal data,
where 3 represents the highest risk and 1 the lowest for hazard, exposure, and sensitivity
indicators. For instance, if the percentage of protected area exceeds the 75th percentile,
a value of 3 is assigned, as a larger protected area increases risk. On the other hand, for
adaptive capacity, a value of 3 indicates the highest ability to cope with the effects of climate
change. For example, if the available water supply surpasses the 75th percentile, a value
of 3 is assigned, re ecting an improved level of adaptive capacity. The use of percentiles
is a common technique to assign a range discretization in risk quanti cation [ 33,34]. The
decision on the selection of 25th and 75th percentiles is based on statistical robustness,
resistance to outliers, and consistency with widely accepted methodologies in vulnerability
and risk assessment 35-37]. Taking this into account, the selected percentiles allow for a
balanced, interpretable, and stable segmentation of the risk variables. Although incorpo-
rating additional risk categories or using a more granular scale could increase analytical
precision, this would also complicate interpretation, especially for non-expert audiences.
Given that one of the goals of this assessment is to inform local decision-makers and foster
public understanding, we prioritized a more accessible classi cation system. This trade-off
ensures that the results remain actionable and easily communicable without requiring
specialized technical knowledge.

Following the normalization step, the indicators for exposure, sensitivity, and adaptive
capacity are integrated within each sector to derive a single value for each municipality.
This process involves calculating the arithmetic mean (), standard deviation (s), and
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coef cient of variation ( s/ m for all indicators within the same sector. The nal single value
(N) is then determined for each sector (i) and municipality.

Si,m
Nim=Mm —= 1)
i,m m m,m
Moreover, an arithmetic mean of the normalized values is calculated to combine the
values of all the sectors in a single general indicator. The complete normalization process
was implemented using Python-based statistical routines (version 3.12).

2.6. Exposure and Vulnerability Quanti cation

Exposure is de ned by the assets impacted by climate change. The individual values
for the exposure indicator, which were calculated in the previous step, are normalized by
categorizing them into three levels (1, 2, or 3) based on the 25th and 75th percentiles. This
normalization process determines the nal exposure indicators, which are then used to
generate maps and assess risk. Vulnerability (V) is determined by combining the sensitivity
(S) and adaptive capacity (A) for each sector () and municipality ( m), as expressed in the
following equation:

Vim=Sm Aim (2

The calculated values are then normalized using percentiles, assigning a score of 1, 2,
or 3 to each sector and municipality, where 3 indicates the highest level of vulnerability.
These standardized values enable the visualization of vulnerability through geolocated
maps for each sector.

2.7. Hazard Quanti cation

Hazards are assessed by comparing the probability of the exceedance and occurrence
of an event during the historical period with its probability in future periods. This analysis
is conducted for each selected timeframe using downscaled Essential Climate Variables
at the case study level. The exceedance probability refers to the likelihood that a speci ¢
value will be exceeded within a prede ned future period. It is calculated as follows:

PX>x) =1 Fx(x) 3)

where P(X > x) is the likelihood that a variable X will exceed the threshold x. Fx(x) is the
cumulative distribution function (CDF) of the variable X. The CDF describes the probability
distribution of a random variable and is de ned as follows:

R() = PX %) @)

The equations presented before are used to determine the exceedance probability of
Almeria's selected hazards. Hazard quanti cation was integrated into a Python-based
processing algorithm, which utilizes the ensemble mean derived from the set of climate
model simulations at the study area level along with the geographical boundaries used
for hazard assessment. The algorithm uses the Cumulative Distribution Function (CDF)
derived from the daily values to compute the exceedance probabilities using the Python-
based statistical routines

Additionally, the interrelationships between hazards need to be explored. The tem-
poral probability of the exceedance/occurrence of such coupled events occurring at the
same time could be the same as that linked to the probability of the exceedance of the
triggering mechanism. However, the type of dependency between events would have to be
categorized to see if this statement would make sense.
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To evaluate the probabilities, rst it is relevant to consider if the hazard events have a
dependent (direct relation between the hazard events) or independent (no direct relation
between hazard events) relation.

If the relation is independent, as it is for heatwave and drought, the probabilities could
be calculated as the product of the speci ¢ probabilities of each hazard.

The results include hazards exceeding probabilities at the study area scale and coupled
probabilities under a multi-hazard approach. Additionally, geolocated and normalized
hazard results are computed at the municipality level. These normalized hazard probabili-
ties serve as the basis for risk assessment in both the historical period and future hazard
scenarios.

2.8. Risk Quanti cation

The risk is obtained through the arithmetic mean of hazard probability ( H), expo-
sure (E) and vulnerability ( V) for each sector (), each hazard scenario () and for each
municipality ( m):

Hj,m + Ei,m + Vi,m
3 (5)

The risk indicators are then normalized with the 25th and 75th percentiles as it was
described in the data processing section. The nal risk values are used to create bar charts
showing the percentage of municipalities with low, medium, and high-risk levels for the
three territorial groups in Almeria, by scenario and sector. The three groups are spatially
represented in Figure 1 and are de ned as follows:

Rijm=

Coastal and Densely Populated areas include municipalities located along the coast
and within highly urbanized, densely populated areas with signi cant economic
activity.

Rainfed Agricultural and Moderately Populated areas comprise inland municipalities
characterized by a moderate population density, agricultural land use, and transitional
terrain between the coast and mountains.

Mountainous and Sparsely Populated areas consist of highland or mountainous areas
with a low population density, limited infrastructure, and typically rural or natural
land use.

The bar charts are constructed by averaging the risk values for the three future time
periods (2015-2040, 2041-2070, and 2071-2100) under each scenario (SSP1-2.6, SSP2-4.5,
and SSP5-8.5). For each territorial group and sector, the number of municipalities with low
(score = 1), medium (score = 2), and high (score = 3) risk is counted. These counts are then
converted into percentages by dividing them by the total number of municipalities in each
territorial group: 34 in Coastal and Densely Populated areas, 33 in Rainfed Agricultural
and Moderately Populated areas, and 36 in Mountainous and Sparsely Populated areas.

In addition to the bar charts, heatmaps are produced to provide a more detailed,
municipality-level representation of risk across scenarios and time periods.

2.9. Geolocated Mapping of Exposure and Vulnerability

The individual normalized values of exposure and vulnerability for each sector are
extracted and converted into CSV les. The exposure and vulnerability les are then
loaded into QGIS version 3.40.8, joining the data with the boundaries of the municipality
to provide a geolocated visualization of each speci c variable.

3. Results

This section presents and describes the results obtained from applying the approach
de ned in the methodological section (Section 2). These results include:
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High-resolution datasets under climate scenarios.

Hazard exceedance probabilities and coupled probabilities for each scenario.
Exposure maps for each sector.

Vulnerability maps for each sector.

Bar charts of risk levels by municipality group, sector, and scenario, and risk heatmaps
for each sector and scenario.

3.1. Future Climate in Almeria

The section presents how climate variables such as temperature and precipitation are
projected to change in Almeria under different future scenarios, providing insight into the
region's evolving climate risks.

High-resolution climate datasets (5.5 km) covering the most relevant ECVs in Almeria
have been obtained. These datasets are crucial to understand how the climate will be in the
future according to different scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). As was explained
in the methodology, the combination of ECVs is key to quantifying the main hazards in the
region and understanding the probability of occurrence or exceedance according to a set of
de ned thresholds.

Figure 4 represents the mean temperature in the region considering the historical and
three future scenarios. The mean temperature is positive and higher than 14 C with a
thermal gradient between the coast and the interior land. The long-term increase in the
temperature could reach 10 C. On the other hand, precipitation is very low (average of
200 mm/year) (Figure 5), with a trend that anticipates a decrease of 50% in the future. This
potential decrease could generate negative consequences for productive crop systems based
on irrigation and intensive production.
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Figure 4. Temperature in Almeria under different climate scenarios.
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Figure 5. Precipitation in Almeria under different climate scenarios.
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3.2. Hazard Results
3.2.1. Hazard Exceedance Probability and Coupled Probabilities

The following results show how the probability of relevant climate-related hazards,
such as heatwaves, droughts, and storms, is expected to change under future climate
scenarios in Almeria.

The results of the hazard probability calculations are presented in Table 2 for a single
heatwave and drought event, as well as for storms with a threshold of 50 mm of rainfall.
The curves representing the probability of exceedance of these hazards are displayed in
Figure 6. Figure 6 and Table 2 present the resulting probabilities, which, as anticipated,
are lower in the historical period than in future scenarios. This trend is driven by rising
temperatures and a prolonged duration of extreme heat, as the effects of climate change,
along with extended dry periods and greater weather variability, lead to an increase in
convective storms.

Table 2. Exceedance probabilities for the selected hazards in Almeria.

Probability of

Probability of

Probability of

Scenario Exceedance for Exceendance for Exceedance for
Heatwaves (%) Droughts (%) Storms (%)
Historical 40.0 26.7 7.4
SSP1-2.6 55.8 454 7.7
SSP2-4.5 547 50.0 7.7
SSP5-8.5 535 68.6 7.8

a) Curves of Probability of Exceedance for Heat Waves b) Curves of Probability of Exceedance for Droughts
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Figure 6. Exceedance probability of heatwaves (a), droughts (b) and storms (c) in Almeria.

The probability of exceedance for a single heatwave event remains relatively stable
across all future scenarios, with the most severe scenario (SSP5-8.5) exhibiting the low-
est probability. This slight variation among future scenarios may be a consequence of
uncertainties in the modelling process.

On the other hand, the exceedance probability of droughts varies signi cantly across
scenarios, with SSP5-8.5 showing the highest probability, followed by SSP2-4.5 and SSP1-2.6,
which is the least severe scenario. This trend aligns with expectations, as the worst-case
scenario is more heavily impacted by climate change.
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For storms, the probability of exceedance is lower compared to the other hazards.
Moreover, the difference between historical trends and future scenarios is minimal, though
slightly higher in the most severe scenario. Given the climatic characteristics of the Almeria
region, heatwaves and droughts emerge as the most signi cant hazards.

3.2.2. Hazard Coupled Probabilities

The outcomes of the multi-hazard probability approach for independent hazards is
included in Table 3. The probabilities of droughts and heatwaves are combined due to their
strong positive relationship. Heatwaves consist of consecutive days with high temperatures,
and droughts are typically linked to extended periods without precipitation, both of which
are generally connected in Almeria for its semi-arid climatic conditions. In contrast, storms
do not have a direct relationship with either of them.

Table 3. Multi-hazards probabilities for Almeria province.

Multi-Hazards Probability Heatwave Drought Storm
SSP126: 25.3 %
Heatwave - SSP245: 27.3 % X

SSP585: 36.7 %

SSP126: 25.3 %

Drought SSP245: 27.3 % - X
SSP585: 36.7 %
Storm X X -

3.3. Exposure Results

The exposure results are presented as maps to highlight the municipalities in Almeria
that are most exposed to hazardous events across key sectors.

As outlined in the methodology section, exposure values are de ned for each selected
sector, as well as for the overall average across all sectors, representing the elements at risk
in each sector. Figure 7 presents exposure maps illustrating these values for each sector and
their average at the municipal level in Almeria. Municipalities with the highest levels of
exposure in each sector are shown in red, while those with the lowest levels are displayed
in green.
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Figure 7. Exposure maps of each sector and the average values of all the sectors in each municipality
of the Almeria province.
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3.4. Vulnerability Results

In this section, vulnerability maps of Almeria's municipalities across key sectors are
presented, identifying where the consequences of extreme events may be most severe.

The results of the vulnerability assessment for the province of Almeria are de ned
across the following sectors: agriculture, tourism, industry, energy, forests and biodiversity,
transport, society, water management, and urban development. Vulnerability values are
computed for each selected sector as well as for the average across all sectors. Figur8
presents the vulnerability maps illustrating the qualitative vulnerability value for each
sector and their average (general) at the municipal level in Almeria. Municipalities with
the highest levels of vulnerability in each sector are shown in red, while those with the
lowest levels are displayed in green.
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Figure 8. Vulnerability maps of each sector and the average values of all the sectors in each munici-
pality of the Almeria province.

3.5. Risk Results

The risk results highlight how Almeria's municipalities are affected by climate hazards
under different future scenarios, helping identify the most at-risk sectors and areas.

The risk outcomes for each municipality of Almeria are presented in Figures 9-11as
bar charts and in Figures A1-A3 of Appendix A3 as heatmaps. The bar charts highlight
differences among the three territorial groups in Almeria by showing the percentage of
municipalities with low, medium, and high risks of extreme events across the region's key
sectors. The heatmaps illustrate risk values for droughts, heatwaves, and storms under
different socio-economic scenarios and time periods (short, mid, and long term), as well as
for the sectors identi ed as priorities for the region. Considering the methodology proposed
for the quanti cation and determination of the variability of the risk data obtained between
municipalities, an average risk value, as a composed indicator for the region as a whole
and aggregating the municipalities, is not recommended due to the heterogeneity of the
data. On the other hand, the bar charts and heatmaps provide a comprehensive framework
able to identify which sectors are at risk and to assess the level of risk (high, medium, or
low), respectively, for each territorial group and for each municipality. This understanding
is essential before selecting and implementing climate change adaptation measures, as it
offers insights into the region's speci ¢ vulnerabilities.
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Figure 9. Percentage of municipalities in Coastal and Densely Populated areas, Rainfed Agricultural
and Moderately Populated areas, and Mountainous and Sparsely Populated areas with low, medium,
and high heatwave risk levels, by scenario and sector.
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and high storm risk levels, by scenario and sector.
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The results obtained from the risk assessment across the municipalities that make up
the province of Almeria show that the risk varies within each analyzed sector, considering
the climate scenario under which the risk is quanti ed. However, it is important to note
that the only variable that dynamically changes in the results is the one corresponding to
the hazard, which is associated with climate projections according to the different climate
scenarios, while exposure and vulnerability remain constant without variation compared to
the historical scenario. This assumption used in the calculation leads to a lower variability
in the results, although it is important to highlight the complexity involved in simulating
and geolocating the evolution of the physical and socioeconomic variables that contribute
to the quanti cation of exposure and vulnerability.

In general terms, it can be concluded that water management is signi cantly affected
by all types of hazards, particularly droughts, and in all territorial groups. This aligns
with the characteristics of the region, as Almeria is de ned by a semi-arid climate and
limited water availability. The urban and societal sectors in densely populated areas
are especially sensitive to changes in precipitation patterns, such as storms, which are
expected to intensify in the future. In the agricultural sector, the impact of heatwaves and
droughts particularly affects coastal areas, where intensive horticultural production has
a signi cant socio-economic and territorial in uence. The tourism sector in Coastal and
Densely Populated Areas is also negatively impacted by high temperatures and the effects
of droughts and heatwaves. This is largely due to the nature of recreational activities in the
region—such as golf—that require substantial water resources for their upkeep.

Focusing on the territorial groups, the bar charts indicate that the Coastal and Densely
Populated Areas contain the highest number of municipalities with elevated risk levels
across all the sectors. This aligns with the socio-economic and land use characteristics
of Almeria, where the main economic activities, intensive horticulture and tourism, are
concentrated along the coast. These sectors exert signi cant pressure on already scarce
water resources, contributing to higher risk levels, particularly in the domain of water
management.

On the other hand, both the Rainfed Agricultural and Moderately Populated areas and
the Mountainous and Sparsely Populated areas show a high percentage of municipalities
with elevated risk levels for water management. This highlights water management as a
widespread concern across the province. In contrast, these areas display lower risk levels
for agriculture and tourism. The reduced agricultural risk is mainly attributed to a lower
dependency on irrigation and less intensive soil exploitation, typical of rainfed farming
systems.

4. Discussion

In this section, the results obtained from the risk analysis in Almeria are analyzed,
emphasizing each of the components that contribute to risk generation.

4.1. Hazard Result Discussion

Building on the probability patterns and trends observed in Section 3.2, this discussion
delves into the implications of future hazard dynamics across climate scenarios.

The results of the threshold exceedance probabilities for hazards reveal a clear increas-
ing trend across future scenarios, especially under the most pessimistic scenario (SSP5-8.5),
which is aligned with the projections from the IPCC [ 5] and other studies focused on
the Mediterranean basin [32]. While the exceedance probability for heatwaves remains
relatively consistent across the three evaluated scenarios, heatwaves emerge as a recur-
rent risk in the region. In contrast, droughts show signi cant variation among scenarios,
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highlighting both the inherent uncertainty of climate models and the differential impact
according to the selected socioeconomic pathways.

Regarding storms, their exceedance probabilities remain low across all scenarios,
con rming their lower relevance in Almeria's climatic context. Although the analyzed
scenarios show this trend, it should be noted that despite being in a dry region, extreme
precipitation events generate a great impact on the territory. Finally, it is necessary to
highlight that the multi-hazard analysis reveals interdependence between heatwaves and
droughts, a linkage already highlighted by [ 20], justifying their combined evaluation under
an integrated risk management perspective.

In terms of climate uncertainties in hazard characterization, the use of an ensemble
of eight CMIP6 climate models signi cantly reduces structural uncertainty by capturing
a wide range of model-to-model variability in physical schemes and parameterizations,
avoiding reliance on any single model prediction [ 38-40]. The inclusion of various so-
cioeconomic emissions scenarios (e.g., SSP1-2.6, SSP2-4.5, SSP5-8.5) further incorporates
scenario uncertainty, thus re ecting a broader spectrum of plausible futures—especially
under high-impact pathways [ 41,42]. Additionally, analyzing discrete future periods (short,
medium and long-term) complements model and scenario diversity by addressing tempo-
ral uncertainty and capturing the progression of climatic changes over time [ 41]. Together,
this multi-pronged approach—multiple models, scenarios, and timeframes—yields a robust
and comprehensive uncertainty envelope, enhancing con dence in future projections and
aiding the development of resilient adaptation and mitigation strategies.

4.2. Exposure Result Discussion

The spatial patterns observed in the exposure results (Figure 7) directly inform this
discussion, where coastal and intensively cultivated areas emerge as hotspots of risk due to
their high exposure to climate hazards.

Each sector in the exposure map corresponds to a speci ¢ exposed element, which
may vary across municipalities based on territorial and economic characteristics.

Starting with the agricultural sector, areas with higher exposure to destructive climatic
events are located near the coast, where most horticultural activities are concentrated, as
well as in the northern part of the province, which is characterized by strong agricultural
activity focused mainly on rainfed crops.

The tourism sector also shows high levels of exposure along the coastline, where a
large number of tourists gather to enjoy Almeria's beaches and golf courses for several
months of the year, attracted by the region's semi-arid climate.

Municipalities with higher population densities are more exposed to risks, as seen in
the city of Almeria, the largest municipality in the province. These characteristics re ect also
on the urban sector for which larger cities with extensive built-up areas create limitations
in accessing green spaces?3]. The transport sector is also included in this reasoning, since
it includes critical infrastructure that could be disrupted by extreme events, especially in
densely populated or coastal zones.

The water management sector shows only low to medium exposure levels across the
province. This is largely due to the lack of signi cant surface water resources in Almeria,
meaning there are few water bodies at risk.

In the forest and biodiversity sector, exposed areas tend to coincide with natural
parks and reserves. These ecosystems are especially vulnerable to degradation, which is
driven by key human-induced pressures in the Mediterranean, including the conversion of
land to intensive agriculture, urbanization (particularly in coastal tourist areas), and the
overexploitation of natural resources—especially overgrazing [ 43].



Climate2025 13, 141

18 of 28

The energy sector considers both the electricity grid and energy production sites. The
ndings are consistent with the map of Almeria's energy infrastructure in [  44], locating the
energy installations mainly in coastal and densely populated areas.

Finally, the exposure results highlight areas where the environment, population, and
economy are most exposed, indicating that the implementation of adaptation measures
should be prioritized in these locations if not already undertaken. Overall, the maps
show high exposure in coastal and agricultural zones, densely populated urban areas,
and tourism hotspots. Forests, biodiversity, and energy infrastructure are also at risk
due to human pressures and their location within populated municipalities, while water
management exhibits relatively low exposure because of limited water resources.

4.3. Vulnerability Result Discussion

The vulnerability maps presented in Figure 8 provide the basis for this interpretation,
highlighting municipalities where a limited adaptive capacity aggravate the impacts of
hazardous events.

Vulnerability patterns vary signi cantly by location and sector. The assessment devel-
oped in the province of Almeria shows that interior municipalities with lower economic
development and limited adaptive infrastructure exhibit the highest vulnerability levels.
This nding is aligned with [ 18], which emphasizes that adaptive capacity is critical for
reducing vulnerability, even in areas with high sensitivity.

Sectors such as society, urban planning, and water management display high vul-
nerability due to pressure on services, irregular access to resources with a focus on water
availability, and dense urban populations. This is aligned with assessments of urban
vulnerabilities, highlighting that dense populations and infrastructure stress amplify vul-
nerability [ 45]. Likewise, water management challenges in semi-arid contexts are well
documented, where limited water availability drives systemic sectoral vulnerability [  3,46].
In the other hand, sectors with better planning or greater investment, such as energy and
industry, tend to exhibit lower vulnerability levels.

The obtained results underline the importance of differentiated approaches when
adaptation strategies are under development. These strategies need to be tailored to each
sector's capacity and territorial context in order to increase the adaptation capacity while
the system sensitivity is reduced.

4.4. Risk Result Discussion

The risk heatmaps and bar charts (respectively in Section 3.4and Appendix A.3) de ne
how the interaction between hazard, exposure, and vulnerability leads to differentiated
risk patterns across sectors and municipalities.

The risk results re ect high spatial heterogeneity across the Almeria province. The
highest risks are concentrated in key sectors such as agriculture and tourism, especially
under severe scenarios and long-term climate projections. These results highlight the
urgency of prioritizing adaptation measures in these sectors, as is recommended by the
IPCC [5].

The ndings also show that municipalities with high exposure but moderate vulnera-
bility (e.g., coastal areas with tourism infrastructure) may reach similar risk levels as those
with high vulnerability but lower exposure. This validates the integrated risk quanti cation
approach presented in this study. Additionally, the heterogeneity of results discourages the
aggregation of sectoral risk indicators at province level, reinforcing the need for local-scale
analysis and planning, that help to identify suitable adaptation and mitigation solutions,
with a focus on the speci ¢ concerns that could appear at the local level.
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The use of geolocated, normalized indicators enhances the differentiation of critical
areas, supporting informed decision-making. However, it is important to remark the
limitations of the semi-quantitative approach: while it enables the integration of diverse
variables and data sources to generate a qualitative indicator [29)], it does not yield direct
economic estimations of the expected losses associated with risk occurrence. To this
end, quantitative methodologies, such as that proposed in [ 47], are of great interest in
qguantifying the effect that risk generates. Future research on risk analysis should address
the multi-hazard scenarios with concurrent extreme events and incorporate economic
loss estimations to further enhance climate risk evaluations and support comprehensive
resilience strategies.

5. Conclusions

This study presents a semi-quantitative methodology for local-level climate risk assess-
ment in the province of Almeria, integrating hazard, exposure and vulnerability indicators
based on the IPCC ARG6 conceptual framework [5]. The results identi ed sectoral and
spatial risk patterns for heatwaves, droughts and storms under three different climate
change scenarios, providing clear insights on how the region will be affected in the future.

Although the results show the variability of risk in the analyzed sectors considering the
different climate change scenarios, it is important to highlight the limitation regarding the
dynamic evolution of the indicators associated with exposure and vulnerability. However,
this limitation should not be regarded as a major issue, and the results remain highly
relevant for drawing conclusions and prioritizing the implementation of adaptation and
mitigation measures in the sectors with the highest potential risk, particularly in relation to
the most predominant hazards that could appear in the region.

The ndings of this study can support risk adaptation planning, allowing the priori-
tization of adaptation measures and the technical justi cation of climate-resilient public
policies. The indicator-based methodology using percentile normalization that was applied
in this work enables a replicable and adaptable assessment approach in data-limited con-
texts, supporting both local planning and regional comparisons. It helps to give the user
visualize how climate change will generate risks in the future. Finally, it is necessary to
highlight that future risk research should investigate the interactions between multiple haz-
ards occurring at the same time and incorporate economic estimates of potential damages
to enhance climate risk evaluations.
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Appendix A.1

Australian Community Climate and Earth System Simulator
Coupled Model
Assessment Report
Copernicus European Regional Reanalysis
Community Earth System Model v2
Cumulative Distribution Function
Euro-Mediterranean Centre on Climate Change
Coupled Model Intercomparison Project
National Centre of Meteorological Research—Earth System model
Comma-Separated Values
Earth Consortium—Earth system model
Essential Climate Variables
Empirical Quantile Mapping
Association for Research and Development in Sciences
Global Climate Model
Hadley Centre Global Environment Model 3—Global Coupled v3.1
Identi cation number
Intergovernmental Panel on Climate Change
Institut Pierre Simon Laplace Climate Model
Model for Interdisciplinary Research on Climate
Norwegian Earth System Model
Quantum Geographic Information System
Shared Socioeconomic Pathways
United Nations University for Environment and Human Security

Table A1 presents the municipalities of Almeria province, each assigned a unique
identi cation number (ID), which facilitates their identi cation on the map shown in

Figure 1.

Table Al. Identi cation number for each municipality in Almeria.

ID Municipality ID Municipality ID Municipality

1 Abla 36 Chirivel 70 Pechina

2 Abrucena 37 Dalias 71 Pulpi

3 Adra 38 Enix 72 Purchena

4 Albanchez 39 Felix 73 Ragol

5 Alboloduy 40 Fines 74 Rioja

6 Albox 41 Fifiana 75 Roquetas de Mar

7 Alcolea 42 Fondoén 76 Santa Cruz de Marchena
8 Alcontar 43 Géador 77 Santa Fe de Mondujar
9 Alcudia de Monteagud 44 Los Gallardos 78 Senés

10 Alhabia 45 Garrucha 79 Seron

11 Alhama de Almeria 46 Gérgal 80 Sierro

12 Alictn 47 Huécija 81 Somontin

13 Almeria 48 Huércal de Almeria 82 Sorbas

14 Almacita 49 Huércal-Overa 83 Sui

15 Alsodux 50 ellar 84 Tabernas

16 Antas 51 Instincién 85 Taberno

17 Arboleas 52 Laroya 86 Tahal

18 Armufia de Almanzora 53 Laujar de Andarax 87 Terque

19 Bacares 54 Lijar 88 Tijola
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Table Al. Cont.

ID Municipality ID Municipality ID Municipality

20 Bayarcal 55 Lubrin 89 Turre

21 Bayarque 56 Lucainena de las Torres 90 Turrillas

22 Bédar 57 Lucar 91 Uleila del Campo

23 Beires 58 Macael 92 Urracal

24 Benahadux 59 Maria 93 Vele que

25 Benitagla 60 Mojacar 94 Vélez-Blanco

26 Benizaldn 61 Nacimiento 95 Vélez-Rubio

27 Bentarique 62 Nijar 96 Vera

28 Berja 63 Ohanes 97 Viator

29 Canjayar 64 Olula de Castro 98 Vicar

30 Cantoria 65 Olula del Rio 99 Zurgena

31 Carboneras 66 Oria 100 Las Tres Villas

32 Castro de Filabres 67 Padules 101 El Ejido

33 Cébdar 68 Partaloa 102 La Mojonera

34 Cuevas del Almanzora 69 Paterna del Rio 103 Balanegra

35 Chercos - - - -
Appendix A.2

The exposure and vulnerability indicators used for the risk calculation are listed in
Table A2. The table also speci es the corresponding sector (agriculture, tourism, industry,
energy, forest and biodiversity, transport, society, water management, and urban), the type
of risk component (exposure, sensitivity, or adaptive capacity), and the respective units.
These indicators were processed and implemented according to the methodology described

in Section 2.

Table A2. List of indicators used for risk assessment together with the respective sector, risk compo-

nent and units.

Sector Risk Component Indicator Units
Agriculture Exposure Agricultural area km?2
Agriculture Exposure People working in agricultural sector N  of people

Tourism Exposure Number of overnight stays N of stays
Tourism Exposure Number of accommodations N of rooms
Industry Exposure Number of industrial facilities N  of facilities

Energy Exposure Power grid length m

Energy Exposure Number of energy production centre N° of centres

Forest and Biodiversity Exposure Protected area km?2
Forest and Biodiversity Exposure Forest area km?2
Transport Exposure Transport network m

Society Exposure Population N° of people

Society Exposure Number of sanitary centres N° of centres

Society Exposure Immigrants exposed N° of people

Water management Exposure Aquifers and water area km?2

Urban Exposure Urban area km?2

Urban Exposure Infrastructures and assets N° of assets

Urban Exposure Households N° of households
Agriculture Sensitivity Ratio of irrigated area over total area %
Agriculture Sensitivity Sensitivity to rivers m
Agriculture Sensitivity Ratio of agricultural are over total area %
Agriculture Sensitivity Ratio of cereals over total area %
Agriculture Sensitivity Ratio of fruit cultivation over total area %
Agriculture Sensitivity Ratio of vineyard over total area %
Agriculture Sensitivity Ratio of olive cultivation over total area %
Agriculture Sensitivity Economic weight of the agricultural sector %
Agriculture Sensitivity Propensity to re N° of res
Agriculture Sensitivity Risk of soil erosion t/(ha )
Agriculture Sensitivity Quantity of fertilizers in agriculture tons
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Table A2. Cont.

Sector Risk Component Indicator Units
Agriculture Adaptive capacity Rainfed agricultura_l area in relation to the total %
agricultural area
Agriculture Adaptive capacity Zones of High Risk of Fire -
Agriculture Adaptive capacity Irrigated area in relaetlirc;r;jl to the total surface %
Agriculture Adaptive capacity Agricultural facilities in the territory Ne° of facilities
Agriculture Adaptive capacity Ratio of water resources over total area %
Agriculture Adaptive capacity Presence of rivers m
Agriculture Adaptive capacity Economic weight of the agricultural sector %
Tourism Sensitivity Sensitivity to rivers m
Tourism Sensitivity Munlc_lpal de_gree of da_nger of rein fort_ast N° of accommodations
combined with the tourist accommodation
Tourism Sensitivity Tourism weight per municipalities %
Tourism Sensitivity Propensity to re N° of res
Tourism Adaptive capacity Zones of High Risk of Fire -
Tourism Adaptive capacity Tourism weight per municipalities %
Industry Sensitivity Sensitivity to rivers m
Industry Sensitivity Weight of the industrial sector in the economy %
Industry Sensitivity Percentage of workers in industry and services %
Industry Adaptive capacity Relationship between energy consumption and MWh/
average gross income
Industry Adaptive capacity Relationship between water consumption and Liday/
average gross income
Industry Adaptive capacity Weight of the industrial sector in the economy %
Energy Sensitivity Municipal energy consumption MWh
Energy Adaptive capacity Municipal energy production facilities Ne° of facilities
Energy Adaptive capacity Municipal energy consumption MWh
Energy Adaptive capacity Relationship between energy consumption and MWh/
average gross income
Forest and Biodiversity Sensitivity Propensity to re N° of res
Forest and Biodiversity Sensitivity Risk of soil erosion t/(ha )
Forest and Biodiversity Sensitivity Ratio of protected area over total area %
Forest and Biodiversity Sensitivity Ratio of area of wetlands and waterbodies over %
total area
Forest and Biodiversity Adaptive capacity Zones of High Risk of Fire -
Forest and Biodiversity Adaptive capacity Presence of rivers m
Forest and Biodiversity Adaptive capacity Ratio of protected wetlands and waterbodies %
over total protected area
Forest and Biodiversity Adaptive capacity Ratio of forest area over agricultural area %
Forest and Biodiversity Adaptive capacity Ratio of forest area over total area %
Forest and Biodiversity Adaptive capacity Ratio of bare soil over total area %
Forest and Biodiversity Adaptive capacity Area protectgd with management plans %
and/or protection measures over total area
Transport Sensitivity Sensitivity to rivers m
Municipal degree of danger of re in forest
Transport Sensitivity combined with the km of road network that km
passes through the municipality
Transport Sensitivity Propensity to re N° of res
Transport Adaptive capacity Zones of High Risk of Fire -
Society Sensitivity Sensitivity to rivers m
Society Sensitivity Municipal water consumption L/day
. o Ratio of population of children (0—14 years)
Society Sensitivity and older than 65 years, over total population %
Society Sensitivity Population density ip .the.urban area of the Inhab/km 2
municipality
Society Sensitivity Income inequality (GINI index) -
Society Sensitivity Ratio of immigrants over total population %
Society Adaptive capacity Ratio of green area coverage over total %
urban area
Society Adaptive capacity Average gross income per person per

municipality (INE)
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Table A2. Cont.

Sector Risk Component Indicator Units
Society Adaptive capacity Dependency index %
Water management Sensitivity Economic weight of the agricultural sector %
Water management Sensitivity Tourism weight per municipalities %
Water management Sensitivity Municipal water consumption L/day
Water management Sensitivity Weight of the industrial sector in the economy %
Water management Adaptive capacity Ratio of water resources over total area %
Water management Adaptive capacity Presence of rivers m
Water management Adaptive capacity Tourism weight per municipalities %
Water management Adaptive capacity Ratio of protected wetlands and waterbodies %
over total protected area
Water management Adaptive capacity Municipal water consumption L/day
Water management Adaptive capacity Economic weight of the agricultural sector %
Water management Adaptive capacity Weight of the industrial sector in the economy %
Urban Sensitivity Sensitivity to rivers m
Urban Sensitivity Population density ip .the.urban area of the Inhab/km 2
municipality
Urban Sensitivity Ratio of green urban area over total urban area %
Urban Adaptive capacity Municipal energy consumption MwWh
Urban Adaptive capacity Municipal water consumption L/day
Urban Adaptive capacity Ratio of green area coverage over urban area %
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The risk outcomes for each municipality of Almeria are summarized with heatmaps

in Figures A1-A3.

Appendix A.3
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term (2015-2040); 2: mid-term

Sector_Scenario_Period

(2041-2070); 3: long-term (2071-2100) results) for heatwaves in Almeria region. Red denotes high

Figure Al. Risk quanti ed by sector, scenario and period (1: short
risk, yellow denotes medium risk and green denotes low risk.
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Figure A2. Risk quanti ed by sector, scenario and period (1: short-term (2015-2040); 2: mid-term
(2041-2070); 3: long-term (2071-2100) results) for droughts in Almeria region. Red denotes high risk,
yellow denotes medium risk and green denotes low risk.



Climate2025 13, 141 26 of 28

Figure A3. Risk quanti ed by sector, scenario and period (1: short-term (2015-2040); 2: mid-term
(2041-2070); 3: long-term (2071-2100) results) for storms in Almeria region. Red denotes high risk,
yellow denotes medium risk and green denotes low risk.
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