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Undoubtedly, cultural heritage is effectively a non-renewable resource, both in terms of socio-cultural
and economic capital.

Thus evaluating the risk assessment of cultural heritage in facing extreme events is mandatory in order
to identify all the possible solutions for protecting and transmitting our tangible and intangible
knowledge, culture and traditions to future generations.

In the last decades, several works have been published on the issue of climate change impact on
cultural heritage, especially in Europe. Indeed, as stated by Fatori¢ and Seekamp (2017), the highest
number of publications on cultural heritage at risk from climate change is related to European
contexts (59%). Considering merely the environmental impact on built cultural heritage the situation is
similar, the majority of investigations regards Europe and the Mediterranean Basin (e.g. Bonazza et al.
2009a-2009b; Gomez-Bolea et al. 2012; Grossi et al. 2011; Ozga et al. 2011-2013; Sabbioni et al.
2012).

A recent study, commissioned by European Commission (Bonazza et al.,2018), realized a comprehensive
overview of the existing knowledge, at European and international level, on safeguarding cultural
heritage from the effects of natural disasters and threats caused by human action. This work
highlighted that cultural heritage suffers from the fact that it is not considered a priority in risk
management planning for emergency situations. Furthermore, cultural heritage is persistently omitted
in the collective approach to creating and promoting fully effective resilience policies, therefore there
is a need to address it.

The here present Deliverable underlines the past, current and overall the future projections of extreme events
that can affect cultural heritage, as heat waves, heavy precipitation, droughts, floods and $ires.
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2.1. General Overview

The latest Report of IPCC (Intergovernmental Panel on Climate Change), the AR5 (Fifth Assessment
Report) states that since about 1950 changes in many extreme weather and climate events have been
observed, as a decrease in cold temperature extremes and an increase in warm temperature
extremes, in extreme high sea levels and in the number of heavy precipitation events.

Precisely, it is reported:

O0Thereé areé likelyé moreé landé regionsé whereé theé numberé ofé heavyé precipitationé eventsé hasé
increasedé thané whereé ité hasé decreased.é Recenté detectioné ofé increasingé trendsé iné extreme
precipitationéandédischargeéinésomeécatchmentséimplieségreaterériskséoféfloodingéatéregionalé
scaleé(mediuméconfidence).éltéistlikelyéthatéextremeéseaélevelsé (foréexample,éastexperiencedd
in storm surges) have increased since 1970, being mainly a result of rising mean sea level.é

Impactsé fromé recenté climate-relatedé extremes,é suché asé heaté waves,¢ droughts,é floods,é
cycloneséandéwildfires,érevealésignificantévulnerabilityéandéexposuretofésomeéecosystemsé
andé manyé humané systemsé toé currenté climateé variabilityé (veryé highé confidence).6é PCC,
2014)

The historical temperature reconstructions of the European region date back to several past centuries,
allowing researchers to highlight as some areas have experienced a disproportionate number of
extreme heat waves in recent decades. Future projections of this phenomenon show that it will occur
with a higher frequency, duration and/or intensity, since it can be amplified by drier soil conditions
resulting from warming. In fact, the Panel declares that it is very likely that temperatures will
continue to increase throughout the 21st century over all of Europe and the Mediterranean region.

Furthermore, also the frequency or intensity of heavy precipitation events has probable increased in
Europe, in addition, the intensification in precipitation extremes has been evidenced consistent with a
warmer climate. Thus, in future, there is a high confidence that extreme precipitation events will be
more intense and more frequent along with warming, over most of the mid-latitude land masses,
which include also Europe.

Land-based observations have shown an association between earlier snow melt at high northern
latitudes and an increase of extreme rainfall events and flooding, however there is strong regionality
in the trends.

Furthermore, we have to bear in mind that trends in floods are also strongly influenced by changes in
river management as accounted by AR5 Working Group Il (devoted to Impacts, Adaptation and
Vulnerability).

Considering drought, even if it is a complex variable and there are uncertainties in its regional
projections, there are indications of a likely increase of its frequency and intensity (reflecting also the
length) in the Mediterranean area.
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will produce seemingly contradictory effects that are: more intense downpours, leading to more
floods, yet longer dry periods between rain events, leading to more drought (IPCC, 2013).

A brief summary of extreme weather and climate events affecting Europe and Mediterranean regions

and their related changes is reported in Table 1 and Table 2.

Tableél.éBxtreme weather and climate events: Global-scale (extracting specifically the European situation) assessment
of recent observed changes, human contribution to the changes, and projected further changes for the early
(2016-2035) and late (2081-2100) 21st century (extracted from Table SPM.1, B.1 Atmosphere, Summary for

Policymakers, IPCC, 2013).
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{EXLIALLEU HTUIIT TdULE £. 1D, Uuservations: Atmosphere and Surface, Chapter 2, IPCC, 2013).

Finally, another catastrophic event that can have an impact on cultural heritage is undoubtedly fire. Even
though the analyses of data in the European Forest Fire Information System (EFFIS) show that over 95% of
the fires in Europe are human-induced (San-Miguel-Ayanz et al., 2012), their propagation is due to
environmental conditions, among them also climatic variables, as maximum and minimum temperature,
relative humidity, precipitation and wind speed (Marsala et al., 2012).

The combination of extreme weather conditions previously mentioned, as extended heat waves, drought,
and strong winds, which are observing an increase in future in several European areas, can increase also
the possibility of fire occurrence and diffusion, especially the large-scale ones, the “catastrophic
megafires”.

According to Barbosa Ferreira et al. (2008), wildfires significantly affect the regions across Central and
Southern Europe. In particular, two-thirds of the total European fires (in the period 2000-2005) occurred in
5 European Union Mediterranean countries (France, Greece, Italy, Portugal, and Spain). For this reason,
the EU is very actively engaged in this thematic, indeed since 2000 EFFIS within the Copernicus
programme, have published annual reports on forest fires in Europe. The most recent one is referred to
2016, and it reported that during this year “13 of the EU28 countries were affected by fires of over 30 ha:
(Belgium, Bulgaria, Cyprus, France, Germany, Greece, Ireland, Italy, Portugal, Romania, Slovenia, Spain,
United Kingdom), burning 327 503 ha in total (around twice the amount that was recorded in 2015, and
above the long term average)” (San-Miguel-Ayanz et al., 2017).

During 2016, several countries of Central Europe registered the highest damage during the period
April/May and July/August/September (Croatia, Germany, lItaly, Slovenia), nevertheless both Croatia and
Italy were interested by fires until December.

While considering specifically the reports developed by each country, it was specified also the type of
fire, which can be forest, non-forest, agricultural, artificial surfaces, etc., even sometimes identifying the
different type of forest (e.g. coniferous/ broadleaved forest in Germany), as deciduous species are less
flammable than conifer species (Terrier et al., 2013).

Therefore, the development of fires is very complex and depends by several factors, for this reason it is
difficult to have a long-term projection of them. Nevertheless, in 2009, Krawchuk et al. realized a first
step to quantify potential change in global wildfire. Indeed, they realized a multivariate quantification of
environmental drivers for the observed, current distribution of vegetation fires using statistical models of
the relationship among fire activity and resources to burn, climate conditions, human influence, and
lightning flash rates at a coarse spatiotemporal resolution (100 km, over one decade). Thus, they highlight
current and future “pyrogeography”, a concept that referred to the spatial distribution of fire across the
planet, in order to illustrate geographically the fire-prone and fire-free areas, combining jointly the
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end-of-century, under both the A2 (mid-high) and B1 (low) emissions scenarios (in Figure 1 the A2
scenario).

decrease little/no change increase

Figureé 1.8 Ghanges in the global distribution of fire-prone pixels under the A2 (mid-high) emissions scenario. An
increase from current conditions (red) is indicated by a PA ¢change in future fire probabilities) greater than unity,
little or no change (yellow) is indicated by a PA around unit, and a decrease (green) is indicated by a Pa less than
unity. Panels show the mean PaA for the ensemble of ten FIRENPP (A-C) and FIREnoNPP (D-F) sub-models. Climate
projections include 2010-2039 (A, D), 2040-2069 (B, E) and 2070-2099 (C, F). (From Krawchuk, 2009,
doi:10.1371/journal.pone.0005102.g002)

e

Always regarding the future situation, as cited in the AR5 of IPCC (2014 and related references), regional
studies for boreal regions suggest an increase in future fire risk. Nevertheless, models predict spatially
variable responses in fire activity, due to regional variations in the climate-fire relationship, and
anthropogenic interference, in fact fire activity is also related to land use change. For instance, wetter
conditions can reduce fire activity, but increased biomass availability can intensify fire emissions.
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A recent study of Guerreiro et al. (2018) investigated 571 European cities, analysing 50 climate model
projections from the CMIP5 (RCP8.5) ensemble in order to evaluate climate impacts for heat waves (HW),
droughts and flooding, considering high, medium and low scenarios (future period 2051-2100).

Considering the selected pilot sites of Protech2save Project, which are located in Ferrara (IT), Troja (CZ),
Kastela (HR), Kocevje (SL), Krems (AT), Pecs (HU) and Bielsko-Biala (PL), an extract of data obtained by
this research work and referred to Protech2save-case studies is reported in Table 3.

Tableé 3.8 Indices results for all analysed cities. (i) A % of Heatwave Days: difference in percentage of summer
(May-September) days classified as heatwaves days. (ii) AMax (Tmax): Difference in the maximum daily maximum
temperature for days classified as heat waves days. (iii) DSI change factor: Future maximum DSI-12 divided by
historical maximum DSI-12 (HMD). (iv) P (DSI-12> HMD): Probability for any given month in the future being above
HMD. (v) Q10 change factor: Future Q10 divided by historical Q10, cities without a river (with at least 500 kma of
catchment area) within their boundary are not applicable (NA) for this index.é

Scenari & % oféé eMaxeé DSI changeé P(DSI-12>¢ Q10 changeé

Citye oé Heat wave Daysé (Temp)é factoré MHD)g factoré
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With mention to heat waves, the research work highlighted that in general more frequent and hotter
heat waves are expected for all the European cities considered. While considering heat wave days1,
the largest increase will interest the southern cities (as much as 69%). Nevertheless, authors remind
that central European cities, which show the largest increase of maximum heat waves temperature (up to
14 °C), are generally not adapted to extreme heat both considering infrastructures and population.
Moreover, drought conditions will increase in cities belonging to South Europe, showing in the high-impact
scenario a worsening of future droughts (up to 14 times worse than the ones in the historical period).
Referring to ﬁloodingz, an increase is indicated, mostly prevalent in North-West Europe, particularly
worrying for the British Isles and several other European cities, which could observe more than a 50%
increase of their 10 year high river flow. For instance, “Ljubljana (Slovenia) and Leeds, Cardiff, Exeter
and Newport in the UK are in the top 20% of changes in both flooding and HWTmax indices”, always
according to this study.

23. Evaluation of Damages in Cost Terms

Another contemporary study, always concerning the projections and impact of this extreme events (Alfieri
et al., 2018), compared estimates of river flood risk in Europe (Fig. 1), calculating economic damages for
several economic sectors (residential, commercial, industrial, infrastructure, and agriculture). By
combining inundation depth with damage functions’, Gross Domestic Product and land use maps, the
research work highlights as “most of the Central and Western Europe is consistently projected to
experience substantial increase in flood risk, with the magnitude of the change increasing for higher
levels of warming”. Although results generally demonstrate a correlation between global warming and
flood impacts, the authors also add that a “considerable increase in flood risk is predicted in Europe even
under the most optimistic scenario of 1.5°C warming as compared to pre-industrial levels”.
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Figureé 22 Modified from Fig. 2, Alfieri et al. (2018), extracting only the countries belonging to Central Europe. The
figure compares the simulated impact of the three ensemble estimates for the baseline period 1976-2005, with the
range of available reference datasets including data from the GAR, EM-DAT, and Munich RE for recorded losses and
only EM-DAT for reported population affected.é0Economic damage computed for the baseline period for each country
by the ensembles of the three case studies (a,b). Plots show the average (black dash), +1 standard deviation (colored
bar), and minimum and maximum values (whiskers) of each ensemble. The gold bars show the range of reported
impact values (minimum and maximum).”

Legend: Inter-Sectorial Impacts Model Intercomparison Project (ISIMIP); JRC-GL and JRC-EU Flood Hazard Maps at
Global and European Scale.

Always considering the possible damages due to climate extremes, another recent study (Forzieri et al.
2018) analysed the damage from climate hazards (heat and cold waves, river and coastal floods, droughts,
wildfires, and windstorms). These are derived for 1981-2010 (baseline), 2011-2040 (referred to as the
2020s for short), 2041-2070 (2050s) and 2071-2100 (2080s), for an ensemble of bias-corrected climate
projections under the A1B emissions scenario. The damages are referred to critical infrastructures, namely
energy, transport, industry and social sector (Fig. 3).

Specifically, the considered assets include the following sectors:

0 Energy sector: non-renewable energy production (coal/oil/gas/nuclear power plants), renewable
energy production (biomass and geothermal/hydro/solar/wind power plants) and energy transport
systems (electricity distribution/transmission and gas pipelines);

0 Transport sector: roads, railways, inland waterways, ports, and airports;

0 Industry sector: heavy industries (metal/mineral/chemical/refineries) and water/waste treatment
systems;

0 Social sector: education and health infrastructures (e.g. schools and hospitals).

According to this research work, entire Europe will likely experience a progressive increase in
multi-hazard losses, in particular Southern Europe will be progressively more prominently affected by
future climate extremes than the rest of continent.

Specifically, droughts will strongly intensify in southern parts of Europe and become less severe in
northern regions (Forzieri et al., 2014), also heatwave impacts are projected to rise significantly all

Page 11



iiterrey
CENTRAL EUROPE

g cumpernunicn € south. While considering piver and coastal floods, they will remain the
et tern, Central, and Eastern Europe, including the British Isles, Poland, the
Czech Republic, Bulgana, Romania, and northern coastlines of the Iberian Peninsula.

60 T T T T 60 T T

a b

[0 Energy Heatwaves
- [ Transport | il I Cold waves
[ Industry L] Droughts
[ Social B Wildfires
[ IRiverfloods
40 - | L__1Coastal floods ]

2 %[ 1 2
= .

5 § I Windstorms ——
B 5
w W
_—;j 30+ - ﬁ 30+ -
o] W
) 4t
o] o]
£ £
< o
= 20 - . = 20 (. — 1
a ] "
= >
@) O

10 - . 10 1

Baseline 2020s 2050s  2080s Baseline 2020s 2050s  2080s

Figureé 3.2 Overall climate hazard risk to critical infrastructures aggregated at European level (EU+) for each time
period: a) distribution of damage by sector; b) distribution of damage over the seven hazards. For wind, projections of
hazard are not available for 2020 s and 2050s; damage for these periods was obtained by linearly interpolating
between the baseline and the 2080s. Whiskers reflect the inter-model climate variability (from Forzieri et al. 2018).

The following table (Tab. 4) collects the expected annual damage (from 2000 to 2080) and cost adaptation
for multi-hazard multi-sectors, taking into account only short-term projected changes in climate.
Specifically, countries considered in Protecht2save project are extracted from Forzieri et al. (2018),
where authors highlighted that countries in southern Europe will be exposed to higher risk levels, thus
they could potentially have to direct a significant proportion of their investments in fixed capital to
abating the future impacts from climate hazards on critical infrastructures.

Tableé 4.¢Bxpected annual damage (EAD) and cost of adaptation (in 2010 constant euro prices or percentage of 2010
GFCF) for multi-hazard multi-sector analysis. Values for different time windows refer to results obtained by adding up
single-hazard multi-model medians and reflect the EAD and adaptation costs assuming climate conditions of the time
window imposed on present infrastructures. (Extracted from Forzieri et al. 2018)

Countr EAD (€ million) EAD (% of GFCF) Capital cost (€ million) Capital cost (% of Annual O&M (e
y GFCF) million)
2000 | 2020s | 2050s | 2080s | 2000 | 2020 | 2050 | 2080 | 2020s | 2050s 2080s | 2020s | 2050s | 2080s | 2020s | 2050s | 2080s
s s s s s
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turopean umion 0:11 | 0.21 | 0.35 | 0.76 223 771 2260 | 0.35 1.21 3.54 | 17.3 30 59
L ProteCHt2save Suopeanierers 1 0.21 | 0.28 | 0.24 | 0.34 112 163 362 | 0.27 | 0.39 0.86 8.7 6.3 9.4
UE 2/Y TU3Y 1/88 2920 | 0.12 ] 0.21 | 0.36 | 0.59 1657 6010 | 14,569 0.33 1.2 2.91 129 234 378
HR 21 55 163 499 | 0.22 | 0.57 1.7 | 5.21 122 635 2,357 | 1.28 6.63 | 24.62 10 25 61
HU 47 56 112 169 | 0.23 | 0.28 | 0.56 | 0.85 35 269 712 | 0.18 1.35 3.56 2.7 | 10.5 18
IT 460 | 2,617 | 4,901 | 8,939 | 0.14 | 0.82 | 1.53 | 2.79 | 7,768 | 23,75 | 54,282 | 2.43 7.42 | 16.96 604 924 | 1,407

6
PL 206 277 240 260 | 0.28 | 0.38 | 0.33 | 0.35 257 379 576 | 0.35 0.52 0.78 20 | 14.7 | 14.9
SI 17 39 72 233 | 0.23 0.5 | 0.93 [ 3.01 77 274 1,050 1 3.55 | 13.59 6 11 27
SK 19 27 82 208 | 0.13 | 0.18 | 0.55 | 1.39 29 258 938 | 0.19 1.73 6.29 2.2 10 24
EU+ 3,41 | 10,30 | 20,62 | 37,63 | 0.12 | 0.38 | 0.75 | 1.37 | 24,82 | 86,77 | 209,97 0.9 3.16 7.65 | 1,930 | 3,375 | 5,444
0 4 1 2 0 8 7

Cultural heritage, along with representing a “cultural capital”, should also be considered as an economical
source. Indeed, it will be necessary to evaluate also the damages and the adaptation costs in facing
extreme events in heritage sector, thus including this field in research works as the ones previously
mentioned.
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3.1. Deterioration Patterns on Materials belonging to Cultural
Heritage

According to the EwaGlos (Weyer et al., 2016), several deterioration sources can affect historical
architectural surfaces and wall paintings, and they can cause consequently deterioration phenomena as
summed up in Figure 4 (for the definitions of stone deterioration patterns see also ICOMOS-ISCS, 2008).

Changing of Colour Discolouration
| Loss of material Solar
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Cracking Temperature Humidt
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Freeze-thaw cycles
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i L Rain al llution
Biological growth | & pH Soiling Darkening
Yellowing
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Karst effect  Sulfation

Black crusts
formation

Figureé 4.8 Scheme representing environmental parameters (coloured circles) responsible of processes (in coloured
rectangles) that cause materials deterioration phenomena.

Specifically, the main damage processes of materials belonging to cultural heritage due to climate and
pollution parameters are reported in Table 5.
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Tableé 5.6 Summary of the climate and pollution parameters involved in damage processes on cultural heritage
materials (immovable and movable) (n. r. = not relevant). Selecting the deterioration phenomena due to the action of
climatic parameters in conjunction with pollutants. (Modified by Bonazza et al., 2018). Legend: Acetates = C;HiDp 3
Acetic acid = CHZLZOOH; Ammonia = NHy Bromides = Br3 Calcium = Ca3 Carbon dioxide = COg Carbonyl sulphide =
COS; Chlorides = Cl3 Elemental carbon = EC; Formates = CHOz; Formic acid = CH;Dy Hydrogen sulphide = H;
Magnesium = Mgg3 Nitrates = NOg; Nitric acid = HNOg Nitrites = NOp; Nitrogen dioxide = NOg Organic carbon = OC;
Oxalates = C;0Z3 Ozone = Og Particulate matter = PM; Phospates = HPOgZ 3 Potassium = K& Sodium = Na% Sulphates =
SOZ? Sulphites = SOg? Sulphur dioxide = SOg Volatile organic compounds = VOC. Relative Humidity = RH and
Temperature = T.é
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