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Abstract
The growing exposure to hydro-meteorological hazards translates into increasing risks for people,
territories, and ecosystems. The frequency of occurrence and magnitude of these hazards are
expected to further increase in the next decades urging tangible decisions to reduce anthropogenic
climate change and adapt to the risks to be faced. In this context, risk assessment is an essential tool
for becoming aware of dangers and taking countermeasures. This paper proposes a novel
predictive, yet holistic, framework that allows to take into account multiple risks classified
according to six research fields, i.e. healthcare, society, ecosystem, heritage, infrastructure, and
agriculture. Each contribution to the overall risk is evaluated in terms of economic losses and
carbon-dioxide emissions that in turn affect adaptation ability and contribute to exacerbating
climate change. Both economic losses and emissions are estimated as a cost per day to support
political decision-making processes. In this regard, the framework integrates the effects of
adaptation and mitigation strategies to include societal capacities to cope with hazards and
respond to their potential consequences. As a guideline, this study reports a preliminary
investigation of a heatwave event over a portion of Bologna Province (Italy) concluding that the
current use of air-conditioning systems is not sustainable leading to a huge amount of losses. The
novel framework can be adopted in future studies for selecting more cost-effective strategies as
expected for Nature-based Solutions (NbS). The framework can indeed stand as a tool for
estimating the local impact of NbS in the current or future climate scenarios.

1. Introduction

Hydro-meteorological hazards consist of hazards res-
ulting from atmospheric, hydrological, or oceano-
graphic phenomena and processes (UNDRR 2017).
These hazards include drought, erosion, floods, heat-
waves, landslides, storm surges, and several oth-
ers. Humans are contributing to the current growth
of both magnitude and frequency of occurrence of
these hazards (Masson-Delmotte et al 2021), espe-
cially for heatwaves (i.e. periods of abnormally hot
and humid weather, IRDR 2014). These projections
have aroused apprehension in decision-makers and
the scientific community for the significant contri-
bution to excess mortality and morbidity (Pörtner

et al 2022). However, these risks are only the tip
of the iceberg of all the risks undergone by people,
ecosystems, livestock, crops, heritages, industries,
and infrastructures when exposed to hazards, which
occurrence may cause production losses, property
damage, loss of livelihoods and services, or environ-
mental degradation (UNDRR 2017). Risks may be
realized only if hazard, exposure, and vulnerability
are simultaneously not null as theorized by Crichton
(1999) (i.e. Crichton’s Risk Triangle) and assim-
ilated by the Intergovernmental Panel on Climate
Change (IPCC, Pörtner et al 2022). The hazard
refers to the occurrence of events that may negat-
ively affect people and the other exposed elements
(i.e. the exposure) located where these events occur.
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The vulnerability quantifies the susceptibility of these
elements to be affected and includes the capacity
to cope with the hazard through adaptation and
mitigation strategies such as changes in people’s
behaviors, engineering solutions, and Nature-based
Solutions (NbS). NbS are actions to protect, sustain-
ably manage, and restore natural and modified eco-
systems to address societal challenges effectively and
adaptively, and provide both human well-being and
biodiversity benefits (Cohen-Shacham et al 2016).
Despite the increasing adoption of NbS worldwide
(Debele et al 2023), a few frameworks have been
developed in the context of NbS helping estim-
ate risks arising from hydro-meteorological hazards
(Shah et al 2020). For instance, Wei et al (2020) pro-
posed an environmental-vulnerability framework in
arid inland basins. Feng et al (2023) estimated the risk
of hurricane-induced flooding by integrating both
social and environmental indices of exposure, sus-
ceptibility, and lack of adaptive capacity. Holec et al
(2021) added a vegetation layer to the hazard com-
ponent for integrating the cooling effect of urban
trees. However, risk assessment in the context of heat-
waves is often limited to the human health at contin-
ental (e.g. Russo et al 2019, Yin et al 2020), national
(e.g. Dubey et al 2021, Kc et al 2021) or city (e.g.
Tomlinson et al 2011, Aubrecht and Özceylan 2013)
scales for highlighting the most at-risk neighbor-
hoods (e.g. Buscail et al 2012, Johnson et al 2016),
estimating the heat-related mortality risk (e.g. Taylor
et al 2015, Zemtsov et al 2020) or showing changes
in return periods of mortality (e.g. Lüthi et al 2023).
Most of these studies have reportedmaps inwhich the
risk is dimensionless or presented in classes (e.g. from
low to high risk) helping the comparison between
areas but limiting the quantitative information of the
output. A few papers have also addressed other risks
such as the consumption of energy (Lee et al 2020)
and economic losses resulting from the decrease in
labor productivity (Stalhandske et al 2021).

The following paper aims to present a novel
framework that quantifies risks resulting from hydro-
meteorological hazards as a cost per day by integ-
rating both climate and economic contributions into
the IPCC’s definition of risk. This pragmatic out-
put allows us to compare contributions from dif-
ferent research fields, i.e. healthcare, society, ecosys-
tem, heritage, infrastructure, and agriculture. The
framework includes the concept of NbS as sustain-
able and cost-effective strategies. After this intro-
ductory section, the paper is structured as follows.
Section 2 describes the novel framework to assess
hydro-meteorological risks including the NbS contri-
butions. Section 3 describes the methodology, data
collection, and processing carried out for a prelimin-
ary application to a heatwave event. Section 4 shows
the application results. Finally, section 5 draws the
conclusions.

2. A novel risk framework for
hydro-meteorological hazards

The increasing severity and frequency of hydro-
meteorological hazards are raising the state of alert
of the scientific community urging the development
of novel risk frameworks that include adaptation
and mitigation strategies. The current study pro-
poses a predictive framework that assesses the eco-
nomic losses and emissions of carbon dioxide (CO2),
incorporating the effects of strategies such as NbS.
The framework adopts Crichton’s Risk Trianglewhich
theorizes that each risk (R) materializes only if hazard
(H), exposure (E), and vulnerability (V) spatially and
temporally coexist, i.e.

R=H× E×V. (1)

Despite its apparent simplicity, the practical estimate
is not straightforward because hydro-meteorological
hazards can affect the exposed elements through a
wide variety of potential impacts. To bypass this com-
plexity, the risk is here decomposed into sub-risks
classified according to six research fields, i.e. health-
care HC, society S, ecosystem EC, heritage HR, infra-
structure I, and agriculture A (figure 1).

Since sub-risks can result in relevant economic
losses and additional emissions of CO2, sub-risks
are classified in economic (subscript e) or climate
(subscript CO2) risk contributions. The framework
includes climate sub-risks because emissions are the
main driver of the current anthropogenic global-
warming resulting in a higher frequency and mag-
nitude of hot extremes, heavy precipitations, and
drought (Masson-Delmotte et al 2021). All the con-
tributions are measured as the daily loss of money
required to cope with a hydro-meteorological event
(i.e. a cost per day). This pragmatic choice allows
the quantitative comparison of sub-risks that usu-
ally are evaluated with different measurement units.
Climate sub-risks are expressed as a cost by using
the equivalent price for a ton of emitted CO2 (CCO2 ,
Kikstra et al 2021) which is a climate measurement
of the projected social cost taking into account long-
term temperature growth feedback on economic tra-
jectories, mean annual temperature anomalies, and
permafrost-carbon and surface-albedo feedbacks.
Other greenhouse gas emissions are converted into
CO2 equivalent. Economic and climate sub-risks also
include the effects of adaptation/mitigation strategies
and the total cost spent for their implementation. In
particular, the framework integrates contributions of
NbS which are expected to reduce risks sustainably
and cost-effectively (e.g. Sahani et al 2019). These
contributions are considered as risks because NbS are
themselves elements exposed to the hazard during
their entire lifetime. The interaction betweenNbS and
hydro-meteorological events is continuous and may
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Figure 1. Conceptual scheme that summarizes the risks incurred by exposed elements when a hydro-meteorological event occurs.
The scheme also includes the concept of NbS as adaptation and mitigation strategies that can reduce risks by addressing the
hazardous event.

lead to extrameasures of maintenance, enhancement,
or restoration.

In the end, economic and climate sub-risks are
summed in the economic (Re) and climate (RCO2)
risks. The total risk (RT) is given by the summation
of RCO2 and Re. The mathematical structure of this
novel framework is summarized in figure 2. The fol-
lowing subsectionswill providemore details concern-
ing the assessment of risk components and an over-
view of possible applications.

2.1. Assessment of hazard, exposure, and
vulnerability
The novel framework follows the IPCC’s definition
of H, E, and V (Pörtner et al 2022). The quantity
H is the potential occurrence of an event that may
cause loss of life, health, property, infrastructure, live-
lihoods, service provision, ecosystems, and environ-
mental resources. The framework requires quantify-
ing H as the time-dependent magnitude of an event
normalized according to its climatology. H depends
on the event duration because their persistence or
recurrence may lead to both acclimatization or stress
exacerbation felt by the exposed elements. The quant-
ity E is defined as the presence of people, liveli-
hoods, species or ecosystems, environmental func-
tions, services, resources, infrastructure, economic,
social, and cultural assets in places and settings that
could be adversely affected by the occurrence of haz-
ardous events. Accordingly, E is a function of land-use
and census data. The predisposition to be adversely
affected is the vulnerability V, which encompasses a
variety of concepts including susceptibility to harm
and lack of capacity to cope and adapt. The quantity
V is estimated in the framework as a cost per day per

unit of exposed element by building distinct functions
for each sub-risk as follows

V= FV ×C, (2)

where FV is a vulnerability factor that links the
exposed element to its predisposition to be affected or
affect the environment during hazardous events, and
C is the associated cost if the predisposition would
result in damage. The predisposition is here estimated
from the impacts experienced in previous events.

2.2. Assessment of NbS impacts
To include adaptation and mitigation strategies
into the framework, we have decided to follow an
ecosystem-service approach focusing on NbS as solu-
tions that can reduce both the economic and climate
risks during hydro-meteorological events (figure 1).
NbS can locally modify the physical processes that
regulate the hazard (H) and how the element exposed
may be harmed (V). Moreover, NbS are green and
blue elements included in E.

The cost-effectiveness of an NbS can be estimated
at the local scale by defining the local impact of NbS
(INbS) as

INbS = 100

(
(RT)b − (RT)a

(RT)b

∣∣∣∣
localscale

− fcl

)
(3)

where the overbar denotes the time average during
hydro-meteorological events that occur over climate
scales,RT is locally calculated before (subscript b) and
after (subscript a) the NbS implementation, and fcl
is a climate factor evaluated at a larger area in which

3
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Figure 2.Mathematical structure of the novel risk framework in which the total risk RT is given by the sum of the economic (Re)
and climate (RCO2 ) risks that may affect each ith research field, i.e. society (S), healthcare (HC), ecosystem (EC), agriculture (A),
infrastructure (I), and heritage (HR). Re and RCO2 also include the economic losses and CO2 equivalent costs resulting from the
entire lifetime of NbS and other adaptation/ mitigation strategies.

the NbS effectiveness is expected to be negligible. fcl is
computed as

fcl =
(RT)b − (RT)a

(RT)b

∣∣∣∣
macroscale

(4)

and introduced in INbS to subtract the contribution of
large-scale climate variations to the local change over
time of RT.

2.3. Overview of framework applications
The adoption of a universally accepted definition of
risk from IPCC (Pörtner et al 2022) allows assum-
ing the framework can be adapted to all the hydro-
meteorological hazards by integrating a broad range
of sub-risks through only scientific-based indicators.
Since the vulnerability factors are retrieved from past
events, the estimated risks represent an average con-
dition expected over several events rather than a pre-
diction of the outcomes that will occur in a single
event. The variability between events can be taken
into account through sensitivity analyses, especially

when the evolution of the hazard H is dominated
by stochasticity such as wildfires that are affected by
the fine-grained structure of burning. The framework
can be used to both reanalyze past events and pre-
dict the potential risks in current and future climate
scenarios. For instance, the framework can be adop-
ted in early-warming systems by linking the estimates
with case-dependent thresholds based on the local
economy. The final estimate as a cost per day derives
from the central role of the economic aspects in
political decisions. The inclusion of climate sub-risks
is essential because the lower the global-warming
level is, the lower the magnitude and frequency of
occurrence of hydro-meteorological hazards should
be (Masson-Delmotte et al 2021). Following this evid-
ence, the framework integrates the concept of NbS as
strategies that may prevent economic losses by affect-
ing CO2 emissions and weather variables. However,
the framework allows the introduction of vulnerab-
ility factors concerning other strategies such as air-
conditioning systems. Since hydro-meteorological
events are related to climate extremes and NbS are

4
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expected to cope with these events during their entire
life cycle, a comprehensive cost-effectiveness analysis
requires data over years or tens of years. These time
series can be obtained through modeling simulations
of climate and socio-economic data that allow apply-
ing the framework over several synthetic events.

3. Preliminary application: methodology,
data collection and processing

This section discusses the setup for an application
example that serves as a guideline for future use. This
application investigates a single day (i.e. 22 July 2022)
of the heatwave event nicknamed Apocalypse4800
by Italian newspapers because the freezing level in
Northern Italy had reached the top of Mont Blanc.
The study area is bounded by the following ranges
of latitude lat ∈ [44.25− 44.65] and longitude long
∈ [11.15− 11.55] allowing for the analysis over a sig-
nificant portion of Bologna Province without tres-
passing in other ones. This portion includes 16 cells
(CE) with each a resolution of 0.1◦ × 0.1◦. Each CE
will be identified by its row and columnnumbers (e.g.
CE1–1 and CE4–4 are the top-left and bottom-right
cells, respectively). Since NbS usually affect the risk
on local scales (e.g. from the street to the city scale),
this coarse resolution does not allow for the integra-
tion of the NbS concept. Table 1 reports the sources,
spatial resolution, and temporal range of the data
used in this application which is not comprehensive
of the entire framework because, at least to our know-
ledge, several sub-risks cannot be currently estimated
due to the unavailability of data or the lack of sci-
entific research concerning the relationship between
heat and vulnerability. The current application has
selected the following sub-risks as representative of
the exposed elements located in the study area dur-
ing summer: 1) excess peoplemortality (in the health-
care risk RHC), 2) the usage of air-conditioning sys-
tems (social risk RS), 3) the compound occurrence of
wildfires in woodlands (ecosystem risk REC), and 4)
excess cattle mortality, the reduction in milk produc-
tion and variations in the enteric-fermentation pro-
cess (agricultural risk RA).

3.1. Hazard
Heatwaves have been identified as 3 or more consec-
utive days with a daily maximum temperature (Tmax)
above the 90th percentile evaluated over the last 30
years centered on a 31-day window (Russo et al 2014,
2015). This definition has been chosen for its cli-
mate perspective and generality that allows the detec-
tion of heatwaves worldwide. A suitable data set has
been extracted from ERA5-Land reanalysis (Muñoz
Sabater 2019). This data set includes hourly 2-m air
temperature T (K), dew point Tdew (K) and relative
humidity RH (%) calculated following the formula
reported by Alduchov and Eskridge (1996):

RH= 100exp

[
17.625(Tdew − 273.15)

Tdew − 30.11

]
×
{
exp

[
17.625(T− 273.15)

T− 30.11

]}−1

. (5)

After the heatwave identification, a representative
variable x has been selected for each exposed element
to link heatwaves with their vulnerability. Since both
T and RH affect the thermal comfort of living beings,
x was the daily maximum heat index for people (HI,
Guarino et al 2014) and temperature humidity index
for cattle (THI, Lallo et al 2018). The daily Tmax has
been selected for the risk of wildfires in woodlands.
Then, H has been estimated through a slightly mod-
ified version of the daily magnitude Md (Russo et al
2014, 2015), i.e.

Md =
x− x25
x75 − x25

, (6)

where x75 and x25 are respectively the 75th and 25th
percentiles of x evaluated over 30 years centered on a
31-day window. These percentiles were not calculated
by using the annual x over 30 years as in the original
definition because the adoption of the framework
would have been limited only to summer months.
Using the 31-day window, the warm spells can be
captured; this has implications in agriculture when
unseasonably warmweather occurs during the repro-
ductive phases of crops.

Except for the risks that result from compound
hazards (e.g. wildfires), the acclimatization index for
the excess heat EHI (accl) (Nairn and Fawcett 2015)
has been introduced when the exposed elements are
living beings. EHI (accl) has been estimated for the jth
day by comparing x in the last 3 dayswith the previous
30 days, i.e.

EHI (accl)=
xj + xj−1 + xj−2

3

−
xj−3 + xj−4 + . . .+ xj−32

30
. (7)

Then, theH component has been computed by com-
bining (6) and (7) as follows

H=

{
Md×max[1,EHI(accl)]

median(Md×max[1,EHI(accl)]) for living beings
Md

median(Md)
otherwise

(8)

in which H is normalized by the median value across
all the heatwave events that occurred in the previ-
ous 10 years. A 10-year threshold has been selected
instead of a 30-year one for enhancing the applic-
ability of H computation. Since identifying heat-
wave events required a 30-year climatology, calculat-
ing the median across the events in the previous 30
years would require data for the previous 60 years.
However, a 10-year threshold can preserve the climate
signal (i.e. requiring data for the previous 40 years)
and provide a significant number of events, especially

5
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Table 1. References, spatial scale, and temporal range for each data used to estimate the hazard H, exposure E, and vulnerability V
components. V terms are further classified in economic (e) or climate (CO2) contributions related to the six research fields, namely,
society S, healthcare HC, ecosystem EC, agriculture A, infrastructure I, and heritage HR.

Variables Component Values References Spatial Scale Temporal Range

2-m air
temperature T

H Muñoz Sabater
(2019)

0.1◦ × 0.1◦ 1981–2022

2-m dew point
Tdew

H Muñoz Sabater
(2019)

0.1◦ × 0.1◦ 1981–2022

Land use E ERR (2020) 2.00× 10−1 m 2017

Total human
population: E ISTAT (2022b) Municipal 2022
a) every age group a) 7.18× 105 people
b) elderly b) 1.77× 105 people

Premature-death
rate PD

VHC−e 9.18× 10−7 d−1 OECD (2019) National
Averaged between
2010 and 2019

Cost of a life lost CL VHC−e 3.00× 106 e
people−1

OECD (2019) National 2019

Air-conditioning
usage UAC

VS−e, VS−CO2 6.28 h d−1 people−1 ISTAT (2021) National 2021

People with
air-conditioners

VS−e, VS−CO2 6.03× 10−1 ISTAT (2021) Regional 2021

at home PAC

Direct cost for air
conditioning CAC

VS−e 3.1× 10−1 e h−1 ARERA (2022) National Summer 2022

CO2 emission for
electricity

VS−CO2 4.37× 10−4 ton h−1 ISPRA (2023) National
Projected

Production EMkWh to 2022

Cost of CO2

emissions CCO2

VS−CO2 , VA−CO2 , 3.07× 102 $ ton−1 Kikstra et al (2021) —
Simulated between

VEC−CO2 2020 and 2300

Exchange rate
dollars-euros ERC

VS−CO2 , VA−CO2 , 9.80× 10−1 e $−1 X-Rates (2023)
—

July 2022
VEC−CO2

Cost for
air-conditioning

VS−CO2 1.2× 10−1 e h−1 equation (12) — —

CO2 emissions
EMAC

Total cattle
population:

E

IHM (2022) Regional 2010–2022

a) every cattle a) 3.33× 104 cattle
b) adult cattle b) 1.76× 104 cattle

EER (2010) Provincial 2010
c) adult dairy cattle c) 1.38× 104 cattle

Cattle market value
MVc

VA−e 2.00× 103 e cattle−1 In line with prices
National 2022

reported by ISMEA
(2022)

Milk market value
MVm

VA−e 7.00× 10−1 e kg−1 CLAL (2022b) Regional 2022

Cattle
premature-death

VA−e 9.00× 10−6 d−1 Vitali et al (2015) National
Averaged between

Rate PDc 2002 and 2007

Milk production
Pm

VA−e 2.43× 101 kg d−1

cattle−1
CLAL (2022a) National 2022

Reduction in milk
production REm

VA−e (2.16− 2.70)× 10−1 equation (15) — —

Cattle CH4

emissions EMCH4

VA−CO2 1.80× 10−4 ton d−1

cattle−1
Yadav et al (2016) — —

(Continued.)
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Table 1. (Continued.)

Variation in cattle
VA−CO2 1.26× 10−1 Yadav et al (2016) — —

CH4 emissions
VTCH4

CH4 global
warming potential
GWPCH4

VA−CO2 27.2 Masson-Delmotte
et al (2021)

— —

Total woodland
extension

E 2.77× 104 ha ERR (2020) 2.00× 10−1 2017

Seasonal fire VEC−e, VEC−CO2 9.0
Copernicus
Climate Change
Service (2020)

Provincial
Simulated between

Weather index
FWIs

2021 and 2040

Forecasted fire VEC−e, VEC−CO2 43.4− 56.4 GWIS (2023) 8.00× 103 m 22 June 2022
Weather index
FWIfc

Woodland burnt
area BA

VEC−e, VEC−CO2 2.10× 10−6 d−1 CFPC (2021)
Regional

2021
CFPC (2019) 2017–2019

Wildfire cost Cwf VEC−e 1.02× 104 e ha−1 IQ FireWatch
(2023), confirmed

— —

by Italian
Confederation of
Direct Farmers

Wildfire emissions
EMwf

VEC−CO2 30.2 ton ha−1 Copernicus
Climate Change
Service (2022)

National 2022

in current and future climate scenarios in which heat-
waves are becoming more frequent worldwide.

3.2. Exposure
The study area includes a multitude of facets in terms
of land use and altitude as shown by figure 3. The
Northern part is a portion of Po Valley in which
the main land use is croplands. The hills and moun-
tains of Tuscan–Emilian Apennines extend south
of Bologna which is located in CE2–2 and CE2–3.
Apennines are rich in woodlands surrounded by cro-
plands in the inland valleys. The hectares covered
by each land use have been calculated by count-
ing the number of pixels with the same RGB color
triplet. This calculation has enabled us to estimate
the woodland hectares. Since most of the livestock
in Po Valley lives in intensive animal farming, cattle
were proportionally distributed over cells by consid-
ering the hectares covered by agro-zootecnical areas.
This application has considered only adults over 24
months old for excessmortality, adult dairy cattle that
have given birth for milk production, and every cattle
for changes in enteric fermentation. The last selec-
ted exposed elements are elderly over 64 years old for
excess mortality and the entire population for the use
of air-conditioning systems. The population has been
estimated by summing demographic data concerning
municipalities located inside each cell. Despite crop-
lands being the main land use, crop losses have not
been considered in this summer application because

the main crops are wheat and spelt produced during
wintertime (ISTAT 2022a).

3.3. Vulnerability
Vulnerability (V) has been estimated as a cost per day
per unit of exposed element according to (2). Excess
mortality has been included in the economic vulner-
abilities for the healthcare system (VHC−e) as follows

VHC−e = PD×CL, (9)

where PD is the premature-death rate for elderly
exposed to high temperatures, and CL is the cost of
a life lost assuming this value is equal to the value of a
statistical life VSL which is a statistical index (Adélaï
de et al 2022) that estimates the average economic
amount the population is willing to pay for a reduc-
tion of mortality equal to one person over 1× 105.

A widespread strategy for reducing mortality is
the adoption of air-conditioning systems (e.g. Nunes
et al 2011). However, air conditioning increases both
energy consumption andCO2 emissions contributing
to the economicVS−e and climateVS−CO2 social vul-
nerabilities. Losses have been estimated as

VS−e = UAC × PAC ×CAC, (10)

VS−CO2 = UAC × PAC × EMAC, (11)

where UAC is the daily average use, PAC is the frac-
tion of people with air conditioning at home, CAC is

7
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Figure 3. Land use (a, ERR 2020) and altitude (b) maps for the study area in Bologna Province. Altitude map is available on the
website https://it-it.topographic-map.com/map-h28dn/Bologna/ and has been produced in OpenStreetMap through the digital
elevation model TessaDEM. (a) Adapted from [https://geoportale.regione.emilia-romagna.it/catalogo/dati-cartografici/
pianificazione-e-catasto/uso-del-suolo/layer-9]. CC BY 3.0. (b) Adapted from [https://it-it.topographic-map.com/]. © IOP
Publishing Ltd CC BY-NC-SA 3.0.

the hourly average cost supposing these systems con-
sume 1 kWh, and EMAC is the hourly average equival-
ent cost for CO2 emissions. EMAC has been estimated
as follows

EMAC = EMkWh ×CCO2 × ERC, (12)

where EMkWh is the hourly CO2 emission for the pro-
duction of 1 kWh, CCO2 is the equivalent price for a
ton of emitted CO2, and ERC is the average exchange
rate between dollars and euros.

If strategies are not adopted in intensive farming,
cattle can be affected by heat stress leading to the fol-
lowing economic VA−e and climate VA−CO2 agricul-
tural vulnerabilities:

VA−e = Vemc +Vm

=MVc ×PDc +MVm × Pm ×REm, (13)

VA−CO2 = EMCH4 ×VTCH4 ×GWPCH4

×CCO2 × ERC, (14)

where Vemc and Vm are the contributions of cattle
excess mortality and milk-production losses, respect-
ively. MVc and MVm are the average market values
of a cattle and a kilogram of milk for the production
of Parmigiano Reggiano, respectively. This milk price
has been selected because 82%of Italianmilk is inten-
ded for cheese production and Parmigiano Reggiano
is a locally valued product. PDc is the daily premature-
death rate for cattle during heatwaves in July, Pm is the
average daily production of milk from a single cattle,
EMCH4 is the averagemethane production in the tem-
perature range T ∈ [298− 303] K, VTCH4 is the aver-
age variation in methane production when the tem-
perature rises at T ∈ [308− 313] K, GWPCH4 is the
global warming potential of methane over 100 years,
and REm is the average reduction in milk production
during heatwaves. A dimensionless version of the for-
mula proposed by Berry et al (1964) has been adopted
for REm:

REm =
0.02474× Pm ×THI− 1.736× Pm − 1.075

Pm
.

(15)
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Wildlife is exposed to heatwaves as well, such as
whenwildfires occur inwoodlands due to the increas-
ingly drier soil. Wildfire occurrence leads to both
the loss of ecosystems and additional CO2 emissions
(VEC−e and VEC−CO2 , respectively) that have been
estimated as

VEC−e =
FWIfc
FWIs

×BA×Cwf, (16)

VEC−CO2 =
FWIfc
FWIs

×BA× EMwf ×CCO2 × ERC,

(17)

where BA is the average regional daily fraction of
burnt area in woodlands during the wildfire season
(June–September). FWIfc and FWIs are the daily-
forecasted and seasonal fire weather index, respect-
ively. FWI estimates the likelihood of occurrence of
wildfires based on fuel moisture and weather (Van
Wagner et al 1985). The values of FWIfc for 22 June
2022 correspond to very high and extreme danger
conditions. Cwf and EMwf are the average cost and
CO2 emission per burnt hectare, respectively. Cwf

includes the economic losses related to firefighting,
damage, clean-up, and subsequent reforestation.

3.4. Risk
The overall risk for each research field has been estim-
ated by applying Crichton’s Risk Triangle as follows:

RHC = RHC−e =H(HI)× E [elderly]×VHC−e,

(18)

RS = RS−e+RS−CO2 =H(HI)× E [people]

×
(
VS−e+VS−CO2

)
, (19)

RA = RA−e+RA−CO2 (20)

=H(THI)× E [cattle]×
(
VA−e+VA−CO2

)
,

(21)

REC = REC−e+REC−CO2 (22)

=H(T)× E [woodlands, ha]

×
(
VEC−e+VEC−CO2

)
. (23)

According to their classification as climate or eco-
nomic contributions, the sub-risks of each field i are
summed to obtain Re and RCO2 :

Re =
∑
i

Ri−e, (24)

RCO2 =
∑
i

Ri−CO2 , (25)

which are finally summed together to obtain the total
risk

RT = Re+RCO2 . (26)

The estimate of each risk as a cost per day is obtained
by the product of E (i.e. the amount of each element)

andV (i.e. a cost per day per unit of these elements).H
is normalized to integrate the magnitude of an event
compared to the climatology. For heatwaves, H acts
as a temperature weight which is higher (lower) than
1 when the analyzed heatwave is more (less) intense
than the median.

3.5. Data approximations
The framework requires the integration of several
datawhose spatial scales and temporal rangesmaynot
coincide (table 1). The recommendation is to adopt
local 1) socio-economic data (e.g. censuses, produc-
tion rates, costs) referring to the same period as the
hazardous event, and 2) data concerning the predis-
position to be affected (e.g. rates of death, degrad-
ation, or occurrence of compound events) estim-
ated from the impacts experienced in previous events.
However, the lack of local data can often lead to the
adoption of regional and national ones that depict
the local conditions at a first approximation. Also,
socio-economic data may not be updated to the year
of interest. When these data are not available, data
from multiple previous years can be averaged and
their annual variability used as a metric of consist-
ency. We suggest using data from the most recent
year when the available years are few and scattered.
An exception in the proposed application was the
estimate of cattle population that was derived from
both provincial data retrieved in 2010 and the most
recent regional ones. In this particular case, the 2010
Bolognese population has been projected to 2022 pro-
portionally to the regional increment.

Estimating daily V terms has required greater
efforts because several data are provided for the entire
summer or year. The original data has been divided
for the number of days when the largest contribu-
tion to these data took place. For instance, a daily
value for burnt area BA has been derived from an
annual one by assuming wildfires spread only dur-
ingwildfire season (June–September) as supported by
(Copernicus Climate Change Service 2022). Instead,
the premature-death rate PD has been obtained by
assuming excess mortality is only induced by sum-
mer heatwaves because temperature andmortality are
usually related byU- orV-shaped dose-response rela-
tionships (Gasparrini and Armstrong 2011). Finally,
some original values have been divided by the number
of elements located at the spatial scale to which data
refer. For instance, daily milk production Pm has been
derived from the national 2022 production divided by
both 365 days and the number of Italian dairy cattle
that have given birth (IHM 2022).

By carefully addressing the limitations associated
to the temporal and spatial scales, it is possible to
achieve an acceptable estimate of the sub-risks. As
previously commented, the methodology need to be
complemented by an analysis of uncertainties if the
available data allowed to do that. This is out of

9
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the scope of the current investigation since several
data are provided without the associated uncertain-
ties, requiring additional hypotheses for a sensitivity
analysis.

4. Results

4.1. Hazard, exposure and vulnerability
The estimate of the total risk requires the setting up
ofH, E, and V maps for each sub-risk.H is estimated
according to (8) and illustrated in figure 4 for people
(a), cattle (b), and woodland wildfires (c). H is mod-
ulated according to the selection of proper variables
able to describe the heat stress felt by each exposed
element and the adoption of the acclimatization index
for living beings (except for compound hazards).

The significant magnitude of the selected heat-
wave day has been confirmed byH(T)∈ [1.21− 1.32]
resulting in higher temperatures than the median
over the previous 10 years. The adoption of vari-
ables that integrate both RH and acclimatization
changes the cells in which the maximum values are
reached. During the analyzed day, H(HI) ∈ [1.16−
1.59] which is higher than H(T) in the flat areas and
lower in the mountainous ones. Instead, H(THI) ∈
[0.81− 0.98] is lower than H(HI) due to the differ-
ent dependence on RH. Cattle are more sensitive to
RH than humans because these animals have a less
efficient sweating system. Since the selected heatwave
day was less wet than the previous month, daily vari-
ations in THI are flattened and the cattle result more
acclimatized than humans. These exposed elements
are differently spread in the cells as shown by figure 5
for people (a), elderly (b), cattle (c), and woodlands
(d). 64% of both total population and elderly live in
the city of Bologna and its peri-urban areas located in
CE2–2 and CE2–3. The other cells are not very inhab-
ited, especially themountainous ones. However, these
cells are rich in woods up to 17% in CE4–1 and
15% in CE3–1. On the other hand, cattle are more
widely distributed reaching the maxima in oppos-
ite cells (i.e. the 14% in CE1–1 and 9% in CE4–4,
respectively).

A fewV components are estimated in dependence
on both T and RH. Figure 6 includes the economic
(VEN−e, a) and climate (VEN−CO2 , b) vulnerabilit-
ies related to ecosystems, and milk-production losses
(contribution to the agriculture sub-risk VA−e, c)
that result from a reduction in milk production
ranged from 22% to 27%.

4.2. Risk
The integration of the H, E, and V maps leads
to the assessment of risks R. Several papers report
that a correlation between the adoption of air-
conditioning systems and mortality reduction dur-
ing heatwaves exists (e.g. Curriero et al 2002, Nunes
et al 2011). Figure 7 shows the maps of the economic

contribution to the healthcare risk RHC−e (a) and
social risk RS−e (b), the climate contribution to the
social risk RS−CO2 (c), and the overall social risk RS

= RS−e+RS−CO2 (d). Despite the losses associated
with excess mortality could be higher without the
adoption of air conditioning, this adaptation strategy
is not cost-effective in the current analysis. The sumof
the potential losses in the urban cells (i.e. CE2–2 and
CE2–3) are relevant reaching RHC−e = 4.64 × 105

e d−1 and RS = 1.14 × 106 e d−1. Direct economic
losses contribute to the 71% of RS, while the remain-
ing 29% derives from CO2 emissions. The overall risk
arising from the agricultural sector is three orders of
magnitude lower than RS as shown by figure 8 that
includes the economic contributions RA−e (a, cattle
excessmortality; b, milk production), the negative cli-
mate contribution RA−CO2 (c, enteric fermentation),
and the overall risk RA = RA−e+RA−CO2 (d). The
maps of these risks follow the spatial distribution of
E with higher values in CE1–1. The major economic
risk is driven by the reduction inmilk production that
contributes to losses up to 8.62 × 103 e d−1 in this
cell. Excess cattle mortality is instead totally exceeded
by the negative contribution resulting from enteric
fermentation. This climate term reduces RA to 7.89×
103 e d−1. Lower estimates are obtained for the eco-
system risk resulting from wildfires in woodland hec-
tares as shown in figure 9 that includes the economic
REC−e (a), climate REC−CO2 (b), and the overall risk
REC = REC−e+REC−CO2 (c). Despite the spatial dis-
tribution follows E with higher values in mountain-
ous areas, the maxima are displaced in CE4–3 instead
of CE4–1 due to the worse daily-forecastedWFI (49.2
and 43.4, respectively). REC is 1.19 × 103 e d−1 in
CE4–3 whose main contributor is REC−e (the 53%).

Figure 10 shows the maps of the overall economic
Re (a) and climate RCO2 (b) risks, and the total risk
RT = Re+RCO2 (c). RT in the entire selected area is
equal to 2.55 × 106 e d−1 resulting from Re (the
79%) and RCO2 (the 21%). Since RHC−e and RS are
the larger contributor to the huge amount of losses
estimated in a single day for the selected portion of
Bologna Province (the 69% and 28% of RT, respect-
ively),most of the lossesmay affect the city of Bologna
(the 63%). However, this application also reveals that
the sum of minor sub-risks such as RCO2 can assume
high absolute values (i.e. hundreds of thousands of
euros in a single day), and some sub-risks may be loc-
ally non-negligible such as RA in CE4–4 (the 68%).

5. Conclusions

This paper proposed a novel framework for the
assessment of hydro-meteorological risks starting
from the definition adopted by IPCC, i.e. the risk is
given by the spatial and temporal overlaps of hazard,
exposure, and vulnerability. This definition is used
to estimate several economic and climate sub-risks
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Figure 4. Hazard component H estimated from the heat index (HI) for people and elderly (a), the temperature humidity index
(THI) for cattle (b), and temperature (T) for woodlands (c).

Figure 5. Exposure component E for people (a), elderly (b), cattle (c), and woodlands (d).

resulting from the occurrence of a hazardous event.
These sub-risks include the contribution of mitiga-
tion and adaptation strategies such as NbS in redu-
cing risks by locally affecting weather variables and

CO2 emissions. Since NbS are expected to be cost-
effective, we have defined the local impact of NbS
(INbS, equation (3)) as a tool to estimate the cost-
effectiveness of NbS by comparing the total risk
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Figure 6. Vulnerability component V concerning the economic (a) and climate (b) contributions of woodland wildfires to the
ecosystem sub-risk (i.e. VEN−e and VEN−CO2 , respectively), and milk-production losses Vm (c) as part of the economic
contribution of the agricultural sub-risk VA−e.

before and after the implementation. This total risk
is obtained as a cost per day by summing all the eco-
nomic and climate sub-risks classified according to
six research fields, i.e. healthcare, society, ecosystem,
heritage, infrastructure, and agriculture. A cost per
day is a pragmatic output that can help the decision-
making process both in the current climate (e.g. by
adopting the framework in early-warming systems)
and in future one (e.g. by coupling the framework
with socio-economic and climate projections).

The application of the developed risk framework,
though simplified, serves the purpose of being a
guideline for future studies. This application consists
of a 1-day reanalysis of a significant heatwave event
that involved Bologna Province (Northern Italy) in
July 2022. The selected area (i.e. lat∈ [44.25− 44.65],
long ∈ [11.15− 11.55]) includes several ecosystems
such as the city of Bologna, croplands in the flat areas
and woodlands in the mountainous ones. A few sub-
risks have been estimated to represent the most valu-
able elements exposed to the analyzed summer heat-
wave. These sub-risks include human excess mor-
tality, the overuse of air-conditioning systems, the
occurrence of wildfires in woodlands, cattle excess
mortality, reduction in milk production, and vari-
ations in their enteric fermentation. The estimate
of sub-risks has required the setting up of the haz-
ard, exposure, and vulnerability maps. The hazard
maps have been obtained through (8) by combin-
ing the daily magnitude Md (Russo et al 2014, 2015)

and the acclimatization index for excess heat EHI
(accl) (Nairn and Fawcett 2015). Several vulnerability
factors have been built through (2) to link the exposed
elements with their predisposition to be affected or
affect the environment during heatwaves. The sum
of all the sub-risks provides a total heatwave risk
equal to 2.55 × 106 e d−1 in the entire selected area.
Despite the contribution of cattle milk reduction and
woodland wildfires can be locally non-negligible, the
major contributions in the current application result
from air-conditioning systems (the 69%) and human
excess mortality (the 28%), especially in the city of
Bologna where most people live. Air conditioning is
a helpful adaptation strategy to reduce heat stress but
this strategy is not cost-effective and sustainable in
the current world affected by anthropogenic climate
change.

The application of the framework will be fur-
ther expanded in future works to test explicitly the
impacts of NbS. These works can benefit from pre-
vious studies that investigate how to refine heat maps
(e.g. Zumwald et al 2021). Further improvements in
the scientific literature would help to estimate the
missing sub-risks and improve the estimated ones.
Focusing on heatwaves, at least to our knowledge,
current literature does not allow the estimate of reli-
able vulnerability factors that include temperature
dependence for several sub-risks. Consequently, tem-
perature affects only the H component leading to a
linearization of sub-risks in which V is a fixed best
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Figure 7. Healthcare risk resulting from excess mortality (a, RHC−e), economic (b) and climate (c) contributions to the social
sub-risk due to the usage of air-conditioning systems (i.e. RS−e and RS−CO2 , respectively), and overall social sub-risk (d, RS) for
the study area in Bologna Province.

Figure 8. Economic ((a), cattle excess mortality Remc ; (b), milk-production losses Rm), climate ((c), absolute value of enteric
fermentation) contributions to the agricultural sub-risk (i.e. RA−e and RA−CO2 , respectively), and overall agricultural sub-risk
((d), RA) for the study area in Bologna Province.
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Figure 9. Economic (a), climate (b) contributions to the ecosystem sub-risk (i.e. REC−e and REC−CO2 , respectively), and overall
ecosystem sub-risk (c) due to woodland wildfires in the study area in Bologna Province.

Figure 10. Economic (a, Re), climate (b, RCO2 ), and total (c, RT) risks for the study area in Bologna Province.

estimate obtained from the average of the impacts
observed in previous events, and H acts as a temper-
ature weight that considers both heatwave magnitude
and living-being acclimatization. This approximation

leads to the estimate of the average magnitude of
risks. However, the combination of the framework
with a sensitivity analysis or comprehensive uncer-
tainty analysis (e.g. Kropf et al 2022) allows to expand
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the output to a range of possible outcomes. This
is particularly important in prognostic applications
that investigate hazards H dominated by stochasti-
city. Another source of uncertainty is the existence
of non-economic risks (e.g. the loss of aesthetic and
spiritual ecosystem services; Renaud et al 2007) and
vulnerability factors (e.g. lack of policies that sup-
port ecosystem robustness; Shah et al 2023) which are
not covered by the framework. However, it is worth
mentioning that non-economics co-benefits result-
ing from strategies (e.g. well-being and air quality;
Ommer et al 2022) can be integrated into the frame-
work by taking into account their economic impacts
(e.g. the economic contribution to the healthcare sub-
risk). The current paper wishes to encourage more
studies concerning both sustainable strategies (e.g.
NbS) and risk assessments that integrate a wider over-
all vision of the possible consequences resulting from
hydro-meteorological hazards.
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