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Emerging systemic risks driven by climate extremes and societal vulnerabilities are causing
considerable damage to supply systems and overall economies. In this study, we combined
hydroclimatic hazard impact and supply-driven input-output models to develop an integrated
approach for estimating the cascading impacts on food, electricity, and water supply associated with
droughts, floods, and heatwaves. National-level results for Sweden indicate moderate to strong
associations between annual supply variables and monthly climate indices (0.39 < R? < 0.62) at
municipal units. Economic modeling revealed losses in key sectors, such as agriculture, energy, and
insurance. The results from this economic modeling show that combined hydroclimatic hazards
between 2005 and 2022 inflicted €8.4 billion of economic damage on agriculture, electricity, and
insurance. Of this, flood-related damage represented the largest share, totaling €4.1 billion, followed
by drought-induced supply shortages (€2.9 billion), and heatwave impacts (€2.3 billion).

Infrastructure systems and their provision of critical services are vulnerable
to direct and indirect impacts from hydroclimatic hazards, such as floods,
droughts, and heatwaves'. The impacts of droughts and heatwaves on crop
production in Europe have roughly tripled in the last five decades’. Droughts
may also severely affect water supply for human consumption, causing
detrimental effects to human health, raising safety concerns, and hindering
societal development and sustenance”. Flooding due to heavy rain can cause
widespread critical and social infrastructure damage, with projected
increased hazards in many regions, including Asia and Africa. These
hazards are due to changes in the climate, natural landscape, and society,
such as economic and population growth’. When these impacts escalate
across supply networks, it can lead to substantial economic losses. Conse-
quently, improving our understanding and management of the systemic
risks associated with cascading impacts that disturb the distribution of
essential goods and services is are global priorities for sustainable
development".

Impact modeling has been applied to estimate specific adverse effects
from hydroclimatic hazards on supply systems. For instance, Zampieri et al.
found that a composite drought and heatwave indicator explains more than
40% of inter-annual global crop yield'. A global study on drought impacts
on hydropower production revealed that 67 out of 134 countries experience
a reduction of over 20% in mean annual production once per decade®.

Impacts of droughts on public water supply can be observed in some
countries, including Germany and the UK, especially when severe and short
drought events are combined with long but less intense dry periods’.
Additionally, the impacts of floods on global crop production led to average
decreases of 4% for soy, 3% for rice, 2% for wheat, and 1% for maize
worldwide from 1982 to 2016".

The consequences of hydroclimatic hazards are typically investigated
by modeling the relationships between supply anomalies and climate
indices, assuming that variations from trends can be partially attributed to
extreme environmental conditions’™. Anomalies can be identified through
a variety of detrending methods. These include linear regression, poly-
nomial regression, locally weighted scatterplot smoothing, and moving
average techniques''. The Palmer Drought Severity Index, Standardized
Precipitation Index, Standardized Precipitation Evapotranspiration Index,
and Standardized Streamflow Index'” are examples of indices that can be
utilized to evaluate occurrence, intensity, and duration of various drought
types. Similarly, climate indices have been developed for heatwave and flood
hazards. Considering the 90th percentiles of maximum temperature on each
calendar day as thresholds, a Heatwave Intensity Index was implemented to
assess potential impacts on human health and economic activities”. The
Daily Flood Index (DFI) was created to monitor flood hazards based on
daily effective precipitation'.
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Several economic models have been applied to quantify monetary
impacts from natural hazards, emphasizing the need to implement
mitigation measures of extreme events on society'”. A common approach
for economic disaster impact analysis is the use of input-output (I-O)
models. These consider fixed monetary transactions between sectors to
capture cascading supply shocks and computable general equilibrium
models, which incorporate supply and demand elasticities through more
sophisticated assumptions'. Integrated assessment models use projec-
tions from global climate models to estimate the impacts of climate
change on specific systems, employing methods such as cost-supply
curves'’, damage functions'®, or optimization models", depending on the
sector and model design. Numerous empirical approaches have been
developed to assess economic impacts from natural hazards®. For
instance, a hydro-economic optimization model was employed to assess
the impacts of climate-induced droughts on water resources and
hydroelectricity generation in the Upper Euphrates Basin, using histor-
ical hydrological data and drought indices™.

Current impact models primarily focus on linear relationships between
anomalies and hazards®. But many impacts are nonlinear, with thresholds
where damage escalates disproportionately, potentially underestimating
impacts and misleading stakeholders™. Minor anomalies may have negli-
gible consequences, but extreme anomalies can lead to systemic break-
downs. Moreover, current approaches primarily focus on isolated impacts
within specific sectors, such as agriculture, water supply, or energy pro-
duction. However, there is limited understanding as to how disruptions
from extreme events in one sector propagate through supply systems and
spread to other sectors™.

This study aims to combine hydroclimatic hazard impact models with
supply-driven I-O models to present a holistic approach to assessing sys-
temic impacts induced by drought, floods, and heatwave hazards. To
account for impact nonlinearity, polynomial fitting was employed, and
systemic impact propagation was modeled using economic I-O analysis
driven by spatially aggregated impacts. The following research questions
(RQs) were explored in applying this approach:

* How are hydroclimatic indices and anomalies of supply variables
associated?

* What are the average patterns between indices and anomalies?,

* How are anomalies distributed at different hazard classification
thresholds?

* What are the cascading economic losses due to hydroclimatic hazard
impacts?

In this study, the approach presented was applied at national and
municipal levels for the example case of Sweden. Although Sweden is
relatively well-insulated from hydroclimatic hazards due to its geographic
and climatic conditions, considerable economic impacts have occurred, for
example, from the Gudrun cyclone in 2005* and the heatwaves and
droughts of 2018*. From 2005 to 2020, 80% of the total freshwater water
withdrawal in the country was, on average, obtained from surface water”.
Between 2001 and 2020, hydropower accounted for an average of 44% of
total national electricity production”. Additionally, over 90% of the agri-
cultural crop production in the country was rainfed”. Regarding climate
change, there is a wetting-warming trend with increasing flood and com-
pound drought-heatwave hazards in many areas™. These characteristics
indicate vulnerabilities in the Swedish economy to hydroclimatic hazards. In
particular, given the generally low risk memory for such events’, societal
preparedness to manage both their direct impacts and their cascading effects
remains limited, in comparison to countries with a longer history and
greater experience of extreme events’. Global studies also indicate that
approximately 75-81% of human freshwater use is withdrawn from surface
water”, and hydropower is the main source of energy in more than 35
countries’. This demonstrates that vulnerabilities similar to those in Swe-
den are present in many regions, making the Swedish case study a relevant
example worldwide. The data-driven framework presented in this manu-
script can identify systemic economic impacts that are often overlooked or

underreported in vulnerable nations, thereby supporting policymaking and
investment in climate resilience.

The Results section first addresses the hazard impact and supply-
driven economic shock analyses in relation to the research questions posed.
In the Discussion section, we evaluate the findings compared to existing
literature, provide implications for hydroclimatic hazard management,
discuss limitations, and offer suggestions for future developments.

Results

Hydroclimatic hazard impact modeling

The relationships between the statistically significant modeled and detected
annual anomalies of total crop yield, streamflow, and hydropower pro-
duction in Swedish municipalities (290 in total) are shown in Fig. 1.
Drought, flood, and heatwave hazards are represented by the Standardized
Precipitation and Evapotranspiration Index with a 12-month accumulation
period (SPEI12), Daily Flood Index (DFI), and Heatwave Intensity Index
(HWT), respectively. The highest nonlinear associations were found
between the SPEI12 and streamflow (R* = 0.62), indicating the relatively
high influence of precipitation rates on surface water discharge. The weakest
overall associations were observed between the HWI and streamflow and
hydropower production (R* = 0.39). The overall coefficient of determination
values suggests that the climate indices, when aggregated into calendar
monthly maximums, have a moderate ability to explain the variance of
observed supply anomalies relevant to water, food, and electricity supply.
The values of root mean squared error (RMSE) remain lower than the
standard deviations, indicating that the anomaly models perform relatively
well in estimating annual hydroclimatic hazard anomalies.

Figure 2 presents ensemble averages of modeled nonlinear relation-
ships between hazard indices and anomalies of supply variables at Swedish
municipality levels. Prediction intervals indicate much larger variability in
anomaly estimates under more extreme conditions. Drier periods repre-
sented as negative SPEI12 values are mostly associated with negative supply
anomalies, indicating adverse impacts. With severely dry conditions (SPEI =
—1.5), the modeled average anomalies on crop production, streamflow, and
hydropower production are —16%, —41%, and —26%, respectively. The
associations of heatwave intensities with crop yield demonstrate an overall
negative net effect under both extremely hot and extremely cold conditions.
The associations of high HWI with both streamflow and hydropower
production are net positive, although substantial variability exists among
municipalities. There is an overall indication that increased flood hazards
are associated with reduced crop productivity.

For each hazard-supply variable pairwise combination, the distribu-
tions of annual observed impacts were aggregated for low, moderate, and
extreme hazard classification thresholds at statistically significant regions, as
shown in Fig. 3. In general, negative crop production anomalies were found
under drier conditions. Streamflow and hydropower energy supply gen-
erally decrease during moderate and extreme drought conditions, while the
opposite patterns occur during elevated flood hazards. The largest negative
impacts were seen in the case of droughts on streamflow and hydropower
production, with median anomalies of —27% and —23%, respectively.
Extreme heatwave conditions are associated with negative crop yield
anomalies.

Cascading economic shocks from hydroclimatic impacts
Using the average impacts attributed to the entire country as the initial
shocks in a national-level Input-Output (I-O) model, the propagated eco-
nomic supply shocks and associated total losses to Gross Value Added
(GVA) were estimated over the entire study period, with the latest I-O table
from 2022 considered as the baseline. Table 1 lists the economic sectors most
affected by hydroclimatic hazards with at least 10 million euros in annual
losses from 2005 to 2022. The losses and relationships between sectors are
shown in Fig. 4.

The total annual economic losses to the GVA are summarized in
Sweden from 2005 to 2022 due to supply shocks in water, food, and elec-
tricity systems, as well as property damage from flood hazards. Combined
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Fig. 1 | Relationships between estimated and observed anomalies of supply variables using climate indices for each hazard-anomaly pairwise combination. SPEI12,
HWI, and DFI represent drought, heatwave, and flood hazards, respectively. Each data point represents one annual anomaly in a municipality.

losses correspond to the total sum of losses associated with hazards in
individual municipalities. Considerable flood-related economic impacts
were observed in several years, notably in 2005 and 2021. Droughts also
contributed heavily to losses, particularly in 2013, 2016 to 2018, and 2022.
Flood impacts, mostly those causing property damage, represented the
largest losses due to hydroclimatic hazards over the study period, accounting
for 4.1 billion euros in total. Supply shortages caused by droughts con-
stituted 2.9 billion euros in losses and heatwave impacts amounted to
approximately 2.3 billion euros.

The economic sectors with major annual losses above 10 million euros
due to supply shocks are shown, with arrows indicating the size of indirect,
propagated losses to the GVA in one sector caused by a shock in another
sector. These figures refer to 2005, 2013, 2018, and 2021. These were the four
years with the largest combined losses during the period considered. The
losses in 2005 were predominantly due to extensive damage caused by
Cyclone Gudrun®, with the insurance sector experiencing the highest direct
losses, with cascading effects on other industries, such as real estate and
electricity. 2013 had a unique combination of drought and flood impacts in
different regions. The supply shock was mainly driven by reductions in
hydropower production and water supply due to droughts, estimated using
impact modeling. Floods and droughts led to losses of approximately 200
million euros in the insurance sector and 137 million euros in the electricity
sector, respectively. In 2018, the supply shocks were initiated by the agri-
cultural sector. This was due to an aggregated 10% total crop yield loss

nationwide resulting from a historically hot and dry season. The agricultural
losses considerably escalated towards other sectors, especially food pro-
duction activities. In 2021, a 5.5% decrease in crop yield associated with
combined hydroclimatic hazards and infrastructure losses of 440 million
from floods comprise substantial economic losses in that year. In general,
the energy and insurance sectors were the most directly affected by
hydroclimatic hazards. Regarding indirect effects, the results revealed that
secondary losses were particularly severe in the real estate sector, which
experienced greater overall losses than the primarily affected sectors of
agriculture and water supply. This is due to strong real estate dependencies
on electricity, food, and water provision for its normal operations.

Discussion

Regarding the association between hydroclimatic indices and anomalies in
supply variables (RQ1), the modeling approach shows moderate associa-
tions and demonstrates that potential impacts can be estimated at varying
degrees of confidence. Connections have previously been studied between
drought and heatwave indices and crop yield’, drought and streamflow”,
and drought and hydropower production®. This study expands on the
impact investigation for other hazard-supply combinations involving
heatwave and flood hazards, as well as including property damage. The
analysis shows that the impact of climate indices on supply varies by loca-
tion, resolved at finer scale than the national. In most Swedish munici-
palities, annual anomalies can be linked to extreme events by comparing
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Fig. 2 | Ensemble average plots of modeled relationships between hydroclimatic
hazard indices and supply variables, only for climate index values under hazard
conditions. SPEI12, HWI, and DFI measure drought, heatwave, and flood

hazards, respectively. Colored bands indicate threshold levels: green for low, yellow

for moderate, and red for extreme. Solid lines represent fitted models for each
municipality, with thickness and transparency weighted by local cross-validated R’.
Dashed lines represent the average model estimations for all Swedish municipalities.

nonlinear patterns with the highest monthly index values for each month of
the year. The hazard impact models generated, when applied in real time,
can be used for impact forecasting using climate indices”. This development
is crucial for making early warning systems more impact-based rather than
merely providing information about hazard conditions. This, consequently,
makes risk management more effective™. It is important to note that while
the regression analysis conducted in this study shows the strength of asso-
ciations between hazards and potential impacts, this is not sufficient to
establish causality. Establishing causal relationships would require the
application of inference methods using control variables, such as multi-
variate regression analysis’ or propensity score matching®.

When examining the average patterns between indices and anomalies
(RQ2), drought effects exhibit the most consistently negative associations
with supply variables. This is due to their well-known impacts on productive
sectors’'. Observed anomalies associated with heatwaves have a net average
negative effect on food supply, even though their impact on total crop yield
can be both positive and negative depending on the region. These findings
are consistent with previous research showing that heat stress can cause
positive or negative impacts for different crop types* in relatively cold and
wet regions* ™. In Sweden, with approximately 19% of the average annual
streamflow regulated”, overall patterns show that water and hydropower

electricity supply are still vulnerable to harmful hydroclimatic conditions.
This implies that policymakers should consider impact mitigation strategies,
especially in the south of the country, which has been a historical drought
hotspot™. Preventive measures to mitigate drought impacts on the water-
food-energy nexus involve solutions such as green infrastructure for water
harvesting”, strengthening cross-regional energy integration*, and robust
planning of the role of hydropower in the energy transition®. Additionally, a
water balance analysis that accounts for all significant inputs and outputs of
water to and from the surface water and groundwater systems and any
interactions between them is necessary. This is particularly acute for a
country like Sweden, where there is a knowledge gap of how major changes
in the energy industry will potentially change hydropower reservoir
operation practices”.

When analyzing how supply anomalies are distributed across different
types of hydroclimatic hazards (RQ3), the framework demonstrates that the
supply anomaly classification using climate indices can be useful for
understanding the supply impacts and risks associated with various
hydroclimatic hazards. A similar technique has been applied for drought
impacts in crop yields under a range of conditions™. The findings show that
supply shortages can vary considerably between moderate and extreme
conditions for the same hazard due to the nonlinearity of supply anomaly-
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Fig. 3 | Distribution of annual anomalies detected in municipalities under different hydroclimatic conditions. Median values are represented as dotted red lines.

Table 1 | Critical sectors affected by hydroclimatic hazards
based on the 1-O analysis

Code Industry

ACCO Accommodation and food service activities

AETA Architectural and engineering activities

AGRI Crop and animal production, hunting, and related service activities

CARE Residential care activities and social work activities without
accommodation

CONS Construction

EDUC Education

ENGY Electricity, gas, steam, and air conditioning supply

FOOD Manufacture of food products; beverages and tobacco products

HLTH Human health activities

IRPF Insurance, reinsurance, and pension funding, except compulsory social
security

LAMC Legal and accounting activities; activities of head offices; management
consultancy

PADM Public administration and defense; compulsory social security

REAL Real estate activities

WHOL Wholesale trade; except of motor vehicles and motorcycles

WSUP Water collection, treatment, and supply

hazard relationships™'. For instance, as shown in Fig. 3, moderate drought
and heatwave conditions appear to improve crop yield productivity in most
areas, in consistency with previous observation-based findings™. If these
conditions persist over time and are extreme, however, yields generally
decline. The number of samples of potential hazardous events increased
considerably by incorporating not only extreme hazard categories but also
moderate ones, allowing for more nuanced distinction of impacts at dif-
ferent categories. Negative impacts on hydropower production and
streamflow due to moderate droughts show that even regions with highly
regulated flows are vulnerable to adverse effects even during relatively mild
droughts™.

When estimating cascading economic losses caused by hydroclimatic
hazard impacts (RQ4), our framework combining the I-O and impact
models proved useful to obtain reasonable figures regarding direct and
indirect impacts. This framework can help planners compare the costs of
implementing mitigation measures, such as integrated water resource
management and resilient cropping systems™, against the benefits of
reducing potential future losses. I-O modeling was applied in this study to
quantify direct economic losses from the impacts of hydroclimatic hazards
on supply sectors. This model also quantified indirect losses using sectoral
relationships based on national accounts data. Although relatively few
sectors trigger supply shocks, indirect effects were quantified for many
sectors, providing useful insights into systemic risks for planners. The
resultant monetary values can also serve as reference points to support
affected groups, such as farmers. The validity of this approach was evaluated
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(Architecture/Engineering), AGRI (Agriculture), CARE (Social Care), CONS (Construction), EDUC
(Education), ENGY (Utilities), FOOD (Food/Beverage), HLTH (Healthcare), IRPF (Insurance/Pension),
LAMC (Legal/Accounting), PADM (Public Administration), REAL (Real Estate), WSUP (Water
Supply), WHOL (Wholesale). See Table 1 for full titles.

Fig. 4 | Results from the I-O analysis at national level. Impacts of hydroclimatic hazards on GVA (a) and propagation of economicshocks through sector networks (b).

by comparing the estimated economic impacts against similar assessments
at national and European levels. The economic loss of 674 million euros due
to compound droughts and heatwaves in 2018, equivalent to 6914 million
SEK using the yearly average conversion factor of 10.26, falls within the
estimate of 6000 to 10,000 million SEK according to the Swedish Board of

Agriculture®. Monetary losses attributed to the multi-year drought from
2016 to 2019 are of a similar order of magnitude to estimations reported by
several European countries, including the Czech Republic, Germany, and
Poland™. Results indicate that economic impacts from energy and water
supply shortages were considerable, as seen in 2013 and 2022. However,
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Fig. 5 | Methodological flowchart representing the study framework.

these impacts are rarely quantified or included in damage reports to the
same extent as agricultural losses. This suggests a gap in how disaster
impacts are measured, potentially leading to an incomplete understanding
of total economic losses. Given hydropower’s dominance in Sweden’s
electricity sector, direct and indirect drought losses represented 39% of total
impacts, a figure comparable to the 48% observed in the European boreal
region between 1990 and 2016”. Moreover, losses in Sweden’s water supply
sector accounted for 12% of total drought impacts, in contrast to the 14%
estimated at the European level”. Since losses associated with flood hazards
on water, electricity, and food provision were relatively minor, the economic
I-O model integrated insurance damage losses on property, allowing for a
more holistic comparison between hazards. Results in Fig. 4e show that
flood impacts on properties were the main driver of economic losses from
hydroclimatic hazards in Sweden, reaching 0.24% of GDP in 2005. This is
close to the mean disaster cost of the Emergency Events Database (EM-
DAT) sample™.

The availability and quality of input data, particularly for socio-
economic impacts, are limiting factors for the accuracy of this study.
Datasets representing supply systems and infrastructure impacts have
much lower temporal and spatial resolution than those for hydrocli-
matic hazards. Moreover, economic and supply data may be unavailable
for modeling in data-scarce regions™. Relying solely on historical
hazard-anomaly relationships at annual scales may also overlook socio-
demographic shifts and long-term factors, such as behavioral changes
or migration patterns® that could either amplify or diminish the overall
supply effects. The approach presented in this paper considers publicly
available flood damage impacts through insurance claims from prop-
erty owners. This dataset does not include impacts on infrastructure
beyond buildings, such as roads and dams, which underestimates the
total economic losses. Moreover, the supply-driven I-O model applied
in this study relies on simplifying assumptions of economic dynamics®".
For instance, it does not consider the import or export of goods between
countries, which would represent transboundary effects of the hazard
impacts®. Another limitation of the economic model relates to the level
of aggregation within the national I-O table. The agricultural sector, for
example, encompasses both crop production and livestock raising. The
analysis quantifies the economic shock on other sectors from hazard-
induced losses in major crops, but these crops are partially used as feed
for the livestock industry. Since both sub-sectors are combined, the I-O
model does not capture the intra-sectoral shock propagation where a
reduction in crop supply directly impacts livestock production through
feed availability and cost.

The results call for future studies to further apply and test the approach
developed here for other parts of the world, considering also alternative
datasets of supply and damage impacts, other than from official sources, by
using techniques such as automation, machine learning, and natural lan-
guage processing. The supply impacts detected through this approach can
also be applied to infrastructure system modeling to evaluate cascading
effects on water and electricity distribution systems, along with disruptions
to food supply chains. Apart from losses to sectoral gross value added, the
supply-driven I-O model could be further expanded to analyze price
changes due to supply constraints caused by hydroclimatic hazards.

Methods

The methodological framework for estimating hydroclimatic hazard
impacts consists of four main steps: (1) Data collection; (2) Anomaly
detection; (3) Impact modeling; and (4) Economic shocks. Climate indices
representing hazard conditions, supply variables, and economic input-
output data were analyzed to estimate impacts from shortages on a national
scale. To illustrate how this framework can be applied, Sweden was selected
as the study region. The framework flowchart is shown in Fig. 5. Each major
framework step is described in this section.

Data collection

This study uses datasets of supply, hazard, and economic variables from
multiple sources in order to identify potential socio-economic impacts
associated with hydroclimatic hazards. The most suitable climate indices to
represent drought, flood, and heatwave conditions in the study region were
selected by comparing their long-term hazard detection performance
against secondary historical reports™Table 2 summarizes all datasets uti-
lized in this study.

To represent surface water supply, mean annual streamflow rates from
the Vattenwebb database®’ were obtained by averaging all stations located
within the municipal boundaries. As a proxy for food provision, annual
agricultural productivity was assessed using a multi-step approach. First, for
each of the most common crop types in Sweden® (including wheat, pota-
toes, oat, corn, barley, and productive grasslands such as ley for total har-
vest), its actual yield in a given region and year was calculated as harvested
mass per unit area. This actual yield was then compared to an average
baseline yield established for that specific crop type across the dataset,
resulting in a standardized performance index for each crop. Finally, these
individual crop performance indices were aggregated into an overall
regional productivity index, where each crop’s contribution was weighted by
its harvested area in that region and year. Energy supply was represented as
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annual hydropower production per municipality”. Linear interpolation was
implemented to fill temporal data gaps in crop yield and hydropower
production.

Heatwave hazards were accounted for using the Heatwave Intensity
Index (HWTI) developed by the European Drought Observatory considering
anomalies of daily maximum air temperatures”. Drought hazards were
indicated by the Standardized Precipitation and Evapotranspiration Index
(SPEI) with a 12-month accumulation period®, while flood hazards were
conveyed by the Daily Flood Index (DFI)", based on daily precipitation
rates. These climate indices were derived using regional datasets and
demonstrated good accuracy for detecting extreme hydroclimatic events in

Table 2 | Summary of the datasets employed in this study

Category Variable Unit Reference
Economy  FIGARO EU input-output table million euros 67
Economy  Total water withdrawal by type thousand m®* 27
Economy  Agricultural economic results million SEK 68
Economy  Electricity supply and use GWh 69
Economy  Insured property damage claim SEK 7
Economy  Currency exchange rates SEKtoeuros 55
Hazard Standardized Precip. Evapo. Index - 30
(SPEI12)
Hazard Heatwave Intensity Index (HWI) C 30
Hazard Daily Flood Index (DFI) - 30
Supply Hydropower production MWh 28
Supply Average streamflow m¥/s 63
Supply Total harvest per crop tons 64
Supply Agricultural land area per crop hectares 64

Table 3| Hazard classification thresholds adopted for the Daily
Flood Index (DFIl), Heatwave Intensity Index (HWI), and
Standardized Precipitation and Evapotranspiration

Index (SPEI)

Climate Index Threshold Description

DFI <0 Low flood hazard
0to 0.5 Moderate flood hazard
>0.5 Extreme flood hazard

HWI <0 Low heat intensity
Oto4 Moderate heat intensity
>4 Extreme heat intensity

SPEI <-1.0 Extreme drought conditions
—1.0t0 0 Moderate drought conditions
>0 Low drought conditions

SPEI12 Distribution

1
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HWI Distribution

Heatwave index value

—— Extreme hazard threshold

Sweden from 1922 to 2021"". Hazard index values were spatially averaged in
each municipality using zonal statistics® to match the resolution of the
supply variables. Table 3 shows the thresholds indicating hydroclimatic
hazard conditions for each climate index. The thresholds distinguishing low
from moderate conditions (set at 0 for all indices) were derived from the
original literature: DFI'"!, SPEI*”, and HWI". The thresholds distinguishing
moderate from extreme conditions are set as the 95 percentiles of the value
distributions, as shown in Fig. 6.

Full International and Global Accounts for Research in Input-Output
analysis (FIGARO)®" was used for economic impact modeling at the
national scale. The most recently available input-output table, corre-
sponding to 2022, was chosen as the base period for the supply shock
analysis. To estimate the economic contributions from selected supply
variables within their corresponding sectors, total water withdrawal by
type”, economic results from the agricultural sector®, and electricity use
statistics® were applied.

Anomaly detection and impact modeling
To identify variations in supply variables possibly associated with hydro-
climatic factors, annual anomalies were calculated for each municipality
over the study period. A detrending supply time series was performed to
reduce effects from long-term demand changes or technological advances”,
reduce sources of non-climatic bias, and isolate sudden variations caused by
short-term events, such as hydroclimatic hazards.

Simple linear regression was applied to fit temporal supply variable
trends. Given the supply variable value y; and the fitted trend y, at time 7, the
relative anomalies 6; were determined as

9, =2 i x100%. )

To assess the relationships between supply shocks and hazards, models
fitting detected anomalies and climate indices were generated at the

municipality scales. The anomaly models were defined as polynomials
ranging from first to fourth order in the form:

0, = f(I,) = al} + bl + cI* + dI, + e, ()

Where 6, is the estimated anomaly, and f{I;) is a function of the climate index
I at time i. The fitting parameters 4, b, ¢, d, and e were estimated using the
least squares method by minimizing the expression

n

> (6 - 1)) 3)

i=1

Lower and upper parameter bounds of —10 and 10, respectively, were
applied to constrain the anomaly predictions within a reasonable range. The
trust region reflective method” was the adopted solving algorithm to
optimize the estimation parameters, respecting the established bounds. The

DFI Distribution
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Fig. 6 | Distribution of annual climate indices along municipalities and corresponding classification thresholds for moderate and extreme hazard conditions.
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Fig. 7 | Example of anomaly detection in annual hydropower production in the Skinnskatteberg municipality (left), selection of optimal polynomial degree (middle), and
modeling of anomalies using monthly maximum SPEI12 values for the month of October each year (right).

algorithm was implemented through the “curve_fit” function from the
Python package “SciPy”””.

To maximize the strength of hazard-impact relationships, the models
were fitted for a combination of annual anomalies and maximum annual
climate indices for each calendar month over the study period. This better
reflects the seasonal and short and medium-term character of the hazards
and their possible impacts, increasing the confidence of predictions for
particular months of the year. The daily indices HWI and DFI were
aggregated into monthly maximum values. To develop a robust regression
model for each municipality while mitigating the risk of overfitting, a
hyperparameter tuning procedure was implemented to select the optimal
polynomial degree. For each municipality’s dataset, polynomial models of
degrees one through four were tested. The model selection was performed
using a 5-fold cross-validation (CV) strategy. In this process, the data was
randomly partitioned into five folds. For each candidate degree, a model was
iteratively trained on four folds and validated on the remaining hold-out
fold. This was repeated until every fold had served as the validation set. The
out-of-sample predictions from all folds were then aggregated to compute a
single cross-validated Root Mean Squared Error (CV-RMSE) for that
degree. The polynomial degree that yielded the lowest CV-RMSE was
selected as the optimal model complexity for that specific municipality. This
data-driven approach ensures that the chosen model generalizes well to
unseen data by penalizing overly complex models that would otherwise fit to
noise in the training set. The cross-validated coefficient of determination
(CV-R?) was calculated for the aggregated set of observed values and their
corresponding out-of-sample predictions. The most representative monthly
models in each municipality for each hazard-anomaly combination were
selected based on the highest CV-R® values”. This empirical approach
allows the identification of seasonal effects such as the most influential
period of water availability on the aggregated crop yield, accounting for
spatial variations without relying on generalized growing season assump-
tions. Figure 7 demonstrates the application of the anomaly detection and
modeling method for annual hydropower production in the Skinnskatte-
berg municipality from 2005 to 2022, which showed the highest CV-R®
among all municipalities for this variable pair. In this example, a third-order
polynomial was chosen to minimize out-of-sample prediction errors. The
results indicate the potential influence of harsher drought conditions on
electricity output from the municipality.

The F-test was performed to test the significance of the fitted model at
5% significance level. The Durbin-Watson test was applied to assess auto-
correlation in the residuals, considering values between 1.5 and 2.5 as
indicative of no significant autocorrelation. To evaluate the assumption of
homoskedasticity, the Breusch-Pagan test was employed at 5% significance
level. Negative anomalies detected with statistically significant associations
with supply variables exceeding moderate hazard thresholds (Table 3) were
considered as effective hydroclimatic hazard impacts. The negative impacts
were subsequently annually aggregated at the national level to serve as
inputs for the economic model. This aggregation was conducted through
weighted averaging across all municipalities, using absolute supply values as

weights to ensure that municipal production contributions were appro-
priately accounted for in the national average.

Economic shocks

Supply side I-O modeling™”* was performed to quantify how initial shocks
due to droughts, floods, and heatwaves propagate through the national
economy, indirectly affecting various economic sectors. The model was
implemented using the 2024 edition of the FIGARO I-O tables, comprising
64 industries”. The dataset comprises 27 EU countries and 18 non-EU
countries. However, only data pertaining to Sweden was used in this study.
Consequently, the influence of imports and exports has not been con-
sidered. The economic model describes the total output X produced for each
economic sector ¢ as

X£=Zlc +Z2£+"'+ch+VU (4)
where Z,. is the intermediate input from sector r to sector ¢, provided in the

dataset, and v is the sectoral gross valued added (GVA). Introducing unit
vector i, expression (4) can be represented in vector form as:

X =iZ+V. (5)

By dividing intermediate production by total production, allocation
coefficients b, are defined as

V4
b, =,
rc Xy (6)

An allocation coefficient b, represents the total output generated in
sector ¢ for each unit of primary input from sector . Replacing equation (6)
in the previous equation (5) yields

X =Xb+V. 7)
This can be rewritten as
X =v(I-b)'=vO0, (8)

where I and (I—b) " are the identity matrix and the inverse matrix of output
allocation O, respectively. The expression

AX = AVO )

is used to capture how the initial supply shock AV’ caused by a
hydroclimatic hazard leads to a decrease in total output from different
sectors.

Considering the latest input-output table for 2022 as the base year,
annual shock scenarios were simulated using the spatially aggregated
negative impacts on food, water, and energy supply due to hydroclimatic
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Table 4 | Estimated supply variable contributions on economic sectors

Economic sector (shortened title) Crop yield Discharge rates Hydropower production Reference
Agriculture (AGRI) 44% - - 68
Utilities (ENGY) - - 44% 28
Water supply (WSUP) = 80% = 27

hazards. Each supply anomaly initially affects a corresponding economic
sector, multiplied by its allocated contributions from national statistics. The
contributions of total crop yield to the agricultural sector were calculated as
the average fraction of these over the total sectoral value from 2008 to 2019,
The average hydropower share of total electricity production in Sweden
from 2001 to 2022 was adopted as the contribution in this sector’. The
contribution from streamflow rates on the water supply sector was esti-
mated as the proportion of surface water withdrawal compared to the total
freshwater supply”’. The resultant fixed sectoral contributions for the supply
variable are listed in Table 4. To estimate flood-related property damage,
insurance claims were incorporated explicitly, attributed to storm and
water-related natural hazards into the economic model”. The underlying
data are compiled and published by Insurance Sweden, based on annual
reporting by member insurance companies. These statistics include only
claims that insurers have classified under the classification types storm or
water, as defined in the national insurance reporting framework. The storm
category includes damages resulting from high wind events and snow-
storms, while the water category includes damages caused by torrential rain,
prolonged precipitation, snowmelt, and rising water levels in lakes or rivers.
The insurance claims considered in the dataset cover several categories
of insurance products, including home insurance, vacation home
insurance, boat insurance, business and property insurance, and other
general insurance types. These insurance products provide coverage for
damage to physical property, loss of income, and liability across
households, businesses, and boats. Only claims that insurers explicitly
attributed to the defined storm or water-related hazards are included.
Claims resulting from unrelated causes, such as pipe bursts due to
freezing temperatures or house fires, are not captured in the dataset
unless the insurer classified the cause as a storm or water-related event.
This approach ensures that the insurance data used in the model
represents a focused estimate of insured economic losses specifically
attributable to flood hazards. Since property damage is not a supply
variable with estimated anomalies, the monetary losses were directly
included in the model, as a cascading loss initiating in the insurance
sector (IRPF). For comparative purposes, four distinct shock types were
analyzed each year, one for each hazard and a combined case.

Data availability
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