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There is growing concern about the potential impacts of climate change on
financial stability but little quantitative evidence available on the potential
magnitude of financial risks induced by climate extremes. Here we provide a

forward-looking assessment of the impacts of floods, storms, and wildfires
onauniverse of securities representative of global market capitalization,
using the structural climate credit-risk model CLIMACRED-PHYS. We show
that there can be a substantial amplification of direct economic losses arising
from firms’ financial leverage. We highlight the importance of cross-border
climate financial risks, notably the transfer of impacts from production
facilities in emerging economies to firms in developed economies. Finally,
we quantify the potential increase of financial risks induced by climate
change. Overall, our results emphasize the relevance of asset-level climate
risk assessment for financial regulation and the importance of integrating
financial impacts in the assessment of adaptation policies.

There is substantial concern among financial regulators about the
potential risks to financial stability induced by climate change'>. This
concern hinges on previous occurrences of extreme events with very
large fiscal and financial costs (for example, hurricanes Katrina and
Harvey*, 2020 South Asian floods® and Australian bushfires of 2019-
2020 (ref. 6) had costs on the order of US$100 billion), projections of
increasing intensity and frequency of extreme events under climate
change’ and theoretical analysis emphasizing that the most relevant
economic and financial impacts of climate change might come from
tail events® ™,

Anaccurate assessment of climate physical risk is thus fundamen-
tal for global financial risk management. Such an assessment requires
the identification of the hazards that are the main sources of risk in
an area, of the assets located in the area (that is, geolocated produc-
tion facilities) and of the economic actors that own these assets and
are thus exposed to the risk. Furthermore, one needs to identify the
mechanisms through which economicimpacts translate into financial
risks and affect financial asset valuation.

The existing literature provides a very partial mapping of these
risks, focusing on specific hazards, markets and geographies'>™ or
deriving aggregate measures of risk from macro-economic assessment

of impacts'. In finance, most analyses focus on past occurrences of
hazards, thus neglecting future climate change. The financial industry
relies on aggregate risk scores that often lack granularity, transparency
or consistency®. Hence, thelink between agranular assessment of climate
impacts and the valuation of financial assets is missing in the literature.

The main contribution of this Analysis is to fill this methodologi-
cal gap by proposing a structural model for the valuation of climate
financial risks. Our model assesses climate financialimpacts fromthe
bottom up by (1) geolocating the production facilities underlying a
portfolio of financial assets, (2) sampling trajectories of climate-related
hazards at the correspondinglocations, (3) assessingimpacts on pro-
duction facilities through capital destruction and business interrup-
tion, (4) inferring resulting impacts on the cash flow and the balance
sheet of firms and (5) deriving therefrom the risk of default and the
value of the financial assets of the issuer.

Our framework introduces several new features. It enables the
identification of key hazards driving climate-related financial risks,
their spatial and economic transmission channels and their quantita-
tiveimpacts onfinancial assets. Inaddition, it facilitates the assessment
of the marginal contributions of specific hazards, economic sectors
and geographic regions to the overall risk of a financial portfolio.
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Table 1| Descriptive statistics of the impact distribution by type of hazards and climate scenarios

Scenario Hazard Tropicalcyclone Winterstorm  Coastal flood River flood  Wildfire Compound
Destroyed capital (%) Mean 0.63 0.18 0.48 0.45 0.17 1.87
RCP 2.6 2020 99th pctile 210 0.27 0.56 0.54 0.35 3.34
Number of interruption days Mean 1.01 0.24 0.69 0.20 0.20 271
RCP 2.6 2020 99th percentile 3.25 0.36 0.89 0.76 0.74 4.89
Destroyed capital (%) Mean 0.68 0.20 0.69 0.54 017 2.22
RCP 6.0 2050 99th pctile 2.29 0.29 0.81 0.64 0.35 3.80
Number of interruption days Mean 1.09 0.25 1.07 0.77 0.20 3.27
RCP 6.0 2050 99th percentile 3.37 0.39 1.4 0.89 0.74 5.43
Destroyed capital (%) Mean 0.95 0.23 0.76 0.59 017 2.62
RCP 8.5 2080 99th pctile 2.65 0.35 0.90 0.69 0.35 4.32
Number of interruption days Mean 152 0.30 118 0.83 0.20 3.88
RCP 8.5 2080 99th percentile 3.86 0.46 1.53 0.95 0.74 6.14

Productive capital destroyed is measured in percentage of total capital destroyed per year. Days of business interruption are measured in number of days per year.

The framework supports risk computation at the firm level (for
example, through the probability of default) as well as the estimation
of regulatory-relevant risk measures at the portfolio level, such as value
atrisk (VaR). Moreover, it provides capabilities for scenario-contingent
valuation of financial assets, aligning with the requirements outlined
by financial regulators'™®,

We apply our model to the assessment of risks on a universe of
financial assets representing over 80% of global equity markets. Our
analysis identifies the combinations of hazards, geographical locations
and economicsectorsthatare the main drivers of risk. It maps the trans-
mission of impacts fromeconomics production units to financial assets
and hence highlights theimportance of cross-border risks. Overall, our
findings matter for the design of adequate risk management strategies
and targeted adaptation policies.

Results

We focus on a set of firms representative of global market capitaliza-
tion, that is the MSCI all countries world index (ACWI)*. The index
consists of 2,934 firms from 23 developed markets and 24 emerging
markets covering approximately 85% of the global investable equity
opportunity set.

Firms and their geolocated production facilities

Tomitigate potential geographical bias inthe composition of the index,
we normalize portfolio weights proportionally to total market capitali-
zation by country. We geolocate the production facilities of all firms
in the index and assign to each facility a share of the revenues and of
the productive capital of the firm (Methods). This defines a set N of
129,721 production facilities characterized by their geolocation, their
revenue, their productive capital stock and their industrial sector. The
productive capital stock of each firm is further partitioned between
tangible capital, which is exposed to natural hazards, and intangible
capital, whichis not directly exposed to natural hazards.

Climate hazard trajectories

To proceed with the scenario-contingent valuation of the financial
assets (equity and corporate bonds) issued by the firms, we consider
aclimate scenario S (representative concentration pathways (RCPs);
see Methods) and a time interval [0, T] where O is the valuation time
and T the time horizon. We consider the following set of climate-related
extreme events: coastal and river floods, tropical and winter storms,
landslides and wildfires. Each type of extreme is characterized by sce-
nario and time-dependent distributions of intensity at each location.
Byrepeatedly drawing from these distributions, we generate samples
of trajectories of hazards at each productivelocation (Methods). Such
trajectories are characterized at each productive location and each date
by flood depth for river and coastal flooding, maximum wind gust for

tropical and winter storms, and a binary indicator of occurrence for
wildfires or landslides. Vulnerability metrics then allow us to infer for
each productive location, each date, each scenario and each hazard the
share oftangible capital destroyed. In the following, we shallinvestigate
the cumulative impact of hazards as well as the individual contribution
ofeachtype of hazard to the aggregate impact. Our default assumption
isthat the cumulativeimpactatagiven date and locationis determined
by the hazard with the largest magnitude. Note that the co-occurrence
of multiple hazards at agiven date and location being rare, the alterna-
tive assumption thatimpacts cumulate additively yields similar results
(Supplementary Information 1.2.3).

On the basis of the share of tangible capital destroyed, we deter-
mine the share of total capital destroyed and the extent of business
interruption measured as the share of the year for which business is
interrupted at a production facility. Total capital destroyed depends
on the share of tangible capital at the production facility, which we
determine using sectoral averages from the EU KLEMS (capital, labour,
energy, materials and service) database”. To determine the extent of
business interruption, we use the vulnerability metrics developed in
ref. 21, which provide sector-specific correspondence tables between
the share of capital destroyed and the number of business interruption
days (details in Methods).

A structural credit-risk model for climate impact valuation

We develop astructural climate credit-risk model, CLIMACRED-PHYS,
that provides climate scenario-contingent valuation of the financial
assetsissued by afirm (details in Methods). In each scenario, the reali-
zation of climate impacts induces capital destruction and business
interruptions for the firm. The magnitude of these impacts is stochastic
and depends on the location of the firm’s production facilities and its
type of activity. CLIMACRED-PHYS provides a micro-economic repre-
sentation of theseimpacts onthe productionand capital accumulation
process. It infers therefrom impacts on the financial structure of the
firm (assets and liabilities), onits probability of default and on the value
ofthe securitiesitissues (bonds and equities). The model allows us to
identify the channels through which climate impacts affect financial
asset valuation. First, the destruction of productive capital diminishes
the assets of the firm and increases its debt because of reconstruction
costs. This increases the probability of default and decreases the net
worth at maturity. Second, business interruptions reduce the cash flow
of the firm. This negatively impacts capital accumulation, self-financing
capacity and dividends distributed. Eventually, both effects negatively
impact the value of bonds and equities.

Financial impacts of climate change
We empirically investigate the financial impact of physical risks on port-
folios of bonds and equities invested in the MSCIACWI, proportionally
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Table 2 | Summary table about the regional distribution of value and impacts

Region Value Impacts Impact-to-value Tropical Winter storm Coastel-flood River-flood  Wildfire Compound
share (%) share(%) ratio cyclone impacts (%) impacts (%) impacts (%) impacts(%) impacts (%)
impacts (%)
Australia and New 2.81 1.54 0.55 0.16 o] 0.22 0.43 0.39 119
Zealand
Central Asia 0.06 0.03 0.49 0 0 0 0.06 1.00 1.06
Eastern Asia 23.69 39.36 1.66 2.04 o] 1.01 0.64 0.02 3.59
Eastern Europe 1.92 0.63 0.33 0.01 0.16 0.09 0.38 0.08 0.70
Latin America 4.03 4.01 1.00 0.36 0.01 0.16 0.90 0.76 215
Melanesia 0.04 0.02 0.51 0.49 0 0.03 010 0.49 110
Micronesia 0 0 1.80 3.89 0 0 0] 0 3.89
Northern Africa 0.22 0.21 0.99 (0] 0.35 016 1.62 0.01 213
Northern America 36.77 22.04 0.60 0.49 o] 0.20 0.45 0.19 1.30
Northern Europe 6.37 4.81 0.76 0.01 1.40 0.13 012 0.01 1.63
Polynesia 0 0 0.78 0.09 0.22 1.37 0.02 0 1.68
Southeastern Asia 5.61 7.51 1.34 0.71 0 1.06 0.97 0.25 2.89
Southern Asia 3.49 6.21 1.78 018 0] 0.49 1.81 1.48 3.84
Southern Europe 3.03 0.98 0.32 (0] 0.28 0.07 014 0.21 0.70
Sub-Saharan Africa 1.06 114 1.08 0.05 0 0.21 0.49 1.58 2.33
Western Asia 2.68 3.48 1.30 0.08 0.08 2.58 0.08 0 2.80
Western Europe 8.23 8.03 0.98 0 0.41 1.54 0.26 0 21

‘Value share’ is the percentage of global capital located in the region. ‘Impacts share’ is the percentage of impacts affecting the region (considering the mean of impacts across simulations).
‘Impact-to-value ratio’ is the ratio of share of value over the share of impact: a ratio above (below) 1 indicates that capital in the region is more (less) impacted than the average. ‘Tropical
cyclone impacts’ to ‘compound impacts’ provide a measure of the intensity of risk per hazard and region corresponding to the ratio between the value of impacts and that of exposed capital.

to market capitalization. The index is representative of global market
capitalization. Thus, the impacts of physical risks on the correspond-
ing portfolios can be considered as representative of the impacts on
global financial markets. The magnitude of physical risks depends on
the extent of anthropogenic climate change. Inthis respect, uncertainty
about future climate policies and socioeconomic dynamics induces
uncertainty about the magnitude of future human-related forcing and
thus of physical risks. This uncertainty is usually captured by consider-
ing aset of RCP?. These pathways describe future GHG concentrations
and are labelled according to the corresponding radiative forcing in
the year 2100: RCP 2.6, RCP 4.5, RCP 6 and RCP 8.5 (2.6, 4.5, 6.0 and
8.5 W m?, respectively). Increasing radiative forcing, over time and
across pathways, corresponds toincreasing the range of global warming
(Supplementary Table 7). Here we consider three climate scenarios: (1) a
‘current’scenario corresponding to current climate conditions, based
onRCP2.6 projectionsin 2020, (2) ahigh-end scenario corresponding
toRCP 8.5at2080 and (3) anintermediary scenario corresponding to
RCP 6.0 at 2050, which is the one for which we report results.

We firstinvestigate the magnitude of economicimpactsin terms
of (1) share of capital lost and (2) number of days of business interrup-
tionsinduced by climate-related hazards. At the aggregate level,inthe
current scenario (RCP 2.6), we find that the mean impact of hazards
amounts to the yearly destruction of 1.9% of productive capital and
2.68 days of business interruptions. The 99th percentile of the distri-
bution amounts to a destruction of 3.34% of productive capital and
4.89 days of business interruption at the portfolio level (Table 1). The
potential occurrence of very large events and the geographical concen-
tration of production facilities lead to the presence of a non-negligible
massin thetail of the distribution of impacts across firms. Accordingly,
certain realizations of hazards lead to the complete destruction of
certain production facilities (Supplementary Fig.1).

As for the drivers of impacts, at the aggregate level, the most
material hazards are, by order of importance, tropical cyclones,

Table 3 | Summary table of total financial impacts

Baseline pd Meanbond VaRbond Mean equity VaR equity
(%) loss (%) (%) loss (%) (%)

0.15 3.68 8.24 12.88 17.36

0.05 2.36 5.61 10.69 14.53

0.02 1.54 3.90 1012 1378

Values correspond to percentage of mean losses and of the VaR at the 99th percentile
over 1,000 climate realizations for portfolios of bonds and equities built on the MSCI
ACWI universe reweighted proportionally to country-level market capitalization. Each line
corresponds to a different level of baseline risk measured by the baseline probability of
default.

coastal floods, river floods, winter storms and wildfires (Table 1).
Landslides do not appear material in our setting and are thus not
reported in the remainder of this Analysis. We also observe that
the magnitude of impact increases with the severity of the climate
scenario (Table 1). In the high-end scenario, we observe an increase
of approximately 40% of the average impact and of approximately
30% of the 99th percentile of impacts, with respect to the current
scenario. This increase is driven mainly by tropical cyclones and
coastal flooding.

The aggregate results are explained by the geographical distribu-
tion of exposure andimpacts (Table 2 and Supplementary Fig. 2). North
America and eastern Asia appear as the main sources of exposure in
terms of value of capital, followed by western and northern Europe.
The intensity of risk is particularly high in eastern and southern Asia
due to therelative importance of impacts from tropical cyclones and
coastal floods in these areas. The combination of high exposure in
terms of capital and large impacts from tropical cyclones in eastern
Asia represents a key source of risk. Wildfires also are a substantial
source of riskin the area between 30° and 45° N latitude.
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Fig.1| Distribution of losses over the universe of bonds and equities. The histogram represents the distribution of losses for bonds and equities for 1,000 climate
realizations in the intermediary climate scenario with pd,, = 5%. Values are expressed in percentage loss with respect to a baseline of no climate-related impacts. Log

scale used on the right panel.

Wetheninvestigate theimpact of climate-induced shocks on finan-
cial asset valuation using our structural valuation model. We consider
aggregate impacts at the portfolio level for equity and (1 year) bonds,
for the three climate scenarios considered in the preceding.

Beyond the climate scenario and the time horizon, key determi-
nants of financialimpactare the financial structure and the economic
behaviour of the firm. We calibrate key financial characteristics of the
firms, including debt-to-capital ratio, profit margin and dividend rate
using average sectoral values from ref. 23. We also set by default the
target growthrate of the firm so that, in expectation, the debt-to-capital
ratio remains constant. We then parameterize the level of risk through
the baseline probability of default pd,,,, that is, the probability of
defaultin absence of climate impacts (see Methods for details on the
calibration).

In this setting, we first investigate impacts on equity and bonds
for varyinglevels of risk under the intermediary climate scenario. We
report the expected loss and the VaR (the 99th percentile of the loss
distribution) at the aggregate level for a portfolio of bonds and equity
based onthe MSCIACWI universe (Table 3). These results shall first be
compared with the magnitude of direct impacts, which amount to a
meanloss of 2.22% and a 99th percentile loss of 3.8% for physical capital
(seeRCP 6.0resultsin Table1). We observe a substantial amplification
of losses for financial assets, with the mean loss on bonds ranging
between1.54% and 3.68% and the mean loss on equity ranging between
10.12% and 12.88%. We also observe anincrease in the impact on finan-
cial assets with theincreasein the baseline level of risk and more acute
amplification in the tail of the distributions, as the VaR ranges from
3.19% to 8.24% for the portfolio of bonds and from 13.78% to 17.36%
for the portfolio of equities. Since equity serves as arisk buffer for the
firm and its creditors, impacts on equity are larger than impacts on
bonds. The distribution of losses over the bond and equity portfolios
highlights these differences (Fig. 1). One observes a substantial mass
inthe tail of both distributions, more prominently for the equity distri-
bution, with climate impacts potentially wiping out completely some
issuers’ equity for specific climate realizations.

The analysis of the geographical distribution of the financial
impacts highlights theimportance of cross-border climate risks. Direct
impacts occurringin eastern, southeasternand southern Asiaare partly
exported towards firms headquartered in Europe and North America
(Table 4). In particular, European firms display large ratios for equity
impacts over directimpacts. Inaddition, they are the primary recipients
ofexternalimpacts, thatis,impacts onfacilities they own outside their

country of incorporation (Fig. 2). By contrast, losses on Asian equities
are driven mostly by domestic impacts, thatis, impacts on facilities in
the country of incorporation.

Our results—when the valuation contingent to a climate scenario
is compared with a baseline without climate-related impacts—shall
be interpreted as the change in the valuation of an investor’s finan-
cial assets between an assessment where climate impacts are not
accounted for and one where they are accounted for on the basis of a
forward-looking assessment of the distribution of impacts. To account
specifically for the potentialimpacts of climate change, one shall rather
compare outcomes in the intermediary and high-end scenarios with
outcomes in the current scenario (based on current climatic condi-
tions). The corresponding results shall be interpreted as the changes
inthe valuation of financial assets between a financial risk assessment
based on current climate impacts and one based on future climate
impacts (ascenario counterfactual to the currentsituation). The results
show that the potential impacts of climate change are important.
In particular, in the high-end scenario (Supplementary Table 3), the
additional loss with respect to the current scenario can reach up to
3% for the equity portfolio and 80 basis points for the bond portfolio.

Discussion

Our analysis provides an assessment of climate-related physical risks
for financial markets at the global scale. Inan adverse context where the
baseline level of risk is large, the climate VaR at the 99th percentile on
aportfolio representative of global equity market reaches up to15% of
market capitalization. This VaR quantifies the change in valuation with
respect toascenario without climateimpacts. Its computationis based
ondirect climate impacts only and thus neglects possible amplifica-
tions of losses arising from feedback loops between the real economy
and the financial sector. The magnitude of these directimpacts never-
theless hints at a potential systemicimpact of climate physical risks, in
particular if they compound with a high level of baseline risk.

Our findings are driven by the amplification of economic risks
through the financial leverage of the firms (the ratio of total assets over
equity). The equity amplificationratio, thatis, the ratio between finan-
cialloss and the directimpact on productive capital, ranges between1
and 5, depending onthe value of leverage across the firms. This is con-
sistent with previous analyses focusing specifically on the case of flood
risk”?and with the top-down estimates provided in ref. 14. Our findings
also suggest that financial amplification ratios are consistently larger
than economic amplification ratios (the ratio of overall production
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Table 4 | Summary table about the regional distribution of impacts on equity shares

Region

Share of directimpacts Share of equity impacts Share of equity value

Equity-to-direct Equity

(%) (%) (%) impacts ratio impact-to-value ratio

Australia and New Zealand 2.098200 5.978700 1.821000 2.84940 3.28310
Eastern Asia 31.663200 24110900 27000800 0.76148 0.89297
Eastern Europe 0.568550 3.252800 0.972820 5.72120 3.34370
Latin America and the Caribbean  5.263400 8.920200 1.984300 1.69480 4.49530
Northern Africa 0.085873 0.013948 0.047073 016243 0.29630
Northern America 31.664600 32.702300 42.468000 1.03280 0.77004
Northern Europe 1739700 6.035900 5.497800 3.46950 1.09790
Southeastern Asia 5.768900 3.306400 2.683900 0.57315 1.23190

Southern Asia 4.300200 2.551200 2.904900 0.59320 0.87824
Southern Europe 0.949070 1.5644000 1.847300 1.62680 0.83580
Sub-Saharan Africa 0.637380 0.671230 1167700 1.05310 0.57482

Western Asia 0.908200 1.924500 2.982200 211900 0.64532
Western Europe 2.651400 8.988000 8.622100 3.38990 1.04240

‘Share of direct impacts’ is the distribution of direct impacts across regions in percentage terms. ‘Share of equity value’ is the distribution of equity value per regions of incorporation in
percentage terms. ‘Share of equity impact’ is the distribution of impact on equity value per regions of incorporation in percentage terms. ‘Equity-to-direct impacts ratio’ is the ratio between
equity impact and direct impact and thus highlights the extent to which equity impacts faced by firms headquartered in the region are amplified (ratio>1) or dampened (ratio<1) by the
allocation of global production. ‘Equity impact-to-value ratio’ is the ratio between equity impact and equity value and thus highlights whether the equity in the region is more (ratio>1) or less

(ratio<1) at risk than the average equity.

losses over the direct economic losses**) for which existing estimates
range betweenland 2 (ref. 25).

Furthermore, our results on the increase in financial risks with
climate change imply that a mispricing of climate risk by financial
markets arisesif investors assess physical risks in abackward-looking
manner and under an assumption of stationarity (as the literature sug-
gests they do; see Methods).

In terms of the distribution of financial risk across issuers, we
identify the existence of high-risk firms whose equity value could be
completely wiped out for certain climate realizations. Nevertheless,
thereis substantial averaging out of impacts for large diversified port-
folios so that tails are much thinner for the distribution of impacts at
the aggregate portfolio level.

Asforthe geographical distribution of risk, we observe large direct
risks in Asia stemming from the exposure of industrial facilities to
storm and flood hazards. A substantial share of this risk is exported,
notably to European companies whose portfolios of production facili-
ties appear more globalized. The ratio between impact on equity and
directimpactsisthus particularly high for European companies. These
results emphasize, on the one hand, theimportance of cross-boundary
climaterisksand, onthe other hand, therole of financial marketsin the
propagation of climate physical risks.

These results echo the findings in ref. 26 where major net trans-
fers of stranded assets and transition risks from companies operating
fossil-fuel assets in producing countries to ultimate owners in devel-
oped economies have been identified. Our results also confirm the
importance of carrying out climate physical risk assessments using
abottom-up, asset-level approach’ instead of relying on aggregate
scores or country-based averages®. Our results appear robust to alter-
native data collection methods (Methods) and for a range of finan-
cial characteristics as far as VaR is concerned (Table 3). We have also
assessed the robustness of our approach to changes in firms’ invest-
mentbehaviour and to alternative assumptions about the compound-
ing of climate hazards (Supplementary Information1.2).

At this stage, an important limitation of our empirical analysis is
that we neglect correlations across hazards and across space (beyond
theresolution of climate model grid cells or storm trajectories). In this
respect, our risk estimates regarding direct economicimpacts can be
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Fig. 2| Summary of equity impacts generated and received per country. For
each country, the blue bar represents the total equity impacts generated, that

is, the sum of equity impacts worldwide attributable to hazards occurring in the
country. The red bar represents the total equity impacts received, that is, the
sum of equity impacts affecting issuers listed in the country and due to hazards
worldwide. The yellow bar represents domestic equity impacts, thatis, impacts
on equity listed in a country attributable to hazards occurring in the country.The
yaxis has alogarithmic scale. Values correspond to the 99th percentile of impact.

considered conservative. With regard to estimate of financial risk,
changesininvestors’expectations on firms’ profitsinduced by climate
impacts hasimplications for the financial valuation of securitiesissued
by the firms. Here we use the assumption that investors update fully
their expectations on the basis of projected impacts. This leads to
an amplification of impacts through expectations, as put forward in
the case of transition risk?®. This expectation channel is particularly
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relevant to represent rapid adjustment of financial valuations in a
climate stress-testing context.

Our results have implications for the design and implementation
of measures aiming at reducing climate-induced physical risk. First,
climate risks should be assessed at the asset level to identify the most
exposed assets and to factor in potential financial losses in the design
of adaptation strategies.Second, financial risk could be decreased
through policies aiming at limiting the financial leverage of firms
that are most exposed to climate risks. In particular, risk could be
reduced ‘endogenously’ if investors factor in climate-related risks in
their credit-risk assessment or through regulatory measures such as
making capital requirements conditional to the exposure to climate
risks. Fromabroader perspective, our results highlight theimportance
of integrating financial impacts in the assessment of adaptation and
mitigation policies.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-025-02244-X.
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Methods

Data

Financial universe. To construct a portfolio of financial assets repre-
sentative of global market capitalization, we have considered the con-
stituents of the MSCIACWLI. It consists 0f 2,934 firms from 23 developed
markets and 24 emerging markets covering approximately 85% of the
globalinvestable equity opportunity set'”. Developed market countries
represented in the index are Australia, Austria, Belgium, Canada, Den-
mark, Finland, France, Germany, Hong Kong, Ireland, Israel, Italy, Japan,
Netherlands, New Zealand, Norway, Portugal, Singapore, Spain, Sweden,
Switzerland, the United Kingdom and the United States. Emerging mar-
ket countries representedin theindex are Brazil, Chile, China, Colombia,
CzechRepublic, Egypt, Greece, Hungary, India, Indonesia, Korea, Kuwait,
Malaysia, Mexico, Peru, Philippines, Poland, Qatar, Saudi Arabia, South
Africa, Taiwan, Thailand, Turkey and United Arab Emirates.

The main sectors represented in the index are information tech-
nology (21.9%), financials (15.61%), health care (11.58%), consumer
discretionary (11.39%), industrials (10.47%), communication services
(7.48%), consumer staples (7.16%), energy (4.73%), materials (4.63%),
utilities (2.72%) and real estate (2.34%). The geographical weighting
oftheindexis substantially biased towards developed countries, with
the main countries represented in the index being the United States
(61.95%), Japan (5.46%) and the United Kingdom (3.6%), followed by
China (3.3%) and France (3%). To obtain a more accurate representa-
tion of global market capitalization, we have reweighted index weights
proportionally to market capitalization (Supplementary Table 8).

Geographical and economic characteristics of production facili-
ties. To apply our structural financial risk model to the MSCI ACWI
universe, we need the following information for each company in the
index: its market capitalization, its revenues, the share of tangible
assetsinits capital stock anditslist of production units. Furthermore,
for each production unit, we need its latitude, its longitude, the cor-
responding country andits sector of operation according to the NACE
(statistical classification of economic activities in the European Com-
munity) classification. This information has been obtained as follows
in collaboration with the financial risk assessment firm Sequantis:

- Market capitalization is obtained from market data.

» Revenues are obtained from the annual reports of companies.
« Themain (NACE) sector of operation of the firm and the loca-
tion of its headquarters is obtained from registration data.

« Thelist of production facilities and their locations is obtained

from the annual report of companies.
« Thesector of operation and the contribution to revenues of
each production facility are then determined as follows.

- Bydefault,inabsence of further information, each production
facility is assumed to have the same sector of operation as the
main sector of operation of the firm and the contribution to
revenues isassumed to be uniformamong production facilities.

- Iftheannualreport providesinformationabout the geographi-
calbreakdown of revenues or production, revenues and capital
stock are allocated proportionally to production facilities in
the corresponding geographical area. Hence, the precision of
the breakdown depends on the granularity of the reporting
information.

- Iftheannualreport providesinformation about the geograph-
ical distribution of the firms’ activities or information about
the type of activity per production facility, the sector of opera-
tion of each production facility is determined accordingly.

« Wethen use average sectoral (and country) values of returns
on capital from the Damadoran database” to determine sec-
toral returns to capital, debt-to-equity ratios and depreciation
rates (see Methods).

+ We finally use data from EU KLEMS? on the sectoral composi-
tion of capital stocks to estimate the share of tangible assets
for each production facility (the parameter g;) as a function of
its sector and country of operation.

« Overall, we obtain a consolidated database of 130,677 produc-
tion facilities for which descriptive statistics are provided in
Supplementary Table 1.

Data consolidated from annual reports might beincomplete, and
the collation processis error-prone. To cross-check the validity of our
results, we have developed a second version of the database using
data from Explorium. Explorium provides a large global database of
companies by enriching existing (public and private) databases with
machine-learning techniques. We have extracted from their dataset
similar information as that provided by Sequantis (list of production
units, sectors of operations, geolocations and contribution to the com-
pany’srevenues) and completed this database with estimated dataon
sectoral productivity and composition of the capital stock using the EU
KLEMS database as described in the preceding. The machine-generated
nature of the Explorium database implies, by construction, the pres-
ence of some misclassified andinaccurate entities. However, given that
the Analysis focuses on aggregate and distributional characteristics,
this does not affect the statistical validity of our results while providing
animportantrobustness check. We thus obtainaconsolidated database
0f 147,599 production facilities for which descriptive statistics are
provided in Supplementary Table 2.

Descriptive statistics in Supplementary Tables 1 and 2 highlight
thedistribution of capital per regions and the relative homogeneity of
capital intensity and profitability across and within regions.

Climate impact assessment

Risk assessment methodology. The initial building block of our
financial risk valuation methodology is the assessment of the distri-
bution of economic risks induced by climate-related hazards on each
productive unit. This assessment is based on the exposure, hazard,
vulnerability paradigm.

< Foreach productive unit i, its relative exposure is character-
ized by its sector, sector;, and the share of its capital formed of
tangible capital g; € [0, 1]. The latter is determined as a func-
tion of the sector and country of the production unit using the
EU KLEMS database®. More precisely, we consider that the
share of tangible capital is given by the share of ‘machinery
and equipment’, ‘cultivated assets’, ‘dwellings’ and ‘other
buildings and structures’ in the productive capital of the
sector according to the breakdown reported in ref. 20.

«  We consider the following types of hazard: tropical storms, winter
storms, coastal floods, river floods, landslides and wildfires. For
each type of hazard, haz, we obtain from the existing literature
(see the following for details), distribution of the magnitude of
impacts for each location (lat, lon) where a production facility
has been identified. These distributions are conditional on
climate scenario and time as they evolve under climate change
(details follow). Formally, these can be represented as probabil-
ity measures Py ., haz tat jon Where Pcen ¢ haziation(X) is the probability
that a hazard haz of magnitude x occurs at the location (lat, lon)
within year ¢t under the scenario scen.

«  We measure the vulnerability along two dimensions: capital
destruction and business interruption.

- Asfor capital destruction, we use vulnerability metrics from
theliterature (see hazard-specific detailsin the following) that
specify the share of capital destroyed as a function of the
magnitude of the event. Formally, it can be represented as a
function that associates to a hazard haz of magnitude x, the
share fi.., counury,secror(X) Of tangible capital destroyed by the
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hazard (in general, the function is country and/or sector spe-
cific). Accordingly, if a hazard of magnitude x affects asset i, a
share fiaz country, sector, (X) OF its tangible capital, corresponding
to a share g; X fuaz,country,sector, ) Of ItS total capital, WI” be
destroyed. The random variables rf, . for river flood, cf, . for
coastal floods, tss for troplcal storms, wsS for winter storms,
wf;, > forwildfires and ld, (forlandslidesare hence determined,
their probability distribution being derived from the corre-
Sponding Pscen,t,haz,lat,lon'

- Asforthe number of business-day interruptions, it formally can
be represented as a function that associates to a hazard haz of
magnitudex, the number gy, country sector(X) Of days during which
business is interrupted in the affected facility (in general, the
functionis country and/or sector specific). Infact, we derive this
vulnerability from the capital vulnerability metrics using the
sector-specific coefficients provided by FEMA (Federal Emer-
gency Management Agency) inref. 21. More precisely, giventhe
FEMA coefficient ndgecior counery SPECIfYing the number of days of
business interruptions following the complete destruction of
the capital stock of a productive facility in a given sector and
country, we assume proportional interruption for partial
deStrUCtion that iS ghaz ,country,; sector(x) = ndsector country gsector
Jhazcountrysector(X). We hence determine the random variable 7,
representing the share of year ¢ for which business has been
interrupted for production facility i.

Climate projections. Our analysis considers an array of climate-related
extreme events: tropical storms, winter storms, coastal floods, river
floods, landslides and wildfires. Consistency of the projections between
these different types of hazards is ensured by considering the same set
of climate scenarios®” (RCP 2.6, RCP 6 and RCP 8.5), the climate-forcing
data from the Inter-Sectoral Impact Model Intercomparison Project
(ISIMIP) 2b protocol’** and the same set of climate models (by default,
the IPSL-CMS5 earth system model®). ISIMIP is aninternational collabora-
tion that offers aframework for consistently projecting the impacts of
climate change across affected sectors and spatial scales. In particular,
ISIMIP provides aset of bias-corrected climate data to make consistent
historical hindcast and future climate impact projections.

Tropical storms. We build on the approach introduced in ref. 33 for
the projection of future impacts of tropical cyclones. As for hazards,
we consider the set of post-1980 storm tracks from the International
Best Track Archive for Climate Stewardship®*. For each historical track,
we generate gy, = 20 synthetic storm tracks using adirected random
walk following the approachinref.33. Each synthetic track is assumed
to have a yearly probability of occurrence of 1/n,, its historical fre-
quency. This ensemble of synthetic tracks defines in particular, for
each location, the distribution of yearly maxima for sustained wind
speed that we consider as the reference distribution of intensity for the
tropical storm hazard. This reference distributionis based on historical
data. Tointegrate theimpact of climate change, we generate distribu-
tion of future events for agiven RCP and year by interpolating changes
in intensity and frequency from the projections in ref. 35, which are
basin specific. From this ensemble of future events, we infer distribu-
tion of yearly maxima for sustained wind speed conditional on year
and scenario. We then measure vulnerability to sustained wind speed
formtropical storms using the damage functionsintroducedinref.36
whereby the fraction fof tangible capital destroyed is determined by:

(1) Normalizing wind speed v accordingto

— maX(U — Uthreshs 0) (l)

vnor
Uhalf — Uthresh

where vy, is the wind speed belowwhich no damage occurs, and vy,
isthe wind speed at which half the property value is lost.

(2) Letting the fraction of damage scale up with the cube of the
normalized speed:

— Ur310r (2)
1+ unOr

Winter storms. The approach for assessing the impact of winter storms
is conceptually similar to that for tropical storms. We consider as a
default set of events the Copernicus synthetic windstorm events for
Europe”. This ensemble of synthetic tracks defines in particular, for
each location, the distribution of yearly maxima for sustained wind
speed that we consider as the reference distribution of intensity for the
winter storm hazard. As for the impact of climate change, the recent
literature™® finds no clear trend in frequency but mostly agrees on
increasing stormintensity. Accordingly, following the meta-analysis by
ref.39, we assume anincrease in damage of 8% per degree of warming.
The vulnerability function for winter storm has the same functional
form as that for tropical storm, but it is calibrated on EU data follow-
ingref. 40.

Coastal and river floods. As for coastal and river floods, we extract
distribution of hazards from the hazard maps for riverine and coastal
floodrisks fromref. 41. These hazard maps are derived from simulations
of flood risk using a cascade of models within the Global Flood Risk
withIMAGE Scenarios modelling framework*’. Conditional on climate
scenario and time horizons, they provide at aresolution of 30 x 30 arc-
sec (1 x1km at the Equator) the extent and depth of floods for return
periods ranging from 2 to 1,000 years. Hence, for each scenario, year
and location, we obtain the distribution of maximalyearly flood depth
that is used as a measure of intensity of flooding. The impact of thee
flooding eventsistheninferred from the vulnerability curve introduced
inref. 43 that determines the share of capital destroyed as a function
of flood depth. The depth-damage curves in ref. 43 have been devel-
oped in view of providing a globally consistent database. Concave
damage curves have been developed for each continent on the basis
of anextensiveliterature survey, while differentiationin flood damage
between countries is established by determining maximum damage
values at the country scale.

Wildfires. As for wildfire, we first estimate a baseline distribution of
hazard from historical burned-area data from the MODIS (moderate
resolutionimaging spectrometer) instrument**. More precisely, we first
consolidate a database of time series of ‘burnable area burned’ with a
resolution of 0.25 latitude by 0.25 longitude by combining MODIS
data with data on burnable area from the European Space Agency
Land Cover Climate Change Initiative with 300 m resolution®. Burn-
ableareaexcludes water bodies, permanent snow andice, urban areas
and bare areas*®. We then estimate for each grid cell a zero-inflated
lognormal distribution consisting of (1) the probability of occur-
rence of a wildfire and (2) conditional on the occurrence of a wildfire,
alognormal distribution for the share of burnable area burned. From
this baseline distribution, we derive distributions corresponding to a
given climate scenario and time horizon by translating the distribu-
tion according to estimates from changes in the average burned area
under climate change from ref. 47. Therefrom, we derive the prob-
ability of occurrence of a wildfire for each productive unit location
as follows. If the production facility is not located in a burnable area
according to the Climate Change Initiative data, we assume that the
probability of occurrence of awildfire is null. If the production facility
islocatedinaburnable area, we consider that the probability of occur-
rence of a wildfire is given by the zero-inflated lognormal distribu-
tion for the corresponding grid cell. As for vulnerability, we make the
simplifying assumption that tangible capital affected by a wildfire is
fully destroyed.
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Landslides. We infer default landslide risk from the atlas of global
landslide and avalanche hotspots of ref. 48, which has a resolution
of 30 arcsec x 30 arcsec. More precisely, following table 7 in ref. 48,
the atlas provides for each grid cell the probability of occurrence of
alandslide per square kilometre. We consider this as the baseline
probability that a productive facility located in the corresponding
grid cell faces a landslide event. As for the impact of climate change,
we use projections of precipitation from ISIMIP to infer changes in
the probability of occurrence using the parametric relation between
mean annual rainfall and landslide frequency established inrefs. 49,50.
Namely, frequency of occurence Fis assumed to vary with mean annual
precipitation Pthrough a relationship of the form F = P %8 Accord-
ingly, we compute the ratios for the corresponding frequency fac-
tors between the projected precipitation level for a given year and
scenario and the historical average to determine the climate-induced
change in frequency of occurrence. Beyond frequency correlation
through this dependency on projected precipitations, the occur-
rence of each landslide event is assumed to be independent. As for
vulnerability, we assume that tangible capital affected by alandslide is
fully destroyed.

Labour productivity. We infer location-specific trajectories for labour
productivity with a daily resolution following the approach of ref. 51.
Namely, we build on the parametric relation established in ref. 52 to
derive wet bulb globe temperature (WBGT) from ISIMIP data on daily
maximum temperature and mean relative humidity. We then use the
linear approximation proposed in ref. 51 for the effect of WBGT on
labour productivity assuming a linear decrease between 25.0° and
39.5°. We further assume, following ref. 53, that WBGT is increased by
3° for outdoor activities in the sun. To obtain consistent measures of
vulnerability, we transform linearly productivity losses in business-day
interruptions to integrate into equation (12).

Distribution of extremes. We generate the time-dependent realization
of extremes as follows:

« Foreachyear of the time frame, we draw a yearly realization
of each hazard for each location according to the distribution
corresponding to the given year and climate scenario.

« We further draw uniformly at random (within the potential
period of occurrence) the starting date of the hazard.

+ Realizations can be correlated across hazards and locations
because they are induced by the same event (for example, a
tropical stormyielding wind- and flood-related impacts at
multiple contiguous locations) or because they are driven by
the same climatic conditions (for example, landslide and river
flooding events driven by the same temperature and precipi-
tation patterns).

« Foreachrealized hazard and each agent i, we use vulnerability
functions taking into account the intensity of the hazard at
the location of i as well as the technological and geographical
characteristics of i to determine the impact in terms of capital
destruction and business interruption.

Detailed derivation of the financial valuation model
We assume that the firm produces output from capital at facility i
according toalinear production technology of the form:

fi(K) = AK 3)

Each productive facility is initially equipped withanamount K, ; € R,
of capital, so that the total capital of the firmis given by

Ko = Ko )

iel

Capital isassumed to depreciate at arate § € [0, 1]. Furthermore,
the firm has a target growth rate (net of depreciation) for its capital
stock p € [- 6, 1], which is assumed to be determined exogenously
by market and technological factors and, for the sake of simplicity,
considered constant across time and production facilities. Thus, the
target trajectory of capital is such that forallie/

Ky =1+p) Koy )

and thus:

Ke 1=, Ko = 1+ p)'Ko (6)

iel
whereby gross investment in productive facility i is given by

Gri = (6; +pp)Ke, @

Inthis setting, the realization of climate impacts implies that inscenario
s, in period t at facility i, a volume Oft’(r,i is destroyed and a volume
r,:f[/lil(t,,» ismissing from production.

The financial structure of the firm is then determined as follows.
Theinitial capital is assumed to be financed through amounts D, € R,
of debtand £, € R, of equity; thatis, one has:

Ko = Dg + Ep. (8)

Uncertainty (non-climate related) about the economic performance
of facility i is captured through a random and time-dependent profit
margin m;,. Combined with climate impacts on revenues through
businessinterruption, thisimplies that the profits of the firmin period
taregivenby

M o= m (1-75) Ak )

iel

We thenassume thatashare i e[0,1] of profitis distributed as dividend
each period, and the remaining is used for self-financing. Given equa-
tion (6), thisimplies that the dynamics of the debt of the firmis given by:

D}, =1+nD} +|(1+p+8)K -3 (1 —olf[)Km )
iel (10)
-A-m _Elﬂi,t (1- T,-i) AiK.;
LE,

whereristheinterestrateonthedebt, (1+p + 6)K, - 3,1 - U,i)’(r,t )is
the required investment for growth and reconstruction
and 1- Y, m(1- rft)/l,»K[,i = (1-wn, is the self-financing capacity.
These debt dynamics correspond to a situation where the firm has
accesstoacreditline with maturity Tand interest rate r. This assump-
tionis consistent with empirical evidence on the structure of corporate
lending deals; see, for example, ref. 54. We further assume that the
value of assets at maturity is determined as afunction of the discounted
stream of revenues they are expected to generate (under climate
impacts); thatis:

t
ki =Y 3 L= 14 p)Kodmy = 3 1+ ) Koy (1~ 15,) i
iel ten (L+19) il b

(A+ro)
(ro+8)”

Then, building onequations (5), (7) and (10), the no-default condi-
tion D; < K(mr) can be expressed as:

wherev=21

A+nD5_ +|(A+p+ 6Ky — lza (1-07)Kr1:)

== X s (1= 757 )AKr 1 < T 0+ ) KoV
L€ IS
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By recursion, thisyields:
T e T-1-¢
A+nN' Do+ Y A+n ' F[A+p+6)-(1-0,)
t=0 iel ’

~(—pm (1= 73)A)]| 1+ p)'Ko, < za +p)' Ko, vit 1Ko,
1E

71
A+ Do+ A+ 'Y [p+6+05—A-wm,(1-15)A)]
t=0 iel ’ ? (11)
A+p)Ko; < T A+ p) KoV
LE,

Letusthenset

V,-‘?t = [(1 — (1 - Ti[)/l,- -p-6- Uf[] : 12)

One can then rewrite equation (11) as:

T-1
A+n'Do <Y |a+p) v+ Y A+n "W+ p) VS Koy (13)
t=0

iel

Theleft-hand side of equation (13) corresponds to the initial debt
withinterestcompounded over Tperiods. Ontheright-handside, the
term (1+p)"vm; K, corresponds to the value of capital held by the firm,
whilethe term[(1 + 1"~ + p)'y}, IKo; corresponds to the excess cash
flow in period ¢ (profits net of dividends and investments). The value
ofthelatter term (andits sign) is determined by the randomrealization
of profitsand climateimpactsin period t. More broadly, the probability
of default is determined by the distribution of profit margins and cli-
mate impacts. Namely, the probability of default is given by:

PD’(Do,Ko.7.p. 11, 6)

=P ((1 +90'Do >3, o

-1
A+p v+ T "y p)fy,f[] Ko,i)
t=I

(14)

The present value of equity (D, Ko, 1, p, i1, 6) is then given by the
expected discounted value of the dividends and of the net worth of the
firm at maturity in absence of default, that s,

T-1
E5(Do, Ko, 1, p,11,6) = Ep (Z L+ ro) "HITS + (1 + o)~ (Ky () — D§)+)
t=0
(15)

wherer,istherisk-free rate and following equations (9) and (13), one has:
T-1
M=% (A+r0) A+p) ¥ i (1-15,) AiKo,
t=0 iel
K(m) - DS,

T-1
=Y | @+ p) v+ T 1+ n
=

@ +p)¥}, |Kos = A+1)Do.

Hence, the value of equity isimpacted by climate shocks through
three channels: (1) the value of dividends that is decreased by business
interruption, (2) the probability of default that increases with cumula-
tive destruction of productive capital and reduced cash flow through
businessinterruptions and (3) the net worth at maturity that decreases
with cumulative destruction of productive capital and reduced cash
flow through business interruptions.

The present value of a zero-coupon bond B(D,, K,, r, p) of face
value 1 and maturity T is given by discounted expected payment at
maturity, thatis,

BS(Do, Ko, 1,p,11,6) = (1 +19)”" [1 — PDS + PDSKEp <%|Kr(n) < DST)]
T
(16)

where k € [0, 1] is the bankruptcy cost coefficient and ’% is the

T
capital-to-debtratio. Hence, the value of bonds isimpacted by climate
shocks through two channels: (2) the probability of default that
increases with cumulative destruction of productive capital and
reduced cash flow throughbusiness interruptions and (3) the net worth
atmaturity that decreases with cumulative destruction of productive
capital and reduced cash flow through business interruptions.

Finally, the enterprise value of the firm V(D,, K, r, p) at date O can
be computed as the expected discounted sum of cash flow generated
frominitial capital, that is:

VS(Do,Ko.1.p: 11, 6)

v=0

+00 t t-1 (17)
=Ep (Eiel t;) (A +ro) " my, (l - rft)/li I (1 —-6— Uf\,)Ko,z)

Hence, enterprise value is impacted by climate shocks through (1)
destruction of the capital stock and (1) decreased cash flow due to
businessinterruption.

Remark

One can establishaformallink between our approach and the Merton
model® under the assumption that the debt issued in period t>1is
senior to the initial debt D, In this setting, the value of concern at
maturity for the holders of D, is the enterprise value net of senior debt,
thatis, A = K;— (D5 - (1+ nN'Dy).Indeed, the value of the initial debt,
denoted D5(D,, K,, 1, p), canthen be expressed, as in the Merton model,
asthevalue of azero-couponminus the value of a put on the netenter-
prise value:

DS(Do.Ko.1,p.11,6) = (1 +10) (1 + 1Dy ®
—Ep ((1 +10)" max (1 + 1Dy — A3, o))

Accordingly, the value of equity £, canthen be expressed as the value
of distributed dividends plus a call option on the net enterprise value
at maturity; thatis, one has

-1
ES(D(), K(), rp.H, 5) =Ep (z%) a+ ro)ftyl'lf>
=

(19)
+Ep (((1 +10)" max (A3 — (1+ 1Dy, 0))

Furthermore, following equations (5) and (10), one can characterize
the dynamic evolution of the net enterprise value as follows.

Ar = K.~ (D~ (1+1)'Dy)

= U+ P)Keey =1+ 1) [y = A+ 7D | + 2 Vi Ko
LE,

= A+PAy + (=1 [Dy = A+ 7Do | + Vi p) Ko,
LE,

Under the approximation p ~ r, the dynamics simplify to:

AS = 1+p)AS + v (1+p) Koy (20)
iel

Theresulting dynamics are very similar to those considered in the Mer-
tonmodel. The evolution of the net enterprise valuein our framework is
characterized by ageometric trend and stochastic volatility. However,
a key difference is that, in our framework, beyond a pure economic
component given by the random profit margin, the volatility is also
influenced by the distribution of climate impacts. Relatedly, volatility
is not necessarily normally distributed in our framework.
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Nevertheless, this analogy with the Merton model highlights how
scenario-contingent valuation could be implemented in a Merton
model. Anincrease in the expected value of impacts across scenarios
canberepresented asaproportional decreasein the trend component
of the Merton model. An increase in the volatility of impacts across
scenarios canberepresented as a proportionalincreasein the volatility
component of the Merton model.

Calibration
We calibrate the model using the following procedure.

» Thebaseline risk-free-rate is set to r, = 0.02.

«  Weuse data on earnings before interest, taxes, depreciation
and amortization (EBITDA), earnings before interest and
taxes, and return on capital from the Damadoran database to
calibrate, at the sectoral level, the profit margin and the depre-
ciation rate. More precisely, depreciation is calibrated on the
basis of the difference between EBITDA and earnings before
interest and taxes and (the mean) return on capital on the
basis of the EBITDA-to-capital ratio. In this latter respect, note
that the return on capital in the model is given by A,r; where A;
is the productivity of capital and m;is the profit margin.

« The EBITDA-to-capital ratio also allows us to provide an estimate
oftheintial capital stock of a firm fromits EBITDA. We thus impute
the initial level of capital stock for each production facility using
contribution to revenues as a proxy for contribution to EBITDA.

+ Wealso use data from the Damadoran database® to determine
sector-specific debt-to-capital ratio and thus express the
initial debt as a function D, = YK, of the initial capital stock.

 Finally, we use the dividend payouts from ref. 23 to calibrate
the dividend share u at the sectoral level.

«  Wethenset the default value of the target growth rate pso that, in
expectation, the debt-to-capital ratio at maturity remains equal tox.

« Asforthe calibration of risk, the baseline probability of
default pd,,, and loss given default ratio Igd,,, are set exog-
enously (and uniformly across firms for sake of comparabil-
ity). On this basis, we infer the baseline interest rate on a firm’s
debt by assuming that the bond assumes its risk-adjusted
equilibrium price, that is, by solving the equation

(l + "0)71 [(1 + I‘)(l - pdbau) + pdbau(1 - lgdbau)] =1

« Eventually, we assume that the profit margin  follows a log-
normal distribution whose parameters we determine by taking
as given the mean profit margin and the probability of default;
that is, we assume that the standard deviation parameter of the
lognormal distribution is such that the probability of default
inabsence of climate shocks is pd,,,. More formally, one can
express the default condition through the following sequence of

equations:

A+ xKo + ] p+6—1—-pmAlKy < A +p) Kovir @1
A+nx+&p+6-A-pwm] < A+p)vr @2)
A+D'x+8p+6-A-pwrAl <A+p)vr (23)
A+ x+8p+6] < A+p) vir + &1 - pymh 4

A+nx+8p+6] <m|A+p)v+E1-pA] (25)
(1+r))(+€ + 6] 26)

(1 +p) v+ &1 pn

andthen determine the parameters (a, §) of the lognormal distri-
bution such that the expected return £, 4(m) is equal to the mean
profit margin and the probability of default satisfies:

o

Integration of physical and transition risks
In a companion paper’®, we propose a related structural risk model,
referred to as CLIMACRED (without the postfix -PHYS), focusing on
the assessment of transition risk. Similar to the model described here,
our transition-risk model describes the endogenous evolution of a
firm’s capital and debt. The default at maturity depends on whether
the stochastic profit margin falls below a threshold. Differently from
the present model, there the default threshold turns out to depend
onthe change in markets’ expectations about the future trajectory of
demand. Suchachangein expectations characterizes transitionriskin
that model. More precisely, transition shock arises from the changein
thevalue of capital and debtinduced by the change in expecations from
abaseline (high-carbon) to a policy (low-carbon) scenario.
Theapproachdescribedinref.56 could be usedtointegrate transi-
tionrisk in the framework of the current Analysis. Implementing this
here would be out of scope. However, it may be of interest to describe
briefly the procedureto carry out the integration of physical and transi-
tionrisk. We characterize a climate scenario Cby the output trajectories
€= (XS ) SOt it projects for each climate policy-relevant

sector sec (for example energy, oil and gas) over the time horizon
[0, T] (where X¢ . denotes the projected output in scenario C, sector

secand period ¢). Such trajectories canbe obtained, for example, from
the Network for Greening the Financial System scenario platform™. If
aproductionunitiisassumed to hold amarket share m; . in sector sec,
its projected output trajectory under scenario Cis then given by
Mg XS, .- Under equation (3), thisimplies that the target trajectory of

M) pd, .. @)

A+p) v+ E&1-pn

{sec=L,--

SEC t

m; sXsec ¢

capital for production unitiis givenby K&, =
One can then use for physical risk valuatlon the target capital
trajectory (K ”)t_l ; corresponding to a baseline climate policy sce-

nario Binstead of the exponential trajectory (K.), _,

the preceding. One can then derive, using equations (3)-(16), the
probability of default PD*#(D,,K,.r.p,11.8), the value of equity
ES58(Dy, Ky, r,p, i, 6) and the value of abond B5-5(D, K, r, p, 1, 6) condi-
tional onthe baseline climate policy scenario Band the corresponding
climate scenario S.

One couldsimilarly use the target capital trajectory corresponding

to a climate policy scenario P, (Kfi)t_ . to determine estimates of

1,
the probability of default PD**(Dy, Ky, r, p, o1, 6), the value of equity
E»P(Dy, Ko, 1, p, pt, 6) and the value of a bond BS»*(Dy, Ky, r, p, 1, 5) condi-
tionalonaclimate policy scenario Pand the associated climate policy
scenario S,. Inthis setting, to ensure consistency withref. 56, one would
however use K* only for the computation of revenues and replace K”
With CangK® in the computation of debt to account for stranded capital
proportionally to a coefficient of stranding asset Cy,ng-

Inthis framework, one could then decompose the changesin risk
(for example, expressed in terms of default probability) between a
baseline scenario B and a climate policy scenario Pas:

pconsideredin

pD** — pD** = pp*” — pD*” 1 pD** — PD** (28)
transition risk physical risk
where PD*” — PD* corresponds to the transition risk induced by the

shift from baseline Bto climate policy scenario Pin the climate environ-
ment S,while PD*® — PD**® corresponds to the change in physical risk
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induced by the transition between climate scenario Sgand S, in the
policy environment B. This decomposition highlights that, in first
approximation, transition risk and physical risk can be separated addi-
tively. Thisimpliesin particular that the estimates focusing on physical
risk provided in this Analysis provide a lower bound for total
climate-related risks. Estimates of transition risk, for example, from
ref. 56, shall be added to provide acomprehensive picture.

Related literature

The sustainable finance literature lacks consensus on the financial
relevance of climate physical risks and the extent to which it is cur-
rently priced in the value of financial assets (for example, refs. 57,58
for mortgages, refs. 59,60 for stocks and ref. 61 for bonds). For exam-
ple, in the loan market, ref. 57 finds evidence on limited pricing of
floods in UK loans, while ref. 58 finds evidence of more substantial
pricing in mortgages for properties exposed to sea-level-rise risk in
the United States. In the stock market, ref. 62 finds that investors sub-
stantially underestimate extreme weather uncertainty in the case of
hurricanes; ref. 63 finds that markets price hurricanerisk only partially
in US stocks (limited to firms’ operating facilities but neglecting the
broader impacts on the economic tissue); ref. 59 finds no evidence
of incorporation of disaster losses into stock market reaction; ref. 64
finds that one standard deviation higher cyclone exposure is associ-
ated witha2.2% higher annual return during months of quiet cyclone
activity, whileitis associated with a -1.7% annual return during months
of intense cyclone activity. For droughts, ref. 65 shows that markets
are not efficiently pricing drought trend information. For heatwaves,
ref. 61finds that local exposure to heat stress is associated with higher
yield spreads for bonds and conditional expected returns for stocks,
which are mostly absent for other physical risks. Using the aggregate
risk score from MSCI, ref. 60 finds that only a share of physical risk
factors is priced in stocks, ranging from 8 to 38% depending on the
type of hazard.

However, the mentioned works focus on past occurrences of
hazards®, thus not considering scenarios of future climate impacts.
Many of them are not conducted at a granular spatial resolution, and
most often they use aggregate risk scores provided by the industry.
From a scientific point of view, these scores suffer from the limita-
tion that thereislittle transparency on their computation. Moreover,
there is substantial divergence of commercial risk scores®. Finally,
the information on firms’ assets is often not considered, which leads
toapotentially large underestimation of financial risk for investors’.

Data availability

All data on natural hazards used in our analysis are publicly available
from their respective sources mentioned in Methods. Data on firms’
geolocation canberequested from Sequantis (alou@sequantis.com).

Code availability
Replication codeis available from the corresponding author on request
butrequiresatthis stage over1terabyte of storage space tobe executed.
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