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Abstract The potentially limiting nature of central
bank mandates, together with non-existent standards
to assess the impact of climate risks used to inhibit
the incorporation of climate change considerations
in central bank decisions. This paper analyses how,
despite these challenges, climate change risk analysis
spread among central banks by examining 941 Euro-
pean financial stability reports of 38 central banks in
Europe and their source references. We show that the
Dutch and Belgian central banks pioneered signifi-
cant engagement with climate change risk in finan-
cial stability reports, followed by central banks in
other Eurozone countries. Then the ECB stepped in,
aggregated novel research methods into an accepted
analytical framework, and moved to the centre of the
stage of the process. Our analysis indicates that vari-
ous types of proximity played a significant role in the
spread of climate friendly central bank mandate inter-
pretations and analytical techniques, but the engage-
ment of a central player was crucial.
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Introduction

There are significant differences in the way central
bank mandates relate to climate change. Many Asian
central banks seem open towards incorporating the
fight against climate change in their policies. For
example, the Reserve Bank of India (RBI) addressed
environmental aspects in a note to its supervisees in
2007, followed by the Bangladesh Bank regulations
making banks incorporate environmental dimensions
in lending in 2011 (Durrani et al., 2020). In Europe,
however, most central banks had initially been hesi-
tant to consider climate change in their policies, given
their missing or ambiguous legal mandates (Dikau
& Volz, 2021). Parallels can be drawn with the asset
management industry, where fiduciary duty, a legal
obligation to consider only financially relevant fac-
tors in investment decisions, was interpreted as a need
to focus on short-term returns (Clark & Hebb, 2005).
Trustees started to incorporate longer term considera-
tions such as climate change slowly and by imitating
others (Woods, 2011).

The goal of this paper is to describe and account
for the spatio-temporal process whereby central
banks in Europe gradually started to engage with
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climate change risks. We do so by using the sample
of 941 financial stability reports (FSRs) of 38 central
banks in Europe, published between 2003 and 2022.
We identify and analyse bigrams, i.e. pairs of words
related to climate change that appear in the FSRs,
and we apply a graph-analysis to study source refer-
ences of the FSRs. These methods allow us to tackle
three questions. Where and when did the recognition
of climate change risks by European central banks
start? How did it spread across Europe in terms of
time and space? How did the harmonization of ana-
lytical approaches play out in a geographical sense?
Addressing these questions is important. First, it helps
us understand the evolution of sustainable finance as a
process of innovation, grounded in the context of par-
ticular times and spaces. Second, our study represents
a contribution to financial geography, as it uncovers
the spatial production of finance with regard to cen-
tral banks’ engagement with climate change risks.

We show that central bank mandate interpretations
have started opening slowly towards climate change-
related topics since the Paris Agreement of late 2015
(EP, 2018; MNB, 2022). This included the systematic
measurement and tracking of climate risk exposures
(BIS, 2021; EBA, 2022). Initially, however, the meth-
odologies and data concerning climate risks were
almost nonexistent, and their development required
time-consuming research and data gathering. The dis-
cussion of climate risks in financial stability reports
started in the Central Bank of the Netherlands (De
Nederlandsche Bank, DNB) and the National Bank
of Belgium (NBB). It subsequently spread across
Europe, with various types of proximities playing
a significant role in the diffusion process (Rutten,
2016; Simandan, 2016). Fairly quickly, however, the
collection and publication of methodologies moved
to the European Central Bank (ECB), which started
coordinating the ways to measure the financial stabil-
ity impact of climate change, and also began draft-
ing Eurozone-wide analyses in a uniform manner.
We expect that in the future, climate change related
financial risk analysis may not only follow more simi-
lar methodologies across countries, but central banks
may develop more or less harmonized macropruden-
tial regulatory measures on the topic (ECB/ESRB,
2022).

This paper proceeds as follows. The next section
discusses the literature on the geography of innova-
tion in relation to climate change and central banks.
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Section 3 details our data and methods. The following
sections present a three-part analysis of: the evolution
of European central bank climate change risk con-
siderations in FSR reports, the map of these consid-
erations, and the networks of their source references.
The last section concludes.

Climate change, central banks, and the geography
of innovation

The 2008 global financial crisis made evident that
central banks’ narrow focus on monetary policy, com-
plemented by a separate micro- and macropruden-
tial regulation and supervision does not grant suffi-
cient attention to financial stability risks (Balls et al.,
2018). The subsequent widening of central banks’
accountability created the public illusion that cen-
tral banks are ,,solely responsible for managing the
economy, restoring full employment, ensuring strong
growth, preserving price stability and safeguarding
financial stability” (Dall’Orto Mas et al., 2020: 23).
Some central bank leaders, recognizing the long-term
threat of climate change on financial stability, voiced
their concerns on the tension between public pressure
and the limiting nature of central bank mandates. In
his famous speech at Lloyds, Mark Carney, who gov-
erned the Bank of Canada from 2008 to 2013, and
the Bank of England from 2013 to 2020, stressed that
the implications of climate change are “beyond the
business cycle, the political cycle, and the horizon
of technocratic authorities, like central banks, who
are bound by their mandates” (Carney, 2015). As a
result, both more relaxed mandate interpretations and
new sustainability mandates were witnessed during
the 2010s (e.g., MNB, 2022).

Initially, as Dikau and Volz (2021) showed, only
a small minority (12%) of 135 central banks in their
sample adopted explicit sustainability mandates, and
majority did not even have implicit references to sus-
tainability. Zooming in on Europe, Dikau and Volz
(2021) showed that during the 2010s, most EU cen-
tral bank mandates only indirectly referred to sustain-
ability, by citing Article 3 of the Treaty on European
Union. It states that the EU “[...] shall work for the
sustainable development of Europe based on bal-
anced economic growth and price stability, a highly
competitive social market economy, aiming at full
employment and social progress, and a high level
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of protection and improvement of the quality of the
environment”.

According to both Dikau and Volz (2021) and
Durrani et al. (2020) the growth in the adoption of
climate change and sustainability in central bank
mandates turned strong and evident after the Paris
Agreement, signed on 12 December 2015 and entered
into force on 4 November 2016. Its signatories agreed
on country-level legally binding targets on CO, emis-
sions. Subsequently, the European Parliament (EP)
reaffirmed its implications for the European Central
Bank in its 2016 annual report, stating that “the ECB
as an EU institution is bound by the Paris Agree-
ment” (EP, 2018). This moment was a clear signal
for most EU members: as the second anniversary of
the Paris Agreement in 2017 drew closer, the Net-
work for Greening the Financial System (NGEFS)
was created by eight central banks (French, German,
Dutch, Swedish, English, Hong Kong, Singapore,
and China). These central banks agreed to share best
practices on climate change related issues a voluntary
basis. By June 2023 NGFS had 127 central banks and
financial regulatory agencies as its members (NGFS,
2023).

The pressure on central banks has also taken the
form of public, media, and expert opinions, as the
consequences of climate change have gradually
arrived at the doorstep of central banks, including
the ECB. During the summer of 2018, for example,
drought led to low waters, and cargo ships were not
able to travel on the Rhein, leading to fuel shortages
in southern Germany (Siiddeutsche Zeitung, 2018).
Another factor was the criticism that the quantitative
easing (QE) programmes of central banks, including
the ECB have been overwhelmingly skewed towards
high greenhouse gas emitters (Matikainen et al.,
2017). With central banks becoming central to the
allocation of growing financial resources, demands
that they should explicitly include the climate agenda
in their strategies became widespread. As a result of
all these pressures, the ECB Strategy Review of 2021
laid out an action plan to include climate change
considerations in the Bank’s monetary policy strat-
egy, including regular climate stress testing of the
Eurosystem balance sheet from 2023 onwards (ECB,
2021c).

Emerging studies are not unanimous in welcom-
ing central banks’ engagement in the climate change
policy. Cullen (2023) questioned whether central

bank policies addressing climate change could ever
be effective. Christophers (2017) criticised climate
risk disclosures as a tool of neoliberal governance,
based on false beliefs in markets efficiently incor-
porating such information. Our goal in this paper
is not to judge such policies and their effectiveness,
but to uncover the spatio-temporal dynamics of cen-
tral bank engagement with climate change risks in
terms of their impacts on financial stability. To this
end we build on literature in economic and financial
geography.

To start with, we understand finance in the light
of literature on socio-technical systems (Geels,
2005) as a socio-technical regime, based on seven
interconnected pillars of financial firms, regulation,
policy, technology, market and user preferences, as
well as the science and cultures of finance (Urban
&Wojcik, 2019). The system is capable of innova-
tion, constantly producing new financial services,
but changing the system as a whole, and moving its
socio-technical regime from finance as we know it to
sustainable finance, is difficult, complex, and takes
a long time. This is because the building blocks of
finance as a socio-technical system are tightly inter-
related in terms of functions even if they can vary
across space in terms of forms. For example, the sci-
ence of neoclassical finance with modern portfolio
theory and efficient market hypothesis in the lead
(see e.g. Clark & Wojcik, 2024) encourages market
and user preferences for chasing short-term returns,
which are in turn facilitated by short-term reporting
(as part of regulation) and reflected in the culture of
short-term performance incentives. What can facili-
tate such transition are changes in the broader envi-
ronment of finance, e.g. the reality of climate change
and its consequences, but what is necessary are also
specific innovations. These can start as disjointed
niche initiatives, but as they grow and link together,
and put pressure on all building blocks of the existing
socio-technical regime of finance, they may gradually
challenge and replace it.

In the light of this definition, consider that cen-
tral banking, a major building block of the current
socio-technical regime of finance, has also been
subject to innovation. Central bank mandates them-
selves are not set in stone but are the product of
specific spatio-temporal contexts. The inflationary
contexts of the 1970s and the 1980s in North Amer-
ica, Western Europe and beyond made the mandates
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of many central focus on price stability. However,
in the wake of the global financial crisis of 2008,
financial stability was elevated to a concept of simi-
lar merit, making regular financial stability report-
ing a widespread practice among central banks (Iss-
ing et al., 2009).

What can we expect the evolution and geography
of central banks’ engagement with climate change,
conceptualized as niche innovations, to look like?
Innovations can come from the geographical and
institutional centre of the existing regime or from its
periphery. On the one hand, financial centres, where
central banks typically reside, are places of financial
expertise capable of generating niche innovations.
Knox-Hayes (2009), for example, found that the first
successful carbon markets were created where service
providers with complementary skills were present,
and where knowledge transfer was made easier by
frequent interactions among market and other play-
ers, notably, in London and New York. On the other
hand, inertia in the centre may be strong, and smaller,
more peripheral, centres can stimulate innovation as
they seek innovation to disrupt the status quo. Inno-
vation may also be stimulated in more peripheral
financial centres if they are exposed to changes in the
environment of the existing regime, e.g. to disruptive
impacts of climate change, such as flooding. Our first
hypothesis is therefore to expect the first appearance
of innovations related to climate change risk analysis
in regions where climate threat is rampant, and not
necessarily in leading financial centres.

Once a niche innovation emerges, its spread and
impact depend on proximity. However, physical or
“geographical proximity per se is neither a necessary
nor a sufficient condition for learning to take place”
(Boschma, 2005, 61). First, to learn from each other
people need cognitive proximity — they must share
the same knowledge base, as it helps them to commu-
nicate, understand, and process new knowledge suc-
cessfully. However, when cognitive proximity (and
overlap in knowledge) is too large, this limits poten-
tial for new knowledge, with too much silo thinking.
Central bankers in Europe can certainly be expected
to have much cognitive proximity, with overlapping
knowledge, as most are likely to have background
in economics (or law) and experience in the finan-
cial sector. One may rather question whether such
a degree of cognitive proximity, with few geogra-
phers and environmental scientists working in central
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banks, does not stifle learning about the impacts of
climate change.

Second, organisational proximity concerns rela-
tions within and among organisations, with loose
arrangements and arms-length market transactions on
one, and tight hierarchy within an organization on the
other extreme (Boschma, 2005). Organizational prox-
imity is inherent to the European System of Central
Banks (ESCB), a platform for all central bankers in
the EU, and more notably, to the European Central
Bank (ECB). All EU nationals are eligible to work
in and all EU countries have relations with the ECB.
Despite that, the ECB represents a tighter community
for Eurozone member countries. For example, the
Governing Council, the main decision-making body
of the ECB, consists of the governors of the Eurozone
national central banks, in addition to its Executive
Board members (Clark, 2015).

Third, social proximity refers to socially embed-
ded relations among agents i.e. those involving trust
based on friendship, kinship, and experience. While
standardized knowledge can be exchanged without
trust, the latter is required to exchange tacit knowl-
edge. Social proximity may be sparked by organiza-
tional proximity, frequent work-related interactions
at conferences, in expert groups of the ESCB and on
the job at the ECB, just to name a few opportunities.
These, put together, lead to the second hypothesis
of this paper: we expect climate risk related innova-
tion to spread quicker among Eurozone members
than among other ESCB members thanks to the more
closely-knit community of its actors.

Finally, institutional proximity concerns shared
values, norms (informal institutions), laws and rules
(formal institutions) at the macro-level. As such, it
provides a stable environment and social cohesion
conducive to interactive learning and innovation.

More specifically, the institutionalization of an
innovation brings actors closer to each other and
fosters future collaboration. One former example for
this is provided by Bieri (2009), who described the
geographical spread and the global acceptance of
the bank risk regulatory framework, coordinated by
a central institution, widely known for its location as
the Basel-process. Our third hypothesis rests on this
recognition, and provides evidence for the.

spatial institutionalization of an innovation. It is
expected to gravitate towards its institutional centre,
with a central institution collecting and aggregating
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the technical-institutional innovation. While the ulti-
mate determinant of institutional proximity in Euro-
pean central banking is the EU, to a significant extent
its forces are projected via its central element, the
ECB, which we expect to move to the main stage in
the spread of climate risk analysis with time.

Policy makers have been working to eliminate the
impact of physical distance from the institutional
geography of central banking within the EU: they
have been creating opportunities to compensate for it
with temporary physical proximity, as well as meet-
ings and co-working enabled by the intensive use of
digital technologies. Despite that, all types of dis-
tances, particularly institutional and organizational,
rise dramatically as one moves from the Eurozone to
other central banks of EU member states, and then
to European central banks outside the EU. Admit-
tedly, there are forces and opportunities of proxim-
ity, including joint workshops and technical assis-
tance programmes to support countries waiting for
EU accession (like with Ukraine and Moldova), and
at international central bank organisations such as
the Bank for International Settlements (Bieri, 2009).
However, as this paper illustrates by analysing the
usage patterns of climate change risk analytical tech-
niques, these activities have still not eliminated the
significance of various forms of distance.

Data and methodology
Financial stability reports

To understand the geography of climate change risk
analysis, we looked at the FSRs of central banks in
Europe. One may debate if FSRs are the right kind of
publications to study the ways central banks discuss
climate change risk. Admittedly, climate risks can be
analyzed in a macroeconomic setting, which are not
necessarily central to FSRs. Sovereigns are at risk
of default as a result of climate change (Volz et al.,
2020); and macro models with sectoral breakdowns
can be powerful tools for macroeconomic analysis,
examining the impact of climate change on GDP,
inflation and other macroeconomic variables (CamE-
con, 2021). The rising significance of financial stabil-
ity in central bank mandates and modelling efforts
after the crisis of 2008, however, tilted climate change
analysis towards a financial stability perspective.

Financial stability, the ability of the state in which
the “financial system [...] is capable of withstanding
shocks and the unravelling of financial imbalances”
(ECB, 2016),! is assessed in FSRs> by most central
banks. An FSR is a “vehicle to allow stakeholders to
form a view about how effectively the central bank
is undertaking its broader financial stability respon-
sibilities” (Allen et al., 2004). It usually consists
of’core’ and’non-core’ parts, whereby core-sections
cover the same topics from issue to issue, and non-
core parts include results from special and occasional
studies (Cihak, 2006).

An FSR has a limited size, hence its contents an
indication for the relative importance of matters, as
seen by the team responsible for analysing financial
stability. Admittedly, the implications of an urgent
phenomenon may dominate the pages over long term
but unfortunately serious but seemingly less urgent
matters such as the climate crisis do not. In addition,
these reports are written by a limited number of peo-
ple within a limited timeframe. For instance, Brexit-
related challenges or the energy crisis triggered by the
war in Ukraine made several financial stability teams
recalculate default probability estimations, which
simply used the time and space from climate risk
analysis.

The Task Force on Climate-related Financial
Disclosures categorizes climate risks into physical
risks, defined as the damage or complete destruc-
tion of physical assets stemming from climate change
induced weather events, and transition risks, which
accompany the transition to a low- or zero carbon
economy. Both acute physical risks, which are event
driven, and chronic risks, which result from long-term

' The World Bank, the Bank of England, the De Nederland-
sche Bank and the Magyar Nemzeti Bank all define financial
stability in a similar spirit.

2 Some central banks use a different name for FSRs but
report on similar topics. The Banque de France, for instance,
produces a journal-like Financial Stability Review, whereby
each issue is dedicated to a special topic, and its chapters are
basically academic research papers. Its 2019 issue focused on
climate change and greening of the financial system with an
impressive set of analyses and papers. In contrast, the French
report on financial stability is referred to as the ‘Assessment
of Risks to the French Financial System’, which we denote as
FSR in this paper. Similarly, the Banco de Espaiia has a Finan-
cial Stability Review (the more journal-like publication) and a
Financial Stability Report on the state of the financial system.
We refer to this latter as FSR.

@ Springer
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Table 1 Countries included in the analysis
Countries Number
of national
banks
All EU-member countries, apart from Bulgaria, for which we did not find FSRs in English 26
ECB 1

Non-EU European countries with central banks: Albania, Bosnia-Herzegovina, Iceland, Kosovo, Montenegro, North 11

Macedonia, Norway, Serbia, Switzerland, UK, Ukraine
TOTAL

38

shifts in climate patterns, such as sea level rise
(TCFD, 2017), may diminish or destroy a borrower
firm or individual’s ability to repay its loan obliga-
tion on time (increase their ‘probability of default’
values), and increase the ‘loss given default’ values,
both of which are core concepts in a typical analysis
in FSRs within the Basel Risk Regulatory Framework
(Aspachs et al., 2006). Similarly, transition risks, such
as investments in low- or zero emission production
techniques, house insulations, or even climate-related
litigation costs affect future credit quality.

To add another argument for studying FSRs in
the context of climate risk analysis by central banks,
Pointner et al. (2019) summarize the relationship
between further Basel IIl-risk types, typical concepts
in financial stability reports, and physical risks. They
concede that market risk (increased price volatility
due to disasters), liquidity risk (sudden withdrawals,
high demand for emergency loans), operational risk
(destruction of banking infrastructure), reputational
risk and systemic risk (rising correlation of defaults,
underestimation of natural disasters) may all be
results of sudden, acute physical disasters.

The data

We manually downloaded® 941 FSRs of 38 central
banks from Europe using the central banks’ publicly
available websites (Table 1). We collected FSRs from
the earliest date we found them online, until the end
of 2022. While most of FSRs are available in English,
there are exceptions. The Banque Centrale du Luxem-
bourg publishes in French only (we translated their

3 Given the variety of ways FSRs are stored, automating this
step would have been a struggle. Downloading them manually
was also rather tedious.

@ Springer

bigrams into English). Each of the 38 central banks
publish one or two FSRs every year, or none,* and
their length varies between a few and 200 pages.

We analysed bigrams and references in the FSRs.
First, we scanned the FSRs for climate change related
expressions and counted them, using a few dozen
lines of code in R. Since all FSRs come in a pdf for-
mat with ASCII coding, the data generated exhibit
high accuracy. A few inaccuracies were detected: (1)
with words added to graphs, (2) special characters
used (such as the El Nifio) or (3) where the words
were separated (such as cli-mate). To ensure the
veracity of our data we went through all of the FSRs
of the most important central banks, checked other
central banks where no climate-relevant information
was indicated by the data; and read the pages where
climate-relevant text was found. This latter was also
crucial to obtain a general understanding of the spa-
tio-temporal process.

Climate-relevant expressions are best captured as
bigrams, or two consecutive words, such as ‘physi-
cal risks’, ‘hot house’ (a scenario defined by NGFS),
‘green bonds’ or ‘climate stress’. The use of its mono-
gram versions, or single words, can appear in other
contexts, such as ‘physical money’ or ‘economic cli-
mate’, and would distort the analysis. Bigram search

4 For instance, the Bundesbank did not publish a financial sta-
bility report in the crisis year of 2008, or the Croatian National
Bank FSR is not available on their website in English for 2020.
Another peculiarity is Greece, where their Central Bank did
not publish a traditional FSR during the recovery phase from
the crisis during most of the 2010s. The Central Bank of Ire-
land started publishing an FSR in 2019 only. The links to the
FSRs prior to 2019 of Central Bank of the Republic of Kosovo
were broken on their website. Moreover, we were not able to
find a map (shapefile) that recognizes the country.

5 Text extraction was carried out using the pdftools package in
R (Ooms, 2023).
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is a widely accepted way of analyzing cultural ten-
dencies in books (Michel et al., 2011) or in biblio-
graphic databases and journal archives (Chumtong &
Kaldewey, 2017). Financial geographers have also
used bigram frequencies (Clark et al., 2015).

Relevant bigrams were identified using two
sources. First, we used journal papers and central
bank documents most often cited by FSRs’ climate
change sections, which specifically focus on the
modelling questions and financial implications of cli-
mate change.® These documents were selected either
because they are the most often cited documents by
FSRs or we found them relevant during the literature
review. From these documents, we selected the top
two thousand most frequent bigrams,’ after removing
stop words,® and expression stemming’ (removal of
endings). Then we manually flagged climate change
relevant items among the most frequent bigrams. The
second source were the most relevant bigrams from
the journal Nature Climate Change between 1990 and
2014, as identified and listed by Hamed et al. (2015).
The reason for the use of a second source is to coun-
ter any criticism of a potential bias in the papers we
used to learn relevant bigrams. Admittedly, there is
some overlap between the authors of the climate-rel-
evant FSR sections and the authors of these papers,
who may use their own vocabulary in both. We coun-
terbalance this potential effect by including bigrams
from Nature Climate Change. The final bigram list is
included in the Appendix, which shows bigrams ana-
lysed in the following sections.

In the next step, we classified each bigram in the
learner set manually based on whether it related to
physical risks (P), transition risks (T) or both (B).

® DNB (2017), Vermeulen et al (2018), Batten et al. (2016),
Battistion et al. (2017), BIS (2021), Behnam and Litterman
(2020), Chenet et al (2019), Dikau and Volz (2021), Durrani
et al. (2020), ECB (2021b, 2021c), Kemp (2021), Kemp et al
(2022), Keenan (2019), Keenan and Bradt (2020), Hudson et al
(2019), Gray (2021), Alogoskoufis et al. (2021).

7 The term frequency — inverse term frequency approach (tf-
idf), widely used to identify the most important words (or
bigrams) in a document, delivered considerably less climate
change relevant top candidates than the method described
above.

8 Stop words are words such as ‘the’, ‘or’, ‘and’, taken from
the tidytext library, which combines three distinct lexicons, and
lists altogether 1149 stop words (Silge and Robinson, 2016).

% Using Dr. Martin Porter’s stemming algorithm, implemented
by the SnowballC R package (Bouchet-Valat, 2020).

Finally, we counted the number of bigram appear-
ances within the FSRs, and aggregated the results for
each year.

The second part of the analysis involved the open-
ing of all relevant FSRs, and manually collecting ref-
erences from the sections discussing climate change.
This way, a table was constructed with the FSR’s
publication year, the title of publication, its year and
institution of publication, containing a total of 587
references. We also added an additional variable to
record if the publication is available from a central
bank (not just FSRs but working papers and other
publications'?), from a scientific journal or at any
other institution.

Tracing climate change risk considerations
over time

The results of the climate change related bigram
search by central bank are presented in Fig. 1. It
shows low occurrences up until 2018, when the first
wave of attention to climate change risks is led by the
Dutch and the Belgian National Banks, later followed
by a more prominent presence of climate-related
issues in other central banks” FSRs.

Until the mid-2010s, FSRs discussed natural dis-
asters as deplorable events which are regrettably parts
of life. The first larger bigram clustering is observable
in the FSR of the Osterreichische Nationalbank, Aus-
tria (ONB), in 2002. Their second FSR in that year
discussed the financial consequences of the devas-
tating floods of 2002. In a stark contrast to the way
today’s FSRs capture climate change physical risks,
the implications of the flood are discussed as a macro-
economic shock: “the flood is a typical example of a
negative supply shock, as it damaged important infra-
structural facilities, caused crop failures, destroyed
production sites or forced temporary interruptions in
production” (ONB FSR, 2002/2, p. 29). The report
notes that negative supply shocks caused by natu-
ral disasters are often followed by positive demand
shocks, triggered by the reconstruction. “Economic
growth in Austria is going to decline by 0.12% in
2002 vis-a ‘-vis the baseline scenario, but is expected

10 For instance, Vermeulen et al (2018) is attributed to the
DNB.
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Fig. 1 Absolute number

of climate change-related
bigram occurrences in FSRs
of selected central banks of
Europe
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to be 0.2% to 0.3% higher in 2003 owing to invest-
ments”, without any reference to Basel-type concepts
such as financial stability or default probabilities, and
without the introduction of new innovations.

ECB FSRs mention climate related concepts (hur-
ricanes in the Caribbean and on the Atlantic coast of
the US) since 2004, the first year an FSR is available
on their website. The likely reason behind this atten-
tion is that at the time, five of the ten largest reinsurers
globally were European companies with considerable
exposures in North America. Similarly, the increase
in climate-related bigrams in 2007 was driven by a
longer text box on the relationship between insurance
sector and climate change (ECB FSR, June 2007, p.
127). It discussed increased expected losses due to
“extreme weather events”, stating that “[ijnsurers
and in particular reinsurers can transfer part of the
risk associated with natural disasters to the capital
markets using instruments such as weather deriva-
tives and catastrophe bonds”. This seemed to solve
the concerns related to financial stability, since “[¢]
he euro area insurance sector, and in particular the
reinsurance segment, is increasingly prepared to han-
dle possible future high-impact, albeit low-probabil-
ity, events, or several closely spaced events affecting
parts of the sector and individual insurers”.

These quotes illustrate the initial approach to
climate change as an insurable risk. As such, the
financial system was deemed capable of fending off
temporary imbalances without interruptions in cru-
cial services to households and businesses. As the
December 2011 FSR stated the ,,occurrence of natu-
ral catastrophes also enables insurers and reinsurers
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to increase their prices”. Meanwhile “massive tor-
nados that hit the South and Midwest of the United
States in April and May, and Australian floods in Jan-
uary 2011 [...] and the expected impact of La Nifia''”
(ECB FSR, Dec. 2011, 109) represented little chal-
lenge to the business-as-usual, since its effects were
expected to be solved within the financial system.

The Dutch and the Belgian National Banks’ FSRs
represent the most wordcounts in the first year with
significant bigram mentions—2018. This turn was not
without precedent: the DNB published an exploratory
study on the exposure of the Netherlands to climate
transition risks only in 2016 (Schotten et al., 2016),
and as an explanatory summary document on transi-
tion and flood risks (DNB, 2017), without any con-
sideration of further physical risk types. The attention
to flood risk is certainly the product of the Dutch his-
tory of land reclamation from the sea and managing
water-related risks, which is expected to worsen as a
result of the warming climate.

The DNB published a real climate stress test one
year later (Vermeulen et al., 2018), with parts of it
cited in the following FSR (DNB FSR, autumn of
2018). The reason for their focus on transition risks
and the exclusive attention to flood risk as physical
climate risk sheds light on the difficulties involved in

"' La Nifia is an oceanic and atmospheric phenomenon, which
includes lower than average sea surface temperatures in the
Southern parts of the Pacific Ocean, and usually lasts up to
five months. A consequence of the La Nifia is an increased
hurricane activity in the Atlantic basin, with reduced tropical
cyclone activity in the Pacific Ocean.
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the calculations which is related to limited data avail-
ability. While assessing transition risks requires firm-
and household level data on energy mix, intensity and
some profit-and-loss calculations only, physical risk
estimation requires accurate firm and household loca-
tion data, sophisticated geographically sensitive mod-
els on physical risk exposures to several risk types
and damage functions which explain the value loss
when a natural catastrophe occurs.

The National Bank of Belgium (NBB) was also
among the first to discuss climate change in length.
It published a study on the macroeconomic impact
of the fight against climate change already in 2011
(Bruggeman, 2011). This was followed by a long
climate risk-related discussion in the FSR of 2018.
The main difference to the approach of DNB was the
NBB’s limited contribution to methodological inno-
vations. The NBB FSR of 2018 focused on general
economic implications, including a literature review
and a brief discussion of financial stability related
topics. In comparison, the DNB presented novel
results using a new stress testing method, which was
a significant a contribution to the climate risk assess-
ment methodology (Vermeulen et al., 2018).

The DNB’s involvement confirms our first hypoth-
esis, which stated that a climate change-related threat
would ignite the analytical innovation on climate
change risks.

Up until 2018, climate-related discussions in the
FSRs other than the DNB’s accompanied the phe-
nomena of climate change but did not bring real inno-
vation to the table. The early involvement of the Bel-
gian central bank in climate change risk assessment
may be related to its physical proximity to the Dutch
central bank, and likely interactions between the two,
but also to the presence of EU institutions and envi-
ronmental non-governmental organisations in Brus-
sels.!? In any case, its novel content in 2018 stayed
behind the levels seen at the DNB.

Elsewhere, the FSR of the Bundesbank, Germany,
referred to the rising number of natural catastrophes
in 2005. Notably, the report indicated the limited

12 1n 2021, for example, ClientEarth, a leading environmental
charity sued NBB for failure to take into account environmen-
tal protections under EU law in its monetary policy operations
(Climate Case Chart, 2023). They withdrew the case in 2022,
but it does highlight the role of Brussels as the centre of Euro-
pean lobbying to which the Belgian central bank is exposed.

ability of the insurance sector to distribute natural
catastrophe risks on their own. Instead, it highlighted
the need to use catastrophe bonds more intensively,
involving other financial participants in physical risk
sharing: “Hurricane Katrina recently highlighted
the limits of insurability [...] Catastrophe risks [...]
are transferred to the capital markets through the
issuance of bonds. If the loss event occurs, the bond-
holders’ principal and interest, as a rule, pass to the
issuer” (Bundesbank FSR 2005, 88). However, the
FSRs of the Bundesbank remained relatively quiet
about climate change until 2019. Its 2019 report sub-
sequently described the analytical framework found
in other publications, which could be used to measure
the financial stability impact of climate change, but
stopped short of providing figures or proposing novel
approaches.

In a similar vein, the Banque de France first real-
ized the impact of climate change on its reinsur-
ers. It has been discussing the topic in its FSR since
2017 and 2018, followed by a reference to a coor-
dinated work with the NGFS in 2019. However,
it only reported on its first results in its June 2021
FSR. Admittedly, the June 2021 FSR summarizes the
results of a stress test involving both transition and
physical risks.

To analyze spatiotemporal patterns in a more gran-
ular manner, Table 2 contains the first year a bigram
is mentioned three times or more in a country’s FSR.
The top row contains the total number of climate-
related bigram mentions for a particular country. The
first figure column represents the frequency a specific
bigram appears in all FSRs. Due to size limitations,
only the top countries and top bigrams are displayed.
We have determined the column order arbitrarily, to
reflect total bigram mentions and temporal patterns.

Table 2 demonstrates that in the year 2019, climate
change-related writings appeared in the FSRs of the
ECB, France, Austria, UK, Germany, Sweden, Roma-
nia, Slovenia, Portugal and Spain. While country-
level developments are discussed later, Fig. 2 shows
the temporal advantage of the Dutch, Belgian, French
Central Banks and the ECB (we refer to them as the
"central countries” to the spread of this innovation);
as well as of the Eurozone. The green line in shows
the share of these banks’ climate change-related
bigram mentions in their FSRs out of all bigram men-
tions. It shows that in 2017 and 2018, these were the
dominant central banks discussing climate change in

@ Springer
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Fig. 2 The combined share
of the ECB and the central
banks of the Netherlands,
Belgium, and France, and
the share of the central
banks of the Eurozone in
all climate change-related
bigrams in all European
FSRs

o
=]

Bigram share

21%

2016 2017 2018

their FSRs. Once the diffusion process reached other
European countries, in 2019, other Eurozone central
banks caught up the pace and joined the exchange
(blue line). Subsequently, their relative share dimin-
ished as other non-Eurozone countries’ national
banks started writing on the issue in their FSRs. Fig-
ure 2 and Table 2 reinforce our second hypothesis,
namely, that after the 2017, the FSRs of Eurozone-
countries, and among them, the central countries
represented the majority of climate change-related
bigram mentions.

Putting the analytical framework to use not only
required the development and application of new
analytical techniques, but also investment in data col-
lection efforts (as recognized by NGFS, 2022). In
the ECB FSR, a special chapter addresses the data-
related problem outright in the May 2019 issue.
While on the transition risk side the uniform classifi-
cation of sustainable assets was missing (the EU Tax-
onomy Regulation came into force in 2020, and its
delegated acts in 2022 only), using a benchmark-level
emissions intensity and a price for carbon-dioxide
quotas is a simple task in terms of data requirements.
In contrast, the ECB report refers to the existence of

13 Later acquired by Moody’s.

4 Looking at the totals for Europe would be distorted by late
joiner central banks, which started discussing transition risks
first.

Bigram share of
Central countries (NL, BE, FR, ECB)

== Eurozone

23%

2019 2020 2021 2022

“measurement gaps” in “understanding of exposures
of financial institutions to climate change-related
risks” (ECB FSR May 2019 p 121). More specifi-
cally, this concerns the location of bank exposures
(e.g., where the buildings financed by mortgages are),
and their exposures to risks (how much will be dam-
aged). As a result, the report reaches out to aggre-
gated catastrophe loss figures from reinsurers. Two
years later, the ECB first climate stress test relied on
(still approximated) data provided by the startup Four
Twenty Seven'® (ECB, 2021b, ¢, 30), and modelled
corporate exposures to physical climate risks in a
simplified fashion (for instance, using headquarters as
opposed to actual production sites), omitting residen-
tial mortgages entirely.

This problem was also visible on bigram-data: all
central banks face the data and methodology related
difficulties when assessing the impact of physical
risks on bank balance sheets. In fact, only 18 percent
of all bigrams are directly related to physical risks,
whereas 33 percent cover transition risks (the rest
covers general concepts related to both). On country
level,'* most first mover central banks (including NL,
BE, ECB and FR) first wrote on transition risks, fol-
lowed by discussions of physical risks.

In 2021, it was again the DNB that came up with
a novel way to calculate exposures: it increased the
granularity of its physical risk analysis significantly-
unsurprisingly — related to flood risk in the Neth-
erlands. We cite the following quote as a whole to
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illustrate the data-related pain points in such a model-
ling: “we have drawn together granular data from a
range of individual sources to create a dataset rep-
resenting over €700 billion in domestic real estate
exposures. This includes both regular data that we
gather as well as data from a special survey of insur-
ers and pension funds. The picture that emerges is
that the majority of real estate is located in parts of
the Netherlands that may be affected by flooding.
These include both areas which are not protected by
flood defence systems (outside the dikes) and parts
of the Netherlands that are protected against floods”
(DNB FSR, Autumn 2021).

Mapping climate change risk considerations

To complement the analysis of bigrams over time we
use a map showing the number of bigram occurrences
between 2000 and 2022 in Fig. 3. The brightest col-
oured country on the map, with most occurrences,
is Austria, where the Osterreichische Nationalbank
(ONB) follows a special structure in its FSRs. The
non-core parts of the FSR are basically research
papers, and as such, they offer significantly more
text than the text boxes of the ECB or other banks.
In 2019, ONB published a methodological overview
of a Basel-conform climate change modelling (Point-
ner et al., 2019, in ONB FSR Dec. 2019), followed by
a report on a climate transition stress test in Novem-
ber 2020 (Battiston et al., 2020, in ONB FSR, Nov.
2020), and a report on a carbon price shock in 2021
(Guth et al., 2021 in ONB FSR Nov 2021).

The second brightest country on the map is Bel-
gium, where the NBB continued to discuss climate
change in its FSRs after 2018. However, similarly
to their restrained attitude in 2018, their 2019 FSR
was limited to the discussion of a survey carried out
among commercial banks in Belgium. In 2020, it pre-
sented a scenario analysis of a “potential introduction
of a minimum energy performance standard for resi-
dential real estate on the banking sector’s mortgage

15 With an assets under management of around 1.5 trillion
EUR in 2024.

16 The Norwegian Government first produced a risk assess-
ment on climate change in 2018 only (NOU 2018, 17), which
discussed the transition’s implications on the Norwegian econ-
omy.
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portfolio” (NBB FSR 2020, 147), which resembles to
a kind of climate stress test on transition risks.

Another bright country in Fig. 3 is Norway, with
the Central Bank of Norway first discussing climate
change in its FSR of 2019. While the report states that
“Norway’s exposure to direct physical climate change
is limited”, and remains analyzed in a shallow man-
ner only, a lengthy chapter is dedicated to the con-
sequences of a potential drying in oil demand on the
country’s financial stability (Norges Bank FSR, 2019,
47). This late consideration may be surprising for one
of the largest oil-exporting country globally, where
the Norges Bank itself runs an investment manage-
ment fund"® to invest oil- and gas-related revenues for
future generations. The fund has decades-long track
record in incorporating environmental (as well as
social and governance-related) factors in its decision
making (e.g., Clark & Monk, 2010; Reiche, 2008). It
is therefore unlikely that the financial stability team
of the Norges Bank had not been aware of the sali-
ence of the climate issue. Rather than lacking knowl-
edge, relevant departments of Norges Bank probably
did not see the point of analysing and presenting cli-
mate risk in an FSR.'® This omission could have also
been influenced by the social and organizational dis-
tance to the DNB and other innovating central banks.

The limited space dedicated to climate change in
the FSRs of the Bank of England (BoE) may also be
surprising, with a total of bigram mentions of around
240 (Fig. 3 and Table 2). While the BoE had con-
tributed several innovations to climate risk analysis
in the 2010s, its FSRs focused on other, seemingly
more urgent matters such as Brexit.!” The absence of
top-down climate analyses is somewhat alleviated by
the fact that the bottom-up stress test results, carried
out using inputs from supervised banks and insur-
ers, were published in May 2022 (Bank of England,
2022).

There are further surprises in Eastern Europe
too. The FSRs of the Romanian Central Bank first
referred to measures aiming at reducing greenhouse
gas emissions already in 2011. This was a description
of a programme financed jointly by the Romanian

17 The contents of an FSR underscore the relative importance
of matters as seen by the team responsible for analyzing finan-
cial stability. Moreover, these reports are written by a limited
number of people in a limited timeframe. Matters such as
Brexit-related calculations or the impac.
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Fig. 3 Number of bigrams
in FSRs between 2000 (or
earliest available) and 2022.
Notes: the map excludes
ECB FSRs; Bulgaria does
not publish FSRs, Greece
started publishing them
only recently. Unfortu-
nately, we could not find

a shapefile which includes
Kosovo

Number of
bigrams

Government, the EU, IMF and the World Bank to
improve the country’s energy efficiency. In 2019,
Romania’s FSR mentioned climate change again. The
special section of the FSR on climate started with
discussing funds the EU had been spending on tack-
ling climate change, followed by a high-level analy-
sis showing the vulnerability of the financial system
to climate risks in the country. Elsewhere, Serbia’s
central bank addressed climate change in the FSRs
of 2018 and of 2020. Besides the description of basic
ideas and indicators, both reports mentioned credit
lines provided by the European Bank for Reconstruc-
tion and Development (EBRD). In comparison, Slo-
venia, a Eurozone member, also dedicated consider-
able space to the transition risk of its financial sector
in its FSR of 2019, admitting that the country had
already met the 2030 emissions target in that year.

The sources of climate change risk considerations

The analysis of climate change-related citations in
FSRs provides direct evidence on the influence a
central bank has on others. Table 3 shows the grad-
ual disappearance of national central banks from
the top positions of influence'®: references to papers

and talks published the DNB and the Bank of Eng-
land dominated FSRs in 2018, including DNB
(2017), Schotten et al. (2016) and Vermeulen et al.
(2018) for DNB, and speeches of Carney (2015) as
well as Batten et al. (2016) for the Bank of England.
DNB and BoE positions decline over time and dis-
appeared from top five in 2021 and 2022. Once the
community of central banks processed their innova-
tions, approaches and methods to climate change
risks underwent coordination, and international
bodies grew to dominate the rankings of influ-
ence, led by the ECB, Network of Central Banks
and Supervisors for Greening the Financial System
(NGFS), and Intergovernmental Panel on Climate
Change (IPCC). This is direct evidence in favour
of our third hypothesis, stating that innovative

8 An interesting observation on the significance of proxim-
ity and distance we made is that we found only two references
to writings by the US Federal Reserve (by the Swiss and the
Dutch Central Banks), and no reference at all to the influen-
tial ‘Report of the Climate-Related Market Risk Subcommit-
tee, Market Risk Advisory Committee of the U.S. Commodity
Futures Trading Commission’ (Behnam and Litterman, 2020).
This is despite the fact that its topics are fairly similar to the
points discussed by the ECB and other European FSRs. Like-
wise, there is only one single reference (by the National Bank
of Serbia) to an Asian central bank (to the Bangladesh Bank).
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Table 3 The most cited references on climate change in European central banks’ FSRs

rank | name | count | share name count name count name count name count name count
1 ECB 68 12% | DNB 11 journal paper 18 ECB, journal paper 14 ECB 21 ECB 24
journal Bank of England,

2 Jpauper 68 12% | journal paper 8 NGES g 16 EC 9 journal paper 20 journal paper 8

3 NGFS 45 8% Bank of England 5 EC 13 NGFS 6 NGFS 17 Banca d'ltalia 5
B: d'ltalia, DNB, EIOPA,

4 |ec 35 | 6% |ners 3 Jons ecB 9 anca d ftafla, OIS, | 4 Jirce 10 |ircc 4
ESRB, UN

5 DNB 29 5% EC, TCFD 2 UN 8 Bank of England, BIS 3 EC 8 BIS, EBA, EC 3

Institutions with the same number of citations are separated with a comma. BIS Bank for International Settlements, EBA European
Banking Authority, EC European Commission, EIOPA European Insurance and Occupational Pensions Authority, ESRB European
Systemic Risk Board, /PCC Intergovernmental Panel on Climate Change, TCFD Task Force on Climate-Related Financial Disclo-

sures

knowledge accumulates at the ECB, from where it
gets redistributed again.

The directed graph of references in Fig. 4 zooms
in on central bank publications only, visualizing
our argument further. The arrows point from cen-
tral bank FSRs towards other central banks which
are referenced. The years represent the publication
year of the FSRs. The graph visualizes the central-
ity of the DNB and the Bank of England in 2018,
which only grew stronger in 2019. The pandemic
year of 2020 generated a lower number of cita-
tions compared to the preceding year. Neverthe-
less, in that year the ECB became the most cited
central bank, and its dominance expanded further
in 2021. In 2022 the absolute number of references
declined, but the ECB’s central location remained
unchallenged.

Besides the centralization of citation patterns,
the institutional agreement in methodological ques-
tions was underscored by the ECB itself: “a growing
body of empirical evidence on climate-related risks
to financial stability has now provided a robust ana-
Iytical foundation for macroprudential policy con-
siderations” (ECB/ESRB, 2022, 3). The focus has
gradually shifted from discussing research to refine-
ment questions, and to regulation. Both ECB/ESRB
(2022) and the EBA (2022) papers started study-
ing the ways climate risks can be incorporated into
a macroprudential risk framework, implying that
the regulators consider options on how higher or
lower climate risks in bank portfolios should appear

@ Springer

in capital allocation processes. More specifically,
the EBA (2022, 12) states, “[t]he analysis demon-
strates that the Pillar 1 framework already includes
mechanisms that allow the inclusion of new types of
risk drivers such as those related to environmental
risks”. Such a regulation on climate risks and capi-
tal requirements would move the process of climate
risk analysis even higher up the institutional ladder,
to the EU legislation level, which would represent
an additional centralization of an analytical method
which initially started as an innovation outside the
centre of the hierarchy.

Conclusions

Our goal was to examine the spatial and temporal
process of financial innovation, as climate change risk
analytical methods gradually conquered the pages of
financial stability reports (FSRs) issued by European
central banks. At least three major factors influenced
the process: the evolving interpretation of central
bank mandates as a result of public pressure, the rec-
ognition of the salience of climate change by central
banks, and the spread and availability of know-how
related to the analysis of physical and transition-
related climate change risks.

Our results, based on identifying climate change
related mentions and references within 941 FSRs
of 38 central banks in Europe, confirmed our three
hypotheses. First, we showed that the tipping point
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Fig. 4 Citation directions
in FSR reports. Notes:
Arrows point from the
central bank that used a ref-
erence in their FSR towards
the cited institution. The
graph shows the number of
links. Lines have the same
weight irrespective of the
number of citations

in climate risk analysis was the Paris Agreement of
2015, followed by the decisions of elected politi-
cians, among them, MEPs of the European Parlia-
ment (EP, 2018), to explicitly instruct central banks
to consider climate change in their policies. It was,
however, a few central banks influenced less by a
narrow interpretation of their mandates and exposed
more to climate change threats, among them, the
Dutch Central Bank (DNB), which developed meth-
odological innovations and started publishing them.

Second, we showed that physical and organiza-
tional proximity mattered in the spread of climate risk
analytical techniques. Countries in the proximity of
the Netherlands, as well as Eurozone members, were
among the first adopters, followed by other countries
outside the Eurozone, and the EU. This observation
underscored the expectation that distances and geog-
raphies matter and have a major role in determining
the way European central banks are looking at cli-
mate risk exposures.

Third, our analysis of citations and references
within FSRs has demonstrated that this successful
innovation required the involvement of the centre,
with the ECB gradually turning into an aggrega-
tor of analytical knowledge, and as a result, serving
as a reference point for all central banks pursuing

new research and analysis in this area. This cen-
tralization ensures the EU-wide acceptance of the
results, catalyses communication and cross-country
comparisons, as well as makes economies of scale
possible. Moving forward, the role the ECB played
in the organizational and social acceptance of the
results of climate risk analysis may be a prerequi-
site for a uniform macroprudential treatment of cli-
mate change risks within the EU to be reflected in
regulation.

To be sure, financial stability reports will not save
us from the climate disaster and are only a reflection
of whether and how central banks consider climate
change risks in their analysis. Nevertheless, in order
to make finance, and more specifically, banking an
effective player in the arduous journey towards net
zero, ideas to be implemented not only require the
involvement of its individual actors, but should be
catalysed by a flexible central player open to inno-
vation. It can provide fruitful avenues for thought
exchange by reducing the effects of geographical
distance, and generate positive externalities. Further,
such central players may impose regulatory frame-
works with success once a mutually acceptable and
implementable solution is found and supported by its
members.
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Appendix

Table 4 The final list of stemmed bigrams (i.e. two consecu-
tive words after the removal of stopwords (‘the’, ‘a’, etc.) and
word endings) used to identify climate change focus within the
FSRs is listed here. We classified each bigram manually if they
are transition risk related, physical risk related or both. This
list can be used as a reference dictionary in climate change risk

related analysis

bigram risk type
absolut emiss Transition
action climat Both
address climat Both
aerosol impact Both
agreement target Both
anthropogen emiss Transition
assess climat Both
atlant hurrican Physical
atmospher carbon Both
averag emiss Transition
baselin orderli Both
biomass burn Both
blind spot Both

burn black Transition
carbon balanc Transition
carbon border Transition
carbon budget Transition
carbon concentr Both
carbon cycl Transition
carbon dioxid Transition
carbon economi Transition
carbon emiss Transition
carbon feedback Both
carbon financ Transition
carbon footprint Transition
carbon intens Transition
carbon neutral Transition
carbon premium Transition
carbon price Transition
carbon risk Transition
carbon sink Transition
carbon tax Transition
carbon taxat Transition
carbon transit Transition
cascad climat Physical

@ Springer

Table 4 (Continued)

bigram risk type
cat model Physical
cata stroph Physical
catastroph climat Physical
catastroph event Physical
catastroph model Physical
catastroph risk Physical
cdr technologi Transition
challeng climat Both
challeng polit

chang climat Both
chang commun Both
chang mitig Physical
chang risk Both
chronic physic Physical
citi resili Physical
clim chang Both
climat action Both
climat attribut Both
climat catastroph Physical
climat chang Both
climat crisi Both
climat damag Physical
climat data Physical
climat event Physical
climat financ Both
climat hazard Physical
climat impact Physical
climat justic Both
climat mitig Both
climat model Physical
climat neutral Both
climat polici Both
climat relat Both
climat respons Both
climat risk Both
climat scenario Both
climat scienc Both
climat servic Both
climat shock Both
climat specif Both
climat stress Physical
climat system Physical
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Table 4 (Continued)

Table 4 (Continued)

bigram risk type bigram risk type
climat target Both energi product Transition
climat variabl Both energi sector Transition
climateg inquiri Both energi sourc Transition
cloudi pictur Both energi system Transition
coal mine Transition energi tax Transition
coastal flood Physical energi technologi Transition
coastal lender Physical energi transit Transition
coastal properti Physical environ agenc Both
combat climat Both environ chang Both
consensu predict Both environ re Physical
conserv measur Both environment chang Physical
cool polar Physical environment extern Both
damag function Both environment harm Both
deep ocean Physical environment object Both
degre celsiu Both environment polici Both
delai transit Both environment protect Both
disast risk Physical environment qualiti Both
disclosur tcfd Transition environment risk Physical
disorderli transit Both environment sustain Both
disrupt energi Transition environment tax Transition
dry southern Physical estim climat Both

dt hhw Both eu emiss Transition
durrani volz Both eu taxonomi Transition
earth system Physical european environ Both
effect carbon Transition european green Both
embed climat Both explicit carbon Transition
emiss data Transition extrem climat Physical
emiss gap Transition extrem heat Physical
emiss intens Transition extrem physic Physical
emiss pathwai Transition extrem temperatur Physical
emiss reduct Transition extrem weather Physical
emiss target Transition fiduciari duti Both
emiss trade Transition fight climat Both

emit firm Transition financ emiss Transition
energi consumpt Transition financ green Both
energi cost Transition fl ga Both
energi demand Transition flood damag Physical
energi effici Transition flood hazard Physical
energi intens Transition flood insur Physical
energi label Transition flood loss Physical
energi mix Transition flood prone Physical
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Table 4 (Continued)

Table 4 (Continued)

bigram risk type bigram risk type
flood protect Physical greenhous ga Both
flood risk Physical greenhous gase Both
flood scenario Physical hazard simul Physical
fluvial flood Physical heat stress Physical
forest carbon Both hhw ot Both
fossil fuel Transition hhw scenario Both

fr ngf Both hot hous Both
fuel sector Transition hot summer Both
futur climat Both hous world Both
futur flood Physical http www.ipcc.ch Both

ga emiss Transition hurrican activ Physical
ga ghg Transition hurrican andrew Physical
geograph locat Physical hurrican risk Physical
ghg concentr Both hurrican season Physical
ghg emiss Transition ibach urgentem Both
global catastroph Physical iipp wp Both
global climat Both implicit carbon Transition
global emiss Transition incentivis risk Both
global forest Both includ climat Both
global ocean Physical incorpor climat Both
global temperatur Physical increas climat Both
global warm Both increas flood Physical
gradual warm Both indirect emiss Both
grai hazard Both integr climat Both
green activ Both intergovernment panel Both
green asset Both intern carbon Transition
green bank Both intern energi Both
green bond Both irrevers natur Physical
green credit Both issu green Both
green deal Both level rise Physical
green financ Both low carbon Both
green firm Transition marin invad Physical
green growth Both mass extinct Physical
green index Transition materi climat Physical
green innov Transition mitig climat Physical
green invest Both mitig measur Both
green loan Both monetari green Both
green ge Both nat clim Physical
green support Both nat hazard Physical
green technologi Both nation flood Physical
green transit Both natur capit Both
green univers Transition natur catastroph Physical
greener economi Both natur climat Physical

@ Springer
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Table 4 (Continued)

Table 4 (Continued)

bigram risk type bigram risk type
natur disast Physical snow albedo Both
natur ga Transition solar power Transition
natur hazard Physical specif climat Both
nawm model Physical sri strategi Both

ngf climat Both strand asset Transition
ngf scenario Both summer extrem Physical
north atlant Physical summer heat Both
object green Both surfac temperatur Physical
ocean acidif Physical sustain financ Both
ocean warm Physical sustain futur Both
optim carbon Transition sustain insur Physical
orderli scenario Both sustain invest Transition
orderli transit Both system ngf Both

pari agreement Both target power Transition
past reveal Both temperatur anomali Physical
petroleum agricultur Transition temperatur increas Physical
physic capit Physical temperatur rise Physical
physic climat Physical transit cost Transition
physic collater Physical transit disorderli Both
physic damag Physical transit hot Both
physic risk Physical transit polici Transition
polit climat Both transit risk Transition
pollut bond Both transit scenario Transition
power plant Transition transit vulner Transition
price climat Both tropic cyclon Physical
promot green Both u. energi Both
public www.nature.com Both u. environment Both
quantifi climat Both urgentem data Both
reduc emiss Transition volz ecolog Both

rel emiss Transition vulner factor Physical
renew energi Both water infrastructur Physical
rise sea Physical water suppli Physical
risk cascad Physical weather deriv Physical
risk hot Both weather event Physical
sea ic Physical wide climat Both

sea level Physical world hot Both

sea surfac Physical www.nature.com naturecli- Both

matechang
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