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World Cultural Heritage sites are under
climate stress and no emissions
mitigation pathways can uniformly

protect them
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Climate change increasingly threatens cultural heritage, yet global studies remain limited. Here we use
an analytical hazard—-vulnerability—exposure framework, combining global climate reanalysis and
multi-model projections with site-level material inventories, to track climate stress on United Nations
Educational, Scientific and Cultural Organization World Heritage sites in the past (1961-1990), present
(2010-2040) and future (2070-2100). We find that 80% of sites already experience harmful heat and
moisture disturbance, and nearly 19% are threatened on more than one key material such as stone and
wood. A low-emission future (SSP1-2.6) could spare about 40% of at-risk sites, whereas a medium-
emission (SSP2-4.5) future offers far less relief. Regional and material disparities persist, highlighting
that no single mitigation pathway can uniformly protect all sites. The results guide resource

prioritization and locally tailored protection strategies.

Climate change poses immediate threats to UNESCO World Heritage sites,
necessitating targeted preservation strategies'. Many sites face increasing
climate-induced stress (CIS), including weather extremes and variability
that often exceed the tolerance of heritage materials’™, demanding
immediate adaptation strategies™. Because heritage materials such as wood
and stone respond differently to temperature and moisture swings, risk
assessments must first quantify material-specific vulnerabilities before
aggregating site-level CIS. Tackling these challenges aligns directly with
Sustainable Development Goals (SDGs) 11 on sustainable cities and com-
munities and 13 on climate action, emphasizing the global importance of
cultural heritage preservation.

Although UNESCO and other international organizations have
acknowledged climatic change as one of greatest threats to preservation of
heritage values by 2016*™*, ignoring material differences can misallocate
conservation resources, leaving sensitive sites under protected. Meanwhile,
most existing studies remain region-specific, predominantly focusing on
Europe’, with only about 10% addressing Asia, 2% focusing on South
America, and merely 1% on Africa®. This regional bias limits the

applicability of research methods and may not translate globally'”. These
disparities complicate global heritage management: high-density heritage
regions require precise policies to identify and prioritize the most threatened
sites, while low-density regions risk being overlooked, resulting in resource
allocation gaps and potential heritage losses”™". The lack of global assess-
ments and limited scientific evidence impedes the development of effective
strategies to protect sites under the escalating threat of climate change as
highlighted in article 27 of UNESCO’s Climate Action Policy 2023°.
Previous literature on the climate stress affecting cultural heritage has
focused on three main aspectsS’lz. First, sudden extreme climate events such
as storm surges"’, floods"*"°, landslides'*"” and fire "*have been studied for
their immediate and prolonged effects on heritage sites. Second, gradual
climate-induced degradation of heritage materials has been analyzed
through dose-response models and experimental case studies, revealing how
specific materials—such as limestone—deteriorate under long-term chan-
ges in temperature, humidity, precipitation and biological exposure'’™".
Third, research has concentrated on indoor heritage protection, empha-
sizing how outdoor environmental disturbances affect indoor
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microclimates' >, Although many thresholds of change between heritage
sites and ecosystems are not yet fully understood™, these studies present an
ever-present challenge to heritage sites: climate-driven changes may lead to
inevitable impacts on ecosystems and eventually threaten outstanding
universal values (OUV) across regions' .

Despite these efforts, several gaps remain: (i) Many large-scale studies
estimate climatic impacts based on buffer zones or coordinate points rather
than actual exposed structures'*"". However, site area or location does not
equate to exposure from climate hazards, and misjudging the surface-air
interface can lead to poor risk estimates, inefficient resource allocation, and
misguided preservation decisions—especially in low income regions™; (ii)
Many case studies focus on single-material structures, while regional
assessments often assume uniform materials—making it hard to capture
how mixed-material ensembles respond differently to the same hazard. (iii)
Current models do not capture country-level spatial disparities or identify
where climate stress remains high or changes little under low-emission
pathways such as SSP1-2.6, thereby limiting our understanding of regional
vulnerability””*. These issues highlight challenges in implementing SDG-
aligned strategies for heritage preservation, resource allocation, and adaptive
governance”. To address these gaps, we propose a CIS metric based on
climate thresholds, providing clear risk indicators to guide equitable
resource allocation'>**,

Central to addressing these gaps is the notion of damage thresholds—
quantitative climate limits for each material. Therefore, we apply a
hazard-vulnerability-exposure (HVE) framework to assess changes in CIS
across UNESCO cultural heritage sites. We begin by identifying material-
specific thresholds (vulnerabilities) for the two main materials in historic
buildings—wood and stone—as they respond differently to climate stress.
For instance, existing literature reports that wood tends to crack during
~15 °C rapid cycles, while stone erodes can occur during ~10 °C cycles'***.
Using these thresholds, we then count the frequency of CEs (hazards)
exceed the limits at each site and quantify the exposed surfaces of heritage
structures (exposure) using 3D building footprints™, yielding a site-level CIS
index. This enables us to assess threats on sites among three-time frames—
the past (1961-1991), present (2010-2040), and future (2070-2100).

We map CIS for UNESCO cultural heritage sites, rank the timing and
magnitude of threshold exceedance (Fig. 1), and display regional patterns
(Figs. 2-3). To test what can still be protected, we run two CMIP6 pathways
that bracket the policy-relevant range used by IPCC WG II: SSP1—-2.6
(=1.8 °Cmedian warming by 2100, a Paris-aligned low-emission future) and
SSP2-4.5 (=2.7 °C, consistent with current pledges)™. These scenarios reflect
realistic planning pathways, while higher-emission scenarios offer limited
immediate guidance and are thus excluded. Although over 40% sites lie in
Europe and North America’, we pay special attention to how the same
material thresholds play out across the Global North-South divide, high-
lighting where low- and middle-income countries face disproportionate
compound-event pressure yet receive the least conservation support
(Figs. 4-5). The resulting open-source dataset and scalable workflow pro-
vide a foundation for UNESCO and national agencies to prioritize adap-
tation investments, streamline periodic reporting, and offer future studies a
reproducible global baseline.

Results

Global-scale risk and potential rescue of UNESCO heritage
Hereinafter, ‘threat’ refers to the observed change in CIS from 1961-1991 to
2010-2040, driven purely by observed climate trends and excluding any on-
site adaptation. ‘Mitigation benefit’ is the 2070-2100 reduction in CIS
(Avoided-CIS) if the world follows SSP1-2.6 rather than SSP2-4.5, thereby
isolating emission-pathway effects and likewise ignoring local measures.
SSP1-2.6 (~1.8°C) and SSP2-4.5 (~2.7°C) bound the warming range
highlighted by IPCC WG II (see “Methods: Future scenario simulation”).

Key findings at a glance. Figure 1 highlights global hotspots of threa-
tened CIS on UNESCO cultural heritage driven by climatic CEs, along
with the potential to mitigate these impacts under a low-emission

pathway. Our analysis shows that 19% UNESCO sites currently experi-
ence CIS levels that exceed thresholds for both stone and wood—a
condition intensified by CEs—when comparing 1961-1991 to
2010-2040. If the world follows SSP1-2.6, ~9.7% of these sites at dual-
material vulnerability risk could experience substantial relief from CIS in
2070-2100. These insights underscore the critical role of heritage con-
servation, climate adaptation, and disaster risk management in safe-
guarding culturally important sites, aligning with global sustainability
efforts under the Paris Agreement and the SDGs.

Major regional hotspots. Four regions emerge as notable hotspots
where acute stress or mitigation benefit is especially pronounced:

¢ Central and Eastern Europe: Despite having relatively flat exposure
slopes (as indicated by k in Fig. 1a, showing that TEA does not dras-
tically change SEA), accelerating heatwaves and heavy precipitation
lead up to 44 sites exceeding stress thresholds. Encouragingly, many of
these sites could benefit greatly under SSP1-2.6, suggesting that
proactive climate policies can be pivotal in reducing CIS.

* Arab States & South America: wood- is not yet severely threatened,
but even the low-emission scenario brings only modest preservation.
This underscores gaps in adaptive capacity—beyond emission
reductions alone—and calls for heightened disaster risk management
plans tailored to local cultural and climatic realities.

* Africa: African sites exhibit high intercepts in total and specific
exposure (b in Fig. 1a), meaning even smaller sites have sizeable vul-
nerable footprints. Fewer than 30% of these sites show mitigation
benefit under SSP1-2.6, emphasizing the pressing need for robust,
region-specific ~adaptation strategies in historically under-
resourced areas.

* North America: Although overshadowed in terms of total UNESCO
site count compared to Europe or Asia, North America shows the
greatest preservation potential under a low-emission trajectory: around
72% of stone structures and 44% of wood structures could see
meaningful CIS reductions. This contrast with the region’s previously
mixed climate policy record spotlights the global gains achievable
through more rigorous intervention.

Time-evolving threats and mitigation benefits under different
pathways

After discussing global hotspots, we now quantify how cultural heritage
have already been affected by climate change and how much impact could
still be avoided by presenting the full maps of heritage sites with ACIS.

Cultural heritage already affected (past vs. current). By using the past
period (1961-1991) as a baseline”’, we quantified shifts in CIS for the
current era (2010-2040). Figure 2 shows the ACIS,,; s pas—Where a
positive value indicates rising CIS and a negative value suggests easing
conditions. Overall, 80% of sites exhibit increased CIS in either wood or
stone thresholds, and 19% face dual-material vulnerability—meaning
both stone and wood thresholds are exceeded, likely driven by heatwaves
and extreme precipitation. This proportion highlights the broadening
impact of climate variability, affecting not only recognized hotspot areas
in result 1, but also emerging regions under stress.

* Inland Regions Intensifying: Although Result 1 has already identified
Europe and parts of Asia as key clusters, the ACIS ;o _pas; SPecifically
shows that inland regions (such as central Europe) often experience
moderate to severe stress, consistent with intensifying CEs away from
coastal microclimates. In Asia, 11.45% of sites already exceed both
material thresholds, especially across Central China and Central Asia.
This observation is aligned with previous studies’”, which have
highlighted similar patterns of heightened climate-induced stress in
inland regions.

» Emerging Stressors: In semi-arid or tropical zones—such as parts of
southern Africa and South America—site density may be lower, but
many locations report substantial CIS increases. This escalation aligns
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Fig. 1 | Global hotspots and mitigation benefits for UNESCO cultural heritage.
a Map of UNESCO cultural-heritage sites (n). For each continent, we plot TEA on
the x-axis against SEA (TEA/ground area) on the y-axis and report the fitted slope
(k), which shows how unit-area exposure changes as total exposed surface grows. A
low k (=0.08 in Europe) findicates that very large sites gain little additional SEA—
typical of horizontally extensive yet low-rise ensembles. A high k (=0.25-0.26 in the
Americas) means larger TEA is accompanied by proportionally higher SEA,
implying taller or more densely packed structures. The intercept (b) gives the
expected SEA of a minimally sized site. Outliers (o) that fall outside the TEA-SEA
trend are kept for transparency. Detailed continent-level regressions are shown in
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Supplementary Fig. 1. b Listed countries are those facing threats in CIS on any
material under the current scenario (current vs. past) and showing mitigation benefit
under the future scenario (SSP2-4.5 vs. SSP1-2.6). ¢ Number of sites with any
material (current vs. past) has exceeded thresholds due to CEs, comparing the period
2010-2040 to 1961-1991.d Number of sites with positive Avoided-CIS under
SSP1-2.6, indicating how reduced emissions can lower the exceedance of material-
specific thresholds for both stone and wood heritage structures (See “Methods, Step 7
for ACIS categorization rationale”). Map generated with ArcGIS Pro 3.2 (Esri).
Country boundaries: RESDC, CAS, https://www.resdc.cn/data.aspx? DATAID=205.

with frequent heatwaves, drought, and extreme heat events that
intensify material weathering and structural decay™.

* Implications: This historical-to-current shift clarifies which areas have
already experienced accelerated degradation, underscoring how
regional climatic trends can magnify or moderate existing vulner-
abilities. By pinpointing these early-warning signals, conservation
efforts can be better prioritized, especially for sites not covered in the
hotspots of Result 1.

Heritage mitigation benefit (avoided-CIS, SSP2-4.5 vs. SSP1-2.6).
Looking ahead to 2070-2100, Fig. 3 assesses potential gains if the world
adopts a low-emission pathway (SSP1-2.6), contrasting it with a mod-
erate emission trajectory (SSP2-4.5). Rather than re-examining the same
regional patterns in detail, we focus on overall mitigation benefit in CIS

and the geographic pockets most likely to benefit from robust emission
cuts. Our analysis indicates that up to 40% of UNESCO sites can achieve
marked CIS relief under SSP1-2.6, reinforcing the practical payoff of
ambitious climate mitigation. Even for regions not currently facing the
most extreme conditions, efforts to limit warming can still mitigate future
CEs, thereby benefiting the conservation of cultural heritage.

* Benefits for Sites with Less Severe Stress: For instance, many North
American sites, though moderate in current CIS levels™, could see 36%
achieve positive shifts under SSP1-2.6. This echoes findings from
Result 1, showing that even areas with fewer heritage assets or his-
torically milder extremes still gain from stringent mitigation pathways.

* Stronger Impact near Major River Basins: Certain river-basin or
lowland areas—such as the Yangtze Basin in China, the Lower
Danube Plain in Europe, and the Rio de la Plata Basin in South
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Fig. 2 | Spatial distribution of threatened cultural heritage sites (ACIScyrrent-past)-
ACIS yprent—past captures only the rise in CEs since 1961, excluding non-climatic
stressors such as, e.g., tourism, regional pollution. Consequently, the true risk may be

higher at heavily visited or poorly managed sites (See “Methods, Step 7 for ACIS
categorization rationale”). Map generated with ArcGIS Pro 3.2 (Esri). Country
boundaries: RESDC, CAS, https://www.resdc.cn/data.aspx?DATAID=205.
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Fig. 3 | Spatial distribution of mitigation benefit (Avoided-CIS): SSP2-4.5 vs.
SSP1-2.6. ACISgsp,45_sspia6 gives each site’s mitigation benefit (Avoided-CIS).
Larger positive values indicate greater avoided stress, whereas near-zero or negative
values mark areas where mid- and low-emission pathways yield similar outcomes.

Avoided-CIS consider only reduction of CEs (temperature-then-humidity) and
exclude non-climatic stressors (See “Methods, Step 7 for ACIS categorization
rationale”). Map generated with ArcGIS Pro 3.2 (Esri). Country boundaries: RESDC,
CAS, https://www.resdc.cn/data.aspx?DATAID=205.
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Fig. 4 | Country-level proportions of threatened vs. benefited sites. This

figure summarizes the status of UNESCO cultural heritage sites under the current
climate window (2010-2040) and the future low-emission pathway SSP1-2.6
(2070-2100). Percentage of sites where either stone or wood exceeds its threat
threshold (a-1) or attains a mitigation benefit (b-1). Percentage of sites where
both stone and wood simultaneously exceed threat thresholds (a-2) or both
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record mitigation benefits (b-2). Absolute numbers of threatened (a-3) and
mitigation-benefited (b-3) sites aggregated by continent. For data processing and
threshold definitions, see “Methods”. Map generated with ArcGIS Pro 3.2 (Esri).
Country boundaries: RESDC, CAS, https://www.resdc.cn/data.aspx?
DATAID=205.

America—stand out for strong potential for preservation. In
these locales, adopting SSP1-2.6 notably reduces the frequency
of threshold-exceeding climate events, delivering more stable
conditions for both materials.

Minimal Gains in Some Regions: However, parts of the Southern
Hemisphere and Northern Europe register modest changes,
implying that current climate (semi-arid or high-latitude) does
not diverge drastically between SSP2-4.5 and SSP1-2.6.
Researchers have suggested that in Northern Europe, for
instance, snow cover dynamics and nighttime warming patterns
reduce the relative difference in extreme events between low-
and medium-emission scenarios' ™.

Why do some sites fare worse or better?

To clarify the factors influencing CIS in UNESCO heritage sites, we applied
a panel regression model (Table 1) that evaluates exposed area, CEs, and
their interactions (see “Methods 4”). Below, we synthesize four key insights
drawn from our analysis under both SSP1-2.6 and SSP2-4.5.

Heritage faces steadily intensifying climate pressure. Our regression
analysis shows that CIS has markedly increased over time (see Table 1,
Yeurrent VS Vfuture)> €specially under SSP2-4.5. Assuming all other factors
remain constant, wood-based sites may see an estimated 40% CIS rise

under SSP1-2.6 and 62% under SSP2-4.5 from the past (1961-1991) to
the current/future period, while stone-based sites could experience even
larger increases (114% and 116%). These estimates imply that both stone
and wood heritage are at heightened risk of damage from more frequent
or intense compound events (CEs), underscoring the need for early cli-
mate adaptation measures.

Specific exposed area matters more than total size. Positive S,
values across all models confirm that sites with larger specific
exposed surfaces, regardless of total site size, are more prone to climate-
induced damage. Therefore, conservation efforts should prioritize zones
with high SEA (e.g., improved drainage or protective barriers), as these
high-exposure areas have the greatest vulnerability to repeated stress
events.

Wood-based heritage faces greater repeated-stress vulnerability.
The positive 6,,,,,,; for wood (e.g., 0.0086**) indicates that wooden
heritage deteriorates more severely with repeated climate disturbances,
whereas stone sites (with negative 6,,,,.,,) show a reduced rate of
increasing vulnerability over time. This outcome suggests that wood
structures may require sustained maintenance interventions (e.g., seal-
ing, anti-rot treatments), while stone sites may benefit from periodic
structural reinforcement.
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Larger wooden sites demonstrate higher adaptive resilience. The
negative B, .o for wood indicates that larger wood-based sites, despite
having extensive exposed surfaces, often incorporate architectural or
conservation features that help offset climate extremes. As a result,
adaptive policies (e.g., roof overhangs, elevated foundations) can lower
the effective exposure per unit area, offering a viable strategy to enhance

resilience for big, complex heritage sites in moderate- to high-emission
contexts.

National disparities in threats and mitigation benefits
Threat and mitigation benefits. A deeper country-level analysis clarifies
how policy responses may vary. Our findings show that Southern
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Table 1 | Regression results of CIS across time frame between materials

Sample/ Coef. ﬁo ﬁSEA ﬁCE ﬁSEA*CE Yeurrent Viuture Ocurmnt efuture
SSP1-2.6 Stone 19.3310™" 0.1594" 0.0062""" 0.0001 0.5807"" 1.1372"" —0.0008™ —0.0030""
SSP1-2.6Wood 17.6465™" 0.1559" 0.0307"" —0.0012 0.2845™" 0.3987"" 0.0086" 0.0060""
SSP2-4.5 Stone 19.3116™" 0.1598" 0.0062""" 0.0002 0.5665" 1.1600™" —0.0007" —0.0031""
SSP2-4.5 Wood 17.60417" 0.1486" 0.0338™" —-0.0015" 0.3272™" 0.6191™ 0.0086"" 0.0026°

*p<0.1.

**p<0.05.

**¥p <0.01.

Hemisphere nations often exhibit high proportions of threatened
heritage sites—whether in stone or wood (Fig. 4-a) or dual-materials
(Fig. 4-b). By contrast, certain Northern Hemisphere regions (such as
Central Europe, Southeast Asia, and North America) have high pro-
portions of heritage sites threatened in at least one material, but far fewer
with dual-material vulnerabilities.

Under future scenarios (Fig. 4b-1), adopting SSP1-2.6 yields the most
notable mitigation benefit (Avoided-CIS) across large parts of Eurasia, even
where current climate stress is minimal. For example, Russia and many
Central Asian states show above 64% mitigation benefits in either stone or
wood heritage, while Argentina, Uruguay, and Zimbabwe also demonstrate
strong preservation potential). However, the proportion of sites with dual-
material preservation remains below 25% in most countries, with exceptions
in Iran and a few Central European nations, including Hungary, Czech
Republic, and Austria (Fig. 4b-2).

Although the low-emission pathway delivers substantial overall miti-
gation benefits for heritage, major challenges remain. Across all continents
except North America, the number of possible preserved heritage sites
under SSP1-2.6 falls short of the number currently affected (a-3 vs. b-3).
Furthermore, the number of sites where both stone and wood exhibit
simultaneous preservation potential are notably low—Europe leads with 36
sites, followed by Asia with only 5 sites. This indicates that under SSP1-2.6,
the frequency of future compound climate events exceeding the reference
thresholds for both materials is marked reduced. These discrepancies
highlight that even under ambitious mitigation efforts, many regions face
complex heritage challenges linked to distinct material vulnerabilities.
Consequently, we next explore how variations in stone-wood vulnerabilities
shape divergent management needs.

Divergent material vulnerabilities and gaps. Comparisons of stone vs.
wood at the country level reveal moderate discrepancies under current
conditions, yet these disparities can widen substantially. For example,
Central Asia and Russia report relatively high mitigation-benefit rates
under SSP1-2.6 (Fig. 4) but show 67-100% differences between stone and
wood preservation. In future scenarios, regions with large proportional
disparities shift from Africa, South Asia, and North America to Central
Asia and Russia, where material-specific differences account for up to
43% of the total heritage sites.

Figure 5¢ highlights the absolute differences in preservation between
materijals. All continents, except North America, show marked reduc-
tions in material-specific disparities under SSP1-2.6, suggesting that
most regions would benefit from mitigation efforts, although spatial
disparities persist (Fig. 5b). In contrast, North America shows an increase
in the absolute difference between stone and wood preservation com-
pared to current threat scenarios. This trend aligns with the earlier
finding in Result 3.2, where many heritage sites in North America
exhibited ACIS as rare impact (see Fig. 3). These results emphasize that
no single pathway uniformly benefits all heritage types. In some coun-
tries, stone heritage might be better preserved while wood lags behind—
or vice versa. As highlighted earlier, reducing emissions alone cannot
guarantee comprehensive protection, therefore, it is necessary to incor-
porate material-specific thresholds into risk assessments to ensure cul-
tural heritage receive tailored interventions suited to local conditions.

Discussion and conclusion

World Cultural Heritage properties stand as remarkable achievements of
humankind and serve as evidence of our shared intellectual history. By
employing an HVE assessment framework, we show that nearly 80% of
UNESCO cultural heritage sites are now subject to threats from CEs, and
that a Paris-aligned pathway (SSP1-2.6) could still spare roughly 40% of
those otherwise on course for severe degradation by 2070-2100. These
global figures mirror the threat recently documented for natural World
Heritage sites', while extending the warning to cultural assets and, crucially,
to low income regions that earlier regional surveys left largely uncharted.

A central message of our analysis is that CIS on cultural heritage is
neither uniform nor linear: it varies sharply by place, period and materials.
Some regions that shoulder today’s heaviest CEs loads— parts of coastal East
Asia and northern Australia—level off or even ease later in the century
(Fig.2), while risk escalates in Central Asia, the tropical Andes and much of
Central Europe (Supplementary Fig. 2). Materials diverge just as strongly.
Limiting warming to ~1.8 °C (SSP1-2.6) by 2070-2100, instead of ~2.7 °C
(SSP2-4.5), reduces threshold-exceeding CEs by ~13% for stone and ~25%
for wood—so while mitigation may slow salt crystallization and frost-
splintering in stone, many wooden structures could still exceed their decay
thresholds. Deterioration accelerates in areas where CEs cluster, leaving
visible signs such as black gypsum crusts on fagades exposed to pollution
and frequent wetting". This crust signals advanced sulphation, traps
moisture, and ultimately requires abrasive cleaning that erodes original
materials and accelerates loss. Over time, such cumulative degradation
threatens the integrity and authenticity that underpin the Outstanding
Universal Value (OUV) of affected heritage sites.

Our findings carry important implications for climate justice and
preservation planning. First, exposure and relief are uneven: in most
southern African states, along the Pacific coast of South America, and across
much of Southeast Asia, more than four-fifths of sites have already
experienced high-frequency CEs that contribute to CIS threats (Fig. 4a).
Even if end-century warming is held near 1.8 °C, countries such as Zim-
babwe, Paraguay, and Kyrgyzstan still show roughly 80% of their cultural
assets under severe CIS (Fig. 4b). Second, from 1961 to the present, material-
specific CIS disparities—between stone and wood—are most pronounced in
regions with limited conservation capacity (Fig. 5). This raises concern
because these regions, in many cases, lack the technical capacity and policy
support needed to address the challenges—unlike Germany, Italy or China,
which, though facing larger absolute numbers of high-CIS sites
(Fig. 2), benefit from greater technical and financial resources. Point-cloud
scanners, micro-climate loggers, and teams of trained conservators—stan-
dard kit in Paris or Beijing—remain rare in many low-resource and island-
state settings, where digital mapping infrastructure might be still limited.

Accordingly, a tiered support framework for cultural heritage,
grounded in multilateral climate finance mechanisms, is needed. Key
instruments include:(i) allocating a dedicated window within the UNFCCC
Loss-and-Damage Fund for heritage risk reduction in low-income coun-
tries, prioritizing smaller or lesser-known sites with high SEA values; (ii)
listing cultural assets as eligible under the Green Climate Fund so adaptation
finance can reach vulnerable sites; and(iii) creating flying-lab consortia
under ICOMOS and ICCROM to circulate 3-D documentation Kkits,
remote-sensing expertise, and on-site training across regions, in partnership
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with local stewards. These proposals are not merely technical fixes; they
reflect a deeper political reality. While responsibility for heritage protection
has traditionally fallen to national governments, however, this model breaks
down under climate pressure. Many low-income countries face impossible
trade-offs between safeguarding cultural assets and meeting urgent
demands in housing, health, and climate resilience. Just as climate change is
the world’s largest market failure, so too is the under-financing of cultural
adaptation: emissions are concentrated in wealthier countries, but the cul-
tural losses fall disproportionately on lower-income regions that lack the
means to assess, document, or protect what is at risk. Therefore, redirecting
multilateral climate finance toward heritage is not a luxury—it is a structural
correction long overdue. Such targeted, cooperative investment would
prevent cultural heritage in low income countries from becoming an unseen
casualty of the climate crisis, and would align preservation with SDG
principles on climate justice, equity, and shared stewardship***.

We acknowledge several limitations. First, our projections isolate the
emissions dimension of climate policy and do not include on-site adaptation
such as drainage or protective shelters; real-world risk may therefore be
lower where such measures exist—or higher where they are absent. Second,
we use building footprints as proxies for heritage value, yet intangible tra-
ditions and sacred landscapes can erode long before structural damage is
visible, underscoring the need for community-based ethnographic mon-
itoring. Third, the climate stressors are limited to daily temperature and
humidity, excluding hazards like storm surges and wildfire'*"*"*. A future
meta-analysis that merges multiple hazard types could establish shared
benchmarks and sharpen the prioritization of site-specific interventions.

Methods

We followed a seven-step workflow based on the HVE framework to
quantitatively assess CIS on UNESCO cultural heritage sites (Fig.6)'**. In
this framework, hazard refers to CEs that could damage heritage materials,
vulnerability denotes the susceptibility of those materials (e.g., wood or
stone) to climatic extremes as determined by their physical properties and
damage thresholds, and exposure represents the extent to which heritage
assets are subject to these hazards (e.g,, the surface area of structures exposed
to air). Using this HVE approach, we integrated diverse datasets and
sequentially evaluated each component—climatic hazards, material vul-
nerabilities, and site exposure—and then combined them into a composite
CIS index. Finally, we compared CIS outcomes across different time periods
and emission scenarios to identify temporal trends and spatial disparities.
The detailed procedure is outlined below.

Step 1. Data compilation

Climate data. 2 m surface air temperature and relative humidity fields at
0.1° resolution across three 30-year periods—past (1961-1991), present
(2000-2030), and future (2070-2100) from the European Centre for
Medium-Range Weather Forecasts (ECMWF) via the Copernicus Cli-
mate Data Store””**—are used to quantify (i) the additional CIS that has
already emerged and (ii) the proportion that could be avoided under
ambitious mitigation scenarios.

Heritage site data. UNESCO’s cultural heritage data are sourced from the
official UNESCO World Heritage List as of June 2024 (https://whc.unesco.
org/en/list). Out of 1,200 World Heritage sites, we focus on 938 sites clas-
sified as cultural or mixed (both cultural and natural) heritage. Sites without
built structures—such as caves, murals, archeological sites, and prehistoric
traces—are excluded since our study aims to investigate the impact of climate
on human architectural footprints. These sites are labeled as no data coverage
in the Figs. 2 and 3. The overall global average effective coverage is 74%,
primarily due to limited satellite imagery availability.

3D building footprints. Building footprint and height data were obtained
from the latest global 3D-GloBFP building database. Footprints come
from Microsoft and Google datasets, whose heights are predicted with
XGBoost model trained on four reference sets (ONEGEO, Microsoft,

Baidu, and EMU)*™*. Independent validation reports median RMSE =~
2.7m and R*=0.89, i.e., >90% of heights fall within +3 m (validation
sample = 1.7 billion built structures), showcasing higher accuracy com-
pared to other global height products™.

Step 2. Climatic hazard assessment

Using the climate data, we identified and quantified CEs at each site as the
primary climatic hazards™*". CEs are defined solely by temperature- and
humidity- disturbance threshold exceedances™”, within a 3-day window. Both
the European Climate for Culture protocol and laboratory tests indicate that
temperature-humidity swings occurring within 3 days trigger the most severe
damage in heritage materials”. This yields an annual CE count per site,
which we average over each 30-year slice to provide the hazard term in Eq. 4.

365
CE; =Y 1(ATy4 n|> Ty A |ARH, ,; y|>RHy) (1)
d=1

where i indexes the heritage site, y the calendar year, n € {1, 2, 3} days, and
T4, RH are material-specific impact thresholds identified in step 3.

Step 3. Material vulnerability analysis

Next, we evaluated the vulnerability of each site’s construction
materials to the identified hazards. We focused on the two most
prevalent heritage materials—wood and stone”””—and applied
established thermal and moisture tolerance thresholds for each™”.
Specifically, we used literature-based criteria for what constitutes a
damaging temperature swing or humidity change for wood and stone
(Table 2). For every extreme event identified in Step 2, we deter-
mined whether the intensity and rate of change would surpass the
material-specific degradation thresholds. This analysis results in a
vulnerability profile for each site, indicating how susceptible its
materials are to the recorded climate extremes (a higher frequency of
threshold exceedance signifies greater vulnerability).

Step 4. Heritage exposure analysis

Using the 3-D GloBFP building dataset clipped to each UNESCO buffer
(https://whc.unesco.org/), we quantified how much fabric at every site is
directly exposed to weather™. For every heritage site, based on area-weighted
mean height (Eq. 2), we calculated the Total Exposed Area (TEA)—the total
exposed surface area of all structures (Eq. 3). Because TEA naturally grows
with the horizontal extent of a site, we also report the Specific Exposed Area
(SEA)—TEA divided by ground area to capture differences in construction
density and height, not merely footprint size (Eq. 4).

Z(Hj xA))

Weighted Height, = —=—-
=4,

@

Total Exposure Area(TEA);, = Weighted Height,P; 4+ A, 3)

, TEA,
Specific Exposure Area(SEA); = o 4)

1

where H; and A; are the height and footprint of building j within site i. P; is
the perimeter length of site i. A larger or more spread-out site might have a
high TEA but a lower SEA, indicating that increasing size does not
proportionally increase unit-area exposure. For detailed insights into the
relationship between TEA and SEA across continents, refer to Supplemen-
tary Fig. 1.

Step 5. CIS calculation

We calculate the CIS using the exposed area of the heritage i and
the frequency of Climatic CEs, ensuring consistency with previous
analyses that emphasize the significance of both heritage exposure and
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Fig. 6 | The hazard-vulnerability-exposure (HVE) framework and CIS assess-
ment process. The flowchart summarizes seven consecutive steps: (1) data compi-
lation; (2-4) evaluation of compound climatic hazards, material-specific
vulnerability (stone, wood) and site exposure (total and specific exposed area, TEA

and SEA); (5-6) calculation of composite CIS and empirical weight calibration; (7)
comparative risk analysis for historical, current and future low- (SSP1—2.6) and
medium-emission (SSP2-4.5) scenarios.

climate-induced events.

To determine how strongly exposure and hazard contribute, we fitted a
fixed-effects panel regression:

CIS,zx = TEA, * CE, (5)
CISit = ﬁo + ﬂSEASEAi + ﬁCECEi.t + [;SEA*CE(SEAiCEi,t) + YCurrem(Scunent
CISi,SEA = SEAz * CEz (6) + Ymtureafuture + chrrent((scurrentCEi,t) + efuture(afutureCEi,t) + Hi + ei,t
@)
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Table 2 | Material-specific temperature and humidity thresholds used to count CEs

Material Typical fabric |AT| Threshold |ARH| Threshold Damage Key References
Stone sandstone, masonry, ~10 °C rapid 30-70% rapid freeze-thaw cycles, surficial damage, thermal micro-cracking,  13,283,50,51,56,57
marbles cycles cycles black-crust, indoor thermal stress
Wood embedded beam heads ~15°C rapid 30-70% rapid decay mechanical damage biodegradation 13,23,55
cycles cycles

where t indexes the three 30-year slices, § are time-period dummies, and p
are site fixed effects. B¢z, and B capture the main effects of exposure and
hazard. y and 0 measure level and slope shift relative to the baseline period
(1961-1990). Coefficients remain significant and retain their signs after
winsorising the top and bottom 1% of SEA and CE values, indicating that
results are not driven by outliers. The estimated coefficients are then used as
weights to produce the final, site-specific CIS values employed in Step 6.

Step 6. Weight calibration via regression

To refine the preliminary CIS values, we estimated a fixed-effects panel
regression that relates exposure (SEA), hazard frequency (CE), and their
interaction to the initial CIS values (Eq. 8). The fitted coefficients provide
empirical weights for each component.

CISi.,modiﬁed = /30 + ﬁSEASEAi + IBCECEM + ﬁSEA*CE(SEAiCEi,Y)

(8)
+ oyt 91(6ICEi,t)

CIS; odified Values are computed for each heritage site across each period
and emission scenario and serve as the basis for final index generation
in Step 7.

Step 7. Comparative risk analysis
We evaluated how climate risk evolves by comparing CIS values across
periods and emission pathways'>**.

* Recent change: We subtracted the baseline mean (1961-1990)
from the present-day mean (2010-2040) for each site to obtain
ACIScun'entfpast (Eq 9)

* Future mitigation benefit: We subtracted the low-emission projection
(SSP1-2.6, 2070-2100) from the medium-emission projection (SSP2-
4.5,2070-2100) to obtain ACIS¢sp,45_ssp126 (EQ. 10).

(©)

ACIScurrent — past = CISi_modiﬁed_current - CISi_modiﬁed_past

(10)

To visualize the results, ACIS outcome is classified with natural breaks
(Jenks) into four site-specific classes: rare impact (<0), stable (0 <, Q,),
moderate (Q, < Q3), Severe (for threats)/Major (for positive avoided-CIS)
(=2Q3). Mapping the classified ACIS values highlight hotspots where climate
pressure on heritage is intensifying or where substantial Avoided-CIS
benefits could occur (Figs. 2 and 3), and further reveal national disparities in
threats and mitigation benefit (Figs. 4 and 5). For completeness we also
calculated ACISggpyy5_current—the change from today’s climate window
(2010-2040) to the medium emission future (SSP2-4.5)—and present the
resulting map in Supplementary Fig. 2.

ACISSSP2457SSP126 = CIsi_modjﬁed_SSP245 - CISi_modiﬁed_SSPIZG

Future scenario simulation

Shared socioeconomic pathways (SSPs) is a set of pathways for modeling
future societal developments that are closely related to the impacts of climate
change and the formulation of climate policy. In this study, we mainly focus
on SSP1-2.6 and SSP2-4.5—two scenarios widely used in IPCC WG-II to
frame risk assessments. SSP1-2.6 represents a Paris-aligned low-emission
future (<2 °C), capturing the most ambitious yet still technically plausible
pathway; SSP2-4.5 reflects current global policy commitments (=2.7 °C) and
therefore the trajectory most relevant for low- and middle-income regions.

High-emission pathways such as SSP3-7.0 and SSP5-8.5 are not included in
our main analysis because they represent extreme pathway with limited
relevance to the current policy dilemmas of heritage governance—namely,
the challenge of balancing realistic mitigation efforts (SSP2-4.5) against
long-term aspirational goals (SSP1—2.6). Nonetheless, our framework is
fully compatible with open-access climate datasets under all SSPs, and can
be readily extended by other researchers seeking to evaluate heritage risks
under more severe emission futures.

Al declaration

This study made limited, transparent use of ChatGPT for two strictly
supporting purposes. First, ChatGPT suggested improvements to sentences,
focusing on grammar, clarity, tone, and concision. Second, ChatGPT pro-
vided Python snippets that automate daily extraction of temperature and
humidity series for each UNESCO site from large global climate datasets.
The authors integrated, tested, and debugged Python snippets within their
own analysis pipeline. All scientific ideas, arguments, and interpretations
were conceived and drafted by the authors.

Data availability

All data that support the findings of this study are publicly accessible. Global
3-D building footprints are available on Zenodo (https://doi.org/10.5194/
essd-16-5357-2024)”. Historical and contemporary climate fields come
from the Copernicus Climate Data Store: ERA5-Land (https://doi.org/10.
24381/cds.e2161bac)”” and CMIP6 projections (https://doi.org/10.24381/
cds.c866074c)*. UNESCO World Heritage List were downloaded from the
official World Heritage List (https://whc.unesco.org/en/list). Derived pro-
ducts generated in this study are archived on Figshare: site-level daily
temperature and humidity values (https://doi.org/10.6084/m9.figshare.
28938377)” and site-clipped 3-D building shapefiles (https://doi.org/10.
6084/m9 figshare.28912334)°.

Code availability

The Python script used to extract the daily climate series is openly available
on Figshare, together with the extracted climate data, under https://doi.org/
10.6084/m9.figshare.28938377%. There are no restrictions on the use of
these data or code.
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