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Global urban exposure near volcanoes is
Increasing: a spatio-temporal analysis

from 1975 to 2030

M| Check for updates
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Urban populations are increasingly moving into hazardous areas, which leads to widespread and
frequent impacts from hazard events. Although these exposure trends have been quantified for other
hazards, global exposure analyses for volcanic hazards remain limited. Here, we quantify global and
regional changes in city exposure to volcanic hazards through time. With GHS-UCDB and GHS-POP
datasets, we use spatio-temporal metrics to track urban expansion within 100 km of volcanoes active
in the Holocene from 1975 to 2020, with projections to 2030. The number of cities within 100 km of
volcanoes is projected to more than double, with populations increasing by 154%. The proportion of
people within 100 km of volcanoes who live in cities increases from 44% (~186 million) in 1975 to over
50% by 2030 (~473 million). Exposed city populations concentrate within 20-30 km from volcanoes,
and average urban population density generally decreases closer to volcanoes. Exposure growth is
highest in Southeast Asia and East Africa. Most cities expand and densify, with many growing faster
toward nearby volcanoes. Case studies show how urban expansion intersects with volcanic impact
pathways. These trends indicate that urban expansion is amplifying volcanic risk and highlight the

need to integrate hazard data into urban planning.

By 2050, almost 70% of the world’s population will live in cities'. Population
growth and land scarcity are driving urban expansion into areas exposed to
natural hazards™”. As a result, disasters are becoming increasingly likely to
affect urban areas. Global disaster loss data confirm that urban populations
account for a rising share of disaster impacts, and this trend is expected to
increase”.

Tracking and projecting the exposure of cities through time can help to
identify areas with the fastest growth rates, in order to focus more targeted
localised research and mitigation efforts. Past studies have provided insights
into urban growth rates in hazard-prone areas on varying scales, such as for
flooding™™"", landslides'' ™", and earthquakes'*'*"*. These temporal expo-
sure studies and datasets have supported localised efforts to implement
hazard mitigation or update building codes, enhancing urban resilience in
areas exposed to natural hazards (e.g., Mohuya et al.'’, Muis et al.”, Asian
Development Bank'®).

With dense concentrations of populations, buildings, and infra-
structure, cities are particularly susceptible to the effects of disasters caused

19,20

by natural hazards Despite rapid population growth around
volcanoes’™”, and the increasing vulnerability of cities to volcanic
hazards™ ™, quantitative assessments of urban exposure to volcanic hazards
remain limited and often static in time (e.g., Meredith et al.”’). Ongoing
unrest at Campi Flegrei, a caldera underlying the densely populated city of
Naples, Italy, is one example of these challenges. The recent seismic activity
and ground deformation have prompted extensive monitoring and pre-
paredness initiatives, with risk assessments and evacuation planning being
further developed™”. Past examples of impacts at other locations highlight
the severity of such threats, for instance the 2002 and 2021 lava flows of
Nyiragongo devastated Goma, Democratic Republic of Congo, with
destruction of health centres, schools, power supply, thousands of homes
displacing residents, and critical infrastructure such as water tanks in the
city, depriving halfa million people of access to water’**’. Similarly, the 1991
eruption of Mount Pinatubo devastated Central Luzon, the Philippines,
including the city of Angeles and the Clark Air Base, displacing hundreds of
thousands of residents™*". The disruption extended nationally with lahars
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and tephra fall that damaged agricultural production, contributing to food
insecurity, while the economic burden and loss of infrastructure had long-
term effects on the Philippines’ GDP*. While the impacts of volcanic
eruptions on cities are severe, the cities’ roles as political and economic
hubs®®, and the dependence and interconnectedness of infrastructure”,
mean that impacts can also have widespread cascading consequences across
the city, nation, and region.

On a global scale, Meredith et al.” identified more than 1133 cities
worldwide exposed to volcanic hazards using 2020 population data, ranking
Jakarta, Bandung (Indonesia), and Naples (Italy) as the most exposed cities
within 100, 30, and 10 km from volcanoes active in the Holocene, respec-
tively. Several studies have examined temporal changes in population
exposure to volcanic hazards, including global and regional analyses of
population distribution near volcanoes (e.g., Small & Naumann®; Freire
et al.”'; Strader et al.™). However, these assessments do not show how city
expansion can redistribute exposure. Earlier global studies also sought to
identify key exposed cities, such as Chester et al.”, Heiken™’, and Auker
et al.”’. These studies provided perspectives on urban exposure to volcanic
hazards, but did not quantify how cities and their populations evolve
through time in relation to nearby volcanoes.

Regional analyses have been conducted, for example, Jenkins et al.*’ on
relative tephra fall hazard in Asia, and Strader et al.”® who examined volcanic
hazard population exposure in the Pacific Northwest from 1940 to 2100.
Jenkins et al.*' extended this approach using building, infrastructure, agri-
culture, and population datasets from 2019 and 2020 to quantify exposure to
volcanic hazards in Southeast Asia. City-level studies provide local insights
into how volcanic hazards intersect with urban areas, such as in Naples®,
Arequipa®, Auckland*, and communities around Mount Rainier”. Despite
these efforts, the lack of integrated and temporal global datasets linking
urban change with volcanic hazards limits our ability to track and forecast
exposure trajectories. Comparing volcanic hazard distribution with both
historical and projected urban expansion is essential for assessing evolving
volcanic risk. Although city expansion is shaped by a range of drivers, these
factors cannot be reliably inferred at a global scale. Local examples can
illustrate some contextual differences.

Global and regional assessments of population exposure to volcanic
hazards commonly use concentric buffers of varying radii around volcanoes
to estimate exposure levels (e.g., Freire et al.”’, Meredith et al.”’, Small &
Naumann®). The choice of the radii distances is based on past observations
of the average maximum extents of life-threatening volcanic hazards at
different eruption magnitudes measured by the Volcanic Explosivity Index
(VEI)*. For instance, VEI < 3 eruptions typically affect areas within ~10 km,
VEI < 4 eruptions up to ~30 km, and VEI < 5 eruptions up to ~100 km**,
This conservative approach allows for easy comparison between volcanoes
and is useful for volcanoes where data for probabilistic hazard models are
unavailable. The Population Exposure Index (PEI), developed by Aspinall
et al.” and elaborated by Brown et al.”’ weights these population exposure
counts by area of the buffers and probability of impact based on the average
distance of past fatalities. However, this approach does not fully capture the
spatial gradient in population density, particularly between 30 and 100 km
away from volcanoes, where large urban areas are predominantly located”.
Biass et al."® evaluated the accuracy of assessing exposure by radii against
detailed hazard footprints, while Nieto-Torres et al.”' proposed inclusive
volcanic risk rankings that account for exposure beyond simple distance
measures. Using more intervals between these radii distances, and con-
sidering the directionality of the spreading, may be useful to assess more
subtle changes in population density distribution around volcanoes, and
aligns with these calls to refine methodologies to better couple hazard
footprints with exposure.

In this study, we analyse urban expansion near 1264 volcanoes active in
the Holocene (last ~11,000 years) using a range of spatial and demographic
indicators across global, regional, and city scales. Our study focuses on the
exposure of city populations, looking at the presence of people in potentially
hazardous areas, rather than on volcanic risk, which also depends on vul-
nerability. This enables us to examine how changes in city spatial extent and

density modify urban population exposure over time, which often coincide
with dense concentrations of buildings and infrastructure. By analysing
population and urban land area data spanning from 1975 to 2020, along
with future projections for 2025 and 2030, we map and assess the evolving
spatio-temporal trends of city exposure to volcanic hazards. Using key
spatio-temporal indicators, we identify cities experiencing the most rapid
exposure growth, particularly those expanding towards nearby volcanoes.
Specifically, we quantify global and regional changes in city population and
area within defined distances of volcanoes active in the Holocene from 1975
to 2030. We select nine case study cities to illustrate local-scale examples of
city exposure growth related to hazard paths and to contextualise the global
exposure trends at the local scale. Our findings provide valuable evidence for
policymakers to prioritise volcanic risk preparedness and mitigation in
urban planning, for example, through land use zoning and establishing
exclusion zones.

Results

To evaluate patterns of urban development near volcanoes, we compiled
and analysed a global dataset of cities and their populations exposed to
volcanic hazards over time. The results presented below describe changes in
urban extent, population distribution, and exposure within proximity
buffers, first at global and regional scales using 10-km ring buffers to 100 km,
and then at the city level using 10-, 30-, and 100-km cumulative buffers.
Finally, we present nine case studies that illustrate localised patterns of
exposure and expansion near volcanic hazard paths.

Globally and regionally, city exposure is increasing

Currently, there are ~853 million people living within 100 km of 598
Holocene volcanoes around the world (Fig. 1), with 50% of these living in
cities (430 M; Table 1). On average, within 100 km of volcanoes, each 5-year
interval shows an increase of ~26 million people living in cities, compared
with ~19 million people living outside cities. As a result, the proportion of
the population living in cities within 100 km of Holocene volcanoes rose
from 44% in 1975 to exceed the non-urban population in 2005, reaching a
projected 52% by 2030 (Table 1).

Between 1975 and 2030, the number of cities located within 100 km of
Holocene volcanoes will increase by 106% from 582 to 1196 (Fig. 2A). Over
the same period, the population living in these exposed cities is expected to
grow by 154%, from 186 million to 473 million people (Table 1 and Fig. 2C).
Southeast and East Asia account for the largest proportion of exposure each
year (Fig. 2B, D). While the proportion of exposed city population is gen-
erally even across the years for each continent, it is decreasing in Europe and
East Asia, and the proportion is increasing in Mexico and Central America
(Fig. 2D). African regions show the largest increases in both exposed city
counts and city population from 1975 to 2030 (Fig. 2B, D).

Population density increases with distance from Holocene
volcanoes
City populations are not evenly distributed across the 10-km distance ring
buffers surrounding Holocene volcanoes. Globally, the highest number of
the city population remains located within 20-30 km from volcanoes, which
rose ~150% from ~24.6 million people in 1975 to ~61.8 million people in
2030 (Fig. 3A). Fig. 3 shows a steady increase in city populations globally
through time, and city populations within 10 km of volcanoes remain the
lowest.

The distribution of city populations across the buffers varies by region.
The greatest total exposure of people is between 40-50 km from volcanoes
in Southeast Asia (26.04 million people in 2020), 55% of the global total in
that buffer (47.69 million). For Southeast Asia, this 40-50 km buffer also
represents the largest growth in city populations, from 9.97 million in 1975
1029.91 million in 2030 (Fig. 3B). In North America, dominated by the USA,
city populations peak at 60-80 km from volcanoes (Fig. 3C) and only
projected city populations are within 40 km (Fig. 3C). Although total city
populations near volcanoes there are an order of magnitude lower than in
Southeast Asia, dominated by Indonesia, growth appears much greater with
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Fig. 1 | Spatial distribution of volcanoes near cities. The 598 volcanoes (triangles)
within 100 km of a city are coloured by the maximum number of cities within
100 km between 1975 and 2030 (projected) from least (light yellow) to most (dark

blue). Map insets are included for parts of A) Mexico and Central America, B) East
Asia, C) South America, D) East Africa, and E) Southeast Asia.

Table 1 | Global numbers of populations within 100 km from
Holocene volcanoes from 1975 to 2030, taken from GHS-POP
data, with the number and proportion of those populations
located within the city polygons

Year Number of Population < 100 km of volcanoes
cities In total (M) In Outside of % in
cities (M) cities (M) cities
1975 582 425.45 186.14 239.31 43.75
1980 633 472.72 212.63 260.09 44.98
1985 692 520.3 238.76 281.54 45.89
1990 743 569.43 266.79 302.64 46.85
1995 835 614.57 298.03 316.54 48.49
2000 927 660.86 327.78 333.08 49.6
2005 1007 705.43 355.5 349.93 50.39
2010 1073 751.51 382.92 368.59 50.95
2015 1124 797.95 410.18 387.77 51.4
2020 1129 852.99 430.35 422,64 50.45
2025 1158 879.85 450.33 429.52 51.18
2030 1196 918.02 473.26 444.76 5IF55

Note that 2025 and 2030 are using projected data.

city population increasing in the 70-80 km distance from volcanoes by
around seven times, from nearly 339,000 in 1975 to 2.52 million in 2030 (Fig.
3C). In Mexico and Central America, the largest populations are within
20-30 km from volcanoes with 13.40 million projected for 2030, a near
tripling in exposed populations since 5.65 million in 1975 (Fig. 3D). In East
Asia, dominated by Japan, and East Africa, dominated by Ethiopia, popu-
lations are more dispersed, with more city populations concentrated farther

away from volcanoes than in other regions (Fig. 3E, F). Most city popula-
tions are located in the 80-90 km buffer in East Asia, with overall more
gradual increases through time compared to other regions, from 11.85
million in 1975 to 16.34 million in 2030 (Supplementary Data 1).

The density of these populations within city areas increases globally
through time (Fig. 4A). On average, city population density increases
steadily by ~1000 people/km” between 1975 and 2030. However, this growth
varies by distance from volcanoes. Globally, populations located farther
away from volcanoes generally exhibit higher densities and a greater density
increase through time than those located closer to volcanoes (Fig. 4A). Since
2000, the greatest city population density is located between 70 and 80 km
from volcanoes. In contrast, city populations within 10 km of volcanoes
maintain the lowest average densities throughout the time period. These
trends indicate that cities across all distances have grown denser over time,
while city areas farther from volcanoes concentrate more population per
unit area than those closer to volcanoes.

Trends in city population density growth differ from region to region.
In Mexico and Central America, most distance buffers experienced city
population density growth from 1975 to 2000, followed by a plateau or
decline in the years following (Fig. 4B). Here, generally the distance buffers
closer to volcanoes have higher city population densities compared to those
farther away (Fig. 4B). In Southeast Asia, average population density was
more stable through time, with some initial decline in the 1980s, followed by
gradual increase after 2000 (Fig. 4C).

Growth trends of cities near Holocene volcanoes

Across the 1137 cities exposed to volcanic hazards in 2030 used for growth
analysis, the majority have experienced expansion and/or densification,
observed across camulative distance buffers (10-, 30-, and 100-km buffers).
Within these different cumulative distance buffers, there are 94 cities located
partially or fully within 10 km of Holocene volcanoes and 384 cities partially
or fully within 30 km by 2030. Based on the 1,137 cities, 85% (n = 962) of
cities expanded, and 59% (n = 666) of cities densified their exposed area, in
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Fig. 9 | Case study areas of spreading cities. Maps show city polygons for A) Jakarta,
Bandung, and Tarogong, Indonesia, in Southeast Asia, B) Addis Ababa (A.A.)
Ethiopia, in East Africa, C) Naples, Italy, in Europe, D) San Salvador (S.S.), El
Salvador, in Central America, E) Tokyo, Japan, in East Asia, F) Quito, Ecuador, in
South America, and G) Manila, Philippines, in Southeast Asia. Other key cities are
also highlighted. Colours of polygons show the past and projected locations of the
city through time. Rings around volcanoes show FlowDIR-derived directional

likelihoods for topographically controlled hazardous flows (lava flows and dome-

T [ T
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collapse derived block-and-ash flows), normalised to sum to 100%, with values
ranging from lower (white) to higher (brown). Rings around bold city names show
predominant wind direction over the city, with black as the most common direction
(ie., the direction that the wind is blowing from). Wind and flow directions are
illustrative indicators of potential hazard pathways and do not represent eruption-
specific hazard footprints. Volcano names are given in italics. Key highways from
OpenStreetMap'” are shown in white, waterbodies are from Natural Earth'*, and
30-m DEMs are from Copernicus'®. V.F. refers to a volcanic field.

These expansions into hazard zones are occurring despite hazard
awareness. The increasing exposure of cities close to volcanoes suggests that,
where effective monitoring and DRR frameworks are in place, continued
settlement in monitored hazard zones may be perceived as acceptable or
low-risk™”. Since the 1990s, many developing regions have established or
strengthened volcano observatories and early warning systems”, helped by
global initiatives such as the UN International Decade for Natural Disaster
Reduction (1990 to 2000)”, which may give a sense of security to those living

close to volcanoes™. Research also shows that people in rural areas have a
higher perceived risk than in cities™”, suggesting urbanisation creates a
sense of distance of the urban population from the volcano. This is also seen
for other hazards™. The benefits of living in a city may outweigh the
potential risks of eruptions.

Land scarcity and constraints may also limit growth in some areas,
pushing populations into higher-hazard areas. Some cities, such as Surabaya
and Tasikmalaya in Indonesia, and San Jose in Costa Rica, see limited
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growth further away from volcanoes (Fig. 6), likely due to topographic
constraints that control the shape and orientation of the cities as they
expand. Steep topography to the east and west of the city is limiting the
expansion of Quito to north-south directions” (Fig. 9F). Major coastal cities
such as Manila, Jakarta, and Naples are located between volcanic slopes and
the sea (Fig. 9), concentrating dense populations within 20-60 km of vol-
canoes, and expanding along the coastlines.

City growth is not uniform; many cities are expanding more rapidly
towards hazardous areas than other parts of the city and other cities (Fig. 7).
Most cities have expanded more than once, suggesting that while exposure
growth is long-term and sustained, the drivers may be tied to specific events
or phases such as infrastructure development or post-disaster rebuilding
(Fig. 5). Examples include the highway-driven expansion between Jakarta
and Bandung, the governance-driven growth of Naples, or the population
growth of Addis Ababa and Manila driven by their political and economic
role’*”*”. Broader urban change studies show that exposure and impacts are
coupled through development’'™. Long quiescent periods of volcanic
activity encourage settlement (e.g., Vesuvius after 1944'"), whilst eruptions
may temporarily reduce exposure (e.g., reduction in population around
Unzen after 1991'*) or be followed by rapid rebuilding (e.g., Goma after the
2002 Nyiragongo lava flows'”). Some of the episodic changes we observe
may also reflect the structure of the GHS-POP dataset itself, with census data
collected at intervals. However, identifying key moments of exposure
increase and the triggers would be important for intervention and mitiga-
tion strategies.

This also means that the potential for cascading impacts affecting
national through international scales increases, particularly as cities become
interconnected and merge together. The city polygons used in this study,
defined by high population density, represent areas where there are dense
concentrations of buildings and infrastructure. As seen during past erup-
tions, such as at Nyiragongo 2002 and Pinatubo 1991, our dependence on
critical infrastructure’ and the role of cities as economic and political hubs™,
mean that the effects of volcanic eruptions on a city will likely be severe and
cascade beyond the direct impact area®'".

The increasing growth in city exposure and interconnectedness of cities
suggests that future eruptions will have cascading effects beyond the direct
impactzone. This merging is shown between 2025 and 2030, for example, by
the jump in exposure 10 km from volcanoes for Jakarta, and 30 km from
volcanoes for Surabaya (Fig. 8). The highly exposed cities of Jakarta and
Bandung have expanded toward each other following the major highway
that connects them along the Jakarta-Bandung mega urban corridor'™'",
reducing their separation from 25 km in 1975 to a projected 16 km by 2030.
Such infrastructure networks may propagate impacts between cities as they
become more interconnected, increasing the potential for widespread
regional disruption.

Despite the merging of cities through time, a single eruption is likely to
affect multiple cities at once as the absolute number of exposed cities is
increasing”’ (Fig. 2). This has been exemplified in past events where multiple
settlements have been affected by a single eruption. For instance, tephra
from the 2018 Fuego eruption affected Guatemala City and Antigua,
affecting transport and evacuation routes'”” and the 2011 Cordén Caulle
eruption saw impacts to multiple cities, including San Carlos de Bariloche
and Neuquén, while tephra fall caused flight cancellations in Buenos
Aires'”. The trends in increasing number, merging, and interconnectedness
of cities shift risk from a local to a regional scale, bringing competing
demands for resources and challenges in evacuation and recovery planning.

These dynamics can be further illustrated through local examples given
in this study. In some cities, such as Jakarta and Bandung, our directional
exposure metrics capture expansion along major transport corridors and
into specific hazard-prone sectors. Key examples show cities spreading
preferentially towards volcanoes and sometimes towards likely flow paths or
wind directions (Fig. 7). The rate of growth in exposed areas relative to the
total city growth was higher for almost half of the cities spanning across
multiple buffer zones. In land-constrained contexts, complete avoidance of
volcanic hazard zones may be unrealistic; therefore, proactive, risk-

informed mitigation efforts and planning is important to reduce future
effects of eruptions. Our research identifies key city hotspots where localised
risk assessments and targeted mitigation efforts should be prioritised.

The global scale assessment allows for the identification of key
trends of expansion towards volcanoes, but understanding whether
directional city growth aligns with likely hazard pathways is essential to
assess volcanic exposure on alocal scale. Integrating exposure trajectories
with hazard pathways, such as those shown in Fig. 9, would support
development and risk-reduction planning. Several cities we examined lie
directly in the direction of possible flow paths, such as Naples and San
Salvador, and, in some cases, city spreading has expanded towards pos-
sible flow pathways, such as in Taragong and Sumedang in Indonesia
(Fig. 9). We highlight where future expansion may intersect possible flow
pathways, including the growing connection between Tarogong and
Hegarsari near Guntur, expansions of Cipanas and Jakarta towards Gede,
and San Pablo towards Banahaw. These cases show that relating city
expansion to hazard pathways is crucial to identify key areas of high or
escalating exposure.

Mapping these local patterns allows hazard managers to identify
growth corridors for intervention, perhaps where city density or area
reaches a certain threshold, to require stronger codes; our metrics can act as
those thresholds. These patterns can also guide the spatial prioritisation of
monitoring, preparedness, and evacuation planning by highlighting sectors
of the city where exposure is increasing more rapidly. For land-constrained
nations and cities, densification plans and hazard adaptations may be more
suitable than restricting outward growth. As cities become more inter-
connected, these metrics also help identify where co-ordination between
cities is needed, particularly where multiple cities are expanding towards
volcanoes.

Other local examples show possible flow directions and predominant
winds oriented away from key cities, yet they are exposed to other hazards or
from more distant sources, and local winds can produce varying exposure
patterns. For example, possible flow directions from Guagua Pichincha and
Atacazo are away from Quito. Lahars from Cotopaxi farther away reached
the southeastern outskirts of the city'™'"’, where urban expansion is
occurring (Fig. 9). Around Tokyo, flow paths from Hakoneyama are
oriented away from the city, yet surrounding populations occupy areas
inundated by Fujisan lahars ~22 ka'"" (Fig. 9E), and the city has been affected
by tephra from distant volcanoes Sakurajima (1914; ~950 km) and Asama
(1983,2004; ~140 km)"**'*. Similar examples have occurred in the past with
tephra fall impacts in San Salvador™”. Addis Ababa, while unlikely to be
affected by flows from nearby vents'?, geological evidence indicates
potential future activity from volcanoes farther away, such as Furi and
Wonchi™. In Indonesia, consistent with our predominant wind directions
towards the west, tephra fall has reached Bandung from Galunggung in 1982
(ref. 115), and with predominant winds to the east, Tokyo has been affected
by tephra fall from Fujisan, such as in 1707'". However, despite our typical
wind patterns suggesting limited exposure, tephra fall from Guagua
Pichincha affected Quito in 1999, Naples was impacted by Vesuvius in
1944'7, Jakarta from Gede in 1948"%, and Manila from both Taal in 2020
and Pinatubo in 1991°*""”. These examples demonstrate that although our
results provide key insights, local-scale exposure carries inherent uncer-
tainties due to factors such as variable wind patterns, which limit local-scale
interpretation of the results.

The trend of cities spreading into high-hazard areas is also found when
looking at exposure to other hazards. For instance, there are increases in
populations in floodplains® and seismic zones'. Volcanic exposure may
overlap with other high-hazard areas, amplifying risks. Secondary hazards,
including the remobilisation of volcanic deposits, may also occur due to
triggers such as rainfall or earthquakes. Jakarta, for instance, combines
volcanic exposure with flooding, earthquakes, and subsidence®, while Addis
Ababa faces combined hazards from volcanoes and ground-water driven
subsidence'”’. Such compound hazards complicate planning because
impacts are amplified and difficult to forecast. Land-use planning should
also consider exposure to other hazards.
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Several limitations should be considered when interpreting these
results. We quantify global exposure using distance metrics, and the selected
case studies are illustrative examples used to contextualise exposure trends,
rather than conducting alocal hazard assessment. Distance buffers provide a
practical and globally consistent approximation of potential exposure,
enabling comparison across volcanoes in the absence of standardised hazard
footprints. Exposure estimates derived from these distance buffers may
locally overestimate or underestimate exposure, as explored in Biass et al.*.
However, our analysis identifies broad trends in spatio-temporal exposure.
Population estimates for 2025 and 2030 are projections from GHS-POP'*!
and therefore have uncertainty associated with demographic forecasts and
downscaling assumptions.

We used the GVP database for the location of Holocene volcanoes,
including volcanic fields, which introduces uncertainty because the vent
location of future eruptions is unknown”. Exposure estimates are likely to
slightly vary depending on the version of the GVP database of Holocene
volcanoes used, as updates refine locations of vents or update the list of
volcanoes active in the Holocene. However, these would likely not alter the
broader exposure patterns found in this study. Volcanic systems are het-
erogeneous in eruption frequency and eruptive style. For Fig. 9, our flow-
direction analysis represents topography-based estimates of potential flow
directions and does not quantify the likelihood of different eruption styles or
the occurrence of specific flow hazards, which requires more localised
analysis. Flow-direction analysis was also not conducted for volcanic fields.
For areas potentially exposed to tephra fall we only considered prevailing
winds, yet seasonal wind variations influence tephra dispersal and exposure
patterns. The metrics and illustrative indicators here do not imply uniform
behaviour or eruption likelihood, and do not replace local hazard and risk
assessments. The results provide an indication of where urban populations
are concentrating in relation to volcanoes.

In this study, we provide a foundation for assessing city expansion near
volcanoes on a global scale. Future work can build on this framework by
incorporating more detailed hazard and exposure data to refine and localise
assessments. Future global assessment could incorporate a classification of
volcanoes by recent activity or a hazard index. For more detailed hazard
analysis at individual volcanoes, spatio-temporal exposure can be compared
with local hazard maps. For exposure data, we used a population density of
>1500/km” to define city areas, which does not include peri-urban and rural
populations or agriculture, which have different exposures and vulner-
abilities. The city polygons present areas of highly dense building and
infrastructure, a detailed assessment using data regarding specific building
and infrastructure types can help to identify key vulnerabilities more
accurately. Disaggregating exposure data by population or building types
could improve understanding of these social and spatial patterns, while
future research could also examine how different land-use trajectories
influence exposure to volcanic hazards. As higher-resolution Shared
Socioeconomic Pathway (SSP) population exposure datasets become
available, these could be used to extend exposure projections beyond 2030,
enabling more detailed exploration of future exposures around volcanoes.
Expanding this framework to include temporally variable wind patterns and
hazard footprints would improve the exposure estimates.

Beyond proximity-based measures, future analyses could also incor-
porate weighted exposure indices that reflect a broader range of physical or
social conditions. For example, these might include metrics derived from
past eruption impacts (e.g., affected areas, or PEI using historical fatality
distances), socio-economic indicators such as the HDI, or inequality indices
such as GINL Physical and environmental factors such as slope, climate-
related stressors, or water bodies could also be integrated to capture how
local geography shapes exposure. In addition, considering the proximity and
connectivity between neighbouring cities and infrastructure could help
capture cascading impacts, as disruptions in one city may amplify impacts in
others nearby.

With our local case studies, we explore some example drivers of urban
exposure change. However, there could be further analysis of the reasons for
exposure changes around volcanoes. Factors such as migration,

demographic changes, and risk perception may influence future exposure
patterns. With higher temporal-resolution exposure data, it may be possible
to explore the effect of eruptions themselves on exposure changes. For
example, it has been noted that there was an increase in populations around
Vesuvius, Italy, due to the quiescence after the 1944 CE eruption'”, while
there was a decrease in younger populations in cities near Unzen volcano,
Japan, due to fear and the destruction caused, after the 1991 CE eruptionmz.
Our study goes to 2030, and does not extend further in time as the exposure
datasets beyond these years have lower resolutions. However, longer-term
exposure incorporating alternative socio-economic pathways, depending
on urban policy, migration, and climate-driven relocation, could refine
future assessments.

Methods

We developed a framework to assess spatio-temporal trends in city popu-
lation exposure to volcanic hazards (Fig. 10). The approach for compiling a
dataset of exposed cities and their populations is based on the methodology
used in Meredith et al.” but applied across multiple years. Below, we present
how we prepared the multi-year city exposure population dataset, generated
spatio-temporal metrics, and analysed the change in global and local city
population exposure over time and distance from volcanoes. We refer to
exposed populations as populations within cities and less than 100 km from
at least one volcano active in the Holocene. The R code used to generate the
results is provided: https:/github.com/vharg/VolcCities-Temporal. We
used the web app generated in Meredith et al.”’ to present the results of this
study, showing the city outlines through time for cities with over 100,000
people in 2020. The app is available here: https://vharg.github.io/shiny_
VolcCities/.

Datasets used

To explore changes in city exposure to volcanic hazards over time, we
generated 12 datasets of cities and their populations within 100 km of vol-
canoes active in the Holocene, one for each 5-year interval between 1975 and
2030. The spatial representation of these cities will be referred to as city
polygons.

The city polygons used in this study were derived from the Global
Human Settlement Layer - Urban Centres Database (GHS-UCDB R2023A)
dataset of global urban centre geometries, projected in Mollweide coordinate
system at 1 km x 1 km resolution'””. For each timestep (5-year intervals), the
GHS-UCDB dataset identifies urban centres as having a total population size
of at least 50,000 people and having a population density of >1500 inha-
bitants per square kilometre. The datasets for 1975 to 2020 are based on
observed population and built-up surface data, while the 2025 and 2030
datasets rely on projected population and built-up surface area estimates'”.
City names for the 2025 dataset were taken from the GHS-UCDB (R2023A)
point dataset of urban centres and, if missing, were supplemented from the
GHS Degree of Urbanisation Classification (GHS-DUC R2023A) dataset'”.
Country names and regional classifications were based on the Natural Earth
“Admin 0 - Countries” (1:10 m cultural vectors) dataset that provides
country boundaries'**.

Population data were taken from the Global Human Settlement
Population (GHS-POP R2023A) data, which provides gridded estimates at
1 km x 1 km spatial resolution for the time periods between 1975 and 2030,
projected in the Mollweide coordinate system'*'. Unlike LandScan, which
estimates ambient population (i.e., including commuters and tourists, etc.),
GHS-POP estimates resident population by spatially distributing census
counts over grid cells based on the location of built-up areas extracted from
satellite imagery'”

Locations for 1264 volcanoes were taken from the Global Volcanism
Program'** dataset of volcanoes active in the Holocene, which we refer to as
Holocene volcanoes (version 5.2.7), which also provides information on
volcano type and eruptive history. All volcanoes within the dataset were
included. Coordinates of the Holocene volcanoes in the database are posi-
tioned either at the summit for volcanoes with a distinct primary edifice or
close to known vents. For volcanic fields with multiple vents, the database
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1975-2030
City Polygons
(GHS-UCDB, R2024)

City, Country,
and Subregion Names
(GHS-UCDB, R2024;
GHS-DUCG, R2023,
Natural Earth, 2023)

Fig. 10 | Schematic illustrating the methodology used to assess changes in city
exposure to volcanic hazards over time. 1) City polygons were taken from GHS
multi-temporal settlement datasets (1975-2030: GHS-UCDB MTUC); 2) City
polygons were attributed with 2025 city, country, and subregion names from the
GHS-UCDB point, GHS-DUC polygon, and Natural Earth polygon datasets. 3)
Concentric buffer zones were made (10-100 km at 10-km intervals) around

—

4,
o0
QOQ\)

1975-2030
Population Rasters
(GHS-POP, R2023)

Holocene Violcanoes
(GVP. 2024)

Holocene volcano locations (GVP, 2024); 4) Population within each buffer zone was
extracted from GHS-POP rasters (1975-2030: GHS-POP R2023) to assess global
and regional spatio-temporal trends in population exposure; 5) Buffer zones were
aggregated into 10-, 30-, and 100-km distance bands, and city polygon areas were
calculated within these bands to derive city exposure metrics quantifying how
exposure shifts toward or away from volcanoes over time.

presents the most prominent or active vent, the most recently erupting vent,
or the centre of the entire volcanic field, depending on information avail-
ability. Using a single point to represent distributed volcanism introduces
uncertainty, as the precise location of future eruptions is unknown.

Compiling the Global Exposed City Dataset

We created 100 km buffers around the 1264 Holocene volcanoes from the
Global Volcanism Program'”® database. For each year, between 1975 and
2030, in 5-year intervals, we selected city polygons fully or partially within
these 100 km buffers. Following the minimum resolution of the underlying
GHS-UCDB dataset, city polygons with an area of less than 1 km’ within
100 km of a volcano were excluded. This removed 28 city polygons across 7
cities between 1975 and 2030, as well as 14 other cities completely from the
dataset.

For the city polygons attribute data, city names for 2025 were assigned
by spatially joining each city polygon with the corresponding point in the
GHS-UCDB MTUC city points dataset'”, ensuring that each polygon was
matched to a single point. The city polygons were then spatially joined with
Natural Earth' country boundaries, and country names and subregions
were assigned based on the largest overlap, or nearest country if there was no
overlap present. These regional classifications are based on UN Geo-
schemes. City polygons were merged where both the city name and country
name matched, aggregating spatially fragmented urban areas into unified
cities. This resulted in a total of 1173 unique city polygons for 2025, where
each row of the attribute table corresponds to one city. To ensure consistent
naming, each city polygon was assigned the name of the polygon in the
adjacent time step with which it had the largest spatial overlap (propagating
backward from 2025 to earlier years and forward from 2025 to 2030).
Polygons that remained unnamed after this step (e.g., they were not in the
2025 dataset) were assigned names by joining them to the closest matching
polygon from the GHS-Degree of Urbanization Classification dataset, based
on the Name_2 column. This iterative approach ensured consistent naming
across time while filling gaps.

Different cities may share the same name, for example, there are
two cities named San Carlos in the Philippines, one in Pangasinan

(North) and the other in Negros Occidental (Central). Therefore, all
cities, based on their spatial location between 1975 and 2030, were
assigned a city ID number in alphabetical order so that, for example, the
two San Carlos’ in the Philippines had different city IDs. Every city
polygon from each year was tagged with its city ID to track the growth of
the city through time.

We extracted population data for each city polygon from the corre-
sponding year of the GHS-POP R2023A rasters'”, calculating population
exposure at ten distance intervals from each volcano. This included both
cumulative buffers (e.g, within 10 km, 20 km, up to 100 km) and ring
buffers representing distinct zones (e.g., 10-20 km, 20-30 km, etc.), each
spaced at 10-km increments. For cities partially within 100 km of a volcano,
only the population within 100 km was counted. For the global analysis, we
used all ten 10-km ring buffers, and for city-level analysis, we used 10-km,
30-km, and 100-km cumulative buffer counts, as these distances correspond
to average maximum distances of primary life-threatening volcanic
hazards"*.

In total, we produced 12 globally exposed city population polygon
datasets, covering the period of 55 years and spanning 582 cities in 1975 to
1196 cities in 2030. Across the study period, 773 new cities were added since
1975, and 162 cities that were no longer within 100 km of a volcano were
removed from the dataset. These datasets are provided in Supplementary
Data 1 for population exposure per year, and as growth metrics in Sup-
plementary Data 2. For Supplementary Data 1, each sheet corresponds to
each year. The temporal distribution of when volcanoes first become
associated with cities is shown in Supplementary Fig. 1. A web application
was also developed to visualise these results interactively, accessible at:
https://vharg.github.io/shiny_VolcCities/.

Spatio-temporal metrics

To assess city expansion towards or away from volcanoes, we generated a
dataset measuring the distance between city polygons and nearest Holocene
volcanoes located within 100 km for each year, which is presented in Sup-
plementary Data 2. For global and regional assessment, we calculated the
total city area (km”) within each 10-km ring buffer, and the city population
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density within the ring buffers using Eq. (1):

Pop,,,
PD,, = .
bt Areah_’t @

where PDj, is the averaged city population density within buffer b, Popy, is
the total city population within buffer b, and Areay, is the city area (km?)
within buffer b, each for the corresponding year t. This was used to analyse
population and population density distribution around volcanoes through
time. At the city level, population density was calculated similarly, but using
the cumulative buffers at 10, 30, and 100 km.

On a city level, to evaluate change in city exposure, we selected pro-
jected cities from the 2030 dataset that were also exposed in at least one time
period prior to 2030, and calculated two core growth metrics. We aggregated
temporal and spatial exposure to analyse changes within 10-, 30-, and
100 km interval distances from volcanoes. Urban expansion is commonly
quantified as the rate of change per unit time, such as the urban spatial
expansion index'”” and urban expansion speed'**. Building on these con-
cepts, we calculated the absolute rate of change for both the urban area
exposed and the average population density in these areas. The absolute rate
of change quantifies the average rate of growth in 5-year periods and is
defined using Eq. 2:

Final value — Initial value
S @

years

Absolute rate of change =

where Final value and Initial value refer to either the exposed urban area
(km?) or exposed averaged population density (people/km?) depending on
the rate of change being calculated, and Ny, is the number of 5-year time
intervals between the initial and final time step. This metric captures how
rapidly exposure increases over time.

We also introduced a frequency metric (Eq. 3) to measure how often
the city area expanded over the period it was exposed. This is represented as
a percentage, where Ny, is the number of 5-year periods where the exposed
city area increases, over the total number of 5-year periods (Nycars).

N.
Freq (%) = —™

years

* 100 (3)

For cities spanning across multiple buffer zones e.g., within versus
beyond 100 km, we also calculated the proportion of the city area in each
zone when it was first exposed and in 2030 (projected). This metric is
compared and used to identify preferential growth in buffer zones for each
city. All formulas and metrics obtained for each city are provided in Sup-
plementary Data 2.

Case studies

At a local level, we investigated spatio-temporal trends in city expansion
near Holocene volcanoes for nine cities to discuss different potential drivers
and patterns of growth for cities. The cities selected are Jakarta, Bandung,
Tarogong (Indonesia), Addis Ababa (Ethiopia), Naples (Italy), San Salvador
(El Salvador), Tokyo (Japan), Quito (Ecuador), and Manila (Philippines),
which were selected from cities that are highly populated and highly ranked
across the various metrics in different geographical regions. We mapped the
city polygons over time to observe expansion patterns relative to nearby
volcanoes. Additionally, we examined the relationship between urban
growth and potential exposure to tephra fall from local volcanoes using the
prevailing wind direction as tephra typically spreads and deposits in
downwind areas'”. The prevailing wind direction over the city centroid is
represented by the 10-degree azimuth bin with the highest frequency for
winds between 5 and 15 km above sea level over a 10-year period, extracted
from the ECMWF ERA-5 dataset for 2015 to 2024'. Variability in wind
direction is indicated by the 10th, 25th, 75th, and 90th percentile wind
directions calculated across the same altitude range and years. We focused
on the wind direction at an altitude of 5 to 15km corresponding to the

plume heights of smaller magnitude eruptions (up to VEI 4""') since these
eruptions are more common and likely to deposit tephra within 100 km of
the volcano. Supplementary Fig. 1 summarises prevailing wind directions
across other altitude bands. For larger magnitude eruptions, where tephra
may disperse beyond proximal regions, ash transport is governed by broader
atmospheric circulation, rather than local wind conditions'”. Prevailing
wind directions represent long-term averages and do not capture seasonal
variabilities.

To evaluate potential volcanic flow hazards, we applied the
topography-based FlowDIR tool from Tennant et al.”* to calculate
probable flow directions. This is a first-order topographic approxima-
tion that does not replace detailed hazard assessments. Rather than
simulating flow footprints, the method analyses a digital elevation
model (DEM) of the volcano’s summit to derive the directional like-
lihood distribution of travel directions within and away from the
summit area for topography-controlled volcanic flows (lava flows and
dome collapse-derived block-and-ash flows). The tool outputs nor-
malised directional likelihoods derived from summit topography. For
each of our case study cities, we selected Holocene volcanoes within
30 km of the city polygon for the year with the largest city polygon area.
Thirty kilometres was chosen as a credible maximum distance for
block-and-ash flows, with a 5% probability of exceedance®. To ensure
accuracy in the flow direction assessment, we only considered volcanoes
with a clearly defined summit (i.e., highly eroded volcanoes were
excluded). We also excluded volcanic fields due to uncertainty in the
location of the next eruption. A total of 19 volcanoes that fit the above
criteria were selected for FlowDIR analysis. More information on vol-
cano selection and data used is provided in Supplementary Data 4.

Data availability

The city exposure datasets generated in this study are available as Supple-
mentary Data 1-3. The web application to visualise the results is available
here: https://vharg.github.io/shiny_VolcCities/.

Code availability
The R code used to generate the results in this study is available at: https://
github.com/vharg/VolcCities-Temporal.
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