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Urban centers are pivotal in shaping societies, yet a systematic global
analysis of how countries are organized around multiple urban centers s

lacking. We enhance understanding by delineating city-regions worldwide,
classifying over 30,000 urban centers into four tiers—town, small,
intermediate and large city—based on population size and mapping their
catchment areas based on travel time, differentiating between primary

and secondary city-regions. Here we identify 1,403 primary city-regions
employing a3 h travel time cutoff and increasing to 4,210 with a1 h cutoff,
whichis more indicative of commuting times. Our findings reveal substantial
interconnectedness among urban centers and with their surrounding areas,
with 3.2 billion people having physical access to multiple tiers within an
hour and 4.7 billion within 3 h. Notably, among people living in or closest to
towns or small cities, twice as many have easier access to intermediate than
to large cities, underscoring intermediate cities’ crucial role in connecting
surrounding populations. This systematic identification of city-regions
globally uncovers diverse organizational patterns across urban tiers,
influenced by geography, level of development and infrastructure, offering
avaluable spatial dataset for regional planning, economic development and
resource management.

Sustainable development requires understanding how societies are
organized spatially, especially around urban centers, given that 92% of
the global population either livesinanurban center or within1 h travel
time'. City-regions, typically intended as combinations of an urban
center or centers linked to periurban areas and a rural hinterland by
functional ties, areincreasingly attracting the attention of academics
and policymakers for theimplementation of development policies>’.
However, research on city-regions frequently relies on case studies
of major cities*, lacking a comprehensive systems perspective on the
relationships between cities of varying sizes and their surrounding
areas. This knowledge gap is especially pronounced between North
and South and between small and large cities*’. This study helps fill
this critical knowledge gap by providing acomprehensive framework
to characterize city-regions worldwide.

An urban hierarchy exists in terms of services provided by cities
of different sizes (as recently conveyed by the universal visitation law

of human mobility)® or the travel time to access such services'. For
example, one may rely on the closest town for groceries but may com-
mute to work in asmall city and travel to a hospital in a large city fora
specialized medical opinion. Acknowledging such hierarchy is particu-
larly relevant to populationslivinginrural or periurbanareas or smaller
urban centers, whereby the size of nearby cities and their distance will
affect the breadth of services and opportunities (for example, employ-
ment) available and their accessibility®. Recent work on the degree of
urbanization has introduced vital nuance to help overcome the rural/
urban dichotomy?’. However, the possible interconnections among
urban centers and their relationship with surrounding areas have not
beenanalyzed in a systematic manner at a global level.

Against this background, this paper builds upon recent work map-
ping functional urban areas (FUAs)'° and urban-rural catchment areas
(URCAs)', which express the interconnection between urban centers
and their surrounding rural areas. While valuable, these approaches
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link locations to a single urban center of reference, ignoring that a
location may have multiple centers of reference for varying activities".
Our study introduces the concept of locations accessing multiple urban
tiers; the original URCA and FUA approaches with only one urban center
of reference are considered a special case.

The aim of this study is to create a comprehensive spatial repre-
sentation of city-regions globally and to gain a better understand-
ing of their diversity. In this Article, we provide a detailed worldwide
representation of how people are organized around urban centersin
city-regions, covering 213 countries/territories and their populations
fortheyear2020. Acknowledging that urbanissuesin the Global South
aredistinct from those inthe Global North and the dearth of evidence
on the former'?, we further bridge this knowledge gap and illustrate
the diversity of city-regions around the world by comparing Ethiopia,
France, Nigeria and Pakistan (and for 86 countries in Supplementary
Information). We investigate two areas of particular importance for
sustainable regional development: the relationship between urban
centersandtheir surrounding areas and intercity relationships within
city-regions. These can inform strategies to enhance connectivity to
improve food systems, access to health and education services and
environmental and natural resource management.

Defining city-regions

Despite a long tradition, there is no agreed-upon definition of city-
regions”. Rodriguez-Pose summarizes existing definitions, highlight-
ing how most have one or more core cities linked to a hinterland by
functional ties such as economic, housing-market, commuting, mar-
keting or retail catchment factors’.

Thestarting point for our perspective on city-regionsis that peo-
pleaccessdifferent types of activities with different frequency, where
‘activities’ refers to services and employment opportunities located in
urban centers. Buying groceries and commuting to work are usually
done on a more frequent basis than visiting a hospital. It follows that
the level of specialization of activity depends on the size of an urban
center, whereby larger centers are expected to provide more special-
ized activities that require a lower visitation frequency (for example,
airports) than smaller ones. This notion of a nested hierarchy of loca-
tions dates back to central place theory developed in the 1930s™ and
isstill relevantinregional science”. The recent universal visitation law
of human mobility is a formal expression of this intuition®.

Inview of this, we identify city-regions based on catchment areas,
inturn, based ontravel time.In other words, we identify the areas delin-
eated by theminimum travel time (upto1,2or3 haway) toaccess each
urban tier expressing urban centers of different sizes, assumed to have
different levels of specialization (Methods). We assume that towns of
between 20,000 and 50,000 people provide basic activities, such as
grocery shopping, primary healthcare services and primary schools,
while incrementally more specialized activities are provided by small
cities of between 50,000 and 250,000 people and intermediate cities
of between 250,000 and 1 million people, while large cities of more
than 1 million people provide higher-end activities such as sizeable
airports and specialized hospitals. A higher tier is assumed to provide
all activities provided by lower tiers.

The activities provided by urban centers of the same population
size may vary greatly with context, particularly across country average
income levels'®?°, Nonetheless, this tiered classification can capture
how larger urban centers are likely to provide more specialized activi-
ties in a given context in addition to those already provided by lower
tiers. It also captures how people may rely on more than one urban
center for different needs, reflecting a stratification of accesstourban
centers that characterizes city-regions. For instance, an individual
might use a nearby town for groceries, commute to an intermediate
city for work and travel to a large city for international flights. Their
location will thus be part of catchment areas of three distinct urban
centers. Someone living very close to a large city, in contrast, will be

abletoaccessall the above activities and belong to only the catchment
area having the large city as reference.

The proposed approach allows us to delineate city-regions in
an exhaustive manner by using accessibility within specified travel
times to encompass urban centers within alarger center’s catchment
area.Catchmentareas are determined by agiven travel time, whereby
the longer the travel time, the broader the catchment area. A catch-
ment area based on 1 h travel represents daily commuting potential,
whereas a 3 h travel time suggests access to essential, albeit less fre-
quentservices.

This paper adoptsJohn Parr’s conceptual framing of city-regions
to provide acomprehensive, worldwide spatial representation of cen-
tral place theory”. We identify, for all land-based locations at 30 arc-
secondsresolution (approximately 1 km at the equator), the center of
reference by urbantier category and the associated travel time. This is
achieved usingan established method that estimates the time required
toreach eachgrid cell of the world’s surface? > Drawing on this dataset
and providing anew approach to determine access to multiple urban
centers of reference, we then combine it with the Global Human Set-
tlement Layer—Population (GHS-POP) to allocate population to indi-
vidual pixels (Methods). The approachis tested using three alternative
population datasets (Supplementary Information).

Results
Mapping access to different urban tiers
Atotal of 30,079 urban centers are covered: 18,619 towns, 9,440 small
cities, 1,538 intermediate cities and 482 large cities. The catchment
areas provide the boundaries for accessing the closest urban centerin
agiven tier within a given travel time cutoff and, thus, determine how
many city-regions of different types there are globally for the given
travel time cutoff. We distinguish between primary and secondary
city-regions; unlike primary city-regions, in secondary city-regions
catchment areas of urban centers overlap with that of larger centers
(see Table 1 for the terminology and definitions used in this paper).
We differentiate primary city-regions into four categories (from
onetiertofourtiers) based on how many urban tiers these span within
the catchmentareaof the largest urban center of reference. For exam-
ple, two-tier city-regions may contain any two sizes of urban centers,
such as a large city surrounded by towns. The urban centers whose
catchment area does not overlap with those of urban centersin other
tiers are the special case of ‘single-tier city-regions’. Following Duran-
ton, we further provide alternative delineations for parameter thresh-
olds* by distinguishing between different travel-time cutoffs (1, 2
and 3 h) for the overlapping catchment areas of different urban centers.
Analyzing 30,079 urban centers, spanning 213 countries and ter-
ritories, we identified 4,210 primary and 25,869 secondary city-regions
withanurbancenterwithinalhtravel timeforalllocations within their
catchment area, relevant for commuting (Extended Data Table 1). Of
these, 1,524 are single tier and 2,686 are multi-tier, with 1,751 being two-
tier systems. More complex city-regions are fewer, with 627 and 308
city-regions with three and four urban tiers, respectively. We note that
standalone single-tier city-regions arerelatively few (1,524 out of 30,079
urban centers). Most of these are towns and their surrounding areas,
which are more numerous and, being the smallest urban centers consid-
ered, cannot form amulti-tier city-region with a smaller urban center.
The most common city-regions are two-tier systems centered
around small cities that are also a reference center for one or more
towns (1,560 within1 h travel time). In general, the smaller the popula-
tion of an urban center, the more probable that urban center is to be
partofahigher-tier city-region: 95% of towns, 78% of small cities, and
56% of intermediate cities are part of a higher-tier city-region. The
results for2and 3 htravel time cutoff—relevant for activities that may
becriticalbutare accessed less frequently—canbe viewed in Extended
Data Table 1. Using a 3 h travel time cutoff reduces fragmentation of
catchmentareas, making larger urban centers accessible to abroader
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Table 1| Summary of terminology and definitions used

Type

Subtype

Description

Access to activities

Urban tier:
Categorizes urban centers based
on population size

Town, small city,
intermediate city or
large city

« Town: 20,000-50,000 people, providing basic
activities (for example, grocery shopping, primary
education, and so on)

» Small city: 50,000-250,000 people

« Intermediate city: 250,000-1 million people

« Large city: >1 million people, providing most
diversified activities (for example, airport)

Each urban tier has its own geospatial grid locating
its urban centers.

Diversity of activities increases incrementally
from town to large city.

An urban center in a higher tier is assumed to
provide all activities provided by lower tiers.

Catchment area:

Delineates locations served by an
urban center within a specified
travel time cutoff

The catchment area of an urban center for a given
activity tier is defined by the set of locations for
which that urban center is closest for that tier, for a
given cutoff travel time.

All locations in a catchment area can reach
the activities provided by the specific urban
center by traveling less than the cutoff travel
time.

Patch:

Identifies locations served by the
same set of urban centers within
a specified travel time cutoff

One tier, two tier,
three tier or four tier

Unique combinations of grid cells with access to the
same urban centers within a given travel time cutoff.
Locations in a patch have access to the same
closest urban center for a specific activity tier if one
or more urban centers of that tier are located within
the travel time cutoff.

All locations in a patch can reach—through
shortest access—the same urban centers to
access activities of various tiers.

Primary city-region:

Identified by an ensemble of
patches (with one or more urban
centers of reference) where

the largest-tier urban center is
identical for all patches

Single tier A single-tier city-region occurs when an urban The urban center of reference is the sole
center’s catchment area does not overlap with provider of urban-related activities inside the
catchment areas of urban centers in another tier. city-region.

Identified by a unique patch containing only one
urban center, which serves as reference only to
locations of that patch.
Multi-tier: Delineated by identifying and collating the patches  Diversity of activities within reach depends on

two-tier city-region
three-tier city-region
four-tier city-region

associated with the same highest-tier urban center
reachable within the given travel time.

Subtype depends on highest number of tiers
included in the patches associated with the city-
region. For example, a three-tier city-region will
have at least one patch that has three distinct urban
centers of reference representing three tier levels
(for example, one town, one small city and one
large city).

the size of the largest urban center.

For a three-tier city-region, the largest urban
center could be an intermediate or large city,
since both allow two tiers below them.

Secondary city-region:
Identified by an ensemble of
patches where an urban center
is identical for all patches and
having at least one patch with
access to a higher tier than the
one shared by all patches

Satellite or nested

Catchment area of the urban center being
considered overlaps with a higher-tier catchment
area.

A satellite city-region has no lower tiers embedded
below it, while a nested city-region does.

Multi-tier and nested city-regions can contain one
or more secondary city-regions (in line with ref. 13).

As above, diversity of activities within reach
depends on the size of the largest urban
center.

However, the focus of the secondary city-
region is on provision of the activities of the
urban center shared by all patches within it.

population for activities that necessitate longer travel times between
land 3 h.Thisreducesthe number of urban centers that are at the apex
of acity-region for these less-frequent activities to 1,403.

Having outlined how many city-regions of different types exist
worldwide, the next step is to present the global population distribu-
tion across these. Figure 1 shows the share of population living in, or
within a certain travel time (1, 2 or 3 h) to the closest urban center,
whether a town, small, intermediate or large city. Each column sums
up to100%, and the share above the gray boxes is the summation of all
the subshares in the latter. Within the gray boxes, petal diagrams are
providedtoindicate the share of population that, withinagiven travel
time, can also access urban centersin higher tiers, beyond the one they
are closest to. For example, individuals for which the closest urban
center is a town but where a small city may also exist within 1 h. The
percentages inbluerefer to the share of population with access to just
oneurbancenter withinthe given travel time. Toillustrate, we find that
5% of the world’s population lives within 1 h from a town with no other
urban centerinthe same vicinity (see row B). Conversely, 7% live within
1hfromatown and asmall city, with the town being the closest, while
4% live closest to atown but can also access a small and an intermedi-
ate city within1 htravel time, the small city being the closer of the two.

Looking at row A, almost half of the world’s population lives out-
side an urban center (of 20,000 people or more), while only 8% have
to travel more than 1h to access an urban center. This implies that
92% of people live within a commuting distance of an urban center, a

considerable contrast to Moreno-Monroy et al., who find that 53% of
the populationlived in FUAs™. This can be attributed to differencesin
delineation methods and to the FUA population accounting only for
cells with more than 300 people km, which excludes a priori 23.5%
of the global population®. Another difference is that we consider
city-regions of urban centers between 20,000 and 50,000 people,
accounting for 5% of the global population (see row B of Fig. 1, blue
font, for L htravel).

Our findings reveal substantial interconnectedness among urban
centers and with their surrounding areas: of the 7.8 billion people
worldwidein2020, 41% had physical access to multiple tiers within1h
travel (3.2 billion) and 57% and 64% within 2 and 3 h, respectively (4.5
and 5billion). Furthermore, out of the 92% who are within1 h travel time
from an urban center, 55% live in or closest to a town or small city and
37%to anintermediate or large city. However, many locations closest
toatownorasmallcity also haveaccessto a higher tier within1 htravel
time. Indeed, considering both single-tier and multi-tier access, by
summing all combinations of ‘petals’ thatinclude either anintermedi-
ate and/or large city, we find that two-thirds of the world’s population
(over 5 billion people) live within 1 h travel time from one or both of
these urbantiers providing more specialized activities.

The population distribution in Fig. 1 also aligns with central place
theory, whereby smaller urban centers tend to gravitate around larger
centers with greater economies of scale and more specialized activities.
Inotherwords, they are morelikely tobelong to city-regions withalarger
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Fig.1| Global population distribution across different types of city-regions,
2020. The figure presents the share of population living in or within a certain
travel time of the closest urban center, broken down by size of the urban center.
Itis divided into four columns, each of which sums to 100% and determines the
share of the population living in the core or within a certain time range—1, 2 or

3 h—ofanurban center, whether atown, small, intermediate or large city. Row A
refers to the share of population living in a rural area with no surrounding urban
center, given travel time. Rows B-E apply to locations whereby the closest urban

® Town

center is atown, small city, intermediate city or large city, respectively. Moving
from left to right, the values increase with travel time as they incorporate the
populationin preceding columns. Toillustrate, the population considered within
1htravel timealsoincludes those livingin the core. The petal diagrams in the gray
boxes differentiate the share of population with access to different urban tiers.
The percentages in blue refer to the share of population with access to just one
urban center within the given travel time.

center as reference. Indeed, more than one-third of the global popula-
tion (34%) is part of city-regions with at least one intermediate or large
city within1 htravel (obtained summing all ‘petals’ in Fig. 1 with at least
one intermediate or large city linked to a smaller urban center). When
differentiated by level, we find that 28% of the world’s populationis part
of two-tier city-regions, and 13% of three tier or four tier. These shares
increase to 32% and 33%, respectively, when considering 3 h travel time—
encompassing 5.0 billion people. Additional results for 35 countries
(representing 5.8 billion people) areillustrated in Extended Data Fig. 1.

Among peoplelivingin or within1h travel time to towns or small
cities, twice as many have easier access to intermediate cities (20%)
than to large cities (10%). This share increases to 35% and 17%, respec-
tively, for 3 htravel time. This occurs despite urban cores of large cities
hosting more individuals (23%) than intermediate ones (9%), as can
be observed in the very first column of Fig. 1. This suggests that large
citiesareless relevant than smaller onesinregard to engaging popula-
tions outside their urban core for activities that can also be provided
by the latter. Indeed, most people do not need frequent access to the
very specialized activities provided by large cities only and, thus, may
choose to live further away. Figure 1 shows that, within alh travel
time, two-thirds of the global population has easier access to small or
intermediate cities than to large ones. Still, for the most specialized
activities, accessed with lower frequency by many, large cities can be
accessed by asizeable share of the population—up to 50% for 3 h travel
time, in addition to another 24% living in their core).

Global averages, however, can be misleading. To illustrate, while
arelatively small share (8%) of the global population lives in rural

locations that are more than 1 h away from any urban center, at the
country level, this number can be far higher—well beyond 50% in coun-
tries such as Madagascar, South Sudan and Zimbabwe (Supplementary
Table Al.1). For these populations, access to basic activitiesis probably
more challenging. Even more worrisome are the 50% of individuals in
these countries forwhomaccess to asmall city or larger requires more
than2 h (against the global average of 5%) (Supplementary Table Al.1,
addingthe second and fifth column entries). For these countries, spe-
cial attention may be required for regional planning and development
to overcome infrastructural challenges. This focus may also apply to
countriesin less extreme situations, though still problematic, such as
Brazil and the Russian Federation, which have populations distributed
over a very large territory and for which 8-9% of the population are
more than 2 haway fromasmall city or larger.

Acloser look at city-regions in four countries

Thissectionexplores how city-regions are structured within countries,
using the examples of Ethiopia, France, Nigeria and Pakistan (Fig. 2),
chosenbecause they have comparable national surface areabut differ-
ent populationsizes, physical geography and level of development and
infrastructure. Figure 2 represents the spatial distribution of catchment
areas composing city-regions for the four countries within 3 h travel
time. The maps in the first row refer to catchment areas for accessing
the closest urban center and are thus conceptually equivalent to the
URCAs'and most relevant for activities that are typically accessed with
higher frequency’. Spanning the four urban tiers, each tier is color-
coded differently, with higher level tiers providing more specialized
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Large cities
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500 km
[

Core 0-3 h distance from urban core
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Town HEEE EEEENTT

Fig. 2| City-region catchment areas by minimum travel time (up to3 h) to
access different urban tiers in Ethiopia, France, Nigeria and Pakistan. Higher-
tier urban centers are assumed to provide all activities provided by lower-tier

urban centers; therefore, their catchment areas are included in the lower tiers.
Light greenindicates locations that are more than 3 h away from an urban center.

activities, as well as the more basic ones. Moving down in Fig. 2, lower
urban tiers are incrementally excluded, for example, in the second
row, catchmentareas are delineated for the closest small city or larger,
in the third row for the closest intermediate city or larger and in the
fourth row for the closest large city. A global version of these maps is
provided in Supplementary Fig. A2.1).

Predictably, asthe urbantier level increases so does the hinterland
(light green), where people do not have access to the activities of the
higher tier. What is interesting, however, is how this area changes by
country. France and Ethiopia are a case in point. In France—a high-
income country with adequate infrastructure—the catchment areas
of three-tier city-regions cover almost the entire country and, conse-
quently, probably almost all of its population. Conversely, in Ethiopia—a
low-income country with weaker infrastructure—most areas are more
than 3 h travel time from an intermediate or large city. It would, thus,
appear that more specialized activities areless accessible in the latter
country. The weaker infrastructure in Ethiopia is also responsible for
the high number of primary city-regions (20) as a share of all urban
centers in the country (358). Most of these primary city-regions (16)
have a small city as the largest center of reference, indicating limited
connectivity across the country. In comparison, France has fewer
primary city-regions (4) relative to its total number of urban centers
(223),and these are either intermediate or large cities (Extended Data
Table2).

Following Fig.1, Extended DataFig. 2 indicates the population dis-
tribution—for the same four countries—across city-regions. It emerges
that, while the distribution profile changes quite considerably, a size-
able proportion of the population belongs to city-regions—even for
the limited 1 h travel time—with an intermediate or large city as refer-
encetoaccess specialized activities:36% in France, 45% in Nigeria and
up to 48% in Pakistan. This share increases to 47-55% if city-regions
composed of asmall city and towns areincluded, if slightly less special-
ized activities are needed (Supplementary Figs. A3.1and A3.2for2h
and 3 htravel, respectively).

Ethiopia is the exception: 76% of the population lives more than
1hawayfromanyintermediate or large city. Multi-tier city-regions are
alsorelatively limited and an option for only 36% of the populationin
Ethiopia, with the majority involving towns and small cities (21%). This
isunsurprising, given the results in Fig. 2 and the fact that 21% cannot
access any urban center within 1 h travel, and only 5% have access to a
large city. However, despite low accessibility tointermediate and large
cities, towns and small cities can be reached within1 h travel by 70% of
the population. Evenin France, Nigeria and Pakistan—where large cit-
iesplay anotablerole and are better connected—we find city-regions
with small or intermediate cities as the highest urban tier can engage
twice or more of the population compared to city-regions withalarge
city as the highest tier. This supports the aggregate findings in Fig. 1,
whereby large cities were found to be less relevant than smaller onesin
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Fig.3 | Workflow for delineating urban catchments and city-region
patches. To categorize city-regions, we first classify reference urban centers

by population size as a proxy for the range of activities they provide. An urban
center in a higher tier is assumed to provide all activities provided by lower tiers.

[
[

Catchments for tier 1,
tier 2, tier 3, tier 4 urban
activities

Next, we determine urban centers’ catchment area for each activity tier, within
aspecified travel time cutoff, and overlay these catchment areas to identify
patches. Unique patch IDs are created for describing locations served by the
same set of urban centers.

engaging populations. In sum, these national differences are, in part,
not only due to how urban centers are spatially distributed but also
due to the quality of the transport infrastructure connecting urban
centers, which can considerably reduce travel time.

Discussion

This research pioneers acomprehensive framework for representing
city-regions worldwide (Figs. 3 and 4), providing insights into how
societies organize around urban centers across multiple tiers. The
analysis of over 30,000 urban centers reveals a predominance of multi-
tier city-regions withinalh travel time—relevant for commuting—with
single-tier city-regions being relatively rare. This interconnection is
extensive, enabling over 5 billion people to access urban centers of
250,000 people or more within 1 h travel time. Expanding the travel
time to three hours reduces fragmentation of catchment areas, leading
to a decrease of both single-tier and multi-tier primary city-regions,
making larger urban centers accessible to an even broader population
for activities that necessitate travel times between1and 3 h.

This research represents the first systematic worldwide delinea-
tion of city-regions across urbantiers, helping identify potential needs
forinfrastructure investment at country level. National results point to
striking diversity in city-regions worldwide (Supplementary Annexes
1and 3). Accessibility patterns vary greatly depending on geography,
infrastructure and income level. The diversity of accessibility pat-
terns worldwide calls for national urban policies tailored to unique
geographicandincome contexts rather than one-size-fits-all solutions
often focusing on primate cities. We find intermediate and small cities

and, insome cases, towns play an essential rolein engaging populations
outside urban cores, especially inlowincome countries. By overcoming
infrastructure deficits that hinder regional integration, investmentsin
theseurbannodesandintertiary roads and transportservicesradiating
from them would promote inclusive economic development.

We acknowledge noteworthy caveats that would need to be
addressed in future work. First, we assume that larger cities have more
specialized activities; however, these may vary appreciably even within
the same urban tier across different countries and regions. We also
acknowledge that urban population alone does not fully capture eco-
nomic composition, infrastructure, and political and cultural roles
that differentiate urban centers. However, our approach canbe afirst
step in considering theseimportant dimensions. We also do not delve
into how historical development patterns, resource distribution and
governance have shaped present urban hierarchies and rural-urban
linkages, warranting further exploration. On a positive note, we test
the sensitivity of populations within different city-regions for differ-
ent population datasets and find results to be robust (Supplementary
Annex 5).Insum, the dataset isa valuable tool for regional planningin
countriesaround the world, especially those where spatial analyses are
currently not available. Future research can build upon this analysis
and dataset by incorporating place-specific data and narratives to
provide more grounded geographic insights into city-regions and
sustainability.

Our hopeis that this research—grounded inwhere peoplelive and
their physicalaccess to urban centers of different sizes—will stimulate
further debate on developing sustainable city-regions worldwide.
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Fig. 4| Types of city-region patches. A patch is made up of locations served by
the same set of urban centers within a specified travel time cutoff. As catchment
areas (semi-transparent circles) of the different urban centersincreasingly
overlap, different types of patches are created. Each box shows alocation
indicated by a star and the type of patch it belongs to. The four-digit classification

ineach panelis to identify the type of patch based on the size of urban centers

providing different levels of activity. The allowed values for each digit are 0-4.
Thus, the four-digit value ‘0000’ expresses no access to urban activities, while
‘4444 expresses thatall four level of activities are provided by alarge city (see

Methods for details).

The dataset can enhance socioeconomic research, regional planning
and natural resource management by integrating with spatial socio-
economic data. For sustainable resource management, a coordinated
regional approach can be important to planland use, for provision of
amenities, to manage watersheds and to mitigate pollution and ecologi-
cal impacts transcending urban boundaries. Analyzing city-regions,
including their primary and secondary urban centers, can offer insights
into urban form, environmental sustainability and environmental
amenities provision. The study also invites further examination into
the resilience and strategic advantages of polycentric urban regions,
where cities share influence without one overshadowing the others.
Polycentric regions can be understood as a network of city-regions,
each centered around amajor hub, impacting governance and develop-
ment policy considerably.

Methods

Therationale

The aim is to represent city-regions in a systematic manner that can
help analyze the interaction between an urban core or cores and the
surrounding periurban and rural areas. The historical reference for this
approachis central place theory developed by Christallerin the 1930s™,
which defines regions as areas of a certain market size distributed

around a central place, representing a common catchment area for
goods and services.

Our proposed city-regions, based on multiple catchment areas to
access differenturbantiers, follow more closely the conceptual charac-
terization of city-region proposed by Parr®>, whereby the city (C zone)
consists of a continuous urbanized area with a population above a
predetermined lower bound, surrounded by a territory (S zone). The
characteristic of the S zone is that it is linked more with the C zone in
question than with the C zone of some adjacent city-region due to its
physical proximity to the former. The S zone can contain arural popula-
tion as well as an urban population, with the urban population of the
Szonelocated in centers of varying size. As noted by Parr (p. 562)",

[...]withinthe S zone of agiven CR[city-region] there might exist
one or more urban centers of different size. For the territory sur-
rounding such asecondary center, the overall level of interaction
with this secondary center may well be greater than (though dif-
ferent from) that with the functionally more complex C zone of
the CR.[...] This suggests the existence of a primitive hierarchy
of CRs in which one or more secondary CRs (each comprising a
secondary C zone and asecondary S zone) are contained within
the primary CR.
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The approach taken is to detect systems of city-regions at the
global level by identifying what locations are part of primary or sec-
ondary city-regions and mapping their S zones, which, to the best of
our knowledge, has never been done systematically. This overcomes
thecritique that city-regions are politically constructed by including
some cities and not others®. In our approach, any urban center witha
population of 20,000 or more may be identified endogenously as part
of acity-region (as primary or secondary C zone).

For the purposes of this paper, a city-region describes accessi-
bility for a given travel time to urban activities and is identified by an
ensemble of patches sharing the same urban center of reference; we
distinguish between primary and secondary city-regions. We consider
urban centersto be agglomerations withapopulation 0f20,000 people
ormore, and the travel time used is fromalocation to the closest edge
ofanurban center. Here the term ‘activities’encompasses both services
and employment opportunities. This is because an individual might
visit an urban center to access a service (for example, health center)
or tocommute to work.

In Table 1, we summarize the terminology introduced in this arti-
cle to facilitate the description of the workflow and algorithm.On a
technical front, all spatial analysis required to delineate city-region
patches was done by using code developed in Go, PHP and Python.
QGIS was used for prototyping and visualization purposes. A script
in PHP was used to perform the analysis identifying city-regions and
providing summary information. All research code is available in the
coderepository of the paper.

Identifying catchment areasis anintermediate step in
delineating city-regions

Urban centers. We assume four urban tiers based on the population
size of the urban centers and assign a unique identifier for each urban
center and its catchment area. This was the starting point to create a
global representation of city-regions based on the data for accessing
eachof thefourtiers.

Basic activities are provided by all urban centers, of which the
locations and populations have been derived starting from the Global
Human Settlement Layer”, We process dataso that each urban center
has a unique number to identify it and its classification as a town,
small, intermediate or large city (see Table 1for a definition of each). To
prevent bias when classifying urban centersinto different levels, four
different gridded global population datasets are utilized in this study,
and decision rules are applied that aim at an unbiased classification
considering information provided by all datasets (Supplementary
Annexes 4 and5).

Urban centers of four tiers are grouped into four different urban
grids (locating urban centers onamap) based onactivity levels. These
urban grids are crucial because the city-regions we want to identify
describe spatial distribution of availability of multiple levels of spe-
cialization of activities. Because higher-tier urban centers can provide
all activities that can be provided by lower-tiers (recall Table 1), urban
centers have to be grouped into four activity tiers representing the
level of accessibility of activities: the first tier urban grid including all
urban centers above 20,000 people with access to basic activities (for
example, grocery shopping and primary education); the second tier
urban grid including small, intermediate and large cities providing
higher-level activities (for example, large supermarkets, secondary
and higher education); the third tierincluding intermediate and large
cities with more sophisticated and diversified activities (for example,
broader employment opportunities and multiple specialized health
careoptions); and the fourth tierincluding only large cities providing
most specialized activities (for example, an airport).

Travel time. After classifying urban centers into our four urban tiers
and creating the urban grids based on activity tiers, the next step in
representing city-regions in a systematic manner is delineating the

catchment areas around the urban centers based on representative
metrics of accessibility. Physical accessibility based ontravel timeis one
of the most common metrics used for this purpose. The calculations
oftravel time from an arbitrary location and its most proximate urban
center apply a least-cost path algorithm that determines the fastest
route over atravel cost surface, while keeping track of the destination
urban center (see ref. 22 for details). This allows efficient delineation
of the least-travel-time catchments around urban centers.

The travel cost grid derives from spatial datasets that represent
the surface transport network (thatis, roads, railroads, navigablerivers
and other surfaces traversed by foot) and land-cover data, elevationand
slopeandinternational borders. The characteristics of these datasets
allow the estimation of plausible travel speeds across different parts
of the transport network, foot-based speeds over different types of
terrain, speed adjustment factors associated with slope and extreme
elevation and delays atinternational border crossings®. The resulting
cost surface estimates the time required to cross each grid cell of the
world’s surface. We use the most up-to-date global estimates of travel
times available at a spatial resolution of about 1 kmandbuild onearlier
work thatapplied the method across aspectrum of settlement sizes™ .

Catchment areas. For each urban grid, the catchment area around
each urban center is determined based on minimum travel time that
is calculated by using a grid-based minimum cumulative weighted
distance method developed for the study that considers eight-connec-
tivity onaspherical coordinate systemwith rolling at the International
DateLineandthe poles; hence, it enables aglobal travel time analysis.
By using the urban centers as starting points and utilizing the travel
costgrid for the unit travel cost at each grid cell (min km™), the method
generates global minimum travel time and minimum travel time sheds
concurrently.

The catchment area of an urban center for a given activity tier is
thus defined by the set of locations for which that urban centeris closest
for that tier. Should two or more urban centers be equally distant from
alocation, we assume that people will prefer to travel to a smaller city
if it is sufficient for the level of activity that is required. This is based
onintuitionbutalso serves the purpose of keeping track of the smaller
urban center for providing less specialized activities. As aresult, each
location has up to four urban center of reference, one for each activity
tier level. Figure 2 presents sequentially the catchment areas for the
different activity levels for four countries. It highlights how the catch-
ment areas of urban centers expand as the urban tier level increases;
hence, the activity level being sought increases, which follows from
our definition that lower-tier urban centers cannot provide the more
specialized activities of higher urban tiers.

City-region delineation and stratified access to activities
City-region patches. To enable categorization of city-regions based
on the number and types of their reference urban centers we first
identify patches. The patches describe the spatial distribution of the
availability of multiple levels of activities and by which urban centers
they are provided. For this purpose, urban center identifications (IDs)
of each overlapping catchment grid cell for four different activity levels
are merged into a patch ID by using a variable-bit encoding method,
whichresultsinuniqueIDs for each unique set of urban centers provid-
ing different levels of activities (Supplementary Annex4). Land-based
locations worldwide are divided among over 100,000 unique patches.
Figure 3 presents the workflow, starting fromthe identification of urban
centers, delineation of catchments and aggregation into patches, which
form the basis of city-regions.

We use a four-digit classification system to identify the types of
patchesbased onthe urbantiers of the related reference urban centers.
Thefirstdigitisused toindicate thetier of theurban center for tierlactiv-
ities (that s, basic activities), the second one for tier 2, the third for tier 3
and finally the fourthfor tier 4 (thatis, most specialized activities). The
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allowed values for each digit are 0-4, with O representing no access to
activities (thatis, nourbancenteris withinreach of apatchto provide the
indicated level of activity) and 1-4 representing the urban tier of the
urban center providing the indicated level of activity. For the tiers, 1
indicates a town, 2 indicates a small city, 3 indicates an intermediate
city and 4 indicates a large city. There are 16 possible type codes that
range between 0000 (no access to activities) and 4444 (all activities
provided by alarge city), which are illustrated in Fig. 4.

In Fig. 4, each box shows a location indicated by a star and the
patchitbelongs to, which can be viewed as part of a city-region. Urban
centers are shown with solid circles with different colors and increas-
ing diameters from town to large city. The exception being the top
boxwhere no urban center is accessible withinagiven travel time. The
catchment areas are then shown with semitransparent circles of the
same color, which assumes for visual simplicity a uniform unit travel-
time grid. Hence, the distance between the outer boundaries of the
urban centers and the edge of their corresponding catchment areas
are identical for a specific travel time cutoff (¢*). As catchment areas
of the different urban centers increasingly overlap, different types of
patchesare created. The code at the bottom-right of each box indicates
the type of the patch where the star is located. As illustrated in Fig. 4
(andrecalling Table1), patches canbe of four types: single-tier (second
row; codes1000,2200,3330 and 4444), two-tier (third row; codes 1200,
1330, 1444, 2230, 2244 and 3334), three-tier (fourth row; codes 1230,
1244,1334 and 2234) and four-tier (fifth row; code 1234). As shown in
Fig. 4, three-tier and four-tier patches encompass two-tier patches in
their vicinity, reflecting a more complex urbanization pattern.

For illustration purposes, a four-digit code of 2230 shows that
for allgrid cells in the patch the closest urban center is a small city (2),
which provides both tier 1 and tier 2 activities, but there is also an
intermediate city (3) within a given travel time cutoff providing
more specialized activities. The code also indicates that there are no
large cities within travel time cutoff. If there were a large city, then the
codewouldbe 2234, or possibly 2244 if the large city were closer than
theintermediate city or 4444 if it were the closest urban center. If there
were atown closer than the small city, then the code would be 1230.

City-regions. By identifying patches associated with the same high-
est-tier urban center, we delineate the boundaries of that center’s
city-region. The resulting city-regions are mutually exclusive from
each other for each activity level and have a global coverage for dif-
ferent travel time cutoffs. The travel time cutoffs used in our analysis
are 1 (to reflect a commuting cutoff), 2 and 3 h (to reflect accessing
activities that require less frequent trips), but it is straightforward
to select different cutoffs. The patch IDs are persistent between dif-
ferent travel time cutoffs, that is, the same patch ID is assigned to the
same set of urban centers of various tiers, which allows tracking of
the change of patch, hence, city-region, extents depending on the
travel time cutoffs.

In the final step, we determine whether an urban center is the
apex of a primary city-region or whether it belongs to a secondary
city-region (first branching in Extended Data Fig. 3). When an urban
center serves as a reference to locations in just one single patch it is
classified asasingle-tier city-region;itis not part of the catchment area
ofalargerurbancenter,and no lower-tier urban centers are accessible
within the travel time cutoff. For secondary city-regions we distinguish
between satellite ones, which basically just gravitate around a larger
urban center, and nested ones, whose catchment areas overlap with
those of lower-tier centers. An example of primary and secondary
city-regions for the area surrounding Birmingham is given in Sup-
plementary Fig. A4.2.

For each city-region, the country where the city-regionis located
is identified by using the Global Administrative Areas Database”. For
city-regions that spread to multiple countries, the country with the
largest proportion by surface area is considered as country of the

city-region. To enable city-region population statistics at country
level, separate population values are also calculated for each country
segment of multicountry city-regions.

Similar to the urban centers, the population of each city-region
is calculated by using the GHS-POP, Gridded Population of the World,
LandScan and WorldPop population datasets for all three travel time
cutoffs. The results are presented here only for GHS-POP (for a com-
parison across population datasets, see Supplementary Annex 5).

By using this data, we compute the following variables: (1) area
and population of each urban center, (2) area and population of the
‘proximate catchments’ thatare less than1h from the edge of an urban
center (notincluding the area of the urban core), (3) area and popula-
tionthatare up to2 haway fromanurban center (notincludingthe area
of the urban core) and (4) area and population of the ‘full catchment’,
whichinclude areas that are up to 3 h away from an urban center (not
including the area of the urban core).

When computing the number of city-regions of different types, we
calculated different city-region types separately for each tier to avoid
double counting. Some high-tier city-regions may contain subareas
(patches) associated with lower tiers that could be wrongly counted
as separate systems; we adjusted for this by accounting for secondary
city-regions embedded within higher ones. This provided the number
of primary city-regions associated with different travel time cutoffs
toreach the urban centers of reference (Table 1).

Ourapproachisanadvancementinseveral respects relative to the
URCA' methodology that most closely aligns with ours: it allows loca-
tionstoreference multiple urban centers across four tiers, introduces
precise travel time measurements instead of broad ranges, tracks the
specific urban center and its city-region for each location and uses
four population datasets to minimize bias in population estimates
for city-regions (Supplementary Annex 4). Our algorithm for iden-
tifying city-regions also eliminates the prerequisite of predefining
a hierarchy based on urban center size within each travel time range,
a constraint in the URCA approach since it limited each location to a
single urban center of reference. Furthermore, our approach is also
complementary and relevant for a polycentric perspective focusing
on an area containing a cluster of urban centers, none of which has a
pronounced dominance over the others®®*. Polycentric regions can
be viewed as a series of city-regions—each based on a major center of
the supposed polycentric urban region—providing access to different
urban tiers within each®.

Inspite of theinnovationsintroduced by our approach, there are
key assumptions that need to be highlighted. The number and types
of city-regions identified will be sensitive to the travel time cutoff
adopted and to the population range prespecified for the four urban
tiers. Thefirstissue canbe easily adjusted by specifying different travel
time cutoffs. So, for example, it is straightforward to calculate a set of
results for city-regions delineated by a 90 min travel time instead of
the ones used in the paper. On the other hand, changing the popula-
tion ranges for the urban tiers is possible but would essentially entail
adjusting the code to construct a new dataset ex novo.

Our study establishes a global city-region classification using
uniform criteria to ensure broad applicability and comparability, albeit
at the expense of contextual factors. By defining urban tiers through
population thresholds and physical accessibility, we offer a first-step
approximation to global patterns, acknowledging the inevitable loss
of local geographic nuances shaped by history, culture, economics
and environment. This framework aims to inspire further research
into urban-rural connections and regional connectivity, offering our
dataset as a foundation to progress from broad patterns to detailed,
localized analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The global spatial dataset of city-regions for different travel time
cutoffs is available in a public repository (check README.md). In
the repository we also provide, for each population dataset, a tool in
Excel that can generate the distribution of populations across types
of city-region (shown in Fig. 1 and Extended Data Fig. 2 of this paper
using the GHS-POP version) for any country in the world. All files
are available on the City-Region System Toolbox from Zenodo via
https://doi.org/10.5281/zenodo.11187634 (ref.32). The input data used
for the analysis can be found in Supplementary refs.1and 3-6.

Code availability

Scripts in Python and PHP were used to preprocess input data. They
are available via GitHub at http://github.com/ITC-CRIB/city-regions.
Minimum cumulative weighted distance and catchment delineation
code is available via GitHub at https://github.com/ITC-CRIB/globe-
trotter. Final data cleaning and analysis was done in Microsoft Excel
(commercial). Allmaps were made in QGIS 3.22 and R.
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Extended Data Fig. 1| Percentage of population that has access to more bold valuesinrows B, C and D (the share of the population in locations whereby
than one urban tier based on travel time. Note: This Figure is derived from the closest urban centre is a town, small city, intermediate city, respectively) and
information contained in the petal-diagram of the type presented in Fig.1of the subtract the blue values in those rows (the share of population with access to just
manuscript, when computed for the respective countries (see Fig.1and Figs.A3.1 ~ oneurban centre across the given travel time).

and A3.2 for Ethiopia, France, Nigeria, and Pakistan). They reflect the sum of the
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Extended Data Fig. 2| Population distribution across different types of
city-regions for Ethiopia, France, Nigeria, and Pakistan within 1-hour travel
time, 2020. Legend: The figure presents the share of population living in, or
within a certain travel time of, the closest urban centre, broken down by size of
theurban centre. Itis divided into four columns, each of which sums to 100% and
determines the share of the population living in the core or within a certain time
range - 1,2 or3 hours - ofanurban centre, whether atown, small, intermediate,
or large city. Row A refers to the share of population living in a rural area with

no surrounding urban centre, given travel time. Rows B-E apply to locations
whereby the closest urban centre is a town, small city, intermediate city, or
large city, respectively. Moving from left to right, values increase with travel
time as they incorporate the population in preceding columns. Toillustrate, the
population considered within 1-hour travel time also includes those living in the
core. The petal diagrams in the grey boxes differentiate the share of population
withaccess to different urban tiers. Percentages in blue refer to the share of
population with access to just one urban centre within the given travel time.
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Extended Data Fig. 3 | Determination of primary and secondary city-regions.
Note: In order to classify city-regions as primary, secondary, and satellite
city-regions, the following analysis is performed. For each city-region, the
highest-tier urban centre of all patches of the city-region are enumerated. For
example, for acity-region that is composed of five patches, five highest-tier
urban centres are listed. If all highest-tier urban centres of the city-regionis

equal to the urban centre of the city-region, then the city-region is classified as
aprimary city-region. This indicates that the city-region does not overlap witha

city-region of a higher-tier urban centre. If at least one highest-tier urban centre
is equal to the urban centre of the city-region, but there are also other highest-
tier urban centres, then the city-region is classified as a secondary city-region.
This indicates that the city-region overlaps with one or more city-regions of
higher-tier urban centres. Finally, among secondary city-regions, we distinguish
between satellite city-regions, which have no lower tiers embedded below it, and
nested city-regions that instead do overlap with lower tiers.
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Extended Data Table 1| Number of primary city-regions, globally, for different travel time cutoffs

Type of city-region Tier of aregion’s WithinThour Within2hours Within 3 hours
largest urban centre

Single-tier city-regions  Town 941 318 163
Small 544 210 na
Intermediate 37 8 5
Large 2
Sub-total 1,524 536 282

Two-tier city-regions Small 1,560 684 388
Intermediate 170 67 36
Large 21 10 5
Sub-total 1,751 761 429

Three-tier city-regions  Intermediate 476 329 215
Large 151 76 55
Sub-total 627 405 270

Four-tier city-regions Large 308 396 422

Total number of primary city-regions 4,210 2,098 1,403

Note 1: A total of 30,079 urban centres are covered: 18,619 towns, 9,440 small cities, 1,538 intermediate cities and 482
large cities. Towns have between 20,000-50,000 inhabitants, small cities between 50,000-250,000, intermediate
cities between 250,000-1 million, and large cities more than 1 million inhabitants. Type of city-region is defined by
the number of urban tiers within the catchment area of the larger-tier urban centre. For example, a 2-tier city-regions
may contain any two sized urban centres, such as a large city surrounded by towns. Single-tier city-regions, on the
other hand, contain only one urban centre of reference. Note 2. Focusing on the 3-hour travel time cutoff - relevant
for activities that may be critical but are accessed less frequently - one can see that, when compared to the 1-hour
travel time, there are more four-tier city-regions, and fewer of other types. The difference is particularly compelling
for single-tier and two-tier city-regions, which signals that as one expands the travel time over which catchment
areas can overlap, these become less fragmented and more specialized activities can be reached.
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Extended Data Table 2 | Number of primary and secondary city-regions for Ethiopia, France, Nigeria, and Pakistan by travel
time cutoff

France Ethiopia Nigeria Pakistan
1-hour Primary 24 77 69 37
Secondary 199 281 788 722
2-hour Primary 8 36 26 16
Secondary 215 322 831 743
3-hour Primary 4 20 19 15
Secondary 219 338 838 744

No legend needed.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX X X XX X XX
OO0 o Oonoodgd

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection  Datasets used as input data by the study were downloaded from public data repositories of the datasets, which are listed in the references
section of the manuscript. No software was used for data collection.

Data analysis Scripts in Python and PHP were used to pre-process input data. They are available at http://github.com/ITC-CRIB/city-regions. Minimum
cumulative weighted distance and catchment delineation code in Go is available at https://github.com/ITC-CRIB/globetrotter. Final data
cleaning and analysis was done in Microsoft Excel (commercial). All maps were made in QGIS 3.22 and R.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The input data used for the analysis can be found in the following references in the Supplementary Information file: 1,3-6.




All resulting data in output from our approach is published on Zenodo and is publicly available at:
https://zenodo.org/records/11187634
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Reporting on sex and gender No human research participants were involved
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Study description

Research sample

Sampling strategy

Data collection
Timing
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Non-participation

Randomization

these points even when the disclosure is negative.

We identify for all land-based locations at 30 arc-seconds resolution (approximately 1 km at the Equator), the centre of reference by
urban tier category and the associated travel time. This is done by building on the approach of Weiss et al. (2020) and Nelson et al.
(2019), which estimates the time required to reach each grid cell of the world’s surface. Drawing on this dataset and providing a new
approach to determine access to multiple urban centres of reference, we then combine it with the Global Human Settlement Layer —
Population (GHS-POP) to allocate population to individual pixels and determine how many people have access to multiple urban tiers
within a given travel time (see Methods). The approach is tested using also three alternative population datasets: WorldPop,
LandScan, and GPW.

We undertake a global mapping exercise using existing, publicly available, global gridded datasets at 30 arc-seconds resolution. Our
sample is given by all pixels in these datasets. The rationale of the sample was to include all land-based locations, thus the sample is
exhaustive of all relevant locations and fully representative.

Information on the datasets used as inputs can be found above in the Data section.

This study did not require a sampling strategy since the rationale was to include all land-based locations, thus the sample is
exhaustive. The size of the sample is 219 million grid cells.

One area where we used different "samples" was to test the robustness of the results provided in the manuscript (based on GHS-
POP). This was done by using alternative global gridded population datasets (WorldPop, LandScan, and GPW), which were similarly
exhaustive but relied on different methods to downscale population to 30 arc-seconds resolution.

All data used is secondary data and available in the public domain. See Data section for sources.

We use the existing datasets listed in the Data section. Population data used is for the year 2020.

We did not exclude any data. All land-based locations are included.

Does not apply since we rely on secondary data that is based on a number of different primary data sources (remote sensing,
population censuses, etc.).

Our contribution on a technical level is to provide a new algorithm and apply it to existing data on all land-based locations in the
world. Since the sample is exhaustive of all locations, there is no randomization possible.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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