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Recent decades have been characterized by a rapid and steady urbanization of

the global population. This trend is projected to remain stable in the future and to

affect land use patterns in multiple ways. Monitoring and measurement concepts for

urbanization processes have presented difficulties with the multitude of driving forces

and variations in urban form as well as the assessment of outcomes of sometimes

contradictory objectives for economic, social, and environmental policies. The monitoring

frameworks that are employed with the aim of assessing the land use changes related to

urbanization break down this complexity into singular dimensions that can be measured

with individual indicators. Such monitoring allows planners and policy analysts to

assess new urban growth against sustainable development criteria. Examples include

compact city policies that allow urbanization to happen in suitable locations rather

than laisser-faire urbanization that can happen regardless of environmental impacts and

resource efficiency. In this context, we note that monitoring methods are most often

designed for case studies in Europe or North America where urban structures are rather

mature and consolidated. However, such monitoring can provide crucial information

on urban development at a phase at which structures are currently evolving and can

potentially still be modified. This is frequently the case in developing countries. Given

this background, this paper presents an approach to simplifying the measurement of the

land use changes related to urbanization with a newmethodology. This paper condenses

the needed measurement components into two dimensions: land use inefficiency and

dispersion. The method can be used globally based on the newly availableGlobal Human

Settlement (GHS) layer that is available from the European Commission at no cost. In an

initial application of the method to over 600 cities worldwide, we show the land use trends

related to urbanization by continent and city size. In summary, we observe a consolidation

of urban centers worldwide and continued sprawl on the outskirts. In European cities, a

consolidation phase of urban structures began earlier, and cities are more mature and

develop less dynamically compared to those in other regions of the world. More in-depth

analyses of case studies present results for Paris, France, and Chicago, United States. In

the case of Paris, the method helps to illustrate the growth pressures that led to massive
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urban sprawl on the outskirts with a continued densification of the inner city. In the

case of Chicago, we observe a type of urban sprawl that goes along with the waves

of suburbanization with population loss in the inner city and continued urban sprawl on

the outskirts that are consolidated over time.

Keywords: urban land use change, urban sprawl, density, dispersion, global human settlement

INTRODUCTION

Urbanization has been amegatrend of global land use change that
can be observed in all parts of the world. By 2050 close to 70%

of the global population will live in cities (Eurostat, 2016). The

reasons that explain why the global population is more attracted
to city life than ever have been widely discussed in the literature
(see for example Adli, 2017). Many lines of argumentation
suggest the so-called “urban advantage” that drives urbanization:
city life is associated with better prospects for prosperity and
progress, access to services, education, and amenities, as well
as a richer cultural life. However, from a sustainability point of
view, this promise may only hold true for the most attractive
inner city locations where the distances between destinations are
walkable, public transportation is good, and there is a density of
people and activities result in what is perceived as urbanity. As a
matter of fact most urban growth happens in the surrounding
areas: We are living on a “suburban planet” and are trying
to “make the world urban from the outside in” (Keil, 2017).
These processes are not uniform though, the dichotomy between
spatial categories has increasingly been contested over the last
years. Suburbanization can have functional subcenters of high
urbanity, peri-urban areas can consolidate over time to dense
urban fabric, rural areas have centers with urban cores, and a
high level of centrality and service quality (Hugo, 2017). The
continuum between urban and rural areas becomes even more
blurry in polycentric regions, where networks of cities form
large metropolitan areas that exhibit a diverse set of land uses
and urban functions (Danielzyk et al., 2016). It is increasingly
becoming difficult for applications in urban land use monitoring
to delineate functional urban areas in order to report on land
use policies and related objectives. One such objective is to
combat excessive forms of urban land take. This can be frequently
observed in suburban areas, where the influx of people and the
building activities that are needed to accommodate increased
residential, industrial, and business land uses give rise to what
is often labeled urban sprawl. The term “urban sprawl” has
not yet been clearly defined. The term basically describes a
form of urban growth whereby residential areas and social
classes are highly segregated and dispersed over space, distances
to amenities and workplaces can be comparatively long, and
architecture lacks diversity (Galster et al., 2001; Wolman et al.,
2005; European Environment Agency, 2006; Soule, 2006; Couch
et al., 2007; Frenkel and Ashkenazi, 2008; Wei and Ewing,
2018). Urban theory concerned with sustainable planning has
identified this form of urban growth as problematic. Expansions
of urban areas should not be subject only to demand factors
such as the housing preferences of the urban population or land

market conditions. Planning regimes must manage urbanization
with more foresight before unsustainable and irreversible urban
sprawl structures are established to prevent the impacts of
inefficient and environmentally harmful urban land use (Soule,
2006). Examples of such planning include urban containment
policies or regional planning approaches that work with spatial
concepts to optimize land use change (i.e., transit-oriented
development or nodal growth, see Calthorpe and Fulton, 2001).
Evidence-based policy aims to increase urban densities along
development axis and nodes of good public transport accessibility
and high quality service provisions, strengthening the links
between the urban core and subcenters in such concepts.
Favoring urban development in such a way is complemented by
development restrictions in the interspaces between development
axes. The objective of spatial planning in this line of thinking
is to minimize the environmental impact of land conversions to
sealed surfaces and ensure good outcomes for resource efficiency,
accessibility and mobility and at the same time to prevent social
imbalances with mixed-use urban design and affordable housing
areas. The monitoring of these processes, however, is complex,
since it is almost impossible to assess the causalities of land use
change between the effects of spatial planning policies and global
trends. Another difficulty is that such functional relationships
are difficult to assess when analyzing land use change. Dedicated
indicators that measure different aspects of dispersion, density,
concentration, and other features of urban land use structures are
typically employed to overcome this problem (Tsai, 2005; Herzig
et al., 2018).

Early attempts to conceptualize sustainable urban
development have identified three main characteristics, which
are referred to as the three D’s of urban development (diversity,
density, and design, Cervero and Kockelman, 1997). Other
researchers have enhanced this view and presented measurement
concepts for urban sprawl. The work of Siedentop and Fina
(2010), for example, takes a similar approach and focuses on the
state and trends of land use in terms of surface features (urban
land use change), patterns (urban land use structure), and density
(population or business density). To date, the implementation of
such measurement concepts has mainly been conducted in study
areas in the Global North, using advanced geodata structures
and population registers to calculate indices. Most scholars agree
that there cannot be one combined index to measure urban
sprawl. One must approach the topic with multiple criteria and
indicators that capture the complexity of the different aspects
that drive the land use change related to urbanization (Frenkel
and Ashkenazi, 2008; Fina, 2013).

Global measurement concepts for urbanization have been
studied in a meta-analysis by Seto et al. (2011). The authors look
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at 326 studies and applied four indicators of land expansion and
population growth. In the results they identify the countries with
the highest urbanization rates and analyzed correlations with
factors like GDP growth or locational aspects. Zhang and Seto
(2011) present an innovative way to display urban expansion in
their research by using multi-temporal nighttime light data. This
method allows for the differentiation between stable and highly
dynamic urban areas, potentially defining urban growth rates for
different countries. A more recently published way to present
global urban growth is the Atlas of Urban Expansion (2019).
Scientists from the New York University, the Lincoln Institute
of Land Policy and UNHabitat developed an online visualization
of urban land use for 200 cities worldwide. The project website
contains information and visualizations of indicators suitable
to differentiate between different types of urban form based on
extent, density, and the composition of newly developed area.
In our study we would like to conceptually advance and test
such measures of urban form with a simplified approach that
can be applied for multi-temporal data worldwide. Our main
interest is to contribute toward monitoring concepts that detect
and evaluate trends in urban development for global and regional
land use dynamics.

In this context, this paper aims to use the knowledge generated
by urban sprawl researchers in selected study areas and extend
it to a global dataset that has only recently become available
for a time series from 1975 to 2015. We use the global human
settlement layers (GHSL) provided by the European Space
Agency to calculate representative indices to measure urban
growth worldwide. Based on these data, we establish a large
database for each country with more than 5 million inhabitants.
We apply the processing procedures for indicator calculations
to the catchments of the cities with the highest urban land
expansion rates in the observation period. To determine a valid
logic for comparative analysis, we structure our sample by the
selection of the fastest growing city regions in the classes of
large, medium, and small cities (in terms of population size).
We can thus assess some of the worldwide trends of land use
change related to urbanization for growing cities. City borders
are modeled using network analysis, taking travel times of up
to 1 h in 15min intervals as threshold values. This approach
allows us to model catchments without arbitrary delineations
of urban areas based on administrative boundaries. Monitoring
applications for the largest urban regions in Germany conducted
by the authors have shown that such delineation would not
be realistic given the increasingly diverse mobility patterns of
commuters. This is particularly true for polycentric city regions
where the diversity of urban functions is increasingly becoming
detached from theoretical conceptualizations of an urban-rural
dichotomy (Fina et al., 2019). This methodology enables us to
analyze the resulting land use characteristics in a comparative
way, although some data inconsistencies explain deviations from
the general logic.

These data and indicators provide the possibility of comparing
the indicator results for world regions, planning regimes, or
any other grouping logic in which urban researchers might
be interested. However, the wealth of information is difficult
to communicate and present. This paper therefore suggests

a simplification procedure for urban growth assessments that
concentrates on the dynamics of two dimensions: land use
inefficiency and urban dispersion. We explain how the logic
of this method was inspired by the discussion of existing
quantification methods for urban sprawl represented in the
literature. Subsequently, we apply the methodology in global
observation and in two sample implementation areas (Paris,
France, and Chicago, United States), including descriptions of
the city selection procedure and indicators used. For the first
applications of our methodological approach, we focus on the
growth of cities and portray how the urban land use change
has progressed in growing cities. We discuss interpretation
prospects, methodological potentials and limitations as well as
concepts for further research. By doing so, we hope to initiate
discussion on the value of such a monitoring approach. In
addition, the suggested approach could be a contribution to the
spatial monitoring. Our two dimensional approach simplifies
the measurement of urban form and provides policy makers
and planning practitioners new information about regional and
urban development trends, especially in terms of sustainable city
development (United Nations, 2018).

BACKGROUND

The growth of urban land use is a worldwide trend that threatens
a range of ecosystem functions through the loss of vegetation
and biodiversity, habitat functions, agricultural resources, and
soil (Hasse and Lathrop, 2003; Haase et al., 2018). Such growth
conflicts with climate change mitigation strategies in coastal
locations that are susceptible and vulnerable to the effects
of sea level rise and the higher frequency of extreme events
(McGranahan et al., 2007). The actual impact of these effects
varies; geographic conditions and specific sets of drivers of urban
growth on global, regional and local scales as well as regulatory
planning each play a role. There is a large consensus in the
research community that some cities are more successful in terms
of urban growth management than other cities (Fregolent and
Tonin, 2015). In this respect, Tosics et al. (2010) classified the
regulatory regimes of Europe in terms of land use controls and
related it to the topic of urban growth. The authors basically
consider the governance system to be either fragmented or
consolidated and the planning policy system to have either strong
or weak control at the regional or national governance levels.
The findings of that study are instructive in comparing current
planning systems across Europe but do not relate the findings to
actual assessments of land use change in terms of urban growth.
The influence of planning thus remains unknown, with some
authors arguing that it may not be sufficiently effective to remedy
the power of other driving forces in the context of urban sprawl.
In this context, Angel et al. (2011) found that despite all planning
efforts to control urban sprawl, such as compact city policies and
urban growth management initiatives, urban land use change
will continue to increase worldwide. The main reason for this
increase is a rise in living standards that goes along with more
land consumption per person. It is very rare that citizens dispense
with less space for living and activities over time, although quite
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a few initiatives promote this way of thinking where high inner
city density is proclaimed to be a factor for quality of life (see
for example the OECD compact city policies, Organization for
Economic Cooperation and Development, 2013). Besides the
problems of decreasing densities in growing cities, Wolff et al.
(2018) detected this process also in shrinking urban areas. As
the demand (e.g., for infrastructure) decreases, shrinking cities
are more challenged with dedensification than their growing
counterparts. These efforts, however, are outmatched by a strong
global trend for more land consumption. The most recent
population prospects published by the United Nations shows
that the main driver for more urban land, population growth,
is expected to bring the global population from 7.7 million
people in 2019 to 9.7 million in 2050, a 26% increase. This
growth is expected to occur with varying rates across world
regions, ranging from 99% increase in Sub-Saharan Africa to
only 2% in Europe and North America. As a matter of fact,
more than half of the projected growth is expected in only nine
countries: India, Nigeria, Pakistan, the Democratic Republic of
the Congo, Ethiopia, the United Republic of Tanzania, Egypt, and
the United States of America. In contrast, 27 countries or areas
are already experiencing population decline today, including the
most populous country, China. Fertility rates are decreasing
worldwide, so that population growth can actually reverse over
the generations. The increase of life expectancy compensates for
some of this dynamic, and some countries will see a high increase
in elderly people over the next decades (United Nations, 2019).

With regard to the consequences of population growth for
urbanization, any regulatory approach must be based on robust
information about the current state and development trends
of urban land use change. Beginning in the 2000s, a line of
research focused on this topic with studies that have given
considerable research attention to land use dynamics. Cervero
and Kockelman (1997) showed how to identify the influential
factors of urban form with a view toward travel demand. The
landmark study by these authors on the influence of the “density,”
“diversity,” and “design” of urban neighborhoods (the so-called
“three D’s”) inspired subsequent studies to work with multiple
indicators to quantify urban land use patterns. In this line of
thinking, authors such as Galster et al. (2001), Wolman et al.
(2005), and Ewing and Rong (2008), established theories and
measurement frameworks for urban sprawl assessments in the
United States. These studies consider the drivers of urban sprawl
and acknowledge the fact that the assessment of urban areas is
very complex in terms of urban land use change. For example,
Galster et al. (2001) identify eight criteria (density, continuity,
concentration, clustering, centrality, nuclearity, mixed uses,
proximity) related to land use and its distribution over an urban
area for urban sprawl assessment in the United States. The
criteria can be measured individually and are used in that study
as inputs for a factor analysis to apply a form of multicriteria
assessment for the ranking of US cities. Such rankings are
useful for comparative analysis of development paths between
cities but provide no normative information on the success of
planning interventions or the criticality of urban sprawl in terms
of its impacts. For such purposes, time series in monitoring
frameworks dedicated to the testing of policy interventions are

needed. In this context, the European Environment Agency
inspired further research with a technical report on urban sprawl
in 2006 in which it identified the challenges of measuring
urban sprawl with a matrix of drivers that are differentiated by
topic (land, transport, governance, economy, society) and scale
(global, regional, local) (European Environment Agency, 2006).
Subsequent state-of-the-environment studies adopted these ideas
by applying a so-called pressure-state-response model to the
assessment of undesirable land use changes, resulting in rather
alarming qualitative assessments of urban sprawl perspectives for
the near (five-plus years) and more distant (20-plus years) future
(European Environment Agency, 2011, 2015). The measurement
approach considers the interrelationships among the current
state of land use, the driving forces that exert pressure on the
system (for example, population growth), the actual impacts on
ecosystem functions (in a normative assessment), and the effects
of policies. Other work that was later taken up by the European
Union to report on landscape fragmentation with a view toward
urban sprawl adopted measurement methods based on landscape
metrics. The aim was to assess the configuration and patterns of
urban land use using geographic information systems (Siedentop,
2005; Jaeger and Bertiller, 2006; Jaeger et al., 2009; Siedentop
and Fina, 2010; European Environment Agency, 2011; Fina, 2013;
Behnisch et al., 2018).

Our interpretation of the literature is that the US literature
seems to focus more on economic urban functions and their
resource efficiency within cities (e.g., Galster et al., 2001)
whereas the European literature is more concerned with
the environmental impacts of urban sprawl (e.g., European
Environment Agency, 2006). However, there is no clear research
agenda that explains this observation, and there are certainly
many overlapping areas. A range of indicators are presented
in the literature to measure the degree of urban sprawl that
are applied to geographic datasets on different scales, from a
binary view of urban vs. non-urban land, to the study of the
building blocks of different land uses, to analysis at the level of
street addresses and types of households and enterprises. There
are too many indicators to discuss in this paper. However, the
common denominator of most measurement concepts is the
use of selected indicators that represent different dimensions of
urban land use change. In this context, the study by Galster
et al. (2001) mentioned above was able to operationalize eight
dimensions based on census block data in the United States. Such
data structures are not available for international comparative
analyses on such a detailed level. Some authors have therefore
employed simplified measurements, grouping the dimensions
with the most essential indicators. A research group from
Switzerland worked with only three indicators to determine
the amount of urban structures in a study area (“degree of
urban permeation”), their locational setup (“degree of urban
dispersion”) and the intensity of use that might justify a higher
urbanization level (“sprawl per capita”; Jaeger et al., 2010). These
authors combined the indicator values for their study area to
only one measure (“total sprawl”). Frenkel and Ashkenazi (2008)
work with three dimensions of urban sprawl (“density,” “scatter,”
“mixture of land uses”), to which they refer as configuration and
composition parameters. The indicators to operationalize these
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dimensions are as follows: population density, irregularity of
the shape of the central built-up area boundary, fragmentation,
land-use segregation, and land-use composition. Both of these
studies require datasets that are not available everywhere.
Similarly, a study from an environmental government institution
in the German state of Baden-Württemberg suggested a
measurement based on three dimensions that can be translated
as density, efficiency, and quality of urban land use. This
concept places explicit emphasis on indicators that detect changes
over time in addition to indicators that measure the state of
urban land uses at the beginning of an observation period
(Landesanstalt für Umwelt, 2007).

Another example is the theoretical framework by Siedentop
and Fina (2010) (see Supplementary Figure 1). This framework
differentiates three dimensions of urban sprawl as being subject
to singular indicator assessments. These dimensions include (1)
surface characteristics, such as the amount of urban land use
and its increase over time, the sealing degree of different urban
land uses or the amount of urban green spaces and mixed
land use functions. The resulting land use pattern (2) is the
second dimension and addresses the configuration and position
of different land uses toward one another as being dispersed
or compact, fragmenting open space or forming planned and
optimized structures, such as transit-oriented development or
nodal growth. Urban density (3) considers the number of users
in a given residential population, for example, based on their
reliance on certain urban land uses, such as public transportation.
In that case, more users would create a higher demand for such
services, which would improve cost-efficiency.

The framework attributes certain impacts of urbanization
to the sphere of influence of these dimensions (e.g., the
loss/degradation of farmland, urban heat islands). Subsequent
attempts to operationalize this concept have resulted in a
challenging demand on data availability and time series
consistency. The indicators that were implemented as
representative are urban density; change in urban density;
greenfield development rate (dimension: density); effective share
of open space; patch density; mean shape index; openness index
(dimension: pattern); and share of urbanized land and new
consumption (dimension: surface). A full description would
exceed the scope of this paper; however, references can be found
in Siedentop and Fina (2010). Nevertheless, it is important to
note that the pattern indicators are especially complex study
objects in themselves. For example, the effective share of open
space as a measure of landscape fragmentation is employed to
reflect the value of habitat size for the health of flora and fauna.
The resulting value is higher for large habitats and smaller for
small habitats based on complex procedures to geographically
extract habitat sizes among urban areas for a given study area
and to assess the remaining connected size (Ackermann and
Schweiger, 2008). The important aspect to note here is that
many of the indicators presented in these studies can only be
operationalized in administrations with advanced capacities
to provide detailed geographic objects on urban land use and
statistical data (e.g., on population development) on small-scale
urban units. The results are convincing and promising; however,
they cannot be extended to other regions with limited data

availability. From this viewpoint, it is regrettable that monitoring
methods are being designed in regions of the world with
advanced data structures in rather mature and consolidated
environments that cannot be easily applied where they are
needed most, namely, in regions where urbanization is still very
dynamic and information on the alarming trajectories of land
use change could be used in crucial decision-making processes
and adjustments to land use policies. In this context, Wei and
Ewing (2018) recently published a call for new research efforts
on the topic with a view toward capturing the variety of urban
land use change worldwide. The following sections present a
dataset that we tested in this context. These are worldwide data,
and they provide a consistent time series from 1975 to 2015.

MATERIALS AND METHODS

Land Use and Population Data
Weuse the GHSL as ourmain source for the analysis. This source,
which is based on Landsat satellite and census data, is a dataset
that is available worldwide. This dataset covers built land areas
(built-up layer) and population data (population layer) for 1975,
1990, 2000, and 2015 (Pesaresi et al., 2013). The GHS built-up
layer, with a high resolution of 38m, provides the opportunity
to monitor changes in urban land use and the resulting patterns
using indicators that are applicable in a global context. In
addition, we have information on population development from
the GHS population layer on a 250m cell size so that we can
report on the demographic impact on urban growth. This data
is available for 1975, 1990, 2000, and 2014 and stems from
population estimation and disaggregation models (Freire et al.,
2016). There are some caveats that come with the use of the
dataset, although we generally assess it to be a unique source
for the observation and analysis of global urban developments
in the future. In their research, Pesaresi et al. (2016) described
challenges and problems with the GHSL and its validation. A
relevant issue for our study is that, due to a lack of available
image data for 1975, there are problems in identifying built-
up areas for this year. As the information of population is a
result of the census data and the built-up layer, we also expect
inaccuracies in the population dataset (see for the example of
the German city of Pirmasens in Supplementary Table 25). We
documented such inconsistencies found during data processing
in the population (Supplementary Table 25) and in the remote
sensing data (Supplementary Figure 2). This led to an exclusion
of possible cities to analyse and to a drop in sample size (see
Supplementary Table 3).

City Selection Procedure
To find a representative dataset of the most growing cities
from different world regions, we defined a specific selection
procedure. In a pre-analysis step, we used a 60 km buffer
around every city centroid as a typical catchment for cities.
The source is a point dataset provided by Esri and Garmin
(Esri Word Populated Places), which contains a centroid for
the administrative boundaries of every city with more than
50,000 inhabitants. This distance can generally be managed in
1 h travel time by car, which represents a maximum commuting
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time in Europe (Eurostat, 2019). We are aware that this not
applicable for every country or city, but we need equal distances
for our selection procedure. In comparison to the delimitation
of functional urban areas of the urban audit, which includes
employment and population data, we could identify similar
catchment areas for the larger cities (Eurostat, 2013). As the
research focus is set on cities with increasing urbanized areas,
we concentrate on two kinds of city: those with most absolute
growth and most relative growth in built-up land in city regions.
The calculation of growth makes use of the GHS change layer
of built-up areas and identifies the time period with the largest
values from 1975 to 2015. Considering the fact that the most
populated cities are often also the most growing cities, we
decided to divide cities into three size classes: category A (over
500,000 inhabitants), category B (100,000–500,000 inhabitants)
and category C (50,000–100,000 inhabitants). The information
about the population classes is also part of the Esri world
populated places with 2017 as reference year.

We also applied two filtering steps. The first approach
eliminates the dataset entries for smaller countries, giving effect
to the assumption that the growth of cities in small countries,
such as Liechtenstein or Luxembourg, is highly influenced by
neighboring metropolitan regions in other countries and does
not provide the number of cities to present a solid selection
base (e.g., small island country states, such as Samoa or Cape
Verde). As a result, we excluded countries with fewer than 2
million inhabitants from this part of the research. To avoid
agglomeration and overlap effects in polycentric urban regions—
cities affecting the growth of catchments of neighboring cities—
such as in the Ruhr area in Germany or the east coast of
China, we implemented the second filtering rule: the cities of
category A are not subject to any special restrictions. The cities
of category B cannot be in a radius of 60 km from a city of
category A. We dropped the cities of category C from the sample
if they are in 60 km proximity to a larger city from categories
A and B. Excluded cities remain part of the larger city region.
Subsequently, the sample for a specific city category is filled with
the next entry in the ordered list of growing cities in its category.
For example, if a city of category B is part of the catchment
of a city from category A, it will be part of the analysis for
the larger city and will no longer be considered individually.
Then, the city that is next in rank in category B is taken into
consideration for spatial analysis. In its final state, the database
contains a maximum of six cities per country, with the exception
of smaller countries where many cities are geographically close
to one another and affected by the application of filtering
rules. As a result, some city categories are missing in such
countries. For a total overview of all of the selected cities (see
Supplementary Table 4).

Table 1 shows the resulting cities for the example of France. Of
the largest cities, Paris had the highest absolute growth in hectares
(4,614 km2 from 1975 to 2015), which is certainly due to its
extraordinary size compared to the next-largest cities. However,
in relative terms, Reims had a higher growth rate in percentage
terms (150% from 1975 to 2015). For cities with 100,000–500,000
inhabitants, Lille had the highest absolute growth rate, Avignon
had the highest relative growth rate. In category C (under 100,000

TABLE 1 | Cities with the highest urban development dynamics in France, by

population class (in brackets: absolute and relative change of urban land).

City/growth Absolute Relative

A (more than 500,000 population) Paris (4,614 km2) Reims (150%)

B (between 100,000 and 500,000

population)

Lille (3,554 km2 ) Avignon (221%)

C (under 100,000 population) Saint Quentin

(1,208 km2)

Beziers (271%)

inhabitants) Saint Quentin had the highest absolute growth and
Beziers the highest relative growth.

Processing and Analysis
Our logic for delineating catchments for cities uses travel
time areas from the city centers as its core element. This
approach reflects the functional relationships between the city
center and its surroundings better than linear rings or squares.
Processes of urbanization (e.g., sub- or re-urbanization) and
related phenomena (i.e., commutersheds) rely on street networks.
Indicators that measure such processes are therefore better
calculated in alignment with network geographies. In particular,
the analysis of urban growth will provide more realistic and
comprehensible results in this context. Topographic features
such as mountains, water surfaces, forests, or conservation areas
are usually not accessible by road andwere therefore intentionally
excluded from the research area. If frozen boundaries were used,
inaccessible or unconnected areas would also be part of the
analysis. However, defining the catchment areas by travel time
polygons also contains some deficiencies. Although indicators for
cities can be compared, they are based on different geometry sizes
in contrast to static squares or circles. We have to consider this in
the interpretation of the results.

The resulting polygons represent so-called isochrones
(polygons of equivalent travel time for the centroid) or spatial
units such as those shown in Figure 1. The travel time polygon
for the city of Innsbruck in Austria runs through the valley
locations to the east, south, and west. Northern parts in the
alpine valleys are more difficult to reach and thus take longer.
Another example is shown on the right-hand side, which
is located in the desert. The isochrones of Hafar al Batin in
Saudi-Arabia span the first two rings, the outer rings are singular
radial roads, which are officially labeled as highways, and other
parts are not accessible by sealed roads (excluding dirt tracks).
Unaffected by any topographic restrictions, the city of Dusseldorf
in Germany approximates circular travel time rings, albeit with
some deviations.

For our analysis of individual cities, we calculated isochrones
for car travel times of 15, 30, 45, and 60min to the city
center. Data basis for the analysis is the ESRI ArcGIS Online
network analysis services, which delivers “up-to-date” road data
by HereMaps. With an almost worldwide available routing
network, this source ensures our requirements for the analysis
with a given reference year of 2018 (Esri, 2019). We use the
resulting isochrones for all observation years to make the results
comparable. For the application on the global level in section
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FIGURE 1 | Examples of travel time polygons.

TABLE 2 | Overview of indicators and their calculation (gray = main indicators).

Indicator Range Calculation

Growth rate of built land

per year (n) (BuiltGR)

(–∞) to (+∞) BuiltGR =

(

n
√

Start Built
End Built

− 1

)

• 100

Growth rate of population

per year (n) (PopGR)

(–∞) to (+∞) PopGR =

(

n

√

Start Population
End Population

− 1

)

•100

Land use inefficiency

(LUI)

(–∞) to (+∞) LUI = BuiltGR− PopGR

Dispersion index change

(DIC)

−100 to + 100 DIC = End DI− Start DI

Dispersion index (DI) 0 to 100 DI =
NPn+(100−LPn)

2

Largest patch

(normalized) (LPn)

0 to 100 LPn =

LP− 1
∑n
j=1

aij

100− 1
∑n
j=1

aij

• 100

Largest patch (LP) 0 to 100 LP =

n

max ai

i = 1
∑n

j=1 aij
• 100

Number of patches

(normalized) (NPn)

0 to 100 NPn =
NP−1

(
∑n

j=1 aij )−1
• 100

Number of patches (NP) 0 to (+∞) NP = NP (absolute)

Global Observation, we simplify and aggregate the database by
reducing the research area to a single catchment ring per city
category. The travel time used to create the rings relies on city
size. For the cities of category A (over 500,000 inhabitants),
we assigned a travel time of 45min; for the cities of category
B (between 100,000 and 500,000 inhabitants), we assigned a
travel time of 30min; and for the cities of category C (<100,000
inhabitants), we assigned a travel time of 15min. Restrictions
such as toll roads or unpaved roads are ignored for this
purpose because they prevent general accessibility and would
have yielded unrealistic and complex isochrones, including
islands, and possibly disconnected polygons. Such restrictions are
therefore set to the minimum in the software we used, the ESRI
ArcGIS Online network creation tool. Excluding toll roads or
unpaved roads also leads to better results in the US and rural

parts of Asia and Africa, where a large number of roads are
actually unpaved. The only restriction we considered is the use
of ferries to avoid areas that are inaccessible by car. Despite
its good usability, there are some limitations in the use of Esri
service areas. In general, there are problems in countries, such as
North Korea, Afghanistan or Yemen, where the street network
data do not seem to be very reliable and yielded inconclusive
results (mainly visible in the form of the resulting polygons).
In addition, there are potential problems when calculating drive
time areas in smaller cities in Asia, Africa and South America,
most likely also due to deficiencies in the available street network
data. Countries and cities with inconclusive results had to be
excluded from the city selection to avoid unrealistic indicator
calculations. It is important to note that especially smaller cities
in the named continents have outer rings with smaller areas.
We suspect that the definition problems in street hierarchy
and connectivity in rural areas are responsible for this issue.
In the interpretation of the results, it is crucial to check the
forms of the catchments to reflect the topographic conditions
in the area. It is also important to note that the isochrones are
valid for the recent past when the street network we used was
in place. Therefore, for the previous years of our observation
period, wemay have potentially overestimated accessibility. From
a methodological point of view, this is a necessary specification
and provides a solid framework for the analysis of trends from
the past. For future monitoring purposes, such fixed spatial units
could impose restrictions when excessive growth renders these
polygons outdated.

Indicators
As shown in the literature review the measurement and
analysis of urban land use trends requires a multitude
of indicators. According to the framework depicted in
Supplementary Figure 1, multiple indicators are selected
to represent the three dimension of growth (see Table 2):
change of land surface characteristics (dimension 1), change of
urban density (dimension 2), and change of land use patterns
(dimension 3). The indicators we selected for our study can
be implemented with the GHSL. With this background, we
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FIGURE 2 | Example for urban land use patterns and the corresponding largest patch index (LPn), normalized number of patches (NPn), and dispersion index (DI)

values (urbanized land in black, largest patch in red).

condensed the three dimensions of urban sprawl to only
two dimensions: the dimensions of land use (in-) efficiency
and dispersion.

• Land use inefficiency: we borrowed this concept from a range
of reporting tools on urban form but could not identify who
published the idea first1; however, it is a simple comparison
of population growth vs. urban area growth. If the population
growth is higher, the urban footprint will become denser. If
the population growth is much lower, the urban structure
will become less dense, which is typical for urban sprawl.
This dimension therefore measures the economic use of
land resources over time in light of population development.
This approach is sometimes labeled as land use efficiency,
a term we adopt but invert the logic in terms of land use
inefficiency to make our results more accessible in light of
the indicator values. Land use efficiency is also an indicator
in the United Nations Sustainable Development Goals and
therefore highly relevant for policy formulation (Number 11,
see United Nations, 2018; Florczyk et al., 2019). Put simply,
land use inefficiency covers the dynamics of the surface and
density dimensions.

• Dispersion: we monitor and assess the pattern dimension with
the changes observed for the so-called “dispersion index.”
The methodology for this indicator was first presented by
Taubenböck et al. (2018) with a very simple binary analysis of
settlement and non-settlement areas. Dispersion index derives
two spatial metrics from these land use classes, the largest
patch, and the number of patches (McGarigal, 2015), and it
positions these metrics in relation in one another. The share
of the largest settlement patch in the entire area represents

1See for example the planning tool “Vitalitätscheck” [vitality check] for rural

settlements in Bavaria, Germany at http://www.stmelf.bayern.de/landentwicklung/

dokumentationen/059178/index.php (March 31, 2019).

the dominance of one patch in a landscape. The number of
patches equals the total number of all patches in the landscape.
By normalizing the values of the number of patches and the
largest patch, we obtain equal ranges from 0 to 100 (see
Figure 2). Low values indicate a compact settlement structure,
and high values indicate dispersion.

Based on these indicators, we can portray the development of
a city in a two-dimensional matrix. On the y-axis, we translate
the surface and density dimension of our measurement concept
into a value for the land use inefficiency as a result of land
consumption and population growth in a given time period. If
the population and urban land use grow at similar rates, the land
use inefficiency remains constant (see Figure 3). Urban land
use change that exceeds population growth considerably is an
indication of wasteful land use management and a decrease in
urban density (“less dense” in Figure 3, upper two quadrants).
If the population grows much more than the urban land use,
we obtain densification and higher efficiency (“denser,” lower
two quadrants).

In other words, land use inefficiency measures the difference
of built-up area growth in relation to population growth and
indicates whether urban density is increasing or decreasing.
The x-axis, in contrast, is defined by the development of the
dispersion index over time. If urban areas grow from a very
patchy (or “sprawling”) condition to more compact structures,
the values will be negative (“more compact,” two quadrants
toward the left). Accordingly, if new patches of urban land are
built in isolation from existing urban areas, the dispersion (and
urban sprawl) will increase (positive values), placing the value of
the dispersion index change further to the right (two quadrants
on the right-hand side).

Based on this idea, we can now depict the development of
urban areas in terms of land use inefficiency and the change in the
dispersion index in combination. A positive land use inefficiency
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FIGURE 3 | Trends of urbanization, divided into the four quadrants.

value refers to less dense growth with a higher consumption of
land; a negative land use inefficiency value refers to denser growth
in the particular period. The objective of this approach is to
portray the urban land use changes for the three time periods
from 1975 to 1990, 1990 to 2000, and 2000 to 2015. To present
the results on the full time series (1975 to 2015), we use the
geometrical mean as the average of the growth rates between
single time periods (e.g., 1975–1990, 1990–2000, 2000–2015).
The complete mathematical definitions of the single indicators
required to fill the land use inefficiency and dispersion index
change matric is shown in Table 2.

RESULTS

In the first step, we apply the introduced methodology on a
global observation level. For this purpose, we work with only one
catchment ring, simplifying outputs to one value for a city per
year, categorized by city size classes.

Global Observation
The overview in Figure 4 shows the average values for
urbanization trends by continent, taking the mean indicator
values for each city type. The general development trajectories of
urban land use change are comparable. Every continent exhibits
a highly dynamic, less dense, and compact growth in the first
period with some specific deviations. The growth development
in Asia is more intense than, for example, in Europe, Australia
and Africa. North and South American cities are characterized
by a development compaction where the existing sprawling
structures have been filled with new built-up areas over time;
thus, urban footprints consolidate over the observation period

and become denser. The time periods from 1990 to 2000 and 2000
to 2015 suggest that the growth dynamics on every continent
have accelerated. Differences can be observed when examining
the location of the darker red points in the quadrants of
Figure 4. The growth dynamics in African cities do not lead
to the same densification as on other continents, i.e., the land
use inefficiency increases on the y-axis. At the same time, the
growth curve in Asia moves across the quadrants to the 3rd
quadrant, illustrating a compaction and densification of the
urban footprint. In Australia, built areas change from being less
dense and dispersed to denser and more compact. European
urbanization since 1990 is characterized by a starting point that
is already quite consolidated, i.e., closer to the zero points of the
x- and y-axis in Figure 4.

The above findings are typical for mature urban development
with comparatively slow dynamics; however, the results show
urban areas steadily becoming less dense and more dispersed
due to fewer people on average using and increasing amount of
urban land. In North and South America, the growth patterns
can be described as becoming denser but dispersed over time,
with a slowing dynamic in the most recent observation period
from 2000 to 2015. In this context, it would be of great
value to enhance this analysis with ring structures, which we
demonstrate in further analyses for Paris and Chicago in the
next section. The presence of rings around the inner city allows
for a differentiation of urban structures from the historical core
to the latest phases of urban extensions and for the monitoring
of the land use inefficiency and dispersion dimensions for each
ring. This analysis could be conducted for all of the cities in the
sample if the validity of the measurement concept can further be
substantiated in future studies.

For the time being, we would like to highlight that
the interpretation of the results presented here follows the
movements of points from paler shades of red to the location
of the darkest red point. This dark red point symbolizes the
end of our observation period. The values very close to the zero
point of both axes show a decreasing dynamic that we interpret
as a mature level of consolidation for urban development. The
analytical value of this observation lies in the future monitoring
of these points across the four quadrants. Once policies for urban
containment and land saving densification are in place, one can
detect progress toward policy objectives using this method.

In order to examine the difference of indicator results between
the continents we apply the Kruskal-Wallis-Test (Vargha and
Delaney, 1998) to all city regions in the sample, grouped by
continent. The calculations were done in the SPSS statistical
software package. Complete tables for the summary results
presented here can be found in Supplementary Tables 5–24. If
the value of the asymptotic significance p of the test is <0.05,
there is a difference in the central tendency, otherwise the
sample is homogenous. We computed these numbers for the
various time periods and the two indicators. If there is indeed a
difference, a post-hoc-test determines which continents exhibit
significantly different values. In such cases we use the Dunn-
Bonferroni-Test df (Cohen, 1992; Dinno, 2015). The results are
presented in Tables 3, 4, including the Qui-Square values as
context information.
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FIGURE 4 | Urbanization trends for the continents.

In the first time period the values for both indicators in
the sample are not significantly related, the urban development
paths are therefore heterogeneous. The pairwise comparison in
the post-hoc-test shows that this result is mainly due to the
large difference between urban development paths of South
America in comparison to Asian city regions. The medium
effect size of r = 0.45 shows that the land use inefficiency
deviates significantly, the data shows that it is Asian cities
that densify over time, South American cities much less. The
heterogeneity of the dispersion index change can mainly be
attributed to the difference between Asia and Europe (r = 0.32,

medium effect size) and Asia and Africa (r = 0.32, medium
effect size). In contrast, the continents in the subsequent periods
are homogenous with regards to the dispersion index change.
For the land use inefficiency we can also identify differences in
the central tendency in the more recent observation periods.
For 1990–2000, we see a multitude of relations that emphasize
the inequality of urban development paths across continents.
The effect size is small and varies between 0.23 and 0.29.
In the last period the inequality can mainly be attributed
to the difference between Europe and North America (r =

0.23, small size effect), Europe and South America (r = 0.29,
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TABLE 3 | Results of the Kruskal-Wallis-test (continents).

1975–1990 1990–2000 2000–2015

Land use

inefficiency

Dispersion

index change

Land use

inefficiency

Dispersion

index change

Land use

inefficiency

Dispersion

index change

Qui-square 17,566 32,185 41,513 2,223 29,345 2,149

Dunn-bonferroni-test (df) 5 5 5 5 5 5

Asymptotic significance (p) 0.004 0.000 0.000 0.817 0.000 0.828

TABLE 4 | Results of the Kruskal-Wallis-test (city-size).

1975–1990 1990–2000 2000–2015

Land use

inefficiency

Dispersion

index change

Land use

inefficiency

Dispersion

index change

Land use

inefficiency

Dispersion

index change

Qui-square 22,873 4,245 29,605 5,759 28,131 14,173

Dunn-bonferroni-test (df) 2 2 2 2 2 2

Asymptotic significance (p) 0.000 0.120 0.000 0.056 0.000 0.001

small size effect) as well as Europe and Asia (r = 0.21, small
size effect).

In addition, we can aggregate the data on the city size level
with the same methodology as above. Figure 5 presents the
results for the three city categories A, B, and C. The results are
similar to the comparison by continent. From 1975 to 1990,
the growth dynamic was higher in the smaller cities. The cities
in categories B and C develop in a less dense and compact
fashion on average at this point as well as in the succeeding time
periods. The largest category, cities over 500,000 inhabitants,
moves from the quadrant with less density but a compaction of
development (upper left) to the denser but dispersed quadrant
on the lower right. We interpret these effects as maturing urban
development where urban sprawl in the 1980s was followed by
a densification and consolidation of suburban areas in the more
recent observation periods.

Similar to city region groupings by continent we also
conducted the Kruskal-Wallis-Test for city region groupings by
city category. For the dispersion index change we identified
homogeneity in the sample for the first two decades. However, the
asymptotic significance value p for 1990–2000 is close to the level
of significance and in the last period it falls under the threshold.
This is due to major differences between cities of city category A
and the smaller city categories, effect sizes are small. In contrast,
we see a continuous heterogeneity between the size classes in
terms of land use inefficiency. In all time periods we determine
differences in the central tendency between major cities (City A)
and the smaller cities (City B and C). Checking for the position
of the city size. A symbol in the matrix of Figure 5which is closer
to the x and y axis we can conclude that large cities over 500,000
population have experienced less dispersion and dedensification
than smaller cities in the observation period.

Urbanization Trends for Selected Cities
To apply this new methodology for individual cities, we selected
Chicago and Paris. Both cities have similar populations (city

category A), and they show the largest increase of total urbanized
land in their respective countries, the United States of America
and France (for more detailed information on city statistics
see Supplementary Tables 1, 2). In addition, we can reflect on
the urbanization trends for these two cities based on a rich
body of literature on their historical development and influential
factors (e.g., Dear, 2001; Hudson, 2006; Angel et al., 2010). Such
knowledge is valuable in testing newmeasurement concepts such
as the one we present here.

Urbanization Trends in Chicago
With over 2million inhabitants in the core city and over 9million
in the metropolitan area, Chicago is one of largest cities in the
United States. Located at the Western edge of Lake Michigan,
Chicago is subject to specific growth conditions that have been
a prominent subject of research in urban theory for a long time
(Dear, 2001). Waves of suburbanization and reurbanization have
changed and enlarged the outskirts of Chicago and have placed
pressure on land resources and changes in land rents (McMillen,
2003; Hudson, 2006). To measure the resulting growth patterns
since 1975, we have delineated the expansion area toward the
west with travel time rings formed as semicircles around the city
core, not covering the water area of Lake Michigan. Figure 6
shows that the main areas of rings 1 and 2 were covered by built-
up land before 1975. Urban land built between 1975 and 1990
closed the gaps in rings 1 and 2. Urban land extended toward
the existing built-up areas in rings 3 and 4. New urban land that
was developed after 1990 is mainly located in the outer two rings.
Some parts extended new settlement areas in ring 2.

Figure 7 illustrates urban land use change in Chicago for the
three time periods subdivided into the different rings (graphs on
the left). To put the values into context, additional graphs on
the right show the development of built-up areas (green graph)
and population growth (red graph) since 1975. The values are
indexed and normalized for the starting value in 1975, which is
set to 80. Subsequent developments show the deviation from 80
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FIGURE 5 | Urbanization trends by city size.

for the different years after 1975 on the x-axis. This information
is complemented by the absolute change of the dispersion index
(dark yellow graph) from 1975 to 2015. It is important to note
that all of the values represented here are calculated as change
rates based on the starting point in 1975.

The resulting graphs on the left-hand side show that the
inner core ring represents high growth dynamics in the first time
period from 1975 to 1990. This trend reflects a compaction of
urban form with a loss of urban density and can be seen as a
consequence of the strong suburbanization in this time period
during which large shares of the affluent population fled the
inner city problems of industrial pollution and crime in deprived
neighborhoods (also known as “white flight”) (Boustan, 2010;
Boustan and Margo, 2013). The following two periods indicate
a further consolidation of the built-up area in the first ring with
a decreasing value for the dispersion index change. The decrease
in population in the city core continued, leading to a less dense
settlement structure during the whole research period. Similar
trends can be seen in ring 2. From 1975 to 1990, the total built

area increased by ∼50 %, while we find no significant changes in
the population numbers and a strong decrease in the dispersion

index change. Development is found to be less dynamic in the
following time periods. We can see a form of stagnation from
1990 to 2000 and decreasing urban density in the last time period
due to a shrinking population base. The exterior rings 3 and 4 are
similar in their development paths.

Overall, we determine an increasing population in these
zones, extraordinary growth rates of built-up land that are
typical of suburbanization (graphs on the right-hand side) and

shrinking dispersion from 1975 to 2015. Here, the development
path during the first period was less dense and very compact.

This development is a reflection of continued development in
formerly dispersed land use patterns that are typical for the
outskirts of large cities. In both outer rings, the second time
period from 1990 to 2000 shows a temporal increase in dispersion
until 2010, probably a result of newly developed built-up land in
isolated locations. However, this trend reversal does not continue
in the last given period from 2010 to 2015, where we find
a decreasing dispersion index and, therefore, a compaction of
urban land use patterns. In this sense, the indicator values in
Figure 7 suggest a convergence of the urbanized land in the
outer rings.

In summary, we can characterize the urbanization in Chicago
as a form of urban consolidation with compact development
in the inner rings, and a subsequent compaction of dispersed
land use patterns in the outer rings. This is a typical form
of suburbanization. The example of Chicago lends itself to
the application of this new monitoring concept that provides
information about dispersion and land use inefficiency for such
urban sprawl conditions. The trend analysis for Chicago shows
that the growth in urban land was accompanied by a continuous
decrease in urban density over all rings in the research area.
We attribute this result to a massive migration of the inner city
population to the outer rings in the wake of suburbanization,
largely surpassed by the tremendous growth of urbanized land
in rings 3 and 4.

Urbanization Trends in Paris
In contrast to Chicago, our second test case, the city of Paris,
has no substantial topographic or natural restrictions for urban
growth around the city. This lack of restrictions is why Paris
has equal travel time rings in a radial growth pattern around
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FIGURE 6 | Urbanization periods in Chicago, based on the GHSL.

the city core, with strong concentrations of newly built urban
land along the major transport routes into the hinterland. As
the capital of France, Paris has historically attracted urban
growth with a concentration of government and business
functions for centuries, dominating spatial development with
strong transportation linkages to second-tier cities in France. It
is therefore not surprising that Figure 8 shows the inner rings
as already vastly built-up at the beginning of our observation
period in 1975. Newer urban growthmainly occurred in the third
ring along the main transportation axis. Ring 4 contains some
smaller separated settlement areas in 1975, which we identify as
formerly self-contained cities that attracted new growth in our
observation period. The urban areas that were created after 1990
extend existing settlements, visible here in the orange and yellow
patches of new urban land in rings 3 and 4.

In the city core, the existing urban layout did not allow
for much compaction in our observation period; it was already
built-up. Our measurement concept reflects this observation
accurately: the built-up land and subsequent dispersion remain
constant, and the added area of 1.1 km2 of urban land in 39
years of our observation period is marginal considering the
area. Nevertheless, we identify continuous population growth in
the first ring and therefore a denser settlement structure. The

popularity of Paris for city dwellers obviously led to new infill
development or perhaps denser forms of living arrangements
on average. The second ring, also part of the inner city of
Paris, is characterized by dense and compact growth based
on the negative land use inefficiency (e.g., population growth
exceeding the growth of urban land) and development trends
for the dispersion dimension. Figure 9 presents a shift over the
time periods from 1975 to 1990, 1990 to 2000, and 2000 to
2015 along the x-axis to the zero point of the dispersion index
change dimension.

We interpret these changes as a form of spillover effect from
the first ring to the second ring where continued population
pressure led to a compaction of neighboring suburbs. In
contrast to the urban center of Paris, the third ring exhibits a
different development path. We can observe increasing values of
population and urbanized land but also a growing dispersion in
the first two periods. Because we find a higher growth in built-
up areas than in population in ring 3, we can assume a form of
sprawling suburbanization with less dense and dispersed growth
in the first two time periods. However, this trend was reversed in
the third time period where population growth exceeds the built-
up area growth. The land use inefficiency shows the effect along
the y-axis, and the result is a gain of urban density. This minor
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FIGURE 7 | Urbanization trends for Chicago divided into the four rings. The line charts illustrate the corresponding development of built-up land, population, and

dispersion index over time.
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FIGURE 8 | Urbanization periods in Paris, based on the GHSL.

trend of densification and dispersion in the last period could be
a result of densification policies in the city-region (Touati-Morel,
2015). The exterior ring follows this trend with higher dynamics.
Notable is the change in the urbanized land, which increases
by a factor of 2.5 since 1975 and promotes the dispersion and
the decrease in urban density in the fourth ring. We suspect
that advantages in land rents and accessibility for commuters
shifted the suburbanization from the city core further out to
rings 3 and 4 of the research areas. This phenomenon is a typical
process for European cities where historically compact cities have
seen massive forms of urban sprawl on the outskirts. This is an
observation that is often overlooked in theories on urban form
that falsely idealize European cities as blueprints for compact city
policies (European Environment Agency, 2006).

In summary, in Paris, we can identify different trends from
rings 1 through 4. The city core is very compact and can
only grow in density; ring 2 experiences a consolidation of
urban form as a consequence since 1975. The low value for
the dispersion index change in 2015 suggests that this process
is largely completed, and the urban form is fully built-up.
The developments in rings 3 and 4 have been subject to
massive processes of suburbanization and urban sprawl in our
observation period, with less dense and disperse growth of urban
land and very high land consumption rates.

DISCUSSION

The main results of our study inform about global urbanization
trends and new monitoring methods based on remote sensing

data. In terms of selected examples on urbanization we show

that the highest growth dynamics occurred in the period from

1975 to 1990. In most world regions, this result is typical for

the expansive building policies in the wake of the automobile-
oriented suburbanization that dominated urban development
from the 1950s onward for some decades. This trend is global,
although with variations in timing and scale (MacLean, 2008).
Our results deliver additional evidence for such variations
for selected cities and city groupings in this time period. In
the following periods, from 1990 onwards, we see a general
compaction of urban development. We attribute this compaction
to a consolidation of suburban developments over time with new
built-up areas. However, the results of densification or land use
inefficiency are not as clear. Most of the cities in our sample
show densification in the inner rings and later in the outer rings.
Generally, cities exhibit a time lag between the growth of built-up
areas and the influx of inhabitants that leads to higher densities.
The dichotomy between urban and rural areas becomes blurry.

The additional results of our analysis indicate the following
urbanization patterns in the study areas:
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FIGURE 9 | Urbanization trends for Paris divided into the four rings. The line charts illustrate the corresponding development of built-up land, population, and

dispersion index over time.
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• Chicago shows a decreasing density that is in line with the
results obtained by Angel et al. (2010) from the early 1950s
onwards. According to the results of that study, the share
of urbanized land increased from 1970 to 2000 from 50 to
100%. We can verify this result with the urbanization shown
in Figure 7 that illustrates a steadying trend of increasing land
consumption per inhabitant.

• Due to the historically established high density in the urban
core of Paris, the growth of urbanized land occurred in
the outer rings, although the inner city is still growing in
population. As a typical characteristic of this process, the
settlement patterns are most compact in the city core, and they
become more dispersed in the outer rings, following the main
transport routes. In the outer rings, the settlement density
decreases as a consequence of the high land consumption rate,
which is typical for urban sprawl.

• Angel et al. (2011) already showed that the growth of
urbanized areas in European cities had already peaked before
1975. In contrast, cities in Asia, Africa and South America are
still experiencing high growth rates, after 1970 and continuing
until the last year of data availability in 2015. These trends
were also identified by Seto et al. (2011). Figure 4 shows
these differences in land use inefficiency and dispersion
dimensions. The results of the statistical analysis present a
major difference in the dispersion index change between the
continents for the first time period. Since 1990 the sample
seems to be more equal. In comparison, the differences of the
land use inefficiency for the continents are tremendous for the
complete observation time.

From a methodological point of view, our findings show that
monitoring methods need to be complemented by validation
procedures to test for data reliability. Future analysis must work
with ground truth data and more in-depth case studies to assess
the accuracy of monitoring results. This aspect is important due
to doubts about data quality. As explained in the section on data,
we cannot rule out that the limited data quality for the 1975
data is responsible for the large deviations of this time period
compared to the trends of the whole observation period. This
warning especially applies to the population data presented in
section Land Use and Population Data. In terms of land use
we expect an improvement of data reliability for more recent
years based on the introduction of higher quality sensors and
classification procedures. Due to our city selection procedure, our
interpretation results on the global level refer only to growing
cities. Therefore, we cannot comment on shrinking or stagnating
cities. Other methodological findings are:

• The differentiation of growth trends according to city size
is affected by the cities’ catchment areas. For cities with
more than 500,000 inhabitants, we used a 45min travel time
polygon as the research unit, which may also include suburban
and rural areas in cities with a high density gradient. This
area is mostly where urban sprawl happens, namely, at the
outskirts alongmotorways, often as a result of suburbanization
processes. In these cities, the urban density can increase in
the core. On the outskirts, the urban patterns become more
sprawled due to newly developed settlement structures. This

effect is evidenced by major differences in land use inefficiency
and dispersion between city size categories. Statistical analysis
shows that large cities withmore than 500,000 inhabitants have
consolidated dispersed and inefficient sprawling conditions
much more over time than smaller sized cities.

• Our analysis of cities by continent does not obtain clear
differences for interpretation. Grouping cities by continent
obviously mixes too many specific city types with unique
development paths, and the resulting average values disguise
the analytical power of a single portrayal of development
trends such as those we presented for Chicago and Paris.
To extract more analytical value from city classes, we aim
to concentrate on planning regimes and other characteristic
properties of cities for future groupings and the inclusion of
different rings of observation.

In essence, we used this study to test a new methodology for
a rich database. Our initial results show that the results can
be conclusive and reflect global urbanization trends in a new
and simplified way. In comparison to other global assessment
methodologies (e.g., Seto et al., 2011; Zhang and Seto, 2011) that
utilize more measures, we manage to combine the dimensions
of population, land expansion, and urban sprawl in one
measurement approach. The strength of this methodology is in
the analysis of the individual cities and their different catchment
areas, which can be adapted for further analysis. Thus, we can
assign the development in the individual city rings to different
trends of urban land use change. The delineation of cities and
their catchments remains a problem for monitoring applications.

Our approach to use network analysis and the most recent street

network to model multiple rings around an urban core provides

the flexibility to analyze urban development phases over time.

Based on this approach we can capture land use changes in the

rings without relying on the stability of administrative areas.
In addition, we do not have to differentiate arbitrarily between
urban fringes, suburbia and the rural hinterland, categories
that have changed highly dynamically in many city regions
of our observation period. In addition, we can customize our
methodology. With far-reaching methodological changes of our
previous dataset, we are able to exchange the GHSL with
similar data sources. The minimum requirements include small-
scale information about population and built-up land. Such
requirements also apply to our indicators as long as the new
indicators are based on the same theoretical and methodological
foundations. However, we have also identified limitations in the
methodology. To interpret and compare the results additional
information such as the initial absolute values of the indicators

are useful. Further, our selected indicators also have strengths
and weaknesses. As already determined, the application of the
dispersion index does not consider the intensity of urban land use

or functional centrality (Taubenböck et al., 2018). The indicator

focuses on adjacent cells, where minimal inaccuracies in the
dataset can break topological adjacency. However, we assess this

problem as a minor inaccuracy that is acceptable with a view
toward capturing general trends. It is also clear that aspects like

urban density could be more accurate when using construction
volume or 3D-building data. However, our approach is designed
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to work with data that is available worldwide, which is not the
case for 3D data (e.g., Jahn et al., 2015; Krehl et al., 2016).
For future analysis, it would be interesting to compare the
results of our simplified analysis to a more complex and detailed
measurement. For the time being we can validate the results

based on the literature on urban development trends. Future
analysis on drivers and impacts will certainly demand additional
indicators and qualitative assessments.

We are aware that this idea initially requires some effort
to conceptualize. However, once it has been understood
and established as a monitoring concept, we expect benefits
from its continuous use. In addition, this idea can be a
relatively accessible and easy-to-communicate approach for
the measurement of urban land use change. The advantage
we envisage is that the data requirements are by far not
as demanding as in most other measurement concepts. We
also expect that further research is needed to make the
analytical power more accessible to planning practitioners. Such
research must include working with advanced visualization
techniques and incorporating other reference data to validate the
results. For example, further research could consider planning
regimes or economic conditions to obtain information about
the development paths of land use change. Such analysis
will be left to future endeavors once we have established,
communicated, and received feedback on the explanatory value
of our methodological approach.

CONCLUSION

This study was designed to extend measurement methods on
urban land use change for worldwide assessments of cities by
city size. To achieve this goal, we explored several methods and
produced a simplified framework based on the previous studies in
Western countries. The idea of this framework is to condense the
dimensions of urban land use change suggested in the literature
without compromising the analytical depth. Our new approach
combines the dimension of urban area, land use patterns, and
urban densities into a unified measurement model on two axes:
land use inefficiency (built-up area growth divided by population
growth) and dispersion of urban patches in the research area.

Overall, the portrayal of global development based on this
method provides a first glimpse into the analytical potential of
both the method and dataset. Indicator results can be used as
single measurements or in the combined analysis of the land use
inefficiency and dispersion matrix. Future analysis will provide
more insight into the actual development trends by using several
rings and other groupings of cities, for example, with a view

toward the planning culture or other specific dynamics. For
the time being, we introduce this new analytical concept for
discussion in the research community. Ideally, we would like to
see such analysis used in monitoring applications in planning
practice to inform decision makers about urban development
paths. Put simply, our recommendation is to capture the starting
point of the urban footprint in terms of density and compactness,
formulate appropriate objectives, and then begin to monitor
development paths with this new method.

The understanding of how cities have grown is an essential
facet of the spatial sciences. Newly available, small-scale
population and built-up area data serve as the basis for innovative
but conceptually challenging analysis options. It is up to the
scientific community to improve planner’s abilities to effectively
employ such data. In this sense, the results presented here deliver
on the call of Wei and Ewing (2018) for the development of new
monitoring methods for urban land use change.
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