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Abstract Urban land expansion is a major driver of many environmental and societal changes that
challenge human well-being and sustainable development, but its evolutionary process and dynamics are neither
clear nor well-integrated into urban science quantitatively. We analyzed the global urban extent data based on
nighttime lights to examine the statistical distribution of urban land area at the global scale, and in 13 regions
and countries over 29 years. The results reveal a converging temporal trend in urban land expansion from
subnational to global scales, characterized by a coherent shift of urban area distribution from an initial power
law toward an exponential distribution. This trend is well captured by a unified mathematical model based on
the shifted power law distribution function and is reflected in the gradual predominance of medium-size cities
over small-size cities in the configuration of urban systems across the world. The shift of urban area
distributions bears the consequence of reduced urban system stability and resilience, and can be linked to
increasing exposure of urban populations to extreme heat events and air pollution. These changes are likely to be
driven by the increasing influence of external economies of scale associated with globalization. The findings
challenge the status quo of land urbanization practices and emphasize the importance of medium-size cities in
urban planning.

Plain Language Summary The rapid growth of urban land has become a major environmental
concern and sustainability challenge, but its growth pattern and dynamics are not fully understood. Based on
global urban extent data from 1992 to 2020, we quantified the evolutionary process of urban land expansion in
14 regions and countries by analyzing the statistical distribution of urban land area, and further explored its
impacts on the functioning of urban systems and their inhabitants by introducing methods from statistical
physics. For the first time, we show a coherent temporal shift away from initial power law to exponential
distributions of urban land area across all the investigated spatial scales. This trend can be described by a unified
mathematical model and can be attributed to the increasing influence of external economies of scale associated
with globalization. During this evolutionary process, urban systems become less stable and resilient, and urban
residents are exposed to increased risks from the urban heat island effect and PM2.5 pollution. These results call
for a rethinking of current ways of how land is urbanized in order to ensure a sustainable future for humanity.

1. Introduction

One of the most defining changes that humanity has brought about since the Industrial Revolution is the rapid
replacement of natural land with urban structures to support growing urban populations (Ouyang et al., 2022;
Solecki et al., 2013). Urban land growth indeed facilitated socio-economic development and improved human
living conditions, sometimes summarized as urban economies of scale (Batty, 2013; Bettencourt & West, 2010).
However, it also brings with it social inequality (He et al., 2022), environmental degradation (Liang &
Yang, 2019), biodiversity decline (Laurance & Engert, 2022) and direct threats to human health, such as the urban
heat island effect (UHI) and fine particulate matter (PM2.5) pollution (Southerland et al., 2022; Tuholske
et al., 2021). For current environmental and sustainability issues, how human societies use and manage land is
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both a source of problems and solutions (Meyfroidt et al., 2022); therefore, understanding the trajectory of how
land is urbanized (or simply land urbanization) is critical to ensuring a sustainable future for humanity (Acuto
et al., 2018).

Urban land expansion has long been a concern and many studies have been conducted previously. The global
urban land area was found to have tripled over the past 30 years, with an increasing trend in the annual share of
global urban land in Asia, while a decreasing and a stable trend in Europe and North America, respectively (Zhao
et al., 2021). The urban land use per capita has been shown to increase over time, but the population density of
urban expansion may remain constant, increase or decrease in different regions, influenced by the effects of
economy, consumer preferences for proximity, etc (Angel, 2023). These previous studies have examined the
growth patterns of urban land mainly in terms of quantity, speed and population density, and explained regional
differences based on theories from geography and urban economics. Since Jacobs (1961) referred to cities as
“organized complexity”, the study of cities as complex systems has emerged as a new frontier in urban science. In
the study of complex systems, probability distributions are often taken as the first quantitative characteristic of the
system to detect possible regularities (Sornette, 2007). The mathematical forms of the distributions can provide
constraints and guidelines to identify the underlying mechanism at their origin, and to indicate the state and
function of the system, thus shedding light on the system's behavior and dynamics (Chen et al., 2018; Sor-
nette, 2007). Therefore, the size distribution of the ensemble of cities (i.e., the urban system) as well as its spatio-
temporal variations has been considered as the key to revealing the fundamental laws and dynamics of urban
systems (Barthelemy, 2019; Batty, 2013; Bettencourt, 2013). The statistical lens of urban studies has mainly
focused on population size, showing different distribution functions, including Zipf's law (power law), log-
normal and g-exponential, for population data from different countries or regions, with opposite temporal
trends, that is, approaching the power law distribution in some countries while moving away from it in others
(Arshad et al., 2018; Bettencourt & Ziind, 2020). Urban land area is another important proxy for city size,
representing the physical space of cities, but its statistical distribution has received less attention, let alone its
evolutionary characteristics and dynamics (Rozenfeld et al., 2011). An essential property of complex systems that
the whole is more than the sum of its parts suggests that the connections between their statistics, state and
function, and underlying driving mechanisms cannot be captured by conventional individual-based methods and
require holistic, systematic approaches (Holovatch et al., 2017; Sornette, 2007). Statistical physics, with its focus
on explaining and predicting measurable properties and behaviors of macroscopic systems, provides theories and
methods that can address the above challenges of studying complex systems (Barthelemy, 2019; Fan et al., 2021).
Hence, depicting the trajectory of land urbanization from a statistical perspective using methods from statistical
physics has the potential to bring new understanding to the patterns and dynamics of urban land expansion. On the
other hand, cities emerge from the aggregation of people, which is generically driven by economies of scale
composed of internal and external parts (Batty, 2013; Bettencourt & West, 2010; Brenner & Schmid, 2015).
Globalization, another defining feature of our time, has strengthened the interconnectedness, interdependence and
integration among cities, resulting in an increased influence from external economies of scale at the city level
(Brady et al., 2007; Young et al., 2006). However, how urban systems in regions with different political, eco-
nomic and demographic conditions respond to this driving force change remains unknown, especially in the land
dimension. Moreover, while it is recognized that urban land growth poses health risks to urban dwellers, the
specific relationship between the two needs to be further explored (Seto & Fragkias, 2005). As a result, despite
extensive research, the patterns, particularly in statistical terms, of urban land growth across regions, its impacts
on urban systems and urban dwellers, and how such patterns are formed are not fully understood.

To fill the above knowledge gaps, we analyzed the statistical distribution of urban land area and its changes from
1992 to 2020 in 14 regions covering global, continental, national and subnational scales. From this system-level
analysis, we identified a coherent shift in urban area distribution among different urban systems, which can be
described by a unified evolutionary equation based on the shifted power law distribution. The urban area dis-
tribution shift was then linked to alterations of system state (e.g., heterogeneity and orderliness) and function (e.g.,
stability and resilience) using fluctuation, entropy and power spectrum analyses to account for its impact on urban
systems. We explained the evolutionary characteristics of urban systems through the changing role of internal and
external economies of scale. The implications of our findings for current land urbanization practices were dis-
cussed by linking urban system changes to altered exposure of urban populations to extreme heat and PM2.5
pollution.
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2. Study Area and Materials
2.1. Study Area

This study was carried out in 14 countries and regions, including the globe, continents other than Antarctica, the
United States of America (USA), China, India and the four economic zones of China (Figure S1 in Supporting
Information S1). These regions were chosen to cover (a) various spatial scales, from local to global, considering
that the urbanization process unfolds on multiple scales (Solecki et al., 2013); (b) diverse political, economic,
social and cultural backgrounds, as the practice of land urbanization is influenced by these aspects (Solecki
et al.,, 2013); and (c) different stages of urbanization, as exemplified by the counter-urbanization and re-
urbanization process undergone by developed regions like Europe and USA, and the rapid urbanization pro-
cess experienced by developing regions such as Africa and China (Mao et al., 2008); thereby revealing common
features and patterns of urban land expansion with general implications for urban researchers and policy makers
in different regions.

2.2. Definitions and Data

How to define cities and their areas is still a matter of debate in urban studies (Angel, 2023; Batty & Fergu-
son, 2011; Dong et al., 2024). Existing approaches to delineate the spatial extent of cities include those based on
administrative boundaries, population size or density (Angel, 2023; Rozenfeld et al., 2011), functional urban area
(Bettencourt, 2021), built environment (Potere et al., 2009), nighttime lights (Zhao et al., 2021) and cell-phone
data (Dong et al., 2024). These delineations emphasize different aspects of city size, each with its own advan-
tages and limitations, as extensively argued in previous studies (Dong et al., 2024; Shi et al., 2023), and how a city
is defined should depend on the context and scope of the study. Because urban regions are brightly lit at the night,
they can be identified in nighttime light remote sensing data (Levin et al., 2020). Although it is from the
perspective of human activities agglomeration rather than administration, nighttime light data has the advantage
of mapping urban land expansion with global coverage and long temporal periods, which gives it the potential to
measure spatio-temporal changes in socioeconomic activities and urbanization processes (Levin et al., 2020;
Rozenfeld et al., 2011). Therefore, we used a global data set of annual urban extents from 1992 to 2020 with 1 km
resolution based on nighttime lights (Zhao et al., 2021) to quantify the evolutionary process of urban land growth.
The cities discussed here are entities with spatial extents associated with intensive human settlements and high-
intensity socioeconomic activities, rather than cities in the commonly used administrative sense, and the urban
system refers to the ensemble of cities within the study region.

The global data set of annual urban extents we used was developed based on the harmonized time-series nighttime
light imagery facilitated by data of water masks, global artificial impervious area and etc. in a stepwise-
partitioning framework integrating multiple algorithms by Zhao et al. (2021). It has been cross-evaluated with
other global urban products, historical google maps and socioeconomic statistics, and shown to be reliable (Zhao
et al., 2021). Nonetheless, nighttime light data may be affected by national or local energy efficiency or other
control policies. Such effects are difficult to quantify, but are relatively small and can be neglected in our long-
term analysis. The long-term urban land data set was established for each study region with the assistance of
ArcGIS 10.2.

The currently available classification of city size is mainly based on population. According to the World Cities
Report (U.N. Habitat, 2022), cities can be divided into four types: small cities (50,000 < population < 250, 000),
medium-sized cities (250,000 < population < 1,000, 000), large cities (1,000,000 < population < 5,000, 000) and
very large cities (population > 5,000, 000). Since the population density ranges from 1,700 to 15,000 (people/
km?) worldwide, the extent of urban areas for each of the above city types can be determined as small cities (3.3—
16.7 km?), medium-sized cities (16.7-66.7 km?), large cities (66.7-333.3 km?) and very large cities
(>333.3 km?). According to these results and the urban data used, we also defined four types of city based on
urban land area (A), that is, small-size cities (A < 10! km?), medium-size cities (10! <A < 10? km?), large-size
cities (102 <A < 10° km?) and mega-size cities (A > 10% km?).

Economies of scale, recognized as one of the main drivers of the emergence of cities, refer here to the benefits
obtained by a city when the urban area increases, and its internal and external parts are the benefits brought by the
urban land growth inside and outside the city, respectively. In practice, it is difficult to isolate and quantify these
two parts because they are intertwined and influenced by many factors. However, as the interconnectedness and
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interdependence between regions has been strengthened by globalization
Urban area distribution (Brady et al., 2007; Gu, 2019; Young et al., 2006), the globalization index
(GI), which measures the globalization degree of a region, can to some extent

. Equation : o .
14 regions . . represent the degree to which a region is influenced by external economies of
g Direction . .
1992-2020 . scale. The KOF Globalization Index data was used because it comprehen-
Configuration ) . . . e . .

sively considers the economic, social and political dimensions of globaliza-
Urban system states tion, and has a long time span from 1970 to 2019 (Gygli et al., 2019). As this is

a country-level data set, the GI data for each continent were calculated as the

Ccv Heterogeneity average of all countries on that continent.

EAfopy Cmlerliness The impacts of urban system changes on urban dwellers were analyzed in

terms of UHI and PM2.5 pollution based on data sets of Global High Reso-

Urban system functions ) ) !
lution Daily Extreme Urban Heat Exposure (UHE-Daily, 1983-2016;

Effective potential Tuholske et al., 2021) and The Annual PM2.5 Concentrations for Countries
Power spectrum Stability and Urban Areas (1998-2016; CIESIN, 2021), respectively. These two
Autocorrelation Resilience hazards were analyzed because they are closely associated with urban land
Hurst exponent expansion and are among the leading contributors to the global burden of
I disease (Southerland et al., 2022; Tuholske et al., 2021), and their data

Economies of scale coverage is consistent with the urban extent data set. By spatially overlaying

1 the UHE-Daily with the boundaries of the 14 study regions, the total annual

exposure of urban population within each region was determined. Based on

Processes Mechanism the city types we defined and the PM2.5 data, the average PM2.5 concen-
trations were calculated for each city type using area as a weight. Due to the

UHI l PM2.5 limited sample size of these two data sets, these analyses were performed at

global, continental and national scales.
Urban residents
3. Methodology

Figure 1. The research framework established for studying urban systems at

To study the patterns and dynamics of urban land expansion across regions,
the system level.

we established a systematic approach with the following framework
(Figure 1): (a) determining the probability distribution of urban area and its evolution trend to characterize the
growth pattern of urban land; (b) quantifying the corresponding changes of urban system state in terms of het-
erogeneity and orderliness using coefficient of variation and information entropy; (c) quantifying the corre-
sponding changes of urban system function in terms of stability and resilience through effective potential and
power spectrum analysis; (d) investigating the driving mechanism underlying the above changes of urban systems
based on economies of scale; and (e) analyzing the impacts of urban land growth patterns on urban residents in
terms of UHI and PM2.5.

3.1. Determination of the Probability Distribution of Urban Land Area

The shifted power law distribution (Equation 1a) was proposed by Mandelbrot (1953) by adding a shift coefficient
(b >0) to the power law distribution. This distribution exhibits different behavior as the value of b increases, that
is, it reduces to a power function at » = 0 (Equation 1b) and can be approximated by the exponential (Equa-
tion 1c) and uniform distribution (Equation 1d) as b approaches positive infinity.

) =Clx+b)™ (a>1;b>0; C>0) (1a)
ifb=0, f(x) x x* (1b)

if b —> 400, a > +00, and % =7, f(x)x e (r>0) (1c)
lf b— +0o0, f(x)z ; (xmax > Xnin >0) (ld)

max ~— Xmin

where x is the variable of interest within [x,,,;,; X,...]; f(x) denotes the probability density function (PDF) of x; a, b
and C are the coefficients of f(x) called the scaling exponent, shift coefficient and proportion term, respectively;
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and r is a constant number. For more information on the definition of the shifted power law distribution and the
derivation of its limit behavior, see Text S1 in Supporting Information S1.

The shifted power law distribution was fitted to the urban land area data in each study region in the form of the
complementary cumulative density function (CCDF, Equation 2b). The CCDF was used instead of the PDF
(Equation 2a) because it is more robust against the fluctuations caused by finite system size (Newman, 2005). The
fitted coefficients of urban area distributions vary among regions but all increase over time, with the temporal
variation of the shift coefficient (b) following exponential functions in most regions (Equation 2c), while the
scaling exponent (a) and the proportion term (c) were related to b by linear and quadratic functions, respectively
(Equations 2d and 2e).

P(A) =Pr(X = A) = C(A+b) " (a>1; b>0; C>0) (2a)
P(A) = Pr(X>A) = cA+b) ™ (a=a—1>0; c>0) (2b)
b(t) = c,e"'(t = Year — 1992) (2¢)

a(b) = ¢, + chb (2d)

cb)=c3+ b+ d'p? (2e)

where A represents the urban land area (A € [A, > Apae] With the unit of km?), which is the statistical variable we
are interested in; X is the observed value of A; p(A) and P(A) are the PDF and CCDF of A, respectively, and the
latter is the urban area distribution we are studying; « and a are the scaling exponents of the PDF and CCDF for A,
respectively, and a ranges from 0 to 2 according to the fitting results; b denotes the shift coefficient; # is the time
index, starting from zero (i.e., year of 1992); C and c represent the proportion terms which are constrained by the
full probability condition; ¢, ¢}, ¢3, ¢3, ¢3, ¢3 and ¢ are fitting parameters.

All fittings in this paper were performed through the scipy. optimize.curve_fit model in Python 3 (https://www.
python.org/) and the fit performance was assessed by the coefficient of determination (r*) and root mean squared
error (RMSE). See Text S2 in Supporting Information S1 for details.

3.2. Quantification of Urban System State
3.2.1. Heterogeneity and Orderliness

The coefficient of variation (CV, Equation 3) and the information entropy (H, Equation 4) are two measures
commonly used in statistical physics to describe the state of a system. CV can reflect the degree of heterogeneity
of a system, that is, the larger the CV value, the higher the degree of heterogeneity (Loreau & De Mazan-
court, 2013). H quantifies the degree of chaos of the system state and a higher value of H indicates a more chaotic
system state (Michaelides, 2008).

cv = 3)

o
u

H = -’ pi(A)log, p(A) “

i=1

where ¢ and y are the standard deviation and mean of the urban area (A) of an urban land data set, respectively;
and p;(A) represents the probability of the i-th urban area in the whole data set.

3.2.2. Phase Separation

To illustrate the relationship between the change in urban system state and the change in its probability distri-
bution, we further analyzed the urban area distribution of each region and observed two coexisting compoents,
that is, a flat “shoulder” at the lower limit and a power law-like “body” at the upper limit. By comparing the
shifted power law distribution and the power law distribution with the same coefficients (Equations Sa—5c), we
found that when the urban areas are large, the effect of b can be neglected and the distribution approximately
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follows a power law; otherwise, the influence of b is evident, causing urban areas smaller than b to deviate from
the power law. Thus, the b value can be used as the critical area to separate the two components. The annual urban
land data in each region were then divided into two subsets: the shoulder subset, consisting of the cities with areas
smaller than b, and the body subset, containing all remaining cities, with sample sizes denoted as N; and N,,
respectively. The shoulder subset was found to fit well the stretched-exponential distribution (Equation 6), while
the body subset conforms to the power law distribution (Equation 7). Analogous to the concepts of state and phase
in statistical physics (Zaccone, 2020), we refer to these two distributions as the two phases of urban system state.
The balance and competition of the two phases in the area distribution can be quantified by calculating the
proportions of cities locating in each component, denoted as R, (stretched-exponential phase, Equation 8a) and R,
(power law phase, Equation 8b), respectively.

y1(A) =log[c(A + b)™] = log(c) — alog(A + b) (5a)

¥2(A) = log(cA™) = log(c) — alog(A) (5b)

Ay (A) = | y,(A) — y,(A)] =

1
alog(1 n b/A )‘ (5¢)

P (A) = Pri(X > A) = C,A e G4 (A, <A < b;e < 0) (6)
P,(A) = Pr(X 2 A) = CoA™! (b <A <Aygi ay > 0) )

N,

Ri=——1
N, +N,

(8a)
N,

Ry=—"2
N, +N,

(8b)

Where y, (A) and y, (A) are log-transformed CCDF functions corresponding to the shifted power law and the
power law distribution of the urban area (A), respectively, and Ay (A) denotes the difference between them;
P, (A) and P,(A) denote the stretched-exponential and the power law distribution of the urban area (A),
respectively; X is the observed value of A; e represents the exponent of the stretched-exponential distribution; a,,
is the power exponent of the power law distribution with values between 0 and 2, depending on the results of the
fit; C,, C1, and C, are fitting parameters.

3.3. Quantification of Urban System Function
3.3.1. Stability

The effective potential (EP) is a measure of the macrostate stability of a system by means of its PDF and the most
likely state of the system is the one with the minimum value of EP (Martin et al., 2015). Following the definition
of EP (Equation 9), the PDF of the urban area (p(A) , Equation 2a) was used to derive the EP of the urban system.
The result showed that the EP value of the urban system is positively related to b, indicating that the stability of the
urban system will decrease as the value of b increases.

EP = —log(p(A)) = alog(A + b) — log(C) ©)]

where p(A) is the PDF of the urban area (A); @, b and C are the function coefficients, the same as in Equation 2a.

3.3.2. Resilience

According to the critical tipping theory, if the system loses its resilience (i.e., the ability of the system to maintain
its current state or functions in the face of perturbations; Pascual & Guichard, 2005), it would take longer for the
system to return to its pre-perturbation state, leading to an increase in autocorrelation within the system (Scheffer
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et al., 2009). Thus, the alterations in system resilience can be detected by its autocorrelation function, which is the
Fourier counterpart of the system's power spectrum and can be derived from its probability distribution.

The area power spectrum, S(¢) , corresponding to the power law phase (Equation 7) of the urban area distribution
was established through the transformation used in Bak et al. (1987), given below,

Amax

Apo(A)
S((p):/#((pf‘)zd/xwy (r=a,—1) (10)
b

where A is the urban area of the power law phase (A € [b, A,,.]); @ represents the transformed quantity cor-
responding to A; p,/(A) denotes the PDF corresponding to the power law phase of the urban area distribution; a,,
is the power exponent of the power law phase; and y is the exponent of the power spectrum. The value of spectrum
exponent y indicates the type of power spectrum (Halley, 1996). If y = 0, the power spectrum is a white noise
type; if y <0, it is classified as the pink noise; if y > 0, it belongs to the blue noise. A detailed derivation of the area
power spectrum and more information on these “colored” noises can be found in Text S3 and Text S4,

respectively.

The autocorrelation function (R(z) , Equation 11a) can then be obtained by performing the Fourier transform on
S(¢) (Kubo et al., 2012). When R(z) and S(¢) are assumed to be even functions, we can further derive the
analytical expression of R(z) (Equation 11b) and analyze its behaviors under different types of S(¢) . The results
showed that when S(¢) is a white noise (y = 0), R(z) is a 6 function (Equation 11c); when S(¢) belongs to pink
noise (y <0), R(z) asymptotically goes to zero (Equation 11d); and when S(¢) belongs to blue noise (y > 0), R(z)
diverges, with a possibility of approaching infinity (Equation 11e). Therefore, the “blue shift” of urban area power
spectrums, indicated by the spectrum exponent y turning from negative to positive values, is likely to signify a
decline of system resilience.

Ro=o- [ Swrevan (112

1 +oo
Ry(7) = ;/ @' cos prdp
0

[ e =10
= ;(ﬂy SIn((pT)|[p—>+oo + Fgoy ! COS(¢T)|¢—>+00 + 7(‘07 ? SZn((pT)|¢_>+oo

+7(7— Dy—2) [

g sin(p)p’ dp 1 <y<1) (11b)
0

i 7 =0, K@) = —_singo)], -0 = 50) (11¢)

i 7 <0, R®)lyoyo0 = O (114)
1

i r>0, R(t)~ —¢" sin(@7)|,,- 400 (diverge) (11e)
nT

Since the S(¢) of all studied urban systems belongs to the fractional Gaussian noise (—1 <y < 1), their Hurst
exponent (H,,,) can be calculated using Equation 12 (Wornell, 1993). According to the fractional Brownian
motion theory (Mandelbrot & Van Ness, 1968), the value of H,,,,; could reflect the coupling mode of the processes
driving the changes of urban area growth and statistical distribution. To be specific, H,,, = 0.5 indicates no
correlation between processes, H,,; > 0.5 indicates that the correlation between processes is persistent and
H,,.; <0.5 indicates that the correlation is anti-persistent (Mandelbrot & Van Ness, 1968).

y—1
Hm‘sl = T + 1 (]2)
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(a) Convergent evolutionary trend across urban systems
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Figure 2. Evolution of the area distribution of urban systems. (a) The urban area distributions of the 14 study regions show a convergent evolutionary trend; (b) The
evolutionary characteristics of a specific urban system, taking China as an illustrative example: the urban land areas obey the shifted power law distribution between
1992 and 2020, in which the shifted coefficient (b) increases exponentially with time (here ¢ = Year-1992 is the time index), and the scaling exponent (a) and the
proportion term (c) are linearly and quadratically related to b, respectively.

4. Results and Discussion
4.1. Convergent Evolution of Urban Area Distributions

Unlike previous studies based on changes in urban land area and population density, which showed different
trends in urban land expansion across regions (Angel, 2023; Zhao et al., 2021), here we found that urban land
areas in different regions follow the same distribution function, evolve along the same direction, undergo the same
pattern shift in city configuration and exhibit a converging trend of changes across spatial scales and over time
(Figure 1 and Movie S1). The urban area distributions of all 14 study regions well follow the shifted power law
distribution from 1992 to 2020 (Figure 2b and Figures S2-S15 in Supporting Information S1). The three co-
efficients involved in the distribution function increas over time and are interrelated within each region, and such
interrelationships can be described by the same functions in almost all regions (Figures 2b, 3a and 3b and Figures
S16-S18 in Supporting Information S1). Specifically, the shift coefficient (b) increases exponentially with time,
which is particularly evident in developing regions (Figure 2b and Figure S16 in Supporting Information S1),
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Figure 3. Temporal variations of indicators of urban system changes. (a)-(b) Coefficients of urban area distributions; (c)—(e) State indicators of urban systems; (f)—(g)
Power spectrum variables; (h)—(i) Influence of external economies of scale. The enhanced influence from external economies of scale is represented by the increasing
values of globalization index (GI) (h) and the positive correlations between GI values and the shifted coefficient (b) values in all study regions (i) The subplots show the
results for China and its four economic zones.

whereas the scaling exponent (a) and the proportion term (c) are linearly and quadratically related to b,
respectively (Figure 2b and Figures S17-S18 in Supporting Information S1). Thus, the temporal evolution of
urban area distributions can be recapitulated in a unified equation, P(A, 1) = c(b)[A + b(t)]_“(b ) with b(r) x e,
The exponential increase of b indicates that the urban area distribution evolves along the direction away from its
initial power law distribution (b = 0) at an accelerated rate and may approach the exponential or uniform dis-
tribution in the future. Since a and b are linearly correlated, the urban area distribution in all study regions is likely
to enter the exponential regime first in the near future.

The corresponding changes in urban land arrangement were explored by analyzing the alterations in city
configuration in terms of the proportional composition of different types of cities in a region. We found that the
small-size cities dominated all regions at the beginning (1992), with higher proportions in developing regions like
China (92%) than that in developed regions like USA (64%) (Table 1 and Table S2 in Supporting Information S1).
Medium-size cities then gradually took the lead and accounted for around 60% worldwide by 2020. The portions
of large- and mega-size cities also increased and showed their highest values (less than 1%) in North America
(NA). These results demonstrated that the city configuration changes in the same manner and gradually becomes
similar across regions, as evidenced by the collective shift of the dominant city type from small-to medium-size
cities and the reduced regional disparities in the proportion of each type. The increase in the b value of the urban

Table 1
Pattern Shift in the City Configuration Experienced by All Regions

Global EU USA China China_SZ
Type 1992 2020 1992 2020 1992 2020 1992 2020 1992 2020
Small 7927%  29.80%  81.65% 37.28%  63.87% 20.79%  91.59%  29.30% 91.49%  33.83%
Medium  17.60%  60.24%  16.45%  55.64% 29.47% 65.11% 7.65%  61.81% 790%  55.57%
Large 2.98% 9.56% 1.86% 6.99% 6.24%  13.11% 0.76% 8.57% 0.61%  10.16%
Mega 0.15% 0.41% 0.04% 0.09% 0.42% 1.00% 0.00% 0.32% 0.00% 0.44%

Note. From small-size cities dominated to medium-size ones dominated. EU and SE are abbreviations for Europe and
Southeast economic zone of China, respectively.
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area distribution function corresponds to the increase in the proportion of medium-size cities in the city
configuration.

4.2. Changes in the State and Function of Urban Systems
4.2.1. Reduced Heterogeneity and Orderliness in Urban System State

Coefficient of variation (CV) and information entropy (H), which respectively measure the degrees of hetero-
geneity and chaos of a system (Bowley & Sanchez, 1999; Michaelides, 2008), were calculated for each region. A
trend of decreasing CV and increasing H emerges from all regions (Figures 3c and 3d), demonstrating that as
urban area distributions deviated from their initial power law distributions, urban systems developed toward a
relatively homogeneous and disordered state in the land dimension.

By further analyzing the distribution function of urban areas, we found a phase transition that is responsible for the
change in system state. Specifically, the urban area distributions can be decomposed into two phases featured by
stretched-exponential and power law distributions based on the values of b (Figure S19 in Supporting Infor-
mation S1). A trend of expanding stretched-exponential phase and meanwhile contracting power law phase over
time was observed in all study regions (Figure 3e and Figure S19 in Supporting Information S1). As shown by
previous studies, the stretched-exponential distribution represents a homogeneous, disordered state (Hu
et al., 2023), while the power law distribution indicates a heterogeneous, ordered state (Hu et al., 2023; Villegas
et al., 2021). These results suggest that a phase transition, characterized by the expansion of the disordered phase
and the contraction of the ordered phase, has occurred during the evolution of urban area distributions, driving the
urban systems toward a homogeneous and disordered state. The increase of b value signals the state change of
urban systems and indicates the degree of such change.

4.2.2. Reduced Stability and Resilience in Urban System Function

The decreasing trend in CV (Figure 3c) found in the urban area data also suggests that the size diversity (i.e.,
number of distinct urban areas) of urban systems has declined. Previous studies have shown that the size of a city
affects how it responds to disturbances (Birkmann et al., 2016) and the decline in size diversity may result in a loss
of response diversity that can destabilize the system (Elmqvist et al., 2003). Furthermore, it has been found that
medium-size cities are more vulnerable to extreme events than mega cities (Birkmann et al., 2016). Thus, the
decline in size diversity and the dominance of medium-size cities may reflect a decrease in the stability of urban
systems. To quantitatively measure the stability changes in urban systems, the effective potential (EP) was
introduced, as the most stable state of a system is the one with the minimum EP (Martin et al., 2015). The
derivation shows that the EP value is positively correlated with b (Equation 10), thus the increasing trend of b
values demonstrates that the stability of urban systems is weakening.

To further quantify the resilience alterations in urban systems, power spectrum analysis (Bak et al., 1987) was
performed on the ordered power law phase. The results showed that all regions initially had “pink” power
spectrums (y < 0) for the power law distributed urban areas, which then turned “blue” (y > 0) and became “bluer”
over time (Figure 3f). With this “blue shift” tendency of the area power spectrum, the system autocorrelation
function exhibits a possibility of approaching infinity (Equation 11e). As increased autocorrelation is an early
warning signal of declining system resilience (Scheffer et al., 2009), the “blue shift” trend of urban areas may also
indicate a loss of urban system resilience, meaning that urban systems will take longer time to recover from
perturbations (Pascual & Guichard, 2005). In addition, the values of H,,, have also increased and exceeded 0.5 in
most regions since 2014 (Figure 3g), suggesting that the driving processes behind these trends have begun to
operate in a persistent mode (Mandelbrot & Van Ness, 1968); thus, the possible alterations of system functioning
may continue or even become more severe in the future.

4.3. Mechanism Underlying Changes of Urban Systems

Economies of scale are a widely accepted driver of population agglomeration and city formation (Batty, 2013;
Bettencourt & West, 2010; Brenner & Schmid, 2015). While it is difficult to distinguish quantitatively between
the internal and external parts, the influence of the latter on a region can be indirectly reflected by the value of the
region's globalization index (GI, Gygli et al., 2019), as the interconnectedness and interdependence between
regions has been strengthened by globalization (Brady et al., 2007; Gu, 2019; Young et al., 2006). The rising GI
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Figure 4. Evolutionary process of global urban land expansion: statistical characteristics (phenomena), underlying
mechanisms, and impacts on urban systems and their inhabitants (consequences). Phenomena: Urban area distributions have
shifted from the initial power law distribution (Phase I) to the current state where the stretched-exponential (Phase II) and
power law phase coexist, and are likely to approach the exponential distribution (Phase III) in the future. Mechanism: The
dominant driving force of urban systems changing from internal economies of scale to external economies of scale is the
main reason for the shift of urban area distributions from power law to exponential distribution. Consequences: The urban
area distribution shift is accompanied by a decrease in system stability and resilience and an increase in the exposure of urban
dwellers to extreme heat events and air pollution.

values shown in Figure 3h demonstrate that the 14 study regions have become more closely interconnected over
the past 29 years, thus intensifying the influence of external economies of scale on each region.

The shift coefficient b, which represents the evolutionary characteristics of urban systems, correlates positively
with the GI values in all regions (Figure 3i), suggesting that the increased influence from external economies of
scale may be one of the driving factors leading to the evolutionary characteristics of urban systems. The phase
transition in the urban area distributions, characterized by the contraction of power law phase and the expansion of
stretched-exponential phase, can be linked to the shift of the driving force from internal to external. This cor-
respondence is particularly evident in China, where the urban area distribution in 1992 contained solely the power
law phase, but the stretched-exponential phase overtook it and accounted for over 60% by 2020 (Figures 1 and 3e).
Although China opened up to the outside since 1978, the degree of openness was low in (and before) 1992
(Figure 3h) and the interactions among cities within the country were also weak due to the underdeveloped
transportation infrastructure and restrictions imposed by the “hukou” (urban residence permit) policy (Gu, 2019).
Therefore, internal economies of scale (internal force) played a dominant role in 1992 and the urban areas fol-
lowed the power law distribution. After joining the WTO in 2001, the influence of external economies of scale
(external force) gradually intensified and thus the power law phase shrank, while the stretched-exponential phase
appeared and expanded under the mixed effect of internal and external economies of scale. Since urban areas will
approach an exponential distribution as b — oo while b and a are linearly correlated, we hypothesized that an
exponential area distribution will emerge when external economies of scale play a dominant role. Based on these
analyses, we proposed a new mechanism to explain the observed changes in the urban systems, as shown in
Figure 4.
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Table 2 4.4. Implications and Limitations

Value Variations of Distribution Function Coefficients, State Indicators and
Power Spectrum Variables Between 1992 and 2020

4.4.1. More Severe and Persistent in Developing Regions

Despite the consistency in the overall trends, regional differences still exist,
especially between developed and developing regions, as shown by the
different values of the distribution function coefficients and system state in-
dicators across regions and over the years (Figure 3). In general, the values of
these quantities are larger in developed regions, especially before 2014
(Figure 3), due to the fact that developed regions completed urbanization
before 1992, while developing regions are still in the process of urbanization.
However, the magnitude of the change in values between 1992 and 2020 is
more dramatic in developing regions (Table 2), indicating that the degree to
which the urban system state and functions have changed differs among the
study regions and tends to be greater and more persistent in developing re-
gions (see Text S5 in Supporting Information S1 for a detailed discussion).

4.4.2. Importance of Medium-Size Cities in Mitigating UHI and PM2.5

UHI and PM2.5 pollution are two environmental problems associated with
urban land expansion that can directly affect the health of urban dwellers
(Southerland et al., 2022; Tuholske et al., 2021). The intensity of UHI has
been found to be positively correlated with urban area and the relationship

Distribution Power
function spectrum

coefficients State indicators variables
Regions b a (6% H R, 4 H,
Global 2418 058  —2.32 216 16.44% 038  0.19
EU 17.42 047 -172 1.65 597% 028  0.14
NA 21.19  0.31 —-133 0.84 —-485% 020 0.10
OA 8.04 044 -1.02 1.14 30.04% 033  0.16
AF 3138 0.65 =246 175 28.53%  0.41 0.20
AS 2085 051 =296 257 22.82%  0.31 0.16
SA 3127 074 =215 198 —1.64% 047 0.24
USA 24.1 038 —-1.21 0.80 478% 025 0.12
India 1736 058 —-1.76 193 50.70% 035  0.18 .
China 2398 054 225 276 61.60% 030  0.15 Pollution
NZ 1263 0.3 —0.63 1.14 3991%  0.18  0.09
Sz 2469 039 238 214 62.72%  0.18  0.09
Ccz 2388 0.5 —-0.50 249 41.75%  0.21 0.10
WwZ 2312 0.65 —-0.66 2.38 55.63% 034  0.17

Note. Distribution function coefficients: shift coefficient (b) and scaling
exponent (a); State indicators: coefficient of variation (CV), information
entropy (H) and portion of the stretched-exponential phase (R,); Power
spectrum variables: spectrum exponent (y) and Hurst exponent (H,,,,,). EU:

Europe; NA: North America; OA: Oceania; AF: Africa; AS: Asia; SA: South

America; NZ, SZ, CZ and WZ are the Northeast, Southeast, Central and
Western economic zone of China, respectively.

(a) Urban heat island effect (UHI)

could be described by a sigmoid function (Figure 5a) (Zhou et al., 2013),
where we observed the fastest growth in UHI intensity in cities with an area
between 10" and 10% km? (i.e., the medium-size cities we defined). As the
dominant city type in urban systems has shifted from small-to medium-size
cities, the current path of land urbanization tends to exacerbate the UHI.
By including UHI data (Tuholske et al., 2021) in our analysis, we found a
positive correlation between the total exposure of urban populations and the
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Figure 5. Impacts of urban system alterations on urban dwellers. (a) Urban heat island effect (UHI): ©: Relationship between the UHI intensity and urban land area
(Zhou et al., 2013); @-@: Positive correlation between the total exposure of urban populations to extreme heat and the shift coefficient (b). (b) Fine particulate matter
(PM2.5) pollution: average PM2.5 concentrations for each city type.
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shift coefficient b for all study regions (Figure 5a), indicating that as the urban systems evolve, the risk of their
dwellers being exposed to extreme heat events tends to increase. For PM2.5 pollution (CIESIN, 2021), we found
that the highest PM2.5 concentrations globally and in developing regions occur in the medium-size cities, while in
developed regions they occur in the small-size ones (Figure 5b). Therefore, the shift in the dominant city type
from small-to medium-size cities could exacerbate the PM2.5 pollution in developing regions but mitigate it in
developed regions. These results provide preliminary indications of the importance of medium-size cities in
mitigating UHI and PM2.5 pollution.

4.4.3. Possible Future Trajectory of Land Urbanization

The evolution equation of the urban area distribution could provide an insight into the possible trajectory of land
urbanization in the future. According to the mathematical properties of this equation, the urban area distribution
will approach an exponential or even an uniform distribution as b increases to infinity. Based on the equation, we
calculated that the power law phase of the urban area distribution would disappear by 2100 in most of the study
regions (Table S3 in Supporting Information S1). Does this mean that the urban area distribution of global urban
systems would shift to these two statistical distributions at that time if the current scenario of land urbanization
continues? Previous studies have shown that the exponential distribution represents a random state (Cox, 1955),
while the uniform distribution is like a thermodynamic equilibrium-like state where cities of all sizes occur with
equal probability (Prigogine & Lefever, 1973). What would be the consequences for urban systems and urban
residents if the distribution shift were to occur? Although more research is needed to answer these questions, we
pose them to provoke a rethinking of current land urbanization practices in order to ensure a sustainable future for
humanity.

4.4.4. Limitations

How a city is defined can affect the results of statistical analyses of urban land area, widely known as the
modifiable area unit problem (Barthelemy, 2019; Bettencourt, 2021). As there is no consensus on the definition of
cities in urban science, different studies often use different delineations of the spatial extent of cities depending on
their research context and scope (Dong et al., 2024). It is necessary to reemphasize that the cities discussed in this
work refers to urban regions associated with high-intensity human settlement and socio-economic activities
identified based on nighttime lights (Zhao et al., 2021). Besides, the data resolution may also have an impact on
the statistical results, but there are currently no urban extent data with a resolution higher than 1 km based on
nighttime lights. Although urban extent data based on other satellites have higher resolution, they are not suitable
for analyzing the impact of data resolution on our results because of the different definitions of cities (Potere
et al., 2009). These effects mentionded above can be investigated in the future when a harmonized definition of
city and suitable data are available.

While our primary focus is on the land dimension of urban dynamics, the evolution of urban systems is inex-
tricably linked to social, economic and political factors that influence the land development and organization
practices (Solecki et al., 2013). Future research should aim to unify these dimensions of urbanization to advance
urban science with predictive theories and models, thereby advancing an ambitious urban sustainable develop-
ment agenda. For example, since the urban land follows the shifted power law distribution, if the population size is
related to urban land area in a power function (Text S6, Equation S12 in Supporting Information S1), as previous
studies have shown (Bettencourt, 2013; Bettencourt & West, 2010; Bettencourt & Ziind, 2020), then population
size will have a shifted power law form distribution (Equations S13a and S13b in Supporting Information S1)
instead of a power law distribution. This may help to explain the inconsistencies in the population size distribution
and its driving mechanism (Arshad et al., 2018). Our analysis of urban system changes on urban dwellers only
considered UHI and PM2.5, and was also preliminary. In future studies, we will integrate multi-source envi-
ronmental data and human health data related to urban land expansion to quantify the effects of urban system
changes to provide a more comprehensive and in-depth understanding of urbanization.

5. Conclusions

We report a cross-scale convergent evolution of urban land expansion over a 29 year period in 14 countries and
regions with different political, economic, cultural and geographic conditions. We find that as urban area dis-
tributions deviate from the initial power law distributions, the urban systems gradually become dominated by the
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medium-size cities and become more homogeneous and disordered in state, leading to a decline in system stability
and resilience. The driving mechanism underlying the changes of urban systems can be linked to the increased
influence of external economies of scale associated with globalization. The exposure of urban populations to
extreme heat events and air pollution has also increased during this process, but effective control of the urban heat
island effect and PM2.5 concentrations in medium-size cities, especially those in developing regions, would
mitigate these problems. Our findings highlight the need to rethink current land urbanization practices to ensure a
sustainable future for humanity.
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