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Abstract

Most of the planet’s population currently lives in urban areas and urban land expansion is one of the
most dramatic forms of land conversion. Understanding how cities evolve temporally, spatially, and
organizationally in a rapidly urbanizing world is critical for sustainable development. However, few
study has examined the co-evolution of urban attributes in time and space simultaneously and the
adequacy of the power law scaling across cities and through time, particularly in countries that have
experienced abrupt, widespread political and economic changes. Here we show the temporal co-
evolution of multiple physical, demographic, socioeconomic, and environmental attributes in
individual cities, and the cross-city scaling of urban attributes at six time points (i.e., 1978, 1990,
1995, 2000, 2005, and 2010) in 32 major Chinese cities. We found the power law scaling could
adequately characterize both the cross-city scaling of urban attributes across cities and the
longitudinal scaling describing the temporal co-evolution of urban attributes within individual cities.
The cross-city scaling properties demonstrated substantial changes over time signifying evolved
social and economic forces. A key finding was that the cross-city linear or superlinear scaling of
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urban area with population contradicts the theoretical sublinear power law scaling proposed
between infrastructure and population. Furthermore, the cross-city scaling between area and
population transitioned from linear to superlinear over time, and the superlinear scaling in recent
times suggests decreased infrastructure efficiency. Our results demonstrate a diseconomy of scale
in urban areal expansion that indicates a significant waste of land resources in the urbanization
process. Future planning efforts should focus on policies that increase urban land use efficiency
before continuing expansion.

Key words: evolution of cities; urban attributes; scaling laws; power scaling; horizontal scaling;

temporal scaling; urban sustainability; urban ecosystems

1 Introduction

We are entering an increasingly urbanized world with more people now living in cities than in
rural areas and accelerating expansion of urban land (UN, 2015; Angel et al., 2011). Urbanization
presents both opportunities (e.g., wealth creation, innovation, and efficient resource use) and
challenges (e.g., crowding, traffic congestion, and environmental degradation) toward a sustainable
future for human societies (Grimm et al. 2008; Seto et al., 2010). Studying how cities evolve
temporally, spatially, and organizationally enables integration of natural and social sciences (Batty,
2008; Bettencourt and West, 2010), and findings and theories may greatly benefit urban and
regional planning, land use optimization, and sustainable development (Batty, 2013).

Cities are characterized by the co-evolution of closely interwoven, deeply interdependent, and
often locally-constrained physical, technological, socioeconomic, political, and environmental
characteristics and processes (Pickett et al., 2005; Kaye et al., 2006). It is very challenging to
understand how these diverse properties and processes interweave and co-evolve within and across
cities (Batty, 2013). Considerable research has been devoted to the horizontal or spatial organization
and/or scaling of cities. For example, case studies have demonstrated the fractality of cities (Batty,
2008; Batty and Longley, 1994), Zipf's law for city size distribution (Zipf, 1949; Jiang and Jia, 2011),
and Gibrat's law for independence between city size and urban growth (Gibrat, 1931; Eeckhout,
2004). However, the universality of some of these laws is still under debate (Rozenfeld et al., 2008;
Cristelli et al., 2012; Zhao et al., 2015a).

The power scaling law, originally used to describe the allometric scaling of metabolic rate with
animal body mass (Kleiber, 1947), has been adopted to scale many urban properties (Bettencourt et
al., 2007; Bettencourt, 2013). We follow the tradition of using population size as an explanandum in
urban scaling since human capitals play a vital role in urban metabolisms (Lucas, 1988; Eaton and
Eckstein, 1997; Bettencourt et al., 2007):

y = aNF
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where y and N are the urban attribute and the city size, represented by the population of a city, at a
given point in time, respectively, and a and [ are parameters. The magnitude of the parameter
coefficient for the scaling exponent B is the most interesting feature of the power law model as it
indicates three regimes of scaling behavior: (1) sublinear (f<1), (2) linear (B=1), and (3) superlinear
(B>1). Bettencourt and colleagues (Bettencourt et al., 2007; Bettencourt, 2013) further articulated
that each urban feature would fall into a specific scaling regime. For example, competition,
creativity, and productivity grow with city size so that the scaling of such properties should be
superlinear (B~7/6, increasing returns to scale). On the other hand, infrastructure and services (e.g.,
per capita living space) tend to decrease with city size and, thus, their scaling falls into the sublinear
regime (B~5/6, economies of scale). Recent studies (e.g., Arcaute et al., 2015; Strano and Sood,
2016), however, have shown that the scaling of urban features with city size does not necessarily
follow Bettencourt’s scheme between the nature of urban properties and the scaling regime.

Temporal or longitudinal dynamics and co-evolution of urban attributes are important aspects
of urbanization, but they have received less attention than the horizontal organization of cities
because of the challenges in acquiring relevant data for multiple periods (Ramalho and Hobbs, 2012;
Alberti, 2015; McPhearson et al., 2016). In a previous study we have shown that Gibrat's law
characterizing the independency of city expansion rate and city size was adequate for some periods
but not others in China due to shifts in socioeconomic policies (Zhao et al., 2015a). Nevertheless,
temporal scaling studies are rare.

Urban scaling studies have predominantly used urban population to indicate city size
(Bettencourt et al., 2007; Rozenfeld et al., 2008; Lobo et al., 2013). Yet, population is not the only
measure that can be used to represent the size of a city. Alternative measures include the areal
extent within administrative boundaries and the total impervious surface area. These alternative
measures have become available because of increasing access to earth observation technologies and
data. For example, city expansion has been mapped using remotely sensed imagery at local to global
scales (Bagan and Yamagata, 2012; Zhao et al., 2015b; Schneider et al., 2009). An important
emerging research need is the analysis of the co-evolution of city area expansion with other urban
attributes, including population to understand the drivers and consequences of urbanization at
national, regional, and global scales.

Along with its rapid economic growth, China has experienced unprecedented urban expansion
during the past three decades. Although many studies have been conducted to examine
urbanization in China (Zhao et al., 2015a, 2015b; Seto and Fragkias, 2005; Bai et al., 2012; Schneider
and Mertes, 2014), few comprehensive studies exist at city and national levels that combine the
socioeconomic dimensions with the physical processes to examine their co-evolution. Here we used
a combination of remotely sensed city area expansion and corresponding demographic, socio-
economic, and environmental data from census reports to depict how Chinese major cities,
individually and as a whole, had evolved from 1978 to 2010. Our research aims included: (1)
qguantifying the temporal (or longitudinal) co-evolution of multiple urbanization attributes for
individual cities; (2) analyzing the cross-city (or horizontal) organization of urban attributes and rates
(i.e., the scaling of urban attributes with city size) in China at six points in time (1978, 1990, 1995,
2000, 2005, and 2010) using the power law model; and (3) examining the temporal change of the
cross-city scaling (or horizontal organization) of Chinese cities. Key scientific questions include: (1)
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How do the scaling coefficient values vary in time with urban attributes within individual cities and
across all cities? (2) Do all the co-evolutionary scaling coefficient B values conform to Bettencourt’s
theoretical predictions? (3) Is power law scaling applicable to describe the horizontal organization of
cities in China? (4) How did the cross-city scaling change in China as a result of recent socioeconomic
reforms?

2 Materials and Methods

2.1 Study areas

Our study areas included 32 major cities in mainland China, covering a broad range of
geographical locations and city size (Zhou et al., 2014; Zhao et al., 2016). The boundaries of these 32
major cities follow China’s official definition of the administrative areas (i.e., city, shi) (Figure S1). The
use of administrative boundary enables us to couple urban land expansion with urban demographic,
socioeconomic, and environmental attributes in China since most of these data were collected and
reported by administrative unit.

Our definition of cities is based on urban administrative boundaries. It corresponds to
metropolitan statistical areas in the U.S. and larger urban zones or functional urban areas in the
European countries as they are all defined as integrated economic and social units, comprising urban
cores and administrative subdivisions with substantial fractions of their working forces commuting
within city boundaries (Bettencourt et al., 2007). The consistent scaling relationships relating
urbanization to economic development and knowledge creation found in USA, China, and European
countries by Bettencourt et al. (2007) also indicate that the definitions of cities across these
countries are fundamentally similar, making our results from this study comparable to previous
studies (e.g., Bettencourt et al., 2007).

2.2 Data Sources

Within the administrative boundary of each city, the urban land was defined as all non-
vegetative areas dominated by human-made surfaces, including residential, commercial, industrial,
and transportation space, was characterized using remotely sensed data. Cloud-free Landsat
Multispectral Scanner (MSS), Thematic Mapper (TM), and Enhanced Thematic Mapper Plus (ETM+)
remote sensing data were used to obtain the information on urban land expansion for those 32
cities over the past three decades. Details about processing to derive the extents of urban area for
the six periods (1978, 1990, 1995, 2000, 2005, and 2010) are described in our previous work (viz.,
Zhao et al., 20153, 2015b).
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Other data about the 32 cities, including urban population, urban GDP, total wage, number of
automobiles, and concentration of air pollutants (i.e., PMy,, NO,, and SO,), were primarily obtained
from Chinese statistical yearbooks between 1978 and 2010. Table S1 lists the socioeconomic and
environmental variables used in this study and data sources.

2.3 Temporal scaling of urban attributes within each city

The temporal scaling or the co-evolution of two urban attributes within each city was analyzed
and quantified using the following power law:

ye = apx P + e (1)

Where x; and y; are two attributes of interest in a given city, a; and B; are coefficients
determined using an orthogonal or total least squared regression procedure (ORTH), e is the error
term. There were two reasons for us to use an ORTH instead of the ordinary least square (OLS)
regression. First, all measurements of urban attributes contained errors, and thus the errors in both
the x and y directions should be minimized in the analysis of co-evolving urban attributes. OLS only
minimizes the squared differences of fitted values and measurements of the dependent attribute
and ignores the errors in the independent attribute. In contrast, ORTH considers errors in x and y by
minimizing the total squared differences between fitted values and measurements in both
attributes. Second, it is often difficult to determine which urban attribute is dependent and which is
independent in a co-evolutionary relationship (e.g., urban area and urban population). It is therefore
prudent for the scaling relationship to be reversible between x and y, meaning the regression of x
(dependent) and y (independent) can be derived from the regression result of y (dependent) and x
(independent). OLS is asymmetric and usually cannot meet the reversibility requirement while ORTH
does.

The B; values were derived from temporal observations of paired attributes in a given city from
1978 to 2010 using bootstrapped orthogonal regression in R (R Development Core Team, 2013). The
95% confidence range of the scaling exponent (B;) was quantified using the predictive intervals of B;
(i.e., the B, at 2.5" and 97.5" percentiles) from orthogonal regressions of 2000 bootstrapped
samples. Sometimes the number of observations was not enough to perform bootstrapped
regression, and therefore B; could not be derived. The type of scaling can be determined according
to the confidence interval of B

e Sublinear: the upper bound of the 95% confidence interval < 1
e Superlinear: the lower bound of the confidence interval > 1
e Linear: the confidence interval contains 1
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2.4 Horizontal organization and scaling of urban attributes across cities

The horizontal organization and metabolisms of cities follow power scaling laws (Bettencourt et
al., 2007; Bettencourt, 2013). We explored such scaling laws in China:

Ys = asxsﬁs + e (2)

Where x; and y, are two attributes of interest from various cities at a given point in time, o, and B,
are coefficients determined using ORTH, and esis the error term. We used s to represent the
exponent of cross-city scaling to differentiate the exponent of temporal co-evolution or scaling (B.)
within each city. The B, value, its confidence limits, and the type of scaling were derived similarly to
that of B, as described in previous section.

We realized that the relationship between urban attributes can be analyzed using other methods
such as direct comparison or statistic regression (e.g., Bloom et al., 2008; Leitao et al., 2016). The use
of the power scaling relationship in this study was based on the following considerations: (1) our
observations fit the power scaling relationship well (see supplemental materials); (2) as described
earlier, the power scaling has been successfully adopted to scale many urban properties
(Bettencourt et al., 2007; Bettencourt, 2013); using a consistent approach can facilitate comparison
with previous studies.

We did not consider the impacts of inflation on the economic attributes such as GDP and wage,
which introduce artefacts into the economic measures. However, we believe the effect on our
results is minimal for two reasons. First, the values of the exponent Bs and Bt for all cities are
subjected to the same bias, and hence can be compared between them in principle. Second, our
focus is on the trend and co-evolution of the urban attributes only with respect to whether 8 is >1 or
<1, and not on the value.

3 Results

3.1 Evolution of Urban Attributes over Time

The expansion of urban area (y) over time (t) in individual cities follows the power curve in general
(i.e., y = at¥ + b) (Fig S2). Other urban attributes such as population are also a power function of
time (Fig S3). The power relationship is strong as indicated by the small p values of the exponent " in
these figures. Figure 1 summarizes the significant values of the exponent ¥ (p<0.05) for each urban
attribute in the form of density distribution. For example, the density function of the exponent ¥ for
area (Figure 1A) reflects the distribution of all the exponent values for all 32 cities (i.e., Fig S2). Three
phenomena in the temporal evolution of city attributes can be seen (Figure 1). First, all cities have
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been expanding in area and population (positive exponents), so are their GDP, total wage, the
number of automobiles, and GDP density. This signifies wealth accumulation over time. Second, air
pollutants have been decreasing in most of the 32 cities as suggested by more negative exponents
(red) than positive ones (black). Third, population density (persons per unit urban area) has been
decreasing, implying the living space per capita has been improving, in most cities (more negative
than positive exponents).

3.2 Co-evolution of Urban Attributes in Individual Cities

3.2.1 Area-based scaling
When urban area was the independent attribute (i.e., x) to scale other urban attributes, we
found the following phenomena (Figure 2A-2D, Figure 3A-3C, and Table 1):

(1) The population ~ area co-evolution in Chinese cities varied greatly as shown by the coexistence
of all three types of scaling. That population growth increasingly lagged urban land expansion
(i.e., B; < 1) was the dominant scaling as it occurred in 19 of the 32 cities. Shenzhen, the most
successful Special Economic Zone setup by the central government in the late 1970s to
experiment the Open-up and Reform policy, was the only city showing a superlinear scaling (B
>1) with its population growth increasingly exceeded urban area expansion. The linear scaling (B
~1) in the remaining 12 cities suggests that the average urban space for each urban dweller
expanded at the same rate as population.

(2) GDP increase progressively outpaced area expansion in every city from 1978 to 2010 because
total GDP scaled superlinearly with area in all cities (B; > 1).

(3) Increase of GDP density (i.e., GDP per unit area) progressively outpaced urban expansion in half
of the cities as evidenced by the significantly superlinear scaling relationship between GDP
density and urban area. Only one city (Hangzhou) showed a sublinear scaling relationship
between GDP density growth and area expansion. In Hangzhou, the GDP density increase was
progressively outpaced by city expansion. The expansion of the remaining 14 cities linearly
matched the pace of GDP density change.

(4) The increase of wage progressively outpaced area expansion over time (i.e., superlinear scaling)
for all individual cities.

(5) Of the 16 cities with automobile records, 3 and 13 cities demonstrated linear and superlinear
scaling between automobile and area, respectively, signifying the increase of automobiles
progressively outpaced urban area expansion over time in most cities.

(6) Three types of scaling coexisted for the scaling of air pollutants (PM,,, NO,, and SO,) with area,
and most of the scaling were sublinear or linear. Specifically, most cities showed sublinear
scaling on PMy,, and linear scaling on NO, and SO,.
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3.2.2 Population-based Scaling
When population was the independent attribute (i.e., x) to scale other urban attributes, we found
(Figure 2E-2G, Figure 3D-3F, and Table 1):

(1) GDP growth increasingly outpaced population growth over time for all individual cities as
indicated by the superlinear scaling between GDP and population.

(2) The growth of total wage increasingly exceeded population growth in each individual city.

(3) Of the 16 cities with proper data, automobiles increased progressively with population (i.e.,
superlinear scaling) in 14 of the cities, and increased proportionally with population (i.e., linear
scaling) in 2 other cities.

(4) All three types of scaling existed for air pollutants with most being linear scaling.

3.2.3 GDP-based Scaling
When GDP was the independent attribute (i.e., x) to scale other urban attributes, we found (Figure
2H and 2, Figure 3G-3l, and Table 1):

(1) Wage increase progressively exceeded GDP growth (i.e., superlinear co-evolution) in 16 cities,
matched with GDP growth (i.e., linear co-evolution) in 14 cities, increasingly lagged GDP growth
(i.e., sublinear co-evolution) in only one city (i.e., Hohhot).

(2) Automobile increase matched the pace of GDP growth in 11 of the 16 cities (i.e., linear scaling),
and progressively outpaced by GDP growth the remaining 5 cities (i.e., sublinear scaling).

(3) Pollutant scaling with GDP was mostly sublinear (i.e., pollution progressively outpaced by GDP
growth) with only a few linear and none superlinear.

3.3 Horizontal Organization or Scaling of Urban Attributes across Cities

To better visualize the various results of horizontal scaling of urban attributes and their temporal
evolution, we translate the results into the personal impressions of a traveler moving through chains
of cities: (1) from smaller to larger cities in terms of areal extent; (2) from less to more populated
cities; and (3) from past to more recent periods.

3.3.1 Area-based Scaling
When urban area was the independent attribute of cities, it scaled with other urban attributes the
following ways (Figure 4A-4F and Table 2):

(1) GDP scaling with urban area was sublinear in 1978 and 1990. A person traveling through a chain
of small-to-large cities would have felt that the GDP growth increasingly lagged urban area
change in these two periods. GDP scaling changed to linear since 1995.

(2) Total wage scaling with area was sublinear during the early two periods (i.e., 1978 and 1990). A
person traveling from small to large cities within these periods would have felt that the rate of
wage increase increasingly lagged the pace of urban area expansion. This situation changed
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(3)

since 1995 when the total wage scaling with area became linear.

Automobile scaling with area was sublinear in 1990. A traveler in 1990 would have felt the rate
of automobile increase progressively lagged the rate of urban area expansion from small to large
cities. The automobile scaling became linear since 1995 although the 95% confidence intervals of
the B, values were strongly tilted toward the sublinear scaling.

The scaling of pollutants with area was superlinear or linear but the 95% confidence intervals of
B, value were heavily tilted toward superlinear, and there were no apparent temporal trends.
The traveler would have felt the rate of air quality deterioration have increasingly outpaced the
rate of city area change as the person traveled from small to large cities.

3.3.2 Population-based Scaling

When population was the independent urban attribute, the following horizontal scaling relationships
were found (Figure 4G-4L, Figure 5, and Table 2):

(1)

(3)

(4)

Area showed superlinear scaling with population before 2000 across the 32 major cities in China.
Although the 95% confidence intervals of the exponent B were largely skewed to superlinear
scaling since 2000, the scaling was not significantly different from linear scaling. The magnitude
and the temporal change of B, suggest two phenomena. First, a person traveling through a chain
of cities from less to more populated cities would have felt that the rate of urban area increase
was increasingly faster than the rate of population growth. In other words, the larger the city in
population, the increasingly larger the area. Second, after moving through the sequence of cities
repeatedly since 1978, a traveler would have felt that the difference between the rates of
population growth and area expansion have decreased over time resulted from the temporal
change of B, from superlinear to linear.

GDP scaling with population was linear in 1978, and it became superlinear for the rest of the
time periods. This superlinear scaling relationship between GDP and population indicates that
the larger the population, the increasingly higher the GDP. The superlinear scaling was the
strongest in 2000 when Chinese economic reform was at its full swing.

The scaling of total wage with population transitioned from linear (1978 and 1990) to
superlinear (since 1995). A traveler in 1978 and 1990 would have noticed the average salary (not
the total wage) remained roughly the same. This person would have noticed that the average
salary increased progressively since 1995 when traveling from less to more populated cities.
Automobile scaling with population was linear for all periods. However, although not significant
statistically, the scaling coefficient increased from 1990 to 2000 and then leveled off.

All pollutants (PMy,, NO,, and SO,) scaling with population was superlinear throughout the study
period, suggesting the larger the population, the progressively higher the air pollutants. A
traveler would have noticed that air pollution had become progressively worse from less to
more populated cities. The data also showed that the degree of superlinearity decreased over
time shown by the decrease of the B, values, probably reflecting the reduction of pollution over
time, at least on a per capita basis.

This article is protected by copyright. All rights reserved.



4 Discussion

4.1 Temporal evolution of urban attributes

We have used the power function to quantify the temporal change of urban attributes (see Fig S2
and S3). This approach works in most cases as the urban expansion processes in these cities do
follow the power curve up to present. As urbanization gradually reaches its limits and the speed of
expansion slows down, a different function such as logistic growth curve might be more suitable
than the power curve as cities cannot expand as a power function of time forever. We have already
witnessed the limitation of the power curve in mature cities such as Shenzhen where urbanization
has been approaching to their physical limits (see Figure S2).

Chinese urbanization, characterized mainly by population migration from rural to urban areas, has
been accelerating over the past three decades, and the urban population in China has increased
from 17.9% in 1978 to 56.1% in 2015 (SSB, 2015). Associated with the population shift is a
concurrent change in urban attributes including urban areal extent, GDP, number of automobiles,
and air pollution levels (Liu and Diamond, 2005; Zhao et al., 2015b; Bai et al., 2014). Individually each
city has been effective in accumulating wealth such as GDP and wage in addition to expansion in
area and population (see Figure 1). However, differences exist across cities, and the effectiveness of
urban expansion must be evaluated by examining the coevolution of multiple urban attributes and
the horizontal organization of attributes across cities, which will be discussed below.

4.2 Temporal co-evolution of urban attributes within individual cities

The results of temporal scaling among paired urban attributes have revealed some interesting
features about the characteristics of urbanization processes in these cities (Figures 2 and 3, and
Table 1). First, we have found for the first time that the population and urban area co-evolved in
these cities with all three types of scaling (i.e., superlinear, linear, and sublinear). Urban areal
expansion progressively exceeded population growth in most cities. Only one city (Shenzhen)
showed that areal expansion increasingly lagged population growth. The diversity of population ~
area scaling in these cities is the complex product of geographic factors, economic growth and
development, policy shifts and institutional changes, among other driving forces. For example, the
sublinear expansion of area in respect to population growth in Shenzhen was probably resulted from
the interaction between its fast population growth, attracted by its tremendous business
opportunities after being designated as China's first special economic zone in the late 1970s, and the
limited physical area for expansion. Many cities, especially those where expansion was not physically
constrained, have witnessed progressively faster areal expansion than population growth, because
urban expansion has been considered as a practical vehicle for economic development at the city to
national levels (Lin, 2007; Xu, 2008; Lin and Yi, 2011). That areal expansion progressively exceeded
population growth in most cities has two important implications. On the positive side, it suggests the
living space for average urbanites in China has largely been improving over time in most cities.
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However, excessive areal expansion can lead to unintended outcomes, such as "ghost towns", if the
expansion is not driven by demands (Shepard, 2015).

Second, given the impressive economic growth in China during the past three decades, it is not
surprising to see rapid growth of GDP and wages accompanied by an increase in automobiles and a
deterioration of air quality (Liu and Diamond, 2005; Zhao et al., 2006; Bai et al., 2014). This study
further revealed details of their interwoven co-evolutions with other urban attributes. For example,
GDP and wage increases have progressively outpaced both areal expansion and population growth
in every city from 1978 to 2010. In addition, wage increase increasingly exceeded or matched GDP
growth in most cities, and rarely lagged GDP growth. Along with increased income, automobiles
increased progressively with population growth and areal expansion or matched the pace of GDP
growth in most cities.

Finally, different from the scaling of the economic growth and infrastructural expansion, air
pollutants (e.g., PM4,, NO, and SO,) showed in most cities linear or sublinear scaling relationship
with either urban area or population. This discrepancy suggests that these urban air pollutants were
comparable to or progressively lagged the pace of urban expansion or population growth. More
importantly, the scaling coefficients of these pollutants versus GDP were sublinear in most every
city, suggesting pollution reduction from the perspective of GDP growth has been effective in these
cities (Figure 3).

4.3 Area- and population-based cross-city scaling

Urbanization is an integrative process that involves changes in multiple interwoven dimensions
involving area, population, economy, and environment. Previous urban scaling studies have focused
mostly on demographic scaling, i.e., how urban attributes change with the increase or decrease of
population. In contrast, studies of area-based scaling relationships are rare. Although theoretical
considerations for area-based scaling have not yet been fully developed due to limited research, the
theoretical scaling exponents for areal scaling can be readily derived from the theoretical sublinear
scaling for land area (A) and population (N) (i.e., A < N2/3, see Table 1 in Bettencourt, 2013). For
example, the theoretical areal scaling relationship for socioeconomic factors (Y) should be Y o

A7/* because Y o« N7/¢ and A o< N2/3 according to Bettencourt (2013). This study shows that all
area-based cross-city scaling exponents for socioeconomic factors across these cities were
significantly lower than the theoretical value of 7/4 (Table 2). Furthermore, all the area-based scaling
relationships were linear or sublinear, contradicting the theoretical prediction of superlinear scaling
(Figure 4A-4F). This discrepancy suggests a tremendous waste of land resources in the expansion of
these cities: the increase of socioeconomic efficiency as cities scale from small to large in area, seen
from other regions and economic theory (Bettencourt et al., 2007; Rosenthal and Strange, 2004), is
not observed in this study. In addition, the temporal transition from linear to sublinear scaling
demonstrated the increasing waste of land resources over time. Our results from area-based scaling
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revealed important new characteristics of the urbanization processes that could not be obtained
using the traditional demographic scaling (Figure 4 and Table 2), which supports previous
observations that demographic attributes alone cannot untangle diverse drivers and outcomes in
urbanization (Bai et al., 2012; Arcaute et al., 2015).

4.4 Cross-city area ~ population scaling: theoretical challenges?

According to urban scaling theory (Bettencourt, 2013), the relationship between urban area and
total population across cities should be sublinear with an exponent B, value of 2/3. This theoretical
sublinear scaling signifies a population densification process and economies of scale: impervious
surface area per capita decreases as city population increases. The cross-city scaling of area and
population in this study did not conform to the existing theory. The scaling coefficient B, values from
our study varied from 1.36 to 1.67 during the six periods (Figure 5A-5F), which were all significantly
greater than the theoretical sublinear scaling coefficient (B, = 2/3). Superlinear cross-city scaling of
urban area with population indicates that intercity areal differences were progressively larger than
their corresponding population differences as one travels from less to more populated cities. The
nonconformity of the scaling relationship between area and population observed in these cities to
the scaling theory suggests that the theory might not be universal, the scaling of these cities might
be abnormal, or both.

4.5 Cross-city scaling of GDP and population

Horizontally, many attributes associated with the intrinsic social aspects of cities such as information
and wealth creation and productivity demonstrated superlinear scaling (Bs > 1). For example, cities
with larger populations generally have higher levels of productivity than smaller ones (Sveikauskas,
1975; Segal, 1976; Bettencourt, 2013) resulted from increasing returns from population size due to
knowledge spillover (i.e., the exchange of ideas among networks of individuals that promotes
creativity and innovation) (Romer, 1986; Lucas, 1988; Florida, 2005). Data from this study agreed
well with this generalized superlinear scaling of GDP versus population (Figure 5G-5L). Another
significant finding of this study is that the scaling exponent B for GDP versus population increased
from about 1 (linear scaling) in the late 1970s to the theoretical superlinear value 7/6 since 2000.
This major temporal shift in exponent value tracked the trajectory of China’s social and economic
vitality brought about by various local to national economic reform policies. The linear scaling, an
indicator of stable and stagnant economy (Strano and Sood, 2016), in the earlier periods reflected
the ineffectiveness of the centralized planned economy in stimulating economic growth. The
superlinear scaling of GDP with urban population since 2000 is a characteristic of growing economy,
as suggested by Strano and Sood (2016).

This article is protected by copyright. All rights reserved.



The magnitude of the scaling exponent B, of GDP versus population effectively represents the
change rate of GDP with population, which can simply be referred to as the population~GDP scaling
efficiency. The higher the scaling exponent, the higher the population~GDP scaling efficiency (i.e.,
higher GDP generated by the same amount of population). Based on the similarity of the B values
derived from these cities in this study and those from Germany and the USA (Figure 5K and 5L), we
can see that the population~GDP scaling efficiency across these cities had caught up with those in
the developed countries in recent years. This suggests that for a given change in population across
cities, the GDP difference is similar across these cities in China, Germany, and the USA. However, the
absolute GDP differences among countries suggested that the GDP efficiency in these Chinese cities,
measured per capita, remains 5 to 10 years behind those of Germany and the USA, as seen from the
differences of the intercepts among these countries and the change rate of the intercept over time
for Chinese cities.

4.6 Cross-city scaling of wage and population

The cross-city scaling between total wage and population showed a clear transition from linear to
superlinear over time and the change from 1978 to 2010 was significant (p<0.05) (Figure 4H). The
scaling was linear before 1990 when wages were mostly fixed and about the same across cities
under the planned economy and total wages were roughly proportional to population. The
migration of population from rural to urban, controlled by the Hukou (household registration)
system, was extremely difficult in China before the implementation of the “Reform and Opening-up”
policy in the late 1970s (Chan and Zhang, 1999). The transition from linear to superlinear scaling
reflects the gradual loosening of the governmental control on rural to urban and inter-provincial
migration (Fan, 1999; Zhang and Song, 2003; Poncet, 2006; Li and Sui, 2013). The 95% confidence
bounds of the scaling exponent between wage and population were much narrower than those of
GDP versus population, probably suggesting that wages rather than GDP drove the migration of
population from rural to urban and across regions. This temporal trajectory of B, signifies that the
“Reform and Opening-up” policy successfully transitioned Chinese cities from a rather tightly
controlled uniform wage system to a more market-oriented dynamic one that exhibits increasing
returns to scale.

4.7 Cross-city scaling of automobile and population

The scaling relationship between automobiles and population across cities was linear for all time
periods (Figure 41). However, the 95% predictive intervals of the scaling exponent B, between
automobiles and population showed temporal shifts: the interval in 1990 contained the theoretical
value of the sublinearity (B; =5/6) as summarized in Bettencourt (2013) for transportation network
volume, but not the theoretical value of superlinearity (B; =7/6) , and this pattern switched to the
opposite since 1995. Therefore, the automobiles versus population scaling across these cities was
between linear (automobiles were proportional to city population) and superlinear (the higher the
population, the increasingly higher the number of automobiles per capita) since 1995 as the scaling
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exponents were not significantly different from either 1 (linearity) or 7/6 (superlinearity).
Nevertheless, they were significantly different from the theoretical sublinear scaling law (B, =5/6).
This deviation might be caused by several factors including increased income for individuals and
unique social psychology on automobile ownership. In China, owning automobiles remains an
important symbol of social and economic status that may outweigh the inconvenience and stress
resulting from transportation congestion.

4.8 Methodology Considerations

Our study showed fundamental differences in temporal (B:) and spatial (B;) scaling for the same
urban attributes (Figures 2, 3 and 4). For example, unlike the rather consistent exponent (~7/6) for
the scaling between GDP and population across cities at any of the times, the temporal scaling
exponent B, averaged at 3.92 with large cross-city variability from 1.72 (Shenzhen) to 8.91
(Shenyang), was much higher than its spatial scaling counterpart ;. The drastic difference between
spatial and temporal scaling reflects the fundamental differences in driving forces across time and
space. Spatial scaling reflects the consequences of contemporary cross-city scaling (e.g., the
magnitude of knowledge spillover or economies of scale) at a given point in time, and does not have
the temporal dimension reflecting the continuous innovation of information and technology over
time as seen from the temporal scaling. This finding clearly shows that the concept of substituting
“space for time” frequently used in ecological research (Pickett, 1989) ought not be applied to study
urban dynamics.

Some aspects of our study might have introduced uncertainties. First, our study only included 32
major cities, which is relatively small comparing with the number of cities in China. Our attempt to
include more cities in this research was hampered by the challenge of consistently getting city-
specific socio-economic data. Future studies should include more cities, especially small to medium
ones, as well as trying to understand the ways in which “special purpose” cities conform to or
deviate from theory (e.g., Shenzhen). Second, additional sampling points in time would also help
reduce the uncertainty in determining the temporal course and spatial details of urban expansion.
With the free Landsat data and new computing power, it is possible to map land surface changes
annually (Zhu and Woodcock, 2014). Third, in dealing with economic data, we were unable to
separate the contributions from rural and urban areas. For future studies, one needs to consider
metropolitan areas only as they are the economic functional areas related to the places from where
people commute to work (Arcaute et al., 2015).

4.9 Science and Policy Implications

Our results reveal an interconnected, multifaceted picture of the temporal coevolution of urban
attributes and the spatial organization of the urbanization processes of 32 major cities from 1978 to
2010. The findings from this study have significant implications for both China’s policy and the
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understanding of urbanization in general. On the one hand, demographic growth was well
synchronized with other urban attributes. In fact, the scaling of GDP versus population, an effective
indicator of the GDP efficiency with population change, showed that the urban GDP efficiency of
these cities might be comparable to those from Germany and the United States, certainly a highlight
of Chinese urbanization. This result confirms that the national policy of promoting urbanization to
enhance economic growth did hit a high mark from the demographic perspective, at least in these
32 cities.

Urban land expansion is an indispensable process to accommodate demographic expansion and to
improve the average living space for urban dwellers. However, the horizontal organization of urban
area across these 32 cities in China, judged by its scaling relationship with other urban attributes, is
in a state that is significantly different from theoretical predictions (Bettencourt, 2013). For example,
cross-city scaling between urban area and population contradicts economies of scale (i.e., cost
advantages or increasing savings in infrastructural quantities with increasing population size) and
that between wealth creation (e.g., GDP and Wage) and urban area does not conform to increasing
returns to scale. Urbanization has been regarded as an effective vehicle (“land finance”) to propel
economic growth at local to national level in China (Ye and Xie, 2012; Lin et al., 2015). This ideology
has resulted in massive urban space expansion and reorganization across cities that apparently has
progressively outpaced population growth through time and across cities. China’s policy instruments
related to land ownership and land-use rights created a positive feedback between urban sprawl and
economic growth (i.e., urban land expansion is not only the consequence but also an important
driver of economic growth) in recent decades that at least partly explained the complex mechanism
of nonlinear, accelerated growth in city size and wealth (Bai et al., 2012; Huang et al., 2015).
However, the over-utilization of urban land expansion as an economic growth instrument has led to
excessive urban land expansion that has resulted in low socioeconomic efficiency of urban land.
Although improving urban land use efficiency has been a national policy (Liu et al., 2014) and studies
have discussed the issue of urban land use efficiency (e.g., Cao et al., 2008; Jiang et al., 2013; Liu et
al., 2014; Deng et al., 2015), our study was the first at the national level to systematically
demonstrate the efficiency or inefficiency of urbanization process and organization across 32 major
cities in China in several major dimensions. Another consequence of excessive urban land expansion
is the conversion of the arable land resources, threatening food security (Chen, 2007). For example,
74% of the urban expansion in the Beijing-Tianjin-Hebei metropolitan area in the 1990s was at the
cost of arable land (Tan et al., 2005). Urbanization can have indirect impacts on agricultural land use
as well. Jiang and colleagues (2013) found urban expansion is associated with a decline in
agricultural land use intensity in China, and that industrial GDP negatively affects agricultural land
use intensity. Their results imply that continued urban expansion is highly likely to push agricultural
land expansion, pressuring on the country’s natural land resources.

China’s urbanization is going to continue to unfold. This presents opportunities to develop new and
test old theories of urban scaling and organization. Chinese government announced its new plans in
the "National New Type Urbanization Plan" for 2014-2020 to expand its cities to support economic

growth by allowing millions more rural residents to migrate to cities. The government still sees
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domestic demand is the fundamental impetus for China's development, and the greatest potential
for expanding domestic demand lies in urbanization (Chan, 2014). Chinese urbanization is entering
uncharted waters, and some consequences might not be foreseeable in the short term and, thus,
hard to evaluate at present. However, given the importance of limited arable land resources in China
to feed its large and growing population and its relatively low per-unit-area socioeconomic efficiency
compared to the rest of the world, future efforts should focus on increasing urban socioeconomic
efficiencies than continued area expansion, especially in larger cities.

5 Summary

The density distributions of the scaling exponent ¥ values, depicting the temporal evolution of city
attributes, revealed three phenomena: (1) all cities have been expanding in area, population, GDP,
total wage, the number of automobiles, and GDP density, signifying wealth accumulation over time;
(2) air pollutants have been decreasing in most of the 32 cities; and (3) population density (persons
per unit urban area) has been decreasing, implying the living space per capita has been improving, in
most cities.

We have found for the first time that the population and urban area co-evolved in these cities with
all three types of scaling (i.e., superlinear, linear, and sublinear), resulted from interactions of a
myriad of forces including geographic factors, economic growth and development, policy shifts, and
institutional changes. Urban areal expansion progressively exceeded population growth in most
cities.

The relationship between urban area and total population across cities should be sublinear
according to the existing urban scaling theory (Bettencourt, 2013), signifying a population
densification process and economies of scale. The cross-city scaling of area and population in our
study did not conform to the theory, suggesting that the theory might not be universal and/or the
scaling of these Chinese cities might be unique. This study also shows that all area-based cross-city
scaling for socioeconomic factors did not conform to the theoretical prediction of economies of
scale, suggesting a tremendous waste of land resources in the expansion of these cities. Our area-
based scaling revealed important new characteristics of the urbanization processes that could not be
obtained using the traditional demographic scaling.

Another significant finding of this study is that the cross-city scaling of GDP versus population
changed from linear scaling in the late 1970s to the theoretical superlinear scaling since 2000,
signifying the realization of increasing returns to scale over time. This major temporal shift in the
scaling pattern tracked the trajectory of China’s social and economic vitality and efficiency resulted
from various local to national economic reform policies.
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Table 1 Temporal scaling or coevolution of paired urban attributes from 1978 to 2010 in individual
cities. See text and equation 1 for the explanation of the scaling exponent .. The B; value for each
pair of urban attributes in each city was tested to see if it was sublinear (B;<1), linear (B~1) or

superlinear (B:>1) at a=0.05, and this table presents the summary results of the significance test.

y X Total number B Number of cities
of cities' Mean C.V.? Sublinear  Linear  Superlinear

Population Area 32 0.73 0.39 19 12 1
GDP Area 31 2.78 0.34 0 0 31
GDP efficiency Area 31 1.80 0.53 1 14 16
Total wage Area 31 3.10 0.33 0 0 31
Automobiles Area 16 2.46 0.38 0 3 13
PMyo Area 26 0.15 0.38 16 9 1
NOx Area 29 0.89 0.39 3 25 1
SO, Area 29 0.74 1.83 8 20 1
GDP Population 31 3.92 0.33 0 0 31
Total wage Population 31 4.28 0.25 0 0 31
Automobiles Population 16 3.38 0.36 0 2 14
PMyqo Population 26 0.43 2.03 5 19 2
NO, Population 29 1.49 0.49 1 21 7
SO, Population 29 1.19 1.18 2 25 2
Total wage GDP 31 1.13 0.09 1 14 16
Automobiles GDP 16 0.84 0.15 5 11 0
PMyq GDP 26 0.12 1.58 26 0 0
NO, GDP 29 0.36 0.54 28 1 0
SO, GDP 29 0.23 0.97 27 2 0

"The number of cities was not always 32 was because some cities did not have enough data points

for regression analysis; Coefficient of Variation.
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Table 2 The 95% confidence intervals of the spatial cross-city scaling coefficient 3, of paired urban

attributes for six time periods. The derivation of the scaling exponent B was described in the text

(see equation 2). Bold values indicate the 95% confidence interval of B, does not include its

theoretical value, therefore they are significantly different at a=0.05. Theoretical values for the

exponents are from Bettencourt (2013).

Area

GDP

Total wage
Automobiles
PMyo

NO,

SO,

GDP

Total wage
Automobiles
PMyo

NO,

SO,

1978

[1.03,2.62]
[0.98,1.36]
[0.98,1.07]
NA
[1.81,5.43]
[2.05,5.45]
[1.65,6.4]

[0.37,0.89]
[0.31,0.69]
NA
[0.98,1.26]
[1.09,1.3]
[0.78,1.32]

1990

[1.24,2.29]
[1.06,1.34]
[0.97,1.14]
[0.72,1.15]
[1.19,5.19]
[1.57,2.84]
[1.56,3.64]

[0.46,0.99]
[0.42,0.91]
[0.34,0.82]
[0.93,1.34]
[1.04,1.39]
[0.85,1.96]

1995

[1.06,2.16]
[1.1,1.51]

[1.04,1.27]
[0.82,1.31]
[1.24,2.62]
[1.54,2.45]
[1.62,3.4]

[0.6,1.2]
[0.45,1.2]
[0.47,1.11]
[0.96,1.41]
[1.15,1.54]
[1.05,2.32]

2000
x=Pop
[0.97,2.06]
[1.18,1.48]
[1.12,1.38]
[0.91,1.37]
[1.01,3.29]
[1.26,2.35]
[1.58,3.5]
x=Area
[0.81,1.39]
[0.6,1.67]
[0.57,1.32]
[0.87,1.35]
[1.08,1.37]
[1.07,2.32]

2005

[0.98,1.96]
[1.15,1.43]
[1.04,1.36]
[0.92,1.26]
[1.14,2.4]

[1.29,2.4]

[1.19,2.52]

[0.81,1.33]
[0.64,1.47]
[0.6,1.11]

[1.02,1.27]
[1.15,1.43]
[0.96,1.54]

2010

[0.96,1.94]
[1.11,1.42]
[1.11,1.33]
[0.86,1.27]
[1.08,2.28]
[1.26,2.45]
[1.17,3.18]

[0.79,1.28]
[0.59,1.52]
[0.57,1.09]
[0.99,1.25]
[1.09,1.34]
[0.95,1.62]

Theory

2/3
7/6
7/6

7/4
7/4
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Figure Captions

Figure 1 Density function of the exponent ¥ of the power relationship between an urban attribute y
and timet (i.e.,, y = at¥ + b). The attributes are (A) area, (B) population, (C) GDP, (D) total wage, (E)
number of automobiles, (F) PMyq, (G) NO,, (H) SO, (1) population density (persons km™ of urban
area), and (J) GDP density (RMB km™ of urban area). The value on top of the density curve is the
mode. Black and red colors indicate positive and negative exponent, respectively.

Figure 2 Temporal power scaling exponents (B:) and their 95% confidence intervals for various urban
socio-economic attributes against urban area (A-D), urban population (E-G), and urban GDP (H-I)
from 32 major cities in China. The shaded areas in light cyan and tan provide visual references to
sublinear (the upper confidence bound of B is less than 1) and superlinear (the lower confidence
bound of B; is larger than 1) scaling, respectively. The B; values were derived from temporal
observations of paired attributes in a given city from 1978 to 2010 using bootstrapped orthogonal
regression. No values indicate the number of observations was not enough to perform bootstrapped

regression.

Figure 3 Temporal power scaling exponents (Bt) and their 95% confidence intervals for various urban
environmental attributes against urban area (A-C), urban population (D-F), and urban GDP (G-1) from
32 major cities in China. The shaded areas in light cyan and tan provide visual references to sublinear
(the upper confidence bound of ftis less than 1) and superlinear (the lower confidence bound of Bt
is larger than 1) scaling, respectively. The Bt values were derived from temporal observations of
paired indicators in a given city from 1978 to 2010 using bootstrapped orthogonal regression. No

values indicate the number of observations was not enough to perform bootstrapped regression.

Figure 4 Temporal changes of the cross-city scaling exponent B, for various attributes versus urban
area (panels A-F) and various attributes versus urban population (panels G-L). The B, values were
derived from observations from 32 cities using orthogonal regression. Vertical lines across symbols
show the 95% confidence intervals of B.. The reference line of linear scaling (B =1) is plotted to

visualize the difference of superlinear (Bs >1) and sublinear scaling (Bs <1).
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Figure 5 Cross-city power scaling relationships between urban area and population (panels A-F) with
the theoretical B, of 3/2 shown in blue, and urban GDP and population (panels G-L) across 32 major
cities in China at different years. Scaling relationships between urban population and GDP for
Germany and USA were from Bettencourt (2013). The B, values were derived from observations
from 32 cities using orthogonal regression. Data in the brackets in panels A-L show the predictive
intervals of B, defined by the 2.5" and 97.5" percentiles. The actual number of cities for some years
is less than 32 (the total number of cities in this study) as some cities do not have records in these

years (e.g., the smallest city Lhasa does not have GDP value in 1978, panel G).
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