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Abstract

Based on four periods of remote sensing imagery data from 1995, 2003, 2010,
and 2015, this study investigates the 20-year growth of impervious surfaces and
their driving factors in middle Yangtze River cities, using Wuhan, Changsha,
and Nanchang as case studies. The results indicate that impervious surface
growth in the three cities is significant, approaching warning levels, with spatial
patterns exhibiting a fundamental trend of breakthrough expansion. At the
present stage, Wuhan’ s impervious surface growth is primarily contributed by
the “scattered” growth pattern of non-point sources in suburban areas. In con-
trast, Changsha and Nanchang mainly derive from the “linear” extension of new
urban areas and their internal “areal” infill patterns. Road investment, zoning
policies, urban planning controls, fixed asset investment, real estate investment,
population growth, and permeable technologies constitute the main factors in-
fluencing impervious surface growth in the three cities; however, the sensitivity
of each factor’ s influence differs among the cities. The three cities can mitigate
impervious surface ratio growth through management measures to strengthen
urban-rural planning, economic policy measures to control overheated real es-
tate investment, social policy measures to balance regional population patterns,
and technological measures to promote permeable materials and technologies.
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Abstract: Based on remote sensing imagery data from 1995, 2003, 2010, and
2015, this study examines the differential growth patterns of impervious sur-
faces in the cities of Wuhan, Changsha, and Nanchang along the middle reaches
of the Yangtze River over the past 20 years using classical linear spectral anal-
ysis VIS model, ArcGIS hotspot analysis, and least squares linear modeling.
The results show that the impervious surface areas (ISAs) of the three cities
increased significantly, exhibiting a regular pattern of outward expansion. The
impervious surface rates in the greenbelt surrounding areas of Wuhan, Chang-
sha, and Nanchang have reached 8.9%, 7.9%, and 7.4% respectively, which are
close to the internationally recognized early warning level of 10%-20%. The
ISA growth of the three cities gradually spread from the old city to surrounding
areas. Wuhan has broken through the greenbelt via “sporadic” growth, while
Changsha and Nanchang are transitioning from a “point + line” to a “surface”
ISA growth pattern, also showing a trend of breaking through the greenbelt.
Due to differences in urban development stage and historical conditions, imper-
vious surface growth in Wuhan arises mainly from sporadic growth in suburban
areas. Expansion in Changsha and Nanchang is primarily due to “axis + block
filling” extension growth in newly developed areas. Road investment, zoning
policy, urban planning control, fixed asset investment, real estate investment,
population growth, and water penetration technology are the main factors af-
fecting impervious surface growth in the three cities, but the sensitivity of each
factor differs among the cities. For Wuhan, the priority policy for reducing the
ISA rate is to control out-of-greenbelt space, which can be strengthened via a
rural construction planning permission system. Secondly, applying advanced
technology to the greening transformation of the old city, reducing the density
of real estate construction and infrastructure investment, optimizing population
density distribution, and balancing city population with city ecology can also
alleviate ISA growth trends. For Changsha and Nanchang, the primary method
for controlling ISA increase is to control undeveloped areas in the inner green-
belt zone. The guiding principles of “precise controlling new area,” “preventive
controlling the suburbs,” and “enhanced controlling the old area” should be
applied to avoid expanding the ISA pattern. On the other hand, it is important
to improve ISA by including smart urban and rural planning, increasing the
rate of green space planning, balancing the population of districts, advocating
profit-priority construction of urban infrastructure, and accelerating the use of
advanced permeable materials and construction technologies.
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Introduction

Impervious surfaces disrupt the hydrological connection between urban land
surfaces and groundwater, and are considered important elements in urban eco-
logical processes and key indicators for measuring urban health quality. Since
the beginning of the new century, research on urban impervious surfaces in
China has intensified, yielding substantial results in metropolitan area health
evaluation, vegetation and biodiversity change processes, and urban ecological
environment irreversible early warning. These studies can be summarized into
two main streams: first, tracking the latest international techniques in imper-
vious surface research, including remote sensing monitoring technologies and
related parameters; and second, using impervious surfaces as an entry point
to investigate the mechanisms of local urban ecological and environmental pro-
cesses across different regional scales and precision levels. Although domestic
research continues to deepen, several improvements remain necessary. First, the
research scope is relatively limited, with disproportionate focus on coastal devel-
oped cities, which hinders the formation of comprehensive perspectives on how
impervious surfaces affect China’ s urban ecological environment. Research on
major cities in central and western regions is particularly scarce. Second, stud-
ies tend to focus more on technical aspects of remote sensing measurement and
observational phenomena, with relatively weak exploration of influencing factors
and mechanisms, making it difficult to propose effective control measures.

The urban agglomeration in the middle reaches of the Yangtze River represents
an important ecological security region in China, and its changing ecological en-
vironment concerns the stability of China’ s ecological security pattern. Wuhan,
Changsha, and Nanchang are important provincial capital cities in this region,
as well as large cities with high primacy in central China’ s less developed ar-
eas. In recent years, these three cities have experienced rapid expansion in
population, scale, and urban form, leading to various regional urban ecological
environmental problems, including different degrees of urban heat island effects.
This has made urban permeability performance a focus of attention across sec-
tors. Based on analysis of impervious surface growth patterns and evolution,
this study explores the growth patterns of impervious surface distribution in
large cities along the middle reaches of the Yangtze River, providing references
for management priorities and measures to control urban impervious surfaces,
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and serving as a catalyst for fellow scholars to conduct impervious surface re-
search in less developed central and western regions of China.

1 Data Sources
1.1 Remote Sensing Data

Landsat 8 remote sensing imagery from the US Landsat satellite program was
used, with all data selected from winter months to minimize seasonal variation.
Landsat 5 TM data from 1995 and 2003, and Landsat 7 ETM+ data from 2015
were processed using ENVI 5.2 software for geometric correction, atmospheric
correction, and conversion to multispectral reflectance. All imagery was unified
to 30 m resolution.

1.2 Socioeconomic Data

Other economic and social data were obtained from annual urban statistical
yearbooks and national statistical yearbooks for the corresponding years. For
comparative purposes, the study area was defined by extending approximately
51.9 km x 51.9 km (2,700 km?) outward from the old city center of each city,
encompassing the outer boundary designated by each city’ s urban planning
green space ecosystem. This area can be regarded as the expansion boundary
that should not be breached in recent construction, as well as a protective zone
for the hydro-atmospheric-biological environment of the urban population core
area, possessing certain watershed significance.

2 Methodology
2.1 Linear Spectral Unmixing Technique

The Vegetation-Impervious-Soil (V-I-S) model was employed to decompose non-
water ground components in the three cities using ENVI 5.2 software. The
methodology purified the endmember characteristics of each component across
different periods for each city, and comprehensively determined the character-
istic spectra of high-albedo endmembers, low-albedo endmembers, vegetation
endmembers, and soil endmembers. Constrained linear spectral unmixing was
used to extract the fractional abundance of each endmember per pixel while
ensuring the sum of all endmember fractions equaled 1. Given that both high-
albedo and low-albedo endmember characteristic spectra exhibit certain features
of impervious surfaces, the sum of the two endmember fractions was set as the
impervious surface ratio. A longitudinal year normalization method based on
typical sample plots was applied to eliminate temporal comparison effects. Spe-
cific technical details are available in reference [16].

2.2 Hotspot Analysis and Its Improvement

The Getis-Ord Gi index analyzes information within sub-regions to identify
spatial heterogeneity and distinguish hotspot and coldspot distributions, reflecting
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the degree of association between a region and its neighboring units. To facilitate
interpretation, Gi was standardized by its standard deviation. Positive G*i
values indicate spatial clustering of hotspots where values around location i are
significantly higher than the mean, while negative values indicate coldspots.

The spatial weight matrix Wij is a crucial component in this calculation. Tra-
ditional Wij settings often use square spatial units, which introduces errors in
spatial distance weighting. To avoid this imprecision, this study employed reg-
ular hexagons as the basic spatial analysis unit to reduce potential unscientific
results from unreasonable spatial proximity weight settings. To reduce compu-
tational load, standard units of 100 hm? area were used to measure G*i across
the study area.

2.3 Growth Pattern Classification and Measurement

For analytical purposes, impervious surface growth patterns were classified
based on different growth sources and spatial orientations. The patterns include:
infilling growth model, road traction growth model, satellite filling growth model,
and sporadic enclave growth model. By overlaying and analyzing interpreted
raster data, the proportion and total area of impervious surfaces within each
pattern’ s scope can be obtained. Combined with multi-temporal data, the scale
and speed of various growth patterns at different stages can also be measured.
The basic connotations and characteristics of each pattern are detailed in Table
1.

Four types of impervious surface growth patterns and their definitions and char-
acteristics

Model Scope Source of Growth Characteristics
Infilling Within Renovation of old houses  Intensive development
Growth built-up and municipal facilities
Model area
Road 500m New construction, Linear extension along
Traction buffer of expansion, and roads
Growth main renovation of road
Model roads projects

outside

old city
Satellite Within Factory and housing Filling development in
Filling greenbelt  construction excluding new areas
Growth area road projects
Model excluding

road

buffers
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Model Scope Source of Growth Characteristics
Sporadic Outside Scattered development Leapfrog expansion
Growth greenbelt  outside planned areas

Model area

3 Results and Analysis
3.1 Impervious Surface Growth Characteristics

Analysis results show significant growth in impervious surface area across all
three cities, with distribution gradually expanding from old city areas to sur-
rounding regions. The completely impervious surface areas of Wuhan, Chang-
sha, and Nanchang in 1995 were 4891 hm?, 5415 hm?, and 7207 hm? respec-
tively, accounting for 1.8%, 2.0%, and 2.7% of the study area. By 2015, these
values increased to 2538 hm?, 2222 hm?, and 1390 hm? respectively, represent-
ing increases of 254 hm?, 139 hm?, and 221 hm?. Changsha showed the largest
growth amplitude. From a temporal perspective, the 2010-2015 period exhibited
growth rates nearly equivalent to the previous two decades combined, indicating
an accelerating trend.

[Figure 1: see original paper] Interpretation of impervious surface rates in
Wuhan, Changsha, and Nanchang in 1995, 2003, 2010, and 2015

3.2 Evolution of Impervious Surface Growth Hotspots

According to hotspot analysis results, the global G*i statistics for impervious
surface growth in all three cities exceed their respective annual mean expec-
tations, with significant statistical test values, indicating obvious clustering of
growth hotspots. Over the past 20 years, Wuhan’ s impervious surface growth
hotspots have been distributed outside the greenbelt area, while Changsha and
Nanchang’ s hotspots remain within the greenbelt. This demonstrates that
Wuhan’ s growth pattern is gradually shifting from concentrated to dispersed,
with contributions primarily from suburban areas. In contrast, Changsha and
Nanchang maintain relatively concentrated growth patterns focused on newly
developed areas within the greenbelt outside the old city.

[Figure 2: see original paper] Comparison and differentiation of hotspots in
impervious surface extension across the three cities

3.3 Dominant Growth Patterns and Their Changes

Growth pattern analysis reveals that the contribution order of various patterns
for Nanchang and Changsha is road traction > satellite > infilling > sporadic,
while for Wuhan it is satellite > road traction > infilling > sporadic. Detailed
results are shown in Table 2.
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Comparison of dominant impervious surface growth patterns across the three
cities

Growth Model Wuhan Changsha Nanchang
Infilling Initial ISA/hm?: 34+120 88+222 344365

Road Traction 2003: 38445 2003: 36-+256 2003: 224312
Satellite 2005: 23+112 2005: 64+211  2005: 99+277
Sporadic 2015: 52496 2015: 69+156 2015: 364226

The evolution of dominant patterns shows that road traction has been Nanchang’
s leading mode, though its contribution is declining. Satellite growth ranks
second, while sporadic growth shows an increasing trend. Changsha follows
a similar pattern, with road traction contributing most but decreasing over
time, satellite growth rising, and sporadic growth increasing rapidly. Wuhan’ s
dominant pattern is satellite growth, which has recently given way to sporadic
growth, though road traction maintains a stable and substantial contribution.

The pattern evolution reveals several key trends: (1) Road traction contribu-
tions follow an inverted U-shaped curve, rising then falling, indicating that old
city areas’ influence on growth is no longer dominant. (2) Infilling contributions
have decreased from approximately 15% to 5%, showing that old city renova-
tion contributes less to growth and is being replaced by satellite and sporadic
patterns. (3) The stable decline in infilling and the increasing contribution
of satellite and sporadic patterns suggest that road infrastructure remains im-
portant, but control priorities should focus on preventing sporadic suburban
contributions and new area expansion.

4 Driving Factors Analysis
4.1 Analytical Framework

Based on the 1995, 2003, and 2015 data, a mathematical modeling framework
was developed to identify driving factors. The mechanism considers: (1) Eco-
nomic development level as the fundamental driver of urban construction; (2)
Population growth and consumption capacity enhancement increasing demand
for residential, commercial, and infrastructure land; (3) The evolution from ini-
tial concentration to outward expansion showing that road construction and
location conditions are highly correlated with impervious surface growth; (4)
Urban planning policy and zoning as important inductive forces; (5) Green
building engineering technology as a mitigating factor.

Given that some indicators cannot be quantified and historical data are missing,
the study uses linear least squares regression modeling with impervious surface
ratio as the dependent variable Y (with superscripts indicating year, e.g., Y2093).
Independent variables include: economic development level density X, fixed
asset investment density X,, urban population density Xs, social retail sales
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density X,, real estate investment density X5, urban planning green space ratio
Xg, road density X, new building green building ratio Xg, and regional zoning
variable Xg4. Variable definitions and calculations are detailed in Table 3.

Description and explanation of influencing factors

Variable Notation Definition & Calculation
Dependent Y Impervious surface ratio in modeling
units
Y _{in} Ratio within greenbelt area
Y {out} Ratio outside greenbelt area
Independent X, Economic development level density
(billion yuan/km?, kernel density
interpolation)
X, Fixed asset investment density (10,000
yuan/km?)
X4 Population density (10,000 persons/km?)
Xy Social consumption density (10,000
yuan/km?)
X5 Real estate investment density (10,000
yuan/km?)
Xe Planned green space ratio (from urban
planning)
Xy Road density (inverse distance
interpolation)
X3 Green building ratio in new construction
(from statistical yearbooks)
Xy Zoning factor (1=inside greenbelt,
O0=outside)

4.2 Analysis Results

Using stepwise variable addition for model optimization, the entry order of vari-
ables represents their correlation strength with the dependent variable. Road
density consistently enters the model first with positive coefficients, indicating it
is the most significant contributor to impervious surface growth across all three
cities. Roads form the urban skeleton and prerequisite for growth, while also
being natural components of impervious surfaces. Urban residential, industrial,
and new development areas tend to expand along roads, creating both direct
and indirect contributions to impervious surfaces.

Model coefficients show that: (1) Road density’ s positive coefficient is larger
in Nanchang than Changsha, and larger within greenbelts than outside; (2)
The coefficient decreases in newer periods, corresponding to the weakening road
traction pattern over time and space; (3) Wuhan, which had already become a
megacity with two million people in the 1990s and benefited from its regional hub
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status along the Beijing-Guangzhou corridor, shows lower road-driven intensity
than Changsha, which is still establishing itself as a regional center.

Fixed asset investment and real estate investment show strong correlations with
impervious surface growth. Statistical data reveal that between 2003-2010 and
2010-2015, the three cities experienced explosive growth in real estate construc-
tion, with built-up areas reaching 535 km?, 313 km?, and 350 km? respectively
by 2015. Completed building areas in 2015 were 7725, 6363, and 4001 (units
not specified), requiring massive fixed asset investments. As urban populations
grow, demand for housing and commercial facilities increases, driving infrastruc-
ture and real estate development.

Urban planning and zoning factors demonstrate significant influence. In the
2015 overall regional model, the zoning factor X, shows the second-largest coef-
ficient after road density, with values of 4.11, 1.63, and 2.38 for the three cities
respectively. This positive relationship confirms that urban spatial policy fun-
damentally controls impervious surface patterns. The coefficient’ s increasing
trend over time indicates growing influence of real estate and urban investment
factors.

The green building ratio variable Xg enters models as an important factor, but
unexpectedly shows positive coefficients in most city models (except Wuhan
Y?2915). Field observations reveal that in contemporary construction practices
in Changsha and Nanchang, especially in new districts, underground spaces,
gardens, and green spaces are often paved with highly impervious materials like
concrete and asphalt to reduce costs and improve efficiency, falling far short
of true green building requirements. Limited regulatory technology and absent
legal standards hinder effective supervision. Therefore, accelerating the adop-
tion of advanced permeable engineering technologies in these developing cities
is crucial for mitigating impervious surface expansion.

5 Conclusion

The impervious surface growth trends in Wuhan, Changsha, and Nanchang
are significant, with growth hotspots gradually diffusing from old city areas to
surrounding new districts. Wuhan has already broken through the greenbelt,
while Changsha and Nanchang are in transition stages. The excessively rapid
impervious surface growth exerts pressure on urban ecological environments and
presents challenges to sustainable development.

Currently, the completely impervious rates within greenbelt areas have reached
8.9%, 7.9%, and 7.4% respectively, approaching the internationally recognized
early warning level of 10%-20%. Spatially, the priority for Wuhan is controlling
impervious surface growth in outer suburban areas. Other measures include
strengthening rural construction planning permit systems, reducing real estate
construction density and excessive infrastructure investment in new districts,
optimizing population density distribution, and establishing balanced urban
population-ecology patterns.
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For Changsha and Nanchang, the spatial priority is controlling undeveloped
areas within existing greenbelts. The guiding principles of “precise control of
new areas,” “preventive control of suburbs,” and “enhanced control of old areas”
should be applied to avoid pattern expansion. Additionally, improving urban
and rural planning, increasing planned green space ratios, balancing district
populations, prioritizing urban infrastructure construction, and accelerating the
introduction of advanced permeable materials and construction techniques are

essential measures.

6 Discussion

During driving factor modeling, social retail sales density X, showed poor linear
correlation, likely because its relationship with impervious surfaces is indirect
rather than direct like fixed asset or real estate investment. Its composite nature
across primary, secondary, and tertiary industries creates deviation in detecting
linear relationships. Some unquantifiable variables were also excluded from
modeling. Future research could incorporate these factors for more precise risk
prediction and management.
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