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Abstract: The various hydrological processes that cause waterlogging exhibit regional differences.
Studies on the causes of waterlogging in Chinese southern hilly cities from the perspective of urban
regional hydrological processes are needed. This article examines Changsha Central City to study the
hydrological processes of Chinese southern hilly cities based on waterlogging point data from 2015
to 2017, analyzing the relationships between the degree of waterlogging and changes in the material
elements of runoff sources, runoff convergence terminals, and runoff convergence processes using
correlation analysis, principal component analysis and comparative analysis. These results show that
the urban waterlogging in Chinese southern hilly cities is caused by the hardening of convergence
spaces, concentrated water distribution, a decrease in the connectivity of rainwater corridors, complex
topographic slopes, and a lag in the construction of drainage facilities. The expansion of impervious
surfaces, particularly in areas intended for convergence terminals, has significantly reduced the
number of these critical structures. Additionally, disordered changes in topographic slopes, the
division caused by roads, and the hardening of underlying surfaces in rainwater corridors have
collectively diminished the structural and ecological connectivity of the rainwater corridor system.
This obstruction of surface runoff into concentrated water bodies has rendered the runoff regulation
function of these water bodies ineffective, making their size a leading cause of urban waterlogging.
To mitigate the risk of waterlogging, Chinese southern hilly cities should prevent urban development
from encroaching on natural runoff areas. They should also implement dispersed water body layouts,
enhance both the structural and ecological connectivity of rainwater corridors and their underlying
surfaces, and improve the design standards of drainage facilities.

Keywords: waterlogging; urbanization; hydrological process; hilly city; mechanization

1. Introduction

The rapid development of urbanization and the increasing frequency and intensity of
extreme rainfall events have made urban rainstorm waterlogging an important environ-
mental issue affecting human survival and development in the 21st century [1]. Studies on
the causes of waterlogging are essential for prevention and control. Currently, academic re-
search on the causes of waterlogging focuses on the effects of climate change, urbanization
on land use and land cover, water system structure, topography, and the construction of
basic drainage facilities. It is believed that the increasing frequency and intensity of extreme
rainfall events lead to an increase in urban drainage volume [2,3]. Changes in impervious
surfaces, water system structure, and topography alter urban hydrological response pro-
cesses, increasing urban flood sensitivity. Among these factors, the increase in impervious
surfaces as a source of urban runoff impedes the surface water acceptance process, lead-
ing to increased surface runoff [4,5]. Changes in water system structure and topography
reduce the storage capacity of natural water bodies and floodplains, affecting drainage
efficiency [6–8]. Additionally, drainage facilities with generally low design standards fail to
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meet the actual needs of rainwater runoff discharge, resulting in shorter runoff convergence
times and earlier peak times [9,10]. Under the combined influence of these factors, urban
natural hydrological processes change, and the risk of waterlogging increases.

Differences in urban construction characteristics, topography, and water system struc-
ture between regions result in regional differences in the causes of waterlogging [11]. In
recent years, some scholars have analyzed the causes of waterlogging in Chinese southern
hilly cities from the perspectives of changes in hydrological conditions [12,13], changes in
rainwater storage space [14,15], and the matching relationship between runoff-producing
and runoff-converging areas of watershed units [16]. Additionally, some scholars have dis-
cussed the unique hydrological processes in these areas, suggesting that rainwater corridors
formed under the influence of terrain and climate are basic hydrological structural features
of Chinese southern hilly regions, facilitating horizontal transmission of runoff [17,18],
while road networks have a negative impact on this structure [19,20]. Some scholars have
researched the factors influencing flooding in slope areas. For instance, Ángeles G. Mayor
and colleagues examined how the source–sink landscape paradigm affects runoff volume
in mountainous regions, discovering that the connectivity of runoff sources positively
influences the runoff volume in catchment areas [21]. Similarly, research by Ninon Le Floch
and colleagues on slope cities in Norway found that the runoff volume in downstream
catchment areas is crucial for determining the peak flow of the entire region [22]. However,
research on the causes of waterlogging from the perspective of hydrological processes
in Chinese southern hilly regions is still limited. Therefore, this study examines water-
shed units in central Changsha that have experienced urban waterlogging. The analysis
uses historical waterlogging records as foundational data and selects research indicators
based on the impact of urbanization on hydrological processes, drawing from detailed
investigations in hilly cities in southern China. Employing quantitative and qualitative
methods—including correlation analysis, principal component analysis, and comparative
analysis—the study identifies the causes of urban waterlogging in these regions. Based
on these findings, the study proposes strategies for preventing and controlling urban wa-
terlogging. Despite potential uncertainties introduced by limitations in the data, research
area, and indicators, the findings offer valuable theoretical and practical insights for urban
waterlogging prevention and management.

2. Materials and Methods
2.1. Study Area

This study focuses on the central urban area of Changsha city, China. It is situated
in the hilly region of Hunan Province, slightly north of the downstream region of the
Xiang River. It features a typical low mountainous terrain and a subtropical continental
monsoon humid climate with abundant precipitation. The annual average precipitation is
1360 mm, 70–80% of which falls between March and June. The city has a well-developed
water system, including the Xiang River and its 15 tributaries, with an annual average
runoff of 80.8 billion cubic meters. The soil mainly consists of red and yellow soil with
low water infiltration rates. Therefore, the region is sensitive to water disasters and
prone to waterlogging. The study area is located in the central part of Changsha city,
covering an area of approximately 570 km2, about 4.8% of the total urban area, with three
tributaries—the Liuyang River, Laodao River, and Longwanggang River—flowing into the
Xiang River (Figure 1). The study area is surrounded by a small number of urban areas and
a large number of peri-urban areas.
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Figure 1. Location and watershed units map of Changsha Central City.

2.2. Hydrological Processes of the Study Area

In Chinese southern hilly cities, water systems coexist with mountains, forming
rainwater corridors that align closely with the topography, presenting a distinct hierarchical
branched structure. These corridors include perennially flowing main rivers, seasonally
and climatically flowing branched tributaries, and potential capillary corridors that only
form clear pathways during heavy rainfall. After rainfall, some water infiltrates through
permeable surfaces, while some water flows from the surface into capillary corridors and
then into branched tributaries, ultimately joining the main rivers for drainage, thus forming
the natural surface runoff hydrological process in Chinese southern hilly cities. Urban
development, including the burial and hardening of rainwater corridors, has led to the
disappearance of some rainwater corridors, transforming many structured branches and
main channels into potential rainwater corridors that only appear during heavy rainfall,
altering the original natural hydrological processes of the city. The modified hydrological
processes include surface runoff generation (runoff source), runoff transmission (runoff
convergence process), runoff infiltration into the ground, and inflow into water bodies
(runoff convergence terminal). The runoff source is mainly composed of hard surfaces,
while the runoff convergence terminal includes water bodies and green spaces, and the
runoff convergence process includes urban rainwater corridors (hereinafter referred to as
rainwater corridors) and basic drainage pipes.

2.3. Spatial Distribution Characteristics of Waterlogging in the Study Area

The DEM was used as the basic data, and the hydrological features of the study area
were extracted using the “eight-direction method” to obtain watershed units of the central
urban area of Changsha city (Figure 1), which was used as the research unit. This study
characterizes waterlogging frequency through the number of waterlogging points, with the
number of points in each watershed unit representing the frequency of waterlogging events
over three years. This frequency defines the degree of waterlogging in each watershed
unit. The relationship between the number of waterlogging points and the degree of
waterlogging is as follows: 1–4 points per watershed unit indicate slight severity, 5–9 points
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indicate moderate severity, 10–14 points indicate general severity, 15–19 points indicate
severe, and more than 20 points indicate very severe. From the distribution of watershed
units and waterlogging points within the study area, it was found that watershed units
with a general to severe level of waterlogging (more than 10 waterlogging points) were
concentrated along the riverbanks (Figure 2a), while waterlogging points were distributed
along urban rainwater corridors, with the highest concentration around conflict points
between rainwater corridors and roads (Figure 2b).
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Figure 2. Spatial distribution of waterlogging points in the study area: (a) the degree of waterlogging
in watershed units; (b) distribution of waterlogging points, rainwater corridors, and conflict points
between rainwater corridors and roads.

2.4. Data and Methodology
2.4.1. Data Source

The data on waterlogging points used in this study were obtained from the waterlog-
ging records in Changsha Central City during heavy rainfall from 2015 to 2017, totaling
227 points. These points were vectorized using ArcGIS 10.2 [23] based on the waterlogging
events records provided by Changsha Water Resources Bureau. They were then overlaid
with watershed units, identifying 31 watershed units containing waterlogging points for
analysis. The number of waterlogging points was used to represent the severity within
each watershed unit.

The land use and land cover data of Changsha Central City in 2017 and 1990 were ob-
tained by interpreting the Landsat-8 OLI imageries (path/row: 123-40,123-41) and Landsat4-
5TM imageries (path/row: 124-40,124-41), using the Maximum Similarity Classification
Method in ENVI5.3 and calculated in ArcGIS10.2. In addition, the 2017 impervious surface
data of Changsha Central City was extracted using the normalized difference built-up
index (NDBI) in ENVI5.3. The calculation method for NDBI is detailed in Equation (1) [24].

The DEM data for 2017 (30 m resolution) and 1990 (30 m resolution) were downloaded
from the Gscloud website (https://www.gscloud.cn/ accessed on 7 August 2024). The
rainwater corridor data were derived from these DEM datasets through hydrological
analysis, specifically flow direction analysis, performed in ArcGIS10.2. Drainage network
and road data were obtained from the Changsha City Drainage Plan provided by the
Changsha City Government. All the required data for the study are presented in Table 1.

NDBI = (SWIR − NIR)/(SWIR + NIR) (1)

https://www.gscloud.cn/
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where SWIR denotes the reflectance value of the shortwave infrared band and NIR denotes
the reflectance value of the near-infrared band.

Table 1. List of data sources.

Data Time Detail Source

The data of waterlogging points
in Changsha Central City 2015–2017 Points Changsha Water Resources Bureau

Landsat-8 OLI imagery 26 July 2017 30 m https://www.gscloud.cn/

Landsat-4-5 TM imagery 23 July 1990 30 m https://www.gscloud.cn/

Land use and land cover data 2017 grid Decoding by maximum similarity method using
ENVI5.3 software

Impervious Surface Data 2017 grid The ENVI 5.3 software was used to decode the obtained
data using the method proposed by Zha et al. [24]

DEM data
1990 30 m × 30 m https://www.gscloud.cn/

https://www.gscloud.cn/2017 30 m × 30 m

Drainage networks data 2014–2020 Line Changsha City Government

2.4.2. Indicators to Identify Urbanization and Hydrological Processes Characteristics

Previous studies have shown that the impact of urbanization on waterlogging includes
four aspects: land use and land cover, water system structure, surface topography, and
drainage facilities. Based on this, combined with the characteristics of hydrological pro-
cesses in hilly cities and the distribution of waterlogging points, this study, following the
indicators proposed by previous studies on river networks [25–31], added factors reflecting
the structural characteristics of rainwater corridors in hilly urban areas. Then, quantitative
indicators of material elements relevant to hilly city hydrological processes were selected
from the four previously mentioned aspects (Table 2).

Table 2. List of indicators.

Aspects of Hydrological Processes in Chinese Southern Hilly Cities

Runoff Sources Runoff Convergence
Terminals Runoff Convergence Processes

Surface Topography
and Surface

Characteristics

Area of construction
land (Ac),
Ratio of construction
land (Rc),
Area of impervious
surfaces (Ai),
Ratio of impervious
surfaces (Ri)

Area of water bodies (Aw),
Ratio of water bodies (Rw),
Area of woodland (Awl),
Ratio of woodland (Rwl),
Area of farmland (Afl),
Ratio of farmland (Rfl),
Area of other urban green
spaces (Ag),
Ratio of other urban green
spaces (Rg)

The number of rainwater corridors (Nc),
The frequency of rainwater
corridors (Rf),
The total length of rainwater
corridors (Lc),
The density of rainwater corridors (Rd),
The complexity of rainwater
corridors (CR),
The connectivity of rainwater
corridors (β),
The number of conflict points between
rainwater corridors and roads (M),
The density of conflict points between
rainwater corridors and roads (Rm),
The length of drainage net-works (Ld),
The density of drainage networks (Dd)

Average elevation (EA),
Elevation standard
deviation (Ste),
Average slope (SA),
Slope standard
deviation (Sts)

In this study, land use and land cover area and ratio indicators were used to character-
ize the extent and concentration of land and its cover in a watershed unit. Ratio indicators
are calculated with the formula:

https://www.gscloud.cn/
https://www.gscloud.cn/
https://www.gscloud.cn/
https://www.gscloud.cn/
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Rx = Ax/A (2)

where x denotes the specific land use or land cover category, Ax is the area of that respective
category in the watershed unit, and A is the corresponding area of the watershed unit.

Eight indicators were investigated to characterize the quantity, structure, and connec-
tivity of rainwater corridor system in Chinese southern hilly cities concerning previous
studies: for its quantity characteristics, the number of rainwater corridors (Nc), frequency
of rainwater corridors (Rf), total length of rainwater corridors (Lc), density of rainwater
corridors (Rd), for its structural characteristics, the rainwater corridor complexity (CR),
and for its connectivity characteristics, the number of conflict points between rainwater
corridors and roads (M), the density of conflict points between rainwater corridors and
roads (Rm), the connectivity of rainwater corridors (β).

The frequency of rainwater corridors (Rf) describes the degree of quantity of the
rainwater corridor system in a watershed unit. A higher value of Rf indicates more
rainwater corridors in the region. It is calculated with the formula [25]:

Rf = N/A (3)

where N is the total number of rainwater corridors within the watershed unit; A is the
corresponding area of the watershed unit.

The density of rainwater corridors (Rd) reflects the sparseness of the rainwater corridor
system in a watershed unit. It is calculated with the formula [26]:

Rd = L/A (4)

where L is the total length of rainwater corridors within the watershed unit; A is the
corresponding area of the watershed unit.

The rainwater corridor complexity (CR) reflects the development of rainwater corridor
branching degree and branch lengths in a watershed unit. The larger the value of CR, the
higher the corridor order and the longer branches within the watershed unit. It is calculated
with the formula [27]:

CR = No × (L/Lm) (5)

where No is the rainwater corridor order number in the watershed unit, and L and Lm are
the total corridor length and the main corridor length in the watershed unit.

The density of conflict points between rainwater corridors and roads (Rm) reflects the
intensity of road interference with rainwater corridors in a watershed unit. It is calculated
with the formula:

Rm = M/A (6)

where M is the number of conflict points between rainwater corridors and roads in the
watershed unit; A is the corresponding area of the watershed unit.

The connectivity of rainwater corridors (β) is constructed drawing on the methods of
analyzing the connectivity of the river corridors in landscape ecology. The points where
rainwater corridors intersect, and points, where rainwater corridors intersect with roads
within the rainwater corridor system, are defined as nodes. The edges connecting two
such nodes are defined as corridor links. The connectivity index β represents the average
number of links per node in the network in a watershed unit [28]. It is calculated with
the formula:

β = le/(P + M) (7)

where le is the total number of links of rainwater corridors in the watershed unit; P is the
total number of rainwater corridor nodes in the watershed unit; M is the total number of
conflict points between rainwater corridors and roads.

In addition to land use, land cover, and water system structure, urban surface topogra-
phy, and drainage facilities also have a significant impact on waterlogging. Six indicators
were investigated to describe surface topography and drainage facilities in this study
quantitatively: for the surface topography, the average of elevation (EA) and slope (SA)
are used to describe the overall elevation and slope in a watershed unit, the standard
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deviation of elevation (Ste) and slope (Sts) are used to describe the degree of change in
elevation and slope in a watershed unit; for the drainage facilities, the length (Ld) and
density (Dd) of drainage networks were used to reflect the subsurface drainage capacity in
a watershed unit. These indicators are calculated from the DEM data and drainage network
data through ArcGIS10.2.

2.4.3. Methods

This study employs Pearson correlation analysis, principal component analysis, and
comparative analysis to investigate the causes of waterlogging in Chinese southern hilly
cities. Correlation analysis and principal component analysis were computed using SPSS
20 [32]. Firstly, Pearson correlation analysis is conducted on the aforementioned factors to
identify those significantly correlated with the degree of waterlogging within watershed
units. Secondly, principal component analysis is applied to these significant factors to
elucidate their individual impacts on waterlogging causes. Finally, by comparing material
factors changes in natural hydrological processes in the study area between 1990 and
2017, an in-depth analysis of the causes of waterlogging in Chinese southern hilly cities
is performed.

3. Results
3.1. Correlation Analysis Results

Correlation analysis between the 24 factors and the degree of waterlogging in the
watershed units revealed that factors related to convergence spaces (runoff convergence ter-
minals and runoff convergence processes) were correlated with the degree of waterlogging
in the watershed units at various confidence levels, with as many as nine factors, including
four factors related to the branched rainwater corridor system in hilly cities.

The following are factors related to runoff sources (two factors) and surface topography
(one factor). These indicate a close relationship between changes in convergence space and
the occurrence of waterlogging, suggesting that the branched rainwater corridor system,
which has undergone urbanization changes, still significantly influences the formation of
waterlogging (Table 3).

Table 3. Results of Pearson correlation analysis between waterlogging points in watershed units and
four groups of influencing factors.

Type Factor Correlation
Coefficient Factor Correlation

Coefficient

Runoff Sources
The area of construction land 0.501 ** The ratio of construction land 0.106
The impervious surface area 0.403 * The ratio of impervious surfaces −0.071

Runoff convergence
terminal

The area of water bodies 0.717 ** The area of woodland 0.198
The ratio of water bodies 0.374 * The ratio of woodland −0.044

The ratio of farmland −0.378 * The area of farmland −0.204
The area of other urban

green spaces 0.658 ** The ratio of other urban
green spaces 0.285

Runoff convergence
processes

The total length of
rainwater corridors 0.448 * The frequency of

rainwater corridors −0.251

The number of
rainwater corridors 0.590 ** The density of

rainwater corridors 0.034

The connectivity of
rainwater corridors −0.455 * The rainwater

corridor complexity 0.221

The number of conflict points
between rainwater corridors

and roads
0.627 **

The density of conflict points
between rainwater corridors

and roads
0.316

The length of drainage
pipe networks 0.389 * The density of

drainage networks 0.161
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Table 3. Cont.

Type Factor Correlation
Coefficient Factor Correlation

Coefficient

Surface topography
and surface

characteristics

The standard deviation of
the slope 0.413 * Average slope −0.198

Elevation standard deviation 0.145 Average elevation 0.029

* Coefficient significant at p < 0.05, ** Coefficient significant at p < 0.01.

3.1.1. Affecting Factors of Runoff Sources

Among the factors characterizing runoff sources, the area of construction land and the
impervious surface area in a watershed unit show positive correlations with the degree of
waterlogging. The correlation coefficients between the area of construction land, impervious
surface area, and degree of waterlogging are 0.501 and 0.403, respectively(Table 3), at
different confidence levels, with a high correlation coefficient of 0.819 between the area of
construction land and impervious surface area(Table 4). This indicates that construction
land is the main carrier of impervious surfaces, and an increase in its area will increase the
risk of waterlogging in the region.

Table 4. Results of Pearson correlation analysis between construction land, other urban green spaces
and connectivity of rainwater corridors and other impact factors.

Factor Factor Correlation Coefficient

The area of construction land The impervious surface area 0.819 **

The area of other urban green spaces

The impervious surface area 0.838 **
The area of construction land 0.894 **

The number of conflict points between rainwater
corridors and roads 0.903 **

The connectivity of rainwater corridors The woodland ratio 0.458 *
The farmland ratio 0.600 **

* Coefficient significant at p < 0.05, ** Coefficient significant at p < 0.01.

3.1.2. Affecting Factors of Runoff Convergences Terminals

Among the factors characterizing convergence terminals, the area of water bodies and
the ratio of water bodies are positively correlated with the degree of waterlogging, with
the area of water bodies exhibiting a strong positive correlation (correlation coefficient
of 0.717), indicating that watershed units with larger water bodies are at a greater risk of
waterlogging (Table 3).

Among the factors representing various types of green spaces, only the ratio of farm-
land and the area of other urban green spaces are correlated with the degree of waterlogging,
with correlation coefficients of −0.378 and 0.658, respectively. This indicates that green
spaces, intended to act as primary covers for runoff retention, have yet to serve this function
effectively. The weak negative correlation between the ratio of farmland and the degree of
waterlogging suggests that while farmland may help reduce waterlogging risk, its impact
is relatively minor. Conversely, the positive correlation between the area of other urban
green spaces and the degree of waterlogging indicates that these areas have contributed to
waterlogging. The correlation analysis between the area of other urban green spaces and
other influencing factors revealed that the area of other urban green spaces were strongly
correlated with impervious surface area, construction land area, and the number of conflict
points between rainwater corridors and roads, with correlation coefficients of 0.838, 0.894,
and 0.903, respectively (Table 4). This indicates that other urban green spaces might be
closely linked to impervious surfaces, such as construction areas and roads. However, they
do not effectively perform their rainwater retention functions. Furthermore, there is no
significant correlation between the area of woodland or the woodland ratio and the severity
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of waterlogging within watershed units, suggesting that woodland has a minimal impact
on waterlogging in Chinese southern hilly cities.

3.1.3. Affecting Factors of Runoff Convergence Processes

Among the five factors characterizing convergence processes correlated with the
degree of waterlogging in the watershed unit, fourfactors are related to surface runoff
processes (Table 3). The connectivity of rainwater corridors shows a moderate negative
correlation with the degree of waterlogging, while the number of rainwater corridors,
total length of rainwater corridors, and number of conflict points between rainwater
corridors and roads show positive correlations with the degree of waterlogging. In terms of
absolute correlation coefficient values, the importance of factors influencing waterlogging
is as follows: the number of conflict points between rainwater corridors and roads > the
number of rainwater corridors > the total length of rainwater corridors. Specifically, the
correlation coefficients for the number of conflict points between rainwater corridors and
roads and the number of rainwater corridors are 0.627 and 0.590, respectively. This suggests
that the rainwater corridor network in Chinese southern hilly cities still has the function
of draining runoff, but artificial constructions such as roads are segmenting rainwater
corridors, disrupting their hydrological functions, and turning them into factors causing
waterlogging. The connectivity of rainwater corridors shows positive correlations with the
ratio of woodland and farmland, with correlation coefficients of 0.458 and0.600, respectively
(Table 4). Both woodlands and farmlands are land cover types that facilitate rainwater
infiltration and retention. This implies that the permeability of the underlying surface
of the rainwater corridors can enhance their connectivity. In contrast, the length of the
drainage network, which reflects underground runoff processes, exhibits only a weak
positive correlation with the degree of waterlogging in watershed units, indicating that the
existing drainage pipe networks have not effectively drained rainwater runoff but have
become factors causing waterlogging. Furthermore, the complexity of rainwater corridors
does not correlate with the degree of waterlogging in watershed units, suggesting that
the hierarchy and development of branched tributaries and capillary corridors do not
noticeably impact waterlogging formation.

3.1.4. Affecting Factors of Surface Topography and Surface Characteristics

Among the factors characterizing surface topography and surface characteristics, the
standard deviation of the slope is positively correlated with the degree of waterlogging
in watershed units, with a correlation coefficient of 0.413 (Table 3). This indicates that the
complexity of terrain variation exacerbates the degree of waterlogging in watershed units.
Compared to elevation variation, average elevation, and averageslope, the impact of terrain
complexity on waterlogging risk in Chinese southern hilly cities is more significant.

3.2. Principal Component Analysis Results

The mutual influences among waterlogging factors may result in insufficient explana-
tory power in correlation analysis or situations where correlation does not imply causation.
To more clearly reveal the influence of each factor on the formation of waterlogging, this
study conducted a principal component analysis on factors significantly correlated with the
degree of waterlogging in watershed units and selected indicator variables with loading
coefficients exceeding 0.80 for principal component interpretation (Table 5).

In the first principal component, seven factors exhibit loadings greater than 0.8, in-
cluding the number of rainwater corridors, the area of impervious surface, the total length
of rainwater corridors, the area of other urban green spaces, the length of drainage pipe
networks, the area of construction land, and the number of conflict points between rain-
water corridors and roads. All these factors are related to the hardening of urban surfaces.
Among them, the number of rainwater corridors, the length of rainwater corridors, the
area of other urban green spaces, and the number of conflict points between rainwater
corridors and roads characterize surface convergence spaces. This indicates that urban
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surface hardening, especially the hardening of surfaces in convergence spaces, is one of the
causes of waterlogging in Chinese southern hilly cities.

Table 5. Principal component analysis.

Factors
Principal Component

1 2 3

The number of rainwater corridors 0.962 0.130 −0.051
The area of impervious surface 0.952 0.089 0.009

The total length of rainwater corridors 0.950 0.140 −0.053
The area of other urban green spaces 0.922 0.128 −0.134
The length of drainage pipe networks 0.915 0.053 −0.025

The area of construction land 0.911 −0.092 −0.214
The number of conflict points between rainwater

corridors and roads 0.896 0.072 −0.353

The ratio of water bodies −0.065 0.958 −0.071
The area of water bodies 0.292 0.897 −0.121

The standard deviation of slope 0.069 0.888 −0.172
The ratio of farmland 0.008 −0.251 0.869

The connectivity of rainwater corridors −0.289 −0.067 0.859

In the second principal component, three factors exhibit loadings greater than 0.8: the
ratio of water bodies, the area of water bodies, and the standard deviation of slope. This
suggests that changes in water bodies and slope significantly contribute to waterlogging in
Chinese southern hilly cities.

In the third principal component, the loadings of two factors, the ratio of farmland
and the connectivity of rainwater corridors are greater than 0.8. Table 4 demonstrates a
positive correlation between the farmland ratio and the connectivity of rainwater corridors.
Therefore, the third principal component represents the level of connectivity in rainwater
corridors, highlighting its influence on waterlogging risk in Chinese southern hilly cities.

3.3. Comparative Analysis Results

Based on the above investigations, this study compares changes in land use, land
cover, and topography in Changsha Central City before and after urban development. It
investigates the relationships between these changes and three aspects: the hardening
of urban runoff convergence surfaces, variations in urban water bodies and topographic
slopes, and alterations in rainwater corridor connectivity. The study examines how these
factors influence waterlogging in Chinese southern hilly cities. The waterlogging data
utilized consist of waterlogging points collected between 2015 and 2017. However, analysis
of remote sensing images from 2015 and 2017 indicates minimal land use and land cover
changes during this period. Consequently, the study compares land use, land cover, and
topographic slope data from 1990 and 2017 to provide a more comprehensive analysis.

3.3.1. Changes in Urban Runoff Convergence Surfaces

Variations in convergence surfaces are closely related to land use and cover changes.
Therefore, this study examines changes in runoff convergence surface by comparing con-
struction land’s quantity, composition, and distribution changes, which contribute to runoff,
with woodland and farmland, which facilitate runoff convergence between 1990 and 2017.

The land use transfer results from 1990 and 2017 (Table 6) reveal that construction
land and other urban green spaces positively correlated with waterlogging degree in
watershed units, increased by 79.08 km2 and 10.74 km2, respectively. In contrast, woodland
and farmland, which contribute to runoff retention, decreased by 61.02 km2 and 33.38
km2, respectively. Specifically, woodland was converted to farmland, construction land,
and other urban green spaces by 31.15 km2, 21.77 km2, and 18.18 km2, respectively. In
comparison, farmland was converted to construction land by 62.18 km2. These reductions
in woodland and farmland primarily occurred in relatively flat areas with elevations below
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60 m (Figure 3). Figure 3 illustrates that between 1990 and 2017, the proportion of woodland
at elevations below 40 m and between 40 and 60 m decreased from 8.16% and 23.31% to
1.86% and 5.15%, respectively. Although the proportion of farmland at elevations below 40
m increased from 5.39% to 6.28%, farmland at elevations between 40 and 60 m decreased
from 18.36% to 8.29%. Over the 27 years, the proportion of woodland in relatively flat areas
with slopes of 0–3 degrees decreased from 37.23% to 3.06%, while farmland decreased from
26.50% to 6.49%. Urbanization has reduced woodland areas to small patches on steeper
slopes above 60 m. Rainfall on these sloped woodland areas tends to flow downhill due to
gravitational forces, reducing local infiltration and diminishing its runoff retention capacity.
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Additionally, Figure 4 shows significant encroachment of rainwater corridors and
adjacent areas by construction land over the 27 years. This encroachment likely explains
the significant positive correlations between the length of rainwater corridors, the number
of rainwater corridors and construction land, and impervious surfaces observed in the
correlation analysis. As a significant carrier of impervious surfaces, construction land has
substantially reduced the effectiveness of surface ecological runoff convergence spaces,
significantly decreasing regional runoff capacity and converting these areas into runoff-
producing spaces, thereby increasing regional runoff volumes.

3.3.2. Changes in Urban Water Bodies and Topographic Slopes

This study examines the changes in water bodies by comparing the variations in their
quantity, composition, and distribution between 1990 and 2017. It also investigates the
impact of topographic slope changes on waterlogging point distribution by analyzing the
overlap of these changes with waterlogging point locations during the same period. As
shown in Table 6, while the total area of water bodies increased by 0.89 km2 from 1990 to
2017, their composition was significantly shifted. During this time, 11.80 km2 of original
water bodies were converted into construction land, while 6.12 km2 of woodland and
9.55 km2 of construction land were transformed into water bodies. Figure 5a illustrates that
the spatial distribution of water bodies in the study area changed significantly. Figure 5a
shows several large lakes and numerous small ponds in 1990. However, in 2017, there
was a sharp reduction to smaller, unevenly distributed island-like patches, with increased
water bodies concentrated along the main rivers. These changes reduced the potential for
nearly nearby surface runoff retention, increasing the risk of waterlogging. Furthermore,
overlaying slope change maps from 1990 and 2017 in Changsha central area with rainwater
corridors and waterlogging points indicate that waterlogging points are most concentrated
in areas with diverse slope changes on the rainwater corridor surfaces (Figure 5b). This
pattern reflects, to some extent, the spatial relationship between disordered topographic
changes and the occurrence of waterlogging events.
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Table 6. Land use transition matrix for Changsha central area from 1990 to 2017 (km2).

Land Use Types Woodland Farmland Other Uban
Green Space

Water
Body

Construction
Land

Underutilized
Land

Total for
1990

Transfer
Out

Woodland 105.34 31.15 18.18 6.12 21.77 2.12 184.68 61.02
Farmland 7.85 97.37 0.42 3.41 62.18 1.75 172.98 33.38
Other uban green
space 2.88 4.39 11.31 0.29 5.91 0.13 24.92 0

Water body 1.85 3.06 1.66 22.20 11.80 0.20 40.77 0
Construction land 5.68 3.48 4.05 9.55 122.71 0.25 145.72 0
Underutilized land 0.06 0.15 0.04 0.08 0.43 0.00 0.76 0
Total for 2017 123.66 139.60 35.65 41.67 224.80 4.45 569.84
Transfer in 0 0 10.74 0.89 79.08 3.69 94.40

3.3.3. Changes in Connectivity Levels of Urban Rainwater Corridors

Connectivity levels of urban rainwater corridors comprise both structural and eco-
logical connectivity levels. The morphological structure of rainwater corridors indicates
their structural connectivity levels, while the underlying surface reflects their ecological
connectivity levels. This study examines changes in rainwater corridors by analyzing these
two aspects. By comparing the land use and cover maps of Changsha Central City in
1990 and 2017 (Figure 4), it is evident that in 1990, the dendritic rainwater corridors in the
suburbs had a clear morphological structure, with permeable farmland as their underlying
surface. The 2017 land use map reveals that due to construction encroachment and road
network fragmentation, some rainwater corridors have lost their morphological structure,
while others maintain their structural form but have been converted to impervious surfaces.
As a result, the structural and ecological connectivity of rainwater corridors has signifi-
cantly decreased, reducing their ability to manage and retain rainwater, thereby increasing
the risk of waterlogging in the region.

4. Discussion
4.1. The Role of Runoff Source Factors in Waterlogging Cause

Correlation analysis and principal component analysis both show a moderate pos-
itive correlation between construction land and impervious surfaces with the degree of
waterlogging in watershed units. The increase in impervious underlying surfaces, which
act as runoff sources, is one of the causes of waterlogging, aligning with the findings of
most previous studies [33,34]. However, the correlation analysis reveals no significant
relationship between the ratio of construction land, impervious surfaces, and the degree of
waterlogging in watershed units. This may be related to using the number of waterlogging
points as the indicator for the degree of waterlogging in this study. Comparative analysis
shows that in Chinese southern hilly cities, the encroachment of impervious surfaces on
runoff convergence spaces with retention functions, such as woodlands and farmlands in
relatively flat areas below 60 m in elevation, increases runoff source areas while reducing
surface runoff convergence spaces. This is a significant cause of waterlogging. This con-
clusion aligns with Samuel et al.’s proposal, which suggested that urban construction in
floodplain areas is more likely to increase flood risk [6].

Furthermore, the correlation analysis shows that other urban green spaces, which are
significantly correlated with construction land and roads, also have a positive correlation
with the degree of waterlogging in watershed units. This suggests that other urban green
spaces may increase the risk of waterlogging, contrary to some studies [35,36]. This
discrepancy may be related to rainfall intensity and the retention capacity of green spaces.
Zhou et al. [16] suggested that watershed units with high impervious surface rates often
have limited green spaces, which can only retain runoff from small to moderate rainfall.
Under extreme rainfall conditions, the retention capacity of green spaces in watershed units
quickly becomes saturated, leading to runoff and exacerbating regional waterlogging. On
the other hand, this may also be related to the insufficient implementation of LID in urban
areas. Therefore, future urban planning should organize urban land use layouts more
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effectively, reduce the encroachment of construction land and other impervious surfaces
on natural runoff spaces, and focus on LID strategies in areas with high impervious
surface rates.

4.2. The Role of Runoff Convergence Terminals Factors in Waterlogging Cause

Correlation analysis reveals a strong relationship between the area of water bodies
and the degree of waterlogging in watershed units. Specifically, larger water body areas are
associated with more severe waterlogging. Consequently, an increase in the area of water
bodies may be a significant factor contributing to waterlogging. This finding contrasts
with the conclusions of Xue et al. [37]. However, the observation that watershed units with
more than ten waterlogging points exhibit a river-aligned distribution pattern supports the
validity of this conclusion (Figure 2). Among the factors characterizing runoff convergence
terminal, the area and ratio of woodland and farmland did not significantly correlate with
the degree of waterlogging in watershed units. This may be due to replacing retention-
functioning woodlands and farmlands with impervious surfaces. Additionally, the ratio of
other urban green spaces did not significantly correlate with the degree of waterlogging,
possibly because this study used the number of waterlogging points as an indicator.

Principal component analysis reveals that changes in water bodies significantly impact
waterlogging formation. Comparative analysis further identifies that the disappearance
of dispersed small water bodies and the centralization of water body distribution are
significant factors contributing to waterlogging. This finding aligns with studies by Kim
et al. and Ge et al. [38,39]. The loss of distributed small water bodies, which facilitate
runoff alleviation, hampers runoff retention near the source, directing it through surface
and underground drainage systems to main rivers. This increases reliance on artificial
drainage facilities and makes the city more vulnerable to external river levels [14]. This
finding is consistent with the observations of Dinget al., who reported that waterlogging
volumes at Nanhu Port in Changsha City increase as external river water levels rise [13].

Furthermore, both correlation and principal component analyses reveal that increasing
complexity in slope variations can also contribute to urban waterlogging. Comparative
analysis demonstrates that variations in the slope of rainwater corridor surfaces are a major
contributor to waterlogging in watershed units resulting from topographic changes. Com-
plex slopes can lead to the disappearance or discontinuity of dendritic rainwater corridors,
obstructing surface runoff processes and making it difficult for runoff to reach convergence
terminals, indirectly reducing the rainwater retention capacity of these runoff convergence
terminals. Consequently, water bodies’ runoff detention and retention functions and other
convergence terminals become ineffective. This conclusion is consistent with Jiang et al.’s
study on Changsha, which found that the city’s vertical design did not adequately integrate
terrain and LID facilities, resulting in Meixi Lake’s substantial retention capacity not being
fully utilized for rainwater retention [14]. This may also be one of the reasons for the strong
positive correlation between the area of water bodies and the degree of waterlogging in
watershed units.

4.3. The Role of Surface Runoff Convergence Process Factors in Waterlogging Cause

Correlation analysis indicates that the connectivity of rainwater corridors is negatively
correlated with the degree of waterlogging in watershed units. This suggests that improving
the connectivity of rainwater corridors in Chinese southern hilly cities can somewhat reduce
waterlogging. However, the analysis reveals a moderate positive correlation between the
number and total length of rainwater corridors and the degree of waterlogging. This
implies that these corridors, as surface runoff channels, have limited effectiveness in
alleviating runoff and may increase waterlogging risk. This finding contrasts with Jiao
et al.’s qualitative analysis of Changsha [40], which is potentially due to the loss of rainwater
retention and detention functions caused by the hardening of rainwater corridor surfaces.
Furthermore, the frequency and density of rainwater corridors and the density of conflict
points between rainwater corridors and roads do not show significant correlations with the
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degree of waterlogging in watershed units, possibly because this study uses the number of
waterlogging points as an indicator.

Principal component analysis and comparative analysis reveal that the destruction of
the structural connectivity of rainwater corridors caused by urban roads, coupled with a
decline in ecological connectivity due to surface hardening, significantly reduces the runoff
alleviation effect of rainwater corridors. This is consistent with the positive correlation
observed in the correlation analysis between the number of conflict points and the degree of
waterlogging in watershed units, as well as the positive correlation between the connectivity
of rainwater corridors and the ratio of woodland and farmland. These findings are also
consistent with the conclusion by Han et al. that road networks are positively correlated
with urban flooding [41].

In Chinese southern hilly cities, road construction often follows the circular-radial
or grid road network typical of plain cities. This network, which is disconnected from
the structure of rainwater corridors, increases the fragmentation of rainwater corridors
(Figure 2). Runoff at these conflict points can cause localized waterlogging due to drainage
difficulties. Moreover, the hardening of rainwater corridors surfaces the ecological con-
nectivity of rainwater corridors, leading to runoff accumulation along roads. The impact
of waterlogging spreads through point effects, corridor effects, and their superimposition
across the water unit and beyond [42], increasing regional waterlogging risk.

4.4. The Role of Underground Runoff Convergence Process Factors in Waterlogging Cause

Correlation analysis indicates that within the factors representing the underground
runoff convergence process, the length of the drainage pipe network shows a weak positive
correlation with the degree of waterlogging in watershed units. This suggests that drainage
networks, functioning as underground runoff channels, are ineffective in mitigating urban
waterlogging. This finding is consistent with the conclusions of most studies on the causes
of urban waterlogging in China [9,10]. The outdated design standards of urban drainage
facilities cannot manage the rapid increase in stormwater runoff during extreme rainfall
events. When these systems reach capacity, they lose their drainage capability and overflow,
exacerbating waterlogging. The density of the drainage pipe network does not exhibit a
significant correlation with the degree of waterlogging in watershed units, which may be
related to using the number of waterlogging points as an indicator in this study.

Urban construction in China often relies on small drainage systems, with underground
drainage networks as the primary means for water discharge. In Chinese urban develop-
ment, drainage has primarily relied on underground drainage networks. These systems
are designed to manage typical urban rainfall events, with storm recurrence intervals
typically set between 2 and 10 years. In Changsha Central City, the standard drainage
pipe design recurrence period is nearly 1 year. In contrast, the design recurrence period
for areas such as overpasses and squares is 3 to 5 years. The storm recurrence period for
flood control standards is 20 years. These outdated urban drainage facilities struggle to
cope with frequent extreme rainstorms and rainfall events. They may increase urban flood
risks due to stormwater overflow.

4.5. Limitations and Uncertainties

This study provides valuable insights into the causes of waterlogging in Chines
southern hilly cities. However, it has limitations that should be addressed in future
research. First, the urban waterlogging data used in this study are vectorized points based
on historical records of waterlogging events, with statistics compiled annually. The absence
of specific details for each waterlogging event, such as depth, area, duration, or external
river levels, inevitably introduces some uncertainty to the results. Second, the waterlogging
data used in this study only covers the central urban area of Changsha, resulting in a
limited number of watershed unit samples and contributing to this uncertainty. Third,
factors such as land use, land cover, and city surface changes are closely related to the
urban context.Consequently, the conclusions of this study may not apply to suburban
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areas of Changsha or other hilly cities in southern China. Fourth, the study employs
only a few common indicators to quantify the scale, density, length, and connectivity
of material elements. As a result, research on the composition and spatial patterns of
these elements and their relationship to urban waterlogging is insufficient. With the
rise of big data technology, research that combines social media data with land use and
other information for urban waterlogging prevention has become increasingly common.
Therefore, future research could benefit from methods proposed by Liu et al. and Chen
et al. [43,44] for acquiring waterlogging data through big data to increase the quantity
and precision of research data and samples, thereby improving the reliability of results.
Additionally, future studies could gather waterlogging information from both urban centers
and suburban areas of different hilly cities in southern China to compare and verify
the generalizability of the study’s conclusions. Finally, when data are sufficient, two-
dimensional and three-dimensional pattern indices representing the spatial distribution of
urban land use, land cover, and rainwater corridors, and soil infiltration and vegetation
retention indices characterizing surface storage capacity can be introduced to gain a deeper
and more comprehensive understanding of how hydrological-process-related material
elements contribute to waterlogging.

5. Conclusions

This study focuses on the Changsha central area and, based on the hydrological
processes of Chinese southern hilly cities, utilizes correlation analysis, principal component
analysis, and comparative analysis to qualitatively and quantitatively explain the causes of
waterlogging in Chinese southern hilly cities. The main conclusions are as follows:

1. Material element changes in runoff sources, runoff convergence terminals, and runoff
convergence processes induced by urbanization are the leading causes of waterlogging
in Chinese southern hilly cities. Overall, contributing factors include the hardening of
convergence spaces, the concentration of water body distribution, declining connec-
tivity levels of rainwater corridors, spatial alterations in topographic slope complexity,
and outdated drainage facilities.

2. In terms of runoff sources, the expansion of impervious surface-dominated construc-
tion land exacerbates urban waterlogging. The encroachment of impervious surfaces
into runoff convergence spaces transforms areas that could initially retain runoff
into runoff sources, which is one of the causes of urban waterlogging in Chinese
southern hilly cities. Moreover, due to the limited capacity to capture and retain
runoff, green spaces in urban centers are susceptible to generating runoff during
extreme rainfall events when their retention capacity is exceeded, increasing the risk
of urban waterlogging.

3. In terms of runoff convergence terminals, woodlands and farmlands with runoff
retention functions, particularly those in low-elevation, flat urban areas, have been en-
croached upon by impervious surfaces, reducing urban runoff convergence terminals.
The complex changes in the topographic slopes of rainwater corridor surfaces have
obstructed some natural surface runoff processes, hindering runoff from reaching wa-
ter bodies. The centralization of water body distribution forces runoff to travel longer
distances to reach these convergence terminals, thereby increasing the city’s reliance
on artificial drainage systems. Consequently, the combined effects of reduced urban
runoff convergence terminals, obstructed runoff processes, and inadequate drainage
capacity have rendered the runoff detention function of water bodies ineffective. As a
result, the area of these water bodies has become a primary factor that increases the
risk of urban waterlogging.

4. In terms of surface runoff convergence processes, enhancing the structural and ecolog-
ical connectivity of rainwater corridors is crucial for mitigating urban waterlogging.
However, in Chinese southern hilly cities, intersecting roads frequently disrupt these
corridors, which impairs their structural connectivity. Moreover, woodlands and
farmlands, which are the primary underlying surfaces of rainwater corridors, have
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been replaced by impervious surfaces, further diminishing the ecological connectivity
of these corridors. As a result of these combined factors, rainwater corridors have
increasingly become contributors to urban waterlogging.

5. In terms of underground runoff convergence processes, drainage networks frequently
contribute to urban waterlogging because of outdated design standards. These net-
works are susceptible to overflow during extreme rainfall events once they reach
full capacity.

Based on the above research conclusions, Chinese southern hilly cities should focus
on the following aspects in future urban development to comprehensively enhance urban
drainage and flood prevention capabilities:

• Urban land layouts should be reasonably organized to reduce construction land
encroachment on natural runoff convergence spaces.

• Urban water bodies should be scattered, and green rainwater infrastructure should be
integrated to form decentralized urban ecological rainwater discharge systems.

• The urban vertical slopes should be designed to create continuous runoff disper-
sal channels.

• Urban road networks should be optimized to minimize interference with rainwater
corridors, avoiding conflicts between roads and rainwater corridors.

• The continuity of green spaces along rainwater corridors should be increased, and
buffering green spaces should be established at conflict points between rainwater
corridors and road networks.

• The design standards of drainage facilities should be updated and improved.
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