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A B S T R A C T   

Urbanization has become an irreversible trend and is even more rapid in flood-prone area. However, the re
sponses of both channel runoff and surface runoff to the urbanization and the underlying mechanisms still 
deserve more in-depth exploration within urban extents with limited data availability. Accordingly, we con
ducted a comprehensive quantitative analysis of the urbanization effects on channel and surface runoff from both 
statistical and model-based perspectives over three major urban agglomerations (i.e., Chengyu (CY), middle 
region of Yangtze River (MRYR), Yangtze River Delta (YRD)) in the Yangtze River Basin. The long-term high- 
resolution channel and surface runoff under different urbanization scenarios were simulated using both WRF- 
Hydro and SCS-CN models by integrating multiple remotely sensed, reanalysis, and in-situ datasets. Results 
demonstrated that the channel runoff increased by 4.4%, 5%, and 12.08% in CY, MRYR, and YRD urban ag
glomerations, respectively. Meanwhile, the urbanization also contributed to 30%, 21.4%, and 17.7% of the 
surface runoff changes in three urban agglomerations. Based on the high-resolution local climate zone (LCZ), our 
results highlighted that the high-rise and middle-rise buildings and compact-arranged regions were more prone 
to accumulating surface runoff and trigger flooding events due to the weaker infiltration capacity of land surface 
with the densely distribution of impervious surface. Further machine learning based investigation and case 
analysis also explored the potential influencing factors and mechanisms of the impact of urbanization on channel 
and surface runoff. Results in the current research show further evidence that policy makers of urban planning 
and management need to consider and ensure societal preparedness for extreme runoff and flooding events.   

1. Introduction 

In recent decades, urbanization has emerged as a worldwide phe
nomenon characterized by the continuous increase in population den
sity and the expansion of urban areas (Sun et al., 2020). Urban area was 
projected to increase by 1.2 million km2 by 2030, almost the triple of the 
global urban area in 2000 (Seto et al., 2012). The rapid urbanization 
profoundly influences the water balance and energy exchange of the 
land–atmosphere system by altering the surface characteristics (e.g., the 
increasing impervious surface area and reduction of vegetation cover) in 
urban regions, leading to modifications in the local hydrological cycle 
and climate system (Huang et al., 2023a; Wang et al., 2023; Singh et al., 

2020). Numerous efforts have been dedicated to obtain more in-depth 
knowledge about the urbanization effects on hydrological responses 
(Huang et al., 2022a; Yu et al., 2022; Shen et al., 2023; Yang et al., 
2019). In general, studies have demonstrated that urbanization induces 
a warmer environment in urban areas than the surrounding rural re
gions, namely urban heat island (UHI; Sun et al., 2014; Kong et al., 
2020). Meanwhile, the frequency and intensity of extreme rainfall 
events are also found to increase in most cities around the world (Wang 
et al., 2021; Kishtawal et al., 2010; Guerreiro et al., 2018). Conse
quently, the spatio-temporal patterns of urban runoff undergo inevitable 
modifications due to the rapid urban expansion (Du et al., 2012; Miller 
and Hess, 2017). The urbanization process can impose great impacts on 
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the urban hydrological cycle and surface/underground flows through 
the expansion of impervious surface, modification of the natural 
drainage network, and degradation of the vegetation cover (Xu et al., 
2018; Wu et al., 2022; Bibi et al., 2023; Zhang et al., 2022). These 
changes weaken soil infiltration capability, resulting in higher peak 
flows even under low-intensity and short-duration rainfall events 
(Zhang et al., 2018a; Chen et al., 2017). Previous research has also 
demonstrated the increased risk of flood hazard in urban regions due to 
the alteration of natural drainage network and the replacement of nat
ural ecosystem (Kubal et al., 2009; Liu et al., 2022). 

To address the escalating flood hazard, numerous studies have 
investigated the potential mechanisms of urbanization effects on urban 
runoff (Liu et al., 2021a; Biggs et al., 2022; Ramezani et al., 2023). Some 
research adopted observational runoff data from in-situ hydrological 
stations and applied statistical methods (e.g., trend detection algo
rithms, principle component analysis, and correlation analysis) to 
investigate the urbanization effects from a qualitative perspective 
(Walker et al., 2020; Westra et al., 2007). While these studies have 
revealed associations between increased runoff and urbanization, limi
tations persist due to data availability and methodology constraints. 
Generally, the studies over large river basins and urban environment 
have different needs of the applied datasets (Berezowski et al., 2012). 
Specifically, large river basins are usually treated as one unit for the 
hydrological calculation and analysis (Anand et al., 2018). In contrary, 
urban regions have more complicated land cover and hydrological 
conditions (e.g., buildings, artificial drainage network), which require 
finer and more additional inputs for accurate analysis of urban runoff 
(Huang et al., 2022b; Li et al., 2018). In this case, the remotely sensed 
gridded products with fine spatial resolution have the potential in 
providing detailed simulations of runoff in complex urban landscapes. 
(Huang et al., 2023b; Liu et al., 2021b; Debbage and Shepherd, 2019; 
Zhang et al., 2018b). Despite a growing body of research on the impact 
of urbanization on urban surface runoff, there is a notable lack in un
derstanding urbanization-induced changes in channel runoff. As the new 
generation of WRF model, WRF-Hydro improves the current capability 
in simulating channel runoff and has been extensively explore by 
coupling with other sophisticated models (e.g., WRF, VIC; Quenum 
et al., 2022; Wang et al., 2022). Thus, it is promising to employ the WRF- 
Hydro to evaluate the urbanization-induced channel runoff variations 
within local urban extent, where data scarcity is the major issue. 

The uneven distribution of urban resources in cities, resulting from 
unplanned and clustered development, further complicates the spatial 
patterns of urban runoff (Xu et al., 2020; Yao et al., 2015). Previous 
studies have made efforts to understand the runoff response to the urban 
structure caused by urbanization (Li et al., 2018; Xu et al., 2020). 
Nevertheless, the urban regions were generally classified into different 
irregular blocks based on the functions with relatively coarse resolution 
and limited categories, which may be not sufficient for a more thorough 
and accurate understanding of urbanization effects on the spatial pattern 
of urban runoff. Recently, the newly published local climate zone (LCZ) 
dataset divides the urban regions based on building height, building 
arrangement, and infrastructure function with high spatial resolution at 
pixel scale (Ching et al., 2018; Demuzere et al., 2019; Demuzere et al., 
2022). The introduction of the LCZ data into the urban hydrological 
study has potential to offer more nuanced insights into the runoff pat
terns under urbanization and should be further explored (Zheng et al., 
2023; Du et al., 2023). 

The Yangtze River Basin (YRB) has experienced unprecedented ur
banization in recent decades, encompassing over 40 cities and accom
modating 33 % of China’s population (Yang et al., 2021). The 
urbanization process has exerted substantial impact on the urban runoff 
responses within the YRB. Meanwhile, projections indicate a doubling of 
the urban area in the YRB by 2050, imposing substantial challenges on 
flood precaution and management (Chen et al., 2021). Thus, the major 
objective of this study is to establish a quantitative framework to achieve 
more in-depth and comprehensive understanding of urbanization effects 

on the spatio-temporal characteristics of runoff. Specifically, the 
framework was designed to address the following key questions:  

(1) How does the urbanization process (i.e., expansion of impervious 
surface) affect spatial and temporal patterns of the channel and 
surface runoff?  

(2) What are the potential factors and mechanisms related to 
urbanization-induced runoff modification? 

In response to these questions, the results are expected to quantita
tively uncover the urbanization effects on channel and surface runoff 
based on both empirical and physical hydrological models within the 
urban extents, which would support urban environment management 
and policy making on runoff-related issues and disasters. 

2. Study area and data 

2.1. Study area 

Originating from the Qinghai-Tibet Plateau, the Yangtze River is the 
longest river in Asia and the third longest globally. The YRB accom
modates about 5.8 % of the world’s population and spans an area of 1.8 
million square kilometers. Recent decades have witnessed an unprece
dented surge in urbanization within the YRB, boasting over 40 cities that 
contribute to 35.4 % of China’s GDP. Meanwhile, flooding has become 
one of the most prevalent and destructive disasters in urban regions 
within the YRB. For this study, three typical urban agglomerations were 
selected as the study areas to investigate urbanization effects on runoff, 
including the Yangtze River Delta (YRD), Middle Region of Yangtze 
River (MRYR), and Chengdu-Chongqing (CY) urban agglomerations 
(Fig. 1; Fang, 2015; Fang et al., 2015). The three urban agglomerations 
exhibit diverse terrains and hydro-meteorological characteristics. Spe
cifically, MRYR and YRD are situated in the middle and lower regions of 
YRB with an average elevation lower than 150 m while CY has basin 
terrain with an average elevation of about 584 m. In addition, the spatial 
distribution of precipitation varies significantly among these regions, 
with higher annual rainfall amount in YRD (~1300 mm) and MRYR 
(~1500 mm) (Huang et al., 2023b). The three urban agglomerations 
show rapid urban expansion in recent decades due to the reform and 
opening-up policy and the construction of Yangtze River Economic Belt, 
which has posed substantial impacts on the local meteorological (e.g., 
precipitation, temperature, humidity) and hydrological (e.g., runoff, soil 
moisture) environment (Huang et al., 2023b). In such a context, a 
comprehensive and quantitative investigation of urbanization effects on 
runoff is of great significance for the flood management and adaptive 
decision-making. 

2.2. Data 

A total of three categories of datasets were adopted in this study, 
including remote sensing-based products, reanalysis products, and 
auxiliary datasets (Table 1). The detailed descriptions of the datasets are 
presented below. 

2.2.1. Remotely sensed products 
In this study, Moderate Resolution Imaging Spectroradiometer 

(MODIS) NDVI product—MOD13Q1 (250 m spatial resolution and 16- 
day temporal resolution), was adopted to analyze the land covers in 
the three urban agglomerations. We collected NDVI data during rainy 
season (May-October) in 2000, 2010, and 2020 to better capture the 
surface runoff characteristics in the high-flow period of study regions 
(Liu et al., 2021b). The quality control information was used to remove 
the low-quality and cloud-contaminated pixels. Finally, the NDVI data 
was averaged to obtain the annual mean values in each year and 
reprojected to UTM projection with WGS84 datum. 

As a major indicator of urbanization, impervious surface area (ISA) 
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data was considered. We acquired Global ISA (GISA2.0) dataset pro
posed by Huang et al., (2022b) with a spatial resolution of 30 m. 
Considering the inconsistency degree of current popular ISA datasets, 
the production of GISA2.0 divided the mapping area into A-Grids and 
M−Grids, coupled with automatic and manual mapping methods, 
respectively (Huang et al., 2022b; Hu and Huang, 2019). Currently, 
GISA2.0 has been widely adopted in urban-related studies and shown 
excellent performance compared to the existing ISA datasets. 

To further investigate the detailed spatial patterns of runoff under 
rapid urbanization, we obtained a global map of LCZ produced by 
Demuzere et al. (2022). The LCZ products exhibits 100 m-resolution 
land cover types which are composed of 10 built types (e.g., compact/ 

open highrise/midrise/lowrise) and 7 natural types (e.g., dense/scat
tered trees, bare soil/sand, water). The quality of the global LCZ product 
has been validated using a bootstrap cross-validation method based on 
multi-source global data. 

2.2.2. Model-based products 
For WRF-Hydro simulation, the China Meteorological Forcing 

Dataset (CMFD) produced by He et al. (2020) was adopted as the 
meteorological forcing. CMFD has 0.1◦ spatial resolution and 3-hour 
temporal resolution. The validation against ground observations 
shows that CFMD outperforms other meteorological forcing datasets (e. 
g., GLDAS) due to the integration of a large number of in-situ 

Fig. 1. The geographical location and land cover of three urban agglomerations. In the sub-figures of (a)-(c), the green, yellow, and red color represent the urban 
areas in 1985, 2000, and 2020, respectively. The violet triangles in (a)-(c) are the locations of in-situ hydrological stations. The blue lines are the major rivers in each 
urban agglomeration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

S. Huang et al.                                                                                                                                                                                                                                  



Journal of Hydrology 635 (2024) 131194

4

measurements. 
For curve number (CN)-based runoff simulation, HYSOGs250m 

dataset developed by Ross et al. (2018) was first adopted to calculate 

curve number (CN). HYSOGs250m classifies soils into four groups with 
different levels of runoff potential. The quality of HYSOGs250m has 
been validated and it has been widely used in runoff estimation and 

Table 1 
The description of the adopted datasets.  

Type Product Variable Spatial 
Resolution 

Temporal 
Resolution 

Selected 
Dates 

Remotely sensed 
product 

MOD13Q1 NDVI 250 m 16-day 2000, 2010, 
2020 

MCD12Q1 Land cover 500 m Yearly 2006, 2020 
GISA2.0 Impervious surface 30 m Yearly 2000, 2010, 

2020 
Global LCZ LCZ classification 100 m / / 

Reanalysis product HYSOGs250m Soil group (A/B/C/D) 250 m / / 
CMFD Meteorological forcings 0.1◦ 3-hour 2006–2017 
HRLT Precipitation 1 km Daily 2006–2017 
ERA5 Precipitation, 10 m V-wind, 10 m U-wind, sensible heat flux, friction 

velocity, and boundary layer height 
0.25◦ Hourly 2008–2017 

Auxiliary data SRTM DEM 30 m / / 
In-situ hydrological 
station 

Streamflow / Daily 2006–2007 

Landscan Population density 1 km Yearly 2000, 2010, 
2020 

GUB Global urban boundary / 5-year 2018  

Fig. 2. The methodology of the proposed quantitative analysis framework. The entire framework can be divided into four parts: (a) Data collection and pre
processing; (b) Runoff simulation based on physical model; (c) Runoff simulation based on empirical model; (d) Spatio-temporal and attribution analysis of ur
banization effects on runoff. 
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flood assessment. Then, a High-Resolution and Long-Term (HRLT) 
dataset developed by Qin et al. (2022) was applied to provide precipi
tation and temperature data for the CN-based runoff model. The HRLT 
dataset has 1 km and daily resolution. 

In order to further explore the potential mechanism of urbanization 
effects on runoff, we collected ERA5 reanalysis dataset from Climate 
Data Store (CDS). We selected six variables with 0.25◦ spatial resolution, 
including precipitation, 10 m V-wind, 10 m U-wind, sensible heat flux, 
friction velocity, and boundary layer height. 

2.2.3. Auxiliary data 
We collected in-situ daily channel runoff data from a total of seven 

hydrological stations distributed in three urban agglomerations, which 
were provided by Changjiang Water Resources Commission. Besides, we 
acquired land cover data from MCD12Q1 product, which has 500 m 
spatial resolution. The Shuttle Radar Topography Mission (SRTM) DEM 
product with a spatial resolution of 30 m was also used in this study. In 
order to investigate the relationship between urban runoff and popula
tion, we downloaded population distribution data from LandScan. In 
addition, we also adopted Global Urban Boundary (GUB) data to extract 
urban regions (Li et al., 2020). To ensure enough pixels in the urban 
boundary regions, the urban boundaries with area over 100 km2 were 
selected (Zhang et al., 2022). 

3. Methods 

3.1. Methodology 

The methodology of the proposed quantitative analysis framework is 
presented in Fig. 2. The framework contains four parts: (a) Data 
collection and preprocessing; (b) Runoff simulation based on physical 
model; (c) Runoff simulation based on empirical model; (d) Spatio- 
temporal and attribution analysis of urbanization effects on runoff. 
The detailed information of each part is elaborated in the following 
sections. 

3.2. Channel runoff simulation based on WRF-Hydro 

The distributed hydrological model, i.e., the Weather Research and 
Forecasting Model Hydrological modeling system (WRF-Hydro) was 
operated in this study to simulate channel runoff in different urbaniza
tion scenarios (Sofokleous et al., 2023). WRF-Hydro is an enhanced 
version of the previous WRF model coupled with the NOAH-MP land 
surface model (LSM), which incorporates channel, overland, ground
water flow into a modeling structure. The model has been broadly 
applied in the simulation and prediction of hydrological process at 
diverse spatial scales (from local catchment to continental river basin) 
and temporal resolutions (Guo et al., 2022; Zhang et al., 2021; Liu et al., 
2021b). 

Three nested domains were designed to cover the three urban ag
glomerations. WRF-Hydro can disaggregate the low-resolution LSM 
grids into high-resolution routing grids after the computation of mois
ture states for the land surface column. In this study, the LSM grid res
olution was defined as 5 km and the routing grid resolution was set as 
500 m. The geographical locations of three domains are shown in 
Fig. S1. In addition, the entire routing framework (including base flow 
process, channel routing, overland flow process, and subsurface flow 
process) was activated in three domains. The land cover was generated 
from the MODIS IGBP land cover category. The geographic data (i.e., 
DEM, flow direction, flow accumulation, and river network) was pro
vided by Shuttle Elevation Derivatives at multiple scales (HydroSHEDS) 
database. Meanwhile, the WRF-Hydro runoff simulation was performed 
with CMFD meteorological forcings, which has relatively higher accu
racy over China mainland. 

During the operation of WRF-Hydro, the parameter calibration is 
crucial for the accurate simulation of runoff (Li et al., 2023a; Dhar et al., 

2022). In this study, the model spin-up period was set as 10 years from 
1995 to 2005. Then, the model was calibrated against the observed 
streamflow at each domain during 2006–2007. Due to the requirement 
of large computation for automatic calibration, the model was calibrated 
manually using a step-wise method (Liu et al., 2021b; Yucel et al., 2015). 
Specifically, a parameter is determined at each step, and then it is passed 
to the calibration of the following parameters. According to the hydro
logical function in the WRF-Hydro model, the parameters can be clas
sified into two groups with the ones responsible for the hydrograph 
volume and the shape, respectively (Xiang et al., 2017; Kilicarslan et al., 
2021). In this study, a total of ten parameters were selected to calibrate 
WRF-Hydro simulation regarding the soil, runoff, groundwater, and 
channel processes (Dhar et al., 2022; Gochis et al., 2019). The detailed 
information about the calibrated parameters can refer to Table S1. 

Based on the calibrated parameters, we designed three separate ex
periments with different LULC data to investigate the urbanization im
pacts on runoff. The control simulation (LC2006) adopted LULC data in 
2006 as the reference urbanization scenario. In the second simulation, 
we replaced the LULC data in 2006 with LULC data in 2020, repre
senting a highly urbanized scenario (LC2020). In the third simulation, 
we replaced the urban pixels in 2006 LULC with the dominant LULC type 
in the urban agglomeration. In other words, the LULC data in the third 
simulation did not contain urban pixels, and the runoff was simulated 
without the impact of urbanization (LCNOURB). In this study, the 
channel runoff from 2008 to 2017 in three scenarios were simulated. By 
comparing the runoff in different urbanization scenarios, the effects of 
urbanization on channel runoff can be quantified. 

3.3. Surface runoff simulation based on SCS-CN 

In addition to the WRF-Hydro based runoff modelling, we also 
applied the widely-adopted Soil Conversion Service-Curve Number 
(SCS-CN) method to simulate high-resolution surface runoff. SCS-CN is 
an empirical based runoff estimation method using remotely sensed 
data, which was developed by Soil Conversation Service and further 
improved by Pandit and Gopalakrishnan (1996). This method is wide
spread in various hydrological models (e.g., the Soil and Water Assess
ment Tool (SWAT), the Hydrologic Modeling System (HEC-HMS)) and 
the evaluation of the effects of land use changes on surface runoff from 
large river basin to small urban catchment. SCS-CN has limited re
quirements of the input parameters, which only considers initial 
abstraction, potential maximum retention of soil, and precipitation 
(Maragno et al., 2018). The simulation of runoff can be described as 
follows: 

Q =

⎧
⎪⎨

⎪⎩

(P − Ia)
2

P − Ia + S
, P⩾Ia

0, P < Ia

(1)  

S =
25400

CN
− 254 (2)  

Ia = λ × S (3)  

where Q and P is the simulated runoff and input precipitation, respec
tively. λ indicates the initial abstraction coefficient, which is usually 
defined as 0.2. CN (ranging from 0 to 100) is the dimensionless curve 
number derived based on the hydrological characteristics of the land 
cover. A higher CN value indicates higher runoff accumulated by land 
surface under a given rainfall event. The tabulated CN values provided 
by SCS are determined by HSG, land cover, and antecedent moisture 
condition (AMC). In this study, AMC II was selected, which represents 
average/normal moisture condition. 

To simulate more accurate surface runoff in the three urban ag
glomerations in YRB, an improved composite CN method developed by 
Fan et al. (2013) was utilized to calculate CN. The composite CN for each 
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pixel can be calculated based on a weighted formula as follows: 

CNC = PI × CNI + PV × CNV + PS × CNS (4)  

where CNI, CNV, and CNS are the initial CN values for impervious area, 
vegetated area, and bare soil, respectively. PI, PV , and PS are the per
centages of impervious, vegetation, and bare soil areas in each pixel, 
respectively. The initial CN values of bare soil and vegetation under 
AMC II level are shown in Table S2-S3. The percentages of impervious, 
vegetation, and bare soil in each pixel were retrieved by a linear spectral 
mixing analysis (LSMA) approach (Zhang et al., 2018b). LSMA follows a 
vegetation-impervious surface-soil (V-I-S) concept, which can be 
described as follows: 

PI + PV + PS = 1, 0⩽PI⩽1, 0⩽PV ⩽1, 0⩽PS⩽1 (5) 

The 250 m MOD13Q1 NDVI images were input into LSMA and an 
inverse least squares deconvolution approach was used to retrieve the 
proportions of V-I-S (Liu et al., 2021b). The detailed calculation of 
composite CN values can then refer to Supporting Information (SI) Text 
S1. In order to simulate the surface runoff in different urbanization 
scenarios, we calculated the composite CN based on the NDVI and land 
cover in 2000, 2010, and 2020. And the 250 m SCS-CN based surface 
runoff in three urbanization scenarios (i.e., LC2000, LC2010, LC2020) 
was finally computed by inputting HRLT precipitation and composite 
CN in three urban agglomerations. 

3.4. Spatio-temporal and attribution analysis methods 

3.4.1. Trend analysis 
Trend analysis was conducted to study the temporal patterns of 

runoff and runoff-related patterns under different urbanization sce
narios. Specifically, Mann-Kendall (MK) trend test and Sen’s slope were 
adopted to evaluate the trend of the time series. Sen’s slope is a non- 
parametric trend estimation approach developed by Sen (1968), which 
can be described as follows: 

β = median(
xj − xi

j − i
), ∀j > i (6)  

where xi and xj are a certain time series at time i and j. The positive/ 
negative value of Sen’s slope indicates that the time series has an 
increasing/decreasing trend. Further, MK trend test was used to evaluate 
the significance of the trend slope (Mann, 1945; Kendall, 1948). The 
MK-Z value can be obtained as: 

Z =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

S
̅̅̅̅̅̅̅̅
Var

√ (S > 0)

0 (S = 0)

S + 1
̅̅̅̅̅̅̅̅
Var

√ (S < 0)

(7)  

where S =
∑n−1

i=1
∑n

j=i+1sign(xj − xi) and Var = n(n −1)(2n + 5)/18. n is 
the number of samples. In this study, the null hypothesis (without sig
nificant trend) was rejected at 5 % significance level when |Z| > 1.96. 

In order to quantify the urbanization effects on runoff, the trend 
values of urban and rural runoff series were calculated based on Sen’s 
slope and MK methods, which were denoted as Tu and Tr, respectively. 
Further, the urbanization effect and contribution were quantified as 
Tu −Tr and |(Tu − Tr)/Tu| × 100%, which have been widely adopted in 
previous urbanization-related studies (Huang et al., 2023b; Yu et al., 
2022). 

3.4.2. Moran’s I 
In order to explore the spatial pattern of runoff under urbanization, 

local Moran’s I was used to calculate the spatial autocorrelation as a 
local indicator of spatial association (LISA). The local Moran’s I index 
was calculated for each pixel in the study area to classify them into 

spatial clusters and outliers (Yuan et al., 2018). Local Moran’s I index 
can be expressed as: 

Ii =
zi − z

σ2

∑n

j=1,j∕=i

[Wij(zj − z)] (8)  

where Ii is the local Moran’s I index. zi is the runoff at location i. z 
represents the mean runoff value. zj denotes the runoff value at other 
location. σ2 is the variance of z. Wij indicates the spatial weight of zi and 
zj. The positive local Moran’s I value demonstrates that the location has 
similarly high or low value as its surrounding pixels (i.e., spatial cluster) 
while the negative value indicates a potential spatial outlier. The 
resulted clusters are recognized based on four types of spatial associa
tions: high values surrounded by high values (HH), low values sur
rounded by low values (LL), high values surrounded by low values (HL), 
and low values surrounded by high values (LH). 

3.4.3. LightGBM and SHAP-value 
In order to further analyze the underlying mechanism of the ur

banization effects on runoff, we adopted LightGBM and Shapley Addi
tive exPlanations (SHAP) value to explore the potential factors affecting 
urban runoff. LightGBM is one of the most powerful and state-of-the-art 
machine learning models, which is developed by Microsoft Research 
based on boosting regression and histogram-based algorithms (Ke et al., 
2017; Bai et al., 2022; Bai et al., 2023). The utilization of 
histogram-based approaches increases the speed of training and reduces 
the memory usage. In addition, the implementation of leaf-wise tree 
grow algorithm in LightGBM makes it achieve a lower loss. In this study, 
the SCS-CN based surface runoff was chosen as the response variable. Six 
variables were selected as the predictors, including precipitation, NDVI, 
DEM, impervious surface percentage (ISP), LCZ, and population. 

With the optimized LightGBM models, the SHAP technique was 
performed to obtain the relative importance and influence of these 
factors on urban runoff. The SHAP framework is proposed by Lundberg 
and Lee (2017) based on the calculation of Shapely value to determine 
how the input features affect the response variable of the given model. In 
these years, SHAP-value has been widely adopted in the interpretation 
of machine learning models (especially tree models), which facilitates 
more in-depth understanding of the black-box of the machine learning 
models. 

4. Results 

4.1. Evaluation of surface and channel runoff 

Before the investigation of urbanization effects on channel and sur
face runoff, we evaluated the model performance of the WRF-Hydro 
simulation. In this study, ten parameters related to the hydrograph 
volume and shape were calibrated to enhance the accuracy of runoff 
simulation. The simulated channel runoff was assessed against the 
observed streamflow from the hydrological stations distributed in three 
domains during 2006–2007. Three metrics (Pearson correlation coeffi
cient (PCC), Root Mean Squared Error (RMSE), and Nash-Sutcliffe effi
ciency coefficient (N-SC)) were selected to evaluate the performance (Li 
et al., 2022). The validation results at each hydrological station are 
shown in Fig. 3. Generally, the simulated runoff showed good agreement 
with the observed streamflow. The average PCC and N-SC over three 
urban agglomerations achieved 0.856 and 0.624, respectively. The 
peaks of the simulated channel runoff matched well with the observed 
streamflow. Although the PCC at Datong station in MRYR achieved 
0.821, the N-SC exhibited relatively poor performance, which were 
0.289. This discrepancy can be attributed to Datong station’s location on 
the Yangtze River’s trunk stream, resulting in a larger runoff volume 
compared to tributary stations. The MRYR domain, covering only a 
portion of the trunk stream and not considering the upstream section, 
led to the underestimation of channel runoff at Datong station. Overall, 
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the evaluation of the channel runoff confirmed that the outputs of the 
calibrated WRF-Hydro model were able to support the subsequent 
analysis. 

For the validation of the SCS-CN surface runoff, we visualized the 
composite CN values integrated with the percentages of ISA, vegetation, 
and bare soil areas in different urbanization scenarios (Fig. S2). It can be 
seen that the average CN values in the major urban regions (circled 
areas) at three urban agglomerations showed a significantly increasing 
trend with the urban expansion. Results demonstrated that the core 
urban areas would have more accumulated surface runoff under rainfall 
events. Further, the HRLT precipitation data was used to produce sur
face runoff data based on SCS-CN model. Due to the lack of in-situ 
surface runoff measurements in the cities, we evaluated the perfor
mance of SCS-CN surface runoff by comparing with ERA5-Land runoff 
data. The comparison results are presented in Fig. S3. In general, the 
SCS-CN surface runoff showed high correlation with ERA5-Land runoff 
in three urban agglomerations. Nevertheless, results showed that the 
SCS-CN surface runoff was overestimated during the comparison. It can 
be attributed to various factors such as the differences of the spatial 
resolution (250 m SCS-CN surface runoff and 0.1◦ ERA5-Land surface 
runoff) and the input precipitation datasets. Previous studies also 
encountered similar issues when comparing the model-based runoff 
with other runoff datasets (Wang et al., 2015; Liu et al., 2021b; Du et al., 
2012). Significantly, as noted by Wang et al. (2015), since all simula
tions here were conducted by the same models (WRF-Hydro or SCS-CN) 

and showed similar temporal characteristics, the discrepancies could be 
considered as the systematic model error, which would not affect the 
internal model comparisons. 

4.2. Urbanization effects on surface and channel runoff 

To quantify the urbanization effects on the runoff variations, we 
initially calculated the variation rates of channel runoff between 
different urbanization scenarios in three urban agglomerations. Fig. 4 
illustrates results for the largest city in each agglomeration (Chengdu in 
CY, Wuhan in MRYR, Shanghai in YRD). Here, LC2006, LC2020, and 
LCNOURB represent the runoff simulation in the control scenario, highly 
urbanized scenario, and non-urbanization scenario, respectively. The 
variations in channel runoff were assessed along the urban–rural 
gradient, with outward buffers from each urban region serving as rural 
areas (detailed procedure refers to SI Text S2). Common features across 
different scenarios showed an overall increase in channel runoff from 
low to high urbanization cases, with more pronounced increases in 
urban regions than surrounding rural areas (Debbage and Shepherd, 
2018). Fig. S4 depicts the distributions of the change rates in urban and 
rural regions for different scenarios. The change rates in urban areas 
exhibited prominent positive values, signifying an increase in channel 
runoff due to urbanization. Urban areas are densely distributed with 
impervious surfaces, hindering the infiltration of runoff and causing it to 
flow directly into rivers, ultimately increasing channel runoff (Zhang 

Fig. 3. The validation of the simulated channel runoff based on WRF-Hydro against observed streamflow. The red and blue lines represent observed streamflow and 
simulated channel runoff, respectively. The blue, orange, and green bars indicate PCC, N-Sc, and RMSE, respectively. The labels of the bottom x-axis from left to right 
are the orders of calibrated parameters. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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et al., 2018b; Schoener, 2018; Li et al., 2019). Among three scenarios, 
LC2020-LCNOURB represented more significant increasing rates due to 
the more significant urbanization differences between LC2020 and 
LCNOURB. On average, the urbanization led to the increase of channel 
runoff in three urban agglomerations by 4.4 %, 5 %, and 12.08 %, 
respectively. 

Fig. 5 exhibits the seasonal variations of channel runoff and the 
corresponding urbanization effects in different scenarios in three urban 
agglomerations. Seasonal channel runoff, which were further 

categorized into quartiles, exhibited significant seasonality, with higher 
total volume and peak (75-100th) volume in summer and autumn than 
that in spring and winter. The urbanization effects also demonstrated a 
similar seasonality, exerting more influence on channel runoff in sum
mer than other seasons, with the lowest impact in spring. We attribute 
the seasonality to the rainfall variations in the YRB, aligning with the 
high-flow and low-flow seasons in major rivers during summer and 
winter. High-flow seasons witness increased channel runoff due to 
concentrated rainfall under the summer monsoon circulation and spring 

Fig. 4. The change rates of channel runoff in the comparison of different scenarios. Specifically, the first column to the third column represent the change rates from 
LC2020 to LC2006, LC2020 to LCNOURB, and LC2006 to LCNOURB, respectively. One typical city in each urban agglomeration (i.e., Chengdu in CY urban 
agglomeration, Wuhan in MRYR urban agglomeration, and Shanghai in YRD urban agglomeration) is selected for the visualization. The pink and brown regions 
indicate the urban and rural regions for each city. The determination of the rural region can refer to SI Text S2. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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atmospheric thermodynamic states exceeding the infiltration capacity of 
urban impervious surface. 

Liu et al., (2021b) decomposed the effects of human and climate on 
the runoff and found that precipitation and urbanization showed the 
most important roles in enhancing runoff in the high-flows seasons, 
which corroborated with the finding in this study. Nevertheless, the 
response of channel runoff on the urbanization can be affected by many 
factors, which limits the comprehensive quantification and thus requires 
further in-depth study. 

Fig. S5 shows the monthly surface runoff variations in urban and 
rural areas for different urbanization scenarios. The surface runoff also 

represented obvious seasonality from 2008 to 2017. Notably, urban 
regions exhibit higher surface runoff, particularly during heavy rainfall 
events. With rising urbanization levels, surface runoff differences be
tween urban and rural regions increase, indicating intensified urbani
zation effects. To quantify the urbanization effects on surface runoff, we 
calculated the deseasonalized surface runoff based on moving average 
method and applied trend analysis (Fig. 6). The deseasonalized surface 
runoff in urban and rural areas indicated an increasing trend from 2008 
to 2017. Urban regions showed a more prominent trend than rural areas, 
underscoring the positive effects of urbanization on surface runoff. We 
further calculated the urbanization contribution on the changes of 

Fig. 5. The seasonal variations of channel runoff in different percentiles and urbanization effects (UE) in different scenarios. The blue, orange, green, and violet bars 
in the first column are the classified channel runoff at 0-25th, 25-50th, 50-75th, 75-100th, respectively. The scatter points in the second column represent the 
urbanization effects on the classified in different scenarios. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 
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surface runoff. Results illustrated that urbanization accounted for 30 %, 
21.4, and 17.7 % of the surface runoff changes in CY, MRYR, and YRD, 
respectively. 

4.3. Case simulation in different urbanization and rainfall scenarios 

The modifications of underlying surface characteristics and natural 
drainage network during rapid urbanization have been confirmed to 
increase the risk of flood hazard (Schmitt et al., 2004). To further 
investigate the urbanization effects on channel runoff, we simulated 
channel runoff during specific flood events under various urbanization 
scenarios. During the summer of 2010, under the influence of contin
uous heavy rainfall, the middle and lower regions of YRB experienced 
the unprecedented flood events with the highest water level in the 
preceding two decades. Consequently, we selected the three largest 
urban regions in each urban agglomeration to observe the channel 
runoff patterns under different urbanization scenarios (Fig. 7). Heavy 
rainfall occurred in each city during the designated month in 2010, with 
the channel runoff in three urbanization scenarios displaying notable 
peak values after these intense rainfall events. To provide a clearer 
illustration of the urbanization effects on channel runoff during flood 
events, we calculated channel runoff differences between the three ur
banization scenarios during the peak events, as shown in the sub-figures. 
In general, results demonstrated that urbanization exerted more pro
found positive effects on the increase in channel runoff during the peak 
period, leading to higher risk of damage from flood hazards. Among the 
comparison of urbanization effects, LC2020-LCNOURB showed a more 
substantial increase in channel runoff, highlighting the positive rela
tionship between the urbanization process and flood risk. 

We also simulated the surface runoff under the extreme (99th of the 

climatological rainfall) rainfall situation in different urbanization sce
narios. The spatial distributions of surface runoff under heavy rainfall in 
the typical city of three urban agglomerations are presented in Fig. 8. In 
the case of LC2000, the high surface runoff generally concentrated in the 
core urban regions of each city due to the low infiltration capability 
caused by impervious surface. With the replacement of land surface 
under rapid urbanization process, the cities suffered increased pressure 
from the accumulated surface runoff under heavy rainfall. For instance, 
in the case of LC2020, the regions with high surface runoff expanded to 
almost the entire urban regions. By calculating the change rates of 
surface runoff between the cases of 2020 and 2000, results showed that 
the developed areas (e.g., the outer ring of the city) during the two 
decades experienced a more prominent increase in surface runoff, while 
the increase in surface runoff in the urbanized regions (e.g., core urban 
region) was not as significant. It was mainly due to the urbanization 
process progressing from the central areas of the cities in 2000 to the 
outer rings in 2020, as illustrated in Fig. S6. The fourth column of Fig. 8 
exhibits the statistical distribution of change rates in three cities. Results 
demonstrated that three cities experienced prominent increase in sur
face runoff, with major change rates between 0 and 20 %, which was 
identical with the analysis above. The violet regression lines also show 
the significant positive relationship between the change rate and 
impervious surface increment between the two cases, indicating that 
urbanization increased surface runoff. 

4.4. Spatial patterns of urbanization effects on runoff 

In addition to the direct impacts on the surface and channel runoff, 
urbanization also exerted substantial effects on the spatial pattern of 
urban runoff. Urban resources (e.g., buildings, green space, impervious 
areas) are usually disproportionately distributed in the urban regions 
due to the unplanned and clustered urban expansion. To explore the 
spatial pattern of surface runoff under urbanization, we adopted high- 
resolution LCZ data and made attempt to understand the relationship 
between urban surface runoff and LCZ. Here the LCZ was classified into 
five groups, including high-rise (HR), mid-rise (MR), low-rise (LR), other 
buildings (OB; e.g., industry, business areas), and vegetated (VG) re
gions. The building areas were further classified into compact areas (CP) 
and open areas (OP). 

Firstly, we calculated the annual surface runoff for each LCZ type in 
three urban agglomerations, as shown in Fig. 9. Clear differences can be 
observed in the distributions of annual runoff in the urban regions. 
Specifically, HR regions showed the largest annual surface runoff, fol
lowed by MR and LR areas. The annual runoff in CP regions was also 
significantly higher than in OP regions. The differences were primarily 
attributed to the varied functions of these urban areas. In general, HR/ 
MR and CP regions constituted the major residential zones, concen
trating dense buildings and population, mostly covered by impervious 
surfaces (e.g., roads). In contrast, LR areas were usually distributed in 
the newly developed or sub-urban regions with a lower proportion of 
impervious surface and population. The soil infiltration capacity was 
weakened with the increase of impermeable surface in the HR/MR and 
CP regions, which further led to the accumulation of more annual sur
face runoff. The VG areas generally had the lowest annual surface runoff 
due to the water demands of vegetation and strengthened soil infiltra
tion. In addition, Yoo et al. (2021) modelled the rainfall-runoff process 
under high-rise buildings and also found that the building height and 
building wall had significant influences on the increase of surface runoff 
and peak flow through intercepting rainwater and affecting wind 
pattern. We also calculated the peak runoff ratio for each LCZ type in 
three urban agglomerations. Apart from CY, high-density regions 
exhibited significantly higher peak ratio than low-density regions. The 
peak ratio of CP regions in MRYR and YRD achieved 30.8 % and 33.4 %, 
respectively. The results demonstrated that, compared with low-density 
and vegetated areas, the dense-distributed regions suffered a higher risk 
of flood hazard under urbanization. 

Fig. 6. The urbanization effects and contribution on surface runoff in different 
urbanization scenarios in three urban agglomerations. The blue and orange bars 
indicate the trend slope of surface runoff in urban and rural regions, respec
tively. The violet bar means the urbanization contribution. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

S. Huang et al.                                                                                                                                                                                                                                  



Journal of Hydrology 635 (2024) 131194

11

We also adopted local Moran’s I index to identify the spatial clusters 
and outliers of urban surface runoff. In Fig. 10, the pink, red, light-blue, 
and deep-blue represent HH (high values surrounded by high values), 
HL (high values surrounded by low values), LL (low values surrounded 
by low values), and LH (low values surrounded by high values) groups, 
respectively. The HH clusters were typically concentrated in the core 
urban regions and along riversides, indicating a higher risk of flood 
hazard under heavy rainfall events. Conversely, the LL clusters were 
mainly concentrated in the outer-ring of the cities, representing lower 
runoff-related hazard risk. The LH and HL outliers sparsely distributed in 
the urban areas. Specifically, the LH outliers were generally distributed 
surrounding the HH clusters, presenting opportunities to establish 
drainage networks or channels to alleviate runoff pressure at HH clus
ters. Furthermore, we investigated the Moran’s I index at each LCZ type 
in three urban agglomerations. Prominent discrepancies of HH and LL 
proportions can be observed in different LCZ types. HH clusters were 
more concentrated in HR, MR, OB, and CP regions, indicating higher 
runoff accumulation ability. In comparison, LR and VG regions had 
higher LL cluster percentage due to the greater ability of urban green 
spaces to store precipitation and mitigate flood hazards. Overall, under 
the rapid urban expansion, the spatial pattern of urban surface runoff 
also experienced substantial modification. Therefore, a comprehensive 
analysis of the spatial distribution of urban runoff and its relationship 
with urban functional zones would give supports and facilitate urban 

flood policy making. 

5. Discussion 

5.1. Potential mechanism of urbanization effects on runoff 

To elucidate the potential mechanisms underlying the urbanization 
effects on runoff, we depicted the temporal variations of several runoff- 
related factors (e.g., boundary layer height, friction velocity, sensible 
heat flux, air temperature) and mapped their spatial distributions under 
a given storm rainfall event. Fig. 11a-d presents the variations of runoff- 
related factors for the urban and rural regions. In general, urban regions 
exhibited a more pronounced increasing trend in friction velocity, sen
sible heat flux, and air temperature compared to rural regions. While the 
boundary layer height was higher in urban areas, the variation did not 
show a significant trend. To gain a deeper understanding of the inter
action and impact of these variables on runoff, we mapped their distri
butions in the YRD on August 8, 2012, when the typhoon Haikui landed. 
The wind divergence/convergence, calculated based on the U-wind and 
V-wind components, was used to visualize how the urban environment 
enhanced near-surface convergence (Fig. 11e). The enhancement of 
convergence was observed in the urban areas of YRD, creating favorable 
conditions for the rainfall. Previous studies have confirmed that urban 
land use modifications could enhance the convergence along 

Fig. 7. Channel runoff simulation in the cities of three urban agglomerations under the flood events in 2010. The orange, blue and violet lines in (a)-(i) represent 
channel runoff in the scenarios of LC2020, LC2006, and LCNOURB, respectively. The blue bar chart indicates the rainfall amount. The orange, blue and violet lines in 
the sub-figures represent the channel runoff differences in the scenarios of LC2020-LCNOURB, LC2020-LC2006, and LC2006-LCNOURB, respectively. (For inter
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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urban–rural interface (Shem and Shepherd, 2009). The difference of 
convergence and air temperature between urban and rural areas also 
highlighted the existence of cyclonic flow in the moisture flux, partic
ularly near the urban regions of YRD (Fig. 11j), which further facilitated 
the precipitation (Zhang et al., 2018b). These differences in convergence 
may be attributed to the drag of urban surface with larger roughness due 
to the expansion of impervious areas. Li et al., (2023b) also demon
strated the positive relationship between runoff and the climatic factors 
such as wind speed and relative humidity. Fig. 11c indicates that the 
friction velocity is prominently higher in the urban regions than in 
surrounding areas. Results illustrated the presence of stronger drag on 
the storm winds in urban regions, which further contributed to the 
enhancement of convergence and bifurcation of surface flow (Thielen 
et al., 2000). In addition, the differences of sensible heat flux between 
urban and rural areas associated with urbanization may also exert 
negative effects on the stability of the atmosphere and trigger convective 
precipitation. Meanwhile, the UHI effects induced by warming in urban 
areas and increased surface roughness also elevated the atmospheric 
boundary layer and further intensified precipitation. 

In addition to the enhancement of precipitation, urbanization also 
exerted substantial effects on runoff by modifying urban land use and 

underlying surface. The urbanization usually led to the destruction of 
original natural underlying surface (e.g., bare soil, water, grassland), 
replacing with urban underlying surface (e.g., roads, buildings) which 
had significant increase in the impermeability rate. Our statistical based 
attribution analysis also highlighted the importance of NDVI and LCZ 
types in regulating the urban runoff, as can be seen in SI Text S3 and 
Fig. S7. Such modifications affected the urban hydrological process, 
including the reduction in interception and infiltration, and increase in 
net precipitation. The combined effects of the urbanization on local 
climate and underlying surface resulted in the strengthened channel and 
surface runoff during the same rainfall event. 

5.2. Limitations and implications 

Like previous researches, this study was also subject to some limi
tations. Firstly, the quantitative results of this study were sensitive to 
WRF-Hydro model. For each urban agglomeration, 2–3 hydrological 
stations were collected to calibrate the WRF-Hydro model. Future 
modelling can acquire more in-situ stations towards better simulation 
accuracy. In addition, for the urban hydrological studies, the high- 
resolution LCZ dataset can be considered in the WRF-Hydro 

Fig. 8. Simulation of surface runoff under extreme (99th) rainfall in the typical cities in three urban agglomerations. The first and the second columns show the 
spatial distribution of surface runoff under heavy rainfall in the case of LC2000 and LC2020. The third column shows the change rate of surface runoff between 
LC2020 and LC2000. The blue bar charts in the fourth column exhibit the statistical distributions of change rate. The violet regression line represents the relationship 
between change rate (x-axis) and impervious surface increment (y-axis). (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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simulation, which may enable more in-depth understanding of the 
physical mechanism responsible for urban effects on the runoff. Sec
ondly, the application of SCS-CN in the surface runoff simulation also 
existed uncertainties. The SCS-CN simplifies the consideration of various 
meteorological, hydrological, and land surface factors, which only re
quires the inputs of precipitation and pre-defined CN values based on 
land use and soil groups. Besides, the SCS-CN fails to consider the urban 
stormwater management and physical characteristics (e.g., drainage 
system) (Maragno et al., 2018). The intrinsic simplification of the 
physical process and runoff-related factors makes the SCS-CN method 
difficult to simulate surface runoff precisely. Nevertheless, the simplicity 
of SCS-CN model also makes it an effective tool for the surface runoff 
simulation at ungauged catchments or urban regions where the pa
rameters required by more complicated physical models are not avail
able (Sathish Kumar et al., 2013). Considering the major objective of this 
study was to evaluate the relative changes of surface runoff in different 
urbanization scenarios (rather than the precise estimation of runoff) and 
all the inter-comparison simulations were conducted by SCS-CN model, 
the discrepancies against observations could be regarded as systematic 
model error, which had limited effects on the results (Maragno et al., 
2018; Wang et al., 2015). 

From the perspective of urban planning, the results in this study 
could also give implications about the mitigation of runoff increment 
under rapid urbanization. On one hand, it is widely acknowledged that 
the increase of impervious surface induced by urbanization leads to 

Fig. 9. The annual surface runoff and peak ratio distributions in different LCZ categories in three urban agglomerations. HR, MR, LR, OB, VG, CP, and OP represent 
high-rise buildings, middle-rise buildings, low-rise buildings, other buildings, vegetated regions, compact regions, and open regions, respectively. Here the monthly 
surface runoff over 80% of the long-term surface runoff is regarded as peak runoff. 

Fig. 10. The spatial patterns of surface runoff in three urban agglomerations 
based on local Moran’s I method. The local Moran’s I method divides the pixels 
into four types, including high-high (HH) cluster, high-low (HL) cluster, low- 
low (LL) cluster, and low–high (LH) cluster. The second row shows the HH 
(blue) and LL (violet) distributions in different LCZ categories. (For interpre
tation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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faster and more intensive accumulation of surface runoff under heavy 
rainfall events. Previous results have confirmed that the vegetated area 
had relatively lower annual runoff and peak ratio. To this point, the 
increase of green infrastructure in the urban regions can enhance the 
infiltration and evapotranspiration of the ground water and further 
mitigate the increase of surface runoff induced by urbanization (Kim and 
Park, 2016). In addition, the increase of green space can also potentially 
reduce the surface roughness, which will weaken the UHI effects asso
ciated with the intensive urban rainfall (Debbage and Shepherd, 2019; 
Debbage and Shepherd, 2018). On the other hand, the results demon
strated that the spatial patterns of surface runoff showed discrepancies 
in the compact-arranged urban regions and open urban regions. 

Rosenberger et al. (2021) concluded that the densification of buildings 
may have adverse effects on the environment as well as life quality in the 
urban regions. The findings highlight the importance of the consider
ation of building arrangement during urban planning to mitigate the 
stormwater and flooding hazard. In addition, some low impact devel
opment (LID) techniques (e.g., rain barrels, infiltration trenches, 
disconnected green roofs, bio-retention ponds) are promising to cope 
with the challenges of more intensive rainfall events under urbanization 
and climate change (Pour et al., 2020; Yang et al., 2022; Wadhwa et al., 
2023). 

Fig. 11. The potential influencing factors of urbanization effects on runoff. The first column shows the temporal variations of runoff-related factors in urban and 
rural regions over three urban agglomerations. The second and the third columns represent the spatial distributions of runoff-related factors during August 8, 2012 
when the typhoon Haikui landed. 
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6. Conclusions 

Urbanization has become an irreversible trend and recent research 
has demonstrated that urbanization is even more rapid in flood-prone 
area. Nevertheless, to what extent does the urbanization affect and 
contribute to the alteration of channel and surface runoff still lacks 
quantitative analysis within urban extents with limited availability of 
data. In this study, we designed a quantitative framework by integrating 
both physical and empirical hydrological model to address the research 
gaps. 

The model-based simulation in this study revealed that urbanization 
tended to enhance both channel runoff and surface runoff in three urban 
agglomerations in YRB. Specifically, the channel runoff increased by 4.4 
%, 5 %, and 12.08 % in CY, MRYR, and YRD urban agglomerations, 
respectively. Like the variation of channel runoff, the urbanization ef
fects on channel runoff also exhibited prominent seasonality, with more 
significant effects in summer and less significant in spring. In addition, 
the variation of surface runoff also showed positive relationship with the 
increment of impervious surface under urbanization. Results of trend 
analysis demonstrated that urbanization contributed to 30 %, 21.4, and 
17.7 % of the surface runoff changes in CY, MRYR, and YRD, respec
tively. Further case simulations by selecting specific severe flood events 
and setting the heavy rainfall situation also confirmed the enhancement 
of channel runoff and surface runoff under urbanization. 

By classifying the urban regions according to the building height (e. 
g., high-rise, middle-rise, low-rise) and arrangement (e.g., compact, 
open), our results highlighted that the HR, MR, and CP regions were 
more prone to accumulate surface runoff and trigger flood hazard due to 
the weaker infiltration capacity of land surface under the densely dis
tribution of impervious surface. Besides, the identification of urban 
runoff clusters also provided spatial knowledge about the high/low 
runoff hotspots and the potential regions for runoff mitigation, which is 
of great significance for the development of urban planning policies. 

In addition, we mapped the distributions of various hydro- 
meteorological factors under a given storm rainfall event to elucidate 
the potential mechanisms underlying urbanization effects on runoff. 
Urbanization enhanced the wind convergence and surface roughness, 
creating favorable condition for rainfall in urban regions. Besides, the 
urbanization-induced UHI effect and increased sensible heat flux also 
elevated the atmospheric boundary layer and affected the stability of 
atmosphere, which contributed to the occurrence of convective precip
itation. Overall, the combined effects of the urbanization on local 
climate and underlying surface enhanced the extreme rainfall. As urban 
areas are densely distributed with impervious surfaces, it hindered the 
infiltration of runoff and caused it to flow directly into rivers, ultimately 
increasing both surface and channel runoff. 

The results of this study are expected to provide quantitative evi
dence about the urbanization induced runoff changes and give impli
cations for prioritizing measures in flood prevention and preparedness, 
such as the consideration of building arrangement, green infrastructure, 
and the LID techniques. Moreover, as the data used for model simulation 
in this study is widely available, the proposed framework can also be 
applied in other river basins and cities to study the local-scale hydro- 
meteorological responses to the climate and anthropogenic impacts. 
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ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5. 
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