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Abstract The urban water system theory is an extension of the basin water system science on an urban scale, providing a new
systematic solution for the unbalanced human-water relationship and severe water challenges, such as waterlogging, black and
odorous water, and ecological degradation caused by urbanization. Most existing studies on urban water systems have focused on
individual water cycle processes linked with water supply and sewage treatment plants, but mutual feedback between the water
cycle and its associated material circulation and water ecology, as well as human processes, still needs further exploration. In this
paper, the concept, theory, and technical methodology of the urban water system were developed based on the water cycle and
basin water system science. The Urban Water System 5.0 (UWS 5.0) model was developed by integrating the Time Variant Gain
rainfall-runoff Model with Urban water system (TVGM_Urban) in different underlying surface conditions for analyzing the
natural-social water cycle processes and their associated water environmental and ecological processes and the influence of
multiscale sponge measures. Herein, five major simulation functions were realized: rainfall-runoff-nonpoint source pollutant load,
water and pollutant transportations through the drainage network system, terminal regulation and purification, socioeconomic
water cycle, and water system assessment and regulation. The location for the case study used in this paper was Wuhan City. The
findings showed that the entire urban water system should consider the built-up area and its associated rivers and lakes as the
research object and explore the integrations among the urban natural-social water cycle and river regulations inside and outside of
the city as well as the effects of socioeconomic development and sponge measures on the water quantity-quality-ecology
processes. The UWS 5.0 model efficiently simulated the urban rainfall-runoff process, total nitrogen (TN) and total phosphorus
(TP) concentrations in water bodies, and characteristic indicators of socioeconomic development. For the rainfall-runoff simu-
lations, the correlation coefticient and Nash-Sutcliffe efficiency (NSE) fall under the excellent and good classes, respectively. For
the TN and TP concentration simulations, results exhibited good bias and the correlation coefficients exceeded 0.90 for 78.1% of
the sampled sites. The simulation of 18 socioeconomic indicators provided excellent bias, correlation coefficient, and NSE values
of 100%, 83.3%, and 69.4% to total indicators, respectively. Based on the well-calibrated UWS 5.0 model, the source sponge,
artificial enhancement, and source reduction-path interception-terminal treatment measures were optimized, which considerably
mitigated waterlogging, black and odorous water, and lake eutrophication, respectively. The mitigation performance revealed that
the maximum inundated area for a once-in-10-year rainfall event was reduced by 32.6%, the removal ratio of the black and
odorous water area was 65%, the comprehensive trophic state index of water bodies was reduced by 37%, and the green
development level of Wuhan City in 2020 increased from 0.56 to 0.67. This study is expected to advance the intersection and
development of multidisciplinary fields (e.g., urban hydrology, environmental science, and ecology) and offer an important
theoretical and technical basis for solving urban complex water issues and promoting green development of cities.
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1. Introduction

The urban system is undergoing the highest intensities of
socioeconomic activities and the most remarkable changes in
the underlying surface, and it is also one of the regions with
the most complex and easily unbalanced human-water re-
lationship (Xia et al., 2017; Tian et al., 2018; Wang et al.,
2021). Since the early 20th century, rapid urbanization in
China has led to increasingly prominent water issues, in-
cluding water security, water resources, and water environ-
ment and ecology, directly influencing urban green
development (Liu et al., 2016). Examining and addressing the
unbalanced human-water relationship is critical for solving
the urban water issues comprehensively, and urgently needed
for national policies on new urbanization construction.
Existing literature on the human-water relationship mainly
focuses on the hydrologic cycle, water supply and drainage,
biogeochemical cycle, pollutant transportation and transfor-
mation, water ecology, and response and carrying capacity of
the water resource or ecological environment for human
processes (e.g., urban expansion and economic develop-
ment) (Xia et al., 2006; Fang et al., 2016; Wang et al., 2021).
However, systematic research on the coupling mechanism of
water-related processes (e.g., physical dynamic, biogeo-
chemical, and human processes), human-water interaction,
and its joint development along with complex underlying
surfaces still needs support. With increasing global changes
in research and advances in earth observation systems and
high-performance computing, new hydrology disciplines
have materialized, such as watershed system science and
water system science (Cheng and Li, 2015; Jiang et al., 2020;
Tang, 2020; Xia et al., 2021; Xia, 2023). Especially since the
proposed Global Water System Project (GWSP) by the Earth
System Science Partnership in 2004, the water cycle has
been recognized as a crucial link between several water-
related processes (GWSP, 2005; Sina and Anik, 2013; Bha-
duri et al., 2014), which has greatly advanced the transfor-
mation of traditional monodisciplinary sciences (e.g.,
hydrology, environmental science, ecology, and water re-
source economics) into comprehensive water system sci-
ence. Currently, water system science focuses on the mutual
interaction among the water cycle and ecology, environment,
energy, food, and human activities on a global or basin scale,
coupled modeling and regulation, and so on, which provides
a remarkable theoretical basis and new technical solution to
solve water issues with regard to global change (Zhang et al.,
2016b; Jiang et al., 2020). Nonetheless, the investigation and

regulation of the human-water relationship on an urban scale
is still the forefront of the water system science (Xia et al.,
2017).

This paper focuses on urban water issues and the human-
water relationship and improves the concept, theory, and
technical system of the urban water system based on the
water system science and water cycle theory. In addition, the
Urban Water System 5.0 (UWS 5.0) model is developed
using the Urban Time Variant Gain rainfall-runoff Model
(TVGM_Urban) as the core and integrating the natural-so-
cial water cycle and its associated water environmental,
water ecological, and human processes with the model and
effect of multiscale sponge measures. The theory and model
are applied in Wuhan City. The study will promote the in-
tersection and development of urban hydrology, environ-
mental science, ecology, and other disciplines and offer a
substantial theoretical and technical foundation for national
policies on new urbanization construction.

2. Urban water system theory

2.1 Research progress on urban water system theory

An urban water system is the application and extension of
basin water system science to the urban scale. It is a com-
prehensive system of multiple water cycle processes formed
by the natural water cycle (e.g., precipitation, evapo-
transpiration, infiltration, runoff yield and routing, and reg-
ulation), socioeconomic water cycle (e.g., withdrawal,
utilization, consumption, and discharge), and associated
water environmental and ecological processes induced by
nonpoint and point-source pollution (Figure la). Current
studies on the urban water system have made significant
progress in several aspects (Table 1). Particularly, due to the
sponge city implementation in China, numerous studies and
practices have shown that the solution to urban water issues
requires comprehensive consideration of the interaction be-
tween the water cycle and its associated material cycles and
water ecological processes. Thus, urban water system re-
search has gradually shifted from traditional rainfall-runoff
yield, water supply, and drainage processes to comprehen-
sive multiple water system process research. Several theo-
retical works have emerged, such as Urban Water Cycle
System 1.0-4.0 (Ren et al., 2012) and urban nature-society
dualistic water cycle theory (Wang et al., 2021). Numerous
application studies have primarily focused on urban planning
and municipal construction, including gray infrastructure
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Figure 1

construction, wastewater treatment, and sponge city con-
struction (Zhang and Li, 2010). These achievements have
significantly advanced the development and application of
urban water system theory. However, further studies on in-
tegrated relationships among the water cycle, water en-
vironment, and ecology, linkages between the basin
hydrological cycle and the urban drainage system, and reg-
ulation of socioeconomic development and sponge measures
on multiple water cycle processes are still needed.

Xia et al. (2017) extended the concept of the urban water
cycle system from the perspective of the natural water cycle,
which emphasized the mechanism, system theory, and
technological integration of the urban water cycles for dif-
ferent climatic zones and geographical subdivisions in Chi-
na, that is, the UWS 5.0. In this version, the main research
object was the built-up area and its associated rivers and
lakes, while multiprocess integrations were explored, in-
cluding “rainfall-evapotranspiration-storage-runoff” natural
water cycle, “supply-use-consumption-discharge” artificial
water cycle, river-city interaction, biogeochemical cycle,
pollutant migration and transformation, and socioeconomic
development using the hydrological cycle as a link and
considering the multiple regulations of sponge measures on
different scales (e.g., source low impact development (LID)
measures on a patch scale, drainage areas on a medium scale,
and rivers, lakes, and wetlands on a large scale), gray in-
frastructure for water supply and drainage (e.g., plants, net-
works, pumps, and gates), and rivers at the inside and outside
the city. Moreover, earth system science and nonlinear time-
varying system theories were adopted, and advanced tech-
nologies (e.g., in-situ or remote sensing monitoring, artificial
intelligence, comprehensive evaluation, optimization and
control, and digital twinning) were employed. This study,
therefore, offers a new systematic solution for urban water
management and green development.

Urban water system 5.0

Urban water system (a) and its theoretical basis and key technologies (b).

2.2 Theoretical basis and key technologies of the urban
water system

The theoretical bases for the urban water system (Figure 1b)
mainly include the following:

(1) Urban water cycle theory. The water cycle theory re-
presents the core of the urban water system theory. The urban
water cycle is seriously affected by multiple factors, such as
the expansion of impervious surfaces and drainage network
systems, sponge-measure regulations, and climate change,
causing synergistic changes in urban waterlogging, biogeo-
chemical cycling, water quality, water ecosystem health, and
socioeconomic development (Zhang et al., 2014; Zhang et
al., 2019). Research on urban water systems is based on the
water cycle theory and primarily investigates the effect of the
precipitation and radiation changes due to urban construction
and economic development on the water cycle processes
(e.g., runoff generation, runoff routing, evapotranspiration,
infiltration, and base flow). Additionally, the mutual inter-
actions among the urban water system and climatological,
environmental, ecological, and social systems are revealed
(Xia et al., 2017).

(2) Biogeochemical cycle theory. The biogeochemical
cycle theory mainly focuses on biogeochemical processes
(e.g., absorption, decomposition, transformation, storage,
release, and transport) of carbon, nitrogen, and phosphorus in
the urban water cycle, ecological and socioeconomic sys-
tems, and the yield and discharge of different pollution
sources, such as the accumulation-loss of nonpoint sources in
complex underlying surfaces and collection-treatment-dis-
charge processes of point sources related to the socio-
economic development (Chambers et al., 2016). Further, the
theory reveals the driving mechanism of the material circu-
lation on the spatiotemporal patterns of urban water quality,
pollution, black and odorous water, and degradation of the
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Research progresses in the urban water system theory

Research themes

Contents References

Hydrological effects and waterlogging

Water environmental effects and
water pollution

Water ecological effects and ecological

degradation

Socioeconomic development and
carrying capacity of resource and
environment

Nature-society dualistic water cycle

Natural water cycle system (UWS1.0)

Artificial water cycle systems
(UWS2.0)

Combining gray and green and
developing sponge measures for
regulation (UWS3.0)

Blue-green fusion and gray-green
integration for urban water system
theory (UWS4.0)

Comprehensive development of the
theoretical and technical systems for
urban water systems (UWSS5.0)

Smith et al., 2002; Shepherd, 2005;
Amaguchi, 2012; Zhang et al.,
2014; Liu et al., 2016; Zhang et al.,
2018, 2022

Rainfall-runoff and runoff yield-routing mechanism, waterlogging,
rain island and hydrological effects, sponge-measure regulation,
rainwater and stormwater utilization, and so on

Yang and Cheng, 2002; Ren et al.,

2005; Obropta and Kardos, 2007;

Freni et al., 2008; Sui et al., 2016;
Zhou et al., 2022

Nonpoint source pollutant accumulation-flushing and loss, pollutant
discharge and causes of water pollution due to socioeconomic
development, water quality processes in drainage systems, and so on

Zhao and Yang, 2005; Zhang et al.,

2007; Xu and Cao, 2009; Yu et al.,

2011; Liang et al., 2016; Fu et al.,

2017; Xu et al., 2020; Dou et al.,
2022

Lake system evolution pattern, eutrophication and ecosystem health,
ecological water demand, ecosystem services, and so on

Fang et al., 2004; Zuo et al., 2005;
Xia et al., 2006; Yang et al., 2012

Water resources and urbanization, coordinated socioeconomic
development, and water carrying capacity

Coupling of natural and social water cycles in urban areas, balance

evolution, and so on Wang et al., 2021

Green infrastructure self-purification processes, natural water supply and
drainage processes, and so on

Gray infrastructure for water supply and drainage, artificial water cycle
processes (tap water purification, sewage terminal treatment, and water

supply and drainage) (i.e., “source-plant-network™ system), and so on Chen and Dong, 2007; Zhang and

Li, 2010; Ren et al., 2012
Gray-green integration. Focusing on the urban natural water cycle and
sponge-measure regulation, artificial water cycle system, biogeochemical
cycle and water quality processes, sewage terminal treatment and
recycling processes, and so on

Blue-gray-green integration. Focusing on the urban natural water cycle
and sponge measures regulation, artificial water recycling and excessive
rainwater-runoff discharge system (i.e., “source-plant-network-river and lake”),
biogeochemical cycle and water quality processes, sewage terminal
treatment and recycling process, and so on

Ren et al., 2012

Taking the city and its associated rivers, lakes, and wetlands as the research
object. Focusing on the integration of the natural water cycle (e.g.,
“rainfall-evapotranspiration-storage-runoff™), artificial water cycle (e.g.,
“supply-use-consumption-discharge”), and river regulation inside and
outside the city, socioeconomic development, sponge-measure
regulation and water quantity-quality-ecology processes, and so on

Xia et al., 2017; this study

water ecosystem.

(4) Urban economic theory. This theory mainly empha-
sizes the economic relations and laws existing in urban de-

(3) Water ecosystem health theory. The water ecosystem in
urban areas is formed as a result of the natural water eco-
system adapting to disturbances or reconstructions of urban
residents and pollution discharge. It exhibits natural and ar-
tificial characteristics. The health of the urban water eco-
system focuses on its integrity, structure stability, urban
water ecosystem function, and self-recovering ability after
being subjected to disturbances (Karr et al., 1986; Shen et al.,
2004). Particularly, it reveals the disturbance mechanism for
human activities and hydrological, hydrodynamic, and water
environmental changes on the water ecosystem and its self-
recovering ability during urbanization.

velopment, including wurban expansion, population
concentration and growth, industrial structure evolution and
economic development, resource consumption, and pollution
discharge (Balchin et al., 2000; Dong and Yang, 2021).
Studies on urban socioeconomic development and its water
cycle are based on the urban economic theory and examine
the socioeconomic development laws, such as urban ex-
pansion and population concentration and evolution of the
intake-use-consumption-discharge artificial water cycle.
Results reveal the mutual interaction among the socio-
economics, water cycle, and ecological environment during
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urbanization (Sivapalan et al., 2012; Fang et al., 2016; Lu et
al., 2016; Tian et al., 2018).

(5) Sustainable development theory. This theory mainly
focuses on the coordinated development of nature and so-
ciety, and their fundamental relationships for resource utili-
zation and guarantees fairness and consistency in resource
allocation and utilization and the ecology, economy, and
society sustainability (Zhang et al., 2007; Liu et al., 2018).
Urban green development is based on the sustainable de-
velopment theory, which estimates the carrying capacity and
sustainability of urban water resources, ecology, and en-
vironment for socioeconomic development. Additionally, it
explores the coordination between socioeconomic develop-
ment and carrying capacity and develops various approaches
for green development (Xia et al., 2006; Zou et al., 2022).

To support the practical applications of urban water system
theory, the key technologies mainly include the following:

(1) Experimental observation and mechanism analysis.
Long-term in-situ observation of representative regions
(Zhang et al., 2019; Beal et al., 2020) or large-scale remote
sensing hydrometeorological observation (Shepherd et al.,
2002; Hu et al., 2018) is performed for obtaining a high-
quality observation series (e.g., meteorology, hydrology,
hydrochemistry, and pollutant concentration) under different
underlying surfaces or sponge measures based on compre-
hensive management and application needs in urban water
environment and ecology. Comparative analysis, regression
analysis, or causal detection are adopted as the analytical
techniques for urban hydrological and water environmental
effects, revealing mechanisms such as urban runoff and
pollution yield, water-heat balance and evaporation, and the
underlying surface evolution and their regulations on the
water cycle and water quality processes (Ren et al., 2005; Liu
et al., 2014; Xu and Cheng, 2019; Chen et al., 2023).

(2) Numerical simulation and integration. The modeling
techniques for various processes in the urban water system
are improved based on experimental observations, mechan-
istic analysis, mass balance principles, and hydrodynamic
and water quality models. For instance, the TVGM_Urban is
utilized for developing the simulation module of rainfall-
runoff-nonpoint source pollution load. The water flow of the
drainage network system, water quantity and quality in the
water body, and surface overflow are modeled using the
hydrodynamic and water quality model or the water balance
principle. Moreover, socioeconomic models and machine
learning algorithms are used to simulate the socioeconomic
water cycle (intake-use-consumption-discharge). Based on
the above, the data transfer is solved through the sequential
call of functional modules and resolution conversion of ex-
change variables on different temporal and spatial scales
between the modules; furthermore, the uncertainty and ca-
libration of the water system model are addressed via multi-
objective optimization and error analysis (Zhang et al.,
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2016a; Zhang and Shao, 2018).

(3) Comprehensive evaluation and optimized regulation. A
comprehensive evaluation index system for green develop-
ment is constructed in five dimensions, including resource
utilization, environmental quality, ecological protection,
economic growth, and green life, according to the require-
ments for the comprehensive green development evaluation
of the urban water system, Beautiful China Construction
Assessment Indicator System and Implementation Plan and
inputs and outputs of the UWS 5.0 model. The comprehen-
sive evaluation techniques for urban green development are
developed by combining multiple-indicator weighting and
evaluation methods (Xia et al., 2006; Zhang et al., 2007).
Focusing on the nonlinear optimization and regulation pro-
blems of the urban water system, optimization regulation
techniques are developed using the SCE-UA, genetic algo-
rithm, particle swarm optimization, and NSGA-II multi-ob-
jective optimization algorithms and global or local
optimizations are established as the objective functions for
auto-optimizing the model inputs and parameters.

(4) Digital twinning and virtual reality. Three-dimensional
(3D) simulation techniques of urban underlying surfaces and
drainage network systems are developed through numerical
simulations, 3D graphics, multimedia, and display and sto-
rage technologies to achieve systematic integration and vi-
sual display of the 3D models and multisource information
databases for urban water systems (e.g., remote sensing and
ground observation), model libraries (e.g., process, evalua-
tion, control models), and result repositories (e.g., simulation
and assessment results, control strategies). The spatial and
temporal patterns of process simulations, comprehensive
evaluation results, and their responses to different regulation
strategies are emphasized (Gu et al., 2002; Bauer et al., 2021;
Ye et al., 2022).

3. UWS 5.0 model

3.1 Model framework

The UWS 5.0 model is based on urban water system theory,
takes TVGM_Urban as the core module, and extends the
simulation modules of nonpoint source pollution, water, and
pollutant transport in combined or diverted drainage network
systems, waterlogging, socioeconomic water cycle, waste-
water treatment, and water regulation and purification to
realize the integrations of the natural-social water cycle,
sponge-measure regulation (e.g., source LID, drainage areas,
rivers, lakes, and reservoirs) on different scales, and water
quantity-quality-ecological processes. There are five main
simulation functions of UWS 5.0: Rainfall-runoff-nonpoint
source pollutant load, water and pollutant transportations of
the drainage network system, terminal regulation and pur-
ification, socioeconomic water cycle, water system assess-
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ment and regulation (waterlogging simulation, black and
odorous water assessment, ecological health assessment of
lakes and reservoirs, and green development assessment and
regulation). Figure 2 illustrates the model framework.

The rainfall-runoff-nonpoint source pollutant load module
is designed based on the urban water cycle and biogeo-
chemical cycle theories using the nonlinear time-variant
runoff generation mechanism, pollutant accumulation and
flushing mechanism, and water system simulation and in-
tegration techniques proposed by the author’s research group.
For analyzing the water and pollutant transportation, the
drainage network system module, terminal regulation and
purification module, and waterlogging simulation module are
developed based on the mass and momentum conservation
principle and obtained by solving Saint Venant equations. The
socioeconomic water cycle module is developed based on the
urban economic theory and machine learning algorithms or
the Northam curve. The water system assessment and reg-
ulation module is primarily based on the water ecological
health and sustainable development theories and achieves the
integration, optimization, regulation, and visualization of the
UWS 5.0 model via advanced techniques of numerical si-
mulation and integration, comprehensive assessment, opti-
mization and regulation, digital twinning, and virtual reality.

3.2 Rainfall-runoff-nonpoint
module

source pollutant load

3.2.1 Rainfall-runoff submodule

Using the nonlinear time-variant relationship between runoff
generation, rainfall intensity, underlying surface type, and
soil moisture proposed by Xia et al. (2005), the nonlinear
TVGM_Urban model for complex urban land surfaces is
derived and expressed as follows (Hu et al., 2021):

G(t,i) = a- {SW(t,i)/ [ - SD-COHYY - (1/1,),

y sat (1)
R(t,i) = Y A(@i) - G(t,i) - P(t)/ At,
i=1

where G(t,i) refers to the gain factor for the ith type of un-
derlying surfaces at time step #; R refers to surface runoff
depth (mm); SW(t,i) and W, refer to the soil moisture (mm)
and saturated soil moisture capacity, respectively; SD refers
to soil depth (mm); P refers to rainfall (mm); C(i) refers to
the influencing factor of the ith type of underlying surfaces; /
and [, refer to the current rainfall intensity and maximum
rainfall intensity of the same month (mm min_l), respec-
tively; a, B, and y refer to the model parameters; N refers to
the total number of land cover types, where 10 land cover
types are considered: road, roof, forest, grassland, water
body, bare land, and sponge measures (e.g., sunken green
space, pervious pavement, rain garden, and grassed swales).
The overland flow routing submodule employs the overland
flow routing equation proposed by Neitsch et al. (2011) to
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measure the discharge from each land patch unit to the pipe
node (inspection well or gutter inlet).

3.2.2  Nonpoint source pollution estimation submodule
This submodule considers the key processes of surface ac-
cumulation, atmospheric deposition, and flushing (e.g., dis-
solution and erosion) of multiple pollutants (e.g., sediment,
chemical oxygen demand, nitrogen and phosphorus in var-
ious forms, heavy metals) for individual land cover types,
where the accumulation of pollutants grows exponentially
and converges to a certain threshold. The main equations for
the ith land cover type and the jth nonpoint source pollutant
are

L(t,1,7) = By (inj) - [1 — e 501
~WL(t,i,j) +S(t, i), )
WL(t,i,j) = L(t,i,j) - Rp(i.}),

where L(t,i,f) refers to the surface pollutant accumulation rate
per unit area (t km yrfl); B, ..(i,j) refers to the maximum
surface pollutant accumulation rate per unit area (t km ~
yr ) K, (i,j) refers to a constant of the pollutant accumula-
tion rate related to the anthropogenic activities in each land
use type; WL(t,i,j) refers to the pollutant export rate per unit
area due to rainfall-runoff flushing (t km * yr '); Rp(i,j) refers
to the pollutant export coefficient; S(¢,i,j) refers to the pol-
lutant atmospheric deposition rate per unit area (t km ° yr ).

3.3 Water and pollutant transportation module of the
drainage network system

3.3.1 Water and pollutant migration submodule of the
drainage network system

For areas where detailed information on the drainage net-
work system (e.g., pipe diameter, pipe length, burial depth,
and flow direction) is available, the Saint Venant equations
are solved for simulating the spatial variation in key hydro-
dynamic variables within the drainage network system, for
example, flow velocity, discharge, and water depth. The
water continuity and momentum equations in the drainage
network system are expressed as follows:

%, ﬁ 0, () + O+ W,

OH, v, Ov 7 1 15]0)] 3)
_ P, P P, p=S0_Sf,

ox g Ox g~Ap'7

where x refers to the distance (m); 4, refers to the wetted area
(m ), Op and v, refer to the dlscharge (m s ) and flow ve-
locity (m's~ ) in the pipe, respectively; 0, (i) and Oy, refer to
the discharges in the ith pipe and from the surface to the pipe,
respectively; N refers to the number of the upstream pipes
connected to the pipe; H,, refers to the water depth (m); Sy and
S, refer to the friction slope and bottom slope of the pipe,
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Figure 2 Framework of the UWS 5.0 model.

respectively; g refers to the gravitational acceleration; ¢ refers
to time (s); Wd refers to the point-source wastewater entering
into the pipe (m3 sfl), including industrial and domestic
sources. If the drainage network system is a combined system,
the wastewater amount is estimated by the socioeconomic
water cycle module; otherwise, if it is a diverted system, the
wastewater amount in the stormwater drainage system is as-
sumed to be zero, and all wastewater is discharged to the
wastewater treatment plants via the sewage system.

The pollutant migration simulation is based on the mass
balance principle, and mathematically,

dv-C i N
S U S L,(0J) + ML) Ld() - O, - C,0)

—K(G)- V-G +S8,0)s 4
where V refers to the amount of water stored in the pipe (m3);
C,(j) refers to the jth pollutant concentration (mg Lfl); L(iy)
and WL(j) refer to the total load of the jth pollutant in the ith
pipe and entering into the pipe from the land surface (g sfl),
respectively; K(j) refers to the degradation coefficient of the
Jjth pollutant; S,(j) refers to the source/sink term of the jth
pollutant (g sfl); Ld(j) refers to the point-source pollution
load entering into the pipe (g sfl). The point-source load of
the combined sewage system is estimated by the socio-
economic water cycle module, and that of the diverted
sewage system is zero.

In areas where information on the drainage network sys-
tem is not available, the drainage capacity of each pipe is
estimated using the Water Supply and Drainage Design
Manual (Chinese Edition). The drainage discharge rate, Q,,
and the overflow rate, Q,,,, of the pipe are measured by
comparison of the receiving flow and the discharge capacity
of the pipe (Zhang et al., 2018). Mathematically,

As+Cs' lgPs

Qp,max =0.1- req - At-c- (t“"Bs)ns

+Wd,
N

Z Qp,up(i) + st’

i=1

N

if Z Qp,up(i) + st < Qp,max’
i=1

Qp,max’

. N .

if Z Qp,up(l) + st = Qp,max’
i=1

(%)

N
Qp,ov = max z Qp,up(i) + st_ Qp,max’ 0 H
i=1

where @, max refers to the maximum discharge rate of the
drainage network system (m3 s_l); At refers to the area of the
drainage district (kmz); req refers to the pipe coverage rate in
the drainage district; ¢ refers to the rainfall duration (min); ¢
refers to the runoff yield coefficient; 4, C,, B, and n, refer to
the parameters related to the stormwater design formula; P
refers to the return period of the drainage pipe (yr); O, and
O, v refer to the actual discharge rate and overflow rate (m3
s_l) of the drainage network system, respectively. Eq. (4) is
also employed for simulating the pollutant migration process.

3.3.2  Outflow estimation submodule of the drainage net-
work system

For the combined drainage network system, interception
measures must be installed to prevent sewage discharging
directly into urban water bodies. The outflow discharge on
sunny days is the total amount of urban industrial wastewater
and domestic sewage, and that on rainy days is the rainwater
and sewage discharge. When the total outflow exceeds the
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maximum interception flow, pipe overflow occurs, and vice
versa, and the total outflow will be intercepted and migrated
to the sewage treatment plants. The maximum intercepted
flow can be computed with the flow multiplier method, in-
terceptor design flow method, or spillway design method.
The outflow discharge estimation equations are expressed as

Opou = maX(Qp = Qintmav 0)’

(nof 1) : st’
Qint,max = Qsewer’
Qweir’

Qp lpr < Qp,rmx’
Qint,max lpr 2 Qp,max’

where Oy max refers to the maximum interception flow of the
combined drainage network system (m3 sfl); n, refers to the
interception multiplier; Qg.yer and Q.. refer to the design
flow rates of the interception pipe and the overflow weir (m3
sfl), respectively, which can be calculated using the upstream
and downstream water levels of the facility and the corre-
sponding hydrodynamic equations or specified by the user.
The discharge of the pumping stations is primarily de-
termined by the specific regulations.

(6)

Qp,int =

3.4 Terminal regulation and purification module

3.4.1 Water quantity and quality regulation and migration
submodule of the water body

For urban water bodies with detailed underwater topographic
data, the submodule adopts the finite volume method to solve
the two-dimensional unsteady shallow water equation to si-
mulate the spatiotemporal changes of key variables such as
flow field (x-direction flow velocity u and y-direction flow
velocity v, m sfl) and water depth (H,, m) in urban water
bodies. The hydrodynamic equations are as follows:

oH, , O(Hu) a(Hv)
6t ax ZQp out os’
O(Hu) . O(Hu) ,5(Hru) _
5t vy MY
OH,? 0z 2udu?+v?
e S e T
o (., ou ou) , Cn W2+ W3
+§[8xHr§] xHr ] X( p ) s (7)
O(H; v) a(Hrv) OHy) _
ot x Vg - Hw
- 6H,2 _ 6Hr VA u+y?
& oy 811, oy gn RE
12
o vy, o( . ov) CnaW(WEHW3})
*a—x[gﬂr&]*@['gﬂ@]+ 2 ’

where x and y refer to the longitudinal and transverse flow
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distances of water bodies (m), respectively; O, refers to the
surface overland flow (m3 sfl); g means the gravitational
acceleration; f refers to the Coriolis force constant (because
the Coriolis force is the main force that acts on the flow of
rivers and lakes, it is retained in the momentum equation);
refers to roughness; C, refers to the wind resistance coeffi-
cient; p and p, refer to water and air densities (kg mfz) re-
spectively; &, and ¢, refer to the eddy viscosity coefficients in
the x- and y- dlrectlons (m s ) respectively; W, and W refer
to the wind speeds in the x- and y-directions (ms ) re-
spectively; ¢ refers to time (s).

For urban water bodies with no underwater topographic
data, the topological network of the flow direction is de-
termined based on the numerical river network system, and
the kinematic wave model or the Muskingum equations are
employed for the simulation of the water regulation and
transport processes. The spatial and temporal distributions of
various pollutant concentrations (C,) in the urban river net-
work can be obtained using eq. (4).

3.4.2 Wastewater treatment and purification submodule
The submodule uses a black-box model for simulating the
influence of different wastewater treatments on water quality
concentration. Mathematically,

Cout(t;1) = k(i) - cip(2, ), ®
where ¢, (i) and c¢;,(i) refer to the inflow and outflow con-
centrations of the ith pollutant in the sewage treatment fa-
cilities (mg Lfl), respectively; k(i) refers to the removal rate
of the ith pollutant, which is associated with the wastewater
treatment; ¢ refers to time (d).

3.5 Socioeconomic development and its water cycle
module

3.5.1 Socioeconomic development submodule

This submodule simulates the interannual growth of the total
population, urban population, urbanization rate, total urban
gross domestic product (GDP), and secondary and tertiary
industrial GDP and assumes that the total population growth
rate is statistically related to the total population of the pre-
vious year or follows the Northam curve. The main equations
are

POP(¢+ 1) = POP(¢) - [1 +Rp0p(t)],
a Op-POP(t—1)2+
R, op(1) = byop - POP(1 = 1)+, ©)
oy (14 ey - € Po0),

UR(t) =a,/(1+b,, e”),
POP, (¢) = POP(¢) - UR(?),

where POP and POP, refer to the total population and urban
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population (104); R, and UR refer to the annual population
growth rate and urbanization rate, respectively; @, bp0p, and
Cpop Tefer to the parameters related to the annual population
growth rate; a,,, b,,, and c,, refer to the parameters associated
with the urbanization rate; ¢ refers to time (yr).

The GDP of the primary industry is assumed to be zero
because of no agricultural activities in urban areas. The GDP
growth of the secondary and tertiary industries assumes that
the growth rate is statistically related to the population
growth rate or follows the Northam curve. To estimate the
GDP growth in urban areas,

GDPy(t+1) = GDP,(7) - [1 + R gppy(?)],
GDP;4(¢+ 1) = GDPy(?) - [1 +RGDP3(’)]>
GDP(1) = GDP,(1) + GDPy(1),

R _ s Rpop(1)* by - Rpop(t) + 5 (10)
qorlt) = a,/ (1 +b,- CiCZ'RPOP(f))’

Rgpps(2) = a3 Roop(1)* + b5 Rpoplt) + 3,
GDP3 a3/(l +by- 6703.Rpop<z)),

where GDP, GDP,, and GDP; denote the total GDP in the
urban area and the secondary and tertiary industrial GDP
( 10° yuan), respectively; Rgpp, and Rgpp; denote the annual
growth rates of the secondary and tertiary industrial GDP,
respectively; as, bs;, and c; refer to the parameters associated
with the annual growth rate of the secondary industrial GDP;
as, by, and c; denote the parameters associated with the an-
nual growth rate of the tertiary industrial GDP; # means time

(yr).

3.5.2  Infrastructure construction submodule

This submodule mainly simulates interannual changes in the
investment of urban infrastructure development, drainage
network system length, impervious surface, green space area,
and so on. The model assumes a statistical relationship be-
tween the annual growth rate of the above indicators and the
annual GDP growth rate or the investment in infrastructure
construction. The investment equations are as follows:

Tinf(z + 1) = Tinf(¢) - [1 + Ry,((1)],

Riye(t) = e R@P(t)2+ bine * Rpp(?) + Cings

an

where Tinf refers to the urban infrastructure construction
investment (108 yuan); R, and Rgpp refer to the annual
growth rates of the infrastructure construction investment
and the total GDP, respectively; a;,s, binp, and c;, refer to the
parameters associated with the annual growth rate of infra-
structure construction investment; # means time (yr).

The urban drainage pipe network system consists of
stormwater, sewage, and combined pipes. To estimate their
lengths,
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Rpcpd(t) T pepd * Rinf(t)2+ bpcpd ’ Rinf(t) + Coepd>
chpd(t+ 1) = chpd(t) : [1 +Rpcpd(t)]:
Rwstd(t) T Aystd * Ieinf(t)2 + bwstd ’ Rinf(t) + Ciwstd> (12)

sttd(t+ l) = sttd(t) : [1 +Rwstd(t)]’
reg(t+1) = rey(t) - Lyepa(t+ 1)/ Ly (0),

where L4 and L, refer to the lengths of the stormwater
pipes or the combined pipes and the sewage pipes (km),
respectively; R,q and Ry refer to the annual growth rates
of the stormwater pipes or the combined pipes and the
sewage pipes, respectively; deod, Bpepas aNd Cpepq TeTET tO the
parameters associated with the annual growth rates of the
length of the stormwater pipes or the combined pipes; @y,
bs4> and cyq refer to parameters associated with the annual
growth rate of the sewer pipe length; ¢ refers to time (yr).

To estimate the urban impervious surfaces (e.g., roads and
construction areas) and green areas,

Rioad(t) = @rong * Rine(t)* + Droq * Ring(0) + Cronas
A (t+1) = A g (0) - [L+ R0 (D],

Regns(1) = @gong - Rigt()*+ B Ripfl1) + Ceons
Acons (1) = Aoy (1) - [1 + R (0]

Ryreen(t) = Qgreen * Riy(t)*+ Dyreen " Rint(?) T Coreens
Agreen 0+ 1) = Agreen (6) - [1+ Ry (1)},

where A,q,4, Acons> AN Agreen refer to road, construction land,
and green area (kmz), respectively; Rigads Reonss aNd Ryeen
refer to the annual growth rate of road, construction land, and
green area, respectively; @,oaq, Droad, aNd Croeq refer to the
parameters associated with the annual growth rate of the road
area; deons, Deonss ANd Coops Tefer to the parameters associated
with the annual growth rate of the construction land area;
Agreens Dyreens AN Cyreen TeTET to the parameters associated with
the annual growth rate of the green land area; ¢ refers to time

(yn).

(13)

3.5.3 Socioeconomic water cycle submodule

The water use quota and discharge coefficient method are
employed for estimating the interannual variability of the
socioeconomic water withdrawal and pollution emission in a
city. For estimating socioeconomic water withdrawals,

Wu(t) = W gppy(2) + Witpop, (1) + Wity (0),
Wt gppo(1) = RWeppo?) - GDPy(2),

Wit popy (1) = RWpop, (1) - POP, (1), (14)
Wu MW (t) = [R\Ngreen : Frgreen : Agreen (t)
+R\Vroad . Frroad : Aroad (t)]/ 100003

where Wu refers to the total water consumption (104 m3);
Wugppr, Wipopy, and Wiy denote the industrial, domestic,
and municipal water consumption, respectively (104 m3);



Xia J, et al.  Sci China Earth Sci

RWqpp, and RWpep, refer to the per 10* yuan of GDP water
consumption (104 m’ 10 yuanfl) and per capita compre-
hensive water consumption, respectively (m3 personfl);
RW yeen and RW,,q indicate the water quota for green space
and road, respectively (L mfz); Fryeen and Fr,y,q denote the
green space and road watering frequency (yrﬁl); t is time (yr).
In general, recycled water is employed as municipal water,
and the amount of socioeconomic water withdrawal is the
sum of the industrial and domestic water use, Wugpp,t
Witpop,.-

RWqpp, and RWpop, are assumed to have power function
relations with the secondary industrial GDP and total GDP,
respectively, and their relations are as follows:

RWspp(t) = @ ryycops - GDP(1) RV 0P,

,, (15)
RWpop, (1) = arwpop, - GDP(2)"RVPOrPY,

where agwapp, and brywepp, refer to the parameters associated
with the water consumption amount per 10* yuan GDP; a
rwpopu and brwpop, refer to the parameters associated with the
comprehensive water consumption amount per capita; ¢ re-
fers to time (yr). RWpyeens RWroads F7greens and Fryy,q are cal-
culated using the national water use standards, such as the
Standard for Comprehensive Water Consumption in Cities
(SL 367-2019) and Design Code of Outdoor Water Supply
(GB 50013-2018).

To estimate the socioeconomic wastewater and pollution
discharge,

Wd(t) = Wu gppy(1) - RD gpp
Wit pop, () - RD popy s

Ld(t, iy={Wd(t) - [1 = R\ ()] €ouy(t,1) (16)
+Wd(Y) - R, (1) - ¢, (2, i)}/ 100,

R (1) = ag, - Riy(1)* + by, - Ryy(1) + s

where Wd and Ld refer to the total urban drainage volume
(104 ms) and the total wastewater load (t), respectively;
RDgppy and RDpgp, refer to the industrial and domestic
wastewater discharge coefficients, respectively; R, refers to
the urban wastewater treatment ratio, which is assumed to be
causally related to Ry dgy» bew, and c, refer to the para-
meters related to the urban wastewater treatment ratio; i re-
fers to the pollutant type; ¢ refers to time (yr). Municipal
water is involved in the urban natural water cycle, so it is not
considered in this submodule.

3.6 Water system assessment and regulation module

3.6.1 Waterlogging simulation and regulation submodule
If the amount of water entering the drainage network system
exceeds its drainage capacity, urban waterlogging is formed
owing to the overflowing of the excess water from the
drainage system to the land surface. This overflow rate
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equals that of the drainage district 0, ,, in the waterlogging
simulation module and can be computed with eq. (5). In
addition, the inundation area and water depth are simulated
by solving the two-dimensional unsteady shallow water
equations using the finite volume method, which has the
same principle as that of the water regulation and transport
submodules, and the governing equations are still expressed
with eq. (7) but by replacing Y 0, outQos With O, ,,. The
waterlogging control primarily adopts the sponge-measure
regulation, drainage network system enhancement, terminal
regulation, and so on. Waterlogging prevention and control
are realized via the optimization of the land cover types and
their areas in the rainfall-runoff submodule, pipe diameters
and coverage ratio in the water and pollutant migration
submodule of the drainage network system, and water area
and depth in the water quantity and quality regulation and
migration submodules of the water body.

3.6.2 Black and odorous water assessment and treatment
submodule

The pollutant concentration (e.g., COD¢,, NH,-N, and TP)
output from the water quantity and quality regulation and
migration submodules of the water body are employed for
evaluating the black and odorous levels (mild, moderate, or
severe levels) in water. Moreover, 14 processes, including
ecological restoration (i.e., submerged plants, floating plants,
ecological floating islands, and emergent plants), active
water circulation (i.e., fixed-pipeline and mobile-boat oxy-
genation), and artificial enhancement (i.e., artificial water
plants and in-situ and bypass purification devices), are pro-
vided for treating the black and odorous water. Based on the
black and odorous level, the submodule can recommend
various process combinations, and their corresponding
treatment effects and costs can be estimated. Key process
parameters can also be optimized by the user, such as the
removal efficiency, economic cost, and response time.

3.6.3 Lake and reservoir ecological health assessment and
treatment submodule

The comprehensive nutrient status index is calculated using
the comprehensive nutrient status index method, considering
the water quality concentration, such as TN, TP, chlorophyll-
a, and CODy;, of the lakes and reservoirs, which are output
from the water quantity and quality regulation and migration
submodules of the water body. This strategy overcomes the
limitations of single-indicator assessment. The equations are

CTLI = f:w(j) - TLI(j),
o (17)
w(j) =r?/2r?,
s

where CTLI is the comprehensive nutrient status index; m is
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the number of selected water quality indicators; w(j) is the
weighting coefficient for the jth water quality indicator with
chlorophyll-a as a reference; 7; is the correlation coefficient
between the jth water quality indicator and chlorophyll-a
concentration; TLI(j) is the nutrient status index for the jth
water quality indicator. The equations can be found in Wang
et al. (2002). In general, if CTLI<30, it is oligotrophic; if
30<CTLI<50, it is mesotrophic; if SO<CTLI<60, it is mildly
eutrophic; if 60<CTLI<70, it is moderately eutrophic; if
CTLI>70, it is highly eutrophic. The submodule also pro-
vides a multilevel ecological restoration measure library for
source control, pathway dissipation, and terminal treatment
for ecological management of lakes and reservoirs, as well as
the effectiveness, economic cost, and applicability of these
measures. Based on the measure applicability, natural geo-
graphy, and eutrophication level of rivers and lakes, feasible
ecological restoration actions are recommended, and their
effectiveness and cost are determined.

3.6.4 Green development evaluation submodule
Establishing an index system to assess green development is
based on indicators presented in the Assessment Indicator
System and Implementation Program for the Construction of
a Beautiful China, the Opinions of the CPC Central Com-
mittee and the State Council on the Promotion of Ecological
Civilization, and the Green Development Indicators devel-
oped by the National Development and Reform Commission
(NDRC) and the input and output variables of the UWS 5.0
model. Eighteen relevant indicators are selected from five
dimensions. These dimensions are as follows: (1) resource
utilization: total water consumption (104 t), decrease rates of
water consumption per 10* yuan GDP (%) and per unit of
secondary industry GDP (%), and decrease rate of con-
struction area per unit of GDP (%); (2) environmental
quality: decrease rates of the total COD¢, and NH,-N
emissions (%), centralized sewage treatment rate (%),
number of black and odorous water bodies, and water quality
standard-reaching ratio of the water function zone (%); (3)
ecological protection: woodland coverage ratio (%), and
eutrophication level in lakes and reservoirs; (4) economic
growth: GDP per capita growth rate (%), per capita dis-
posable income (yuan), and the ratio of tertiary industrial
GDP to total GDP (%); (5) green life: decrease rate of do-
mestic water consumption (%), urban green coverage ratio
(%), waterlogging point numbers, and sewage network
length (km). To eliminate the uncertainty of a single method
for the evaluation results of green development, the model
adopts the entropy-based TOPSIS model, comprehensive
index method, comprehensive multiplier method, compre-
hensive weight method, and evaluation method proposed by
NDRC for evaluating the green development level, and the
median of the five evaluation results is considered the final
result of the green development evaluation.
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3.7 Module integration in the UWS 5.0 model

The UWS 5.0 model exhibits wide variability in the spatial and
temporal scales of its modules and simulates numerous vari-
ables, making the module integration extremely challenging.
The model uses the water cycle as the link and encapsulates all
modules into five major functional modules based on the
module function. Formatted text reading and writing are uti-
lized for facilitating data transfer between different modules,
thereby realizing module integration of the UWS 5.0 model.
Figure 3 illustrates the integration framework.

The main coupling approach is as follows: The discharge
(Qy) and water quality process (WL) entering into each node
of the drainage network system are calculated using the
rainfall-runoff and nonpoint source pollution load estimation
submodules, which are then loaded into the water and pol-
lutant transportation module of the drainage network system.
The in-pipe migration and surface overflow of water quantity
and quality variables (Q,, H,, C,, O, o, and C,,,) are simu-
lated with the water and pollutant migration submodule of
the drainage network system, and its outflow estimation
submodule is employed to calculate the water quantity and
quality processes (O, oy and C, ). The water quantity and
quality regulation and migration submodule of the water
body and the wastewater treatment and purification sub-
module are then driven to determine the water quantity and
quality processes that are loaded to the urban outer river
regulation module. Subsequently, the socioeconomic devel-
opment and its water cycle module estimate the wastewater
and pollution load (Wd and Ld), which are loaded into the
water and pollutant transportation module of the drainage
network system, water quantity and quality regulation and
migration submodule of the water body, and wastewater
treatment and purification submodule. The surface overflow
process (0O, ) acquired from the water and pollutant trans-
portation module of the drainage network system is em-
ployed to drive the waterlogging simulation and regulation
submodule. The pollutant concentration (C;) process in urban
water bodies acquired from the terminal regulation and
purification module is utilized to drive the black and odorous
water assessment and treatment as well as lake and reservoir
ecological health assessment and treatment submodules, re-
spectively. Based on this, the socioeconomic development
and its water cycle module, waterlogging simulation and
regulation submodule, black and odorous water assessment
and treatment submodule, and lake and reservoir ecological
health assessment and treatment submodule are employed
for calculating the green development indicators and driving
the green development evaluation submodule to achieve the
green development evaluation of the city. The main modules
of the UWS 5.0 model are programmed using Fortran, C, and
other languages, and the model parameters are customized
using the JSON data exchange format. At last, the sequential
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Figure 3 Module integ ration procedure of the UWS 5.0 model.

invocation of various modules and procedures is achieved
using the BAT batch files.

3.8 Performance evaluation and parameter calibration

The UWS 5.0 model can simulate many urban hydro-
dynamics, water quantity and quality, and socioeconomics
variables. For evaluation of the model performance, it is
recommended to use bias, correlation coefficient (r), and
NSE. The performance ratings are excellent, good, fair, and
poor as per literature (Santhi et al., 2001; Moriasi et al., 2007,
Ritter and Mufioz-Carpena, 2013; Zhang et al., 2016a) and
given in Table 2. Due to the different computational times of
the different modules, model calibration is conducted by
combining automatic optimization and manual calibration.
For instance, the hydrological, water quality, and socio-
economic parameters are calibrated by automatic optimiza-
tion, while manual calibration is performed on the
hydrodynamic parameters. The objective function is a
weighted function of bias, 7, and NSE (Zhang et al., 2022).

4. Application of a typical city in the Yangtze
River Economic Belt

4.1 Overview of Wuhan City

Wauhan is one of China’s 14 megacities, and its geographical

location and economic status play a crucial role in the
Yangtze River basin. With accelerating urbanization, water
issues such as urban flooding, water pollution, and ecologi-
cal degradation, become more prominent and directly limit
the green development of the city. Thus, this work examines
the causes of water issues in Wuhan City and its management
countermeasures from the perspective of the urban water
system.

4.2 Data collection and model setup

The basic data sources mainly include geographic informa-
tion, hydrometeorological, water quality monitoring, and
socioeconomic data. The geographic information data in-
clude the digital elevation model (DEM: 30 mx30 m) ac-
quired from the Resource and Environmental Science and
Data Center of the Institute of Geographic Sciences and
Natural Resources Research, Chinese Academy of Sciences
(https://www.resdc.cn/), land use data (2 mx2m) from
Gaofen-1 remote sensing image interpretation, attribute data
of the drainage network system (e.g., the pipe shape, pipe
diameter, burial depth, direction, location, and depth of
rainwater outlets), and water quality observations. The hy-
drometeorological data are the measured daily rainfall,
maximum and minimum temperature data during 2001-2020
at eight stations in Wuhan City and its surroundings from the
National Meteorological Data Network (http://data.cma.cn/),
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Table 2 Criteria for the UWS 5.0 model performance evaluation
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Performance rating

Indicator Statistic
Excellent Good Fair Poor

. 3 (0.05,0.20] or (0.20, 0.30] or (0.30, +00) or

bias [70.05, 0.03] [<0.20, —0.05) [0.30, —0.20) (~00, —0.30)

Hydrodynamics r [0.95, 1.00] [0.85, 0.95) [0.80, 0.85) (~c0, 0.80)
NSE [0.90, 1.00] [0.70, 0.90) [0.65, 0.70) (o0, 0.65)

. 3 (0.05, 0.20] or (0.20, 0.30] or (0.30, +00) or

bias [70.05, 0.03] [<0.20, —0.05) [0.30, —0.20) (~c0, —0.30)

Hydrology - [0.85, 1.00] [0.75, 0.85) [0.70, 0.75) (=00, 0.70)
NSE [0.75, 1.00] [0.60, 0.75) [0.50, 0.60) (00, 0.50)

. - (0.20, 0.40] or (0.40, 0.70] or (0.70,4+0) or

bias [70.20, 0.20] [-0.40, 0.20) [0.70, —0.40) (~co, —0.70)

Water quality r [0.80, 1.00] [0.70, 0.80) [0.65, 0.70) (~c0, 0.65)
NSE [0.65, 1.00] [0.50, 0.65) [0.40, 0.50) (00, 0.40)

. 3 (0.30, 0.50] or (0.50,0.75] or (0.75, +00) or

bias (030, 0.30] [-0.50, 0.30) [-0.75, ~0.50) (~o0, =0.75)

Socioeconomic - [0.80, 1.00] [0.65, 0.80) [0.55, 0.65) (=00, 0.55)
NSE [0.65, 1.00] [0.40, 0.65) [0.30, 0.40) (00, 0.30)

four measured rainfall events, and the associated outflow of
the drainage network system in the Yingwuzhou community.
The water quality monitoring data are sampling data col-
lected from 16 sites in two field surveys in 2019 and 2020,
including the TN and TP concentrations. The socioeconomic
data are the Statistical Bulletin of Wuhan National Economic
and Social Development 2001-2020 of the Wuhan Bureau of
Statistics (http:/tjj.wuhan.gov.cn/), which includes the total
population, urbanization rate, secondary and tertiary in-
dustrial GDP, infrastructure investment, green area, sewage
and drainage pipe length, the areas of roads and construction
land, sewage treatment rate, industrial and domestic water
consumption, water supply, water drainage, and so on. Based
on the DEM, spatial road and community distribution, and
drainage pipe and stream directions, the urban area of Wuhan
is divided into 438 hydrological response units with 1,492
minimum computation units and the drainage network sys-
tem is generalized into 642 pipes and 693 nodes, with a total
length of 794.1 km (Figure 4). The waterlogging simulation
and source regulation performance assessment take the
Qingshan District Sponge City Demonstration Zone, namely,
the PPP zone, as the study area, which is divided into about
224,000 grids with 5 mx5 m resolution. The lake hydro-
dynamics and water quality simulations take the water net-
work of the Greater Donghu Lake, consisting of the Donghu,
Yanxihu, Yandonghu, Shahu, and Beihu Lakes, as the study
area, which is divided into 2,970, 1,324, 3,103, 3,212, and
1,748 grids with 100 mx100 m, 100 m>x100 m, 50 mx50 m,
30 mx30 m, and 30 mx30 m, resolutions, respectively.

4.3 Model validation

The simulated hydrological, water quality, and socio-
economic development processes of the UWS 5.0 model for
Wuhan City are validated with limited collected observa-
tions, including rainfall-runoff submodule, nonpoint source
pollution load estimation submodule, water and pollutant
transportation module of the drainage network system, water
quantity and quality regulation and migration submodule of
the water body, and socioeconomic development submodule,
which basically cover the main modules of the UWS 5.0
model. Moreover, the reliability of the simulation results is
further improved by comparison with the literature on Wu-
han City.

Four measured runoff events in the Yingwuzhou commu-
nity on 2005-06-10, 2005-06-26, 2005-07-10, and 2005-08-
03 are employed for calibrating and validating rainfall-runoff
submodule parameters. The first three events are utilized for
calibration, while the last one is employed for validation
(Figure 5). The findings reveal that the bias in 75% of events
is within the fair limits (within +0.30), and correlation
coefficients and NSEs are in excellent (>0.85) and good
(>0.60) classes for all events, respectively. Zhang et al.
(2022) introduced in detail the calibration and validation
procedures. Moreover, the simulated runoff coefficients for
all hydrological response units are in the range of 0.51-0.61,
consistent with runoff coefficients of 0.49-0.85 reported in
the literature for Wuhan City (Liu, 2009; Chen, 2018).

For the nonpoint source pollution load estimation sub-
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module and water quantity and quality regulation and mi-
gration submodule of the water body, the measured pollutant
concentration data from 16 water bodies for 2019 and 2020

are employed for calibrating and validating the submodules
(Figure 6). In the calibration and validation periods, the
correlation coefficients of TN concentration are 0.96 and
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0.95, respectively, while bias values of 68.8% and 56.3% for
total water bodies are excellent (£0.20 or less) and those of
93.8% and 62.5% for total water bodies are good (+0.40 or
less), respectively; the correlation coefficients of TP con-
centration are 0.95 and 0.97, and bias values of 62.5% and
62.5% for total water bodies are excellent and those of 75.0%
and 81.3% for total water bodies are good, respectively.
Moreover, the export coefficients of nonpoint source TN and
TP at all hydrological response units are 1.8-1.9 tkm ~ yr '
and 0.15-0.19 tkm yr ', respectively (for comparison,
2.7tkm *yr ' and 0.15-0.30 tkm *yr ' estimated by Wu-
han Ecological Environmental Condition Bulletin 2020 and
Qin (2020), respectively); the TN export coefficient is about
30% lower, whereas the TP export coefficient is in good
agreement.

The statistical values of the 18 indicators related to so-
cioeconomic development, infrastructure development, and
social water cycle during 2001-2012 and 2013-2020 are
employed for calibration and validation of the socio-
economic development and its water cycle module (Figure
7). Bias, correlation coefficients, and NSEs of 100%, 83.3%,
and 69.4% of the indicators are in the excellent class (i.e.,
bias within +0.30, correlation coefficient >0.80, and NSE
>(0.65). The simulation performance of socioeconomic in-
dicators is the best among all indicators, all of which are in
the excellent class, especially urban population, tertiary
GDP, and total GDP, followed by the infrastructure devel-
opment and social water cycle indicators, particularly road
area, sewage length, water consumption per 10* yuan GDP,
and domestic water consumption. However, the simulation
performance of the industrial water consumption in the va-
lidation period is a little worse, mainly due to the large in-
terannual fluctuations in the industrial water consumption.

4.4 Urban water system assessment and regulation

Flooding in the PPP zone is simulated under the design

rainfall conditions for return periods of 10 and 50 yr with/
without the source LID control. The results present a rela-
tively high flood risk in the area with the current land surface
and drainage network system, where flood depths in some
areas reached or exceeded the threshold value for the high
flood risk area (>0.4 m); this is mainly because these areas
are low-lying or have large impervious surface areas. LID
measures, such as grass swales, recessed green spaces, and
permeable pavement, can reduce the maximum inundated
area by 32.6% and 22.5% under the design rainfall condi-
tions for the 10-year and 50-year return periods, respectively.
Therefore, the LID measures considerably mitigate urban
waterlogging by reducing surface impermeability and re-
taining rainwater. However, this performance gradually re-
duces with increasing rainfall return period. Zhou et al.
(2022) presented detailed information.

Based on the simulation and evaluation results of the black
and odorous levels in Wuhan in 2020 (Figure 8a), the area
with black and odorous water corresponds to 84.4 km’, ac-
counting for 13.3% of the total urban water area. The si-
mulation results are consistent with the measured assessment
results in 90.5% of the water bodies. No black and odorous
water is present along the Yangtze River and in the down-
town area, except for a small amount of black and odorous
water around the Wuhu Lake and Dongshan Street, which is
mainly due to the internal source release from sediment and
suburban nonpoint source pollution. The three treatment
process combinations (i.e., the ecological restoration, active
water circulation, and artificial enhancement) could be
mainly realized with the nitrogen and phosphorus removal
and dissolved oxygen increase through biochemical and
oxidation reactions, which then enhance the removal ratio of
the black and odorous water. The average removal ratios of
the three process types are approximately 45%, 42%, and
65%, respectively (Figure 8b—8d). Additionally, the costs of
all the processes range from 62 to 426 million yuan. Among
them, the average costs of ecological restoration, active
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water circulation, and artificially enhanced treatment are
271, 82, and 189 million yuan, respectively.

From the simulation and evaluation results of the eu-
trophication level in Donghu Lake in 2020, the water areas of
mild and moderate eutrophication levels are observed to
account for 91% and 5% of the total lake area, respectively
(Figure 9a), in good agreement with the evaluation results
from Wuhan City Water Resources Bulletin 2020. The pri-
mary causes of eutrophication are excessive inputs of pol-
lutant loads and internal release of nutrients from lake

Sci China Earth Sci
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sediments. The costs and performance of multilevel ecolo-
gical restoration measures in the library provided by the
UWS5.0 model are evaluated, and the results reveal that a
combination of source reduction (vegetated ditches), path-
way interception (riparian wetlands), and terminal treatment
(submerged plants, ecological floating islands, and emergent
plants) approaches could realize the most cost-effective
outcome (Figure 9¢c—9¢), and the cumulative reduction of the
eutrophication level in the comprehensive nutrient status
index is 37% (Figure 9b). The source reduction, pathway
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Figure 9 Spatial distribution of the eutrophication assessment and treatment measures in Donghu Lake in 2020.
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interception, and terminal treatment reduced pollutant loads
and comprehensive nutrient status index by decreasing the
nonpoint source accumulation-flushing intensity, pollution
load of the lake inflow, and internal nutrient release. The
reduction rates in the comprehensive nutrient status index for
the three measure types are 1%, 25%, and 15%, with cor-
responding costs of 0.2x10%, 10.5x10%, and 3.7x10° yuan,
respectively.

Based on the simulation and evaluation by the UWS 5.0
model, the green development index under the current con-
ditions in 2020 in Wuhan City is 0.56 (Figure 10), and the
contributions of the five dimensions, namely, resource uti-
lization, environmental quality, ecological protection, eco-
nomic growth, and green life, are 13.8%, 31.5%, 3.2%,
27.7%, and 23.8%, respectively. The ecological protection
dimension is the main constraint to green development. With
the implementation of the abovementioned improved mea-
sures of waterlogging, black and odorous water bodies, and
lake eutrophication, the green development index increases
remarkably to 0.67, with an increase of 21%. The contribu-
tions of the five dimensions are 11.1%, 32.2%, 15.4%,
22.2%, and 19.1%, respectively, with the ecological protec-
tion dimension index improving the most remarkably.

5. Conclusions

In this paper, the concept, theoretical foundations, key
technologies, and theoretical development of the urban water
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system are described. The UWS 5.0 model is developed
using the TVGM_Urban rainfall-runoff model as the core
and integrating the natural-social water cycle and its asso-
ciated water environmental, water ecological, and human
processes with the effect of multiscale sponge measures. The
model is validated in Wuhan City in the Yangtze River
Economic Belt. The following conclusions can be drawn
from this study.

(1) A complete urban water system should consider the
city and its associated rivers, lakes, and wetlands as the re-
search object and explore the integration mechanisms of the
“rainfall-evapotranspiration-storage-runoff” natural water
cycle, “supply-use-consumption-discharge” artificial water
cycle, and river regulation inside and outside the city, as well
as regulation mechanism of socioeconomic development and
sponge measures on water quantity-quality-ecological pro-
cesses. Its theoretical basis includes the urban water cycle
theory, biogeochemical cycle theory, water ecosystem health
theory, urban economic theory, and sustainable development
theory.

(2) The UWS 5.0 model achieved five main simulation
functions, including rainfall-runoff-nonpoint source pollu-
tant load, water and pollutant transportations through the
drainage network system, terminal regulation and purifica-
tion, socioeconomic water cycle, and water system assess-
ment and regulation. The model performs well for
simulations of the rainfall-runoff process, pollutant con-
centration in the water body, and characteristic indicators of
the socioeconomic development in Wuhan City. When the
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measured and simulated processes are compared, the corre-
lation coefficients and NSEs of all the rainfall-runoff events
are found to be in excellent and good classes, respectively.
The bias values of the simulated TN and TP concentrations
are in good class in the case of 78.1% of the 16 investigated
water bodies, and their corresponding correlation coeffi-
cients are 0.96 and 0.92, respectively. The simulation of 18
socioeconomic indicators provide excellent bias, correlation
coefficient, and NSE values of 100%, 83.3%, and 69.4% to
total indicators, respectively.

(3) According to the simulation and evaluation of water-
logging points, black and odorous level of water bodies, lake
eutrophication level, and green development level and their
spatial distributions in Wuhan City, the sponge, artificial
enhancement, and source reduction-path interception-term-
inal treatment pathway measures are proposed to mitigate
waterlogging, black and odorous water bodies, and lake
eutrophication, respectively. The maximum inundated area
for a once-in-10-years rainfall event is reduced by 32.6%, the
removal rate of the black and odorous water bodies is 65%,
and the comprehensive trophic state index of the water
bodies is reduced by 37%. As a consequence, the green de-
velopment level in Wuhan City in 2020 increased from 0.56
to 0.67, which is the most significant increase with respect to
the ecological protection dimension.

This study primarily investigates the theory and modeling
of urban water systems, which, to some extent, advance the
integration of various disciplines associated with cities and
water. Future work should be done to further improve the
conceptual and theoretical-technical system of urban water
systems, optimize the model structure and extend the model
functions, strengthen the observation of water system-related
processes and collection of basic information to support
validation of model simulation performance, and improve
the effectiveness of the UWS 5.0 model to solve complex
urban water issues.
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