
Citation: Yang, J.; Xu, C.; Ni, X.;

Zhang, X. Study on Urban

Rainfall–Runoff Model under the

Background of Inter-Basin Water

Transfer. Water 2022, 14, 2660.

https://doi.org/10.3390/w14172660

Academic Editor: Yurui Fan

Received: 5 July 2022

Accepted: 25 August 2022

Published: 28 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Study on Urban Rainfall–Runoff Model under the Background
of Inter-Basin Water Transfer
Jiashuai Yang 1, Chaowei Xu 1,* , Xinran Ni 2 and Xuantong Zhang 3

1 College of Urban and Environmental Sciences, Peking University, No. 5 Yiheyuan Road, Haidian District,
Beijing 100871, China

2 School of Architecture, Tsinghua University, No. 30 Shuangqing Road, Haidian District, Beijing 100084, China
3 China Academy of Building Research, Beijing 100013, China
* Correspondence: xucw@pku.edu.cn

Abstract: The imbalance of water supply and demand forces many cities to transfer water across
basins, which changes the original “rainfall–runoff” relationship in urban basins. Long-term hydro-
logical simulation of urban basins requires a tool that comprehensively considers the relationship
of “rainfall–runoff” and the background of inter-basin water transfer. This paper combines the
rainfall–runoff model, the GR3 model, with the background of inter-basin water transfer to simulate
the hydrological process of Huangtaiqiao basin (321 km2) in Jinan city, Shandong Province, China
for 18 consecutive years with a 1 h time step. Twenty-one flood simulation results of different scales
over 18 years were selected for statistical analysis. By comparing the simulation results of the GR3
model and the measured process, the results were verified by multiple evaluation indicators (the
Nash–Sutcliffe efficiency coefficient, water relative error, the relative error of flood peak flow, and
difference of peak arrival time) at different time scales. It was found that the simulation results of the
GR3 model after inter-basin water transfer were considered to be in good agreement with the mea-
sured data. This study proves the long-term impact of inter-basin water transfer on rainfall–runoff
processes in an urban basin, and the GR3-ibwt model can better simulate the hydrological processes
of urban basins, providing a new perspective and method.

Keywords: basin water balance; GR3 model; hydrological model; long-term series; single flood
process; urban hydrology simulation

1. Introduction

The distribution of global water resources is not balanced, and the demand for water
in many regions far exceeds the amount of available water resources, leading to a break in
the balance between the supply and demand of water resources [1–4]. This phenomenon is
particularly obvious in China, where the uneven distribution of water resources in time and
space makes the problem of water shortage in China’s regions increasingly serious [5–7].
Especially in urban areas, due to a large amount of industrial water, domestic water and
other “urban water”, the amount of available water resources, which is not rich, becomes
more scarce [8–10], forcing cities to exploit groundwater in large quantities [11–14], causing
many problems [15–17]. In view of the above problems, inter-basin water transfer is an
effective and direct method to solve the problems [18–20] and has been widely used in
water-shortage areas around the world [21–25]. The South-to-North Water Diversion Project
is a strategic project in China. Since it was fully completed in 2014, southern water has
become the main source of water for more than 140 million people in more than 40 large
and medium-sized cities such as Beijing and Tianjin [22–25].

As areas with a highly concentrated population, cities alleviate many problems, such
as water resource shortages, through inter-basin water transfer projects on the one hand,
while on the other hand, they are inevitably affected by other impacts brought by inter-
basin water transfer [26], mainly manifested as changes in water quality [27] and river
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hydrological factors [26,28–31]. However, changes in hydrological elements such as river
runoff and river water levels are related to urban flood control and drainage [32]. Urban
floods occur frequently around the world and are highly harmful and destructive, affecting
urban economic development and seriously threatening the life and property safety of
urban residents [25,33,34]. Therefore, urban flood simulation has always been a research
hotspot [35,36]. In the current context of inter-basin water transfer, many river basins are
connected in series, and it has become a common phenomenon for cities to implement
inter-basin water transfer [22]. Therefore, the impact of inter-basin water transfer on urban
flood simulation has also become common. Essenfelder studied the flow contribution
of inter-basin water transfer by incorporating machine learning techniques into basin
hydrological models [23]. Woo et al. used a SWAT model to study the impact of inter-basin
water transfer on water quality in the basin [24]. Bui et al. also used a SWAT model to study
the impact of inter-basin water transfer on Lake Urmia in Iran and provided data support
for the management of inter-basin water transfer [25]. However, few studies consider both
the hydrological model and inter-basin water transfer, and only a few experts and scholars
consider inter-basin water transfer using other tools. Safavi et al. used an artificial neural
network (ANN) and a fuzzy inference system (FIS) to establish a model to simulate the
river runoff of inter-basin water transfer cities [32]. Wang et al. used the MIKE series of
hydrodynamic models to analyze the impact of inter-basin water transfer on flood control
in water-receiving areas [33]. However, the water balance of urban basins is changed by
inter-basin water transfer. The increased water volume of outer basins in urban basins
means the water balance is no longer the same as in the relationship between rainfall,
infiltration, evaporation, interception, and runoff in natural basins [37,38]. Although the
rainfall–runoff model is an important tool for basin hydrological simulation [39,40], it is
rarely used to study urban flood problems under the background of inter-basin water
transfer, because inter-basin water transfer causes runoff and runoff in urban basins to no
longer mirror the “rainfall–runoff” relationship in natural basins. As long as the problem
of water balance in the basin is dealt with, the rainfall–runoff model is still the preferred
choice for the hydrological simulation of a basin [41,42].

In this paper, the GR3 model, which has been proven to have good applicability in the
Yangtze River basin, Yellow River basin, Heilongjiang River basin, Huaihe River basin, and
other basins in China [43,44], is selected as the rainfall–runoff model for research. Xu et al.
concluded that the simulation accuracy of the GR3 model and the Xinanjiang model, used
in seven representative basins in China, is at the same level [44], while the Xinanjiang model
has been widely used in China for decades [45–47]. At the same time, the distributed model
requires a great deal of data and is very complex, but the simulation at the watershed outlet
is not always better than the lumped (conceptual) model. Therefore, we chose the lumped
(conceptual) GR3 model, which has fewer parameters, simple calibration, and can reduce
the uncertainty of model parameters [48–51]. In order to study the impact of inter-basin
water transfer on urban hydrological simulation, this paper chooses two scales, a long-time
series and a single flood, to conduct hydrological simulation considering inter-basin water
transfer and not considering inter-basin water transfer. This paper focuses on how to
integrate the inter-basin water transfer into the GR3 model, using the GR3 model and the
GR3 model combined with the inter-basin water transfer (hereinafter referred to as GR3-
ibwt) to carry out multi-year (18 years) continuous hydrological simulations. Twenty-one
flood simulation results of different scales over 18 years were selected for statistical analysis.
Comparing the performance of the GR3 model and the GR3-ibwt model, we verified the
simulation results on two scales of long-term series and single-flood processes, forming a
new processing method. Section 2 outlines the materials and methods, Section 3 presents
the results, Section 4 discusses these results, and Section 5 provides conclusions.
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2. Materials and Methods
2.1. Study Area and Data Sources

In this study, the basin controlled by the Huangtaiqiao Hydrological Station in Jinan
City (hereinafter referred to as the Huangtaiqiao basin) was selected as the study area.
Jinan is also known as “Spring City”. There are many rivers and springs in the city,
including The Yellow River, Xiaoqing River, Baotu Spring, Heihu Spring, and Pearl Spring,
etc. [52], which are rich in water resources. Even so, Jinan still suffers from a severe
water shortage. The average annual total water resources are 1.16 billion m3, and the
per capita water resources are 210 m3, which is only 10% of China’s national standard
and far lower than the global average of 1000 m3 [53,54]. The difference between the
supply and demand of the available water resources is approximately 30% [54], which is
a typical water-deficient city in northern China. The phenomenon of overexploitation of
groundwater is serious, and the obstruction of spring water occurs from time to time [55].
Therefore, Jinan introduces approximately 600 million m3 of Yellow River water every year
to supplement the water resource gap [56]. Since the completion of the eastern route of the
South-to-North Water Diversion Project in 2013, Jinan has had to divert a large amount
of water from the Yangtze River every year to supplement its water source [55]. A large
number of water diversions from other basins have fully guaranteed the available water
resources in Jinan, and groundwater exploitation has been effectively replaced [55,56].
However, the original water balance in the Huangtaiqiao basin was broken, and the runoff
process of the Huangtaiqiao Hydrological Station was no longer a simple “rainfall–runoff”
relationship. At the same time, Jinan is a city with frequent urban floods [57]. Due to
the mountains in the south and the Yellow River in the north, the terrain is high in the
south and low in the north, and the urban section of the Yellow River is an “above-ground
river”. In addition, the annual precipitation is highly concentrated from June to September,
which accounts for 70–80% of the annual precipitation. These factors cause frequent urban
floods in Jinan [58]. On 18 July 2007, the “18 July” rainstorm in Jinan urban area had a
maximum rainfall of 151 mm in one hour, which was the historical maximum since the
meteorological records began in Jinan. The flood caused more than 30 deaths, more than
170 injuries, and direct economic losses of approximately 1.32 billion. RMB [59,60]. Jinan
is not only a city with frequent floods [58], but also utilizes a large number of inter-basin
water transfers [55,56]. Therefore, the Huangtaiqiao basin was selected as the study area to
study the urban rainfall–runoff model under the background of inter-basin water transfer.

Jinan is located at the southeastern edge of North China Plain, with Mount Tai in
the south and the Yellow River in the north. The terrain is high in the south and low in
the north. The climate type is a temperate continental monsoon climate, and the annual
average precipitation is 580–750 mm, accounting for 75% of the annual precipitation in
the flood season [61]. Although the Yellow River passes through the northern part of the
urban area of Jinan, Jinan does not belong to the Yellow River Basin but to the Xiaoqing
River Basin, because the Jinan section of the Yellow River is an “overground river”, and
the flood control dam is more than 20 m above the urban area [62]. Huangtaiqiao River
basin is located in the main urban area of Jinan city, covering an area of 321 km2. Xiaoqing
River is the only river flowing out of the basin and the final drainage channel of Jinan
city. It originates from the northwest of Jinan city and eventually flows into the Bohai
Sea. Huangtaiqiao Hydrology Station is the general control station of the Jinan urban area,
located in the lower reaches of the Jinan urban section of Xiaoqing River, and the runoff
of the urban river ultimately flows out through the Huangtaiqiao Hydrology Station [62].
Details of the study area are shown in Figure 1.
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Figure 1. Map of the Huangtaiqiao basin.

Data used in this study include rainfall, evaporation, runoff, DEM, land use, and inter-
basin water transfer. Hydrological data (rainfall, evaporation, and runoff) were obtained
from The Hydrological Bureau of Jinan City, including hourly precipitation data from
37 rainfall stations in the study area for 2000–2017, daily evaporation data from the study
area for 2000–2017, and hourly runoff data from the Huangtaiqiao hydrological station for
2000–2017. FABDEM, from the University of Bristol (https://data.bris.ac.uk/data/dataset/
accessed on 12 May 2022), is the world’s first elevation model dataset that simultaneously
removes trees and buildings [63]. The dataset is between 60◦ S and 80◦ N, and the resolution
is 30 m. The land use data were obtained from 2015 Landsat remote sensing image data
of Jinan city from China Geospatial Data Cloud (https://www.gscloud.cn/ accessed on 7
December 2021), with a resolution of 30 m. The data for the inter-basin water transfer are
from the Hydrology Bureau of Jinan City, including data on the annual inter-basin water
transfer amount and usage of inter-basin water transfer in Huangtaiqiao Basin from 2008 to
2017. The distribution of rainfall stations, hydrologic stations, and DEM in the study area
is shown in Figure 1, and the land use distribution is shown in Figure 2. For the data on
inter-basin water transfer, please refer to Supplementary material Table S1.
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2.2. GR3

GR3 is a lumped conceptual rainfall–runoff model with three parameters. It is based on
the storage, infiltration, migration, and evaporation of water in the soil, and uses empirical
or semi-empirical mathematical expressions to describe the formation process of watershed
runoff. The model is designed around the runoff generation tank and the runoff routing
tank. The runoff generation tank reveals the storage process of soil water. The effective
rainfall after deducting evaporation is calculated through the unit line of the slope after
satisfying the soil water storage capacity. Part of it becomes direct runoff, and the other
part enters the runoff routing tank, which is superimposed with the direct runoff after
calculation. Then the outflow process is formed. The whole model is designed with three
calculation units: Rainfall and evaporation calculation, runoff generation calculation, and
runoff routing calculation, as shown in Figure 3.
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Figure 3. The framework of GR3 model.

The GR3 model contains three parameters to be optimized, namely A, B, and C (see
Table 1 for details), which represent the maximum water depth of the runoff generation tank,
the maximum water depth of the runoff routing tank, and the number of unit line periods,
respectively. Automatic calibration can be achieved in the model. The 80% confidence
interval in Table 1 is the statistical results obtained from large sample experiments in the
United States, France, Australia, Ivory Coast, Brazil, and other places [64,65]. In addition,
the GR3 model also includes six fixed parameters. These values are fixed after a large
sample test [64,65].
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Table 1. GR3 model parameters needed to be calibrated.

Parameters Units Physical Meaning 80% Confidence
Interval

A mm Maximum water depth of the
runoff generation tank (100, 1500)

B mm Maximum water depth of the
runoff routing tank (20, 600)

C
The length of time
period in model

calculation

The number of unit line
periods (1.1, 2.9)

2.3. Processing of Inter-Basin Water Transfer and Integration into GR3 Model

Due to data limitations, data from 2008 to 2017 were used in this study. According to
the Hydrology Bureau of Jinan city, in 2000, Jinan city began to make extensive use of water
transferred across the basin. Due to the lack of complete data [66] for the annual inter-basin
water transfer volume from 2000 to 2007, we chose to use the minimum inter-basin water
transfer data from 2008 to 2017. At the same time, we learned from the Hydrology Bureau
of Jinan that all the water transferred across the basin is used for urban water in Jinan, and
the daily water transferred in each water transfer cycle (every year) is average, and the
water transferred is used for domestic water, industrial water, irrigation water, and river
water replenishment. According to the data on inter-basin water transfer provided by The
Hydrological Bureau of Jinan city (see Table 2 for details), domestic water takes up the
largest proportion in these water transfer directions, and the average proportion of multi-
year (water transfer cycle) reaches 37%, that is, 37% of the water transferred across basin
every year (water transfer cycle) is transported to every household for urban residents. The
multi-year average proportions of other water transfer destinations are 13% for irrigation,
21% for industrial use, and 29% for river replenishment.

Table 2. The average proportion of multi-year use of inter-basin water transfer.

Use of Inter-Basin
Water Transfer

Domestic
Water

Irrigation
Water

Industrial
Water

Channel Filling
Water

Multiyear average
(%) 37 13 21 29

In addition to irrigation water being directly used for agricultural irrigation and water
replenishment directly into rivers, domestic water and industrial water are transported to
households and factories through water distribution networks. Some of the water enters
the river from the sewer, and some of the water is treated by the sewage treatment plant and
then enters the river. As a result, in a short time scale (1 h), there is a certain lag between
the introduction of inter-basin water transfer and the use of inter-basin water transfer.
According to the Jinan Statistical Yearbook, the Jinan Water Resources Bulletin, and related
studies [67–69], the average daily water consumption in the study area tends to be stable
for many years. Therefore, in the long time scale used here (18 years), the lag between
the introduction of inter-basin water transfer and the use of inter-basin water transfer has
little impact on the study and is therefore ignored in this study. Some of the urban water
is reused through recycling [70,71]. According to the Jinan Water Resources Bulletin, the
average comprehensive water consumption rate in the study area for years is 70%, that is,
30% of the water has been reused. This study did not integrate this part of the reused water
into the rainfall and runoff model. Since more specific industry water consumption rates
were not found, the study no longer distinguished between them. Land use distribution
can roughly reflect the destination distribution of inter-basin water transfer [67–69,72]. It
can be seen from Figures 1 and 2 that construction land, cultivated land, and river channels
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are widely distributed in the study area, so this study does not show special treatment for
the destination distribution of inter-basin water transfer.

2.3.1. Downscaling of Inter-Basin Water Transfer

The section above points out that the daily water transfer volume is the average in the
inter-basin water transfer cycle (every year). In order to unify the time scale of inter-basin
water transfer data and hydrological data (precipitation, evaporation, and runoff), the
annual water transfer volume is converted into an hourly water transfer volume through
the following formula:

In common year, Wh =
Wy

8760
(1)

In leap year, Wh =
Wy

8784
(2)

In the formula, Wh is the hourly inter-basin water transfer volume (m3) and Wy is
the annual inter-basin water transfer volume (m3). Considering that the inter-basin water
transfer volume should be integrated into the GR3 model and combined with the multi-year
average comprehensive water consumption rate in the basin, the hourly inter-basin water
transfer volume (m3) was converted into the hourly inter-basin water transfer depth (mm)
by the following formula:

QT =
Wh
Ab

× rmawc × 10−3 (3)

In the formula, QT is the hourly inter-basin water transfer depth (mm), rmawc is the
multi-year average comprehensive water consumption rate (%), and Ab is the basin area
(km2). We allocate QT according to the proportion of water transfer purposes to obtain the
hourly inter-basin water transfer depth for different purposes.

2.3.2. Integrating Inter-Basin Water Transfer into GR3

The hourly inter-basin water transfer depth for different purposes is calculated in
Section 2.3.1. To integrate the inter-basin water transfer into the GR3 model, in addition to
the data scale problem already solved in Section 2.3.1, two aspects should be considered,
namely, the GR3 model structure and the use characteristics of water transfer for different
purposes. From Section 2.2, it can be seen that the GR3 model includes three units: Rainfall
and evaporation calculation, runoff generation calculation, and runoff routing calculation.
While the inter-basin water transfer is integrated into the model, it is also necessary to
analyze the use characteristics of water transfer for different purposes. As mentioned above,
domestic water and industrial water are transported to each water-using unit through
the water pipe network. After using the water, the water-using unit discharges it into
the sewer, and then enters the river for routing. Therefore, the domestic and industrial
water is integrated into the river routing part of the GR3 model and participate in the
model calculation together with the amount of runoff generation (Pr). Irrigation water is
transported to farmland for irrigation through the water pipe network. During irrigation,
irrigation water will undergo evaporation and infiltration, followed by runoff generation
and routing. These processes are similar to the “rain–runoff” process in the natural state.
Therefore, irrigation water is integrated into the rainfall and evaporation part of the GR3
model and participates in the model calculation together with the precipitation (P). The
river water replenishment directly flows into the river through the water pipe network,
and then converges to the outlet of the basin through the river network. Therefore, the
river water replenishment is integrated into the runoff routing part of the GR3 model and
participates in the model calculation together with the amount of runoff generation (Pr).
The specific process is shown in Figure 4.
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2.4. Model Setup and Data Processing

Continuous hydrological simulations for 18 years (2000–2017) were performed using
the GR3 model and the GR3-ibwt model, respectively, with a time resolution of 1 h. Param-
eter calibration was performed using the minimum square error function (MSE). From the
input side of the model, the time resolution of rainfall and runoff data in the hydrological
data meets the simulation requirements; the evaporation data are daily evaporation, which
needs to be processed to ensure the time resolution meets the simulation requirements.
Evaporation changes more gradually over time than rainfall, so linear interpolation is
performed on the daily evaporation data to meet the simulation requirements. From the
perspective of the watershed distribution, the evaporation data obtained are the average
data of the research area, so the evaporation data distribution is not processed; rainfall data
come from all rainfall stations (including the Huangtaiqiao hydrological station). There are
a large number (37) of rainfall stations in the study area, with uniform distribution, and the
area of the study area is small (321 km2). Therefore, the average value of measured data
from all rainfall stations is calculated as the input data of the model. The data processing of
inter-basin water transfer is detailed in Section 2.3 and will not be repeated here.

In this study, the hydrological simulation data volume is large, the time series is
long (18 years), and the time resolution is high (1 h). Compared with the daily-scale
(1d) simulation, more flood information can be captured. The period of 2000–2003 was
used as the model warm-up period, 2004–2010 was the model calibration period, and
2011–2017 was the model validation period. According to the observed flood peak flow,
the floods in the study area are divided into three levels: Big floods (peak flow > 130 m3/s),
medium floods (80 m3/s < peak flow < 130 m3/s), and small floods (peak flow < 80 m3/s).
The simulation results of 21 floods of different sizes in the long-term series simulation
results were selected for statistical analysis for the single-flood process test. The selected
single-flood process is shown in Table 3.

Table 3. The 21 typical flood processes (FPs).

Flood Process Rainfall Depth (mm) Peak Flow (m3/s)
The Size of the

Flood

20050817 37.63 33.60

Small

20070815 77.83 47.75
20040511 43.84 48.30
20080813 31.63 51.60
20160712 39.82 53.00
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Table 3. Cont.

Flood Process Rainfall Depth (mm) Peak Flow (m3/s)
The Size of the

Flood

20110818 82.23 54.90
20160806 54.99 74.60
20160720 76.11 82.96

Medium

20090817 70.02 84.70
20060804 71.00 92.50
20080718 117.08 110.00
20170706 42.00 111.00
20160801 62.95 116.17
20040717 124.34 124.69
20150730 76.30 133.62

Big

20140619 119.28 144.00
20100819 248.83 161.00
20130723 88.40 168.50
20160816 96.79 169.00
20070718 126.39 202.00
20120708 179.33 209.67

2.5. Model Evaluation Methods

In this paper, the performance of the model is evaluated on two scales, a long time
series (18 years) and a single-flood process. The Nash–Sutcliffe efficiency coefficient (NSE)
and the water relative error (RE) are selected as the long-term simulation evaluation
indicators [73,74]; the Nash–Sutcliffe efficiency coefficient (NSE), the relative error of water
volume (RE), the relative error of flood peak flow (PE), and difference in peak arrival time
(DPAT) were selected as evaluation indicators for single-flood process simulation [75]. The
calculation formula of each index is as follows:

NSE = 1 − ∑(Qo − Qs)
2

∑
(
Qo − Qo

)2 (4)

RE =
∑(Qs − Qo)

∑ Qo
(5)

PE =
max(Qs)− max(Qo)

max(Qo)
(6)

DPAT = Tmax(Qs) − Tmax(Qo) (7)

In the formula , Qs is the simulated discharge (m3/s), Qo is the observed discharge
(m3/s), Qo is the averaged observed discharge (m3/s), max(Qs) is the simulated peak
discharge (m3/s), max(Qo) is the observed peak discharge (m3/s), Tmax(Qs) is the arrival
time of the simulated peak discharge (h), and Tmax(Qo) is the arrival time of the observed
peak discharge (h).

The resulting range of the Nash–Sutcliffe efficiency coefficient (NSE) is (−∞, 1),
whereby the closer it is to 1, the better the model simulation effect is. Generally, the model
simulation effect is acceptable if it is above 0.5. The closer the relative error of water flow
(RE) and flood peak flow (PE) are to 0, the better the simulation effect of the model will
be. Generally, a range of (−0.2, 0.2) indicates that the simulation effect of the model is
acceptable [73–75].

3. Results
3.1. Long-Time Series Simulation Results

In this study, continuous hydrological simulations for 18 years (2000–2017) were per-
formed using the GR3 model and the GR3-ibwt model, respectively, with a time resolution
of 1 h. Among them, 2000–2003 is the model warm-up period, 2004–2010 is the model
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calibration period, and 2011–2017 is the model validation period. Excluding the warm-up
period, the simulated runoff and the observed runoff at the outlet of the basin during the
model calibration period and validation period are shown in Figure 5. It can be seen from
the figure that compared with the observation process, the simulation results of the GR3
model are poor, and most of the simulated flood peaks are far away from the measured
peaks. The simulated runoff in the drought period is close to 0, and the observed runoff is
generally higher than the simulated runoff. The reason for this phenomenon is that the GR3
model is a rainfall–runoff model. Without considering the inter-basin water transfer, the
model runoff is mainly related to the rainfall and evaporation of the basin [64,65]. When
there is no rainfall, the runoff will not be generated. Due to the existence of inter-basin
water transfer, the runoff can be observed at the outlet of the basin when no rainfall occurs.
At the same time, long-term inter-basin water transfer has an impact on the nature of the
underlying surface of the basin to a certain extent [76], which is mainly reflected in the
change in soil moisture [45,77,78], which will affect the performance of the GR3 model
and increase the error in runoff generation calculations. Compared with a single flood,
the impact of cross-basin water transfer on the long-term series simulation is magnified.
Therefore, this paper chooses to use long-term hydrological data for the simulation and
selects the single-flood simulation results for statistical analysis. The purpose of this is to
consider the long-term impact of inter-basin water transfer on the one hand, and on the
other hand, the long-term series simulation will reduce the pseudo precision caused by
direct single-flood simulation.
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Compared with GR3, the simulated process of the GR3-ibwt model is closer to the
observed process. From the flood peak simulation results, the GR3-ibwt model can simulate
the flood peak flow well in most flood peaks, and only a few flood peaks have large
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simulation errors, which is greatly improved compared with the GR3 model simulation
results. From the simulation results of the dry season, the simulation process of the
GR3-ibwt model is almost identical to the observation process, which is a qualitative
improvement compared with the simulation results of the GR3 model. It can be seen that
when the inter-basin water transfer is considered, the study area achieved a water balance,
and the urban basin with a high concentration of population is equivalent to a natural
basin without human interference to a certain extent, and the simulation results of the
rainfall–runoff model are generally better.

In order to further evaluate the performance of the model, the Nash–Sutcliffe efficiency
coefficient (NSE) and the water relative error (RE) in the calibration and verification periods
of the two hydrological simulations were calculated. The results are shown in Table 4, and
the model parameters are shown in Table S2 of Supplementary Materials.

Table 4. The statistical analysis of the measured and simulated discharge in long time series.

Model
2004–2010 (Calibration) 2011–2017 (Validation)

NSE RE NSE RE

GR3 −0.98 −0.86 −1.67 −0.90
GR3-ibwt 0.77 −0.06 0.70 −0.04

It can be seen that the Nash-Sutcliffe efficiency coefficient (NSE) of the GR3 model is
far less than 0 in both the calibration period and the verification period, which is far from
the lower limit of acceptability of 0.5, indicating that the simulation results are not credible.
The relative error (RE) of water volume is below −0.85, which means that the simulated
runoff is much smaller than the observed runoff, which is consistent with Figure 4. The
Nash-Sutcliffe efficiency coefficients (NSE) of the GR3-ibwt model were 0.77 and 0.70 in the
calibration period and validation period, respectively, and the model performance reached a
good level [73–75]. Compared with the GR3 model, the Nash–Sutcliffe efficiency coefficients
(NSE) increased by 178% and 142%, respectively. The water relative errors (RE) in the
calibration period and validation period were −0.06 and −0.04, respectively, indicating
that the simulated water volume of the GR3-ibwt model essentially reached a water balance
with the actual observed water volume, and the water relative errors (RE) decreased by
94% and 96% compared with the GR3 model, respectively. Overall, the Nash–Sutcliffe
efficiency coefficient (NSE) results of the GR3-ibwt model in the long-term series simulation
essentially reached a good level, and the water balance was above 94%. Compared with
the GR3 model, the results of the two indicators were significantly improved. From the
perspective of a long time series, the hydrological simulation using the rainfall–runoff
model without considering inter-basin water transfer is not in line with the actual situation,
and the simulation results are greatly different from the measured process. Integrating
the inter-basin water transfer into the rainfall–runoff model for hydrological simulation is
closer to the actual situation, and the simulation results are relatively satisfactory.

3.2. Single Flood Simulation Results

In order to reduce the pseudo precision brought by the direct simulation of a single
flood, 21 flood simulation results of different scales in the long-term series (see Table 3 for
details) were selected for statistical analysis. According to the observed flood peak flow,
the flood in the study area is divided into three levels: Big floods (peak flow > 130 m3/s),
medium floods (80 m3/s < peak flow < 130 m3/s), and small floods (peak flow < 80 m3/s).
Figures 6–8 show the simulated runoff of big, medium, and small floods and the observed
runoff at the basin outlet, respectively.
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It can be seen from Figure 6 that the GR3 model has a general performance in the
simulation of big floods, with good performance only in 20100819, 20130723, and 20160816,
and poor performance in the other four floods. The GR3-ibwt model has a good overall
performance in the simulation of big floods, which is slightly better than the GR3 model in
20100819, 20130723, and 20160816. The performance of the other four floods is significantly
improved compared with the GR3 model.
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As can be seen from Figure 7, the GR3 model has poor overall performance in the
simulation of medium floods, with good performance only in the flood of 20060804 and
poor performance in the other six floods. The GR3-ibwt model has a general performance
in the simulation of medium floods, with good performance in 20090817, 20060804, and
20080718, while the other floods have a general performance, which is greatly improved
compared with the GR3 model.

As can be seen from Figure 8, the GR3 model has poor overall performance in the
simulation of small floods, and the performance of each flood is not satisfactory. The
GR3-ibwt model has a general overall performance in the simulation of small floods, with
good performance in the three floods of 20050817, 20070815, and 20110818. Although
the performance of other floods is average, it is greatly improved compared with the
GR3 model.

To summarize, the GR3 model and the GR3-ibwt model have similar performances in
the single-flood scale from the basin outlet flow process diagram, that is, the simulation
results of big floods are better than those of medium and small floods.

In order to further evaluate the model performance, the Nash–Sutcliffe efficiency
coefficient (NSE), water relative error (RE), the relative error of flood peak flow (PE), and
difference of peak arrival time (DPAT) of each flood simulation for the GR3 model and the
GR3-ibwt model were calculated, respectively. The results are shown in Table 5. As can be
seen from Table 5, (1) for the simulation of flood peak flow, the GR3-ibwt model is better
than the GR3 model on the whole and closer to the observed flow. (2) For the Nash–Sutcliffe
efficiency coefficient (NSE), the overall performance of the GR3-ibwt model is better than
the GR3 model, with two floods above 0.9, 14 floods above 0.7, all floods above 0.5, and the
performance of large floods is better than medium and small floods. (3) For the relative
error of water volume (RE), the overall performance of the GR3-ibwt model is better than
that of the GR3 model, and the relative error of water volume in all floods is within 0.2.
(4) For the relative error of flood peak flow (PE), the overall performance of the GR3-ibwt
model is better than that of the GR3 model. There are 12 flood peak flow relative errors
within 0.2, and the maximum flood peak flow relative error is 0.42 (two floods). (5) For the
difference in peak arrival time (DPAT), the overall performance of the GR3-ibwt model is
better than the GR3 model, and the maximum difference in peak arrival time in all flood
events does not exceed 2 h.

Statistical analysis was carried out on the four model evaluation indicators of all
simulated flood events of the GR3 model and the GR3-ibwt model (See Figure 9 for details).
As can be seen from Figure 9a, the Nash–Sutcliffe efficiency coefficient (NSE) of the GR3-
ibwt model was greatly improved compared with the GR3 model, and the fluctuation
range changed from [−1.01, 0.77] to [0.50, 0.92], and the median and mean increased from
0.07 and −0.04 to 0.78 and 0.75, respectively, and there was no abnormally low value.
As can be seen from Figure 9b, the water relative error (RE) of the GR3-ibwt model was
greatly reduced compared with the GR3 model, and the fluctuation range changed from
[−0.88, −0.07] to [−0.18, 0.18]. Both the median and mean changed from −0.43 to −0.02.
As can be seen from Figure 9c, the peak discharge relative error (PE) of the GR3-ibwt
model is significantly lower than that of the GR3 model, and the fluctuation range changes
from [−0.86, −0.01] to [−0.42, 0.22], while the median and mean changed from −0.43 and
−0.38 to −0.13 and −0.13, respectively. As can be seen from Figure 9d, the difference in
peak arrival time of the GR3-ibwt model is significantly lower than that of the GR3 model,
and there are a large number of abnormal values in the different peak arrival times of the
GR3 model. For the separate statistics of the model evaluation indicators of small, medium,
and big floods, see Figures S1–S3 in the Supplementary Materials.
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Table 5. The statistical analysis of the measured and simulated discharge in flood processes.

FP NO.
Peak Discharge (m3/s) NSE RE PE DPAT (Hour)

O H C H C H C H C H C

20050817(S) 33.60 29.97 34.24 −1.01 0.50 −0.33 0.09 −0.11 0.02 −3 0
20070815(S) 47.75 47.33 53.92 0.07 0.76 −0.32 0.10 −0.01 0.13 −2 −2
20040511(S) 48.30 10.25 28.17 −1.92 0.54 −0.77 −0.07 −0.79 −0.42 −3 −1
20080813(S) 51.60 42.38 63.17 0.33 0.66 −0.34 0.18 −0.18 0.22 −2 −2
20160712(S) 53.00 7.58 30.53 −1.75 0.60 −0.88 −0.14 −0.86 −0.42 −2 −2
20110818(S) 54.90 40.36 55.15 −0.34 0.92 −0.45 −0.07 −0.26 0.00 −1 −1
20160806(S) 74.60 33.77 48.33 −0.17 0.74 −0.46 −0.03 −0.55 −0.35 −1 −1
20160720(M) 82.95 37.17 65.49 −0.37 0.84 −0.54 −0.11 −0.55 −0.21 1 1
20090817(M) 84.70 48.31 79.82 −0.39 0.92 −0.57 0.00 −0.43 −0.06 −1 −1
20060804(M) 92.50 88.11 95.55 0.73 0.87 −0.12 0.06 −0.05 0.03 −4 −1
20080718(M) 110.00 90.10 122.44 0.37 0.71 −0.33 0.01 −0.18 0.11 3 −1
20170706(M) 111.00 34.62 66.37 −0.02 0.58 −0.53 0.01 −0.69 −0.40 −2 −2
20160801(M) 116.17 42.51 88.80 −0.20 0.70 −0.54 −0.12 −0.63 −0.24 −5 −2
20040717(M) 124.69 120.18 106.26 0.72 0.78 −0.19 −0.16 −0.04 −0.15 −2 −2
20150730(B) 133.62 43.56 82.28 0.21 0.78 −0.59 0.09 −0.67 −0.38 −2 −1
20140619(B) 144.00 65.62 157.14 0.05 0.75 −0.43 0.01 −0.54 0.09 7 −2
20100819(B) 161.00 118.77 140.55 0.46 0.78 −0.40 −0.18 −0.26 −0.13 15 −2
20130723(B) 168.50 159.56 169.43 0.74 0.83 −0.20 −0.02 −0.05 0.01 −2 −2
20160816(B) 169.00 140.91 155.91 0.77 0.81 −0.07 0.12 −0.17 −0.08 −2 −2
20070718(B) 202.00 100.63 176.25 0.43 0.89 −0.59 −0.14 −0.50 −0.13 −1 −1
20120708(B) 209.67 102.20 142.85 0.44 0.82 −0.37 −0.10 −0.51 −0.32 −1 0

O: Observed data; H: Simulated by GR3; C: Simulated by GR3-ibwt; S: Small; M: Medium; B: Big.
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4. Discussion

In general, the GR3-ibwt model had better simulation results than the GR3 model in
both long time series scale and single flood scale, and the results are relatively satisfactory.
Specifically, for the simulation of the long time series, the Nash-Sutcliffe efficiency coeffi-
cient (NSE) of the GR3-ibwt model was increased by 178% and 142% in the calibration and
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validation periods, respectively, compared with the GR3 model. At the same time, the water
relative error (RE) was reduced by 94% and 96% compared with the GR3 model during the
calibration period and the validation period, respectively. Both model evaluation indicators
prove that the GR3-ibwt model has good simulation performance on long time scales. The
reason is that the GR3-ibwt model considers the inter-basin water transfer based on the
GR3 model, and the rainfall–runoff simulation of the basin achieves a water balance and
reduces the long-term impact of inter-basin water transfer on the hydrological effect of
the basin.

For the simulation of the single-flood scale, the performance of the GR3-ibwt model is
better than that of the GR3 model in four evaluation indicators: Nash–Sutcliffe efficiency
coefficient (NSE), water relative error (RE), peak discharge relative error (PE), and difference
of peak arrival time (DPAT). The simulation of big floods is better than that of medium
and small floods. The reason is that in urban flood simulation, precipitation still plays a
leading role [35,36], and big floods are less affected by other disturbances, which can be
confirmed by the GR3 model’s overall simulation of big floods also performing better than
that of medium and small floods. Regarding the time lag of the flood peak, we suggest
this is because the properties of the underlying surface (such as soil water requirement)
of the basin change under the action of inter-basin water transfer over a long period of
time, which makes it less sensitive to the flood peak. The results prove that this is more
consistent with reality.

Hydrological simulation of urban basins is very common at present, but the phe-
nomenon of inter-basin water transfer is rarely considered. However, the phenomenon of
inter-basin water transfer is now very common, especially in urban basins where water
resources are scarce. Therefore, the fundamental difference between this paper and other
studies in this field is that the factor of inter-basin water transfer is taken into account in
the hydrological simulation. We chose Jinan, the capital of Shandong Province in China,
as the study area, which is an important city in East China. At the same time, the data
we used are real data provided by local departments rather than scenario analysis, so we
believe that this study reflects reality to a certain extent, both in terms of representativeness
of the study area and data reliability. The biggest limitation of this study is the acquisition
of measured data. On the one hand, high-precision hydrological data are required, and on
the other hand, inter-basin water transfer data within the same period are also required,
while at the same time, different uses of inter-basin water transfer are required. Once these
data are obtained, they can be processed and combined with different types of hydrological
models for hydrological simulations.

This study attempts to integrate the inter-basin water transfer into the rainfall–runoff
model, and the results are relatively satisfactory. Subsequent research can focus on the
following aspects: (1) Conducting a more comprehensive analysis of inter-basin water
transfer so that it can be better integrated into the rainfall–runoff model, such as further
refinement of the temporal and spatial distribution of inter-basin water transfer, and more
comprehensive analysis of the use of inter-basin water transfer. Furthermore, researchers
should (2) perform hydrological simulations under the background of inter-basin water
transfer in other urban basins with data support and compare this with hydrological
simulation results that do not consider inter-basin water transfer. Moreover, (3) the GR3-
ibwt model could be applied to urban water resource management, urban water landscape
design, basin ecological protection, and other aspects. Lastly, (4) by coupling the GR3-ibwt
model with the hydraulic model and replacing the runoff routing part of the GR3-ibwt
model with the hydraulic model for the simulation, one can obtain more flood information
that has more physical meaning.

5. Conclusions

In this study, a new urban hydrological simulation method was proposed. Based on
the GR3 rainfall–runoff model, the inter-basin water transfer is processed and integrated
into the GR3 model, and then the hydrological simulation is conducted. The study area is
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located in the Huangtaiqiao basin of Jinan City, Shandong Province, China. The simulation
object is the hydrological data of the Huangtaiqiao basin from 2000 to 2017, with a time
resolution of 1 h, and 21 flood simulation results of different scales were selected for
statistical analysis. By comparing the simulated results of the GR3-ibwt model with those
of the GR3 model and measured data, their performances on the Nash–Sutcliffe efficiency
coefficient (NSE), water relative error (RE), peak discharge relative error (PE), and difference
peak arrival time (DPAT) were evaluated on the two scales of a long time series (18 years)
and a single flood (21 flood events). The following conclusions are drawn:

(1) The GR3-ibwt model performs well in the hydrological simulation of an urban
basin, and the long-term series and single-flood simulation results are satisfactory. (2) We
demonstrate that inter-basin water transfer has a long-term impact on the rainfall–runoff
process of urban basins and provide a new perspective and method for long-term hydro-
logical simulation of urban basins. We also (3) revealed the potential application of the
GR3-ibwt model in urban water resource management, urban water landscape design,
basin ecological protection, and other aspects. Lastly, we (4) suggested the necessity of and
made recommendations for further research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14172660/s1, Table S1. The volume of inter-basin water transfer
in Huangtaiqiao basin; Table S2. The parameters of GR3 and GR3-ibwt; Figure S1. Box diagram of the
measured and simulated discharge evaluation in small flood processes; Figure S2. Box diagram of the
measured and simulated discharge evaluation in medium flood processes; Figure S3. Box diagram of
the measured and simulated discharge evaluation in big flood processes.
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