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Abstract: Mountain flood disasters in China’s southeastern coastal watershed are not predictable
and are sudden. With rapid urbanization and development in the middle and lower reaches of the
region, the accumulation of wealth and population has magnified the flood risk. Exploring flood
numerical simulation technology suitable for the rapid economic development of mountainous
basins, effective flood models are the key tools for controlling and mitigating flood disasters. In this
paper, we established a 1D/2D real-time dynamic coupling hydraulic model, aimed at exploring
the applicability of the model in flood simulation of mountainous river basins with rapid economic
development. The Luojiang River Basin (Huazhou Section) in Guangdong Province was used as the
case study. The model’s ability was validated against the 22 July 2010 and 14 August 2013 inundation
events that occurred there. The simulation results show that the output of the flood model is highly
similar to the observation and survey results of historical flood events. The research results prove that
the 1D/2D coupling model is not only an applicable tool for exploring flood spread characteristics such
as flood range, velocity, depth, arrival time, and duration, but also can feed back the impact of water
conservancy projects such as dikes on flood spread in the basin. It is of great significance to effectively
guide the comprehensive design and management of subsequent wading projects in mountain river
basins, and to improve flood prevention and disaster reduction capabilities in mountain areas.

Keywords: flash flood; 1D/2D Real-time simulation; watershed in Mountainous Areas; developed
coastal areas of China

1. Introduction

Mountain torrent disasters refer to the flood disasters caused by rainfall in hilly areas and the
debris flows and landslides caused by mountain torrents, which cause losses to the national economy
and people’s lives and property [1-3]. Hilly areas account for 70% of the total land area in China.
Most provinces (regions and cities) in China have hilly areas [4], which are more or less threatened by
mountain torrents. Mountain torrents, debris flows and landslides often cause casualties, damage to
houses, fields, roads and bridges in the basin, cause river blockages, and form barrier lakes, which
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pose a great threat to people’s lives and property in the lake area and downstream areas. The following
problems can be found from the analysis of mountain torrents and their losses [5-7].

(1) Because of the small catchment area and channel storage capacity and steep slope, floods in
hilly areas generally have the characteristics of short duration, high peak, concentrated water volume
and great destructive power.

(2) The death rate of mountain torrents is higher than that of flood disasters. According to the
“China Bulletin on Flood and Drought Disasters 2017”, the proportion of deaths caused by mountain
torrents in China exceeded 50% of the total deaths caused by floods in 1991-2017, and the proportion
has increased significantly since 1998 (Figure 1). From the analysis of the causes, there was no
obvious change in the death toll from mountain torrents in China from 1991 to 2007, but from 2008 to
2017, the death toll from mountain torrents in China decreased significantly, with a large number in
2010 alone [8]. Meanwhile, after 1998, deaths from flood disasters in China decreased significantly.
Therefore, the proportion of the deaths from mountain torrents to the total death toll from flood
disasters increased significantly.
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Figure 1. Death toll from mountain torrents and the proportion of deaths caused by mountain torrents
against those caused by floods (%).

(3) The construction of flood control projects is difficult. In areas at high risk of mountain torrents
and geological disasters, it is not economical to build dikes [9], and the topographic conditions needed
to build reservoirs and flood storage and detention areas are generally not available in these areas [10].

Throughout the relevant theories, technologies and practices of mountain torrents prevention all
over the world, the understanding of triggering factors and formation mechanism of mountain torrents
is still at a relatively macro level and partial qualitative level [11-13]. In recent years, systematic research
on the formation and disaster-causing dynamics of flash floods in small watersheds, and research on
the dynamic characteristics of flash floods [14] and simulation methods and technologies [15] have
received widespread attention. In the southeastern coastal watershed in particular, while retaining
the natural characteristics of mountainous areas, the rapid economic development in the middle and
lower reaches, the accumulation of wealth and the population has magnified the flood risk. Aiming at
the rapid development of mountain-type basins in the economy, mature and effective flood numerical
simulation technology is explored. Studying this issue can not only improve hydrological theory,
but also provide the necessary basis and support for detailed warnings of mountain flood disaster risks.
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Because of the limitation of natural and data conditions, the simplest illustration of a floodplain
flow is to represent the flow as one-dimensional along the river channel. In early related
research, hydrological methods [16-18] with clear physical meanings or a one-dimensional hydraulic
model [19,20] perform simulation analysis of a flood process. These models are computationally
efficient and flexible to set up but are subjected to modeling limitations, such as the inability to simulate
flood wave lateral diffusion. This is because during the mountain flood disaster, due to the complex
topography of the mountainous area, the river water level rises sharply, which can easily cause the river
embankment to break and overflow. When water begins to overflow, it becomes a 2D phenomenon.
Compared to the 1D model, 2D models are more reliable for complex flow simulations, which have the
capability for reconstructing characteristics of a high-magnitude outburst flood, and the results provide
a better understating of spatial and temporal hydraulics and high-magnitude flow phenomena [21,22].
In recent years, two-dimensional hydrodynamic models have made many successful attempts at flood
modeling [23-25]. However, only two-dimensional hydrodynamic model would face the problems of
a large number of model grids and low calculation efficiency [26], which fails to achieve the purpose of
rapid forecasting and early warning of floods.

The present study has aimed to combine the advantages of the two models to establish a 1D/2D
real-time coupled hydrodynamic model for Luojiang River Basin in the Guangdong Province, southeast
coast of China. Two typhoon flooding events of “1003” in 2010 and “1311” in 2013 were used to
verify the model’s ability, and to explore the reliability and applicability of the coupled model in
mountainous basins. The research results try to provide experience and suggestions for the study of
flood propagation laws and numerical simulation methods in similar types of area.

2. 1D/2D Real-Time Dynamic Coupling Flood Model

2.1. 1D River Hydraulic Model

The 1D river hydraulic model uses Saint-Venant equations as governing equations:
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In this formula, x: distance coordinate; ¢: time coordinate; A: cross-section area; Q: total discharge;
g: lateral flow; Z: water level; C: Chezy coefficient; R: hydraulic radius; g: gravity acceleration [27].

When a 1D/2D dynamic coupling model involves lateral discharge from break and overflow, side
inflow should be taken into account. The process of water level and discharge in the upstream and
downstream of a river is a boundary condition of the 1D/2D dynamic coupling model and lateral
discharge is an internal condition of coupling between a 1D model and a 2D model [28].

2.2. 2D Flood-Routing Hydraulic Model

The 2D flood routing hydraulic model uses 2D shallow water dynamic equations as governing
equations. This model is as follows:
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In this formula, x, y, z: Cartesian coordinate system in space; n: water level; h: still water depth;
u,v are the average value of component of velocity in x, y directions respectively; P,: local atmospheric
pressure; p: water density; po: reference water density; f: Coriolis parameter; Syx,Sxy,Syx,Syy: radiation
stress component; Txx,Txy,Tyx,TW: horizontal viscous stress; Tsx, Tsy, Thx, Ty are components of flow
shear stress in x, y directions at the boundary between water surface and riverbed respectively; S:
source sink item; us vs: source-sink flow velocity [29].

2.3. Modified Models of Dry Water Depth and Wet Water Depth Theory

The calculation efficiency can be improved by setting dry water depth and wet water depth in
the calculation process. Since flood routing simulation is a problem of shallow water flow, the water
depth of each grid is relatively small. Therefore, when the water depth of the grid is less than a certain
value, the attributes of the grid can be changed to improve the computational efficiency and stability.
Before calculating each time step, it is necessary to judge the water depth of the grid and analyze
whether the water depth of each grid reaches the dry water depth or wet water depth. When the water
depth of the grid is less than that of the dry water depth, the grid will be removed directly from the
calculation without being calculated in the model. When the water depth of the grid is greater than the
dry water depth and less than the wet water depth, only the mass flux of the grid is calculated, and the
momentum flux of the grid is neglected. When the water depth of the grid is greater than the wet
water depth, the mass flux and momentum flux of the grid need to be calculated simultaneously.

2.4. Coupling of 1D and 2D Hydraulic Models

The key to the coupling of 1D and 2D hydraulic models is to find the interface between 1D and 2D
models so as to keep the spatial and temporal correlations of 1D and 2D models consistent. Both 1D
and 2D models have the exchange of water flow and momentum at any point-in-time. At the coupling
point, 1D and 2D models are coupled by the relationship between water level and discharge.

2.4.1. Time Coupling of 1D and 2D Hydraulic Models

At Ty point, the water level of the 1D model at the coupling point is /11, and that of the 2D model
is p1. The exchange of flow and momentum at the coupling point is judged by comparing k11 with
hy1 and terrain conditions of 1D models with that of 2D models. At T, point, which has experienced
At time, the flux exchange at coupling point is AQ. At the same time, the outer boundary conditions
of the 1D model change, and the water level changes Ah;. The water level i3 of the 1D mode at
T, point is deduced through /11, AQ and Ahy. At the same time, the external boundary water level
of the 2D model changes Ah; and the water level at T point is deduced through hy1, AQ and Ahy.
Similarly, the model situation can be deduced at T}, point.

2.4.2. Spatial Coupling of 1D and 2D Hydraulic Models

It is necessary to define the exchange positions of flow and momentum in 1D and 2D hydraulic
models for their coupling, that is, to find the mileage at the coupling point of the 1D model and the
corresponding grid number of the 2D model. The river section length of the 1D river model cannot be
neglected and coupling points do not necessarily locate at the junction of the river and the grid.

3. Data and Methods

3.1. Research Domain

Luojiang River is the first-level tributary of Jianjiang River and originated in the Guangxi Zhuang
Autonomous Region. It flows through Wenlou, Pingding, Hejiang, Jianghu, Linchen, Guangiao and
Huazhou City to join Jianjiang River [30]. The total length is 143 km and the catchment area is 2618 km?.
Huazhou City is located in the south of the Tropic of Cancer and belongs to the subtropical monsoon
climate zone. It has a long summer and warm winter, abundant light and heat, abundant rainfall
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and typhoons in summer and autumn. The average annual rainfall in Huazhou City is 1780 mm.
It has entered the rainy season since the first 10-day period of April. The annual rainfall is mostly
concentrated in April to September, accounting for about 85% of the annual rainfall. The watershed
area in Huazhou was selected as the research domain, as shown in Figure 2.
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Figure 2. Geographic location of the section of Huazhou City in Luojiang River basin, China.

Floods in this area are all caused by typhoons and rainstorms. The annual maximum floods often
occur from June to September. Disastrous floods can be roughly divided into three types, short-duration
local floods; medium-duration regional floods; long-lasting catchment floods [31,32].

The distinctive feature of the Luojiang River Basin is that the downstream area is represented by
urban structure, and its upstream emphasizes the characteristics of natural watersheds. At present,
small and medium-sized river basins in China are the key areas for flood-prevention work in various
places. Therefore, dikes are built on both sides of the Luojiang River. But embankment standards are
uniform. Only dykes within the urban area are constructed according to the 50-year flood standard,
while the remaining dykes are only in a 20- or 10-year flood control standard.

3.2. Data

The geographical data including digital elevation model (DEM) data, rivers, roads, buildings,
settlements, land/coverage data all come from the Guangdong Geographic Information Center. The data
were available in high-resolution form (1:10000 scales).

Rainfall and flow data are important input conditions for model calculations. In this research,
two major floods that occurred on 22nd July 2010 and 14th August 2013 were used to calibrate and
validate the proposed 1D/2D model, respectively. Hydrological Bureau of Guangdong Province
provided the corresponding rainfall and flow records.

3.3. Model Pre-Simulation Processing

3.3.1. Boundary Condition

The river length of the 1D model is 111.5 km. The average slope of riverbed is 4.9%.. The trend
of the river course is consistent with the actual trend of the Luo River valley. Each control section is
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established per 1000 m in the river course. The flood discharge process of Luojiang River is adopted as
the upper boundary condition of 1D modeling and the section water level process line is adopted as
the lower boundary condition.

3.3.2. Selection of Roughness Value

Roughness coefficient is a parameter indicating the smoothness of steam channel and beach.
The greater the coefficient of roughness value, the more obvious the resistance of flow (Table 1).
The roughness value is related to the shape of the river section, the gravel properties of riverbed,
the straightness of the river, the scouring of the stream channel, the construction and management
of artificial buildings and many other factors. It is an important sensitive parameter for hydraulic
channel calculation. In this paper, the main river course is determined by comprehensive analysis of
the roughness values in the measured section data of the upper reaches and the roughness tables of
natural rivers. Roughness value ranges from 0.02 to 0.032 [33,34].

Table 1. Partial roughness values of riverbed.

Partial Roughness Values of Riverbed

River Features

Type Riverbed Morphology and Characteristics Roughness Value
I The riverbed is made up of sand and its surface is smooth. 0.020-0.024
II The riverbed is a slab consisting of sand and gravel with a flat surface. 0.022-0.026
I The riverbed is sandy and the bottom of the river fluctuates greatly. 0.025-0.029

v The smooth riverbed is composed of gravel. its terrain is relatively flat. 0.025-0.029
v The riverbed is composed of fine sand with a small amount of vegetation at 0.030-0.034
the bottom.
VI The riverbed is composed of gravel and it is undulating,. 0.030-0.034
VII There are pebbles and boulders at the bottom of the river, and the riverbed 0.035-0.040
fluctuates greatly.
VI The riverbed is pebble, the bottom of the river fluctuates greatly and its 0.04-0.10

shape is irregular.

3.3.3. 2D Computation Mesh Construction

The key of the 2D model is terrain data, and the accuracy of terrain description depends on the
meshing of terrain. The size and shape of unstructured meshes have a great influence on terrain
evaluation [35]. If the size of mesh is too large, the change of terrain may not be generalized and the
surrounding terrain will be flattened, resulting in the distortion of the terrain. If the size of mesh is too
small, it will cause a huge load on the calculation of the model and easily lead to model divergence.
In this paper, firstly, the maximum mesh area and the minimum angle are determined according to the
size of the study area; then, an appropriate grid should be refined in economic and population-intensive
areas; in the final calculation scheme, the number of grid cells reached 17,009, the average area is
0.02 km?, and the average side length is 180 m. Both the calculation accuracy and efficiency are taken
into account. In the process of meshing, the role of important water-blocking structures is taken
into account, and important roads and dikes are used as control boundaries. After the meshing is
completed, the digital elevation model, land use and high-resolution remote-sensing images are used
to attach corresponding attribute values to the mesh, and the final mesh model is determined by trial
calculation and optimization adjustment. The grid division and main parameter settings are shown in
Figure 3.
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Figure 3. (a) Constructed mesh. (b) Elevation distribution. (c) Roughness distribution.

4. Results and Analysis

4.1. Flood Simulation under Typhoon ‘Chanthu’ in 2010

Considering the actual conditions of topographic and hydrological data, the flood caused by
typhoon “1003” Chanthu in 2010 was selected to calibrate the 1D hydrodynamic mathematical
model of Luojiang Huazhou section. The upstream boundary for the model operation is the actual
measured discharge data during typhoon “Chanthu”, provided by the Hejiang hydrological Station.
The downstream boundary is the actual measured water-level data during typhoon “Chanthu”,
provided by the Huazhou hydrological Station. A river cross section was set near the downstream
Huazhou Hydrological Station. Use the model to calculate the water level process at the section and
compare it with the measured data to evaluate the accuracy of the simulation.

According to an official report from China Central Meteorological Station: Typhoon “1003”
Chanthu in 2010: Typhoon “Chanthu” landed at 13:00 on 22 July 2010 in the coastal area of
Wuyang Town, Wuchuan. The largest gust of 42.8 m/s (level 14) was recorded in Liangguang
station. Extraordinary rainstorm fell all over the city and the average rainfall in the whole city was
303 mm from 8:00 on the 22nd to 8:00 on the 23rd. At 22:00 on the 23rd, the water level of Hejiang
Station of Luojiang River Basin was 27.44 m, 4.32 m above the warning level and the corresponding
discharge reached 2390 m?/s, which is equivalent to the peak flow of a 50-years’ flood. Huazhou Station
of Jianjiang River Basin is the annual maximum flood with a peak water level of 13.11 m [36,37].

(1) Typical Section Water Level

Figure 4 shows the comparison between the measured and calculated results of the typhoon
“Chanthu” flood in 2010. From the calculation results, the model can well simulate the hydrodynamic
characteristics of flood flow in the main stream of Huazhou reach of Luojiang River Basin. Table 2
shows the comparison between measured water level and model calculation. As listed in the table,
the calculated water level of typical section fits the measured water level well.
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Figure 4. Water level comparison of model calculation results and measured data under the typhoon
“Chanthu” flood in 2010.

Table 2. Comparison between the measured and calculated results of typhoon “Chanthu” flood in 2010.

Measured Water Model Calculation Absolute Difference

Serial Number Section Level (m) of Water Level (m) of Water Level (m)

1 Luojiang Estuary 13.18 13.11 0.07

4.2. Flood Simulation under Typhoon ‘Utor” in 2013

Considering the actual conditions of topographic and hydrological data, the flood caused by
typhoon “1311” Utor in 2013 was selected to validate the 2D hydrodynamic mathematical model of
Luojiang Huazhou section. The boundary inflow process is measured flow process at Hejiang Station
and the boundary outflow process is the measured water level process at Huazhou Station [38,39].

Flood caused by Typhoon “Utor” in 2013: on 14 August 2013, affected by strong typhoon Utor
No. 11, the wind in Huazhou City has increased gradually since the morning of the 14th. The average
wind power generally reached level 7 to 10 and the gust reached level 11. The rainstorm of torrential
rain fell throughout the region and extraordinary rainstorm occurred in some areas. This was the
largest precipitation process in the whole year. The flood peak water level of Huazhou Station reached
13.93 m.

(1) Typical Section Water Level

Figure 5 shows the comparison between the measured and calculated results of the typhoon
“1-Utor” flood in 2013. From the calculation results, the model can well simulate the hydrodynamic
characteristics of flood flow in the main stream of Luojiang Huazhou Section. Table 3 shows the
comparison between the measured and calculated water level. As listed in the table, the maximum
water level error is less than 11 cm, and the calculated water level of a typical section fits the measured
water level well. It can basically meet the requirements of model validation.
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Figure 5. Water level comparing between the measured and calculated results of typhoon “Utor” flood
in 2013.

Table 3. Comparison between the measured and calculated results of the typhoon “Utor” flood in 2013.

Measured Water Model Calculation Absolute Difference
Level (m) of Water Level (m) of Water Level (m)

1 Luojiang Estuary 14.19 14.08 0.11

Serial Number Section

(2) Comparison of Simulation Results with Actual Disaster Situation

According to the records of Yearbook of Heavy Rain (2010) officially published by the China
Meteorological Administration, The actual inundation of the typhoon “Utor” flood in 2013 is as follows
(Figure 6.): on 14 August 2013, the towns of Hejiang, Nawu, Linchen, Jianghu, Guangiao, Shiwan, along
Luojiang Rivers, were flooded by the heavy rainfall caused by typhoon Utor. Flooded streets in the
urban area were not severe, only 3 square kilometers [40]. More than 358,000 people were affected by
the flood. The affected area of crops was 21,062 hectares. The direct economic loss reached 462 million
RMB, but fortunately no casualties occurred. Figure 6 shows the simulated results. Compared with
the above actual flooding situation, results for the model showed a reasonable fit between model and
observations. The flooding areas are mainly distributed in Hejiang, Linchen, Jianghu Towns in the
upstream area. There is no large-scale flooding in Guangiao and Shiwan Towns, and the flooding areas
are mainly concentrated on the left bank of the river.
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Legend

Figure 6. Extent of flood inundation from 1D/2D model under typhoon “Utor”.

4.3. Simulation Prediction under Different Frequency Flood Conditions

The selection of flood magnitude involves two scenarios: standard flood and over-standard flood.
As mentioned above, the levee flood control standards on both sides of the river are inconsistent. In addition
to the regular 20-year and 50-year floods, the 100-year extreme frequency floods are also used in model
calculations to explore the impact of floods of different magnitudes on the region. Based on the results of
the Guangdong Rainstorm Parameter Contour Map (2003 edition) and the Guangdong Rainstorm Runoff
Check Chart (1991), the upper boundaries are calculated and the corresponding frequency design flood is
calculated. Because of the fragility of embankment works in the study area, the investigation results of past
historical floods show that the main pattern of the dike failure of the Luojiang River is often caused by
floods over the top of the dike, in addition to the dike’s collapse ... , and the flood overtopping situation is
more common and the loss caused by flood is much greater than that caused by simple breach. In this paper,
the working conditions of the simulation scheme are set as dike overflow. Through model calculation,
the flooded area, maximum flooded depth, average flooded depth and other flooded characteristic data of
each scheme are calculated, as showed in Table 4 below. As the magnitude of the flood increases, the results
show that the resulting submerged area increases, and the submerged depth increases to increase the
total water volume in the submerged area. The flood risk map shows that the areas affected seriously by
mountain torrents are Hejiang and Jianghu towns in the upper reaches, Guangiao Town and Chengxi
Street near the urban area are the lighter ones.

Table 4. Flooded characteristic data of each scheme.

Flood Frequenc Maximum Flooded Maximum Flooded Average Maximum
quency Area (km?) Depth (m) Flooded Depth (m)
20-year flood 56.58 7.617 2.58
50-year flood 66.34 8.487 2.976

100-year flood 79.24 9.511 3.39
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4.4. Flood Inundation Characteristics under Dike Conditions

The application of one-dimensional and two-dimensional real-time dynamic coupling model is
more accurate in describing the risk characteristics of flood arrival time and diffusion path. Taking the
dynamic simulation process of flood overflow 20-return-year as an example, the flood (about one hour)
arrived at Hejiang and Hetangling reach of Hejiang Town along the river channel without overflow
(Figure 7). After 12 h, the flood moved downstream to Guantang in Shiwan and Shuikou in Guangiao;
24 h later, floods in the upper reaches of Jianghu and Linchen overflowed to both sides of the Taiwan
Strait; 36 h later, the flooded areas of Jianghu and Linchen were widened, and the floods further flowed
downstream; 48 h later, the process of flood submergence slowed down, affecting the downstream area
of the basin. The flood reached the exit of Hexi Street and flooded some areas.
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Figure 7. Simulated flood depth and extent of 1D/2D model at 12 h, 24 h, 36 h, and 48 h after the river

dike breach.

Elaborate simulation can not only reflect the changes of flow rate/discharge, water level and
scope, but also reflect the changes of flow pattern and direction accurately. For example, the flow field
diagram near the break (as shown in the Figure 8a.) can accurately show the location of the break,
the direction of the flow direction, the direction of the outflow, and the continuity of the flow process.
In some special terrain areas, such as sudden changes in terrain, river channels, dikes, roads and other
boundary locations, the flow field distribution map (as shown in the Figure 8b) can also accurately
reflect the water-blocking effect of water-blocking structures or the water-diversion effect of channels.
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(a) (b)

Figure 8. Flow field distribution: flow field near the breach (a), water-blocking and water-diversion
effect of dike and local topography (b).

5. Conclusions

In this study, the 1D river channel model and the 2D floodplain model have realized dynamic
coupling in real time, and a case simulation has been carried out in the mountainous watershed in the
coastal areas of Southeast China. Based on the comparison analysis between the simulation results and
the historical flood investigation and evaluation results, the following conclusions can be drawn:

1. The model parameters were calibrated under the data of typhoon “Chanthu” in 2010, and the
simulation results were verified by the historical flood data of the typhoon “Utor” in 2013. The calibrated
1D/2D coupled model can satisfactorily reproduce the river water levels and flooding condition along
the sides of the river. The applicability and rationality of the model for flood simulation in mountainous
river basins with steep terrain and obvious floodplain characteristics have been proven.

2. The calibrated model further simulated and predicted floods of different frequencies in the
region. The simulation results showed in detail the flood flow interactions between the river and the
floodplain during dyke breaks, provided the water depth, the path of flood evolution, and other flood
risk characteristics, which is of great help for flood forecasting agencies to formulate flood risk maps,
to alert people during floods, and to design flood protection projects.

3. The simulation results in this paper accurately reflect the response of human facilities such as roads
and dikes to the direction and flow pattern of floods. Dike standards of the upper reaches only can prevent
10-year floods, and there are obvious overflows in many places. The flow of water between the river and
the land is obviously exchanged, causing a large flooding area. The dyke in the lower part of the basin
has reached the 50-year flood control standard. Under its protection, the extent of flooding was minimal.
On the one hand, it shows that the dyke plays a vital role in flooding. On the other hand, it also reflects the
fact that the upstream dyke flood control standards are low and there are hidden dangers.

4. The natural properties of the upper reaches of the river basin are obvious, and the hydrological
station facilities are not complete, resulting in scarce or even a lack of hydrological data, which may
lead to insufficient calculation accuracy of the design flood in the calculation of runoff generation
and convergence, which may affect the simulation results of flood inundation. Therefore, how to use
modernization technology of water conservancy information to establish a complete basic hydrological
data database will be one of our future efforts.
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