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Abstract 8 

In areas with higher latitudes, ice sheets, ice jams or ice dams are often formed in rivers to 9 

overtop levees due to lower temperatures in winter, which can cause sizeable social and economic 10 

losses, as well as countless injuries and death. This study presents the typical ice flood area of the 11 

Inner Mongolia section of the Yellow River as the research object. On the basis of the hazard system 12 

theory and comprehensive analysis of ice flood risk factors, including the hazard-inducing factors 13 

and hazard-pregnant environments, as well as the vulnerability of the hazard-bearing bodies, we 14 

selected eight risk assessment indicators to construct an ice flood hazard risk assessment model 15 

based on random forest (RF) algorithm. The three hazard-inducing factors consist of: maximum 16 

submergence depth, maximum flood velocity and maximum submergence duration, which were 17 

derived from the river-flood ice flood backwater burst submergence coupling model; while the three 18 

hazard-pregnant environments are: topographic elevation, terrain gradient and the distance from the 19 

river. The two hazard-bearing bodies include: population density and GDP density. The modeling 20 

results show that compared with the risk assessment model of K-nearest neighbor (KNN) algorithm, 21 

both the index Precision (P) and the area under curve (AUC) of RF model are better in the ice flood 22 
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risk assessment of four study areas. This presents that RF has significant advantages in solving the 23 

classification and processing problem of multi-dimensional ice flood hazard data. It can provide 24 

support for the analysis and evaluation of the situation of ice flood prevention and mitigation. 25 

Keywords 26 

The Yellow River's Inner Mongolia section; Ice flood hazard risk assessment; Roughness; Hazard-27 

inducing factors; Random forest (RF) model 28 

1 Introduction 29 

Major ice jams that often form when the flow of ice chunks stemming from upstream of the 30 

jamming site are arrested and accumulated along a river reach to cause damming of the river, which 31 

often block the high water level, overflow the embankment, submerge villages, farmland, roads, 32 

industrial and mining enterprises(Wu et al. 2014; Boucher et al. 2009), and pose a serious threat to 33 

river facilities and the lives and property of people on both sides of the river(Morse and Hicks 2005; 34 

Zbigniew et al. 2013; Pham et al. 2021; Ashton 1986). Therefore, the prevention and control of river 35 

ice flood hazard is also an important element related to people's livelihood(Kundzewicz et al. 2013; 36 

Bouwer et al. 2010). Affected by the cold air in Siberia and Mongolia in winter and spring, the 37 

Yellow River Basin has more northerly wind, cold climate and little rain. As a result, the main and 38 

tributaries of the Yellow River have different degrees of ice flood in winter, especially the upper 39 

reaches in the Ningxia Inner Mongolia (Ningmeng), which is one of the key ice flood controlling 40 

sections on the Yellow River. Considering its geographical location, river conditions and other 41 

factors, winter ice flood conditions there are more severe, thus causing devastating damage to the 42 

local area. To date, as a consequence of the air temperature, human activities, riverbed siltation and 43 

other changes in the basin environment, the threat of ice flood not only still exists, but the occurrence 44 
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of its frequency in the river section has also increased and the scope of impact is gradually 45 

expanding(Pham et al. 2021). According to statistics, during 1951-2010, a total of 30 years of ice 46 

flood hazards occurred in Inner Mongolia section of Yellow River in China, causing significant 47 

losses to the country as well as people's lives and properties. The ice flood hazard system is complex, 48 

which includes hazard-inducing factors, hazard-pregnant environments, and hazard-bearing bodies. 49 

It has the characteristics of high nonlinearity, spatial-temporal dynamics, and uncertainty, and 50 

coupling of various challenges in the system may produce extremely complex phenomena. In this 51 

regard, the study of ice flood risk assessment can provide technical support for the analysis of the 52 

situation of ice flood prevention and mitigation and the development of risk prevention and control 53 

programs, which is of great significance for the prevention and control of river ice flood hazards 54 

and the reduction of economic losses. 55 

Ice flood risk assessment performs a comprehensive evaluation of natural and social attributes 56 

of ice floods with the aim of improving the accuracy of grasping the spatial distribution of ice flood 57 

risk, which is to divide the study area into different risk levels based on the degree of danger of the 58 

ice flood(Wu et al. 2014), through the form of maps to visually show the spatial distribution of the 59 

ice flood risk, which is an important basis for the formulation of the risk management and prevention 60 

transfer plan of the ice flood(Tian et al. 2021). Based on the principle of extreme value, Todorovic 61 

and Zelenhasic (1970) used the POT model to illustrate the seasonal changes in flood risk. Anselmo 62 

et al. (1996) used hydraulic and hydrological coupling models to select a flood-prone area in Italy 63 

to assess flood risk. Zhou et al. (2000) put forward a model method that integrates rainfall, GDP, 64 

terrain and other multi-index factors, and compared them with individual risk indicators to analyze 65 

the rationality of the zoning results; Tan et al. (2004) comprehensively considered factors such as 66 
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flood submergence, socio-economic and hazard-pregnant environment to establish a zone County-67 

level flood risk zoning model. Beltaos (2012) created a DFM method using the peak flow as the 68 

data source, and successfully carried out the risk assessment of ice blocking and flooding. Wang et 69 

al. (2013) established a flood risk model based on particle swarm optimization in the North River 70 

Basin of China; Wu et al. (2014) developed a comprehensive evaluation model for ice hazard levels 71 

in the Ningxia-Inner Mongolia section of the Yellow River using projection pursuit, fuzzy clustering 72 

and accelerated genetic algorithms. Based on on-the-spot investigations, Michael et al. (2017) used 73 

a prediction model for assessing ice flood risk by simulating the combination of ice and water in the 74 

Hay River and the delta based on the Hay River town located in the northwestern region of Canada. 75 

It can be seen that although a considerable number of studies have already been instrumental in 76 

providing site-specific understanding of ice flood risk indicators, the selection of ice flooding factors 77 

in previous studies is relatively single, or only one or two indicators are selected for expression, 78 

which cannot fully reflect the degree of ice flood. In view of this, this paper selecting the maximum 79 

submergence depth, maximum submergence flood velocity and maximum submergence duration 80 

under 100-year return period as hazard-inducing factors for research, which need to be obtained 81 

through numerical model simulation is proven necessary. Performing accurate ice flood risk 82 

assessment in China and other developing countries is of great significance, as it can guide 83 

stakeholders and government officials to focus on areas prone to ice flood hazards and improve 84 

regional management and planning efficiency. 85 

Numerical simulation of ice flood is the basis of risk analysis, management and evaluation 86 

according to hydrodynamic methods, river ice dynamics methods and theoretical methods. To 87 

address this issue, Lal and Shen (1991) proposed the one-dimensional RICE river ice model, which 88 
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comprehensively considered the distribution characteristics of water temperature and ice 89 

concentration. Based on hydraulics, thermodynamics and ice hydrodynamic theories, it simulates 90 

the process of ice transportation, blockage and diving, which is widely acknowledged as a 91 

pioneering research work in the numerical simulation of ice flood. Beltaos (1993) came up with the 92 

RIVJAM river ice hydrodynamic model to simulate the water level changing process of the ice jam 93 

in a wide shallow channel; Jon and Ettema (2000) employed a numerical model to simulate the 94 

dynamic damage and reconstruction of the ice jams and simulated the changing process of under-95 

ice overcurrent based on the theory of hydrodynamics and ice transport; A and Andrew (2002) 96 

applied Digital Elevation Model (DEM) to test a non-curved river ice state system affected by ice 97 

bellicatters; Yang et al. (2002) analyzed and simulated the ice flood siltation and ice jam formation 98 

process by studying the ice transport movement; Wang and Zhao (2008) combed the research 99 

progress of river ice jam numerical simulation and ice hydraulics, and put forward a more systematic 100 

river ice numerical model theory; Shen et al. (2010) realized the dynamic simulation of ice 101 

transportation, blockage, and overcurrent under ice by studying the dynamic formation process of 102 

ice sheet, and then established a full dynamic one-dimensional hydrodynamic model considering 103 

ice effect, and introduced ice resistance and ice diffusion into the model, and applied it to the St. 104 

John’s River; Li (2015) used DynaRICE model to simulate the evolution of river ice formation and 105 

evolution in Sanhuhekou. Lindenschmidt et al. (2016) using Monte-Carlo simulation and other 106 

freezing numerical simulation methods, conducted a risk assessment of the ice flood hazard along 107 

the Peace River in Canada, and analyzed the vulnerability of local cities and towns. However, 108 

predecessors’ research limitedly focused on the observation of freezing conditions, the evolution of 109 

river ice sheets, river ice transport, and analysis of the cause of  ice flood hazard to establish a series 110 
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of static and dynamic numerical river ice models such as RIVJAM (Beltaos and Wong 1986; Uzuner 111 

and Kennedy 1974; Uzuner and Kennedy 1976), ICEJAM (Flato and Gerard 1986), 112 

RIVER1D(Hicks et al. 1992) , DynaRICE (Shen et al. 2000), HECRAS (Daly and Vuyovich 2003), 113 

RIVICE(Lindenschmidt et al. 2012) , RIVER2D (Brayall and Hicks 2012), and ICESIM, while only 114 

a limited number of studies have resulted on the coupled combined numerical model of the ice flood 115 

backwater burst submergence and the evolution process of the flooding area in the ice flood. For 116 

example, the scholar (Feng 2014) used one-dimensional river gates and dams to block the water to 117 

reflect the changing process of the high water level of the ice dam, but ignored the discharge capacity 118 

of the river after the ice dam blocked, which is different from the actual ice dam water evolution. 119 

However, large deviations and the backwater of the river ice dams have caused the cross-section 120 

wet cycle and the roughness and flow resistance to increase, which have not been reflected in the 121 

previous ice flood evolution models. Given the above concerns, this study particularly proposes a 122 

comprehensive roughness optimization method of riverbed ice dam, to increase the roughness by 123 

setting the ice block and ice dam section to simulate the stagnation process caused by the upstream 124 

inflowing water blocked by the ice dam. In allusion to the characteristics of the ice flood evolution 125 

in the two-dimensional flood area, a comprehensive roughness optimization method for the flow ice 126 

surface layered is built to simulate the ice flood evolution process. 127 

In the context of global warming change, due to the special geographical location, hydrological, 128 

climatic conditions (Beltaos 2012) and river channel characteristics of the Yellow River, as well as 129 

the constraints of meteorological prediction accuracy and forecast period, the current research on 130 

ice situation cannot fully meet the needs of ice flood control of the Yellow River. Therefore, it is 131 

urgent to carry out a systematic and in-depth research on the evolution of the ice flood risk 132 
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assessment of the Yellow River, which provides an opportunity to assess the usefulness of an 133 

existing ice flood protection system under future climatic conditions, particularly to evaluate 134 

whether it is adequate to accommodate future ice flood hazard risks. In this paper, the potential ice 135 

flood hazard risk assessment along the upper reaches of the Yellow River in the Ningxia Inner 136 

Mongolia was examined. The hazard-inducing factors selected maximum submergence depth, 137 

maximum flood velocity and maximum submergence duration derived from a physically based 138 

coupled 1D-2D hydrological model to evaluate ice flood scenarios and subsequent backwater level 139 

profiles. Additionally, topographic elevation, terrain gradient and the distance from the river were 140 

selected as the hazard-pregnant environments, and the population density and GDP density were 141 

selected as the hazard-bearing bodies to construct the ice flood hazard risk assessment model based 142 

on the RF model, and it is compared with KNN risk assessment model. The rest of the paper is 143 

organized as follows. Section 2 introduces the study area and data used; while Section 3 shows the 144 

methodology of the study. Section 4 displays detailed results of the methods. In Section 5 we present 145 

a series of conclusions on the implementation of the proposed methods. The developed framework 146 

of the current research is presented as a flowchart in Fig. 1. Some of the most important features 147 

relevant to this research work are the following: 148 
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149 

Fig. 1. The developed framework of the current research. 150 

2. Study area and data 151 

2.1 Study area152 

Inner Mongolia section of the Yellow River is located in the northernmost end of the Yellow 153 

River, west from Wuda District, east to Junger Banner, belongs to the winter ice dam prone river 154 

section. The total length of the river section is 843km. The river section is mainly distributed in 155 

Shizuishan, Bayangaole, Sanhuhekou, Toudaoguai and other hydrological stations. Among them, 156 

Bayangaole to the head of the river section in the Yellow River basin at the northernmost is one of 157 

the river sections with the most frequent ice flood hazard and the most serious hazard losses. 158 

Affected by geographical location and climatic characteristics, the river closure and opening 159 

sequence of the Inner Mongolia section of the Yellow River is opposite. During the opening of the 160 

Yellow River in Inner Mongolia, flowing ice was blocked and accumulated, and ice dams were most 161 

likely to form at the river bends. Due to the frozen dam, the overflow section is reduced and the 162 

upstream water level rises sharply. Generally, the water rise of ice dam varies from 0.5 to 6m. After 163 
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the water rises to a certain height, the ice dam was overwhelmed by water pressure. After the ice 164 

dam breaks, the water level drops rapidly, which can drop by 1.5m in one day. Affected by the 165 

temperature and the trend of the river course, the closure of the Inner Mongolia section of the Yellow 166 

River traces its source from bottom to top, and it is easy to form ice jams and high-water levels, and 167 

even flood dikes. On the contrary, the closure and opening sequence intensifies the ice flood hazard 168 

of the section. This paper selects this reach as the research area, which has important practical 169 

significance for non-engineering measures and hazard prevention and reduction management. 170 

171 

Fig.2. Location of study area, the Yellow River's Inner Mongolia section. 172 

2.2 Data sets 173 

The data in this study mainly include the data required by the coupled 1D-2D model 174 

established to obtain the ice flood hazard-inducing factors and the ice flood risk assessment 175 

indicators. River data and cross-section data correspond to the basic data of the coupled 1D-2D 176 
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model, which were obtained by Municipal Water Authority of the Inner Mongolia Section of the 177 

Yellow River. Data on the boundary conditions were provided by the measured flood flow process 178 

and water level flow relationship. The Shuttle Radar Topography Mission (SRTM) digital 179 

elevation model (DEM), which has a 90-meter resolution, served as the basis for data on 180 

topographic elevation, submergence depth, flood velocity, distance to river and the calculation of 181 

slopes and aspects. Population density and GDP density data were collected from www.tjcn.org.  182 

183 

3. Methodology 184 

3.1 River-flood ice flood backwater burst submergence coupling model 185 

Based on the principle of hydrodynamics, considering the backwater characteristics of one-186 

dimensional river channel and the evolution characteristics of two-dimensional flood in floodplain, 187 

the ice flood backwater burst submergence coupling model is constructed, so that it can calculate 188 

the changes of hydraulic factors such as high water level change, dike break flow process, flood 189 

submergence process, water depth and velocity. 190 

(1) The control equation of one-dimensional river flood evolution 191 
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where Q is the flow, m3/s; A is the cross-sectional area of the water, m2; x is the distance along the 199 

river channel, m; t is the time, s; C is Chezy coefficient, s/m1/3;  R is the hydraulic radius, m; q is the 200 

unit width flow, m2/s; Z is the ice flood variable water level, m; n is the comprehensive roughness; 201 

ni is the roughness of the ice dam; nb is river bed roughness; χi is the wet cycle of the ice dam, m; 202 

χb is the river bed wet cycle, m; α is the momentum correction coefficient. The roughness of the 203 

river section is increased by setting the ice dam to simulate the backwater process caused by the 204 

upstream water being blocked by the ice dam. 205 

(2) The two-dimensional numerical simulation control equation of ice flood is as follows (Mao 206 

et al. 2003; Cao et al. 2018)：207 
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where h is the water depth, m; b
z  is the topographic elevation, m; ix

  and iy  are the components 213 

of flow drag force in the x and y directions respectively; u and v are the velocity components in the 214 

x and y directions respectively, m/s; bx
  and by  are the components of surface friction in the x and 215 

y directions respectively; I
n   is the flow roughness； B

n   is the surface roughness； L
q   is the 216 
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source and sink terms. According to the characteristics of the evolution of the ice flood in the two-217 

dimensional floodplain, the method of optimizing the comprehensive roughness of the flow ice-218 

surface layered is adopted to simulate the evolution process of the ice flood in the two-dimensional 219 

floodplain.220 

The coupled 1D-2D hydrodynamic model realizes the dynamic simulation calculation of the 221 

whole process of ice flood backwater burst submergence through the coupling connection at the 222 

breach. In this paper, the NWS DAMBRK method is used to realize the real-time dynamic coupling 223 

calculation of the river-floodplain ice flood evolution model. 224 

3.2 Risk assessment model of ice flood hazard  225 

Random forest (RF) model226 

Random forest (RF) algorithm is a combination classification intelligent algorithm based on 227 

statistical learning theory (Leo 2001). At present, the algorithm has been widely used in 228 

classification, regression and unsupervised learning (Han et al. 2018). For multi-classification 229 

problems, using random sampling to form multiple classifiers can converge to a lower generalization 230 

error, effectively improve the generalization ability of the algorithm, and the operation can be highly 231 

parallelized, thereby improving the computational efficiency of the model (Rodriguez-Galiano et al. 232 

2012; Chen et al. 2017; Zhou et al. 2019). 233 

The generation steps of RF algorithm are shown in Fig. 3: a. randomly select k sub-training 234 

sets S1, S2 ,..., SK with bootstrap sampling method, and build K classification trees; b. At each node 235 

of the classification tree, randomly select m from n indicators, and select the optimal segmentation 236 

index for segmentation; c. Repeat the above steps until k classification trees are traversed; d. Cluster 237 
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K classification trees to construct the whole random forest. 238 

239 

Fig. 3. Steps of RF decision tree generation. 240 

When the RF algorithm is used to evaluate the risk level of the ice flood hazard, the sample set 241 

to be predicted needs to be brought into the trained RF classification tree. The risk level distributed 242 

on each leaf node is the result of the risk level division of the corresponding classification tree 243 

(Gounaridis et al. 2019). Perform data averaging on the risk level classification results of all 244 

classification trees to obtain the entire ice flood hazard risk zoning result based on RF algorithm. 245 

                                                   (11) 246 

where is the number of trees in RF; is a certain risk level;  is the probability of ice 247 

flood hazard risk level  at leaf node . 248 

The RF algorithm has significant advantages in dealing with multi-index variable problems. 249 

The algorithm does not need to set index weights and does not perform pruning operations on 250 

classification trees(Mihăilescu et al. 2013). By gathering the voting results of multiple classification 251 

trees, multiple weak classifiers are combined to form a strong classifier. The accuracy of RF 252 

algorithm is guaranteed, and the model also has a high tolerance for sample abnormal values, which 253 
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avoids overfitting of data samples (Chen and Ishwaran 2012). 254 

K-nearest neighbor (KNN) model255 

Additionally, to estimate the effects of the proposed RF method as-applied to ice flood hazard 256 

risk, another algorithm is compared to RF. The KNN algorithm is a non-parametric pattern 257 

recognition and classification algorithm based on statistics(Yang 2019). Due to the simplicity of its 258 

implementation process, it has been applied in many fields, such as text classification (Lan et al. 259 

2016), short-term water demand forecasting (Oliveira and Boccelli 2017), annual average rainfall 260 

forecasting (Hu et al. 2013). The specific principle is shown in the literature and will not be repeated 261 

here. 262 

Accuracy evaluation index 263 

Statistical measures used to validate the models include True Positive (TP), True Negative (TN), 264 

False Positive (FP), False Negative (FN), Accuracy (ACC), Kappa (K), Root Mean Squared Error 265 

(RMSE) and Reciever Operating Characteristic (ROC) curve. These methods were used to evaluate 266 

the performance of models for the development of reliable ice flood susceptibility assessment. 267 

In this paper, P and AUC are used to evaluate the accuracy of the ice flood hazard risk 268 

assessment of the RF algorithm and the KNN algorithm(Li and Mao 2013; Jiang et al. 2019). P is 269 

the ratio of positive samples predicted by the classifier to positive samples. AUC refers to the 270 

probability that the positive samples output by the classifier are positive than the probability that 271 

the negative samples output by the classifier are positive. P intuitively reflects the accuracy and 272 

feasibility of the classifier algorithm applied to the ice flood hazard risk assessment, and AUC 273 

accurately reflects the relationship between the true class rate and the false positive class rate of the 274 
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classifier, so as to evaluate and compare the classification quality of each classifier. 275 

100%
TP

P
TP FP

 
                                                    (12) 276 

                                   (13) 277 

where refers to Precision;  refers to the number of positive samples correctly predicted by 278 

the classifier;  refers to the number of negative samples that are wrongly predicted as positive 279 

by the classifier;  denotes the No. sample; and  are the number of positive samples 280 

and negative samples respectively. 281 

4. Results 282 

According to the ice flood source, topography and historical ice flood hazard in the flood area 283 

on the North Bank of Inner Mongolia section, and comprehensively considering the characteristics 284 

of ice flood in Inner Mongolia section of the Yellow River, a relatively perfect ice flood risk 285 

evaluation index system is constructed based on hazard-inducing factors, hazard-pregnant 286 

environments and hazard-bearing bodies. By means of the ArcGIS platform and Python language, 287 

the RF model is used to carry out the risk assessment of ice flood hazard in the Inner Mongolia 288 

section of the Yellow River. P and AUC are employed to evaluate the accuracy of each model, and 289 

compared with the results obtained by KNN model to verify the applicability and accuracy of  RF 290 

model for the ice flood risk assessment. 291 

4.1 Hydrodynamic model calibration and ice flood hazard factors validation 292 

The coupled 1D-2D hydrodynamic models under the condition of a 100-year return period 293 

from Sanhuhekou to Toudaoguai section extending along the Yellow River was adopted in this study 294 
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for the hazard-inducing factors selecting maximum submergence water depth, the maximum flood 295 

velocity, and the maximum submergence duration to develop the ice flood hazard risk assessment. 296 

The specific establishing process is as follows:  297 

Step 1. The 1D river flow models 298 

Using the measured succeeding cross-section data of Sanhuhekou-Toudaoguai section (The 299 

river is 316km long in total, with 88 measured cross sections.), the one-dimensional river flow 300 

hydrodynamic model was established. The inflow boundary is located at Sanhuhekou, which is the 301 

design ice flood discharge process; while the outflow boundary is located at Toudaoguai, which is 302 

the relationship between water level and flow. 303 

Step 2. The 2D floodplain flow models 304 

Taking the dangerous sections, historical dike break, high ice flood of this river section, the 305 

utilization of residential areas and the comprehensive consideration of experts into account, 306 

Sanhuhekou (A), Sanchakou (B), Xinhekou (C) and Shisifenzi (D) were selected as the study areas, 307 

all located on the left bank of the river. The setting of the break is shown in Fig. 4. The unstructured 308 

grid is used to divide the terrain of the study area. Topographic data comes from NASA 309 

(https://www.nasa.gov). The zoning roughness of residential land and dry land are set respectively. 310 

https://www.nasa.gov/


17 

311 

Fig. 4. The distribution map of the ice flood risk analysis plan for the ice flood break 312 

Calibration and analysis of model.313 

Step 3. The coupled 1D-2D models 314 

The model realizes the dynamic connection between the 1D river channel and the 2D 315 

floodplain of the ice flood through the real-time coupling connection of the ice flood at the breach. 316 

Considering the most unfavorable conditions, the breach is instantaneous collapse to the end.317 

According to the historical ice flood hazards and expert opinions, the width of the breach is set to 318 

100m. One breach is set in study areas A, B and C respectively, and two are set in study area D. 319 

The four study areas all lack historical ice flood records, while the Kuisu area on the right bank 320 

of the river experienced ice flood in 2008, and relevant data were recorded. Data showed that on 321 

March 20, 2008, the Kuisu section of the Inner Mongolia section of the Yellow River was affected 322 

by the rapidly rising water levels at the Sanhuhekou hydrological station. Two breaches occurred in 323 

the morning. The east and west breaches were about 1km apart and occurred one after another. The 324 

maximum width of the east and west breach is 100m and 60m separately. The ice flood caused the 325 
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submergence of towns such as Duguitala and Hangjinnaoer. The submergence area reached 126km2, 326 

and the direct economic losses reached 935 million RMB. 327 

On the basis of the previous modeling steps, a coupled 1D-2D model of Kuisu area was 328 

established. To reflect the dike burst submergence evolution process caused by ice flood backwater, 329 

a comprehensive roughness optimization method of riverbed-ice dam was used to rate the river 330 

channel roughness. Referring to the Specification for ice flood computation SL428-2008, combined 331 

with the model roughness calibration and verification, the roughness of 10km downstream of the 332 

breach in each study area was set to 0.0975. The width of the east and west breach was set to 100m 333 

and 60m respectively according to the measured data. The starting time of the model was from 334 

16:00:00 on March 18, 2008 to 16:00:00 on March 28, 2008. And the SRTM 90m DEM Terrain was 335 

used to construct the two-dimensional ice flood submergence analysis model of Kuisu, and the 336 

unstructured grid was used to divide the terrain of the study area. The maximum grid area was no 337 

more than 0.01km2, with a total of 33,500 grids. The zoning roughness of residential land and dry 338 

land was set to reflect the impact of the actual evolution process of ice flood on residential land, 339 

which was validated as 0.08 and 0.04 respectively. Set the initial water depth of the grid to 0.01m, 340 

dry water depth to 0.005m, and wet water depth to 0.1m.  341 

In accordance with the Kuisu ice flood coupled calculation model, the dynamic flow process 342 

at the east and west breach of the model and the two-dimensional maximum submergence range in 343 

the Kuisu area were extracted, and compared with the actual flow process of the breach and the 344 

actual submergence range (Fig. 5). The results shows that the error between the calculated results 345 

of the flowmeter at the east and west breach of Kuisu and the measured values is less than 5%. And 346 

the calculated submergence range of the ice flood coupling model basically covers the historical 347 
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submergence area, and it is consistent with the historical data of the hazard-stricken area including 348 

Duguitala Town and Hangjinnaoer Township and other townships. The total submergence area is 349 

111.51km2 (Fig. 6). It can be seen that the coupled 1D-2D simulation model of ice flood established 350 

in this paper has high calculation accuracy and can meet the needs of ice flood numerical simulation 351 

and ice flood risk assessment.352 

353 

a)354 

355 

b)356 

Fig. 5.  Validation results of one-dimensional river ice flood numerical model of Sanhuhekou-357 

Toudaoguai: a) Eastern breach in Kuisu; b) Western breach in Kuisu.358 



20 

359 

Fig. 6. Numerical simulation verification results of two-dimensional submergence area in Kuisu. 360 

Ice flood hazard-inducing factor validation 361 

According to the ice flood coupled model parameters calibrated in the Kuisu section, the 100-362 

year return period ice flood in the four study areas of A, B, C and D were simulated and calculated, 363 

and the maximum submergence water depth, maximum flood velocity and maximum submergence 364 

duration were extracted as shown in Fig. 7, Fig. 8, Fig. 9 and Fig. 10 respectively. 365 

According to the analysis of three ice flood hazard-inducing factors, areas with the maximum 366 

submergence depth in area A is concentrated in the river bend and low-lying downstream areas, 367 

while the submergence range is distributed along the river trend, and the submergence distribution 368 

range is relatively narrow and long. Contrastively, the maximum submergence depth in area B is 369 

concentrated at the breach and near the river channel; in area C at the breach and the low-lying area 370 

downstream and in area D in the low and flat area in the middle. In addition, due to the flat terrain 371 

of the flood area on the north bank, affected by the terrain and the surface roughness of the flow, the 372 

maximum flood velocity in area A is concentrated in the southern river bend and the upstream area, 373 
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and the corresponding maximum submergence duration is long, indicating that this area should be 374 

the focus of the management of ice flood hazard prevention. In contrast, the maximum flood velocity 375 

in area B is distributed in the area close to the river channel, along the river trend, and the 376 

submergence duration is also long, which indicates that the distance from the river is one of the 377 

important indexes to evaluate the ice flood risk. Nevertheless, in area C, due to the fact that the 378 

terrain in the central area is slightly higher than that in the northeast, which is easy to lead to large 379 

flood submergence range and large submergence depth in the northeast, the maximum flood velocity 380 

is concentrated in the central area, conveying that the ice flood risk is greatly affected by the terrain 381 

as well. The maximum flood velocity and maximum submergence depth in area D are distributed in 382 

the central region, in which the low and flat terrain and large resident population play an important 383 

part. Once the ice flood breaks the dike, the life and property safety of the resident population will 384 

be largely threatened. 385 

Ice flood hazard-pregnant environment validation 386 

Hazard-pregnant environment refers to the external environmental conditions of hazard-387 

inducing factors and hazard-bearing body, such as topography, water system, vegetation distribution, 388 

etc. From the analysis of the background and mechanism of ice flood formation, the hazard-pregnant 389 

environment mainly considers the comprehensive impact of terrain and water system on the 390 

formation of ice flood. The lower the elevation is and the smaller the topographic relief gets, the 391 

more prone it is to trigger ice floods. The denser the river network is and the closer it is to the water 392 

body, the higher the risk of ice flood becomes (Bhuiyan and Baky 2014). Therefore, in this study, 393 

topographic elevation, terrain gradient and the distance from the river (Penning-Rowsell et al. 2005) 394 



22 

are selected as hazard-pregnant environment in this study, as shown in Fig. 7, Fig. 8, Fig. 9 and Fig. 395 

10 respectively.396 

Ice flood hazard-bearing body validation397 

The risk of hazard-inducing factors only reflects the possible harm caused by ice flood, and the 398 

actual degree of harm is also related to the situation of the hazard-bearing body. Ice flood with the 399 

same intensity occurs in densely populated (Zou et al. 2012) and economically developed areas, and 400 

the losses are often much greater than those in sparsely populated and economically backward areas 401 

(Winsemius et al. 2015). Therefore, this study selects population density and GDP density as the 402 

hazard-bearing body, as shown in Fig. 7, Fig. 8, Fig. 9 and Fig. 10 respectively.403 

404 

405 

406 
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407 

Fig. 7.  Assessment indicators for hazard risk in area A.408 

409 

410 

411 

412 

Fig. 8.  Assessment indicators for hazard risk in area B.413 
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414 

415 

416 

417 

Fig. 9.  Assessment indicators for hazard risk in area C.418 
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419 

420 

421 

422 

Fig. 10.  Assessment indicators for hazard risk in area D.423 
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4.2 Ice flood risk assessment  424 

Ice flood risk assessment accuracy analysis425 

To implement the RF model, the first and vital step is to select a proper training dataset, which 426 

significantly affects the quality and effectiveness of the model. The historical information about past 427 

flood events can be utilized to select the sample dataset. In this study, we select 2,600 samples in 428 

total, and manually identify and analyze the sample risk levels based on historical data records, 429 

namely no risk, low risk, medium risk, high risk, extremely high risk, and divide the samples into 430 

training data sets and test data sets. The Bootstrap method is used to randomly select 70% as the 431 

training data sets and 30% as the test data sets to test the model to verify the accuracy of it. The 432 

parameter settings of the number of classification trees n and the number of node bifurcations m in 433 

the RF algorithm directly affect the accuracy of the model. After repeatedly adjusting the parameters, 434 

it is determined that the number of RF classification trees n is 50, and that of node bifurcations m is 435 

3. In order to compare and verify the feasibility and accuracy of the RF model, the KNN model is 436 

selected for comparison. The model measures the Euclidean distance between the sample to be 437 

tested and the known sample to realize the prediction of ice flood hazard risk level. P and AUC are 438 

used to evaluate the accuracy of the sample. 439 

In this study, two evaluation indexes of P and AUC are selected to evaluate the accuracy of the 440 

following RF algorithm and KNN algorithm in four areas A, B, C and D. According to the analysis 441 

of Table 1, the accuracy of RF algorithm model and KNN algorithm in study areas A, B, C and D 442 

are more than 80%, indicating that RF algorithm and KNN algorithm have significant advantages 443 

in solving the problem of multi-dimensional ice flood hazard data classification and processing. 444 
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While ensuring the accuracy of the algorithm, it can capture the relationship between the multi-445 

dimensional feature index and the risk category. RF algorithm model and KNN algorithm model are 446 

both applicable to the ice flood risk assessment of the northern bank of the Inner Mongolia section 447 

of the Yellow River. Both P and AUC draw the same conclusion when evaluating accuracy, that is 448 

RF > KNN. The maximum disparities in AUC do arise in area C. The differential between the two 449 

algorithm is 6%, and it increases from 83% to 89% (Table 1). It further shows that RF algorithm has 450 

significant advantages in solving the classification and processing of multi-dimensional ice flood 451 

hazard data. Compared with the KNN algorithm, it has better performance for ice flood hazard risk 452 

assessment in the northern bank of the Inner Mongolia section of the Yellow River. 453 

Table 1 454 

Comparison of accuracy of ice flood hazard risk assessment model. 455 

Evaluation index

Study area 

P AUC 

RF KNN RF KNN 

A 91% 87% 85% 82% 

B 91% 86% 90% 85% 

C 89% 86% 89% 83% 

D 90% 83% 88% 83% 

Ice flood risk assessment distribution analysis 456 

Based on the RF algorithm, draw the hazard risk assessment map of the four areas A, B, C, and 457 

D, and compare them with the results obtained by the KNN algorithm. The results are shown in Fig. 458 

11 and Fig. 12 respectively. The ice flood risk of areas A, B, C and D on the North Bank of the Inner 459 

Mongolia section of the Yellow River is classified, and the risk level areas of each study area are 460 
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counted. The results are shown in Table 2. The following four areas are analyzed separately: 461 

462 

463 

Fig. 11.  Risk assessment map of ice flood hazard in area A, B, C and D based on RF model.464 

465 

Fig.12.  Risk assessment map of ice flood hazard in area A, B, C and D based on KNN model.466 

467 
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Table 2 468 

Statistical table of different risk level areas (km2) of ice flood hazard risk assessment in each study 469 

area.  470 

Study area

Risk level areas (km2) 

A B  C  D 

RF KNN RF    KNN RF   KNN RF   KNN

No risk 122.2 125.2 238.5 242.1 182.2 185.7 383.7 400.9 

Low risk 23.2  26.1  50.3  45.9  36.5  34.2  153.6 137.9 

Medium risk 78.3  77.4  82.4  86.6  140.8 135.7 197.8 198.1 

High risk 72.2  67.8  119.8 115.8 203.7 205.6 78.9  76.8  

Extremely high risk 113.7 113.1 41.4  42.0  31.0  33.0  0.2  0.5  

471 

As we can see from Table 2, for study area A, high and extremely high risks are concentrated 472 

in areas with maximum submergence depth and high population density, distributed in Xianfeng 473 

Township and Gongzimiao Township, which are consistent with historical ice flood hazard data. 474 

They should also be given priority in ice flood hazard management and risk prevention. In the results 475 

of RF model, the areas with no risk, low risk, medium risk, high risk and extremely high risk account 476 

for 29.8%, 5.7%, 19.1%, 17.6% and 27.7% respectively, and KNN model 30.6%, 6.4%, 18.9%, 16.6% 477 

and 27.6% respectively. It is obvious that the ratio of the two is basically the same, and the maximum 478 

differential occurs in high risk areas, by no more than 1%. 479 

For study area B, the high risk and extremely high risk areas decreased compared with area A, 480 

mainly distributed in Heiliuzi Township and Quanbatu Township. In the results of RF model, the 481 

areas with no risk, low risk, medium risk, high risk and extremely high risk account for 44.8%, 9.4%, 482 
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15.5%, 22.5% and 7.8% respectively, and KNN model 45.5%, 8.6%, 16.3%, 21.7% and 7.9% 483 

respectively. It is obvious that the area proportions obtained by the two are basically the same, and 484 

the maximum differential occurs in low risk, medium risk and high risk areas, by 0.8%. 485 

For study area C, the terrain is relatively flat, which provides a hazard-pregnant environment 486 

for ice flood hazard. In addition, the large population density in this area contributes to the increase 487 

of area above high risk in area C. High risk and extremely high risk are mainly distributed in Haizi 488 

Township and Mingshanao Township. In the results of RF model, the areas with no risk, low risk, 489 

medium risk, high risk and extremely high risk account for 30.7%, 6.1%, 23.7%, 34.3% and 5.2% 490 

respectively, and KNN model 31.3%, 5.7%, 22.8%, 34.6% and 5.6% respectively. It can be seen 491 

that the area proportions obtained by the two are basically the same, and the maximum differential 492 

occurs in the medium risk area, by 0.9%. 493 

For study area D, the scope of breach submergence in this area is small, the evolution rate of 494 

flood is slow, and the population density and GDP density of this area are low, resulting in the 495 

reduction of high risk and extremely high risk in this area compared with the above three areas. The 496 

high risk and extremely high risk areas are mainly distributed in Sandaohe Township. In the results 497 

of RF model, the areas with no risk, low risk, medium risk, high risk and extremely high risk account 498 

for 47.1%, 18.9%, 24.3%, 9.7% and 0.0% respectively, and KNN model 49.2%, 16.9%, 24.3%, 9.4% 499 

and 0.1% respectively. It can be seen that the area proportions obtained by the two are basically the 500 

same, and the maximum differential occurs in the risk-free area, by 2.1%. 501 

The results show that the differential between RF model and KNN model is controlled within 502 

5%. Therefore, KNN model is also reasonable as an index to characterize the hazard characteristics 503 

of ice flood. 504 
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5. Discussion 505 

In this study, an assessment model based on RF was adopted to evaluate regional ice flood 506 

hazard risk. The proposed ice flood hazard risk assessment method was implemented in the Inner 507 

Mongolia section of the Yellow River. Eight risk indices were selected and 2,600 samples were 508 

created for training and testing. The K-nearest neighbor (KNN) was used for risk assessment as a 509 

comparison.  510 

Some relevant researches (Stefanidis and Stathis 2013; Wang et al. 2015; Lai et al. 2016) also 511 

focused on the assessment of flood hazards based on the analytic hierarchy process (AHP), the 512 

support vector machine (SVM), the Ant-Miner and so on. While comparing with these previous 513 

researches, there are some major advantages between this study and them. Following are the 514 

deficiencies discussed of other studies in three aspects: 515 

For example, index weights must be calculated by manual intervention before the AHP method 516 

can be used, leading to high subjectivity. Additionally, the results come out from flood hazard 517 

indexes were classified into four classes depending on the likelihood of flood hazard (low, medium, 518 

high and very high). The division was achieved according to the Natural Breaks method. 519 

Consequently, there are more qualitative than quantitative data in AHP evaluation; so that the results 520 

are less than satisfactory. 521 

Additionally, the zoning map for the flood hazard risk only reflects the probability of being 522 

impacted by floods, the higher the risk level is, the easier the areas would be flooded. When socio-523 

economic factors were taken into account, some areas in high flood risk levels could have lower 524 

risk levels. The reason is that if fewer people, property and crops are in the area with high level of 525 

flood hazard risk, then the casualties and property losses would be lower despite the probability of 526 
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being flooded is high. In a conclusion, comprehensive flood risk is determined by natural conditions 527 

and social factors. Most of the high-risk zones, exhibiting a significant threat to local residents, 528 

typically have adverse hazard-inducing factors and hazard-pregnant environments as well as a large 529 

number of hazard-bearing bodies. The hazard-bearing bodies such as population, property, 530 

cultivated land and other vulnerable factors should be considered to delineate the comprehensive 531 

flood risk. By considering the hazard and vulnerability, the integrated flood risk zoning map is more 532 

representative of the risk of the whole basin. 533 

What’s more, although the Ant-Miner has significant advantages in terms of both 534 

implementation step-reducing and computing time-saving. However, there are still some limitations 535 

of using this method to discover rules. The rules generated by the Ant-Miner have a large number 536 

of boxes in the feature space. This is because the condition part of the rule only contains the term 537 

using the logical operator AND.  538 

In this case, risk assessment system for ice and flood hazards has been established, and the 539 

random forest (RF) algorithm has been used to carry out the risk assessment of the ice flood hazard 540 

in the north bank of the Yellow River Inner Mongolia. This study proved that despite a handful of 541 

drawbacks, application of the RF model to flood hazard risk shows significant potential. 542 

6. Conclusion  543 

Ice flood risk assessment has scientific and practical values in the context of basin-scale water 544 

resource and ice flood hazard management. In order to analyze and assess the ice flood risk, this 545 

study presents the typical ice flood area of the Inner Mongolia section of the Yellow River as the 546 

research object. Based on comprehensive consideration of ice flood hazard-inducing factors, hazard-547 

pregnant environment and hazard-bearing bodies, this study selects eight risk assessment indicators, 548 
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constructs the ice flood hazard risk assessment model based on RF algorithm, and compares it with 549 

the risk assessment model of KNN algorithm. The maximum submergence depth, maximum flood 550 

velocity and maximum submergence duration are selected as the ice flood hazard-inducing factors, 551 

which are obtained by constructing the river-flood ice flood backwater burst submergence coupling 552 

model. The hazard-pregnant environment selects three indicators of topographic elevation, terrain 553 

gradient and the distance from the river, while the hazard-bearing body selects two indicators of 554 

population density and GDP density. Finally, P and AUC are used to evaluate the ice flood risk 555 

assessment. The main conclusions of this paper are as follows：556 

(1) Compared with the traditional coupled 1D-2D hydrodynamic model, the river-flood ice 557 

flood backwater burst submergence coupling model method takes the variation of the roughness of 558 

the ice dam and the evolution characteristics of the ice flood into account, which provides a more 559 

feasible and simplified algorithm for the numerical simulation of the ice flood evolution. 560 

(2) Based on the calculation results of ice flood coupled 1D-2D model, three hazard-inducing 561 

factors are selected together with hazard-pregnant environments and hazard-bearing bodies to 562 

develop the ice flood hazard risk assessment based on RF algorithm model. By contrasting with 563 

previous research both on the methods and the selection of indicators, it draws conclusion that the 564 

RF algorithm exhibits higher accuracy in solving the classification and processing of multi-565 

dimensional ice flood hazard data. Compared with the KNN algorithm, it is more suitable for ice 566 

flood hazard risk assessment in the northern bank of the Inner Mongolia section of the Yellow River. 567 

(3) In the ice flood risk assessment of the Inner Mongolia section of the Yellow River, the 568 

overall risk of the study areas is Sanhuhekou>Xinhekou>Sanchakou>Shisifenzi. The high risk areas 569 

are mainly located in the vicinity of the breach and Xianfeng Township, Gongzimiao Township, 570 
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Heiliuzi Township, Haizi Township, Sandaohe Township and other areas. The above areas should 571 

be the focus areas for ice flood prevention and mitigation. 572 

573 

574 
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Highlights 575 

·Risk assessment system for ice and flood hazards has been established, and the random forest 576 

(RF) algorithm has been used to carry out the risk assessment of the ice flood hazard in the north 577 

bank of the Yellow River Inner Mongolia. 578 

·A coupled 1D-2D model is established to simulate the ice flood of dike break, and the 579 

maximum submergence depth, maximum flood velocity and maximum submergence duration were 580 

extracted as the hazard-inducing factors.  581 

·In this model, a comprehensive roughness optimization method of riverbed ice dam and a 582 

method for the flow ice surface layered were used to replace the actual ice dam and ice water.583 

584 
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