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Abstract
At higher latitudes, lower winter temperatures can cause ice jams to form in rivers, leading 
to levee breaches and significant economic losses, injuries, and deaths. This study exam-
ines the portion of the Inner Mongolia section of the Yellow River where ice-jam floods 
typically occur. Drawing on hazard system theory and a comprehensive analysis of hazard 
risk indices, including hazard-inducing factors and hazard-pregnant environments, as well 
as the vulnerability of the hazard-bearing bodies, we selected eight risk assessment indices 
to construct an ice-jam flood hazard risk assessment model that uses the random forest 
(RF) algorithm. The three hazard-inducing factors consisted of max water depth, max over-
bank flow velocity, and max inundation time, which were derived from the ice-jam flood 
backwater-levee break-inundation coupling model. The three hazard-vulnerable environ-
ment indices were elevation, terrain slope, and the distance to the river channel. The two 
hazard-bearing body indices were population density and Gross Domestic Product density. 
The modeling results show that compared with the K-nearest neighbor algorithm, the RF 
model performed better on both the Precision (P) and the area under the curve in assessing 
the four study areas. The RF model has significant advantages in classifying multi-dimen-
sional ice-jam flood hazard data. It can provide support for ice-jam flood hazard prevention 
and mitigation.
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1  Introduction

Ice-jam floods commonly occur during the transitional periods of freezeup and breakup, 
which often extend for many kilometers along a river and can attain aggregate thicknesses 
of several meters. This can cause the river to exceed the high water level, overflowing lev-
ees and submerging villages, farmland, roads, and industrial and mining sites (Boucher 
et al. 2009; Wu et al. 2014). These events pose a serious threat to river facilities and the 
lives and property of people near the river (Ashton 1986; Kundzewicz et  al. 2013a, b; 
Morse and Hicks 2005; Pham et  al. 2021a). Therefore, managing the ice-jam flood haz-
ard is important for securing people’s livelihoods (Bouwer et al. 2010; Kundzewicz et al. 
2013a, b). In this regard, the study of risk assessment of ice-jam flood hazards can inform 
the development of programs to prevent and mitigate ice-jam floods to reduce economic 
losses.

The ice-jam flood hazard system is complex and includes hazard-inducing factors, 
hazard-pregnant environments, and hazard-bearing bodies. It features high nonlinearity, 
spatial–temporal dynamics, and uncertainty, and the coupling of various challenges in 
the system may produce extremely complex phenomena (Tingsanchali and Karim 2010). 
Ice-jam flood hazard risk assessment involves a comprehensive evaluation of natural and 
social attributes to accurately capture the spatial distribution of ice-jam flood hazard risk 
(Osei et  al. 2021), to identify variation in the degree of danger over different areas (Wu 
et al. 2014). Maps can be used to visualize the spatial distribution of the ice-jam flood haz-
ard risk and to inform risk management, prevention, and transfer plans (Tian et al. 2021). 
Based on the principle of extreme value, Todorovic and Zelenhasic (1970) used the peaks 
over threshold (POT) model to illustrate the seasonal changes in flood risk. Anselmo et al. 
(1996) used hydraulic and hydrological coupling models to select a flood-prone area in 
Italy to assess flood risk. Zhou et al. (2000) put forward a model method that integrates 
rainfall, GDP, terrain, and other multi-index factors, and compared them with individual 
risk indices to analyze the rationality of the zoning results. Tan et  al. (2004) considered 
factors such as flood inundation, socio-economic conditions, and hazard-pregnant environ-
ment to establish a county-level flood risk zoning model. Beltaos (2012) utilized the dis-
tributed function method (DFM) with peak flow data to assess the risks of ice blocking 
and flooding. Wang et al. (2013) established a flood risk model based on Particle Swarm 
Optimization (PSO) for the North River Basin of China. Based on onsite investigations, 
De Coste et al. (2017) simulated the combination of ice and water in the Hay River and its 
delta in the northwestern region of Canada to assess ice-jam flood risk. Due to the Yellow 
River’s special geographical location (Beltaos 2012), river channel characteristics, the con-
straints of meteorological prediction accuracy as well as forecast period, current research 
cannot adequately address ice-jam flood hazards control there.

Although a considerable number of studies have provided a site-specific understanding 
of ice-jam flood risk indices, most of this research has focused only on one or two factors, 
which do not fully reflect the risks of ice-jam flood hazards. Given this, this article consid-
ers both the natural and the socio-economic indices as the ice-jam flood risk indices to 
ensure the results more comprehensive and reasonable, of which the hazard-inducing fac-
tors must be obtained through numerical simulations.

Numerical simulation of ice-jam flood hazards is the basis of risk analysis, management, 
and evaluation according to hydrodynamic methods, river ice dynamics methods, and theo-
retical methods. Lal and Shen (1991) proposed the one-dimensional river ice (RICE) model, 
which considered the distribution characteristics of water temperature and ice concentration. 



333Natural Hazards (2023) 115:331–355	

1 3

Based on hydraulics, thermodynamics, and ice hydrodynamic theories, it simulates the pro-
cess of ice transportation, blockage, and diving, and it is widely acknowledged as a pioneering 
accomplishment in the numerical simulation of ice-jam floods. Beltaos (1993) developed the 
RIVJAM river ice hydrodynamic model to simulate the process of water level changes during 
ice jams in wide, shallow channels. Jon and Ettema (2000) employed a numerical model to 
simulate the dynamic damage and reconstruction of ice jams and simulated the changing pro-
cess of under-ice overcurrent based on the theory of hydrodynamics and ice transport. Hop-
kins and Tuthill (2002) applied the Digital Elevation Model (DEM) to test a non-curved river 
ice state system affected by a segmented ice boom. Yang et al. (2002) simulated the ice-jam 
flood congestion formation process and analyzed ice transport. Studying the dynamic forma-
tion process of ice cover, Shen et al. (2010) provided a dynamic simulation of ice transporta-
tion, blockage, and overcurrent under the ice, and then applied a full dynamic one-dimen-
sional hydrodynamic model, including ice resistance and ice diffusion, to the St. John’s River. 
Lindenschmidt et al. (2016) used Monte-Carlo simulation and other freezing numerical simu-
lation methods to conduct a risk assessment of the ice-jam flood hazard and identify the vul-
nerability of cities and towns along the Peace River in Canada.

Existing research has been limited to a focus on freezing conditions, the evolution of ice 
transport, and the analysis of causes of ice-jam flood hazards. This work has established a 
series of static and dynamic river ice models, such as ICEJAM (Flato and Gerard 1986), 
RIVER1D (Hicks et al. 1992), DynaRICE (Shen et al. 2000), RIVICE (Lindenschmidt et al. 
2012), RIVER2D (Brayall and Hicks 2012), and ICESIM. However, only a limited number 
of studies have considered backwater-levee break-inundation in a numerical model of ice-jam 
flooding and how it evolves in a floodplain. For example, Feng (2014) used one-dimensional 
river gates to block water to assess changes in backwater levels with ice jams but ignored 
the discharge capacity of the river after the ice-jam-prone, which is largely different from the 
actual ice-jam water evolution. Meanwhile, the backwater of the river ice jams have caused 
the cross-section wetted perimeter, the roughness, and the flow resistance to increase, which 
have not been reflected in previous ice-jam flood evolution models. Given these concerns, this 
study particularly proposes a comprehensive roughness optimization method for riverbeds. 
This method increases the roughness by setting the ice jam section to simulate the stagna-
tion process caused by the upstream inflowing water blocked by the ice jam. To capture the 
characteristics of ice-jam flood evolution in a two-dimensional flood area, a comprehensive 
roughness optimization method for the flow ice surface layers is used to simulate the ice-jam 
flood evolution process.

Therefore, the main objectives of this study are: (1) to develop comprehensive and system-
atic indices for ice-jam flood risk assessment using RF of the Inner Mongolia section of the 
Yellow River. (2) to prove that RF is a suitable and reasonable method of ice-jam flood hazard 
risk assessment. (3) to analyze the ice-jam flood hazard risk distribution of the study basin. 
This will provide a novel opportunity to assess the usefulness of an existing ice-jam flood 
protection system, showing significant scientific and practical merits in terms of ice-jam flood 
hazard risk management and reduction of hazard in the Inner Mongolia section of the Yellow 
River and beyond.
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2 � Study area and data

2.1 � Study area

The Yellow River is well-known for its high sediment load, frequent flooding, levee 
breaching, and channel migration (Fan et al. 2012). It originates from the Tibetan Pla-
teau, flows eastwards through the Loess Plateau and the North China Plain, and flows 
into the Bohai Sea of the Pacific Ocean. The river can be divided into the upper, middle, 
and lower reaches based on distinctive geomorphologic and climatic conditions. The 
Inner Mongolia section of the Yellow River is located in the upper reach of the river in 
China, which stretches from the Wuda District in the west to Jungar Banner in the east. 
The total length of this section of the river section is 843 km. The river stages can be 
observed in Shizuishan, Bayangaole, Sanhuhekou, Toudaoguai. Among these locations, 
the section of the river running from Bayangaole to the northernmost head of the basin 
has the most frequent ice-jam flooding and suffers the most serious losses. As a result 
of its geographical location, the Inner Mongolia section of the Yellow River has the 
opposite stage of river closure and opening sequence. During the opening of the Yellow 
River in Inner Mongolia, flowing ice is blocked and accumulates, and ice jams are most 
likely to form at the river bends. Due to the ice jams, the overflow section is reduced 
and the upstream water level rises sharply. Generally, the water rises between 0.5 and 
6 m due to the ice jam. After the water rises to a certain height, the ice jam succumbs 
to water pressure. When the ice jam breaks, the water level drops rapidly, sometimes 
as much as 1.5 m in 1 day. Due to the cold air in Siberia and Mongolia in winter and 
spring, the upper Yellow River Basin has a prevailing northerly wind, cold climate, and 
little rain. As a result, the mainstream and tributaries of the Yellow River have various 
degrees of ice-jam flooding in winter, especially the upper reaches in Ningxia Inner 
Mongolia (Ningmeng), which is a key ice-jam flood hazard controlling sections of the 
river. Considering its geographical location and the increase in rainfall intensity and fre-
quency, winter ice-jam flood hazard conditions there are more severe and floods cause 
devastating damage to the local area (Das et  al. 2020). To date, as a consequence of 
the air temperature and anthropogenic activities, such as deforestation, land-use pattern 
changes, migration, and riverbed siltation in the basin environment, the ice-jam flood-
ing not only still occurs but has increased in frequency and severity (Pham et al. 2021b). 
From 1951 to 2010, ice-jam flooding occurred in the Inner Mongolia section of the Yel-
low River, causing significant losses of life and damage to property. This article focuses 
on this reach as the research area, because it has important practical significance for 
non-engineering measures, hazard prevention, and reduction management (Fig. 1).

2.2 � Data sets

This study uses the data required by the coupled 1D–2D model to obtain the ice-jam flood 
hazard-inducing factors and the ice-jam flood risk assessment indices. This includes river 
data and cross-section data, which were obtained from the Municipal Water Authority of 
the Inner Mongolia Section of the Yellow River. Data on the boundary conditions included 
the upstream discharge and the downstream water level. The Shuttle Radar Topography 
Mission (SRTM) digital elevation model (DEM), which has a 90 m resolution, provided 
data on elevation, water depth, overbank flow velocity, distance to the river channel, and 
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the calculation of slopes and aspects. Population density and GDP density data were col-
lected from China Statistical Information Network (2010).

3 � Methodology and model construction

The framework developed in this study is presented as a flowchart in Fig. 2. Some of the 
most important features relevant to this research work are the following:

Fig. 1   Location of the Yellow River’s Inner Mongolia section
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1.	 The ice-jam flood hazard risk assessment of the Inner Mongolia section of the Yellow 
River is conducted by the RF model, and KNN model is used for a comparison.

2.	 The hazard-inducing factors considered include the max water depth, max overbank flow 
velocity and max inundation time, which are derived from a physically based coupled 
1D-2D hydrological model with a comprehensive roughness optimization method under 
the 100-year return period.

3.	 Elevation, terrain slope, and the distance to the river channel are selected as indices 
of the hazard-pregnant environment, while population density and GDP density as the 
socio-economic indices are selected as the hazard-bearing bodies.

4.	 The ice-jam flood hazard risk distribution of the study basin involves five hazard levels, 
including no risk, low risk, medium risk, high risk and extremely high risk, respectively.

Therefore, the overall framework of model construction in this study are: (1) obtaining 
ice-jam flood hazard-inducing factors by ice-jam flood backwater-levee break-inundation cou-
pling model, (2) choosing comprehensive indices of hazard-pregnant environment and hazard-
bearing body, and (3) developing a systematic procedure for ice-jam flood hazard risk assess-
ment using RF, with KNN as a comparison. A detailed description of the above steps is given 
below.

3.1 � Ice‑jam flood backwater‑levee break‑inundation coupling model

The ice-jam flood backwater-levee break-inundation coupling model draws on the principles 
of hydrodynamics and considers the backwater characteristics of a one-dimensional river 
channel and the evolution characteristics of a two-dimensional ice-jam in a floodplain.

Fig. 2   Methodological flowchart adopted in the Yellow River’s Inner Mongolia section
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3.1.1 � The 1D river flow models

The 1D river flow model is used for computing unsteady flow, discharge and water level 
in rivers and channels. It uses a one-dimensional, implicit, finite difference scheme for 
the numerical solution of the Saint–Venant equations and can be formulated as follows:

For natural rivers, where generally �b ≈ �i , it is defined as follows:

where Q is the discharge (m3·s−1); A is the cross-sectional area of the water (m2); x is the 
distance along the river channel (m); t is the time (s); C is the Chezy coefficient (s·m−1/3); 
R is the hydraulic radius (m); q is the unit width discharge (m2·s−1); Z is the ice-jam flood 
variable water level (m); n is the comprehensive roughness; ni is the roughness of the ice 
jam; nb is river bed roughness; χi is the wetted perimeter of the ice jam (m); χb is the wetted 
perimeter of riverbed (m); α is the momentum correction coefficient. The roughness of the 
river section is increased by setting the ice jam to simulate the backwater process caused by 
the upstream water being blocked by the ice jam.

The computational grid consists of alternating Q-points and h points along the river 
(i.e., points where the discharge, Q, and water level, h, are computed at each time step). 
The model automatically generates a computational grid on the basis of the maximum 
distance, dx, defined as the distance between two adjacent h-points.

3.1.2 � The 2D floodplain flow models

The floodplain flow model is two-dimensional mathematical model for the simulation 
of ice-jam flood flow and sediment transport in a floodplain. The hydrodynamic part 
of the models solves the vertically integrated Saint–Venant equations (continuity and 
conservation of momentum) in two directions. Considering the motion characteristics of 
ice-jam flood and the variation characteristics of surface topography in the floodplain, 
the ice-jam flood drag force and surface friction force are calculated by the optimiza-
tion method of ice-jam flood and surface roughness. The two-dimensional numerical 
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simulation control equation for the ice-jam flood is as follows (Cao et  al. 2018; Mao 
et al. 2003):

where h is the water depth (m); zb is the elevation (m a.s.l.); �ix and �iy are the components of 
flow drag force in the x and y directions (Pa), respectively; u and v are the velocity compo-
nents in the x and y directions, respectively (m·s−1); �bx and �by are the components of surface 
friction in the x and y directions (Pa), respectively; nI is the flow roughness; nB is the surface 
roughness; and S is the magnitude of discharge of the point source (kg).

3.1.3 � The 1D–2D coupling models

The simulation of ice-jam flood evolution is a dynamic coupling process of ice-jam flood 
backwater, levee breaking and inundation. In this paper, the real-time dynamic coupling of 
one-dimensional backwater model of river channel and two-dimensional numerical model 
of ice-jam flood evolution in floodplain is realized by connecting the side buildings of levee 
breaking. At any time of model calculation, the exchange of flow direction, discharge and 
momentum is determined by water level comparison between connecting grids, realizing the 
simulation of flow pattern change at levee breaking and inundation. The NWS DAMBRK 
method (Fread 1980) is used to calculate the real-time dynamic coupling of the river-flood-
plain ice-jam flood evolution model. The equations are as follows:
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where Q′ is the bypass discharge of breach (m3·s−1); cv is correction coefficient of inflow 
loss; ks is inundation correction coefficient; b is the width of the breach (m); h is the water 
level (m) inside the breach; cw is the horizontal weir coefficient of breach; hb is the bottom 
elevation (m) of the breach; cs is the breach slope weir coefficient; S is the breach slope; WR 
is river width (m) at breach; hd is final breach elevation (m); Qp is the breach flow of the 
previous iteration (m3·s−1); hds is the water level (m) of the floodplain outside the breach; 
generally cw ≈ 0.55 ; cs ≈ 0.43 ; cB ≈ 0.74.

3.2 � Risk assessment model of ice‑jam flood hazard

In this study, a risk assessment model based on RF is adopted to evaluate regional ice-jam 
flood hazard, and the KNN model is used for risk assessment as a comparison, to prove RF 
a considerable advantage in solving ice-jam flood risk assessment.

3.2.1 � Random forest (RF) model

The random forest (RF) algorithm (Leo 2001) is a commonly-used machine learning algo-
rithm developed by Leo Breiman and Adele Cutler, which combines the output of multiple 
decision trees to reach a single result. The algorithm has been widely used in classification, 
regression, and unsupervised learning (Han et al. 2018). For multi-classification problems, 
using random sampling to form multiple classifiers can reduce errors and improve the abil-
ity to generalize from the algorithm. The operation can be highly parallelized, thereby 
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improving the computational efficiency of the model (Chen et al. 2017; Rodriguez-Galiano 
et al. 2012; Zhou et al. 2019).

The steps for generating the RF algorithm are shown in Fig. 3. First, k sub-training sets, 
S1, S2, …, SK, are randomly selected with bootstrap sampling to build K classification trees. 
At each node of the classification tree, m is randomly selected from n indices and the opti-
mal segmentation index is chosen. These steps are repeated until k classification trees are 
traversed. K classification trees are clustered to construct the whole random forest.

When the RF algorithm is used to evaluate the risk level of the ice-jam flood hazards, the 
sample set to be predicted needs to be introduced into the trained RF classification tree. The 
risk level distributed on each leaf node is a result of the risk level division for the correspond-
ing classification tree (Gounaridis et al. 2019). Data averaging is performed on the risk level 
classification results of all classification trees to obtain the entire ice-jam flood hazard risk 
zoning results using the RF algorithm.

where T is the number of trees in the RF algorithm; c is a certain risk level; p(c|� ) is the prob-
ability of ice-jam flood hazard risk level c at the leaf node � .

The RF algorithm has significant advantages in dealing with multi-index variable prob-
lems. The algorithm does not need to set index weights and does not perform pruning opera-
tions on classification trees (Mihăilescu et al. 2013). By gathering the voting results of mul-
tiple classification trees, multiple weak classifiers are combined to form a strong classifier. 
The accuracy of the RF algorithm is guaranteed, and the model also has a high tolerance for 
abnormal sample values, which avoids overfitting (Chen and Ishwaran 2012).

3.2.2 � K‑nearest neighbor (KNN) model

We also compared the application of the RF method to ice-jam flood hazard risk to another 
algorithm. The KNN model is a non-parametric pattern recognition and classification algo-
rithm (Yang 2019). Due to the simplicity of its implementation, it has been applied in many 
fields, such as text classification (Lan et  al. 2016), short-term water demand forecasting 
(Oliveira and Boccelli 2017), and annual average rainfall forecasting (Hu et  al. 2013). The 
model measures the Euclidean distance between the sample to be tested and the known sam-
ple to predict the ice-jam flood hazard risk.

3.3 � Accuracy evaluation index

We used the following statistical measures to validate the models: True Positive (TP), True 
Negative (TN), False Positive (FP), False Negative (FN), Accuracy (ACC), Kappa (K), Root 
Mean Squared Error (RMSE), and Reciever Operating Characteristic (ROC) curve. These 
methods were used to evaluate the performance of models to develop a reliable ice-jam flood 
susceptibility assessment.

Precision (P) and area under the curve (AUC) were used to evaluate the accuracy of the 
ice-jam flood hazard risk assessments using the RF algorithm and the KNN algorithm (Jiang 
et al. 2019; Li and Mao 2013). P is the ratio of positive samples predicted by the classifier to 

(14)p(c|� ) =
T∑
t=i

Pt(c|� )
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positive samples observed. AUC refers to the probability that the positive samples identified 
by the classifier are positive is greater than the probability that the negative samples identified 
by the classifier are positive. P reflects the accuracy and feasibility of the classifier algorithm 
applied to the ice-jam flood hazard risk assessment, and AUC reflects the relationship between 
the true classification rate and the false positive classification rate, to evaluate each classifier.

where P refers to Precision; TP refers to the number of positive samples correctly predicted 
by the classifier; FP refers to the number of negative samples that are wrongly predicted as 
positive by the classifier; rankinsi denotes the ith sample; M and N are the number of posi-
tive samples and negative samples, respectively.

3.4 � Case model construction

3.4.1 � Ice‑jam flood numerical simulation construction

A 100-year return period for the Sanhuhekou to Toudaoguai section of the Yellow River is 
assumed. The model allows the dynamic simulation of the whole process of ice-jam flood 
backwater-levee break-inundation through the coupling connection at the breach. It calcu-
lates changes in hydraulic factors, such as the high water level change, outflow through the 
levee breach, ice flood inundation process, water depth, and overbank flow velocity.

(1)	 The 1D river flow models construction
	   Using data for 88 measured cross sections of the 316 km Sanhuhekou-Toudaoguai 

stretch of the river, the one-dimensional river flow hydrodynamic model was estimated. 
The inflow boundary, which is the designed ice-jam flood discharge process, is located 
at Sanhuhekou; while the outflow boundary, which is the relationship between water 
level and flow, is located at Toudaoguai.

(2)	 The 2D floodplain flow models construction
	   Taking the dangerous sections, historical levee breaches, and the presence of residen-

tial areas into account, Sanhuhekou (A), Sanchakou (B), Xinhekou (C), and Shisifenzi 
(D) were selected as study areas; each of these is located on the left bank of the river. 
The locations of the levee breaches are shown in Fig. 1. An unstructured grid is used to 
divide the terrain of the study area. Topographic data comes from National Aeronautics 
and Space Administration (NASA).

(3)	 The coupled 1D-2D models construction
	   The model captures the dynamic connection between the 1D river channel and the 

2D floodplain of the ice-jam flood through the real-time coupling connection of the 
ice-jam flood at the breach. According to the historical ice-jam flood hazards, the width 
of the breach is set to 100 m. One breach is set in each of the study areas A, B, and C 
and two are set in study area D.

(15)P =
TP

TP + FP
× 100%

(16)AUC =

∑
insi∈positive class

rankinsi −
M×(M+1)

2

M × N
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While the four study areas all lack historical ice-jam flood records, the Kuisu area on 
the right bank of the river experienced an ice-jam flood in 2008, and relevant data were 
recorded. On March 20, 2008, the Kuisu section of the Yellow River was affected by rap-
idly rising water levels at the Sanhuhekou hydrological station. Two breaches occurred in 
the morning. The east and west breaches were about 1 km apart and occurred one after 
another. The maximum width of the east and west breaches was 100 m and 60 m, respec-
tively. The ice-jam flood caused the inundation of Duguitala and Hangjinnaoer towns. The 
inundation area totaled 126km2 in size, and the direct economic losses reached RMB 935 
million.

Following the previously described steps, a coupled 1D-2D model of the Kuisu area was 
created. To reflect the backwater-levee break-inundation evolution process caused by the 
ice-jam flood, a comprehensive roughness optimization method for riverbed ice jams was 
used to rate the river channel roughness. Referring to the Specification for ice-jam flood 
computation SL428-2008, the roughness of the river 10 km downstream of the breach in 
each study area was set to 0.0975. The widths of the east and west breaches were set to 
100 m and 60 m, respectively, based on the data. The starting time for the model was set at 
16:00:00 on March 18, 2008, and the ending time was set to 16:00:00 on March 28, 2008 in 
China. SRTM 90 m DEM Terrain was used to construct the two-dimensional ice-jam flood 
inundation analysis model of Kuisu, and an unstructured grid was used to divide the terrain 
of the study area. The maximum grid area was set at 0.01 km2, with a total of 33,500 grids. 
The zoning roughness values for residential land and dry land were set at 0.08 and 0.04, 
respectively, to reflect the impact of the actual evolution process of the ice-jam flood. The 

Fig. 4   Validation results of one-dimensional river ice-jam flood numerical model of Sanhuhekou-
Toudaoguai: a) eastern breach in Kuisu; b) western breach in Kuisu
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initial water depth of the grid was set at 0.01 m; the dry water depth was set at 0.005 m; the 
wet water depth was set at 0.1 m.

In accordance with the Kuisu ice-jam flood coupled calculation model, the dynamic 
flow process at the east and west breaches and the two-dimensional maximum inundation 
area in the Kuisu area were extracted, and compared with the actual flow process of the 
breach and the actual inundation area (Fig. 4). The results show that the flow values esti-
mated for the east and west breach of Kuisu deviated from the observed values by less than 
5%. The inundation area predicted by the model matched the actual inundation area, and it 
was consistent with the historical data of the high risk areas, including Duguitala, Hangjin-
naoer, and other townships. The total inundation area was 111.51km2 (Fig. 5). The coupled 
1D–2D simulation model of ice-jam flood generated accurate estimates, making it a useful 
simulation for hazard risk assessment.

3.4.2 � Ice‑jam flood hazards risk assessment indices system construction

Ice-jam flood hazard risk assessment involves a comprehensive evaluation of natural and 
social attributes to accurately capture the spatial distribution of ice-jam flood hazard risk. 
The ice-jam flood hazard system is complex and includes hazard-inducing factor, hazard-
pregnant environment, and hazard-bearing body. After considering the actual conditions of 
ice-jam floods and relevant characteristics in the study area and reviewing recommenda-
tions provided by previous research, three ice-jam flood hazard-inducing factors, three ice-
jam flood hazard-pregnant environment indices and two ice-jam flood hazard-bearing body 
indices are selected as follows.

(1)	 Ice-jam flood hazard-inducing factor.
	   Using the model parameters estimated for the Kuisu section, the 100-year return 

period ice-jam flood in the four study areas of A, B, C, and D were simulated and 

Fig. 5   Numerical simulation verification results of two-dimensional inundation area in Kuisu
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calculated, and the max water depth, max overbank flow velocity, and max inundation 
time were extracted, as shown in Figs. 6, 7, 8, and 9, respectively.

	   According to the analysis of three ice-jam flood hazard-inducing factors, the portion 
of area A with the max water depth is located in the river bend and low-lying down-
stream areas, while the inundation area is distributed along the potential of the stream, 
and the inundation distribution range is relatively narrow and long. By contrast, the 
max water depths are concentrated at the breach and near the river channel in the area, 
at the breach and the low-lying area downstream in area C, and in the low and flat area 
in the middle of area D. In addition, due to the flat terrain of the floodplain on the north 
bank and the surface roughness of the flow, the max overbank flow velocity in area A 
is concentrated in the southern river bend and the upstream area. The corresponding 
max inundation time is long, indicating that this area should be the focus of ice-jam 
flood hazard prevention. In contrast, the max overbank flow velocity in area B is located 
in the area close to the channel along the potential of the stream, and the inundation 
time is lengthy, which indicates that the distance to the river channel is an important 

Fig. 6   Assessment indices for hazard risk in area A
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determinant of ice-jam flood hazard risk. Compared to the northeast, which has a larger 
inundation area and greater water depths, area C features slightly higher terrain and the 
max overbank flow velocity is concentrated in the central area; this indicates that terrain 
level is an important factor in ice-jam flood risk. The max overbank flow velocity and 
max water depth in area D are located in the central region, where the terrain is low 
and flat. Because of the large resident population, the threat to life and property due to 
ice-jam floods is significant.

Fig. 7   Assessment indices for hazard risk in area B
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Fig. 8   Assessment indices for hazard risk in area C
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Fig. 9   Assessment indices for hazard risk in area D
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(2)	 Ice-jam flood hazard-pregnant environment.
	   The term hazard-pregnant environment refers to the external environmental condi-

tions, such as topography, the water system, and vegetation distribution. The hazard-
pregnant environment concept mainly captures the impact of terrain and the water 
system on the formation of ice-jam floods. Areas with lower elevations and smaller 
topographic reliefs are more prone to ice-jam flood hazards. Areas with dense river 
networks where are closer to the water body also face greater risks of ice-jam flood 
hazards (Bhuiyan and Baky 2014). Therefore, in this study, elevation, terrain slope, 
and distance to the river channel (Penning-Rowsell et al. 2005) are selected as indices 
of a hazard-pregnant environment, as shown in Figs. 6, 7, 8, and 9.

(3)	 Ice-jam flood hazard-bearing body.
	   The risk associated with hazard-inducing factors reflects the potential damage caused 

by ice-jam floods. The actual severity of hazard is also related to the characteristics 
of the hazard-bearing body. Ice-jam floods of similar intensity have stronger effects in 
densely populated (Zou et al. 2012) and economically developed areas than in sparsely 
populated and economically backward areas (Winsemius et al. 2015). Therefore, this 
study uses population density and GDP density as indices of the hazard-bearing bodies, 
as shown in Figs. 6, 7, 8, and 9.

(4)	 Flood hazard risk assessment based on RF

The model accounts for the ice-jam flooding center, topography, and historical ice-jam 
flood hazard along the north bank of Inner Mongolia section. As a result, a relatively com-
prehensive ice-jam flood risk assessment indices system is constructed based on the haz-
ard-inducing factors, hazard-pregnant environment, and hazard-bearing bodies. Using the 
ArcGIS platform and Python language, the RF model is used to carry out the risk assess-
ment of ice-jam flood hazards for the Inner Mongolia section of the Yellow River. The 
first step is to select a proper training dataset, which is vital for generating accurate predic-
tions. Historical information about past flood events can be used as a sample dataset. In this 
study, we selected 2,600 samples and used historical data to assign one of five risk levels: 
no risk, low risk, medium risk, high risk, and extremely high risk. We then divided the 
samples into training data sets and test data sets. The Bootstrap method (Cao 1999) was 
used to randomly select 70% of the data as training sets and 30% as test sets to verify the 
accuracy of the model. The parameter settings for the number of classification trees n and 
the number of node bifurcations m in the RF algorithm directly affect the accuracy of the 
model. After repeatedly adjusting the parameters, the number of RF classification trees was 
set to 50 the number of node bifurcations was set to 3.

Table 1   Comparison of accuracy 
of ice-jam flood hazard risk 
assessment model

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
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4 � Results

4.1 � Assessing the accuracy of the ice‑jam flood hazard risk analysis

P and AUC were selected to evaluate the accuracy of the RF algorithm and KNN algorithm 
in the four study areas: A, B, C, and D. As shown in Table 1, the accuracy ratings of the 
RF algorithm model and KNN algorithm in the study areas were more than 80%, indicat-
ing that the two algorithms can effectively classify and process multi-dimensional ice-jam 
flood hazard data. While ensuring the accuracy of the algorithm, they can capture the rela-
tionship between the multi-dimensional feature index and the risk category. The RF and 
KNN algorithm models were both applicable to the ice-jam flood hazard risk assessment 
of the northern bank of the Inner Mongolia section of the Yellow River. The P and AUC 
statistics both indicated that the RF model was more accurate than the KNN model. The 
largest difference in accuracy between the two algorithms according to AUC was observed 
in area C, which the RF model predicted with 89% accuracy and the KNN model predicted 
with 83% accuracy. This further shows that the RF algorithm has significant advantages 
in classifying and processing multi-dimensional ice-jam flood hazard data. The RF model 
was more accurate than the KNN model in predicting ice-jam flood hazard risk along the 
northern bank of the Inner Mongolia section of the Yellow River.

4.2 � Ice‑jam flood hazard risk assessment distribution analysis

Using the results of the RF algorithm, we developed hazard risk assessment maps of the 
four areas and compared them with the results obtained with the KNN algorithm. The 
results are shown in Figs. 10 and 11. The ice-jam flood hazard risks of the four areas were 

Fig. 10   Risk assessment map of ice-jam flood hazard in areas A, B, C, and D based on the RF model
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classified, and the risk level areas of each area were counted. The results are shown in 
Table 2.

As shown in Table 2, for the study area A, the high and extremely high risk levels were 
concentrated in areas with max water depth and high population density in Xianfeng Town-
ship and Gongzimiao Township, which is consistent with historical ice-jam flood hazard 
data. These locations should be given priority in ice-jam flood hazard management and 
risk prevention. In the results of the RF model, areas with no risk, low risk, medium risk, 
high risk, and extremely high risk accounted for 29.8%, 5.7%, 19.1%, 17.6%, and 27.7% of 
the total area, respectively. In the results of the KNN model, areas with no risk, low risk, 
medium risk, high risk, and extremely high risk accounted for 30.6%, 6.4%, 18.9%, 16.6%, 
and 27.6%, respectively. The distributions of the territory among the risk levels predicted 
by the two models were the same. The maximum differential of roughly 1% occurred 
among high-risk areas.

Fig.11   Risk assessment map of ice-jam flood hazard in areas A, B, C, and D based on the KNN model

Table 2   Different risk level areas (km2) in each study area

Risk level areas (km2) Study area

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



351Natural Hazards (2023) 115:331–355	

1 3

The high risk and extremely high risk areas were smaller in area B than in area A and 
were mainly distributed in Heiliuzi Township and Quanbatu Township. In the results of 
the RF model, areas with no risk, low risk, medium risk, high risk, and extremely high 
risk accounted for 44.8%, 9.4%, 15.5%, 22.5%, and 7.8%, respectively. In the results of 
the KNN model, areas with no risk, low risk, medium risk, high risk, and extremely high 
risk accounted for 45.5%, 8.6%, 16.3%, 21.7%, and 7.9%, respectively. The distributions of 
risk levels predicted by the two models were the same. The maximum differential of 0.8% 
occurred in low risk, medium risk, and high-risk areas.

In study area C, the terrain is relatively flat, which provides a hazard-pregnant environ-
ment for ice-jam flooding. In addition, the large population density in this area contributed 
to the increase in high-risk areas compared to areas A and B. The high risk and extremely 
high-risk areas were mainly distributed in Haizi Township and Mingshanao Township. In 
the results of the RF model, the areas with no risk, low risk, medium risk, high risk, and 
extremely high risk accounted for 30.7%, 6.1%, 23.7%, 34.3%, and 5.2%, respectively. In 
the results of the KNN model, the areas with no risk, low risk, medium risk, high risk, and 
extremely high risk accounted for 31.3%, 5.7%, 22.8%, 34.6%, and 5.6%, respectively. The 
distributions of risk levels predicted by the two models were the same. The maximum dif-
ferential of 0.9% occurred in the medium-risk area.

In study area D, the breach inundation was narrow in scope; the evolution rate of flood-
ing was slow; the population density and GDP density area were low. This resulted in fewer 
areas being classified as high risk or extremely high risk compared with areas A, B, and C. 
The high-risk and extremely high-risk areas were mainly distributed in Sandaohe Town-
ship. In the results of the RF model, the areas with no risk, low risk, medium risk, high 
risk, and extremely high risk accounted for 47.1%, 18.9%, 24.3%, 9.7%, and 0.0%, respec-
tively. In the KNN model, the areas with no risk, low risk, medium risk, high risk, and 
extremely high risk accounted for 49.2%, 16.9%, 24.3%, 9.4%, and 0.1%, respectively. The 
distributions of risk levels predicted by the two models were the same. The maximum dif-
ferential of 2.1% occurred in the risk-free area.

The results show the differences in areas classified by the RF model and KNN model 
were less than 5%. Therefore, the KNN model performs well in classifying the ice-jam 
flood risks.

5 � Discussions and conclusions

5.1 � Innovation and limitation

This study analyzed the typical ice-jam flood area of the Inner Mongolia section of the 
Yellow River. While prior studies have tended to focus on a single ice-jam flood hazard 
risk indice, this study has advanced the field by selecting several ice-jam flood hazard risk 
indices, including ice-jam flood hazard-inducing factor, hazard-pregnant environment, and 
hazard-bearing body. These improvements have contributed to overcoming the incomplete-
ness in some recent studies that undertook the ice-jam flood hazard risk assessment. For 
example, Wang et al. (2015) used an assessment model based on RF to evaluate regional 
flood hazard risk. The proposed flood hazard risk assessment method was implemented in 
Dongjiang River Basin, China. Eleven risk indices including ice-jam flood hazard-inducing 
factors, hazard-pregnant environment were selected. The support vector machine (SVM) 
was used for risk assessment as a comparison, as well as an analysis of index importance 
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degree. However, it neglects the influence of socio-economic factors that do play an impor-
tant role in flood control. When socio-economic factors were taken into account, some 
areas in high flood risk levels could have lower risk levels. In a conclusion, comprehen-
sive flood risk is determined by natural conditions and social factors. Most of the high 
risk zones, exhibiting a significant threat to local residents, typically have adverse hazard-
inducing factors and hazard-pregnant environments as well as a large number of hazard-
bearing bodies. The hazard-bearing bodies such as population, property, cultivated land 
and other vulnerable factors should be considered to delineate the comprehensive flood 
risk. By considering the hazard and vulnerability, the integrated flood risk assessment map 
is more representative of the risk of the whole basin. Cai et al. (2019) developed a multi-
index fuzzy comprehensive evaluation model (MFCE model) for flood disaster risk in the 
area of Yifeng, Jiangxi Province. The MFCE model contains three input indicators: the 
hazard factor, the exposure factor and the vulnerability factor, which solved the question 
that neglects the influence of hazard-bearing bodies. Although the fuzzy comprehensive 
evaluation method is an improved method of the AHP, it still has certain subjectivity in 
weight calculation. Further research on the sensitivity of subjective weight to risk analysis 
is suggested. Therefore, this study is more comprehensive in terms of indices selection and 
risk assessment methods selection than the previous studies.

While doing constitute progress, the study does have the following limitations. First, 
due to data constraints, the validation of the model cannot fully reflect the accuracy of the 
results and may cause certain errors. As a result, more works need to be done in the further 
study once the solid information are available. Second, there is no systematic system of 
ice-jam flood hazards risk assessment indices in the Inner Mongolia section of the Yellow 
River. Better and more reasonable results can be obtained if more indices are used, like the 
influences of dam and reservoir.

5.2 � Conclusion and future research

In this study, we selected eight indices including the hazard-inducing factor, hazard-preg-
nant environment, and hazard-bearing body to construct the ice-jam flood hazard risk 
assessment model using the RF algorithm, and it was compared with a KNN risk assess-
ment model in the Inner Mongolia section of the Yellow River. The hazard-inducing fac-
tors considered were derived from a physically based coupled 1D–2D hydrological model 
with a comprehensive roughness optimization method. The following conclusions are 
drawn:

1.	 In accordance with the Kuisu ice-jam flood coupled calculation model, the results show 
that the flow values estimated for the east and west breach of Kuisu deviated from the 
observed values by less than 5%. The inundation area predicted by the model matched 
the actual inundation area, and it was consistent with the historical data of the high risk 
areas, including Duguitala, Hangjinnaoer, and other townships. It shows that the coupled 
1D–2D simulation model of ice-jam flood generated accurate estimates, making it a 
useful and accurate simulation for hazard risk assessment.

2.	 Both P and AUC accuracy ratings of RF model and KNN model in each level, RF was 
higher than KNN, indicating that the RF algorithm has significant advantages in clas-
sifying and processing multi-dimensional ice-jam flood hazard data.

3.	 The risk levels of the areas along the Inner Mongolia section of the Yellow River 
were identified such that they can be classified in descending order of risk as follows: 
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Sanhuhekou, Xinhekou, Sanchakou, and Shisifenzi. The high risk areas were mainly 
located in the vicinity of the breaches, in areas such as Xianfeng Township, Gongzimiao 
Township, Heiliuzi Township, Haizi Township, and Sandaohe Township. These areas 
should be the focus of ice-jam flood prevention and mitigation efforts in the region.

This study proved that despite a handful of drawbacks, application of the RF model to 
ice-jam flood hazard risk shows significant potential. Evaluation results provided a refer-
ence for ice-jam flood hazard risk management, prevention, and reduction in the upper Yel-
low River Basin. However, a dynamic assessment of ice-jam flood risk should also be used 
to provide technical support for the formulation of risk prevention and transfer policy for 
the future research. In addition, although RF method and KNN method to assess ice-flood 
hazard risk along the Inner Mongolia section of the Yellow River obtained classification 
results, more measured data should be collected to verify the rationality and advantages of 
the model. Moreover, the RF model should be expanded to include other watershed risks 
and compare the results among different methods to obtain a most appropriate assessment 
method.
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