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Introduction
Flash floods are commonly highlighted by deep, fast flowing water which - combined 

with the short time available to respond - increases the risk to local people and property 
[1]. Hence, many studies concentrated on rainfall depth threshold for early warning for 
flash flood to mitigate disaster [2-7]. However, due to the impacts of flash flood are usually 
confined to a small area with very limited exposures to them, non-structural measures are 
currently one of the main options; moreover, the leading time available is very limited even 
if rainfall depth thresholds are accurately estimated and work well in early warning system. 
Risk management is one of the powerful options for flash flood. And the concept of flood 
risk was traditionally defined as the product of probability and consequences of flooding, but 
currently, more and more studies have preferred to regard it as the comprehensive effect of 
hazard, exposure, and vulnerability. Hazard assessment is significant for risk evaluation, many 
studies performed analysis on the factors leading to flash flood, such as rainfall, hydrological 
feature, geology, landform, landcover, soil type [8] and/or the mechanism among the factors 
[9], or the significance of each factor triggering flash flood [10,11]. Similarly, exposures to 
hazard are also of significance, many studies are mainly concentrated on lives loss [12,13], 
but increasingly on stationary or movable objects [14]. Vulnerability is commonly regarded as 
the susceptivity and resistance of exposures to hazard [15] and was increasingly studied with 
different methods, such as matrix method [16], index method [17] and curve method [18]. 
Commonly, AHP (Analytic Hierarchy Process) is used for risk assessment, in which serval 
even many indexes indicating risk need to be developed with high uncertainty. At the same 
time, risk assessment can be grid-based or watershed-based. Most of existing studies were 
made grid-based [19-25] and minor of them were watershed-based [26-28]. As powerful 
technical tools, GIS and RS technologies have been widely used not only to perform grid-based 
hazard assessment and flash flood hazard mapping [2,21,24,29,30], but to extract and refine 
hydrologic, hydrodynamic information for flash flood [24,31]. Emphases of most existing 
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Abstract
Risk management is one of the important options for flood disaster mitigation. Xiaoji village, a high flash 
flood prone area in Xixia county, Hehan Province, China, was taken as an example to perform analysis 
on flash flood risk assessment and application to at village level. This article first introduced the general 
approach, Hazard-Vulnerability Overlay Analysis (HVOA), for rapid flash flood risk assessment, then 
presented detail information on model construction and analysis on hazard of flash flood, exposures 
to hazards, and vulnerability assessment; finally, presented the application of these outputs in Xiaoji 
village. The main conclusions are as follows: (1) HVOA is a simplified and practical method to perform 
rapid flash flood risk assessment at village level, (2) hazard assessment at river basin scale is significant, 
though risk evaluation was performed for a local area, (3) risk assessments have potential in the fields of 
village’s early warning, emergency response planning, landuse and structural measure planning, and risk 
awareness enhancement.
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studies were put on risk assessment for a large region at a very large scale, which is limited to indicate rainfall-runoff characteristics in 
a drainage area. However, how detailed do we need to perform flash flood risk analysis? [32] Plate E.J. proposed that flood risk and flood 
management was classified as three levels of operational level, project planning level and project design level [33]. Obviously, different 
level means different information requirements. For flash floods, time between rainfall and flood peak appears is very short and the 
available leading time is very, very limited. However, many actions need to be done in such limited time, for instance, early warning, 
emergency launch, evacuation to shelters. Xiaoji village, a typical flash flood prone area in the Shewei River Basin, Henan province, China 
(Figure 1), was taken as an example in this study to improve village-oriented flash flood risk assessment and application with the following 
objectives: (1) find an approach to perform rapid risk assessment for flash flood prone villages; (2) conduct flash flood risk analysis and 
demonstrate risk for selected village; and (3) application of flash flood risk to enhance village’s capability at entire river basin level.

Figure 1: Basic information of shewei river basin.

(a)  Locations of shewei river baisn and xiaoji village. (b) Soil type. (c) Landuse.

Data and Methods
Demonstrative village 

Shewei River is one third level tributary of the Yangtze River, with 
drainage area of 535km2, main channel length of 42km. The soil 
types include loam, sandy loam, sandy silt, silt loam, silt and clay 
loam, while the land cover consists mainly of forests, farmlands, 
roads, buildings and water bodies. Annual mean precipitation 
reaches 846.4mm with maximum value of 2,224.1mm and rainy 
season from June to September. This river basin is a considerable 
flash flood prone area due to heavy rainfall and steep terrain. 

Moreover, the river channel in the upstream area of the basin 
often keeps no water flow, and local people are easy to ignore flash 
flood disaster, so, this river basin is a heavy flash flood prone area, 
referring to Figure 1. The Xiaoji village, located in the middle reach 
area of this basin, frequently attacked by flash floods, and was 
selected as the pilot village which has a drainage area of 410.43km2 
and sub-villages of Jiuguan, Beilou, Youfang, Laojun, and Matiwan, 
total population of 322 and households of 72, Figure 2. Along the 
floodplains of the Shewei River is the very limited farmlands of this 
village, most of them are greenhouses for mushroom planting-the 
mainstay industry of local economy. 

Figure 2: Basic information of xiaoji village.
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Flash flood risk assessment approach

Flash flood risk is defined as the overlaying effects of Hazard, 
Exposure and Vulnerability in this study. Exposure refers to lives 
and properties threatened by flash flood; Hazard means magnitude 
of flash flood reflected as flooding area, water depth, flow velocity, 
flooding duration, peak discharge and flood routine; Vulnerability 
is one attribute of Exposure, reflecting susceptibility of Exposures 
to flash flood hazard. Exposures are those lives and properties 
exposed to flash flood hazard, including stationary objects 
(typically, buildings, roads, farmlands, etc.) and movable objects 
(commonly, people, automobiles, etc.). Hence, flash flood risk will 
be decided by hazard and vulnerability for stationary exposures; 
for movable exposures, it is important to keep them away from 
hazard and mitigate their vulnerability. Figure 3 presents the 
procedure of flash flood risk analysis for stationary exposures in 
this study, in which there are 6 steps. Step 1, data collection and 

process for the watershed feature, such as drainage area, river 
channel length, slope, and roughness coefficient; Step 2, perform 
hazard analysis based on watershed features and returned periods 
of flood; Step 3, conduct hazard assessment; Step 4, paralleling to 
step 3, is to make assessment on Exposure and Vulnerability using 
land use information in the watershed; Step 5, perform flash flood 
risk assessment with outputs from hazard analysis, Exposure-
Vulnerability analysis; and Step 6, the last step, is to use the outputs 
for village-oriented flash flood disaster mitigation. For simplicity 
and practicality, a method named Hazard-Vulnerability Overlay 
Analysis (HVOA) was used to perform flash flood risk analysis for 
stationary exposures. In this method, flood risk (R) is quantified as 
a function of the hazard level and vulnerability level. Both hazard 
and vulnerability are classified with three levels (high, medium, 
and low) as demonstrated in Figure 4, in which there are 9 blocks 
marked with Roman letters, and different colors of the blocks in 
hazard-vulnerability plane represent different risk levels.

Figure 3: village-oriented schematics for flash flood risk analysis and application.

Figure 4: HVOA risk assessment.

Flash flood risk assessment

In this study, hazard analysis was conducted by hydrological and 
hydraulic analysis; and Exposure and Vulnerability assessment by 
spatial analysis function of Geographic Information System (GIS), 
and flood risk assessment by HVOA method.

Flash flood hazard analysis: Based on the meteorological, basin 
model and terrain model, hydro-hydrodynamic modeling for flash 
flood was performed by HEC-HMS [34] and HEC-RAS [35]. The 

outputs of HEC-HMS are the rainfall-runoff for each subbasin, 
runoff hydrograph at each junction and river reach. Then, a 
hydrodynamic modeling was performed using HEC-RAS to get flash 
flood information, such as inundation area, inundation depth, flow 
velocity, etc. Two-dimensional full Saint Venant Equations were 
used to perform flash flood simulation and the outputs of rainfall-
runoff were set as the boundary conditions for hydrodynamic 
modeling. The meteorological model, basin model and terrain 
model are described as follow.
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a) Meteorological model

In the meteorological model, the rainfall data was deduced from 
the Henan Storm-runoff Analysis Guidance [36], a technical 
document providing a complete and operable method for 
design rainfall-runoff suitable for Henan province, China. In this 

document, rainfall depth can be subclassified as point rainfall, 
areal rainfall and hyetograph. Based on the depth of area rainfall, 
the hyetographs for various rainfall duration are presented by the 
Henan Storm-runoff Analysis Guidance and Figure 5 provides the 
results of hyetograph.

Figure 5: Hyetograph for shewei river basin.

b) Basin model

The basin model was first developed based Digital Elevation 
Model (DEM) data of 30-meter spatial solution, then refined 
based remote sensing image of 2.5 meter resolution and data of 
field survey. The river cross sections were extended to the roads 
and villages on both banks to cover extent of possible inundation. 
The data used for basin model development are presented in 
Figure 6. According to the river networks and its 3 specific spatial 

location of interest, the watershed is divided into 8 sub-basins, 
4 river reaches, and 6 junction points. The sketch of the basin 
model is illustrated in Figure 7. In this basin model, Xiaoji village 
is at Junction 2 Junction 1 (Erlangping) is the conjunction with 
drainage area of 326.23 km2, where three largest subbasins come 
together in the upper reach of the river basin, to which significant 
attention should be paid for flash flood disaster management at 
river basin scale. And Junction 6 is the location of Nantou village, 
which need the early warning from both Erlangping and Xiaoji.

Figure 6: Data for basin model development.
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Figure 7: Basin model for the shewei river basin.

c) Terrain model

The terrain model of cross section covering river channel and 
flood plain was first developed in consideration of inadequate 
resolution for hydrodynamic computation of DEM data of 30 meter 
solution. The river cross sections were extended to the roads and 

villages on both banks to cover extent of possible inundation. 
Over 56 river cross sections were extracted and refined based on 
measured data, remote sensing image of 2.5 meter resolution, and 
site investigations, see Figure 6. Then, a composite terrain model in 
this hydrodynamic model was developed by combining the cross-
section model with DEM data, see Figure 8.

Figure 8: Terrain model for flash flood modeling at xiaoji.

d) Basic methods on flash flood modeling

The methods used for hydrological model were as follows: SCS 
curve number method was used to compute the loss before the 
start of surface runoff; SCS unit hydrograph transform method to 
estimate surface runoff; and flood flow was routed through river 
reaches with the kinematic-wave method for the considerable 
slope of channel. As for dynamic model, the two-dimensional full 
Saint Venant Equations were used to perform flash flood simulation 
and the outputs of rainfall-runoff were set as the boundaries for 
hydrodynamic modeling.

e) Other consideration

1) Hazard for movable exposures. As mentioned previously, due to 
the mobility of movable exposures, the hazard was mainly regarded 

as the destructive forces or energy of water flow while that was the 
inundation areas for stationary exposures. 

2) Flood returned period. According to the relevant requirements 
of project flood analysis on risk evaluation, and emergency response 
management, 5 typical returned periods (5-, 10-, 20-, 50-, and 100-
year events) of rainfall-runoff were set for flood simulation [37]. 

3) Sediment. Though sediment plays some role in river course 
geometry through erosion, transportation and deposition, very 
little consideration was paid to sediment issue for it is very slight 
in this basin.

4) The levels of hazard were mainly classified by the return 
periods of flash flood that have different inundation areas (Table 
1).
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Table 1: Inundation area and hazard level.

Hazard Return Period(year) Note

Low F>20 Flood control criteria in county city

Medium 10<F≤20 Flood control criteria in rural key town

High F≤10 Flood control criteria in rural area

Flash flood exposure analysis: As mentioned previously, 
exposures to flash flood are typically classified as the stationary and 
the movable. Commonly, various landuse types, such as buildings, 
farmlands, roads, facilities, belong to the stationary exposure and 
the objects can move, typically, persons, vehicles, boats, and so 
on, belong to the movable exposures. According to the analysis 
of the data of flash flood disaster over the years, people who are 
vulnerable to flash flood often have involved in the following typical 
situations [14].

a) Houses built by cutting slope without or very fragile 
protection measures, or at headcut or the foot of steep hillside; or 
on hilly land with deep elurium and talus accumulation, or hilly 
land easily collapsing and sliding with cracked mountain body;

b) Houses built at low sites on both banks of a stream, or 
conjunction of several rivers, or the bend and convex bank of river 
channel;

c) High-density buildings are built in open space closing to 
bridges, without consideration of gravels, boulders, grasses and 
woods from upper reach area, which is pretty easy to be blocked 
or detained through bridges or culverts, and triggering local 
flooding;

d) People who do not know information about outbreak of 
flash flood, or cannot recognize the intensity of rainstorm, and 

move on along steep slopes or on both sides of streams and rivers 
in the area where flash flood is likely to reach, or take sleep at 
night without any preparation for rainstorm event;

e) People who, during flash flood, at their own arbitrary 
wills, go across rivers, bridges, and ferries with purpose of time-
saving; or get floating properties (such as woods, furniture, etc.) 
in the river standing by river banks, or even by temporary bamboo 
raft, wooden raft, bucket, and boat in the river channel.

Obviously, case (a)~(c) are the stationary exposures while case 
(d) and (e) are the movable exposures. Commonly, inundating 
or not is the most significant for stationary exposures while for 
movable exposures, it is the power and energy of water flow. 

Flash flood vulnerability analysis: Obviously, vulnerability 
assessment is not easy and many tentative methods had been 
presented [16-18]. In this study, a simplified assumption was made 
that different types of land use were associated with the degrees 
of exposure’s vulnerability. As listed in Table 2, natural areas, such 
as natural channel or a raw area, have low level vulnerability; 
agriculture and forestry, as well as local infrastructure, such as 
tillage, orchard, grassland, wooden farm, road, bridge, have medium 
level vulnerability; meanwhile, the vulnerability of national 
infrastructure, some special places (plant, mine, enterprise, power 
station, cultural heritage site, ...) and residential land is at high level.

Table 2: Landuse categories and vulnerability level.

Vulnerability Land Use

Low Natural area (natural channel, raw area, …)

Medium
Agriculture and forestry (tillage, orchard, grassland, wooden farm, …)

Local infrastructure (road, bridge, …)

High

National infrastructure (national road, highway, railway, ...)

Special (plant, mine, enterprise, power station, cultural heritage site, ...)

Residential land

Results and Discussion
Leading time

Leading time is one of the most important information for movable 
exposures to take appropriate measures. Commonly, leading time 
deduced by water-stage is much shorter, but more reliable than that 
by rainfall depth threshold. As mentioned above, rainfall-runoff 
analysis was performed using hydrological model for 5-, 10-, 20-, 

50-, and 100-year flood events. Figures 3-10 presents the 5-year 
flood hydrographs at Junction 1 (Water-stage gauge), Junction 2 
(Xiaoji village), which demonstrates the lag time of peak discharge 
from Erlangping to Xiaoji is about 0.5 hours. And Table 3 presents 
more details of leading time evaluation from the water-stage gauge 
(Junction 1) to the Xiaoji village (Junction 2) that means the leading 
time is about 0.6 hours by water-stage early warning. Therefore, 
the water-stage warning leading time was estimated as half an hour 
for Xiaoji village at least.
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Figure 9: 5-year-flood hydrographs at erlangping, xiaoji.

Table 3: Evaluation on leading time by water-stage warning.

Hz-E Hz-XJ D/km n H(R) S/‰ V T-lag/hr

445 364 10.2 0.06 5.7 7.3 4.53 0.63

Flood hazard

Figure 10: Hazard information of flood

(a) Inundation area. (b) Water depth.

(d) Flow energy. (e) Flow duration.

(c) Flow velocity.

Hazard is generally described by typical hydraulic properties of 
flash flood, such as the flooding area, water depth, flow speed, peak 
discharge, and flood duration. Figure 10 present the key features of 
flash flood hazard at Xiaoji village, more detail for Beilou and Youfeng 
sub-villages. Figure 10(a) presents the inundation areas for Beilou 
and Youfang sub-villages, which indicates that for 20% flood event, 
some farmlands on the left bank will be inundated but no houses 
or greenhouses; for 5% flood event, not only farmlands, roads, 
mushroom greenhouses, but also some buildings will be flooded. 
Besides inundation scope, other hydraulic properties, are also 
significant for flash flood risk management, especially for movable 
exposures, typically, flood depth, flow velocity, flow energy, and 
flow duration, which are presented in Figure 10 for 1% flood event. 
The water depth reaches over 5 meters in the river channel, over 1 
meter on both floodplains, and near 0.5m for part of the Beiou and 

Youfang sub-villages (Figure 10(b)). The high flow velocity areas 
locate at the entrance, the conjunction adjacent area, and the outlet 
areas where fluvial geomorphology take great changes. The flow 
velocities at the floodplain near Beilou sub-village are very high 
(Figure 10(c)). High flow energy (H*V^2) areas locate in the main 
river course and floodplain near Beilou sub-village (Figure 10(d)). 
Similarly, the flow durations in river course and low-lying areas of 
floodplain, are very long, commonly over 12 hours; near and within 
the villages, are every short, usually less than three hours, even 
one hour; for other areas, are within 3 to 12 hours (Figure 10(e)). 
Figure 11 demonstrates the hazard level at the village according to 
“Table 1: Inundation area and corresponding hazard level”. From 
these figures, one can see that the selected village cover part of the 
high hazard level area, and the flood depth and flow velocity are 
considerably high.



8

Academic J Eng Stud Copyright ©Changzhi Li

AES.000549. 2(5).2022

Figure 11: Hazard level of flood

Exposures to flash flood

According to local specific conditions, stationary exposures 
include farmlands, roads, houses, forests, greenhouses for 
mushroom planting in the floodplain, some fishery facilities and 
water conservancy facilities in the river channel or along the 
banks, and the movable exposures include local people, all kinds of 
vehicles, see Figure 2.

Vulnerability of exposures

Figure 12 presents the landuse type and vulnerability level 
for Xiaoji village accord to “Table 2: Landuse categories and 
corresponding vulnerability level”. Here, it is quite apparent that 
the villages near river channel have high level of vulnerability, 
which indicates that early warning should reach the residents as 
early as possible.

Figure 12: Landuse category and vulnerability level

Flash flood risk

Based on above analysis on hazard, exposure and vulnerability, 
the flash flood risk in Xiaoji village is demonstrated in Figure 13, 

which indicates some of houses, farmlands, roads locate in areas of 
very high, high level of flash flood risk.

(a) Landuse categories (b) Vulnerability level
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Figure 13: Flash flood risk level

Figure 14: Measures to avoid risk at river basin scale

Applications
The information from the flash flood risk assessment can 

contribute much to the main activities of flash flood management, 

typically, early warning, proper emergency response, reasonable 
landuse and structural measures planning, and high flood risk 
awareness, etc. 
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Emergency response planning

All of the information on leading time, possible exposures, and 
hazard aspects of flash flood, such as inundation area, flow velocity, 
flow energy, flood duration, have been analyzed to prepare risk-
avoidance measures in emergency plan, typically, selection of 
evacuation paths and temporary shelters. All outputs in this study 
have been enreached into the local emergency response plan–both 
in advance planning and during response to emergencies, as the 
guidance for emergency response drill which help the movable 
exposures keep away from hazard correctly and timely. 

Flash flood early warning system planning and 
improvement 

A preliminary flash flood monitoring and warning system has 
been established in the Shewei River Basin by a nationwide project 
from 2009 to 2016 [38] and this study has presented proposals 
for newly installation and deployment of monitoring and warning 
devices at river basin scale. Briefly, propose have been made that 
one water-stage and one rainfall monitoring at Erlangping, and two 
rain gauges in the upper reach areas.

Landuse and structural measure planning

Most farmlands within the floodplain are used to build greenhouse 
for mushroom planting, and some of them belong to areas of high 
flow velocity, high flow energy and long flood duration (Figure 10). 
So, some advices have been proposed that the flood plain should 
be used in a limited way and some structural measures, typically 
cofferdams combining with paths/roads, strong enough materials 
for greenhouse, be prepared to protect the greenhouses. 

Flood risk awareness enhancement

The outputs have been used to raise awareness of flood risk by 
the following ways: 1) Publicity by bulletin board: the information 
on flash flood exposures and measures to avoid risk at river basin 
scale has been presented in the bulletin board for local people, 
representatively, Figure 2,14; 2) Drill: annual drill for flash flood 
emergency response are to be hold before flood season each year 
according to local emergency plan, which adopts all of the outputs 
on risk information; and 3) relevant plans development. It is 
mandatory to take flash flood risk into consideration when other 
plans are developed, chiefly, landuse planning, transport planning, 
which are closely related to flood management. 

Conclusion
Taking Xiaoji as an example, this study discussed how to make an 

assessment on flash flood risk and use the outputs to enhance flash 
flood capacity for village at river basin scale. The main conclusions 
were drawn as follows:

a. A simplified and practical method, Hazard-Vulnerability 
Overlay Analysis (HVOA), was used to perform flash flood risk 
assessment at village scale. Moreover, a simplification was further 
made that exposures to flash flood are classified as the stationary 
and the movable, and flash flood risk is determined only by hazard 
level and vulnerability level for stationary exposures.

b. Consideration at river basin scale is significant to flash 
flood risk assessment to village of interesting. The computed 
area for hazard level assessment should be the entire watershed 
while the focus of flash flood risk analysis was on communities 

of interest, only small part of the watershed. In this study, hazard 
analysis at Xiaoji village was conducted by hydrological modeling 
at the entire Shewei River Basin scale. In addition to this, more 
information can be obtained, such as more leading time of early 
warning by rainfall or flood water stage in upper reaches of village 
of interest, which is quite helpful for those movable exposures to 
run away from dangerous areas.

c. Analysis indicates that the stationary exposures in areas 
of high flood risk include the farmlands, roads, houses, forests, 
the greenhouses for mushroom planting of Beidou and Youfang 
sub-villages in the floodplain, some fishery facilities and water 
conservancy facilities in the river channel or along the banks, 
especially for. Besides this, the movable exposures were also 
considered. The outputs have been enriched into existing 
emergency planning, flash flood monitoring and early warning 
system planning, landuse and structural measures planning and 
flood risk awareness enhancement at Xiaoji village, all of these 
will greatly enhance the capacity of flash flood management at 
village scale.
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