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Abstract This paper summarizes the main flash flood early-warning systems of America,

Europe, Japan, and Taiwan China and discusses their advantages and disadvantages. The

latest development in flash flood prevention is also presented. China’s flash flood pre-

vention system involves three stages. Herein, the warning methods and achievements in the

first two stages are introduced in detail. Based on the worldwide experience of flash flood

early-warning systems, the general research idea of the third stage is proposed from the

viewpoint of requirements for flash flood prevention and construction progress of the next

stage in China. Real-time dynamic warning systems can be applied to the early-warning

platform at four levels (central level, provincial level, municipal level, and county level) .

Through this, soil moisture, peak flow, and water level can be calculated in real-time using

distributed hydrological models, and then flash flood warning indexes can be computed

based on defined thresholds of runoff and water level. A compound warning index (CWI)

can be applied to regions where rainfall and water level are measured by simple equipment.

In this manner, flash-flood-related factors such as rainfall intensity and antecedent and

cumulative rainfall depths can be determined using the CWI method. The proposed

methodology for the third stage could support flash flood prevention measures in the 13th
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5-Year Plan for Economic and Social Development of the People’s Republic of China

(2016–2020). The research achievements will serve as a guidance for flash flood moni-

toring and warning as well as flood warning in medium and small rivers.

Keywords Flash flood disaster � Early-warning index � Dynamic warning � Antecedent

precipitation index � Accumulated precipitation

1 Introduction

With changes in the global climate, the frequency of extreme precipitation and flash flood

disasters is increasing. As a result, flash flood has become a major natural hazard all over

the world (Han et al. 2015; Kvočka et al. 2016). In China, flash floods are characterized by

widespread distribution, large quantities, high burstiness, and destructiveness attributed to

complex geographic and geomorphic conditions and various climate types. In addition, the

forecasting and warning of flash floods in China is faced with various challenges because

of the abundant small-scale catchments in mountainous areas with steep topographic

slopes, which are easily affected by the microclimate and local climate (Kim and Choi

2015).

China has invested more than 28 billion Renminbi (RMB) in flash flood prevention,

involving a total area of 3.86 million km2 distributed over 2058 counties in 30 provinces

(autonomous regions and municipalities). China’s Ministry of Water Resources has already

conducted numerous studies on flash flood disaster control. Over recent decades, national

flash flood prevention projects, comprising non-structural and supplementary structural

measures, have been implemented in China. The National Flash Flood Control Planning

(NFFCP) was compiled during the period of 2003–2006 (Sun et al. 2012), and pilot

projects for flash flood prevention were implemented in 103 counties during 2008–2009.

The construction of non-structural measures (other than engineering measures) for flash

flood prevention was officially initiated in 1836 counties during 2010–2012 (Sun et al.

2012). From 2013 to 2015, national flash flood prevention projects, including the national

flash flood hazard investigation and evaluation, and national middle and small rivers and

dam reinforcement, entered an overall implementation stage. Several achievements have

been made in the national flash flood hazard investigation and evaluation, such as the

nationwide investigation of prevention area and inhabitant distribution, systematic analysis

of underlying surface conditions and hydrological features in small-scale mountainous

catchments, study of storm and flood characteristics, development of a calculation method

for early-warning and threshold indexes, and establishment of a national flash flood hazard

investigation and evaluation database. In 2016, research on flash flood prevention was

conducted considering three aspects: estimating flash floods and checking early-warning

indexes, monitoring and analyzing antecedent precipitation, and fine forecasting and

warning of flash floods. These three aspects involved the clustering of distributed hydro-

logical models, multi-source rainfall data fusion, vertical-mixed runoff model, channel

flood routing model, and reservoir regulation. Through such efforts, the accuracy of the

early-warning index has been improved. Chinese scholars are also making great efforts to

develop new methods that are truly advanced and appropriate to China’s needs of flash

flood prevention (He and Li 2014; Hu 2016; Huang et al. 2016; Miao et al. 2016; Yang

et al. 2016; Zeng et al. 2016; Wei et al. 2017). China’s flash flood prevention has been

progressively developed from non-existent to overall scientific decision-making support,

from empirical methods to early-warning index systems, and will be improved from the
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monitoring and early-warning platform at the county level to information sharing and

construction at the central, provincial, municipal, and county levels. It has been found that

the monitoring and early-warning platform has prevented more than 740 thousand people

from flash flood disasters. A statistical chart of the number of flash floods in China is

shown in Fig. 1 (Guo et al. 2017). Since 2003, the number of flash floods (caused casu-

alties) shows a decline trend with some fluctuations which are due to the extreme rainfall in

2007, 2010, and 2016. Compared with 1950–2002, the number of flash floods (caused

casualties) accounts for a small fraction (less than 15%) of the total number. It indicates

China’s national flash flood prevention projects have indeed played a significant role in

flood control and disaster reduction. Flash flood early-warning systems have significantly

contributed to the protection of lives and property not only in China but throughout the

world as well (Nieland and Mushtaq 2016).

In general, flash flood early-warning indexes include the precipitation early-warning

index and water level early-warning index. The water level early-warning index is usually

applied to warning in small or medium-sized basins. However, this index has not been

applied in China because the concentration time is extremely short in small-scale moun-

tainous areas and automatic monitoring stations cannot cover all the areas. Therefore, the

precipitation early-warning index is introduced in detail in this paper. Based on the

summary and analysis of worldwide methods and systems of precipitation early-warning

indexes, this paper introduces China’s current precipitation early-warning index methods.

Considering new technologies and requirements for future flash flood prevention systems

for China, a hierarchical early-warning index system and its calculation methods are

proposed as theoretical support to the 13th 5-Year Plan for Economic and Social Devel-

opment of the People’s Republic of China (2016–2020).

Fig. 1 Number and casualties of flash floods in China
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2 Research status of flash flood early-warning index

Over the past decade, worldwide developments have been made to improve flash flood

forecasts, including remotely sensed data, flow forecast models and methods, and forecast

uncertainty estimates (Hapuarachchi et al. 2011). Gourley et al. (2013) announced an

assembled database on flash floods for the entire USA, which is available in multiple,

common formats to a wide range of users. Yuan et al. (2017) presented a quality validation

approach that uses Anselin Local Moran’s I (DM-Moran), which is based on a flash flood

model and a spatial data mining algorithm. They used the DM-Moran model to validate the

quality of the data from the Chinese Flash Flood Survey and Evaluation (CFFSE) project.

Worldwide research on flash flood prevention focuses on the early-warning index, espe-

cially rainfall threshold (Golian et al. 2010). Rainfall threshold presents the value of

rainfall intensity and accumulated precipitation that occurs immediately prior to flash flood

events. This value is related to the characteristic of precipitation, soil moisture, and

underlying surface (Diakakis 2011; Yucel 2015). Gourley et al. (2012) evaluated Flash

Flood Guidance (FFG) values and developed the gridded FFG used by the National

Weather Service (NWS) to monitor and predict imminent flash flooding. Clark et al. (2014)

established the benchmark skill of the operational flash flood guidance (FFG) product used

by NWS to forecast, monitor, and warn the public about dangerous flash flooding events.

Zeng et al. (2016) developed a Cascading Flash Flood Guidance system, progressively

from the Flash Flood Potential Index, the Flash Flood Hazard Index to the Flash Flood Risk

Index. Compared to other approaches, the CFFG system could be a useful prototype in

mapping the characteristics of flash floods in China in a cascading manner. Saito and

Matsuyama (2015) produced a preliminary high-resolution probable hourly precipitation

(mm h-1) and probable Soil Water Index (SWI). They used a 50-yr recurrence interval

over the Japanese archipelago from 5-km grid-cell Radar/Rain Gauge-Analyzed Precipi-

tation (R/A) with a 26-yr time series (1988–2013). Based on precipitation, soil moisture,

and underlying surface, significant achievements have been made in previous research,

including FFG (Carpenter et al. 1999), SWI (Sugawara et al. 1974), and Rainfall Trig-

gering Index (RTI) (Jan and Lee 2004). America, Europe, Japan, and Taiwan China are the

flash flood prone areas, and the research of flash flood early-warning system in these

regions could represent the highest level of the world. Therefore, the principles, methods,

and advantages of these indexes are summarized and shown in Table 1. Moreover, current

early-warning index calculation methods are shown in Table 2. These common methods

are widely used in China and around the world and can be classified into three types:

statistical induction, hydraulics, and hydrological model.

3 Causes and characteristics of flash floods in China

Factors that cause disastrous flash floods are associated with both nature and the society.

Flash floods likely form and develop as a consequence of joint contributions of several

factors, such as precipitation, topographic and geological conditions, and human activities.

Precipitation is a direct factor and trigger of flash floods. Heavy rainfall events, especially

strong rainfall intensity in a short duration, have a high likelihood of causing flash floods.

Mountainous areas cover more than two-thirds of China’s land area, and certain topo-

graphic and geological conditions may intensify flash flood damages. Moreover, most
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inhabitants of mountainous areas often reside by beaches and banks. Frequent construction

activities and population growth also increase the vulnerability of humans to flash floods.

Flash flood disasters show spatial and temporal variabilities to a certain extent. China’s

flash flood disasters can be generally characterized as follows. Firstly, China’s flash floods

have a wide distribution and high frequency. Secondly, the sudden occurrence of flash

floods in China leads to the high burstiness and difficulty in prevention. In general, dis-

asters may occur just a few hours after the initiation of rainfall. Thirdly, China’s flash

floods are characterized by high destructiveness. Mountainous areas consist of rough ter-

rain, steep slopes, and high river densities, and the population and property (estates,

farmlands, etc.) are often distributed in flat lowlands. Therefore, flash floods can cause

major disasters in a short period of time. Fourthly, China’s flash floods have a strong

seasonality. Flash floods are heavily concentrated in the period from May to September,

especially from June to August. Lastly, China’s flash floods have a distinct regional pat-

tern, frequently occurring in Southwest China, Qin-Ba Mountain Areas, hilly areas in south

Yangtze River, and southeastern coastal areas. Therefore, exploring flash flood early-

warning methods is of high importance.

4 Methods for flash flood early warning in China

4.1 Methods and achievements in the first stage (2006–2012)

During 2006–2010, China started the implementation of flash flood prevention, and

gradually established nationwide county level flash flood monitoring and early-warning

platforms in 2058 counties. Real-time monitoring of precipitation and water level could be

achieved by establishing rainfall and gauging stations, and flash flood warnings could be

issued through forecasting analysis and decision-making. Subsequently, preventive mea-

sures could be taken at the individual level. In the county level flash flood monitoring and

early-warning platform, rainfall warning measures include preparation for evacuation and

immediate evacuation. According to different forecast periods, pre-warning time is divided

as: 1, 3, 6, and 24 h. According to geographic features and historical data of precipitation

and discharge, the precipitation–discharge relationship and parameters of hydrology have

been summarized for each province in China. In the first stage, the main calculation

methods of early-warning indexes were based on empirical methods. Empirical methods

refer to methods in the Hydrology Handbook of each province, including atlas of design

storm and flood for medium and small basins and simple theoretical derivation. Taking

Henan Province as an example,

Qm ¼ 0:278u
S

sn
F

where Qm is peak discharge, u is runoff coefficient, S is rainfall intensity, s is concen-

tration time, F is drainage area, and n is declining index (Henan Province Hydrology

Bureau 1984). According to historical flood disasters, topography and landforms, storm

characteristics, and engineering experience, engineers developed a flash flood early-

warning index. The early-warning index distribution map in the first stage is shown in

Fig. 2. The resolutions of the early-warning index distribution maps are 1 km 9 1 km.

White areas were not included in the flash flood prevention system (such as flat areas), so

data are not available. The distribution of the 1-h early-warning index is consistent with

1-h isohyet. However, compared to other provinces, the 6- and 24-h early-warning indexes
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(a) 

(b) 

Fig. 2 Distribution map of the early-warning index in the first stage. a 1-h pre-warning time, b 3-h pre-

warning time, c 6-h pre-warning time, d 24-h pre-warning time
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(d)

(c)

Fig. 2 continued
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of Xinjiang province, Xizang province, and Sichuan province (marked by black dotted

lines) were lower under the same rainfall. The 24-h early-warning index is further divided

into more levels, and its frequency was nearly 3 times that of the 1-h index. In the middle

areas and southeastern coastal areas of China, the distribution of the 24-h early-warning

index was more refined than that of the 1-h index. This means that the distribution of the

24-h index in these areas was much more asymmetrical. However, the current rainfall

early-warning index is not accurate enough because it is determined on the basis of the

empirical value, and storm characteristics, underlying surface condition, disaster preven-

tion position, and inhabitant distribution are not sufficiently taken into account. In the first

stage, the index was calculated mainly on the basis of historical flash flood disaster data,

and therefore, large errors of forecasting and warning still remain.

4.2 Methods and achievements in the second stage (2013–present)

In May 2013, China’s Ministry of Water Resources with the Ministry of Finance issued

‘‘National Flash Flood Prevention and Control Implementation Plan (2013–2015),’’ and

then China moved into the second stage of flash flood prevention and control construction,

including nationwide flash flood hazard investigation and evaluation, improvement and

supplementation of non-structural measures, national middle-small rivers and dam rein-

forcement. The national flash flood hazard investigation and evaluation included flash flood

prevention areas in 2058 counties. The general investigation involved basic information of

village and small watersheds (such as geographic information and population information),

hydro-meteorological data, water-related engineering, and so on (Li et al. 2014). Detailed

investigation was conducted on the location and elevation of houses by rivers, inhabitant

distribution, historical flood tracking and records, and cross and vertical sections of river

channels, emphasizing on flash flood prevention in towns and villages. Satisfactory results

were obtained in the analysis of the current flood-control ability and flood risk mapping in

150,000 villages near rivers in the prevention areas. To solve the problems and short-

comings faced in the first stage, nationwide flash flood hazard investigations were con-

ducted to analyze in detail the location and elevation of houses near rivers, underlying

surface characteristics, stream gradient and rainstorm behaviors, etc. The water level-

discharge method was used to calculate the largest cumulative rainfall in every period by

rolling computation (Hu et al. 2015). By comparing the largest cumulative rainfall with the

early-warning index, decisions are taken on whether to issue flash flood warnings. Only

specific periods of threshold rainfall could be calculated by the water level-discharge

method. This method is applied only to catchments in which long-term (more than

30 years) rainfall data of the outlet section are available. A flowchart for the calculation of

the early-warning index is shown in Fig. 3. The threshold water level is determined by

national flash flood hazard investigation instead of bank-full discharge. The value of

threshold water level is related to the house with the lowest elevation in the village and

underlying surface. Since 2013, the threshold water levels of all flash flood prevention

areas have been obtained.

Compared with the calculation unit in the first stage, a transformation from county to

village level could be realized in the second stage. In the main prevention areas, the index

has been calculated for most villages nearby rivers. The area of catchments in this stage is

relatively small and the concentration time is very short, so the 24-h early-warning index

has become invalid. The distribution map (resolution: 1 km 9 1 km) of the early-warning

index in the second stage is shown in Fig. 4. White areas are not flash flood prevention

areas (such as flat area), so data are unavailable. Compared with the distribution map of the
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first stage, distribution is more detailed in the middle areas and southeastern coastal areas

of China. However, because of the regional divergence, variations occur between the

northeast region and Xinjiang province (marked by black dotted line). The water level-

discharge method has some disadvantages, such as ignoring antecedent rainfall, assuming

the same frequency of precipitation and floods, and lacking physical mechanism, but this

method does not require a special support platform and is convenient for local application.

4.3 Early-warning index calculation methods for the next stage

Since 2006, research on flash flood early-warning in China has gradually developed into

scientific and accurate early-warning indexes from the initial stage where rainfall char-

acteristics, underlying surface condition, and inhabitant distribution were not included.

However, the dynamic variation of rainfall intensity and antecedent rainfall have not been

fully considered; the description of the underlying surface is not accurate enough; and the

flash flood early-warning index has remained static. Considering previous experiences and

advanced technologies, the following indexes are proposed for the next stage: (1) real-time

dynamic warning index based on automatic monitoring systems, monitoring and forecast

platforms, and hydrological models; (2) compound warning index applicable to simple

precipitation stations that record rainfall intensity, antecedent rainfall, and cumulative

rainfall; and (3) meteorological warning index based on 24-h rainfall forecast, real-time

information, and meteorological warning models. Furthermore, three warning modes based

on these warning methods (warning platform, local warning, and meteorological warning)

could improve the accuracy of China’s flash flood monitoring and forecasting, and provide

a reference or standard for upgrading the current warning index of each province.

(1) Real-time dynamic warning index

The main modules of this index include off-line threshold runoff, real-time soil moisture,

and flash flood warning models. Data sources include data from the investigation and

evaluation of flash flood hazards and multi-source rainfall data. Threshold runoff can be

obtained through the investigation and evaluation (threshold water level, water level under

a certain frequency, relationship between water level and runoff, and standardized unit

Fig. 3 Flowchart of the calculation of rainfall early-warning index
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(a)

(b)

Fig. 4 Distribution map of the early-warning index in the second stage. a 1-h pre-warning time, b 3-h pre-

warning time, c 6-h pre-warning time

630 Nat Hazards (2018) 92:619–634

123



hydrograph) and distributed hydrological models. Soil moisture can be calculated using the

antecedent precipitation index, modified SCS-CN, saturation excess runoff generation

model, infiltration excess runoff generation model, mixed runoff generation model, and so

on. In the flash flood warning model, the warning information is generated after t-hour

warning index (Pc) is compared with t-hour rainfall (Pt) measured using multi-source data.

A flow chart of the calculation of the real-time dynamic warning index is shown in Fig. 5.

The data requirement is relatively high, demanding real-time rainfall data, underlying

surface data, and historical runoff data. A special support platform is essential, and its

calculation is relatively complicated. This method has strong and wide applicability

because it takes into account local information. Decision makers can determine whether or

not to issue flash flood warning after comparing threshold rainfall with multi-source

rainfall data (rain gauge, radar, and weather forecast). The real-time dynamic warning

index is of utmost importance in the development of the future flash flood warning system

and has a potentially broad application in China.

(2) Compound warning index (CWI)

CWI is a method based on RTI (Jan and Lee 2004) under different probabilities of flash

floods (10, 50, and 90%) and involves all major flash flood related factors (e.g., rainfall

intensity, antecedent rainfall, and cumulative rainfall). At some point of time during a

rainfall event, the value of compound warning index is determined by the product of

rainfall intensity and effective cumulative rainfall, which is the sum of antecedent rainfall

and cumulative rainfall. On the basis of rainfall data, CWI provides the upper and lower

boundaries of rainfall warning. Warning area can be divided into three categories: low,

medium, and high probabilities of flash floods.

(c)

Fig. 4 continued
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CWI does not require any special support platform, and its objectives are straightfor-

ward. However, this method is only based on statistical analysis and does not consider

hydrological factors (rainstorm behavior and characteristics of runoff). With further

developments in the investigation and evaluation of flash flood hazards, updated rainfall

data and data collection from ungauged regions would enable fundamental improvements

of CWI.

(3) Meteorological warning index

Since July 2015, China’s Ministry of Water Resources with the China Meteorological

Administration has been developing the flash flood meteorological warning index. The

meteorological warning index is calculated using a meteorological early-warning model by

collecting 24-h rainfall forecasts and real-time information. The obtained flash flood early-

warning information is provided to the weather bureau and 3–6-h rainstorms are then

forecasted. At present, Chinese scholars are attempting to combine the calculation of the

index and the investigation and evaluation of flash flood hazards in order to improve the

prediction grid resolution (0.1� 9 0.1�) (Li et al. 2007; Liao 2012; Qiu and Zi 2013; He

and Li 2014; Chen and Li 2015; Zi et al. 2015).

The calculation and application of flash flood early-warning indexes are limited by the

insufficient knowledge of storm runoff generation and its space–time distribution. At

present, all the early-warning index calculation methods are hindered by the low accuracy

of forecast rainfall. The flash flood early-warning system is still in the design stage and has

not been verified. Therefore, a multi-source precipitation observation and fusion technol-

ogy is urgently required. In the next stage, the accuracy of the flash flood early warning

must be improved and the widespread implementation of the system must be realized

through real-time rainfall observation using satellite and radar technology and distributed

hydrological models.

Fig. 5 Flowchart of the calculation of real-time dynamic warning index
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5 Conclusions

This study reviewed advances in China’s flash flood early-warning system and reached the

following major conclusions:

(1) FFG, which is widely used in Europe and the USA, is universal, physical,

dynamical, and sufficiently robust. It is applicable primarily to large- and medium-

scale basins. FFG has high potential as an important reference for the construction of

the next stage of China’s flash flood prevention platform at various levels (central,

provincial, municipal, and county). SWI in Japan and RTI in Taiwan have been

employed for debris flow; therefore, these methods may be applicable to flash flood

prevention in Northeast and Northwest China.

(2) The development of methods for calculating flash flood early-warning indexes in

China could be divided into three stages. In the initial stage, the empirical approach

was used irrespective of physical mechanisms and its accuracy was relatively low.

In the present stage, the investigation and evaluation of national flood hazards

promoted the development of various early-warning methods. The water level-

discharge method is the main method, but it assumes that rainfall has the same

frequency of flood and does not consider the effect of antecedent rainfall. In the next

stage, national flash flood warning methods will be further improved and

complemented. For this purpose, three indexes are proposed: real-time dynamic

warning index, compound rainfall index, and meteorological warning index. These

warning indexes are put forward in accordance with China’s national situation and

characteristics, and they may enable verification, calibration, and recheck of

warning indexes at the provincial level. In short, China’s flash flood prevention

system is gradually becoming more scientific and achieving greater precision.
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