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Abstract

:

In this work, the largest tributary of the South Branch in the upper reaches of the Xiong’an New Area is selected as the study area. The impact-based critical areal rainfall indices for early flood warnings are proposed from the perspective of the impacts of floods on socio-economic factors. Specifically, four steps, including the determination of the damage-causing discharges, the establishment of the rainfall–discharge relationship, the computation of the critical areal rainfall and the validation of the early warning indices, were used to determine the critical areal rainfall for early flood warnings in the watershed. The results showed that the 1-day critical areal rainfall amounts were 31 mm, 63 mm, 92 mm and 160 mm for early flood warning levels 4, 3, 2 and 1, respectively, when the 1-day antecedent areal rainfall was ≤10 mm. The critical areal rainfall amounts were 20 mm, 54 mm, 87 mm and 160 mm for early flood warning levels 4, 3, 2 and 1, respectively, when the 1-day antecedent areal rainfall was >10 mm. The early warning effectiveness of the proposed critical indices was validated with historical catastrophic flood events and precipitation data during recent flood seasons. The results demonstrated that the impact-based critical indices had a high accuracy and could release warnings 1–2 days in advance, which could effectively avoid the occurrence of missed and underestimated warnings.
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1. Introduction


The global natural disaster statistics from the United Nations Office for Disaster Risk Reduction (UNDRR) for 2000–2019 show that worldwide flood disasters are the predominant catastrophic event, accounting for 43% of all recorded natural disasters and affecting approximately 2.5 billion people on a global scale [1]. Meanwhile, the Intergovernmental Panel on Climate Change (IPCC) assessment report states that the warming of the climate is unquestionable. As the thermodynamic effects of warming may increase the frequency and intensity of extreme precipitation events, there is growing evidence that climate change-induced variability in extreme precipitation will enhance flood risks across the world [2]. China has experienced severe flood disasters and significant losses related to these disasters [3,4,5]. Statistics from the China Water and Drought Disaster Bulletin show that the average annual death toll due to flood disasters in China exceeded 4000 over the past 60 years, and the average annual direct economic loss due to flood disasters since 1990 is about USD 20 billion [6,7,8]. In particular, extreme meteorological and climatic events have become more frequent in recent years in response to climate change [9,10,11,12,13]. It has been demonstrated in future climate change scenarios that for every 0.5 °C of warming, the annual loss caused by flood disasters in China is expected to exceed USD 60 billion [3]. Therefore, it is imperative to develop effective early flood warning approaches, which are considered as critical non-engineering measures not only for regional flood disaster prevention and control, but also to provide critical guidance for reducing flood disaster losses and mitigating flood disaster risks to realize sustainable socioeconomic development.



Most of the early flood warnings in basins are based on weather forecasts and hydrological forecasts, which mainly focus on the degree of hazard due to meteorological or hydrological parameters, such as water level warnings or flood characteristics. These flood characteristics such as runoff processes and flood peaks in different watersheds are based on high-resolution distributed hydrological models. Flood warnings are then released according to river flood control criteria. However, such early flood warning methods are usually difficult to use in practice [14,15]. In comparison, because of the precipitation monitoring coverage and the more readily available data, the approach of releasing early flood warnings based on real-time watershed areal rainfall forecasts has been increasingly implemented, especially in early flash flood warnings [16,17,18]. For instance, Miao et al. [11] determined the critical areal rainfall for flash floods by establishing the relationship between the precipitation and water runoff levels [17]. Nevertheless, currently these studies focus little attention on the severity of the impact on the socioeconomic factors at risk in the affected areas [18], and there are even fewer studies on early flood warnings in small and medium river watersheds.



Xiong’an New Area is located in the Daqing River basin, an important drainage system for the Haihe River basin, with a relatively low-lying terrain and many tributaries forming the upstream southern branch system, including the Zhulong River, Tang River, Fu River, Cao River, Ping River, Cao River, Xiaoyi River, etc. With a complex river network, Xiong’an New Area is highly susceptible to river flooding in the upstream tributaries in response to rainstorms. Studies have shown that a total of 139 flood disasters occurred in Xiong’an New Area in the 300 years from 1715 to 2016, with an average occurrence of once every 2 to 3 years, causing serious socioeconomic losses to Xiong’an New Area [19,20,21,22,23]. To this end, this study selects the largest tributary of the South Branch water system upstream of Xiong’an New Area, the Zhulong River, as the study area, and builds an impact-based flood warning based on critical areal rainfall from daily meteorological and water flow observational data from 1961 to 2017, by considering the severity of the impact caused by floods on socioeconomics. This study also validates the warning indices with comparisons to typical historical floods, aimed at enhancing the accuracy and response time of the early flood warnings and reducing the possible impact of flood disasters on Xiong’an New Area for sustainable socio-economic development.




2. Materials and Methods


2.1. Study Area and Data


In this study, the Zhulong River, which is the largest tributary of the South Branch of small- and medium-sized rivers upstream of the Xiong’an New Area of the Daqing River, was selected as the study area. The Zhulong River watershed includes the convergence of the Sha River, the Ci River and the Mengliang River into the mainstream, and the watershed area controlled by the Beigucun hydrological station is approximately 7750 km2. The geographical location is shown in Figure 1. The watershed is located in a semi-arid continental monsoon climate zone, with an average annual temperature of 11.0–13.3 °C and an average annual precipitation of 350 mm–780 mm. The steep topography, thin soil layer, poor vegetation cover, short flow of numerous tributary rivers, short confluence time and the steep rise and fall in flood levels have resulted in the occurrence of high flood peak levels, short flood durations, and concentrated flood amounts in the region. There have been several flood disasters resulting from rainstorms since 1960, such as in those in 1963, 1988, 1996, 2012 and 2016, in which the Zhulong River watershed was the main or sub-storm epicenter, causing large economic losses in the downstream areas including in Xiong’an New Area [24].



In this work, the daily observed runoff data of the Zhulong River from 1961 to 2017 at the Beiguocun hydrological station were obtained from the Hebei Provincial Water Resources Department. The daily temperature and precipitation data of meteorological stations within the watershed from 1961 to 2017 were obtained from the National Meteorological Information Center. The distribution of meteorological stations is shown in Figure 1. The areal rainfall data is based on 114 meteorological observation stations in and around the Daqing River basin, and ANUSPLIN, a professional meteorological interpolation software was used for spatial interpolation, and then the areal rainfall time series were derived. ANUSPLIN is a software for spatial interpolation of climate data based on the thin plate spline function algorithm, which has been widely used for spatial interpolation of climate variables and has been demonstrated to improve the accuracy of interpolated climate variables for regional characterization [25,26,27]. As a result of the spatial distribution of precipitation being significantly influenced by topographic variations, to further reduce the influence of the spatial heterogeneity of the topography of Xiong’an New Area on precipitation modeling, the digital elevation model (DEM) was introduced as a covariate in the spatial interpolation process of ANUSPLIN. Areal rainfall refers to the average amount of precipitation per unit area in the study area. In this regard, the digital elevation model data required for the semi-distributed Hydrologiska Byråns Vattenbalansavdelning (HBV) hydrological model simulations were obtained from the SRTM (Shuttle Radar Topography Mission) and 30 m resolution data from the National Aeronautics and Space Administration (NASA) [28,29,30,31]. Land use data were obtained from the data collected in 2015 from the Resource and Environment Data Center of the Chinese Academy of Sciences. In the meantime, real-time 6 h intelligent grid precipitation data for July and August in the period from 2018 to 2019 were collected from the National Meteorological Information Center to further validate the warning effectiveness.




2.2. Early Flood Warning Methods


Heavy or continuous rainfall is the dominant driver of flooding in the eastern monsoon region of China. However, rainfall does not always trigger flooding, only when the amount of rainfall reaches a certain critical criterion. The critical threshold is also referred to as the catastrophic critical areal rainfall in watershed flood hazard studies. More specifically, it refers to the change in water level and discharge of a river caused by rainfall or upstream water. When the catastrophic runoff/water level for river floods is exceeded, the primary cause of the flooding is rainfall. Such rainfall indicates the critical areal rainfall in the watershed, which is a crucial diagnostic for early flood warnings and the accompanying preventative actions. On this basis, this study proposes an impact-based approach for the determination of critical areal rainfall indices for early flood warnings by considering the potential socio-economic impacts caused by floods (as shown in Figure 2), specifically including four steps, i.e., the determination of catastrophic discharge, the establishment of precipitation–discharge relationships in the watershed, the estimation of critical areal rainfall and the validation with historical flood events.



2.2.1. Determination of Catastrophic Discharges


In general, the river embankment flood control level is divided into four levels: set water level, warning water level, guaranteed water level and diffuse dam water level. When the river discharge level reaches one of the above four levels, the embankment will face different risks and may have different impacts on the social economy. Therefore, the amount of discharge when the river water level reaches the characteristic level of different stages is determined as the catastrophic discharge. In cases where the river embankment does not have a clear flood control level, the discharge corresponding to different return periods of the peak flood discharge of the river is regarded as the catastrophic discharge. Additionally, the 10-year, 20-year, 50-year and 100-year flood discharges are used as the fourth, tertiary, secondary and first level catastrophic discharges.



Through studies of the literature and field investigations in the Zhulong River watershed in September 2020, it was found that the water level-discharge relationship of the river was uncertain. Especially since the 1980s, the river has been affected by water resource development, agricultural cultivation and anthropogenic sand mining, and the water level-discharge relationship became more complex. Therefore, the daily discharges corresponding to the flood peak discharges with different return periods in the Zhulong River watershed were chosen as the catastrophic discharges in this work. However, the lack of flood peak discharges for an extended time in the Zhulong River watershed renders it difficult to directly estimate the flood peak discharges for different recurrence periods. The flood peak discharge data available for this study are only from 39 days with a total of 160 observation records, with an average of 4–5 records of varying epochs per day. Such an amount of data was far from sufficient for use in distribution function fitting and flood frequency analysis. Therefore, due to the limited number of these flood peak discharge records, they were only used to establish relationships with daily discharge. Additionally, the long-term series of observed daily discharge data over nearly 60 years were used for flood frequency analysis. In other words, the maximum daily discharge for each of the 56 years during 1961–2017 comprised the series used for distribution fitting and thus for estimating the recurrence period of the flood. Firstly, the current discharge of the Zhulong River was defined as the catastrophic discharge for the first level of early flood warning based on the river design discharge and the current discharge parameters developed by the Baoding Water Resources Flood Control and Drought Relief Service Center in 2020, which considered the future flood control planning needs of the Xiong’an New Area and the current flood control characteristics of the basin. Secondly, by establishing the quantitative relationship between the flood peak discharge and daily discharge for nine historical floods, the generalized extreme value distribution function was used to estimate the daily discharge for different return periods, and then determine the flood secondary, tertiary and fourth level catastrophic discharges. The Pearson III and Generalized Extreme Value (GEV) distribution represent the most commonly used probability distribution functions for flood frequency analysis. The reason we selected the GEV distribution is because the previous studies on flood frequency analysis have shown that the GEV distribution is more robust and flexible and provides better characterization of the extreme flood than Pearson III. Moreover, the GEV distribution has been demonstrated to significantly improve the performance of flood predictions over different spatial scales.




2.2.2. Establishment of Precipitation–Discharge Relationships


A recursive numerical filtering method proposed by Eckhardt (2005) was used in order to adequately account for the possible influence of preceding rainfall on the precipitation–discharge relationship by splitting the discharge into base flow and quick flow [32,33,34]. The method provides a more consistent baseflow series and can be applied to hydrologic series of any time step. The recursive numerical filtering method contains two filtering parameters, namely the receding water constant, α, and the maximum baseflow index, BFImax, which are calculated by the following formula:


   q  b  t    =     1 −      BFI    m a x     α  q  b   t − 1     +   1 −    α      BFI   m a x    q t    1 −      α BFI    m a x      



(1)




where qb(t) is the baseflow at time t; qb(t−1) is the baseflow at time t − 1; qt is the measured river discharge at time t; t is the time (in days); α is the receding water constant, which can be obtained from the receding water analysis; and BFImax is the maximum baseflow index.



On this basis, the sequence of 1-day preceding rainfall for the discharge in the watershed was constructed, and the 90% quantile of such a sequence was determined as the critical threshold of 1-day preceding rainfall for the formation of discharge. Then, the regression models were used to construct the river precipitation–discharge relationships, according to whether the preceding 1-day rainfall of the river reached the formative requirements of discharge.




2.2.3. Estimation of Critical Areal Rainfall


Based on the established river precipitation–discharge relationships under different conditions (taking into account whether the 1-day preceding rainfall in the watershed reaches the conditions of forming discharge) combined with the criteria of catastrophic discharges for flooding, the 24 h critical areal rainfall of flood disaster early warning can be determined.




2.2.4. Validation with Historical Flood Events


To validate the reliability of 1-day critical rainfall thresholds for early flood warnings, the three flood events in the Zhulong River basin in 1963, 1996 and 2016 and the intelligent grid real-time precipitation data from July–August for the years of 2018 and 2019 were used to evaluate the early warning effectiveness. The overriding goal of early flood warning is to guarantee the safety and lives of people and to prevent significant property losses; therefore, in using early flood warnings, it is necessary to focus on avoiding significant casualties and property losses due to missed warnings (actual warnings are needed but not alerted by the model), and it is safer for flood prevention and mitigation when the model imposes a slightly higher warning level than the actual warning level, or the warning date is prior to the actual warning date needed. For this reason, this study characterizes the effectiveness of warning validation in terms of the correct warning rate [35,36,37,38], which is calculated as the ratio of the number of effective warnings (total number of warnings minus the number of underestimated and missed warnings) to the total number of warnings by the following formula:


P = (At − Fn − Ln)/At



(2)




where P is the warning correct rate, At is the total number of warnings, Fn is the number of missed warnings and Ln is the number of underestimated warnings.






3. Results and Discussion


3.1. Graded Catastrophic Discharges in the Zhulong River Watershed


The relationship between flood peak discharge and daily discharge was established based on nine flood event sample data available in the Zhulong River watershed, as shown in Figure 3, and the linear relationship fitting results are shown in Equation (3). It should be noted that the data used to establish the relationship between daily discharge and peak flood discharge in this study are in a one-to-one correspondence for each date. For instance, on 5 August 1963, there are three instantaneous discharge records in the Hydrological Statistical Yearbook for the flood event of the Zhulong River at 5:55, 12:00 and 18:15, corresponding to instantaneous discharge records of 26.6, 72.3 and 106 m3/s, respectively. The flood peak discharge for that day is documented as 106 m3/s, and corresponds to the observed daily discharge for the same day. In addition, the flood peak discharge records were only available in the Hydrological Statistical Yearbook for the period from the beginning of the flood until the maximum flood discharge is reached. During such events there will be multiple discharge records at different times of each day. Tiny flood peak discharges (as shown in Figure 3 for the sample near the origin) are recorded mainly from the first few days of the flood event. These available instantaneous flood peak discharge data for different times of each day are all from the main flood events. The results showed that the linear relationship between flood peak discharge and daily discharge in the Zhulong River basin was excellent, with the coefficient of determination R2 equal to 0.99, with a significance of 0.01.


Dmax = 1.11 × Dave + 28.28 (Dave > 0; R2 = 0.99)



(3)




where Dmax is the flood peak discharge, Dave is the daily discharge and R2 is the model coefficient of determination.



Based on the daily discharge data in the Zhulong River watershed from 1961 to 2017, the generalized extreme value distribution was used to estimate the daily discharges for the 1-in-10-year, 1-in-20-year, 1-in-30-year, 1-in-50-year, 1-in-100-year, and 1-in-200-year return periods. More specifically, for each year, the maximum daily discharge was calculated and the annual maximum daily discharge series was used to fit the probability distribution function. Then, the corresponding flood peak discharges for different return periods of daily discharges were estimated using the established flood peak discharge–daily discharge relationship (Equation (3)), and the results are shown in Table 1. The designed flood peak discharge and the current discharge of the Zhulong River were 5700 m3/s and 2000 m3/s, respectively, according to the 2020 Baoding Water Conservancy Flood Control and Drought Relief Service Center, and the corresponding daily discharge is calculated to be 4760 m3/s and 1700 m3/s with the return periods of 150–220 years and 35–60 years, respectively. From the perspective of flood safety in Xiong’an New Area, the daily discharge corresponding to the current maximum discharge is considered as the first-level early warning flood discharge, i.e., 1700 m3/s. Meanwhile, the second-, third- and fourth-level flood discharges were determined for 30-, 20- and 10-year recurrence periods, at 1000 m3/s, 700 m3/s and 380 m3/s, respectively.




3.2. Precipitation–Discharge Relationship in the Zhulongh River Watershed


The baseflow of each flood event was extracted using the recursive digital filtering method, and the baseflow, daily discharge and precipitation of the flood event are presented in Figure 4. It can be seen in Figure 4 that the baseflow extraction results of each flood event in the Zhulong River watershed are good and very stable on the whole. The five flood events show that the peak daily discharge significantly lags behind the peak precipitation by one to three days, e.g., the peak precipitation of the August 1963 flood process occurred on 7 August, while the peak daily discharge occurred on 9 August. For the four flood events after 1976, the observed daily discharge significantly increased until after the precipitation ended for several days. This may be due to the fact that human activities such as sand mining and polder planting in the river since 1980s have changed the natural precipitation–discharge relationships of the river, and the preceding river discharge and precipitation had a significant influence on flood occurence in the watershed.



To analyze the influence of preceding rainfall in the river channel on flooding in the watershed, the recursive numerical filtering method was used to extract the daily baseflow in the Zhulong River watershed from 1961 to 2017. The results of the daily discharge, daily baseflow and baseflow characteristics in the flood and non-flood season in the Zhulong River watershed are shown in Table 2. The proportion of baseflow to the daily discharge in the Zhulong River watershed is about 49%, and the baseflow is significantly higher during the flood season (June–September) compared with the non-flood season (October–May). Given that the watershed in the study area is dominated by superinfiltration-producing flow, the series of 1-day preceding areal rainfall where river discharge exceeds the threshold to generate discharge was further constructed. The 90% quantile of the series was defined as the 1-day preceding areal rainfall of river discharge formation, which was estimated to correspond to an areal rainfall of about 10 mm. Then, the relationship between precipitation and discharge in the watershed was determined according to whether the areal rainfall in the watershed reached 10 mm the preceding day, and the results are shown in Equations (4) and (5). From the coefficients of determination of the models, it can be seen that the goodness of fit of the constructed models in both situations was high. The coefficients of determination, R2, were 0.79 and 0.83, respectively, indicating that the precipitation can explain about 80% of the variation in river discharge; therefore, the constructed precipitation–discharge relationship can be used to derive the critical areal rainfall for early flood warnings.


The preceding one-day areal rainfall ≤ 10 mm, then Dave = 9.1 × P0 + 206 (R2 = 0.79)



(4)






The preceding one-day areal rainfall > 10 mm, then Dave = 10.2 × P0 + 63.7 (R2 = 0.83)



(5)




where P0 is the daily precipitation, Dave is the daily discharge and R2 is the model coefficient of determination.




3.3. The 24 h Critical Areal Rainfall Thresholds for Early Flood Warnings


Based on Equations (4) and (5), the 1-day critical areal rainfall thresholds for early flood warnings in the Zhulong River watershed can be determined by incorporating the flood graded warning discharges defined in Table 1. The results are shown in Table 3. When the preceding one-day areal rainfall ≤10 mm, i.e., the preceding one-day areal rainfall has not yet reached the conditions for forming surface discharge, the 1-day critical areal rainfalls for early flood warning levels IV, III, II and I in the Zhulong River watershed are 31 mm, 63 mm, 92 mm and 160 mm, respectively. When the preceding one-day areal rainfall >10 mm, i.e., the preceding one-day areal rainfall has reached the conditions for forming surface discharge, then the 1-day critical areal rainfall amounts for each level of early flood warnings are 20 mm, 54 mm, 87 mm and 160 mm, respectively. As the flood hazard warning level gradually increases from level IV to level I, the difference between the 1-day critical areal rainfall amounts established under the two preceding precipitation conditions becomes smaller and smaller, and gradually decreases from a difference of 11 mm to 0 mm.




3.4. Validation of Early Flood Warning Indices in the Zhulong River Watershed


The early warning effectiveness of the critical areal rainfall of the graded early flood warnings was verified using data from the three flood events of 1963, 1996 and 2016 and the intelligent grid real-time precipitation data from July–August in 2018 and 2019 in the Zhulong River watershed. The verification results are summarized in Table 4. As can be seen from the results in Table 4, the 1-day critical areal rainfall thresholds for flood graded warnings that were constructed according to this study were capable of effectively issuing warnings for each of the flood events, and the warning correctness was very good, with no missed or underestimated warnings. In the three flood events in August 1963, August 1996 and July 2016, the timing of the first warning was issued 1 day earlier for the 1963 and 2016 flood events and 2 days earlier for the 1996 event, and the flood warnings were also issued accurately on the same day for July–August in 2018 and 2019.



Specifically looking at the early warning performance of the 24 h critical areal rainfall for the whole flood event, the results of the early warning validation are shown in Table 5, using the flood event in July 2016 as an example. The precipitation in the watershed region started on 12 July 2016 with a 24 h areal rainfall of 22 mm and a value of 0 mm for the preceding day. According to the warning system in Table 3, the areal rainfall on 12 July was <31 mm (the critical areal rainfall for flood warning level IV), and the model did not issue a warning. Based on Table 1, the flood discharge of the fourth level of warning is 380 m3/s, and the observed daily discharge of the river on 12 July was 14.1 m3/s < 380 m3/s (the fourth level of flood catastrophic discharge), so there was no need to release the warning, and the model warning result was correct. On the 19 July, the 24 h areal rainfall in the watershed reached a maximum value of 89.9 mm, and the preceding one-day rainfall was 0.3 mm. In accordance with the warning system in Table 3, 63 mm (the critical areal rainfall for Level III flood warning) < 89.9 mm < 92 mm (the critical areal rainfall for Level II flood warning); therefore, the model releases a Level III warning. The daily river discharge on the 19 July was 116.6 m3/s (<380 m3/s), which did not reach the flood warning level IV. The daily river discharge on the 20 July was 399.1 m3/s (>380 m3/s), which reached the flood warning level IV; the flood warning level IV actually needed to be issued. It can be seen that the model issued the Level 3 flood warning one day earlier on the 19 July, which is one level higher than the actual warning level (Level IV), which is more secure in terms of flood mitigation effects.



Based on the available daily discharge and daily precipitation data, the impact-based hierarchical critical areal rainfall early flood warning indices have been proposed in this study by in-depth mining and analysis of precipitation–discharge relationships of major historical flood events. In the validation of the most important historical flood events and the most recent intelligence grid forecasting data, the proposed impact-based warning indices’ accuracy seems to be satisfactory. This suggests that the impact-based daily-scale flood warning method proposed has a certain theoretical meaning and operational benefit. However, there are still a few aspects that need to be enhanced in future studies to further promote the timeliness and accuracy of the early flood warnings [39,40]. For instance, the incorporation of remotely sensed precipitation products and gauges to measure precipitation in finer spatial and temporal dimensions [41,42], coupled with the simulation of distributed hydrological models and the main process of hydrological statistical yearbooks to attempt to generate hourly or sub-daily discharge data [43,44,45]. On this basis, it is possible to further investigate the use of the methods based on the rising rate in flood events and real-time accumulated precipitation to determine flood warning indicators to improve the foreseeability and accuracy of flood warnings. Meanwhile, the spatial heterogeneity of the critical rainfall indicators could be better modelled based on more refined remote sensing precipitation products [41,42]. In addition, it has been suggested that the location of the storm center has an influence on the flooding process, which needs to be considered further in future early flood warning modeling [39,40].



There may be differences in the distribution of the mean daily discharge and the instantaneous flood peak discharges, which may result in uncertainty in the findings. However, instantaneous flood peak discharge data are not always available, this study derives flood peak discharges for different recurrence periods by establishing a relationship with the daily mean discharge, and performs an impact-based flood warning investigation. Such an approach has been used and demonstrated to be practical and feasible for estimating instantaneous flood peak discharge in the Mediterranean region of southeastern Spain [46], the Aller-Leine basin in Germany [47], and Iowa in the United States [48]. Further research requires further acquisitions of sub-daily discharges with high temporal resolution to enable more accurate flood warning modeling. Meanwhile, it has also been indicated that the spatial characteristics of rainfall could significantly affect the flooding process and further enhance the model results based on finer spatial resolution of radar precipitation data [49].





4. Conclusions


In this study, we propose an impact-based early flood warning indices approach from the perspective of the socio-economic impact caused by floods. We select the largest tributary of the southern branch of the small- and medium-sized rivers in the upper reaches of Xiong’an New Area, the Zhulong River basin, as the study area. The critical areal rainfall indices for early flood warnings are determined through four steps: the determination of catastrophic discharge, the establishment of precipitation–discharge relationships in the watershed, the estimation of critical areal rainfall and the validation from historical flood events. The main conclusions are as follows:



	(1)

	
Depending on the degree of the impact of floods on socio-economic factors and the relationship between flood peak discharge and daily discharge, the current maximum discharge of the Zhulong River watershed is defined as the first level of early flood warning, which corresponds to a daily discharge with a return period of about 35 to 60 years, while the second, third and fourth level of flood warning is selected as the daily discharge with a return period of 30, 20 and 10 years, respectively;




	(2)

	
When the preceding one-day areal rainfall in the Zhulong River watershed reaches 10 mm, then the river generates surface runoff. According to whether surface runoff is formed in the river channel, precipitation–discharge relationship models are developed and the goodness of fit of both models is high with the coefficients of determination, R2, of 0.79 and 0.83, respectively;




	(3)

	
The 1-day critical areal rainfall amounts for early flood warnings are 31 mm, 63 mm, 92 mm and 160 mm for level IV, level III, level II and level I warnings, respectively, when the preceding one-day areal rainfall is ≤10 mm. When the preceding one-day areal rainfall is >10 mm, the 1-day critical areal rainfall amounts are 20 mm, 54 mm, 87 mm and 160 mm for each level of early flood warning, respectively. The differences between the 1-day critical areal rainfall established under the two river pre-precipitation conditions get smaller as the flood warning level increases;




	(4)

	
The early warning effectiveness of the established graded flood warning of critical areal rainfall was verified by using the historical flood event data in the Zhulong River watershed and the precipitation data from recent years. None of the warnings were missed or underestimated by the model, and the early warning accuracy rate is very high.







In this study, the impact-based critical areal rainfall for graded flood warnings for small and medium rivers is determined and the implementation steps are suggested using the upper reaches of the Zanlong River basin in Xiong’an New Area as a case study. The determined flood warning indexes only require precipitation information routinely monitored by the meteorological department, which is more convenient for the development and application of flood risk warnings and the assessment by the meteorological department, and can be applied to more small- and medium-sized rivers in the future. In addition, the disaster impact-oriented early warning methodology proposed in this study could be further used in future research on flash floods, landslides, heatwaves, droughts, ex-treme weather and air pollution events [50,51,52,53,54] to contribute to an integrated disaster risk management.
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Figure 1. Study area and hydrological and meteorological stations. 
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Figure 2. The methodological framework performed in this study. 
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Figure 3. The relationship between flood peak discharge and daily discharge during the flooding events. 
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Figure 4. Relationships between daily rainfall and daily discharge during the main flood episodes in the Zhulong river watershed. 
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Table 1. Daily discharges and the corresponding flood peak discharge in different return periods in the Zhulong river watershed (m3/s).
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	Return Period
	Early Flood

Warning Level
	Daily Discharge
	Flood Peak

Discharge





	10-year
	IV
	380
	450



	20-year
	III
	700
	805



	30-year
	II
	1000
	1138



	50-year
	——
	1500
	1693



	100-year
	——
	2600
	2914



	200-year
	——
	4500
	5023



	Current maximum discharge
	I
	1700
	2000



	Design flood discharge
	——
	5100
	5700
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Table 2. Characteristics of daily discharge and baseflow in the Zhulong river watershed (m3/s).
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	Average Daily Discharge
	Average Daily Baseflow
	Baseflow

June to September
	Baseflow

October to May





	24.7
	12.2
	19.1
	8.7
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Table 3. The 1-day areal rainfall thresholds for early flood warnings (mm).
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	Warning Levels
	IV
	III
	II
	I





	The preceding one-day areal rainfall ≤ 10 mm
	31
	63
	92
	160



	The preceding one-day areal rainfall > 10 mm
	20
	54
	87
	160
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Table 4. Validation results of the historical flood event warnings in the Zhulong river watershed.
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	Flooding Process
	First Alerting Date
	Preceding One-Day Areal Rainfall
	24 h Critical Areal Rainfall
	Warning Levels
	Warning Effectiveness
	Correct
	Correct Rate





	August 1963
	4 August 1963
	9.1
	51.2
	IV
	One day in advance
	True
	100%



	August 1996
	4 August 1996
	9.6
	81.7
	III
	Tow day in advance
	True
	100%



	July 2016
	19 July 2016
	0.3
	89.9
	III
	One day in advance
	True
	100%



	July–August 2018
	11 July 2018
	1.3
	35.8
	IV
	The same day
	True
	100%



	July–August 2019
	29 July 2019
	21.6
	33.9
	IV
	The same day
	True
	100%
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Table 5. Validation of the 2016 July flood warning in the Zhulong river watershed.
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	Date
	1-Day Critical Areal Rainfall (mm)
	Daily Discharge (m3/s)
	Model Alerts
	Validation





	11 July 2016
	0.0
	11.0
	None
	Correct



	12 July 2016
	22.0
	14.1
	None
	Correct



	13 July 2016
	0.0
	15.6
	None
	Correct



	14 July 2016
	4.3
	17.0
	None
	Correct



	15 July 2016
	4.5
	17.5
	None
	Correct



	16 July 2016
	2.8
	17.7
	None
	Correct



	17 July 2016
	7.0
	19.3
	None
	Correct



	18 July 2016
	0.3
	19.4
	None
	Correct



	19 July 2016
	89.9
	116.6
	III level warning
	Correct (overestimated warning, one day in advance)



	20 July 2016
	69.2
	399.1
	III level warning
	Correct (overestimated warning)



	21 July 2016
	11.7
	599.6
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