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Flash floods are an increasing concern, especially in regions with abrupt topography and small areas where floods are rapid and energy-filled. That is the case of the El Guamo stream basin located in Manizales, Colombia. It has been proposed a duration-independent rainfall threshold for flash floods in this basin, using a hydrodynamic method that links critical water stages to cumulative rainfall. This paper presents a systematic literature review of 19 case studies from 2016 to 2021 to compare and highlight complexities and differences in the methods used in rainfall threshold estimation in both the El Guamo stream basin as in other case studies. The results identified four types of methods: (i) empirical, (ii) hydrological/hydrodynamic, (iii) probabilistic, and (iv) compound. Each method identified the principal indicators and their predictor variables. Each method uses different indicators, such as accumulated rain, accumulated antecedent rainfall, intensity-duration of the rain event, maximum cumulative or cumulative rainfall depth for a specific duration, and critical rainfall within given time periods. Scenario analysis of the predictor variables is a common approach used in rainfall threshold estimation. Some predicting variables found are antecedent moisture conditions, inundation criteria, and synthetic hyetographs. Some case studies include a probabilistic analysis of the predictor variables. This article concludes that indicators and their predicting variables can be adjusted to local flood early warning systems depending on the rainfall threshold method selected. Hydrodynamic models are solid in rainfall threshold estimation. However, it is highly advisable to include uncertainty analysis and new data sources to have more robust rainfall thresholds. Furthermore, probabilistic methods, including uncertainty analysis with utility functions, are a valuable tool to improve decision-making in early warning systems, which can help to refine the rainfall threshold estimation.
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INTRODUCTION

There is a high flood occurrence originating from natural and anthropological factors in Colombia, South America. Certain peculiarities of these regions, such as the abrupt orography, steep topography, and geomorphological characteristics, make flooding events more rapid and energy-filled. This type of flood is called flash floods, and these can cause destructive events in terms of people and the affected infrastructure. In addition, flash floods are characterized by their short duration and have a relatively high maximum flow, commonly associated with an intense precipitation event over a small area (NOOA, 2012). The impact of the floods has increased even more due to population growth, migration, and other social phenomena. The occurrence of floods is increasing and continuously expanding to previously unaffected areas, a product of urban expansion in Colombia, which causes impacts on the hydrological cycle, reduces infiltration, increases surface runoff, and affects other vital processes which guarantee watersheds stability. According to OSSO Corporation, in Colombia, 16,855 disastrous flood events were reported from 1935 to 2018, which affected 6,930 people resulting in 2,030 deaths, 4,106 injured, and 794 missing. It has been reported that 1,314,415 houses were affected and damaged, causing 25,196 relocations and 368,902 evacuations. Damage to crops and infrastructure is notorious, impacting 2,155,298 hectares of crops and 3,324,622 meters of roads (DESINVENTAR and UNDRR, 2020).

Manizales has faced disasters that were caused by flash floods over its urban streams, especially the Manizales, El Guamo, and Olivares streams. The houses, public infrastructure, and private infrastructure have been affected, but the vulnerable communities living on the river banks of these rivers are of particular concern. Urban areas close to the streams, as mentioned earlier, have suffered the consequences of flash flooding events, mass removals, and torrential avenues (UNAL, 2018). From the period 2000–2013, it was reported that 3,480 people and 415 affected families, 89 destroyed houses, and 27 deaths resulted from hydro-meteorological disasters (Alcaldía de Manizales, 2014). In particular, the flooding event that occurred on October 14, 2011, in the lower-middle part of the El Guamo stream basin left 50 people affected, four houses damaged and one house destroyed, and also material losses to public infrastructure; providing evidence of the high risk of flooding, which the riverside communities of this stream are exposed to DESINVENTAR and UNDRR (2020).

In response to these events, it was decided that a Flood Early Warning System (EWS) in the El Guamo stream basin (one of the most affected basins) should be implemented. For this purpose, an inter-institutional agreement between Corporación Autónoma Regional de Caldas (Corpocaldas) and the Universidad Nacional de Colombia sede Manizales was signed in 2014 (Sánchez et al., 2018). The rainfall threshold method proposed in UNAL (2018) was applied according to Montesarchio et al. (2009), based on the changes in intensity and which is independent of the duration of the event and adopted in the EWS of the El Guamo stream basin.

Rainfall thresholds are defined as the rainfall depth during a storm event that can generate a critical discharge (water stage) at a specific river section (Georgakakos, 1995; Martina, 2010). Rainfall thresholds can be derived using different methods, indicators, and the predictor variables. Four types of methods have been identified, such as the empirical methods, hydrological/hydrodynamic methods, probabilistic methods, and compound methods. Empirical rainfall thresholds are among the most widely used approaches and can be applied to construct EWS, including local, regional and national areas (Aleotti, 2004; Mathew et al., 2014; Segoni et al., 2014). Empirical methods are based on historical flood reports and rainfall data that correlate the occurrence of the event to the magnitude and duration of critical precipitation through a correlation analysis (Cannon et al., 2008; Diakakis, 2012; Montesarchio et al., 2015). Several empirical rainfall threshold curves can be found in literature from different parts of the world (Caine, 1980; Aleotti, 2004; Guzzetti et al., 2007; Brunetti et al., 2010). These studies were focused on different types of shallow landslides and debris flow; however, empirical rainfall thresholds can be used to set a flash flood warning system (Norbiato et al., 2008).

Similarly, hydrological/hydrodynamic rainfall thresholds are based on the concepts of the Flash Flood Guidance (FFG) approach (Mogil et al., 1978; Georgakakos, 1995, 2006; Carpenter et al., 1999; Norbiato et al., 2008). The main idea of the FFG consists of inverse hydrological modeling to determine the rainfall depth that generates minimum flood flow at the outlet of the basin. Alerts are issued if the observed rainfall data in real-time or rainfall forecast exceed the threshold for a particular duration. This approach requires rainfall data by means of real-time rainfall monitoring or rainfall radar (Norbiato et al., 2009). However, other rainfall threshold methods need the same information. FFG is widely used worldwide and in its evolution, it has incorporated the modeling of different forms of synthetic hyetographs, spatially distributed models, and the antecedent soil moisture condition (Moore, 2002). In recent years, hydraulic models have been introduced so that the thresholds are calculated based on the geometry and characteristics of the canal and the relationship between the water level reached and the flooded area (Wu et al., 2015; Candela and Aronica, 2016).

Lastly, probabilistic and compound methods are characterized by a hydrodynamic or empirical methods with probabilistic analyses of variables or probabilistic analyses of rainfall and flood records. These methods seek to establish the dependence between rainfall and the possible consequences (in economic terms) on a section of the river (Golian et al., 2010, 2011). Moreover, these methods have shown a significant improvement from the approaches which are used presently and must be viewed as the first step toward a sound operational approach (Martina et al., 2006). Therefore, these methodologies are designed to simplify the alarm issuance process for decision-makers, allowing the evaluation of the cost/benefit of activating or not the EWS response protocols. Probabilistic approaches advance the current understanding of how humans are impacted by flash floods and empower how to reduce them. Špitalar et al. (2014) mentioned that flash floods need to be analyzed as dynamic, cascading processes with temporal evolving impacts on society.

This paper reviews flood EWS case studies with the proposed rainfall thresholds, indicators, and their predicting variables in different countries. Comparisons are made among the different case studies related to the type of method used, indicators of each method, and their predicting variables. The main idea is to highlight the complexities of implementing a flood EWS and establish general recommendations for improving the alert threshold in the El Guamo stream basin case study. The study investigates rainfall thresholds as early warning tools for different settings and geomorphological conditions, using different data availability, indicators, and the predictor variables.



MATERIALS AND METHODS


Case Study of the El Guamo Stream Basin

The El Guamo case study was selected with the primary motivation to compare the methodology used and its indicators and highlight possible improvements on alert thresholds in this basin. A particular interest is placed on the Guamo basin because the proposed flood EWS includes high levels of uncertainty due to the considerable complexities of climate and hydro-geomorphic processes. Therefore, improvements to the system are required urgently. The El Guamo stream basin is located in the north-west of the city of Manizales (Colombia), among 8,42,000 m (West), 8,45,000 m (East), 1,052,000 m (South), and 1,056,000 m (North), under the projected coordinate system Colombia-Bogota-Zone with Datum Line in Bogotá (Figure 1). Urban settlements are concentrated within the middle and lower part of the basin. The basin has an area of about 5.06 km2, mean altitude of 2,245 m above sea level, and the average slope of the basin is 29.5% (UNAL, 2018).
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FIGURE 1. Location of the El Guamo stream basin and network of hydro-meteorological stations.


The UNAL (2018) proposed RT for small basins located in high mountainous regions based on intensity changes and independent of the duration of the event as an indicator for a flood EWS. Hydrodynamic models were the most appropriate option for determining the warning thresholds in the study basin based on rainfall thresholds (UNAL, 2018; Castillo et al., 2020). The rainfall threshold proposed in UNAL (2018) was applied according to Montesarchio et al. (2009), obtained from a distributed hydrological model and a two-dimensional hydraulic model to be adopted in the EWS of the El Guamo stream basin. The main complexities in applying this methodology were a small basin, steep average slope, short time of concentration (Tc), brief warning delay time (~20 min), high flow rates, and sediment transport not considered. Additionally, deficiencies in the correlations and validations of the models at the study because of the short-term rainfall time series (since 2014) provided by meteorological stations, a lack of rainfall data provided by weather radar satellites, and a lack of historical flood records to help to validate the models. Implementing the flood early warning systems might be affected by the high uncertainty of the flood occurrence, intense dynamic riverbed, and rubbish disposed of in the river channel. A summary of the case study of the El Guamo basin of UNAL (2018) is explained in the Supplementary Material.



Methods

The authors performed a systematic literature review focused on the case studies describing rainfall thresholds used in flood early warning systems in the context of flash flood events. Rainfall threshold methods, indicators, and their predictor variables for precipitation and inundation were analyzed and described in this study. The Web of Science and Scopus were the academic databases used. Using the Web of Science and Scopus, the following search terms were applied to identify peer-reviewed journal articles published between the years 2016 and 2021: [“flood” OR “flash flood”] AND [“early warning systems”] AND [“rainfall thresholds”]. A second search equation was employed to investigate the case studies applied in Colombia. The following search terms were selected to identify peer-reviewed journal articles published between the years 2010 and 2021: [“flood early warning systems”] AND [“Colombia”] using all databases. The temporal criteria established were between 2016 and 2021 (inclusive) to derive the existing literature review for all countries. However, for Colombian case studies, the temporal criteria were expanded between 2010 and 2021 (inclusive) to capture all possible relevant studies. No specific criteria of the location of the studied areas, geography, and settings were defined. Nevertheless, Colombian case studies are relevant to comprehending which methods to estimate rainfall threshold have been applied in similar topography conditions, urban settings, climate, and basin areas compared to the El Guamo stream basin.

The article selection process is illustrated in Figure 2. The result of the search found 721 articles. The authors utilized the Tree of Science (ToS) to select the relevant literature related to the topics of interest. ToS is a web-based tool that uses a network structure of paper citation to optimize the search and selection of published papers. ToS was developed at the Universidad Nacional de Colombia (Robledo et al., 2014; Zuluaga et al., 2016). ToS shows the information in the tree shape, where the articles located in the roots are the classics, in the trunk are the structural publications, and leaves are the most current papers. Using ToS for each database (Web of Science and Scopus), from equation one (1) were selected 25 articles of the roots, eight (8) articles of the trunk, and ten (10) articles of the leaves. From equation two (2) of Web of Science and Scopus, the authors included thirteen (13) articles.
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FIGURE 2. Overview of the systematic literature review.


After reading through the abstracts and scamming the articles, the authors made a further selection and selected the articles focused on rainfall thresholds for flash floods, early warning systems, and relevant studies on these topics. Hence, the authors excluded articles centered on water depth thresholds for flash floods, flash flood risk forecasting, flash flood risk assessment, flash flood risk, and surveying flash floods. Others were removed that focused on typhoons and landslides. Some articles were later added in a snowball fashion based on citations in the papers reviewed, including some articles focused on pluvial floods and floods in general due to the methods used that might be comparable to flash floods case studies. The papers selected were reviewed and retained, especially those with specific calculated rainfall thresholds and flood early warning systems. Among the case studies, it is possible to find various aspects of the studied areas as urban/rural settings, location, type of flood, and climate. After this process, 19 case studies of different methods to estimate rainfall thresholds for flood early warning systems remained.

The authors constructed a matrix with relevant information of each case study such as location, settings, area, climate, type of flood, and rainfall threshold method estimation, to analyze the articles selected (see Supplementary Table 2). In particular, the authors focused on the type of flood, the flood indicator, rainfall threshold method, and the predicting variables involved to derive rainfall thresholds. Finally, the case studies found in the systematic literature review and the case study presented in this paper, were analyzed to evaluate the differences and highlight the complexities of establishing alert thresholds and conclusions were drawn.




RESULTS

Numerous studies have been focused on empirically based rainfall thresholds; however, hydrological and hydrodynamics models which estimate rainfall thresholds (RT) have increased the interest of researchers, due to emerging technologies, better resolution of open spatial-temporal data, low-cost sensing equipment and more available historical flood reports. Furthermore, probabilistic methods are used to investigate the sources of uncertainties of the RT derived, based on the indicators of spatial-temporal rainfall distributions, soil moisture conditions, cumulative rainfall, peak discharge amounts and economic terms. Finally, compound methods combine different methods to derive one or multiple RT, in order to no longer limit an early warning system (EWS) of flash floods to a single index and provide more information and sufficient time to deal with the coming flash floods.

The locations of the case studies are shown in Figure 3. The majority of studies which were reviewed, were carried out in high-income regions within Europe (Montesarchio et al., 2015; Papagiannaki et al., 2015; Candela and Aronica, 2016; Forestieri et al., 2016; Santos and Fragoso, 2016; Bouwens et al., 2018; Hofmann and Schüttrumpf, 2020; Luong et al., 2021) and Asia (Jang, 2015; Wu et al., 2015; Miao et al., 2016; Liu et al., 2018; Zhai et al., 2018; Li et al., 2019). Few studies using RT for flash floods EWS were reported in America (Ávila et al., 2015; UNAL, 2018; Guerrero Hoyos and Aristizábal Giraldo, 2019; Castillo et al., 2020), and low-income countries in Africa (Young et al., 2021). According to our findings, in Colombia, just two case studies based on empirical methods were found to estimate RT, for flash flood or torrential floods (Ávila et al., 2015; Guerrero Hoyos and Aristizábal Giraldo, 2019). No case studies in Colombia, using hydrodynamic models and probabilistic methods, were found in our research. The case study of the El Guamo stream basin is likely to be the first study in Colombia, which used hydrodynamic modeling to derive RT for flash flooding-prone areas and used them in an EWS.
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FIGURE 3. Case studies locations.



Description of the Methodologies

A first approximation to estimate RT are the empirical or statistical methods based on the correlation of historical records of floods with rainfall data (Caine, 1980; Reichenbach et al., 1998; Cannon et al., 2008). These methods relate to one or several parameters of the rainfall event (duration, intensity, frequency, magnitude, and accumulated magnitude) with one or several parameters of flooding events (water depth, discharge, qualitative data, etc.). Moreover, other methods of the same nature investigate the soil moisture for the same correlation (Diakakis, 2012). For example, methods adapted from landslides (Terlien, 1998; Glade et al., 2000; Aristizábal et al., 2011). Empirical RT are mainly based on the relationship of historical records of floods and with precipitation events, from available data. In the urban context, methods include other relevant information as inputs to estimate RT, such as overflow pumping data, crowd-sourced reports (Bouwens et al., 2018) and data from fire services (Papagiannaki et al., 2015).

In these methods, the efficiency of the definition of RT is highly dependent on the quality of the rainfall and floods series used. Rainfall data and historical flood recorded, which are used to estimate RT are constrained by spatial and temporal resolution and flood records which are limited by the number of flood events recorded. Rainfall data is restricted by density, location, accuracy, and record length of rain gauges local network, which affects the generation of RT (Papagiannaki et al., 2015); for this reason, a denser network of rain gauges in the study areas is required, especially in mountainous regions, where capturing rainfall upstream is highly beneficial to flash flooding EWS (Young et al., 2021). In the case of rainfall radar data, this allows you to create more accurate spatial-temporal correlation analysis at pixel levels. Related with temporal resolution, Bouwens et al. (2018) confirmed the relevance of sub-daily temporal resolution in urban settings. Besides, the study of floods records has different challenges respect to number of cases reported, area, extent, temporal resolution (daily), data length, etc. Bezak et al. (2016) suggested that a reasonable length of records should contain at least 10 flooding events exceeding flooding threshold. Finally, a continual review and update to the empirical rainfall threshold derived from each case study based on more available data (further flooding events and rainfall data) will help to give more robust rainfall thresholds.

Advantages of empirical RT methods are (i) they are simple and widely accepted methods (ii) they have few data requirements compared to other methods, (iii) they simplify the physical processes in the study area (Reichenbach et al., 1998), (iv) are applicable to urban and rural settings, and (v) are low-cost to implement in EWS compared to other threshold systems (Bouwens et al., 2018; Speight et al., 2019). Empirical RT has been widely used in landslides and debris flow case studies (Guzzetti et al., 2007; Cannon et al., 2008) and some approaches have been adopted for flash floods (Diakakis, 2012; Guerrero Hoyos and Aristizábal Giraldo, 2019). The simplification of the physical processes in the studied area comes along with the assumption that rainfall is uniformly distributed by time and space. Also, they neglected lithological and morphological stages (including vegetation and soil conditions) and different climate regimes and weather circumstances (Santos and Fragoso, 2016). From this point of view, the simplifications remove the complexities of setting up a hydrological model, that could be counted as an advantage, but in some cases, it is a drawback; especially in tropical environments and mountainous regions, where there is high spatial variability of the rainfall and rainfall temporal patterns (Ávila et al., 2015; Guerrero Hoyos and Aristizábal Giraldo, 2019). Conversely, disadvantages of empirical RT methods are: (i) evaluation of RT are made under the hypothesis that there are no errors or uncertainties in the data used (Montesarchio et al., 2015) and (ii) it neglects social exposure and vulnerability of risk-prone areas (Young et al., 2021).

To overcome the disadvantages mentioned previously, new developments of empirical-based RT are being explored and implemented in some case studies. For instance, Bouwens et al. (2018) performed an analysis of spatial correlation with flooding reports, where they found strong correlations between floods with maximum rainfall depths over 15 and 60 min, confirming the relevance of sub-daily temporal resolutions when investigating the impact of rainfall on urban hydrology (Romero et al., 2011; Ochoa-Rodriguez et al., 2015; Simões et al., 2015; Blenkinsop et al., 2017; Young et al., 2021). Santos and Fragoso (2016) who developed an innovative approach from the study of floods and mentioned the absolute need for daily and hourly real time data of a hydro-meteorological network to estimate more objective precipitation intensity-duration thresholds. Young et al. (2021) derived initial thresholds, quantile relationships with daily rainfall data to identify floods, and exceedance probability analysis of the return period for an EWS for pluvial floods. Thresholds were defined by examining rainfall depths associated with historical flooding events from social media and the associated hazard severity; as well as satellite precipitation products. This methodology can be applied to catchments of short-response and insufficient data. This EWS compares the ensemble of rainfall forecast from Numerical Weather Prediction (NWP) combined with empirical RT approach, which allows characterization of the exceedance likelihood associated with flooding and has the additional benefit of providing timely forecasting while allowing decision-makers to incorporate uncertainty into the forecast.

Empirical-based rainfall thresholds have been used broadly in international and local contexts. Reviewed case studies are located in Italy (Montesarchio et al., 2015), Portugal (Santos and Fragoso, 2016), Greece (Papagiannaki et al., 2015), Netherlands (Bouwens et al., 2018), Egypt (Young et al., 2021) and there are two case studies in the Andean region, in the Aburra Valley (Guerrero Hoyos and Aristizábal Giraldo, 2019) and Cali river catchment (Ávila et al., 2015). Although, there is no evidence that the last two case studies are being implemented in EWS. Relating to the case studies reviewed in Colombia, Guerrero Hoyos and Aristizábal Giraldo (2019) studied torrential floods in the Aburra Valley region, using a Rainfall Triggering Index (RTI) developed by Jan et al. (2018) and putting forward a critical threshold like a flash flood detonating a potential early warning alarm system. Guerrero Hoyos and Aristizábal Giraldo (2019) could not find a direct relationship between the number of rainfall events and the occurrence of torrential floods, due to the absence of historical records of flooding events and rain gauges closer to the torrential flooding areas (sub estimation of rainfall) or upstream where heavy rainfall events are localized. Ávila et al. (2015) presented the first study to focus on understanding the impact of hydro-climatology on flash floods in Colombia (the Cali river catchment), following the methodology defined by Glade et al. (2000) and which were applied to this study, using an empirical antecedent daily rainfall model. These authors used the historical floods database called DESINVENTAR (27 events) and daily records of hydro-meteorological events. Also, they included the influence of antecedent conditions of soil saturation during the occurrence of flash floods.

RT for Flash Flood EWS are also estimated by means of hydrological or hydrodynamic methods (rainfall-runoff models and hydraulic models), which has been proven as a reliable way to simulate the relationship between rainfall and runoff. The hydrological methods are based on the concepts of the FFG approach, which was created by focusing on mountainous regions, uniform rainfall depth/duration over space and time and catchment sizes up to 1,000 km2 (Mogil et al., 1978). The FFG has been modified to include gridded data (Schmidt et al., 2007; Gourley et al., 2012), synthetic hyetographs (Jang, 2015; Montesarchio et al., 2015; Wu et al., 2015; Candela and Aronica, 2016), distributed hydrological model (Jang, 2015; Miao et al., 2016; Zhai et al., 2018), and the dynamic condition of antecedent soil moisture (AMC) (Montesarchio et al., 2015; Luong et al., 2021). Gridded FFG have proposed to derive RT based on rainfall raster data, in order to capture spatial variability (Bae et al., 2018). There are a lot of hydrological methods used in the Rainfall Comparison Method (RCM), such as the Sacramento Soil Moisture Accounting Model, HEC-HMS, geomorphology-based hydrological model GBHM, topography based on the probability distributed model TOPDM, China Flash Flood-Hydrological Modelling system (CNFF-HMS), TETIS model and BROOK90. The RCM has the main objective of defining the critical flow based on if it is possible to estimate the critical rainfall through the relationship between rainfall and runoff, identified by the hydrological simulations (Ntelekos et al., 2006). The RCM contrasts the real-time or forecast rainfall with critical rainfall estimations, in order to determine if an early warning signal is needed to be issued (Zhang and Meng, 2018). An example of a current flood EWS based on RCM is the ERA (Extreme Rainfall Alert) in England and Wales, this system uses ensemble rainfall forecasting to assess the threshold exceeding probability that might cause severe flooding in urban areas (Priest et al., 2011).

Recent developments identified in the case studies reviewed are a hybrid of the deterministic-stochastic approach for multiple RT estimation, new methodologies for ungauged mountainous catchments integrating flooding thresholds and RT (using a simple binary classification of maximum cumulative rainfall, degree of soil saturation, and a flooding threshold), online/offline models which have been developed and combine two warning levels (RT and flow thresholds), the use of an additional water budget model to identify the daily moisture conditions and finally, the inclusion of rainfall forecast into hydrological warning systems. Reviewed case studies of hydrological model-based RT in this study are located in Taiwan (Jang, 2015; Wu et al., 2015), Italy (Montesarchio et al., 2015; Candela and Aronica, 2016; Forestieri et al., 2016), China (Miao et al., 2016; Zhai et al., 2018), Germany (Hofmann and Schüttrumpf, 2020; Luong et al., 2021) and two case studies are located in the Manizales (Andean region in Colombia) (UNAL, 2018; Castillo et al., 2020).

The main advantages of hydrological/hydrodynamic methods are: (i) they are able to capture the physical processes within the basins and simplify some processes that are considered irrelevant depending on each case (i.e., regarding, urban areas, soil water storage and evaporation are less significant processes); (ii) they can be chosen from among different types of hydrological models (lumped, semi-distributed and distributed), with different input data, resolution requirements, and depending on the data availability; (iii) they are applicable to different climates and relate to the influences of weather on them, and (iv) they offer the possibility to include scenario-based simulations, incorporating duration of rainfall events or the effect of temporal and spatial variation of the rainfall events, accounting soil moisture status, introducing land coverage changes, inundation criteria, etc. The biggest disadvantages are (i) they demand high spatial and temporal data resolutions to accurately simulate runoff pathways, especially in urban areas (Jang, 2015); (ii) models must be calibrated and validated with sufficient data, in order to estimate accurate rainfall-runoff dynamics which generate the RT; (iii) they have high time-consuming computation; and (iv) besides, as in empirical methods, these also have uncertainties related to the input data and model parameters (Aronica et al., 2002). The main uncertainty sources are related to errors and the length of the observation data (i.e., rainfall, river discharge, soil moisture conditions, etc.), choice of hydrological/hydraulic model (1, 2 dimensional model) related to model parameterization (i.e. soil moisture storage, roughness coefficients), the absence of data for flood frequency analysis, high resolution and high accuracy of topographic datasets, land use maps and geometry and capacity of the channel section, among others (Jang, 2015; Wu et al., 2015; Candela and Aronica, 2016).

Another methodology which establishes RT is the probabilistic method which is characterized by the use of a combination of the hydrological/hydrodynamic models and probabilistic analysis of variables that influence the estimation of RT. The probabilistic analysis depends on the modeler and its interest, and it can include the uncertainty analysis that defines the flood hazard as the influence of rainfall spatial distribution and its associated probabilities (Golian et al., 2010, 2011), as further uncertainty analysis is introducing an expected cost or utility function (Martina et al., 2006) and lastly, a more robust uncertainty analysis based on the previous analysis, adding the informative entropy concept (Montesarchio et al., 2015). The case study reviewed of Montesarchio et al. (2015) was based on the methodology proposed by Martina et al. (2006), which searched to establish the dependence between rainfall depth for different durations with the corresponding flow peak and their distributions, for each AMC class. Basically, a joint probability function of rainfall depth for a given duration with its corresponding peak discharge values were built up. Later, the joint probability function of rainfall and its corresponding peak discharge was combined with a utility function. The joint distributions of rainfall depth for a given duration and its corresponding peak discharge are being used to evaluate the minimal amount of the expected utility cost function (Bayesian decision theory), and determine the entropy within the context of a flood warning system, in order to calculate RT. In this sense, a decision-maker can evaluate the cost-benefits of activating the flash flood warnings and can have a measure of the uncertainty involved in the system. In fact, Golian et al. (2010) mentioned that probabilistic methods try to establish the dependence and the possible consequences of flooding in economic terms, over a critical cross-section of a river. For instance, a current flood EWS based on probabilistic RT is Pan et al. (2019), this author created a data-driven probabilistic rainfall-inundation model for flash-flood warnings to derive optimized rainfall-inundation thresholds. In this case, the flash flood warning performance was more significant than the official warning system in New Taipei city. The model exports the probability of floods, and it can provide warnings 1–3 h in advance, when the probability is approaching 50%. This model not only quantifies the potential impacts of flood risk for decision makers, but also provides early warnings based on probability changes.

Some advantages of using probabilistic approaches are the improvements in the performance of RT and the flexibility to adopt a different probability hazard range related to RT, as a degree of risk-taking decision by decision-makers. Golian et al. (2011) reported the increase of the critical success index (CSI, a measure of forecasting success) by ~25% based on the inclusion of spatially dependent rainfall scenario, in comparison with the presumed spatially uniformed rainfall scenario. Montesarchio et al. (2015) compared hydrological and probabilistic methods and highlighted the outputs obtained by the probabilistic methods, which performed quite well according to an assessment of RT, based on the method of a two-by-two contingency table proposed by Mason and Graham (1999). This method has a hit rate which is defined as the proportion of events in which a warning is correctly provided, or the probability of detection, and a false rate is defined as a proportion of non-events for which a warning is incorrectly provided, or the probability of a mistake. Results found in Montesarchio et al. (2015) exhibited a higher hit rate and a lower value of false rates, using probabilistic methods instead of hydrological methods. However, to obtain satisfactory results it needs to have extensive and good quality input data to use the probabilistic methods to derive effective RT.

The fourth methodology found in literature are compound methods, which are also called combined methods, because they combine either empirical/hydrological methods with probabilistic methods or flow comparison methods with rainfall comparison methods to derive one or multiple RT. This is an approach that makes the early warnings of flash floods to be no longer limited to a single index and provides more information and sufficient time to deal with the coming flash floods. Three case studies were found: first, Liu et al. (2018) used an empirical and probabilistic method to create a Compound Warning Index (CWI). The CWI method is based on RTI (Jan and Lee, 2004), under different probabilities of flash floods (10, 50 and 90%) and involves flash flooding related factors (e.g., rainfall intensities, antecedent rainfall, and cumulative rainfall). In fact, CWI provides upper and lower boundaries of rainfall warnings that can be divided into three categories (i.e., low, medium, and high probabilities of flash floods). Second, Li et al. (2019) proposed a hybrid approach, combining RCM and flow comparison methods (FCM) to build an EWS. This approach was adopted to calculate the critical rainfall to consider the complex condition of the underlying surface and the mechanism of runoff production. The system provides two indices in rainfall and water stage/flow and sets two thresholds for each indicator to serve for preparation and immediate migration of residents. Finally, Young et al. (2021) combined an empirical RT method with an exceedance probability analysis. It consisted of derivation of an initial RT, quantile relationships and exceedance likelihood of the RTs, associated with flooding.

Currently in Colombia, no evidence was found of flash floods EWS based on RT, except for the current implementation of UNAL, 2018 in the Manizales city. Nevertheless, there are two relevant flood EWS currently operating in Bogotá and Medellín cities, which use flow comparison methods based on water depths at critical cross-sections of the monitored rivers. The EWS of the city of Bogotá used rainfall-runoff models which allowed establishing water depth thresholds in critical sections associated with alert levels (e.g., Tunjuelo river EWS for floods) (FOPAE, 2012; IDIGER, 2019). The EWS of Medellín and the Aburra Valley (El Sistema de Alerta Temprana de Medellín y el Valle de Aburrá—SIATA) called SIATA has numerical and statistical models that determine the probability of the occurrence of upcoming rain events and relate to the water depths in the monitored water bodies. These allow timely alerts to be generated to risk managers, especially for vulnerable communities (SIATA, 2014).



Indicators Used to Derive RT

Empirical methods use different indicators in the definition of RT, such as accumulated rain (AR), accumulated rain the days prior to the occurrence of the flood event (accumulated antecedent rainfall—AAR) and the intensity-duration of the rain event (Guzzetti et al., 2007). The indicators of the empirical methods are shown in Table 1. In the case of AR as an indicator, a day was a common time-period used. When establishing the thresholds some authors used percentiles (75th, 90th, 95th and 99th) which were compared to the design storm of the drainage infrastructure and local knowledge to later, classify these into hazard categories, as the case study developed by Young et al. (2021). The second indicator AAR was found in three case studies reviewed (Ávila et al., 2015; Santos and Fragoso, 2016; Guerrero Hoyos and Aristizábal Giraldo, 2019). They used different days for accumulation classifying them in short term (1, 2, 3, 5 and 7 days) and long term (5, 7, 10, 15, 25, 30, 60 and 90 days). For example, in the Cali River most flash floods were found to be linked to AAR of 5 and 7 days in Ávila et al. (2015), AAR of 1, 3, 7 and 15 days in Guerrero Hoyos and Aristizábal Giraldo (2019), and critical precipitation registered as the AAR from 1 to 90 days in Santos and Fragoso (2016). The AAR accounted for the influence of antecedent conditions of soil saturation when considering the AAR and the AR up to 90 days prior of the event (Ávila et al., 2015). Also, AAR can be combined with the average instantaneous rainfall depth (Guerrero Hoyos and Aristizábal Giraldo, 2019). For the third indicator, the intensity-duration of the rainfall has been considered in two of the case studies reviewed (Papagiannaki et al., 2015; Bouwens et al., 2018), both focused on urban settings and in two types of floods (Pluvial and flash floods, respectively). There were considered intensities for different time periods, 15 and 60 min in Rotterdam (Netherlands), and 10 min and 24 h in Attica prefecture (Greece). Both studies concluded that short time intervals of 10 and 15 min are better predictors of flash floods than AR, which allows us to conclude that, in those cases flow velocities were very high. It is important to highlight that in urban settings it is quite significant to derive short time intervals RT, whereas rural settings are more likely to be more linked to predicting variables as AAR and AR for RT. The rural areas are more influenced by AMC, whereas urban areas are more influenced by the capacity of drainage systems, in fact geomorphological factors and impervious surfaces contribute to flooding conditions differently, in urban and rural areas.


Table 1. Indicators of RT for the empirical methods.
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Hydrodynamic methods define RT based on indicators that have a combination of variables that can include scenario-analysis based on rainfall characteristics (rainfall depth, duration and storm pattern), inundation criteria (critical water stage, critical flooding area, higher flood potential sites, probability of discharge and peak discharge) and antecedent soil moisture conditions or soil saturation (see Table 2). The simulations are performed until the critical discharge (critical water stage) which is reached in the corresponding river cross-section for each indicator defined and each duration. These types of methods make it possible to define sub-daily cumulative rainfall depths from 10 min to 72 h. Normally, RT are defined as the cumulative rainfall depth for specific durations, influenced by various combinations of the variables mentioned. RT 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, 2012; Yucel, 2015).


Table 2. Indicators of RT for the hydrological/hydrodynamic methods.
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Three case studies that used a combination of inundation criteria and rainfall temporal patterns (synthetic hyetographs) were reviewed (Jang, 2015; Wu et al., 2015; Candela and Aronica, 2016). RT was then defined as cumulative rainfall depth for given durations (1, 3, 6, 12, 24, 48 and 72 h) conditioned by the synthetic hyetographs and inundation criteria, commonly water stage and flooding area. Wu et al. (2015) derived RT with durations of 1, 3, 6, 12 and 24 h conditioned by synthetic hyetographs, water stages at 20, 30, 40 and 50 cm and flooding areas of 0, 1–2 hectares; Jang (2015) derived RT with short durations (1, 3 and 6 h) such as drainage thresholds and long durations (12, 24, 48 and 72 h), like runoff thresholds, conditioned by rainfall hyetographs, water stages >50 cm and higher flood potential sites. The drainage thresholds are based on the criteria for drainage overload and runoff thresholds on the critical rainfall needed to generate disastrous surface runoff. Candela and Aronica (2016) derived RT for given durations of 1 to 8 h conditioned by synthetic hyetographs and the inundation criteria of water depth superior to 0, 3 m and flooding area of 5% of the total area which is considered to be critical. It is important to mention that this combination of synthetic hyetographs and inundation criteria has been implemented into different studies including pluvial floods, flash floods and floods in general. This combination of indicators allows us to analyze the change in the RT due to the various definitions of inundation criteria based on water depths and flooding area that directly affects vulnerable communities and local infrastructure, and considers the effect of the temporal variation in the rainfall events on the identification of local RT.

Furthermore, AMC classes combined with rainfall hyetographs is also very common in hydrodynamic methodologies, different case studies that used this combination were found. On one hand, Montesarchio et al. (2015) estimated RT with durations of 0.5, 1, 3, 6, 12 and 24 h were conditioned by different standard hyetographs (step, triangular increasing rate, triangular decreasing rate and triangular isosceles rate) which are distributed by gridded isohyets, with three AMC classes (wet, typical and dry). On the other hand, Zhai et al. (2018) estimated RT with durations of 1, 2, 3, 6 and 24 h, including the rainfall pattern (H1-design storm hyetograph, H2-linearly increasing hyetograph, H3-linearly decreasing hyetograph, and H4-isosceles triangle hyetograph) and the three AMC classes (based on soil saturation). This combination of indicators allows us to understand the effects of the catchment response to generate river flow, based on soil moisture conditions and rainfall temporal pattern. In fact, RT depend on soil types, soil depths, pre-event soil moistures, and high-precipitation intensities. These factors combine and create the prior conditions to the runoff generation. Soil moisture's initial conditions are among the most important hydrological properties affecting flash flood triggering. Without hydrological analysis, it is impossible to evaluate the flash flooding potential of storms, particularly in the fringe of the flood/no flood threshold (Norbiato et al., 2008).

There are studies that combine a wider selection of the variables listed as Luong et al. (2021), who calculated RT for given durations of 1 to 24 h conditioned by four rainfall patterns (step, triangular, decreasing and increasing hyetograph), current catchment state (wetness condition based on three AMC classes) and water stage higher than 50 cm, equivalent to the average high discharge. This combination scheme was carefully considered to derive RT in Germany, to avoid confusion in its use in flood EWS. UNAL (2018) estimated RT conditioned by designed hyetographs, three AMC classes and inundation criteria (80% of bank-full flow, bank-full flow and overtopping bank-full of infrastructure conditions). RT is derived from and based on cumulative rainfall depth (mm) that accumulates over a moving window of 10-min (10-min analysis window). This duration was selected because in the transit analysis of the hydrograph over the stream, short concentration times were obtained, this means that the peak flow over the critical section occurs during the precipitation event. For this type of basin, it was not possible to create a precipitation threshold depending on the duration of each event, unless the hydro-meteorological monitoring technology is improved with the implementation of radars and climate prediction models. Both case studies aforementioned were evaluated on the context of flash floods, in urban and rural settings.

Other scheme combinations of variables for RT indicators were used by the following authors: Forestieri et al. (2016); Miao et al. (2016) and Hofmann and Schüttrumpf (2020). The first one used cumulative rainfall (between 40 and 250 mm, step of 10 mm) with synthetic rainfall hyetographs (H1-triangular hyetograph with a positive gradient, H2-triangular hyetograph with a negative gradient and H3-isosceles triangle hyetograph), 10 initial discharge values (between 0 and 7 m3/s) and a 10 probability of discharge (between 0 and 1, at step 0.1). Second, Miao et al. (2016) used a new approach using a binary classification of a maximum cumulative rainfall, degree of soil saturation and a flooding threshold. This approach allowed the determination of RT under different antecedent soil moisture values. The RT selected were the maximum cumulative rainfall values for durations 1, 3, 6 and 12 h, but also considered flooding thresholds (flow of 2-year return period obtained) and a degree of soil saturation (0.25, 0.5 and 0.75). Soil saturation was chosen instead of the volumetric soil water content for simplicity, due to soil type which is not spatially uniform in a catchment. Third, Hofmann and Schüttrumpf (2020) used cumulative rainfall depth for given durations of 15, 30, 45 and 60 min which were considered to be uniformly distributed and combined with water depth of 0.2 and 0.5 m at different flooding points. Finally, RT was determined and linked to water sensitive spots at the neighborhood level, using high resolution inundation models with a variable spatial resolution up to 1 m2. To sum up, these new schemes for scenario-analysis of variables are set up for each specific case study related to RT duration, climatic characteristic, rain gauge network, soil water dynamics and settings (urban or rural) and allow us to explore RT derivation and the sensitivity of the predicting variables.

Finally, probabilistic methods and compound methods included new predicting variables for the indicators to calculate RT (see Table 3). In Montesarchio et al. (2015) used rainfall durations of 0.5, 1, 3, 6, 12 and 24 h, three AMC classes and peak discharge as in hydrological models, plus a utility cost function deduced based on a real case of issuing a warning or not. Li et al. (2019) combined flow comparison method (FCM) to rainfall comparison method (RCM). The RT was defined as the critical rainfall of cumulative rainfall for durations of 20 min, 1, 2 and 3 h conditioned by the antecedent precipitation conditions, design rainstorms and critical water stages/flows. Antecedent precipitation is set at three conditions (function of soil maximum storage capacity) and designs rainstorm calculation based on different frequencies and durations (point rainstorms, surface rainstorms and distributions of rainstorms). The critical rainfall is an early warning index that corresponds to the critical water stage/flow at the gauging section under the hypothesis of the same frequency of rainfall and flood flow. Finally, including new predicting variables and comparison methods enables us to explore the decision-making of issuing a warning or not, and make the EW of flash floods no longer limited to a single index, but provides more information and sufficient time to deal with the coming flash floods.


Table 3. Indicators of RT for probabilistic and compound methods.
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In this study, rainfall spatial distribution was not counted as a predicting variable. Normally, it is treated as input data, however, for instance, two empirical case studies reviewed and included open spatial data (Bouwens et al., 2018) and GPS-georeferenced flood records (Santos and Fragoso, 2016). Hydrodynamic methods which depend on the type of model selected can include either weather radar or rain gauges data, which are spatially distributed. In the case of radar data, it enables more refined rainfall fields (Lopez et al., 2005; Russo et al., 2006). Highlighting, rainfall spatial distribution imposes a greater effect on the outlet peak discharge produced by rainfall of longer durations (Golian et al., 2011). This indicates that ignoring the spatial dependence in rainfall in RT case studies, underestimates the derivation of RT values.

For the El Guamo stream basin, hydrodynamic models based on scenario analysis of their predicting variables and the mentioned indicator were the most appropriate option for determining the RT in the study basin. According to Golian et al. (2011), for small and rapid response basins, the change in precipitation over time as a trigger for floods is more critical than the total accumulated precipitation. The methodology of the RT is comparable to other hydrological/hydrodynamic case studies exhibited in this study. The RT derived for the El Guamo stream basin are subject to improvements to derive a more robust RT. Short-term improvements might be updating the hydrological model with more extended rainfall time series, including a further uncertainty analysis to derive confidence intervals of the RT, and integrating new data sources of citizen observatories/citizen science. Citizen science can provide valuable and complementary information at all levels of flood risk management (Njue et al., 2019).




DISCUSSION AND CONCLUSIONS

Interest in early warning systems for flash floods is increasing in different regions of Latin American such as Manizales (Colombia). Few case studies in this region were identified in this literature review. The lack of RT-based EWS in the Andean region countries does not allow scientists to explore the functionality and investigate the potential improvements of these systems. Hence, early warning systems for flash floods in this region need to be designed and consider local time scales, geography, climate, predicting variables, data availability, and the predictive uncertainty of the study area. The monitored variables, the method, and the data requirements should be specifically selected or designed to maximize the skills of the warning systems (Martina, 2010).

Rainfall threshold methods have been implemented in different early warning systems for floods. Many factors play an essential role in RT derivation, such as catchments size, climate, settings, topography, antecedent moisture conditions, long and short rainfall durations, spatio-temporal rainfall patterns, among others. These factors need to be considered when selecting the “best” approach to establish a local early warning system. The methods found in the literature are empirical, hydrological/hydrodynamic, probabilistic, and compound methods. The complexity of the methods increases in the same way as others mentioned previously, depending on the data requirements, data availability, location, and the purpose of the study. Furthermore, indicators can vary depending on the method selected and their predicting variables.

In the first group, empirical methods correlate rainfall data and historical flood records to provide a first-approximation of RT that has a uniform study area and is site-specific. These methods have been broadly used in Europe, Africa and Latin America. The flash flood EWS approach based on empirical RT is considered an immediate short-term solution, especially for data-sparse regions lacking the technical capacity and resources to implement complex methods (Young et al., 2021). For this group of methods, the preferred indicators are: (i) accumulated rainfall (AR), (ii) antecedent accumulated rainfall (ARR), and (iii) intensity-duration of a rainfall event. From most case studies reviewed, the indicators found are the AR and AAR for daily precipitation and intensity-duration events of 10, 15, 60 min, and 24 h (duration) as the most common time steps. The indicators AR and AAR are not suitable for urban areas, where sub-daily time scales are more realistic of flood events in urban settings. For urban areas, intensity-duration is the best indicator, and durations of 10–60 min are the best time interval for derived thresholds for pluvial floods and flash floods. Indicators AR and ARR are typically used in rural settings or catchment scales. The AMC greatly influences rural areas, while the capacity of drainage systems influences urban areas. The difference between urban and rural areas is due to the unique characteristics of the physical processes of each area.

The hydrological/hydrodynamic methods in the second group are more robust approaches to derive RT. These methods use hydrological models (lumped, semi-distributed or fully distributed) or hydrodynamic models (1D or 2D) to simulate floods predominantly caused by rainfalls events. Modeling and scenario-analysis allow the combination and introduction of new variables to derive RT such as rainfall characteristics, AMC classes and inundation criteria. Within these methods, the importance of AMC in the characterization of flash floods or flooding was highlighted by different authors (Longobardi and Villani, 2003; Marchi et al., 2010). AMC behaves differently in rural and urban areas. In urban areas, AMC is less crucial and is related to the capacity of drainage systems and impervious surfaces, whereas rural areas are influenced by soil moisture conditions and catchment response to flow generation. These methods are constrained by the need for input data, which could introduce many errors and uncertainties. Thus, the empirical methods are more suitable for areas with sparse data. Hydrological/hydrodynamic methods have been proven to perform better and have more efficiency within RT-based EWS. These methods have offered additional advantages to estimating the local RT when implemented within the floods EWS (Montesarchio et al., 2015). Hydrodynamic modeling in the El Guamo stream basin included three antecedent moisture conditions, three design hyetographs, and three water stages over critical sections. That allowed to obtain a suitable RT; however, false alarms remained a concern as uncertainties persisted.

In the third and fourth groups, probabilistic and compound methods use a combination of the empirical/hydrological models and probabilistic analyses of variables [i.e., expected cost or utility function by Martina et al. (2006)]. Probabilistic analysis depends on the interests of the modeler and may include a further uncertainty analysis to understand the quantitative errors associated with the predictor variables used to derive the RT indicators. These methods improve the performance of empirical and hydrological methods with the probabilistic analysis of additional variables (i.e., the utility and entropy functions). These methods can be seen as a step toward a sound real-time operational EWS, improving the flexibility of deciding authorities to make decisions about when to issue an alert or not, based on the degree of risk-taking and the expected cost of potentially hazardous floods. Moreover, understanding the uncertainty of different variables in the derivation of RT allows exploring the sensitivity of these variables (i.e., spatial rainfall distribution) and providing confidence intervals based on the uncertainty of these variables, which are relevant to a particular case study. In the case of the El Guamo stream basin, uncertainty analysis is considered an improvement because making a decision based solely on rainfall is considered high risk. In addition, compounds methods make it possible to reduce uncertainty by including different RT indicators, which allows analyzing other forms of flood occurrence. In the El Guamo stream basin, this approach will be of interest.

The recent development of the application of rainfall forecasts using RT-based methods, as such as quantitative precipitation forecasting (QPF) or weather rainfall forecasting (WRF), is a crucial matter in increasing warning lead times in those cases that require further studies to quantify and reduce the uncertainties in the process (Jang, 2015). Real-time hydrological forecasting imposes considerable challenges, such as time-consuming and limited observation capacity, data availability, quality of different meteorological forecasts (predictability) of heavy precipitation events, and increased potential of system failures during flooding emergencies (Martina et al., 2006; Miao et al., 2016; Zhai et al., 2018; Luong et al., 2021). A significant limitation of rainfall forecasting using RT-based methods is the spatial scale, which plays a key role in determining flash floods, as rainfall forecasting is usually done at a regional scale by NWP. Other limitations are real-time data collection, processing (radar data assimilation), preparation, and simulation which can take considerable time to release flood inundation forecasts. Nonetheless, the entire process can be automated as an expert system to provide reliable inundation forecasts in real-time (Ghosh et al., 2019). Improved refinement in rainfall forecasting is needed for flash flood early warning systems, as this is the most effective way to mitigate the effects of flash floods (Papagiannaki et al., 2015).

For the El Guamo stream basin, hydrological models were the most appropriate option for determining the RT in the study basin. UNAL (2018) proposed a RT for small basins located in high mountain regions based on intensity change and independent of the duration of the event, given that the results suggested that the basin was highly sensitive to changes in intensity and less sensitive to the magnitude of the rain event. RT derived for the El Guamo stream basin are subject to improvement. Based on the methods reviewed, improvements in the El Guamo basin case study include new data sources (i.e., citizen observatories and crowdsourced data) and uncertainty analysis, including local predicting variables.

Overall, the improvement and implementation of flash flood EWS in Colombia are hampered by the challenging factors, such as the geomorphological characteristics of the watersheds in mountainous regions, humid and semi-humid climate, topography, short time of concentration, hydro-meteorological conditions, as well as the length and accuracy of flood records and rainfall data, and the high resolution (i.e., high-resolution digital elevation models) of input data for hydrological/hydrodynamic models. The main challenge is centered on improving the data availability and quality of data, extending the overall coverage of monitoring networks and incentivizing research on these topics to better understand the physical phenomena in the study areas. Moreover, insufficient datasets for calibration and validation with respect to water level, discharge, flood depth and flood extent indicate that there is no provision for an accurate hydrodynamic modeling. Future works may be strengthening linkages and correlations between the methods, indicators and their predicting variables with the performance and the probability values of detection and false alarms of flood early warning systems.
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