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Abstract

:

Ensemble weather forecasting involves the integration of multiple simulations to improve the accuracy of predictions by introducing a probabilistic approach. It is difficult to accurately predict heavy rainfall events that cause flash floods and, thus, ensemble forecasting could be useful to reduce uncertainty in the forecast, thus improving emergency response. In this framework, this study presents the efforts to develop and assess a flash flood forecasting system that combines meteorological, hydrological, and hydraulic modeling, adopting an ensemble approach. The integration of ensemble weather forecasting and, subsequently, ensemble hydrological-hydraulic modeling can improve the accuracy of flash flood predictions, providing useful probabilistic information. The flash flood that occurred on 26 January 2023 in the Evrotas river basin (Greece) is used as a case study. The meteorological model, using 33 different initial and boundary condition datasets, simulated heavy rainfall, the hydrological model, using weather inputs, simulated discharge, and the hydraulic model, using discharge data, estimated water level at a bridge. The results show that the ensemble modeling system results in timely forecasts, while also providing valuable flooding probability information for 1 to 5 days prior, thus facilitating bridge flood warning. The continued refinement of such ensemble multi-model systems will further enhance the effectiveness of flash flood predictions and ultimately save lives and property.
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1. Introduction


The continuous interaction of physical processes between the atmosphere and hydrosphere has a profound impact on the planet’s water cycle. This interplay, at times, can give rise to severe hydrometeorological phenomena, such as floods [1]. Flooding stands out as one of the most recurrent natural hazards, consistently endangering human lives and essential infrastructure. Over the past three decades, floods exhibit an overall increasing trend worldwide [2], underscoring the necessity to increase preparedness and the timely and efficient protection of socio-economic activities and human lives [3,4]. It is difficult to be sure that flood protection measures or defense structures can be completely effective, especially under changing climate conditions [1]. Thus, it becomes crucial for flood-risk management systems to be able to provide timely forecasts, warnings, and ample lead time, which is necessary both for human safety and for the timely application of interventions [5,6,7,8]. Therefore, it is very important to build robust flood forecasting systems, considering real weather conditions, providing thus scientifically supported inputs for informed decision making, enhancing the resilience to floods [9,10].



The need to enable the anticipation of impending heavy rainfall events and their potential impact on hydrological systems leading to potential flooding has long been recognized and researched [11]. The inherent uncertainties concerning meteorological phenomena that pass through flood models and forecasts have also long been researched [12,13], and continue to be a crucial research question [14], given the importance of accurate and timely forecasts [15], and the need for considering climate and weather uncertainties in integrated planning [16]. In that context, probabilistic forecasts have been proved particularly useful in enhancing the reliability of hydrologic-hydraulic forecasts [17]. Ensembles have found several applications in weather forecasting [18], given their ability to use multiple simulations based on slight variations in initial conditions and/or parameters, capturing a range of potential outcomes and associated uncertainties in predicting meteorological processes, even with limited data [19,20,21]. Unlike traditional deterministic approaches that offer a single prediction, ensembles offer a spectrum of outcomes, capturing complexities and uncertainties. This is crucial for a more realistic and comprehensive understanding of hydrometeorological-hydraulic systems, enhancing risk management and response planning, compared to relying on a single-point deterministic prediction, which can often be misleading [22].



Previous papers using ensemble forecasting alert systems for flood forecasts usually provide short-term predictions, and they refer to large scale study areas. For example, the Iowa Flood Center (IFC) has operated a flood forecasting and information dissemination system across the state since 2008, which is based on 15-min forecasts [23]. Other ensemble forecasting alert systems developed for the Cévennes–Vivarais region (Southern France) have been able to provide forecasts even 48 hours ahead of a flood event, for medium-sized catchments covering 100–600 km2 [24]. Similar flood warning applications based on ensemble forecasts have been developed for Iranian catchments of similar size (Kan Basin, approximately 200 km2) [25]. There are large scale applications (large scale hydrology), such as the European Flood Awareness System (EFAS) based on medium-range weather forecasts [5], considering large basins, such as the Danube river basin [26]. Ming et al. [27] have developed a flood forecasting system for the 2500 km2 Eden Catchment, England, with a lead time of 34 h. However, the above examples are based on two models, at most, to cope with the large scale computational demand, and also manage to provide results of adequate lead time. In particular, these applications are usually based on a weather forecast model, the results of which are then used to estimate the flood peaks by other methods (including Bayesian Networks, MultiCriteria Analysis, Machine Learning), considering only the rainfall peak thresholds [28,29], or use Machine Learning to capture modelling uncertainties directly for flood simulations [30], while rarely employing hydraulic models [18]. There are significantly fewer applications capturing the meteorological conditions and uncertainties through weather forecast models and exploring their progression through comprehensive hydrological and hydraulic models. Moreover, the level of detail of the existing applications, in relation to their lead time, is a challenge [28], as it is difficult to provide accurate forecasts at small catchment scales and with sufficient lead time exceeding 24–48 h [22]. Thus, there are fewer small-scale applications of fine resolution, where the accuracy and modelling detail are difficult to be adequately captured. The review article by Todini [22] highlights the need for enhanced probabilistic forecasts, based on EFAS, and calls for improved and more integrated modelling approaches, able to provide adequate lead time forecasts for fine scales. The review on ensemble-based flood forecasting applications by Wu et al. [18] is in line with the above, and further highlights the need to thoroughly assess uncertainties from multiple sources and models.



In this paper, we aim to fill these gaps by: (a) using an integrated system combining three models (meteorologic, hydrologic, hydraulic); (b) analyzing a real flash-flood event in high-resolution at a small scale (a bridge in a Greek catchment); (c) aiming to provide the initial flood alert signals five days prior to the flood event. In particular, we combined the Advanced Weather Research and Forecasting (WRF–ARW) model, which was ‘fed’ with ensemble probabilistic forecasts, the WRF–Hydro hydrological model, and the HEC–RAS hydraulic–hydrodynamic model. This allows us to assess the uncertainties in each modelling stage (weather, streamflow, water depth). The small scale is a comparative advantage over existing approaches, including the sole other application of this system [31] (which, however, did not consider an ensemble forecasting and, thus, an uncertainty assessment). In this work, the small-scale precision was achieved by exploiting analyses from Remote Sensing for our study area, along with data obtained from drones, to create a refined terrain model, allowing us to focus even on specific infrastructure elements (i.e., a small bridge) to showcase its flooding probability under a real-world event. To our knowledge, this is the first application (at least in Greece), of such a holistic modelling approach at a scale that other ensemble forecasting alert systems currently cannot assess in such detail. Our ensemble approach considered a forecast up to five days prior to the flood event, which also allowed us to assess the behaviour of uncertainty as the event progressed, and the ability to provide robust alerts. The novelty of the presented approach lies in its integrated character, combining and advancing multiple models and methods, its fine resolution at all modelling stages, the ambitious early warning signals, and its operational character that enables its application to other areas.




2. Study Area, Models and Methods


2.1. Study Area


Evrotas is one of the largest rivers at the southern end of the Balkan Peninsula [32]. Its basin is located in the south-eastern part of Peloponnese (Greece), covering approximately 2400 km2. Evrotas River Basin (ERB) originates from the regional unit of Arcadia, while most of the river crosses the regional unit of Laconia and flows in a northwest–southeast direction for approximately 90 km before discharging into the Laconic Gulf [33] (Figure 1).



Almost 41% of the ERB has elevations that are higher than 600 m.a.s.l. (meters above sea level) and 46% of the area is characterized by elevations ranging from 150 to 600 m.a.s.l. The southwestern part of the basin presents the steepest slopes (45%), while the average slope is 20%. Concerning the observed land uses, most of the basin (70%) is covered by low vegetated areas, native coniferous and mixed forests, while the rest of the area accommodates mostly agricultural activities. Regarding the geological formations, 42% of the catchment is covered by carbonate formations while, mostly along the plain areas, riverine sediments of Neogene or more recent age are detected [34]. The ERB is defined by a Mediterranean climate type with hot, dry summers and cool, wet winters, with mean annual precipitation and air temperature of 800 mm and 16 °C, respectively.



In general, the ERB is characterized by a hydrological complexity as it presents perennial, intermittent, ephemeral and episodic river flows combined, in some places, with interactive groundwater [34]. In summer or extended dry periods, the hydraulic connectivity of the river is interrupted in certain areas. This interruption occurs because water flows downward into carbonate karstic formations and due to excessive extraction from nearby aquifers for irrigation purposes [34]. On the other hand, river parts that preserve the flow are mainly dependent on karstic springs located along the river [35]. The river flow is regenerated after the Skala region, located in the agricultural plain of the Evrotas River Delta (Figure 1), due to its recharge with groundwater through springs [33].



Furthermore, during the winter period, large flash flood events occur with disastrous impacts on infrastructure, agricultural areas, and human lives [34,36]. For example, the flash flood that occurred on 7 September 2016 caused one fatality, severe damage, and the overflow of the bridge of the town of Skala [37] (Figure 1). This paper focuses on a more recent flash flood event, that occurred on 26 January 2023. This flood resulted in damage to roads, cultivation and buildings, among other infrastructure elements and properties (Figure 2). It inflicted severe damage, particularly in agricultural areas, as the majority of the ERB consists of natural and agricultural zones, with urban areas comprising only 1%. Consequently, the flood had significant socio-economic implications for the local population. The Skala bridge experienced a near-flooding event, prompting precautionary closure. This incident led to heightened public concern, garnered extensive coverage in the Greek media, and initiated discussions regarding the bridge’s operational safety [38,39]. Therefore, in this paper, we focused on the weather-hydrologic-flood simulation for the Skala bridge, to better understand the mechanisms that led to this event and explore the potential for providing accurate early warning information.




2.2. Overview of the Ensemble Hydrometeorological System


In this study, the Institute of Marine Biological Resources and Inland Waters (IMBRIW’s) hydrometeorological-hydraulic system [37] was set up to perform ensemble simulations aiming at the improvement of flash-flood forecasts through the exploitation of produced probabilistic information. As mentioned in the introduction, the system includes the Advanced Weather Research and Forecasting (WRF–ARW) model [40], the WRF–Hydro hydrological model [41], and the HEC–RAS hydraulic–hydrodynamic model [42]. The lead time is very important in the prediction of heavy rainfall events and, thus, the WRF–ARW model was initialized using five different initialization datasets at 12 UTC each day covering the period from 21 to 25 January (i.e., 5 to 1 days before the occurrence of the flash flood on 26 January). For each initialization time, WRF–ARW used 33 different datasets for initial and boundary conditions (i.e., 165 simulations for the five initialization times in total). For 2 of the 33 datasets, the initial and boundary conditions were based on the operational analyses and forecasts of the Global Forecast System (GFS) of the National Centers for Environmental Prediction (NCEP) in the horizontal resolutions of 0.25 × 0.25° and 0.5 × 0.5°, respectively. These simulations are hereafter named as Oper_0.25 and Oper_0.50. For the other 31 datasets, the initial and boundary conditions were based on the control (1) and ensemble (30) analyses and forecasts of the Global Ensemble Forecast System (GEFS) of the NCEP in the horizontal resolution of 0.5 × 0.5°. These simulations are hereafter named as Ctrl and Ens1-30. In this way, WRF–ARW simulated 33 different atmospheric conditions for each initialization time (i.e., five initial datasets from 21 to 25 January at 12 UTC), thus producing 5 × 33 rainfall forecasts.



Then, the WRF–Hydro model used the forcing meteorological input data every 1 h in a horizontal resolution of 1 km × 1 km (as simulated by the finest WRF–ARW domain), to simulate discharge at the ERB in a horizontal resolution of 100 m × 100 m. Thus, the WRF–Hydro produced 33 different discharge predictions for each initialization time (i.e., 165 forecasts in total), according to the respective meteorological inputs. Finally, the HEC–RAS model used the discharge data to estimate the water level at the Skala bridge, also producing 33 different water level predictions for each initialization time (i.e., 165 forecasts in total), which facilitated the calculation of flooding probability. Figure 3 demonstrates a flowchart of the main data and models included in the operation of the ensemble forecasting system. The depicted information is further described in the following sub-sections. More information regarding the setup of each model of the IMBRIW’s ensemble hydrometeorological–hydraulic forecasting system is found in Section 2.3, Section 2.4 and Section 2.5.




2.3. Meteorological Model Setup


The WRF–ARW version 4.4.2 model [43] was set up in 4 nested domains (Figure 4a): the D1 domain with 36 km × 36 km horizontal resolution (161 × 90 Arakawa-C grid points), the D2 domain with 12 km × 12 km horizontal resolution (211 × 160 Arakawa-C grid points), the D3 domain with 4 km × 4 km horizontal resolution (199 × 199 Arakawa-C grid points), and the D4 domain over the ERB (i.e., used for WRF–Hydro forcing) with 1 km × 1 km horizontal resolution (73 × 73 Arakawa-C grid points). The vertical discretization of the model was based on 38 levels in the 4 domains, reaching a top pressure of 50 hPa (approximately 20 km). Time steps of 180, 60, 20, and 5 s were used in the 4 domains, respectively. Moreover, the Global Multi-resolution Terrain Elevation Data (GMTED 2010 30-arc-sec USGS) [44], the MODIS FPAR vegetation data [45], and the 21-class IGBP MODIS land-use data [46] were employed as static input data in the simulation. Regarding the lower boundary conditions over the sea, sea surface temperature (SST) was based on the real time global (RTG) SST analysis data produced by the NCEP in the high-resolution (0.083 × 0.083°). SST fields were used following an operational approach, considering 1 day before initialization date, and preserving them as constant throughout the simulations.



Concerning parameterization schemes, the revised Monin–Obukhov scheme [47] represented surface layer processes, while the Mellor–Yamada–Nakanishi–Niino Level (MYNN) level 2.5 scheme [48] handled the planetary boundary layer (PBL) processes. The Unified Noah scheme [49] represented the land surface and soil processes, while the longwave and shortwave radiation processes were parameterized by the RRTMG scheme [50]. The Purdue Lin scheme [51] was used for cloud microphysics and the Grell–Freitas ensemble scheme [52] was used to parameterize the convective processes in the D1 and D2 domains; however, convection was explicitly resolved in the D3 and D4 domains.




2.4. Hydrological Model Setup


The WRF–Hydro version 3.0 hydrological model was applied to forecast discharge in the ERB during the flash flood event. The WRF–Hydro model [41] was set up at the ERB (i.e., D4 domain of WRF–ARW, Figure 4b) using weather input data provided by the D4 (1 km × 1 km) domain of the WRF–ARW model. The weather input dataset consists of liquid water precipitation rate, air temperature at 2 m, specific humidity at 2 m, incoming shortwave and longwave radiation, u- and v-components of wind at 10 m, and surface pressure [1]. WRF–Hydro used the Noah land surface model (LSM) [53] in the 1 km × 1 km horizontal resolution to represent land processes. The river routing processes were simulated at the higher horizontal resolution of 100 m × 100 m, following an aggregation/disaggregation methodology [1]. WRF–Hydro estimated infiltration and exfiltration using a diffusive wave overland routing scheme [54,55] while channel routing was simulated using the Muskingum–Cunge method [56].



Moreover, the Shuttle Radar Topographic Mission (SRTM) Digital Elevation Model (DEM) [57] dataset (90 m × 90 m resolution) distributed by the National Aeronautics and Space Administration (NASA) and the United States Geological Survey (USGS) were used to create the topographic dataset used as input in the hydrological simulations. More specifically, the void-filled version [58] of this DEM dataset provided by the Hydrological Data and Maps Based on Shuttle Elevation Derivatives at Multiple Scales (HydroSHEDS) [59] was used, after a regridding to a 100 m × 100 m resolution at the ERB grid (Figure 4b). The same topographic dataset (100 m × 100 m resolution) was used to estimate the stream order classification [60] across the ERB. The Manning roughness coefficient, the channel bottom width, and the slide slope were also defined for each of the 6 stream orders encountered in the ERB (Table 1). The values in these channel parameters were set up after a procedure including many testing simulations while also using information retrieved from relative studies dealing with WRF–Hydro calibration in Greek basins [37,61,62,63,64] and in rivers located in other countries, such as Cyprus [65], Italy [66], and Turkey [67,68].




2.5. Hydraulic–Hydrodynamic Model Setup


The Hydrologic Engineering Center’s (CEIWR–HEC) River Analysis System (HEC–RAS) was used for river flood modelling and mapping (version 6.4). HEC–RAS has already been implemented successfully in several recent studies, including 2D unsteady flow simulation for hydraulic–hydrodynamic modelling and flood mapping [69,70,71,72]. The necessary data for HEC–RAS in the case of modelling the event at Skala bridge are mainly the Digital Elevation Model (DEM), the boundary conditions, the area’s characteristics (e.g., bridge technical specifications), the Manning’s roughness coefficients, and the accompanying rainfall of the storm that caused the catastrophic flash flood of 26 January 2023.



In particular, the DEM’s quality and resolution are crucial for accurate 2D flood modelling [73,74]. Thus, we carefully developed the area’s Digital Surface Model (DSM) and Digital Terrain Model (DTM) using high-resolution river geometry data created by processing Unmanned Aerial Vehicle (UAV) imagery (Figure 5a,b). The profile line presented in Figure 5a as a green color line is used to derive the time variable water depth results. The spatial resolution of the area’s DSM/DTM used was 11.521 cm. The upstream boundary condition was determined utilizing the flood hydrograph (streamflow) forecast provided by the WRF–Hydro hydrological model. The downstream boundary condition was defined as normal water depth or energy slope [75,76]. Details regarding the bridge’s representation were obtained from the topographical survey conducted for the flood management risk plans of east Peloponnese (Figure 5c,e) [77], with the technical specifications of the bridge piers and abutments presented in Figure 5d. Given the absence of conventional flood-related data (such as streamflow or water depth data from gauging stations near the floodplain and high-water marks of the most affected areas) for the study event, the hydraulic modeling setup and calibration relied on the limited non-conventional flood data available. This data, comprising photographs and videos, was gathered from diverse sources, including local mass-media reports. Based on these collected non-conventional flood data (Figure 5f) [78], we approximated the floodwater depth to be around 6 m at the bridge location. Based on this estimation and employing a standard trial-and-error optimization technique, the Manning roughness coefficient was set to 0.09.




2.6. Remore Sensing Analysis


As mentioned, remote sensing techniques were used to further analyse the terrain and the flood inundated area. Although Sentinel 2 (S2) images have the disadvantage of being affected by cloudiness, optical satellites are preferred for flood studies compared to radar satellites, due to the ease of data access and analysis [79]. One Sentinel 2A image of 28 January 2023 was used for the mapping of inundated areas caused by the flash flood of 26 January (Figure 6a). Sentinel 2A Level 1C tile (Tile ID: T34SFF) was downloaded from the Copernicus Open Access Hub [80].



Sentinel 2A image’s bands were resampled to a common resolution of 60m and then were cloud-masked through the IDEPIX tool, which is available as a SNAP plugin (European Space Agency—ESA). Subsequently, the Modified Normalised Difference Water Index (MNDWI) was used to map the inundated areas in this study (Equation (1)):


  M N D W I =   G r e e n − S W I R   G r e e n + S W I R    



(1)







MNDWI is considered as an effective index highlighting the open water surfaces while removing built-up land, as well as vegetation and soil noise [81]. The most significant task concerning the utilization of MNDWI for flood mapping is the selection of the most optimal threshold value that best represents the difference between land and water based on the respective image’s histogram. Furthermore, manual adjustment of the thresholds was proven to achieve a more accurate result in the water delineation, since thresholds vary depending on the proportions of subpixel water/non-water components [81]. Hence, in this study, after some manual tests, the threshold value equal to 0.1 was identified as the most representative for water/land discrimination. Subsequently, the MNDWI image was binarized, assigning a logical value (true) for index values greater than the threshold (>0.1) and false for lower index values (<0.1), producing the final “water” image. Afterward, a visual inspection, interpretation using expert knowledge, and comparison of MNDWI with the S2 image natural color composite were performed.
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Figure 6. (a) Modified NDWI presenting inundated areas according to a Sentinel-2A image of 28 January 2023, approximately 48 h after the maximum of the flash flood event. (b) Photograph of Skala’s bridge during the flash flood event of 26 January 2023. Source: [82]. 






Figure 6. (a) Modified NDWI presenting inundated areas according to a Sentinel-2A image of 28 January 2023, approximately 48 h after the maximum of the flash flood event. (b) Photograph of Skala’s bridge during the flash flood event of 26 January 2023. Source: [82].



[image: Atmosphere 15 00120 g006]







3. Results and Discussion


3.1. Brief Analysis of the Evrotas Flash Flood on 26 January 2023


The flash flood in the ERB occurred on 26 January 2023 caused damage (e.g., to roads, buildings, and agricultural areas) and had high socio-economic impacts. Several areas in the ERB were affected by the most inundated areas located at the downstream parts, as remote sensing data (Figure 6a) revealed (as described in Section 2.6). As mentioned in Section 2, various items of non-conventional flood data (i.e., photographs, videos, and mass media reports) indicated that the water level peak at the Skala’s bridge reached 6 m, approximately the height of the bridge (Figure 6b). For this reason, the passing of vehicles through the bridge was prohibited to protect people from accidents due to possible overflow of the bridge.



Regarding the meteorological conditions, a slow and severe thunderstorm over the ERB caused the flash flood. The thunderstorm developed due to the passage of a barometric low that was sustained by fronts and was supported by an upper-level trough over the central Mediterranean that slowly moved eastward (Figure 7). The combination of the cold front at the southern areas of the barometric low, with the transport of warm and moist air originating from the sea areas, triggered the intense thunderstorm that was almost stagnant over the ERB for 3–4 h. Moreover, the mountains of the ERB intensified the storm, causing orographic lifting of the moist air, thus increasing locally the rainfall amounts over the ERB.



Overall, the daily precipitation values for 26 January ranged from 22.4 mm to 171.2 mm (Figure 8) as recorded by the meteorological stations of the IMBRIW–HCMR and other public entities (i.e., National Observatory of Athens—NOA and Harokopio University of Athens—HUA). The Oper_0.25 simulation initialized on 25 January at 12:00 UTC (i.e., approximately 1 day before the flood) predicted the heavy rainfall over the ERB that caused the flash flood, estimating a daily precipitation peak for 26 January at about 241 mm in the eastern parts of the ERB. In general, the daily precipitation for 26 January based on the meteorological simulation was in acceptable agreement with the respective station measurements, despite that some spatial differences can be observed (Figure 8).



Figure 9a–f illustrates the spatial pattern of hourly accumulated precipitation, as well as the abrupt increase of discharge in the ERB streams from 07:00 to 12:00 (local time—LT) of 26 January. The passage of the thunderstorm was slow, beginning from the southwestern parts of the ERB at 07:00 and approaching over the northeastern–eastern parts at 10:00 LT (Figure 9a–d). A peak of 1-h accumulated precipitation slightly exceeding 50 mm was estimated at 09:00 at the northeastern parts of the ERB (Figure 9c).



It is noteworthy that the atmospheric simulation estimated precipitation amounts in the ERB not only during 07:00–12:00 LT, but also before 07:00 LT and after 12:00 LT. Nevertheless, only the decisive phase of the thunderstorm that caused the flash flood is demonstrated here. As regards the impact of heavy rainfall on the river, the hydrological model simulated the flood features, resulting in discharges exceeding 800 m3 s−1 from 10:00 to 12:00 LT, with a peak of 837 m3 s−1 at 10:00 LT.




3.2. Probabilistic Forecasting of Precipitation and Discharge at Evrotas River Basin


The deterministic meteorological simulation presented in the previous section (i.e., Oper_0.25 initialized on 25 January at 12:00 UTC) described the atmospheric conditions during the flash flood quite well. However, deterministic simulations, as in our case study, often exhibit inaccuracies. This necessitates adopting a probabilistic approach in precipitation forecasting by using ensemble modelling, which subsequently determines the flash-flood forecast. Thus, this section presents the results of the probabilistic approach followed in this study.



Figure 10a–e demonstrates the spatial distribution of the probability that the predicted 30-h accumulated precipitation (i.e., from 25 January at 18:00 LT to 27 January at 00:00 LT) has exceeded 100 mm. These maps were based on the results of the 33 ensemble simulations (i.e., Oper_0.25, Oper_0.50, Ctrl and Ens1-30) for each initialization date (i.e., 21–25 January at 12:00 UTC), respectively (Figure 10a–e). It is noteworthy that the precipitation accumulation period of 30 h was chosen instead of 24 h in order to consider the precipitation probabilities over a longer time window. This is important especially for the simulations that were initialized 2 and more days before the flood. In this way, it is feasible to unravel flooding signals more clearly even 2–5 days in advance. Figure 10a–e demonstrates that the probabilities for precipitation forecasts exceeding 100 mm are higher 1 and 2 days ahead than 3–5 days ahead the flood. The precipitation forecasts that were initialized on 25 and 24 January at 12:00 UTC (Figure 10a–b) show increased probabilities (exceeding 100 mm) even above 90% and 80%, respectively, in the east of the ERB. The probabilities of exceeding 100 mm in the precipitation forecasts initialized on 23, 22 and 21 January at 12:00 (Figure 10c–e) are smaller and show a smoother spatial distribution and, instead, appear in the western ERB. It is important to note that probabilities reaching even 40–50% can be considered as a sufficient signal of heavy precipitation even 5 days prior the flood, despite some spatial variations. The amount of 100 mm is an indicative precipitation limit that was selected in this study by considering a previous flash flood at the ERB in 2016 [37].



Then, these probabilistic precipitation forecasts were used to force the respective probabilistic hydrological simulations. Figure 11a shows that the probability of discharge exceeding 300 m3 s−1 reached even 80–90% in the main part of the Evrotas river, based on the 33 ensemble hydrological simulations initialized on 25 January at 12:00 UTC. The respective probabilities for the simulations initialized on 24 January at 12:00 UTC (Figure 11b) had peaks of 70–80%, while they reached 50–70% for initializations on 23, 22 and 21 January at 12:00 UTC (Figure 11c–e). Similar to the precipitation limit, the discharge limit of 300 m3 s−1 is an indicative value of high flow that could potentially cause local water level increase, again based on the simulation of 2016 flash flood at the ERB [37]. It is emphasized that the assessment of exceedance of precipitation and discharge limits from some ensemble simulations as presented above, does not necessarily imply the occurrence of flash flood, but indicates the development of favourable conditions and the increase of flood risk.



It is interesting to examine precipitation and discharge together in timeseries (i.e., through hydrographs). Figure 12a–e demonstrates hydrographs for all simulations that were initialized on 25, 24, 23, 22 and 21 January at 12:00 UTC, respectively. In particular, Figure 12 shows how the 1-h areal precipitation, which refers to the total extent of the ERB and the discharge at the Skala’s bridge, changes over time. As expected, the discharge increase presents a lag in comparison with the respective increase in precipitation, as illustrated in Figure 12. The main difference between the hydrographs is the existence of two discharge peaks at noon and late afternoon, as shown in Figure 12a,b, and 1 discharge peak at afternoon, morning and noon, as shown in Figure 12c–e, respectively. The spread of the ensemble precipitation and discharge timeseries is larger for the simulations initialized 2 or more days before the flood, indicating greater uncertainty as the forecasting horizon increases.



This is reasonable and confirms the reliability of the model, as forecasts made in advance, such as 5 days before the flood, exhibit more uncertainty compared to forecasts made closer to the event, as in 2 days before the flood. This can be useful for informing the authorities with gradually increasing ‘certainty’ as an extreme event develops.



This finding is also corroborated by Figure 13a–d, which shows box plots of the 30-h areal precipitation, covering the period from 25 January at 18:00 UTC to 27 January at 00:00 UTC, based on the five different ensemble simulations.



The estimated precipitation and discharge for the 24th and the 25th of January exhibit smaller ranges of values, for all plots of Figure 13. This shows the model’s ability to reduce the temporal uncertainty associated with longer-term forecasts. The use of ensemble forecasting enabled us to both recognize and quantify this uncertainty by exploring multiple possible scenarios, which is a significant strength of this approach.




3.3. Probabilistic Forecasting of Water Level at Skala’s Bridge


Finally, the results presented in Figure 11 and Figure 12 (i.e., the hydrographs) were used as inputs for the hydraulic–hydrodynamic model. Thus, following the procedure described in Section 2.5, HEC–RAS produced the flash flooding probabilities for the study area (i.e., Skala’s bridge).



In particular, the spread of water depth obtained from the five different ensemble simulations are shown indicatively for 26 January 2023 in Figure 14. The different water depths are illustrated, as they change over time during the day of the flood event. The horizontal green line represents the height above ground of the Skala bridge’s girder. Similar to the atmospheric and hydrologic results, it is evident that the spread of the different forecasted water depths is larger for the ensemble simulations initialized on the 21 January and becomes smaller in every ensemble simulation initialized closer to 25 January.



This effect of reduced temporal uncertainty in the hydraulic model’s result that follows the hydrologic results is also evident in the water depths at the location of the bridge (Figure 15). Based on the probabilistic hydraulic simulations, the time-variable water depth for the 5-day forecast shows increased probabilities (exceeding 6 m) of 6%, 18%, and 36% for 25 January, 24–22 January, and 21 January 2023, respectively. The lower the probability of exceeding 6 m, the closer the results are to the observed ones.



In Figure 15, the horizontal green line represents the Skala bridge’s girder. The terrain profile line is the actual cross-section at the bridge location, as simulated in HEC–RAS. As shown in Figure 6b, the water level peak at the Skala’s bridge reached 6 m, and all the simulation initializations produced a 6 m-water depth approximately. The results of the maximum water depths were estimated based on the pixel with the maximum water depth along the profile line (as in Figure 5a)



The uncertainty range of the different forecasted maximum water depths is larger for the ensemble initialized on the 21st and becomes smaller in every ensemble initialized closer to the 25 January. In particular, the maximum water depth at Skala Bridge (upstream) shows increased probabilities (exceeding 6 m) of 15%, 18%, 21%, and 36% for 25 January, 24 January, 23–22 January, and 21 January 2023 respectively. This effect can be also observed in the respective box-plots of Figure 16, with the significant reduction of the uncertainty range in the last two days of the initialization of simulations. This underscores the consistency of the uncertainty reduction, as the initializations approach the date of the event, in the same way as in the previous stages of the model.



However, even in the earlier ensemble predictions, the resulting water depths offer valuable insights (in terms of warning signals) into the anticipated severity of the upcoming phenomenon.





4. Conclusions


This study attempted to contribute to efforts towards more accurate predictions of heavy rainfall events that are likely to cause flash floods, by incorporating ensemble weather forecasting into a comprehensive weather-hydrological-hydraulic modeling system (IMBRIW’s system). In particular, this ensemble forecasting process involved multiple simulations, adopting a probabilistic approach based on 33 different initial and boundary condition datasets initialized from one to five days before the observed flood on 26 January 2023, in the ERB. The integrated ensemble weather-hydrological-hydraulic modelling system allowed us to assess the uncertainty in flood forecasts and its potential reduction, providing improved and timely emergency alerts. This capability was showcased at a fine scale, considering specific infrastructure, such as the Skala bridge.



In particular, the ensemble approach provided a range of different precipitation (in mm of water), river discharges (m3 s−1 of water), and flood depths (m of water). These ranges reflect the inherent uncertainties in predictions, demonstrating a consistent pattern based on the timing of model initialization. Notably, greater uncertainty was observed 5 days before the event, gradually narrowing to a more confined range approximately 2–3 days before the observed flood on 26 January. In essence, a more refined indication regarding the impending flood was achieved around 2–3 days before the event (and even more accurate 1–2 days before).



The results obtained from IMBRIW’s system consistently portray the progression from storm conditions to streamflow and, ultimately, water depths at the bridge location. As mentioned, the ensemble precipitation forecasts produced probabilities reaching even 40–50% that can be considered as a sufficient signal of heavy rainfall even 5 days before the flood. So, firstly, it is feasible to receive flooding signals 2–5 days before the event. Subsequently, the forecasted probabilities of discharge exceeding 300 m3 s−1 were considerably high (above 70% in the main part of the river), showing also the discharge peaks over time. Due to the lack of conventional data and records that would facilitate a detailed validation of flood characteristics related to the event on 26 January, the primary criterion for comparing the hydraulic simulations was the estimated flood water depth at the specific location of Skala bridge, as observed from relevant photographs and press documentation. The spread of temporal uncertainties of water depth simulations also narrows for the model initializations of the 2 days before the event. Again, a coherent indication emerges that the approaching storm has the potential to trigger a flood event (i.e., the bridge’s overflow), with a notable convergence in result uncertainties during the final 1–2 days leading up to the event.



This is an advantage of the probabilistic approach over the existing (often used) deterministic approaches. A deterministic approach might have resulted in one of the many different predicted outcomes, signaling either a mild or a very extreme event, depending on its initial and boundary conditions. This is evident at the scale of an infrastructure element, like the bridge in our example (Figure 14 and Figure 15), where the water depths are compared to its girder, so even centimeters can lead to a different perception of risk regarding the bridge’s overflow. The probabilistic forecast of the ensemble approach presented, has the ability to account for these uncertainties and quantify them, while showing their variability over time. By understanding the likelihood of various scenarios (e.g., as depicted in our results), decision makers can have a more comprehensive assessment of risk, facilitating more informed and adaptive plans for action, compared to the deterministic approaches, where the planning is based on one possible scenario, which may be also misleading. This is crucial in emergency planning, where having a range of possible scenarios is valuable for preparedness. The early indications of the presented approach, even with the increased uncertainty, were able to signal the need for heightened vigilance and potential preparation. Apparently, such increased monitoring, timely warning and response, were not the case for the studied event at Skala’s bridge (vehicles were crossing the bridge with water reaching its girder, e.g., Figure 2, and there are no conventional or official estimates of the exact maximum water depth). This shows the value of the early alerting capability that the presented ensemble approach provided, which can be crucial for emergency response planning in the future, including the effective communication of these forecasts regarding upcoming risks to the public. In the case of Skala, it is still unclear when the bridge closed, and how timely this decision and response was. But if this happens in a timely manner, using gradually warnings of increased accuracy (in line with our results), it gives time to become better prepared.



Future research could leverage the current work towards a more holistic approach by incorporating social and economic factors, thereby enhancing the comprehensive understanding and application of the developed flash-flood forecast modeling. A limitation of this ensemble approach could be its computationally demanding nature, although the ongoing advancements in computer and computational sciences provide means to overcome it. Another caveat for adopting such forecasting systems is the limited capacity of the decision makers to utilize and interpret this information effectively, including its communication to the public. However, the importance of building resilient societies in the view of increasing extreme phenomena, and in particular when they involve flash flood predictions that directly threaten human lives and property, highlights the need for capacity building. As scientists make continuous efforts in providing improved methods of conveying uncertainty and probability in ways that can be easily understood and actionable, decision makers should also recognize the need for improved understanding and training to enable informed decision making, and scientifically supported emergency planning.
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Figure 1. The study area, Evrotas river basin (ERB). Skala’s bridge is also shown. The water level of the Evrotas river reached the Skala’s bridge and almost overtopped it. 
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Figure 2. Pictures from the flood of 26 January 2023 around the Skala location in ERB. Sources: [38,39]. 
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Figure 3. Flowchart illustrating the main data used in simulations and the model setup of the ensemble hydrometeorological–hydraulic forecasting system. 
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Figure 4. (a) WRF–ARW model domains (D1: 36 km × 36 km, D2: 12 km × 12 km, D3: 4 km × 4 km, and Evrotas: 1 km × 1 km); (b) Topography (m) with horizontal resolution of 100 m × 100 m and stream order (from 2 to 6 orders illustrated) used by the WRF–Hydro model in ERB. Skala’s bridge (white color) and various station locations (blue color) are also depicted. 
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Figure 5. Hydraulic modelling specifications at Skala’s bridge. (a) Hydraulic model setup in HEC–RAS showing the “Geometry” representation of the study area along with the effect of bridge design in the generation of the computational mesh for the 2D flow simulation. (b) UAV aerial photographs of the study area determining the model’s schematic. (c) Topographical survey sketch including the bridge’s characteristics [77]. (d) Technical details of the bridge piers and abutments, as simulated in HEC–RAS. (e) Topographical survey photographs [77]. (f) Photographs of Skala’s bridge during the flash flood event [38,39]. 
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Figure 7. (a) Geopotential height (black contours in gpdam) and temperature (color-shaded areas and white contours at °C) at the isobaric level of 500 hPa on 26 January 2023 at 00:00 UTC. The map is based on analysis data from the Global Forecast System (GFS). The German word geopotential appearing in the image corresponds to the term geopotential height. Also, the German words temperatur and Donnerstag are temperature and Thursday, respectively; (b) UK Met Office surface analysis map (isobaric contours in hPa) on 26 January 2023 at 00:00 UTC. Source: [83]. The symbols “H” and “L” show barometric highs and lows, while the symbol “T” in (a) shows barometric lows. 
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Figure 8. 24-h accumulated precipitation (mm) for 26 January 2023 spatially distributed from the 1-km meteorological forecasts. In addition, 24-h accumulated precipitation measurements from meteorological stations (i.e., meteorological stations from IMBRIW-HCMR, NOA and HUA) are depicted next to the station names, while the respective forecasted values are also shown at the right for comparison. Topography (m) is also illustrated as in Figure 4b. 
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Figure 9. The evolution of the simulated event, for 26 January 2023, in terms of 1-h accumulated precipitation and streams’ discharge, at: (a) 07:00; (b) 08:00; (c) 09:00; (d) 10:00; (e) 11:00; (f) 12:00 (local time—LT). Topography (m) is also illustrated as in Figure 4b. 
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Figure 10. Probability maps, showing the spatial distribution of the probability of occurrence of a predefined 30-h accumulated precipitation greater than 100 mm, for the 5-day forecast initialized on: (a) 25 January; (b) 24 January; (c) 23 January; (d) 22 January; (e) 21 January 2023 at 12:00 UTC. Topography (m) is also illustrated as in Figure 4b. 
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Figure 11. Probability maps for the maximum discharge in the study area’s streams, to exceed 300 m3 s−1, for the 5-day forecast: (a) 25 January; (b) 24 January; (c) 23 January; (d) 22 January; (e) 21 January 2023. Topography (m) is also illustrated as in Figure 4b. 
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Figure 12. Ensemble timeseries of areal precipitation (upper part of the plots) and discharge hydrographs (lower part of the plots), as simulated for the forecasts initialized on: (a) 25 January; (b) 24 January; (c) 23 January; (d) 22 January; (e) 21 January 2023. 
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Figure 13. The box plots of the ensemble-forecasted simulations: (a) 30-h areal precipitation; (b) 1-h maximum areal precipitation; (c) average discharge at Skala bridge; (d) maximum discharge at Skala bridge, for each forecast initialization date, from 21–25 January 2023. 
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Figure 14. Time-variable water depth based on the probabilistic hydraulic simulations, for the 5-day forecast initialized on the: (a) 25 January; (b) 24 January; (c) 23 January; (d) 22 January; (e) 21 January 2023. 






Figure 14. Time-variable water depth based on the probabilistic hydraulic simulations, for the 5-day forecast initialized on the: (a) 25 January; (b) 24 January; (c) 23 January; (d) 22 January; (e) 21 January 2023.



[image: Atmosphere 15 00120 g014]







[image: Atmosphere 15 00120 g015] 





Figure 15. Maximum water depths at the Skala bridge (upstream) for the 5-day forecast initialized on the: (a) 25 January; (b) 24 January; (c) 23 January; (d) 22 January; (e) 21 January 2023. 
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Figure 16. Box-plots of the ensemble-forecasted simulation results of the maximum water depths based on the time-variable water depth results, for each initialization date (21–25 January). 
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Table 1. Manning roughness coefficient (Manning, dimensionless), channel bottom width (CBW in m), and slide slope (CSS, dimensionless) of ERB channels for each stream order class.
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	Stream Order
	Manning
	CBW (m)
	CSS





	1
	0.15
	2
	1.0



	2
	0.12
	5
	0.6



	3
	0.10
	10
	0.3



	4
	0.09
	20
	0.18



	5
	0.06
	30
	0.05



	6
	0.04
	50
	0.05
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